N

N

Spray-drying-derived amorphous calcium phosphate: a
multi-scale characterization
Sylvain Le Grill, Jérémy Soulié, Yannick Coppel, Pierre Roblin, Pierre
Lecante, Olivier Marsan, Cédric Charvillat, Ghislaine Bertrand, Christian
Rey, Fabien Brouillet

» To cite this version:

Sylvain Le Grill, Jérémy Soulié, Yannick Coppel, Pierre Roblin, Pierre Lecante, et al.. Spray-drying-
derived amorphous calcium phosphate: a multi-scale characterization. Journal of Materials Science,
2020, 56 (2), pp.1189-1202. 10.1007/s10853-020-05396-7 . hal-03141573

HAL Id: hal-03141573
https://hal.science/hal-03141573
Submitted on 15 Feb 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03141573
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive Toulouse Archive Ouverte

OATAO is an open access repository that collects the work of Toulouse
researchers and makes it freely available over the web where possible

This is an author’s version published in:
http://oatao.univ-toulouse.fr/27380

Official URL
DOl : https://doi.org/10.1007/s10853-020-05396-7

To cite this version: Le Grill, Sylvain and Soulie, Jeremy and
Coppel, Yannick and Roblin, Pierre and Lecante, Pierre and Marsan,
Olivier and Charvillat, Cédric and Bertrand, Ghislaine and Rey,
Christian and Brouillet, Fabien Spray-drying-derived amorphous
calcium phosphate: a multi-scale characterization. (2020) Journal of
Materials Science, 56 (2). 1189-1202. ISSN 0022-2461

Any correspondence concerning this service should be sent
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr




Spray-drying-derived amorphous calcium phosphate:
a multi-scale characterization

Sylvain Le Grill", Jeremy Soulie', Yannick Coppel?, Pierre Roblin®, Pierre Lecante®,
Olivier Marsan', Cédric Charvillat', Ghislaine Bertrand', Christian Rey’, and Fabien Brouillet'* ®

"CIRIMAT, Université de Toulouse, CNRS, INP- ENSIACET, Université de Toulouse, 4 allée Emile Monso, 31030 Toulouse, France
2LCC, UPR 8241 CNRS, Université de Toulouse, 205 route de Narbonne, Toulouse, France

3LGC, CNRS, Université de Toulouse, 118 route de Narbonne Bdtiment 2R1, Toulouse, France

“CEMES, CNRS, Université de Toulouse, 29 Rue Jeanne Marvig, Toulouse, France

ABSTRACT

Amorphous calcium orthophosphates (ACP) are bioactive compounds pre-
senting high interest as bone substitute. However, the synthesis of such
metastable products requires special attention as they can rapidly evolve into a
crystalline phase during the elaboration process. The resulting increased sta-
bility generally leads to less bioactive reactive materials. Among the various
strategies developed to obtain stable form of ACP, the use of spray drying is an
effective and reproducible route. Compared to previous works, this study aims
to demonstrate for the first time the feasibility of ACP elaboration by spray
drying directly from a single solution of selected precursors. Moreover, struc-
turation of the spray-dried powders was determined at different length scales,
demonstrating a hierarchical organization from nanometric clusters to particles
aggregates. These complementary analyses highlighted a thorough mechanism
of particles formation during processing. The effect of the initial composition of
the solution was observed, and it was demonstrated that there is a correlation
with the purity of the final product that may be modulated. In addition, ACP
powders were found to be highly reactive in aqueous medium and their fast
transformation into low crystalline apatite suggests a good suitability for
biomedical use.



Introduction

Amorphous calcium orthophosphates (ACPs) are a
family of metastable mineral compounds involved in
the formation of several calcium phosphate phases.
In particular, they are known as in vitro [1-3] and
in vivo [4-6] precursors of apatite like phase, the
mineral phase of hard tissues of vertebrates and one
of the major orthopedic biomaterials. Due to their
high solubility and reactivity, ACPs appear to be
promising compounds for resorbable bone substitu-
tion/regeneration applications. In addition, some
ACPs have even been shown to present a high
osteoinductivity [7] favoring bone neo-formation
within the implant. ACPs can be used for instance as
solid precursors in bone substitute calcium phos-
phate cements [8, 9] or in dental pastes [10] because
of their ability to dissolve and release calcium and
phosphate  ions for dentin and enamel
remineralization.

The main route to produce synthetic ACPs is based
on the double decomposition between calcium and
phosphate salts in aqueous media. It is well estab-
lished that the resulting ACPs are a multi-scale
material [11]. Indeed, ACPs spontaneously precipi-
tate into 1-nm clusters grouped in spherical
nanoparticles [12] that are organized themselves in
chain-like structure [11]. Currently, one of the com-
mon morphology and composition description of the
ACP building units is based on the Posner’s cluster
[13]. This model has been developed comparing pair
distribution functions (PDF) of ACP and hydroxya-
patite (HAp). In short distances, great similarities
were found in the positions of P-O, O-O and Ca-O,
Ca—Ca and P-P ions pairs, but a peak cut-off was
observed in the ACP PDF at about 1 nm. Posner’s
clusters are then 1-nm spherical particles with the
Cag(POy); formula (cluster existing in the core of
HAp crystal [14] and theoretically anhydrous). This
formula with Ca/P ratio of 1.5 is the only one pos-
sible for ACP containing only PO,*" anions and Ca*"
cations. However, even though the shape and size of
this amorphous cluster are regularly confirmed, the
Ca/P ratio of ACPs may depart from its theoretical
value 1.5 and is reported in a range from 1.18 to 2. For
values under 1.5 with samples containing only
orthophosphate and calcium ions, the observed Ca/P
values correspond to the existence of HPO,>~ species
and the correlative decrease of positive Ca>" ions to

maintain the electroneutrality. The hydrogenophos-
phate amount depends on the pH of the precipitation
solution or post-treatment (for example washing, or
ageing) [15, 16]. For samples with a Ca/P ratio above
1.5, with an excess of calcium ions, foreign anions are
necessary to maintain the electroneutrality, most
generally carbonates [17]. In addition, ACPs are
prone to incorporate many impurities or additives
counter ions from synthesis solutions, including ions
of biological interest like Mg”", Zn** and Sr**.

Elaboration and stabilization of synthetic ACPs are
challenging as the spontaneous evolution of these
metastable phases toward a more stable, crystalline
phase most generally apatite, needs to be controlled.
Several strategies have been proposed. The one most
common is partly inspired by in vivo observations
and based on the growth inhibition of apatite by
adding various amounts of ionic additives [16]. For
example, the presence of carbonate [18], magnesium,
strontium [19], or pyrophosphates [20] ions was
found to slow down crystallization and/or to stabi-
lize the amorphous phase.

The second way is based on a control of process
parameters like temperature or contact time with
reagents in solution. Ortali et al. [21] showed that the
crystallization state of calcium phosphate precipitates
varies according to the temperature and that well
crystallized HAp, poorly crystallized apatite and
ACP can be obtained, respectively, at 90 °C, 60 °C
and 37 °C. The same synthesis can also lead to either
ACP or HAP depending on the addition rate of
reactants and the mixing time in solution [22] before
the separation of the precipitate by filtration, cen-
trifugation, or settling. These steps have to be care-
fully controlled to prevent possible evolution of the
non-thermodynamically stable phase and to finally
obtain reproducible products. It shall be noted that
the conversion of ACPs into apatite in wet media is
considered as an autocatalytic reaction, the rate of
which is determined by the amount of already
formed apatite seeds [23]. In all cases, the conversions
of ACPs to crystalline phases necessitate water, and
thus drying appears as an essential step for ACPs
preservation. Freeze-drying to evaporate residual
water is often the preferred drying process.

An alternative way to stop the reaction and dry up
the precipitate at the earliest stage of the process
consists in using a dynamic drying method: spray
drying which is a continuous operation that can be
performed at high drying rates for direct production



of dried powder from a liquid preparation of tem-
perature sensitive material. This technique was pro-
posed to elaborate ACP by Chow et al., Xu et al.
[24, 25] or Melo et al. [26]. In these studies, the
authors firstly synthetized a crystalline calcium
phosphate phase that is solubilized in an acidic
medium before spray drying. The Ca/P ratio in the
resulting ACP is then the same than that in the initial
solubilized compound. Sun et al. [27] proposed in
their study to elaborate ACP by spray drying using
only calcium and phosphate precursors solutions.
They used a basic calcium solution and an acidic
phosphate solution. To prevent any anticipated pre-
cipitation, the two liquids were separated and a two-
liquid nozzle allowing mixing just prior to spraying
was used for the precipitation of ACP. The efficiency
of this kind of nozzle may depend of the fine control
during fast mixing of the solutions. This method has
been reported to be a one-step (but not a one-pot)
process to produce ACP with no post-treatment.
The aim of our study was to produce ACP powder
by spray drying from a single solution of selected
ionic precursors. We intended to use micro-droplets
of the spray drier as micro-reactors for the precipi-
tation of calcium phosphate using calcium acetate
and phosphoric acid in a diluted solution. These
calcium phosphate precursors were previously used
by Safronova et al. [28] to produce ACP in batch. The
resulting products expected for the precipitation
reaction are an ACP powder and acetic acid which is
a volatile compound more likely to be eliminated
during the drying step. To the best of our knowledge,
it is the first description of one-step and one-pot
synthesis of ACP powder, supported by a fine multi-
scale morphological analysis conducted in order to
assess precipitation mechanism during spray drying.
Two solutions with different Ca/P molar ratios were
used (1.67 and 1.3), and a preliminary study of the
resulting powder evolution in deionized water has
been carried out in order to determine the reactivity
and potential applications of the spray-dried powder.

Materials and methods

Phosphoric acid (H3PO4-PA-85%) and monohydrate
calcium acetate (Ca(CH3COO),-H20-CA) were pur-
chased from Sigma-Aldrich. Two solutions of calcium
phosphate precursors with Ca/P molar ratios of 1.3
and 1.67 were prepared by dissolving 5 g of CAin 1L

of deionized water and adding drop by drop under
vigorous stirring 1.5 £ 0.05 and 1.2 + 0.05 mL of PA,
respectively. The ionic concentrations were estab-
lished previously to avoid any homogeneous pre-
cipitation of calcium phosphate salts. Solutions were
then spray-dried with a Mini Spray Dryer B 290
(BUCHI, Switzerland) with an inset temperature of
160 °C, an air flow of 414 L/h, an aspiration of 90%
and a liquid feed rate of 0.3 L/h. The resulting
powders obtained with these solutions were,
respectively, named ACP 1.3 and ACP 1.67.

In order to consider a potential impact of the spray
drying process on the chemical or crystallographic
evolution of the precursor used in this study, a
solution of 5 g of calcium acetate in 1 L deionized
water has been spray-dried using the same condi-
tions as in the present study. The resulting powder
will be called SDCA (spray-dried calcium acetate).

Particle size distributions were investigated using a
Mastersizer 3000 (Malvern) with an Aero S module (3
bars pressure, 10% obturation, 10 s accumulation)
and averaged from three measurements. The evolu-
tion of the particle size of 2 g of powder in 100 mL of
deionized water was recorded with a Hydro SM
module (1500 rpm stirring, acquisition was recorded
with 40% obturation and during 10 s every 30 s).

The morphology of the spray-dried powders was
examined using scanning electron microscopy (SEM),
and images were recorded in secondary electron
mode (SE) with a LEO 435 VP, at a working distance
of 10 mm and an accelerating voltage of 10 kV.
Samples were previously set in position on a carbon
adhesive band and metallized using a silver plasma
during 3 min on a Scancoat 6 Sputter Coater.

For the TEM observations (recorded with a Jeol
JEM-1400 under 80 kV acceleration), powders were
dispersed in an epoxy resin at 60 °C for 48 h. These
preparations were then dry cut (80 nm thickness)
with an ultra-microtome and picked up on a copper
grid.

A small-angle X-ray scattering (SAXS) using a
XEUSS 2.0 device with a copper X-ray source was
used at the wavelength 4 = 1.5 A. The powder was
placed between two layers of Kapton® and was
recorded at two distances (d =387.5mm and
1216.5 mm) in order to obtain a large q range starting
from 0.004 to 1.5 A-1 with a large interconnection
region ranging from 0.03 to 0.5 A-1. The data were
recorded on detector Pilatus 1 M (Dectris), and the
integration/reduction process of the 2D images was



performed with Foxtrot. To describe the behavior at
the nanoscale, the following model computed with
Sasview was implemented:

P

I(‘?) = I(q)PwLw + I(Q)BrdPeak = Aq +

1+ (g = o))"
(1)

The first term corresponds to a power law function
used to determine the surface state (value P) of large
size object. The second term of the equation gives an
empirical functional form for SAS data characterized
by a broad scattering peak encountered in amor-
phous material, with a characteristic distance
d (d = 2n/q0) between the scattering particles [29].

A prototype device dedicated to amorphous and
nano-crystallized material was used for WAXS
acquisition. A molybdenum source (Ko = 0.71069 A)
was used at 50 kV and 20 mA. Recording time was
typically 20 h. Samples were sealed inside Linde-
mann glass capillaries (1.5 mm in diameter). Pair
distribution function (PDF) was obtained by Fourier
transformation according to [30, 31].

X-ray diffraction was carried out with an INEL
Equinox 1000 device with a Co anticathode (Ko =

1.78897 A) at 30 kV and 30 mA. The 10°-60° 20
diffraction angle patterns were recorded during 1 h.
A small diffraction peak at 22° 20 due to the appa-
ratus is observable when the diffraction intensity is
too low.

A Bruker Avance III HD 400 (9.4 T) spectrometer
was used for the NMR acquisition. References are
tetramethylsilane for 'H and '*C and 85% phosphoric
acid for the °'P nuclei. 'H/?'P double cross-polar-
ization MAS ('H/®'P DCP MAS) 'H - *'P - 'H
were performed using 4-mm zircon rotors and
10 kHz rotations. This kind of experiment allows to
probe the 'H resonances close to *'P nuclei in the
calcium phosphate phase [32]. Two consecutive
magnetization transfers from 'H to *'P and from *'P
to 'H are done with respective contact times of
71 = 1 ms and 7 of either 0.05 ms or 1 ms. Long time
12 probes the further environment, while the short
time probes the closest one. Three *'P CP have been
acquired with the sample ACP 1.3 in static mode and
with three contact time of 0.05, 0.1 and 2 ms. All
acquisitions were made at room temperature (21 °C).

FTIR spectroscopy (Nicolet 5700 Thermo) was used
(400-4000 cm™") with a 2 cm™" resolution in trans-
mission mode. (Approximately 1 mg of powder was

dispersed in 300 mg KBr, and a pellet was formed
using an 8 T pressure for 30 s.) The ACP spectra were
normalized with the 1078 cm™' peak (stretching v3
PO4 line).

Thermal gravimetric analysis and differential
thermal analysis (TGA and DTA) were performed to
characterize potential weight loss and potential
crystallization with a Setsys evolution TGA
(SETARAM instrumentation) in an alumina cup with
a heat ramp of 5 °C/min from 25 to 1000 °C.

Evolution tests were carried out in deionized
water. Typically, 1 g of dry powder was dispersed in
50 mL of water [33] and then freeze-dried at 2 min, 1,
4, 5,7, 24 and 54 h. The pH of the solution was
recorded during this experience and was allowed to
evolve freely.

Results

SEM images of ACP 1.67 and ACP 1.3 (Fig. 1a, d,
respectively) show that the powder resulting from
the spray drying of a precursors solution has a
micrometric size regardless of the Ca/P ratio char-
acterized by a Volume Median Diameter of Dv50 =
2.2 and 2.4 pm, respectively. The micro-particles are
more or less spherical in shape and looks like
aggregates of smaller particles. The apparent porosity
of these aggregates decreases when the Ca/P molar
ratio increases. At the highest magnification, a multi-
scale organization appears. Indeed, SEM images
(Fig. 1b, e, respectively, ACP 1.67 and ACP 1.3)
revealed that micro-particles are themselves made of
spherical nanoparticles of about 100 nm closely
packed in a chain-like organization. TEM images
(Fig. 1c, f) confirm the presence of these 100 nm
particles and their chain-like organization also
described by [12, 34]. This structure appears to be
present both at the surface (i.e., the air/droplet
interface during the spray drying) and in the core
(i.e., the inner part of the droplet) of the dried parti-
cles. Spherical bubbles appearing in light grey on the
images have been attributed to beam damages.
Equation (1) was applied to the SAXS data recor-
ded on ACP 1.67 and ACP 1.3 as shown in Fig. 2. The
SAXS plots at small angles are characterized by a
large decay following a power law function with
p =4, indicating that the large clusters observed in
microscopy present a defined surface. The second
term of the equation allows us to describe the broad
peak observed at intermediate angles, correlated with



Figure 1 SEM (a, b, d, e) and TEM images of ACP 1.67 (c) and ACP 1.3 (f) Scale bar: 1 pum. The dot line represents the particle border.
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Figure 2 a SAXS data recorded on ACP 1.3 and 1.67 materials.
The intensity is plotted as a function of Log(I(g)) Log g in
arbitrary units. The experimental curves are plotted in dark dots,

the presence of short distance interactions between
the smallest entities. Starting from the value of
o = 0.32 A™!, we estimated this d-spacing distance
close to 2 nm and the volume fraction at 36% with the
following relation d = (Volpyact/ Volpart)_l/ 3. No sig-
nificant differences are observed between the both
curves, except for the presence of diffraction peaks
observed for the ACP 1.67 assigned to hemihydrated
calcium acetate identified by X-ray diffraction (Fig. 3)
[35]. We can notice that the broad peak is slightly
more intense for ACP 1.67 reflecting a better inter-
particular arrangement.

To corroborate the analysis, a WAXS study has
been carried out and the pair distribution functions of
the materials are presented in Fig. 2b. The peaks at

(b) —ACP 167

Intensity (a-u)

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2
r (nm)

and the corresponding fitting curves are plotted in blue dots for
ACP 1.3 and in orange dots for ACP 1.67 and b WAXS PDF of
ACP 1.67 and ACP 1.3.

1.6,2.5,3.7 and 4.2 A can be attributed to P-0O, Ca-O,
Ca-P and P-P atomic pairs, respectively, with peak
width like the one expected for an ACP cluster [13]. A
cut-off of about 1 nm is observed in these PDF pro-
files regardless of the Ca/P ratio. Compared to the
literature, this cut-off is less pronounced, due to the
contribution of an additional organized calcium
acetate phase (Figure S1, Supporting Information).
This result is not in accordance with the center-to-
center distance of 2 nm detected by SAXS, and this
point will be discussed later. The contribution at
r < 1.6 A is characteristic of a covalent bond length,
betraying the presence of another species, probably
acetate, in the drying powder. If so, this species is in
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Figure 3 XRD pattern of the ACP 1.3, ACP 1.67 and SD CA
powders. Each sharp peaks of SD CA correspond to the
Ca(CH3COO0),-H,O(JCPDS 19-0199) except the diffraction
peak at 22° 20 that is due to an artifact to the apparatus. Beyond

low quantity as its contribution is minor in the
¥ range.

Thermal analysis of the ACP 1.67 powder (Fig. 4)
shows weight losses below 200 °C (13.5%), 400 °C
(71%) and 800 °C (3%). Considering the reagents
used in this study and according to literature [36],
some calcium acetate is present in the final powder as
a side product, explaining its high Ca/P ratio. The
three main weight losses observed at increasing
temperatures correspond then, respectively, to the
departure of hydration water of the calcium acetate

35
20

ACP 1

\WMMWM Mgl
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410 a5 50 55 60

the wide halo centered around 35° 20 and typical of an amorphous
phase, some of these peaks (in particular 18.4, 29.3 and 31.5° 20)
are detected for ACP 1.67 and to a less extent for the ACP 1.3.

and the ACP (under 200 °C), and the second weight
loss corresponds to two reactions reported in this
range the condensation of HPO,*~ into P,O,*" ions:

2 HPO4* =P,0;* + H,0 (reaction 1)

and the decomposition of the calcium acetate moiety
with a release of acetone and/or oxidation products:

Ca(CHsCOO0), =>(CH3),CO + CaCOs (reaction 2)

Figure 4 TGA (line) and 10 20
DTA (dots) of ACP 1.67 and
ACP 1.3. s
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Figure 5 a 'H/*'P DCP MAS NMR of ACP 1.67 and ACP 1.3 at 0.05 ms or 1 ms 7, contact time and b *'P CP NMR in static mode with

ACP 1.3 and with different contact times.

The third loss (above 400 °C) corresponds to the
decomposition of the calcium carbonate resulting in
reaction 2 followed by the formation of hydroxyap-
atite (HA) assessed by XRD data (Figure S2, Sup-
porting Information):

CaCO3; = Ca0 + CO, (reaction 3)

Ca0 + 3Casz (PO4); + Ho0 = Caio(P0O4)s(OH), (reaction 4)

The system is, however, complicated by the pos-
sible reaction of CaCO; with CaHPO, or Ca,P,0O,
reported in several papers [37, 38] as described in
reactions 5 and 6.

CaCOs + 2CaHPO, = Cas(P04); + H,0 + CO; (reaction 5)

CaCOs+ Ca,P,07=> Cas3(P0s); + CO; (reaction 6)

However, these reactions do not change the global
weight loss of the second and third losses. Calcula-
tions were made using this sum (TGA analysis,
Supplementary Information).

We can observe calcium acetate peaks at 18.4, 29.3
and 31.5° 20 in Fig. 3 that confirm the presence of this
species in the spray-dried power. These diffraction
peaks correspond to the ones observed previously
with SAXS. Assuming that the Ca/P ratio in the ACP
1.67 and 1.30 samples is that of the initial spray-dried
solutions (no loss of Ca or P), considering the weight

losses and the mass balance, it is possible to evaluate
the powders composition (Table S, Supporting
Information). The amount of calcium acetate much
larger in the ACP 1.67 sample than in the 1.30 one is
in agreement with the starting solutions compositions
and the impossibility to precipitate all the calcium
with phosphate ions in the ACP 1.67 sample. The
excess of calcium in the ACP 1.67 sample compared
to ACP 1.3 seems to induce a decrease in the pro-
portion of HPO,”~ ions in the powder and to increase
the Caz(PO,), fraction.

DTA curves of both powders are slightly different.
ACP 1.67 shows an endothermic broad peak corre-
sponding to the release of water and two wide
exothermic peaks corresponding to the degradation
of calcium acetate, the condensation of HPO,>~ in
pyrophosphate and the crystallization of a poorly
crystallized apatitic calcium phosphate phase. Fig-
ure S2 (Supporting Information) highlights this
crystallization phenomenon for ACP 1.67 treated at
500 °C, with the appearance of diffraction peaks
matching with the JCPDS # 09-0732 reference of
hydroxyapatite. This poorly crystalline apatite phase
then crystallized into a well-crystallized stoichio-
metric hydroxyapatite (Figure S2, Supporting Infor-
mation). The ACP 13 DTA also shows the
endothermic peak of water release, a small wide
exothermic peak corresponding to the condensation
of pyrophosphate mentioned above and a small,
narrow exothermic peak at 700 °C corresponding to
the crystallization of a B-TCP matching with the
JCPDS # 09-0169 (Figure S2, Supporting Informa-
tion). a-TCP was expected as it was obtained by



Somrani et al. heating ACP at 625 °C [39] at a rate of
10 °C.min~". Furthermore, f-TCP is a calcium phos-
phate with a Ca/P ratio of 1.5, whereas the Ca/P
molar ratio of the initial solution was 1.3. This Ca/P
molar ratio is not consistent with that of the initial
composition, and the FTIR analysis (Figure S2, Sup-
porting Information) shows, in addition to the peaks
of the f-TCP phase, additional lines at 723, 753 cm ™!
and 1000-1200 cm™" characteristics of beta calcium
pyrophosphate (CPP) [40]. As CPP has a Ca/P ratio
of 1, it means that, to ensure the global Ca/P ratio of
1.3 of the powder (i.e., the initial ratio of the solution),
60% of the powder P atoms crystallized into B-TCP
and 40% reorganized into calcium pyrophosphate
(molar ratios).

The "H NMR spectra obtained by a double cross
polarization MAS 'H — *'P —» 'H (Fig. 5a clearly
present 'H resonances of HPO,*~ at 6('"H) ~ 11 ppm
regardless of the Ca/P ratio and 7, contact time [41].
For long t, contact time (i.e.,, 1 ms), the S(H) ~
5.5 ppm 'H resonance characteristic of the presence
of water is observed in both ACP 1.67 and ACP 1.3
samples. In addition, a 'H resonance of d(*"
H) = 1.6 ppm attributed to the proton of the acetate
group is also present on the 'H NMR spectra for long
T, contact time betraying the close proximity between
the phosphate groups and the acetate ion. It can be
noticed that the §('"H) = 1.6 ppm contribution is more
important in the ACP 1.67 sample than in the ACP
1.3. A similar result can be observed in the '*C CP
NMR spectra present in supplementary information
(Figure S3, Supporting Information). The two peaks
at 3(C) = 22 ppm and around 183 ppm are charac-
teristics of calcium acetate. In addition to the higher
intensity of the '>C CP spectrum of ACP 1.67, the
division of the 183 ppm peak into 4 distinct peaks
confirms the crystallinity of calcium acetate men-
tioned above. This result is to correlate with the lar-
gest amount of calcium acetate in the ACP 1.67
compared to the ACP 1.3. As the 'H/*'P DCP MAS
experiment probes the close environment of phos-
phorous nuclei, we can conclude that calcium acetate
in excess in the precipitation reaction preferentially
nucleates in the surrounding of ACP nanoparticles or
cluster.

A *'P MAS spectrum has been performed on the
ACP 1.3 sample (Figure 54, Supporting Information),
but due to the amorphous aspect of the material, the
signal obtained is wide and doesn’t bring much
information. To overcome this issue and highlight the

different phosphate species potentially present, a
static CP NMR acquisition of ACP 1.3 has been per-
formed on the powder with different contact times
(i.e., 2, 0.1 and 0.05 ms) (Fig. 5b). Two types of signal
can be identified: a large one assigned to the
hydrogenophosphate that increases in proportion for
short contact time (the "M and *'P nuclei in
HPO,* are close to each other), and a signal corre-
sponding to a narrower chemical shift anisotropy
assigned to the PO,>~ groups centered at ca 5C'P) ~
3 ppm (the *'P of PO,  is farther from hydrogen
nuclei).

Evolution of ACP 1.67 in water

As mentioned before, ACP is a transient phase that
evolves in aqueous solution. A characterization of the
powder evolution was monitored using granulome-
try, SEM images (Figure S5, Supporting Information)
and XRD at different times in deionized water. In
Fig. 6, it can be observed that particle size distribu-
tion rapidly evolves. In fact, a bimodal distribution
appears in the first acquisition (0 s). This modifica-
tion compared to the dry powder can be attributed to
the beginning of the evolution of the powder in the
medium. Then the population centered at 5 pm
vanishes for the benefit of a population centered at
120 pm. The size distribution of the powder after 1 h
is multimodal and stays constant with the main
population at 110 pm and two minor populations at
18 and 450 um. SEM images (Figure S5, Supporting
Information) show an evolution of the morphology:
the powder goes from spherical to plate-like shaped
grain. The XRD pattern highlights this evolution with
peaks corresponding to brushite CaHPO42H,O
according to JCPDS # 009-0077 reference. A long-
term XRD evolution is presented in Fig. 7 and shows
the evolution of the resulting brushite to a poorly
crystallized apatite.

Discussion

Based on these results, the spray drying of a solution
made of calcium acetate and phosphoric acid pre-
cursors leads to an ACP powder. In fact, the resulting
powder shows the characteristic multi-scale structure
of ACP previously reported by different authors [12]:
micro-size grain made of chain-like structured
nanoparticles  constituted of closely packed



9
a
, @
7 ~——dry ACP 1.67
6
X5
g 4
>
g3
2
1
0
10,01 0,1 1 10 100 1000
Particles size (um)
2 min
- ()
3
i
P
]
c
2
£
T T T T 1
10 20 30 40 50 60

26

Particle size (um )

1H
® :
® brushite
(d) tit
_ e X apatite
®
= -
&
Z 4 o
i
§ *
£ )J
T 1 T 1 1
10 20 30 40 50 60
26

Fig. 6 a Dry particles size distribution of ACP 1.67, b evolution in aqueous solution and ¢, d XRD pattern after, respectively, 2 and

60 min.

& a Calcium acetate

A A A e Brushite
] A » Apatite
» OH
L

Intensity (a-u)

20

Fig. 7 Long term XRD evolution of the powder (ACP 1.67) in
water, from 0 to 54 h.

nanometer clusters. These structures were reported
in batch precipitation, and the fact that the identic
structures are found in the spray-dried powder can

point that the droplet acts as a micro-reactor. How-
ever, multiscale organization of powders can also be
induced by the spray drying process itself as Sen
et al. [42] mentioned. In their study, they proposed a
route to explain how particles from a suspension
aggregate during droplets drying, especially in the
case of a «slow drying» which fit with our working
conditions (i.e., diluted solution). This aggregation
also leads to a multi-scale structure: nanoparticles
organized in a chain-like organization and packed
together to form micro-size grain. Then, it is difficult
to discriminate which mechanism leads to the orga-
nization of the powder and is more probably due to a
combination of both. As the presence of calcium
acetate in excess in the ACP 1.67 sample is demon-
strated by the different techniques used, it seems
consistent that the difference in morphology between
the two ACPs powders can be attributed to the
amount of calcium acetate formed during drying
after the precipitation of ACP. The latter could act as



a kind of surfactant or favor calcium acetate crystal-
lization, both impacting apparent morphol-
ogy/porosity of the observed aggregates.

Furthermore, the lack of long-distance organization
observed in WAXS and the associated peaks width
and positions are characteristics of an amorphous
environment. This is confirmed by XRD broad peak
around 20 = 35° (Fig. 3) and by the Raman shift of the
viPO, peak at 950 cm™' (Figure S6, Supporting
Information) that is characteristic of amorphous cal-
cium phosphate [1]. This line is also present in the
FTIR spectra of ACP 1.67 and ACP 1.3 (Figure S7,
Supporting Information). In addition, this technique
reveals characteristic intense broad lines around
1100 cm™ ', and 543 cm ™" attributed to the presence
of PO,>” ions in an amorphous phases [43] and a
weaker band at 870 cm ™! due to HPO42* ions. Hence,
spectrometric studies confirm the presence of an
amorphous calcium phosphate.

However, SAXS, TGA, Raman and NMR reveal
that another major compound is also present in the
powder: calcium acetate. Furthermore, as the inlet
spray drying temperature is 160 °C, this calcium
acetate is more likely to be a semi-hydrated calcium
acetate [35] as confirmed by the four peaks at 929,
951, 958 and 966 cm ™' characteristic of a semi-hy-
drated calcium acetate (Figure S2, Supporting Infor-
mation). The amount of calcium acetate was
determined as previously described (Reaction 2,
Supporting Information) and is reported in Table S
(Supporting Information).

Regardless of the Ca/P ratio, the morphology of
ACP seems to be constant. However, an increase in
the Ca/P ratio leads to more semi-hydrated calcium
acetate in the resulting powder (TGA). In fact, the
maximum Ca/P ratio which can be reached, with
only Ca®* and phosphate ions, is Cas(PO,), (Ca/
P = 1.5), involving the most charged orthophosphate
anion PO,°~, higher Ca/P can only be reached with
additional Ca’' ions and their counter ion, for
example Ca(OH), or CaF,. In our case, it is calcium
acetate mixed with ACP.

According to the 'H/?'P DCP MAS NMR, part of
acetate is close to the phosphate entities whatever the
Ca/P ratio. We can hypothesize that these acetate
molecules are partially organized (without crystal-
lization) around CaP cluster as demonstrated by
WAXS results for ACP 1.3. Another part of acetate is
involved in a crystalline phase for ACP 1.67, as
highlighted by XRD measurements. These results

give a hint on the precipitation order in the drop
during the drying and the powder structure forma-
tion mechanism. It implies that ACP, the most
insoluble phase, first precipitates until the complete
consumption of phosphorus followed by calcium
acetate deposition/crystallization.

Considering SAXS results, the center-to-center
distance between clusters is 2 nm. It is in contradic-
tion with the 1 nm diameter of Posner’s cluster
described in the literature [13] and correlated with
our present WAXS studies. Beyond uncertainties
associated with respective techniques, these data
suggest that Posner’s clusters are not in close contact
in the solids. It means that some interstitial entities
may discard such clusters. As previously mentioned,
acetate ions (that are not involved in calcium acetate
crystals) are present in the close environment of
clusters (solid state NMR). Moreover, the large
amount of hydrogenophosphate (Table S, Supporting
Information) in the powder may result of inter-clus-
ter hydrated calcium hydrogenophosphate entities as
described in other compounds such as crystalline
triclinic octacalcium phosphate (OCP) where HPO,*~
and their calcium counter ion belong to a hydrated
layer [44] separating Posner’s apatitic cluster or, close
to our case, nanocrystalline apatite showing a
hydrated layer formed mainly of HPO,>~ and cal-
cium ions on their surface [45-47]. Acetate and
hydrogenophosphate could interact either with
superficial Ca>* that are involved in Posner’s clusters
and creating a layer of anions or with incorporating
“free” Ca”" chelated with water. These water mole-
cules appear as essential for the solid cohesion, acting
as a mortar between clusters [20, 47]. The SAXS
broader and slightly more intense peak for ACP 1.67
reflects a better inter-particular arrangement. It could
be correlated with the increase in acetate anions
versus hydrogenophosphate anions. Indeed we could
hypothesize that the length and the nature of acetate
molecules lead to a better self-organization of clusters
(WAXS) than hydrogenophosphate.

Based on the morphological and structural analy-
ses, we can conclude that the powder is composed of
ion clusters, with diameters of 2 nm and closely
packed into nanoparticles. These nanoparticles are in
turn organized in chain-like structures, and these
structures then form micro-sized particles as pre-
sented in Fig. 8.

As mentioned in the introduction, ACP is a
metastable material which can be rapidly altered in
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an aqueous medium or with temperature. Powders
developed in this study have the ability to convert
into more stable phases in aqueous solution as illus-
trated in Fig. 6. The size variations and crystallization
process, driven by successive dissolution-reprecipi-
tation reactions, finally lead to an apatite of low
crystallinity similar to the ones observable in native
bones. This kind of evolution is well known [33] and
has been used in self-setting cements. In a study for
instance [48], the increase in compressive strength as
well as the diametral tensile strength with the
increase in crystallinity of a cement is highlighted.
The fact that our powder evolves first into plate-like
shaped crystals (brushite) that inter-connect and then
to a calcium phosphate phase similar to the one of
native bone makes it a good candidate for further
investigations as a calcium phosphate cement and
beyond, for numerous dental and bone substitution
applications [17].

Conclusion

Micrometric and structured aggregates of amorphous
calcium phosphate nanoparticles have been pro-
duced by direct spray drying of a single solution of
selected salt precursors. These aggregates are struc-
tured at several scale: nanometer CaP Posner’s clus-
ters are grouped in spherical nanoparticles that are
organized themselves in chain-like structure. This
multi-scale organization is the result of the combined

100 nm (TEM), which are an assemblage of dense Posner’s
clusters (Ca3(PO4), (WAXS/PDF results), surrounded by a
hydrated shell of calcium hydrogen phosphate and acetate,
moving apart the clusters at about 2 nm (SAXS results).

effect of the fast water evaporation leading to quick
and local supersaturation during the drying stage of
the process.

The composition of the spray-dried ACP may be
modulated by tailoring the initial composition of the
precursors solution, both formulations tested (1.67
and 1.3). Beyond calcium and phosphate ions that are
involved in the core of clusters, acetate and
hydrogenophosphate anions and water play a key
role in the structuration of inter-cluster spaces, lead-
ing to the final cohesion of the material. Moreover,
the proportion of acetate and hydrogenophosphate
can be tuned by the initial Ca/P ratio. Lower
hydrogenophosphate amounts induce a better
arrangement between clusters.

Initial undersaturated condition prevents early
precipitation before spray drying and allows to gen-
erate due to the high drying rate of the process a
highly reactive powder. Their high HPO, content
confers strong ability to spontaneously evolve in
aqueous medium to form a dicalcium phosphate
dihydrate phase that evolves into biomimetic apatite

Regarding calcium acetate impurities and biocom-
patibility, a study has reported good results of
implantations in rats of PPF (polypropylene glycol-
co-fumaric acid) cements with this additive [49, 50]. It
shall be considered that the technique can be adapted
to control this residue.

These findings demonstrate the suitability of our
spray-drying-derived  process to produce a
metastable and reactive powder by a simple and



quick method, opening the way for the development
of materials for biomedical applications and espe-
cially as bone and dental substitutes. Indeed, such
spray-dried ACP obtained with well-defined size
powder appears to be promising product with
enhanced handling properties compared to large and
coarse distribution usually derived from co-precipi-
tation route, maintaining the scalability of this pro-
cess for further industrialization.
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