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ARTICLE INFO ABSTRACT

Keywords: Being the most abundant non-macromolecular organic component of bone, the role of citrate (Cit) in hy-
Hydroxyapatite droxyapatite (HA) crystallization is of high relevance. In this work we have investigated the influence of
Nanoparticles hydroxycitrate (CitOH) and glutarate (Glr) on HA crystallization in terms of particle growth, composition, and
g;::tl:erahzanon morphology in comparison to Cit. CitOH and Glr have been selected for this work because they share the same
Carboxylates backbone structure of Cit but bear different functional groups in the central region. Our data has revealed that
Hydroxycitrate CitOH strongly inhibits HA crystallization more efficiently than Cit. CitOH-HA nanoparticles are composed of
Glutarate platy, elongated particles similar to those of Cit-HA but they are ca. twice smaller and have a lower crystal order.

On the other hand, Glr does not inhibit HA crystallization as Cit, but leads to the formation of OCP platelets that
convert with maturation time to HA nanorods with larger aspect ratio than Cit-HA. In comparison to Cit-HA
samples, GIr-HA nanoparticles have bigger dimensions, and higher structural order. Overall, our data reveal
that the central carboxyl group of Cit is involved in the selective binding with HA crystal surface and in regu-
lating HA crystal growth. The results of this work highlight new possibilities to control the formation of HA for
designing advanced bioactive materials and give new insights on the role of the structure of Cit in regulating the
HA morphology.

bone formation, and is present in a relatively great amount in bone tissue
[17]. The influence of Cit on synthetic HA crystallization was widely
studied, and it was shown that it has a double role (i) by inducing the
formation of HA by direct conversion of an amorphous calcium phos-

1. Introduction

Synthetic hydroxyapatite (HA) nanoparticles are nowadays widely

employed for different technological sectors such as medicine, energy,
environment, and many others [1-8]. Several preparation strategies
have been set-up in the last years to tailor their properties [9-13].
Among them, the use of organic templates and additives is one of the
most interesting methods to precisely control the structure and
morphology of HA nanoparticles. Organic molecules act as templates by
influencing the nucleation and growth of HA. This can be achieved both
by the interaction of the template molecule with Ca%* or PO3~ ions
during nucleation, or by a preferential binding of the molecule towards
specific HA crystal faces that inhibits their orthogonal growth [14-16].

In this regard it was demonstrated that citrate (Cit), which is a strong
calcium chelating agent, is an efficient “bio-inspired” regulator of HA
nanocrystals. Cit is involved in the growth of HA nanocrystals during
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phate precursor, and (ii) by prompting a non-classical growth of the
particles by oriented aggregation [18-21]. HA prepared in presence of
Cit (Cit-HA) possesses a platy needle-like shape, i.e., elongated
nano-platelets. A well-accepted theory is that the citrates bind prefer-
entially to HA (1 0 0) face, inhibiting its growth. As a consequence,
crystals continue to grow in the other two orthogonal directions and the
(1 0 0) crystal face becomes the main one. Furthermore, particles of
Cit-HA undergo an oriented aggregation at the beginning of crystalli-
zation through the attachment the Cit-free (0 0 1) faces, that leads to an
elongation of the crystals along the HA c-axis [21]. In addition,
computational modeling has shown that if Cit molecules have a low
concentration they prefer to attach to the HA surface in longitudinal
orientation, stabilizing small HA nanocrystals with short lattice
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Abbreviations
Cit citrate
CitOH  hydroxycitrate

FEG-SEM field-emission gun scanning electron microscopy

FT-IR Fourier-transform infra-red spectroscopy

Glr glutarate

HA hydroxyapatite

ICP-OES inductively-coupled plasma optical emission
spectroscopy

OCP octacalcium phosphate

PXRD powder X-ray diffraction

SAXS small angle X-ray scattering

TGA termogravimetric analysis

parameters; differently, when Cit concentration is high enough to cover
the entire HA surface, the molecules are arranged with a parallel
orientation, favoring the hydrogen bond connections between each pair
of citrate molecule and the formation of much longer HA particles [22,
23]. Cit-HA nanoparticles are promising nanomaterials with a high de-
gree of biomimetism, high biocompatibility, and good stability in
aqueous suspension [18] that have been used for several nanomedical
applications [24,25]. In view of the high control that Cit can exert on HA
nanoparticles, as well as its importance in bone biomineralization, the
aim of this work is the synthesis and characterization of HA nano-
particles in presence of molecules which are chemically similar to Cit. In
a previous work, the influence on HA formation of dicarboxylic acids
with different chain length (i.e. oxalic acid, succinic acid, and adipic
acid) was compared to citric acid [26]. Authors suggested that the in-
hibition of HA growth is mostly dependent on the dicarboxylic acid af-
finity for Ca®" ions in solution as well as on the structural/steric effect of
the molecules [26].

In the present work, HA was synthesized using as templates two
carboxylate molecules that share the same carbon backbone structure of
Cit, that is to say two carboxylic groups separated by three carbon atoms
but bear different functional groups in the central region, i.e. hydrox-
ycitrate (CitOH), that possesses one extra hydroxyl group, and glutarate
(Glr), that lacks one carboxyl and hydroxyl group in respect to Cit
(Fig. 1). Although being structurally similar to Cit, CitOH was found to
have a different crystal face selectivity towards calcium oxalate [27] and
dicalcium phosphate dihydrate (DCPD, CaHPO4-2H;0) [28], and to be a
stronger growth inhibitor due to the increased hydrogen bonding to
mineral surface [27,28]. In addition, CitOH was proposed as alternative
to Cit as kidney stone prevention agent due to its stronger growth in-
hibition effect on calcium oxalate crystals [27]. However, to the best of
our knowledge the influence of CitOH on HA crystal growth has never
been studied.

Glr was used to control HA growth only in hydrothermal crystalli-
zation conditions, where it was proved to be associated to surface water
molecules and to drive the growth via a crystalline precursor [29].
Nevertheless, the influence of GIlr on the HA formation in
non-hydrothermal conditions was never reported.

Herein, HA nanoparticles were prepared through a thermal-
decomplexing batch reaction [18,30] using these carboxylate
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molecules as Ca?" complexing agents, and the physico-chemical,
morphological, and surface properties of the obtained HA nano-
particles upon different maturation times have been characterized by
conventional analytical techniques as well as by synchrotron-light
small-angle X-ray scattering (SAXS).

2. Materials and methods
2.1. Materials

The following reagents were used: glutaric acid (CsHgO4, >99.0%,
Hy(Glr), Sigma-Aldrich), potassium hydroxycitrate tribasic mono-
hydrate (K3(CgHsOg)-H20, > 95.0%, (K3(CitOH), Sigma-Aldrich), so-
dium citrate tribasic dihydrate (Nag(C¢Hs07)-2H20, > 99.0%, (Na3(Cit),
Sigma-Aldrich), sodium hexametaphosphate ((NaPOs)s, >96.0%,
Sigma-Aldrich), sodium hydroxide (NaOH, > 99.0%, Sigma-Aldrich),
sodium phosphate dibasic dihydrate (NapgHPO4-2H20, > 99.0%,
Sigma-Aldrich), and calcium chloride dihydrate (CaCly-2H20, > 99.0%,
Sigma-Aldrich). All the solutions were made with ultrapure water
(Arium pro, Sartorius).

2.2. Sample preparation

Carboxylate-HA nanocrystals were prepared by a wet precipitation
method derived from the one developed by Delgado-Lépez et al. [18].
The precipitation was initiated by mixing two solutions at room tem-
perature (100 mL each). The first solution contained CaCl; 100 mM + X
400 mM (where X is Nas(Cit), Ha(Glr), or K3(CitOH)), while the second
solution contained NagHPO4 120 mM. The calcium containing solution
was basified with NaOH to reach pH 8.5 before the mixing. Subse-
quently, the mixture was placed in a silicone oil bath at 80 °C and kept
under stirring for different maturation times (5 min, 2 h, 4 h, 16 h and
24 h). After maturation the particles were separated from the mother
liquor by centrifugation at 7000 RPM for 10 min, washed with ultrapure
water by several resuspension and centrifugation steps, and then
freeze-dried overnight. Afterward, the obtained powders were manually
ground and sieved (mesh size: 270) in order to achieve homogeneous
granulometry. All samples preparations were performed in triplicate, as
well as all characterizations. The data are expressed as mean value +
standard deviation.

2.3. Structural, chemical, and morphological characterization

The activity of the aqueous species as a function of temperature and
pH as well as the saturation indexes of solid products were calculated
with the Visual MINTEQ 3.1 software [31].

Powder X-ray diffraction (PXRD) patterns were acquired with a D8
Advance diffractometer (Bruker, Karlsruhe, Germany). PXRD patterns
were collected in the angular range from 10 to 80° 20 with a step size of
0.02° and an acquisition time of 1s using Cu Ka radiation (A = 1.54178
A) generated at 40 kV and 40 mA. A standard LaBg sample was collected
with the same instrumental setup.

HA unit cell was indexed with FullProf program [32]. As initial
screening, the PXRD pattern of Cit-HA at 2 h of maturation was modeled
through Rietveld refinement both with a hexagonal [33] or a monoclinic
HA structure [34]. After this initial evaluation, the unit cell parameters
of all the samples were extracted as single-phase by Rietveld refinement

C

HO . OK/\)OKOH

(0]

Fig. 1. Molecular structure of (A) citric acid, (B) hydroxycitric acid, and (C) glutaric acid.
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using tabulated atomic coordinates of hexagonal HA [33]. In the case of
Glr-HA sample at 5 min of maturation (Glr-HA 5 m), a multi-phase PXRD
pattern refinement was executed. The relative content and unit cell
parameters of OCP and HA were refined as a biphasic system starting
from tabulated atomic positions (HA: PDF card 00-009-0432, OCP: PDF
card 00-026-1056) [35,36]. For all refinements the peak broadening was
modeled with spherical harmonics, and patterns background was
calculated through the Chebychev function (11th order polynomial).

The dimensions of crystalline domains along HA (002) and (020)
directions (Dpoo2) and Dyo207) were calculated from the full-profile peak
broadening analysis with the software FullProf [32], accounting for
instrumental peak broadening effect measured on the standard LaBg
sample (see details in Ref. [37]). The crystallinity of the samples was
evaluated as reported by Wei et al. [38] with the use of the crystallinity
index X =1 — (V112/300/1300), where Vi12/300 is the intensity of the
angular region between HA (1 1 2) and (3 0 0) peaks and Isgg is the
intensity of HA (3 0 0) peak.

Fourier transform infrared (FT-IR) spectra of the samples were
measured with a Nicolet iS5 spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) by using the KBr pellet method. Instrumental res-
olution was set up to 4 cm !, and 32 scans were collected per sample.

Scanning electron microscopy (SEM) micrographs of the samples
were collected with a field-emission microscope (FEG-SEM, mod.
SIGMA, ZEISS NTS Gmbh, Oberkochen, Germany). The samples were
dispersed in 10 mL of a 0.003 wt% (NaPO3)s solution at a concentration
of 0.05 mg mL~! and sonicated under ice cooling with a Vibracell VCX
500 tip sonicator (SONICS, Newtown, CT, USA) at 20% amplitude for 3
min with a pulsation of 5 s. Subsequently, the nanoparticles dispersion
was dropped on a polished silicon wafer attached to a SEM stub and left
to dry completely. Afterward, the samples were coated with 2 nm of Pt/
Pd alloy using a Polaron E5100 sputter-coater (Polaron Equipment,
Watford, Hertfordshire, UK). FEG-SEM working parameters were: 3 kV
acceleration voltage, 1.8 mm working distance, in-lens acquisition
mode.

Elemental quantification was performed with an Agilent Technolo-
gies 5100 inductively-coupled plasma atomic emission spectrometer
(ICP-OES) (Agilent Technologies, Santa Clara, CA, USA). Sample prep-
aration consisted in dissolving the powdered materials at a concentra-
tion of 0.2 mg mL ™! in 50 mL of 1 wt% HNO3 aqueous solution.

Thermogravimetric analysis of the samples (TGA) was carried out
with a STA 449F3 Jupiter device (Netzsch GmbH, Selb, Germany).
Thermograms were collected from room temperature to 1100 °C with a
ramp of 10 °C min~! under air flow using an alumina pan.

C-Potential of the samples was measured with a Zetasizer Nano ZSP
analyzer (Malvern, UK). The samples were dispersed in water at a con-
centration of 0.5 mg mL™! and the {-potential at spontaneous pH was
measured using DTS1061 cells (Malvern, UK) at 25 °C.

Small Angle X-ray Scattering (SAXS) curves of the samples were
recorded at the Austrian SAXS beamline of the ELETTRA Synchrotron
(Trieste, Italy) [71]. Incident beam energy was set up at 8 keV and
allowed to measure the curve from a g-value of 0.08 to ca. 6 nm ™. The
sample holder was a @ 1.5 mm glass capillary (WJM-Glas Miiller GmbH,
Berlin-Pankow, DE). Before sample analysis, the background curve was
acquired as the scattering at room temperature from the empty sample
holder. A 2D scattering image was collected with a Pilatus 1 M detector
(Dectris, CH), and therefore the 2D image was circularly averaged to be
converted into a conventional SAXS curve. This step was performed with
the software Fit2D available at the beamline [39]. Ten SAXS curves were
acquired and averaged per sample, and therefore the background was
removed with the software Igor Pro (WaveMetrics, Inc., Lake Oswego,
OR, USA). The SAXS data analysis and the modeling was performed with
the ATSAS package V3.0.2 [40]. and SasView package V4.2.2 (www.sa
sview.org). Schulz distribution was used to estimate the averaged par-
ticle size as well as the polydispersity of the samples for selected struc-
tural models [41,42,72]. SAXS data modeling was performed either with
a lamellar model [43], as well as with an elliptical cylinder model [44].
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3. Results and discussion

3.1. Carboxylate molecules speciation and evaluation of their interaction
with calcium ions

HA nanoparticles in presence of carboxylate molecules were pre-
pared by a thermal decomplexing batch reaction which was already used
in a previous work for the preparation of Cit-HA [18,20,21,30]. It was
reported that in the reaction environment, Cit complexes Ca®" ions and
forms a homogeneous metastable solution at pH > 8.3, that avoids the
instantaneous nucleation and precipitation of calcium phosphate. In
addition, at pH > 8 citrate is completely deprotonated as Cit>~ and it
strongly interacts with HA nuclei, forming a highly negative surface
charge that prevents particle aggregation [22,45]. With the increase of
temperature, the Cit-Ca complex is destabilized and a gradual and ho-
mogeneous decomplexation occurs leading to the release of Ca%* jons
and the formation of HA with Cit. In order to evaluate the influence of
CitOH and Glu on HA crystallization in comparison to Cit, the calcium
complexing efficacy of the three carboxylates was compared. For this
purpose, first, the predominant species in solution for each carboxylate
were analyzed as a function of pH. The carboxylates have multiple
dissociation equilibria; the equilibrium reactions for Cit, CitOH, and Glr
and the corresponding dissociation constants (pKa) are listed in Table 1.
On the basis of the pKa values and speciation simulations, at the reaction
pH (8.5) all the three carboxylates are completely dissociated and only
the forms Cit>~, CitOH®", and GIr?>~ are present in solution [46].

The affinity of these carboxylate ions toward Ca?" ions were then
estimated on the basis of previously reported literature data. For the
sake of simplicity, only the calcium-binding constants of the dissociated
anionic forms (i.e., Cit®~ and GIr?") present in the reaction conditions
are reported. The calcium-binding constants are the following:

Cit’™: CgHs03~ + Ca’t o Ca(CeHs07) -log K: 34 [26].
GIr®™: CsH4 03~ + Ca>™ & Ca(CsH40.) -log K: 1.8 [48].

To the best of our knowledge, the calcium binding constant of Cit-
OH®~ has never been reported. However, Chung et al. [27] calculated
the Ca-carboxylate complex binding energy in vacuum for Cit and
CitOH, and have proven that CitOH has a stronger affinity for Ca?* in
comparison to Cit. Hence, the three carboxylates have different
complexation strengths toward calcium ions, that is to say CitOH > Cit
> Glr. Indeed, a higher complex stability would generate a lower con-
centration of free Ca?* ions in solution and thus reduce supersaturation
and nucleation rates. Furthermore, as reported in a previous work [26] a
higher Ca-carboxylate complex strength could induce a higher binding
of carboxylate molecules on HA crystals, inhibiting crystal growth.

The activities of the species in the reaction mixture as function of

Table 1
Speciation reactions and dissociation constants for
Cit, CitOH and Glr.

Cit pKa®
CgHgO, < CgH,07 3.13
CeH,07 < CgHgOF 4.76
CsHe03 ™ < CeH505 6.40
CitOH pKa®
CgHgOg < CgH,05 2.90
CgH,05 < CeHgO% 4.29
CeHe03™ & CgHs03 5.11
Glr pKa®
CsHgO4 < CsHs0; 3.76
CsHs07 < CsH40F 4.56

@ Dissociation constants from Martell and Smith
[471.
b Dissociation constants from ChemAxon.
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temperature were calculated and plotted in Fig. 2 [18]. In the case of Glr,
the Ca-Glr complex ([Ca(Glr)]) is destabilized and decreases in activity
with the increase of temperature (Fig. 2) similarly to the Ca-Cit complex
([Ca(Cit)]"). Therefore, Glr presents a behavior similar to Cit where the
heating leads to a gradual thermal decomplexation and release of Ca*
ions into the solution. The progressive release of Ca®" in presence of
PO3~ induces the formation of calcium phosphate ions, such as
[CaPOy4]’, followed by the formation of calcium phosphate precipitates.
However, the [Ca(Glr)] has a lower activity in comparison to the [Ca
(Cit)]” complex, as consequence of the lower calcium complexation
strength of Glr. This leads to a higher activity of free Ca®" and Glr?~ ions
and also of [CaPO4] species, implying that in presence of Glr the pre-
cipitation of calcium phosphate should be more intense. Indeed, this was
confirmed also by the calculation of the saturation indexes of the
possible solid products for the reaction mixtures in presence of Glr or Cit
(Table S1) performed by Visual MINTEQ. It was calculated that for both
the carboxylates, the highest supersaturated minerals are HA followed
by octacalcium phosphate (OCP, CagHa(PO4)e-5H20). The reaction
mixture with Glr presents the highest saturation indexes for both HA and
OCP in comparison to Cit, suggesting that solid phases precipitation
should be faster than in Cit reaction mixture. Overall, these calculations
suggest that Glr could be used for a thermal-decomplexing precipitation
of HA, but its lower complex strength for Ca2* should lead to a faster
precipitation and a lower crystal growth inhibition in respect to Cit. The
thermodynamic parameters of CitOH are not available, thus, the

Bioactive Materials 6 (2021) 2360-2371

Ca-CitOH activities were not calculated. However, taking into account
the structural similarity between Cit and CitOH together with the higher
Ca-CitOH complex strength in comparison to Ca-Cit, we hypothesize
that Ca-CitOH could have a thermal-decomplexing behavior similar to
Ca-Cit, but with higher activity and a lower destabilization by temper-
ature increase.

It must be taken into account that the concentration of the carbox-
ylate molecules can influence the carboxylate-Ca" complex stability
and thus could affect HA size, morphology and crystallinity. In this work
we have used the same concentration for all the carboxylates tested in
order to study the influence of their structure on HA crystallization.
Future studies will be dedicated to elucidate the effect of Cit, Glr and
CitOH concentration on the nucleation and growth of HA nanoparticles.

3.2. PXRD characterization

PXRD patterns of CitOH-HA, Glr-HA, and Cit-HA samples indicate
HA (powder diffraction file 00-009-0432) as the only phase present for
all samples collected at every maturation time (Fig. 3A-C), with the
exception of Glr-HA 5 m (see below). All the samples display PXRD
patterns with broad diffraction peaks, indicating that the materials are
composed by nanocrystals [18]. The PXRD patterns of all the samples
after 5 min of maturation show very broad peaks, that become pro-
gressively sharper at longer maturation time.

The increase of peak resolution upon maturation corresponds to an
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Fig. 2. Calculated activities, as a function of temperature, of the main ionic and neutral species in Glr and Cit reaction mixture (pH 8.5).
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Fig. 3. PXRD patterns of (A) Cit-HA, (B) CitOH-HA, and (C) Glr-HA at 5 m, 2h, 4h, 16h, 24h of maturation time. (D) Multiphase Rietveld refinement of Glr-HA 5min.

increase of HA structural order and crystal growth. The peaks of the
PXRD patterns of Glr-HA samples are sharper than those of Cit-HA
samples for all time points, indicating that the crystalline domains of
Glr-HA samples are larger and more ordered than those of Cit-HA.
Moreover, the PXRD pattern of Glr-HA 5 m (Fig. 3C) presents some
differences in comparison to both Cit-HA 5 m and CitOH-HA 5 m. In this
sample, in addition to HA peaks, other signals are visible indicating the
presence of octacalcium phosphate (OCP, CagH2(PO4)g-5H20, powder
diffraction file 00-026-1056, marked with * in Fig. 3C). Quantitative
phase analysis, based on Rietveld whole profile fitting (Fig. 3D),
confirmed this finding, and evidenced that Glr-HA 5 m was composed by
55.0 & 0.4 wt% HA and 45.0 + 0.2 wt% OCP (Ryp = 12.3). On the other
hand, the PXRD patterns of CitOH-HA samples are similar to those of Cit-
HA, both reporting the typical features of HA.

It was observed that HA precipitated in absence of carboxylates in
reaction conditions similar to those used in this work crystallizes via an
OCP precursor phase [20,21]. On the other hand, previous works on
Cit-HA have shown that Cit-HA is formed by conversion of an amor-
phous precursor without passing through metastable crystalline phases
[21]. The formation of OCP as precursor of HA was also previously re-
ported for a Glr-HA prepared by a hydrothermal process [29]. By
comparing the rate of OCP to HA conversion of Glr-HA and of HA pre-
pared in similar conditions without carboxylates it can be observed that
Glr accelerates the OCP to HA conversion. In fact, in a previous work
OCP was still present after 4 h of maturation [20], while for our Glr-HA
sample OCP disappears after 2 h of maturation. This result suggests that
the formation of HA in presence of Glr seems to follow the Ostwald’s rule
of phases in agreement with literature data, and the presence of Glr
accelerates the conversion of OCP to HA.

Although crystalline HA possess a hexagonal P63/m structure, also a
monoclinic P2;/b structure has been proposed [34]. This monoclinic
structure was observed in biogenic HA [49] and it was proposed also for
platelet-shaped Cit-HA nanoparticles [20]. For this reason, we have used
both HA structures to refine Cit-HA 2h sample. While both structures fit

well the experimental data (Figure S1), the hexagonal one gives the best
fitting (x? hexagonal: 1.43; y* monoclinic: 1.64) and therefore was used

Table 2
Unit cell parameters and crystalline domain sizes of the samples.
Sample a-b cell axes ¢ cell axis D02y Do20) D02/
@A) @& (nm) (nm) D(o20)
CittHA 5 m 9.510 + 6.854 + 9.7+ 1.0 22+1.0 4.4 +20
0.005 0.005
Cit-HA 2h 9.435 + 6.872 + 22.8 + 49+1.0 47+1.0
0.005 0.005 1.0
Cit-HA 4h 9.434 + 6.871 + 30.1 + 6.6 £ 1.0 4.6 +£0.7
0.005 0.005 1.0
Cit-HA 16h 9.434 + 6.871 + 31.0 + 6.6 + 1.0 4.7 +£ 0.7
0.005 0.005 1.0
Cit-HA 24h 9.435 + 6.866 + 27.4 + 79+1.0 3.5+0.5
0.005 0.005 1.0
CitOH-HA 9.432 + 6.864 + 22.0 + 6.3+ 1.0 3.5+ 0.6
5m 0.005 0.005 1.0
CitOH-HA 9.428 + 6.863 + 175+ 46+1.0 3.8+ 0.9
2h 0.005 0.005 1.0
CitOH-HA 9.428 + 6.863 + 21.0 + 5.6 +1.0 3.8+ 0.7
4h 0.005 0.005 1.0
CitOH-HA 9.447 + 6.879 + 25.2 + 71+1.0 35+05
16h 0.005 0.005 1.0
CitOH-HA 9.428 + 6.863 + 22.8 + 6.9+1.0 3.3+05
24h 0.005 0.005 1.0
Glr-HA 5 m 9.471 + 6.866 + 23.5 + 5.0+ 1.0 4.7 +£1.0
0.005 0.005 1.0
Glr-HA 2h 9.452 + 6.875 + 39.2 + 8.8+1.0 45+0.5
0.005 0.005 1.0
Glr-HA 4h 9.451 + 6.876 + 40.9 + 9.4+ 1.0 4.4+0.5
0.005 0.005 1.0
Glr-HA 16h  9.450 + 6.875 + 46.7 + 10.3 + 45405
0.005 0.005 1.0 1.0
Glr-HA 24h 9.445 + 6.874 + 40.6 + 9.8+ 1.0 41+04
0.005 0.005 1.0

2364



L. Degli Esposti et al.

to model all the samples. The unit cell parameters of the samples fitted
by Rietveld refinement of PXRD data are reported in Table 2. The unit
cell parameters of all the samples slightly shrink upon maturation [24].
However, the unit cell parameters of CitOH-HA 16h sample are slightly
out of trend; we hypothesize that this discrepancy is probably due to
experimental variability. The cell parameters of Cit-HA reported here
are in agreement with the literature [20], and are comparable to those of
CitOH-HA and GIr-HA. The size of HA crystalline domains along the
non-overlapped [0 0 2] and [0 2 0] crystallographic directions are listed
in Table 2. In addition, the crystallite shape of the samples after 24 h of
maturation is reported in Figure S2. With the exclusion of the samples
after 5 min of maturation, the size of the crystalline domains of Glr-HA
along the c-axis (D(go2)) and along the b-axis (D(o20)) are both larger than
those of Cit-HA, which in turn are larger than those of CitOH-HA. The
crystalline domains slightly increase upon maturation for all
carboxylate-HA samples. For all materials the D(goz) values are higher
than the corresponding D20y values, demonstrating that all nano-
crystals are extended along c-axis. The crystalline domains aspect ratio
D(002)/D(o20y is similar for Glr-HA and Cit-HA and is higher than
CitOH-HA, irrespectively of the maturation time. Finally, the crystal-
linity index of the samples (Table S2) confirm that Glr-HA is more
crystalline than Cit-HA and CitOH-HA independently from maturation
time, and the crystallinity of the samples improves with maturation
time. Crystallographic data show that in terms of crystalline domains
size, crystalline order, and crystallinity Glr-HA > Cit-HA > CitOH-HA at
all maturation times. The PXRD data of CitOH-HA confirm that CitOH
has a stronger HA crystal growth inhibition effect than Cit, as previously
reported for DCPD and calcium oxalate [27,28].

Table 3
Chemical composition and {-potential of the samples.

Sample Ca/P* Carboxylate Structural {-potential®
molecule® (wt.%) water® (wt.%) (mV)
Cit-HA 5 1.54 + 2.0 £0.2 41 +04 —-15.5+ 0.6
m 0.02
Cit-HA 2h 1.53 + 1.9+0.2 29+0.3 —-13.4+0.3
0.02
Cit-HA 4h 1.53 + 1.6 £ 0.2 3.0+0.3 —-15.8+ 0.5
0.01
Cit-HA 1.48 £ 1.5+£0.1 3.3+03 -17.1 +0.3
16h 0.01
Cit-HA 1.53 + 1.5+0.2 25+ 0.3 —-16.5+ 0.3
24h 0.02
CitOH-HA 1.74 + 9.4+ 0.9 6.9 +£0.7 —34.6 £ 0.5
5m 0.07
CitOH-HA 1.75 £ 8.5+ 0.9 7.9+0.8 —-33.9+0.9
2h 0.02
CitOH-HA 145+ 6.4+ 0.6 6.9 £ 0.7 -351+1.0
4h 0.04
CitOH-HA 1.50 + 4.1+0.1 6.1 +0.6 -33.2+0.7
16h 0.03
CitOH-HA 1.52 + 2.8+ 0.3 7.6 +£ 0.8 —-34.5+0.3
24h 0.02
Glr-HA 5 1.30 £ 1.7 £ 0.2 3.6 +04 -1.9+0.2
m* 0.01
Glr-HA 2h 1.42 + 0.7 £ 0.1 0.9 +0.1 -1.5+0.1
0.01
Glr-HA 4h 143 + 0.4 +0.1 0.9 +0.1 —-23+04
0.01
Glr-HA 1.44 + 0.6 £ 0.1 1.6 £0.1 -3.9+04
16h 0.01
Glr-HA 1.45 + 0.4 + 0.1 1.4 +£0.1 —5.7+0.4
24h 0.03

@ Quantified by ICP-OES; (b) Quantified by TGA; (c) Measured by DLS.
* Glr-HA 5 m chemical composition is influenced by the presence of OCP
phase.
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3.3. Compositional analysis

Chemical composition and {-potential values of the materials are
listed in Table 3. The Ca/P molar ratio of Glr-HA samples (ca. 1.4) is
slightly lower than the one of Cit-HA samples (approx. 1.5), and for both
the materials it is lower than the Ca/P ratio of stoichiometric HA (i.e.
1.67), that indicates that the GIr-HA and Cit-HA samples are Ca-
deficient. Ca/P ratio of Glr-HA 5 m is not comparable to the other Glr-
HA samples because is a biphasic material. The Ca/P ratio of Glr-HA
and Cit-HA does not change upon maturation. On the other hand, the
Ca/P ratio of CitOH-HA at early maturation time (ca. 1.75) is the highest
among the samples tested and decreased upon maturation to a value
similar to Cit-HA. The high values of Ca/P of CitOH-HA samples at low
maturation times are particularly interesting, because a Ca/P ratio
higher than 1.67 is not common for materials that do not possess
phosphate-substituting anions. It is likely that at early maturation times
the high content of CitOH (see below) and the high Ca-CitOH complex
strength induces the formation of a calcium-rich surface layer composed
of non-soluble Ca-CitOH complexes [45]. The presence of these com-
plexes on the nanoparticles surface can hinder the crystal growth, and
thus could be the cause of the limited crystallization of CitOH-HA
samples.

All the samples contain a limited amount of carboxylate and car-
bonate ions together with structural water molecules, which were
measured by TGA-DTG (Figure S3) [50]. Carbonate ions incorporated in
carboxylate-HA samples are due to atmospheric CO, dissolved in the
solution during the precipitation. The term “structural water” refers to
tightly bound water molecules, which are removed only by heating the
materials at temperatures higher than 200 °C, that are not comprised in
HA stoichiometry but are included in a non-apatitic hydrated outer layer
present in freshly formed HA [51]. With maturation and development of
crystal order, the non-apatitic hydrated surface layer progressively dis-
solves and the amount of structural water decreases. Therefore, struc-
tural water content is an indirect indicator of nanoparticles maturation.

Glr-HA has a lower content of carboxylate and structural water than
Cit-HA at every time point. Glr content in Glr-HA samples decreases
during the first 2 h of maturation and then remains stable, while in Cit-
HA samples the amount of Cit and structural water constantly decreases
up to 24 h due to the progressive dissolution of the hydrated outer layer
[18]. In comparison, the low decrease over time of Glr and water content
in Glr-HA complies with the complete dissolution of the hydrated sur-
face layer at early crystallization times. Interestingly CitOH-HA has a
higher content of carboxylate, and structural water at every maturation
time in comparison to Cit-HA and Glr-HA. CitOH content constantly
decreases up to 24 h of maturation time, while the structural water
content remains constant. The high content of structural water and
carboxylate molecules of CitOH-HA at high maturation time suggests
that in this case the crystalline phase of HA is less developed, and
moreover the non-apatitic hydrated surface layer might still be present.
Overall, the carboxylate content of the samples is in agreement with the
binding affinity of the molecules for calcium ions.

The -potential values of all samples in aqueous solution at sponta-
neous pH (about 7.0) are negative, and this is caused by the carboxylate
anions on HA surface [52]. Glr-HA surface charge is always less negative
than Cit-HA (ca. —6 mV vs ca. —17 mV), while the surface charge of
CitOH-HA is more negative than Cit-HA (ca. —34 mV vs ca. —17 mV).
According to Ivachenko et al. and Hu et al., when Cit is adsorbed on HA
surface it exposes outside its apolar central region, thus making HA
surface more hydrophobic [17,53]. Therefore, in CitOH-HA the presence
of the additional hydroxyl group generates a more charged surface as
evinced by the {-potential data, while on the other hand in Glr-HA the
lack of the central carboxyl group of Glr in comparison to Cit leads to a
more neutrally charged surface. However, it must be taken into account
that the three carboxylates have also a different relative abundance on
HA surface due to their different binding strength toward HA, which in
turn influences the {-potential. Upon maturation the {-potential of
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CitOH-HA and Cit-HA samples does not change significantly, while
Glr-HA becomes slightly more negative.

3.4. FT-IR characterization

FT-IR spectra of the carboxylate-HA samples are shown in Fig. 4A-C.
All the most intense bands belong to apatitic phosphate group vibra-
tions, that are the triply degenerated antisymmetric stretching mode
(v3P0Oy4) at ca. 1030 cm ! with shoulders at 1046 and 1075 cm’l, the
symmetric stretching mode (v;POy4) at ca. 960 cm™!, and the triply
degenerated bending mode (v4PO4) at 602, 574 (as a shoulder) and 562
em™ L. The different form of v3PO,4 band for the biphasic Glr-HA 5 m
sample in comparison to the other Glr-HA samples is due to the super-
position of HA v3PO4 peaks (ca. 1030 and 1090 em™!) with OCP v3PO4
peaks (1055 and 1075 cm’l) [54].

All the samples also present the HA hydroxyl ions librational mode
band at 631 cm™! and the OH™ ions stretching mode band at 3567 cm ™!
(Fig. 4D) [55]. vOH bands become progressively more evident upon
maturation for all the samples, indicating that with the improvement of
crystallinity more hydroxyl ions become part of the crystal structure.
Furthermore, the crystallinity trend Glr-HA > Cit-HA > CitOH-HA is
observed also for VOH bands intensity (Fig. 4D). The presence of struc-
tural and adsorbed water in the samples is evinced by a very broad band
in the 3700-2500 cm ! range (Fig. 4D) [56]. The intensity of this band
follows the trend CitOH-HA > Cit-HA > Glr-HA and decreases upon
maturation, in agreement with TGA data. The presence of carbonate ions
in the samples was confirmed by the presence of a very weak carbonate
band at ca. 870 cm ™! and by two weak bands at 1415 and 1455 cm ™},
suggesting a B-type carbonate doping (CO3~ ions substituting PO3 ™ ions)
[56]. B-type carbonate doping was expected, because carbonate ions
enter into crystal lattice as phosphate substituent when HA is prepared
by wet precipitation in presence of CO3 ™~ ions, whereas A-type carbonate
doping (CO%~ ions substituting OH™ ions) is usually favored when HA is
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thermally reacted in presence of COy [57]. The bands of associated to
carboxylate groups stretching modes are present between 1650 and
1350 cm ™! and are superimposed with an adsorbed water band (1640
cm™1). The assignment of these bands was validated by analyzing the
FT-IR spectra of the samples after annealing at 600 °C where, according
to TGA curves, the carboxylate is completely decomposed while the
carbonate ions are still present. The IR spectra (Figure S4) collected on
thermally annealed samples show that the bands at 1570 cm ™! and at
1640 cm™! disappear or are very weak, confirming their assignment as
asymmetric voco of carboxylates and vyater, respectively. The bands at
1415 and1455 cm™! of the annealed samples are similar to the ones of
the pristine spectra, confirming their assignment as voco of carbonate
ions. In the same spectral range should fall also the symmetric voco of
carboxylate ions, but these bands are covered by carbonate voco bands.

CitOH-HA IR spectra has more intense bands in the 16501350 cm ™!
range in comparison to Cit-HA, which in turn are more intense than the
Glr-HA samples (Fig. 4D). This confirms the trend CitOH-HA > Cit-HA >
Glr-HA for carboxylate and structural water content measured through
compositional analysis. Furthermore, the intensity of these bands de-
creases upon maturation for all the materials (Figure S5), confirming the
decrease of carboxylate and water content with maturation. The IR
spectra of GIr-HA is featured by a different position of carboxylate bands
in comparison to Cit-HA and CitOH-HA, where the asymmetric voco of
glutarate ions falls at 1632 and 1549 cm™!. This discrepancy suggests
that in Glr-HA the carboxylate molecule has a different binding geom-
etry toward HA surface in comparison to Cit-HA and CitOH-HA, while
Cit and CitOH have a similar geometry due to the matching of the
respective peak position and shape.

3.5. Morphological characterization

The morphology of CitOH-HA, Glr-HA and Cit-HA nanoparticles was
evaluated by FEG-SEM microscopy (Fig. 5 and S6). FEG-SEM image of
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Fig. 5. FEG-SEM micrographs of Glr-HA, Cit-HA, and CitOH-HA nanoparticles prepared at different maturation times (magnification: 200000x).

the Glr-HA 5 m shows crystals with plate-like morphology having
average length and width in the size ranges of 200-400 nm and
100-300 nm, respectively, and a thickness in the 10-20 nm range, mixed
with elongated, rod-like crystals of ca. 100 nm in length and 10-20 nm
in width. Along with the maturation time, in Glr-HA the plate-like
particles disappear and only the rod-like ones are present, which grow
in length and width reaching ca. 150 nm in length and 20-30 nm in
width at 24h of maturation. The platelets found in Glr-HA 5 m were not
observed in Cit-HA nor in CitOH-HA samples, neither in previous works
on Cit-HA nanoparticles [18,24,58,59]. On the other hand, similar
particles were reported for OCP crystals precipitated from aqueous so-
lution [60-63]. In this view, it is likely that the platelets observed in
Glr-HA 5 m are made of OCP and the rod-like crystals are made of HA. It
is remarkable that the former crystals are smaller than OCP crystals
precipitated in similar conditions without Glr (which can be several
microns in size) [60-63], suggesting that Glr has partially inhibited OCP
crystal growth and favored its conversion to HA. Previous works have
proven that the conversion of OCP to HA occurs by an internal atomic
rearrangement [60-62]. OCP conversion into HA is associated to a loss
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of water and a rearrangement of HPO3 ™~ ions that belong to the so-called
“hydrated layer” of OCP unit cell, that is a layer that connect two regions
of unit cell structurally similar to HA (called “apatitic layers”). During
the conversion of OCP into HA, a structural stress is generated by the
displacement of HPO3™ ions and water molecules and by the mismatch
between the (100) crystal planes of OCP and HA. The consequence of the
structural stress is the splitting of the apatitic layers across OCP crystal
width. This generates slits that run along OCP main axis where single HA
nanocrystals detach [60-62]. Morphology analysis suggests that it is
likely that the same mechanism occurred in OCP conversion in Glr-HA.
Therefore, the binding of Glr on OCP surface had a twofold action as (i)
it inhibits further crystal growth, and (ii) favors the internal atomic
rearrangement that is associated to the transformation of OCP crystal
lattice into HA crystal lattice.

FEG-SEM micrographs of CitOH-HA 5 m show that the sample is
constituted by small, irregular, isotropic nanoparticles with a diameter
of ca. 30 nm. Along the maturation time the particles evolve into
irregular and elongated nanoparticles with a length of 30-40 nm and a
width of ca. 10 nm. The stronger growth inhibition effect of CitOH is
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evident from FEG-SEM micrographs, since CitOH-HA nanoparticles are
about 7 times smaller than Glr-HA and 2 times smaller than Cit-HA. In
addition, at 5 m of maturation CitOH-HA nanoparticles have a round
shape morphology that is common for very poorly crystalline calcium
phosphate deriving from an amorphous precursor [64].

Previous works on Cit-HA crystallization have shown that Cit-HA
evolves from very poorly crystalline particle aggregates to thin and
platy elongated nanoparticles [18,53]. The FEG-SEM micrographs of
Cit-HA samples are in agreement with the literature, where at 5 m of
maturation Cit-HA consists of irregular, elongated nanoparticles of 70
nm in length and 30 nm in width. After maturation the particles have
better-defined borders, and appear as flattened rods of about 80 nm in
length and 30 nm in width.

The mean length (L) along the longest axis, the mean width (W)
along the shortest axis, and the aspect ratio (R) of CitOH-HA, Glr-HA,
and Cit-HA at 5 m and 24h of maturation were estimated from FEG-SEM
images and are reported in Table 4. In the case of the isotropic particles
of CitOH-HA 5 m, the mean diameter (D) is reported, while in the case of
biphasic Glr-HA 5 m the dimensional parameters of both HA and OCP
crystals are described. The particles mean dimensions were compared to
the crystalline domains calculated from PXRD data. In agreement with
PXRD data, the order Glr-HA > Cit-HA > CitOH-HA is respected also in
terms of particle size. Furthermore, the increase of particle dimensions
follows the same trend of the increase of crystalline domains, where Glr-
HA and Cit-HA grew more than CitOH-HA with maturation time. In
agreement with crystalline domains, all the samples present elongated
particles with high R values, where the aspect ratio is similar for CitOH-
HA and Cit-HA and is higher for Glr-HA after 24 h.

Samples were characterized by SAXS with synchrotron radiation. We
took in consideration in our analysis only the experimental data that
were less correlated to each other (Table S3-S5). For all data belonging
to the same group (CitOH-HA, Glr-HA and Cit-HA), the agreement value
(x2) was calculated by using the comparison function included into
PRIMUS program [65] of the ATSAS package [40]. The selected data
were those with the highest value of ¥2. A preliminary analysis of the
experimental SAXS curves was performed to evaluate the quality of the
data and to obtain the basic structural information related to the size and
shape of the nanoparticles. Such structural overall parameters are: (i)
the radius of gyration (Rg), which is calculated from the slope of Guiner
plot [66] and (ii) the maximum size of the nanoparticles (Dpax) Which
can be obtained by means of the Pair-Distance Distribution Function [P
()] by using the Indirect Fourier Transformation as described by Glatter
et al. [67]. Both those parameters were evaluated by using AUTORG
[68] and GNOM [69] programs of the ATSAS package [40], taking in
consideration a monodisperse system, and they are reported in Table 5.
Only from these two parameters the CitOH-HA samples seem to be very
different from those of Cit-HA and GIr-HA, presenting smaller Ry and
Dpax- A better evaluation of the nanoparticles shape was obtained by
fitting the experimental curves with different models, refining the model
parameters and the associated polydispersity (Table 5 and Figure S7) by

Table 4
Mean length (L), mean width (W), their aspect ratio (R), and the mean diameter
(D) of the samples.”

Sample L (nm) W (nm) R (nm) D (nm)
Cit-HA 5 m 66 + 19 25+ 10 2.6

Cit-HA 24h 81 + 24 27 +9 3.0

CitOH-HA 5 m - - - 32+8
CitOH-HA 24h 35+10 12+ 3 2.9 -
Glr-HA 5 m (OCP) 351 + 99 185 + 73 1.9

Glr-HA 5 m (HA) 125 + 39 19+5 6.6

Glr-HA 24h 148 + 38 22+8 6.7

@ Measured from FEG-SEM micrographs. Mean values and relative standard
deviations were calculated from the measurement of at least 100 particles from
different batches.
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Table 5

SAXS data analysis: overall parameters in terms of gyration radius (Rg) and
maximum size of the particle (Dpax), and model parameters for lamellar and
elliptical cylinder model, respectively. In the case of model fitting, the refined
value of polydispersity (the ratio of standard deviation to the average value)
associated to each parameter is reported in brackets.

Sample Overall Lamellar Elliptical Cylinder Model
Parameters Model
Rg Diax Thickness Rmin Axisratio L (nm)
(nm) (nm) (nm) (nm) (nm)
Cit-HA 5 14.2 44.5 4.8 (0.6) 17.0 1.98 3.7
m 0.3) 0.1) 0.4)
Cit-HA 4h 13.9 44.3 3.7 (0.4) 27.7 1.2(0.1) 3.8
(0.1) 0.4
Cit-HA 16.3 48.5 3.9 (0.5) 22.0 1.5 (0.5) 3.1
24h 0.3) 0.9
CitOH-HA 7.8 24.0 ND 7.4 1.79 26.0
5m (0.1) (0.1) (0.5)
CitOH-HA 7.8 24.6 ND 1.7 3.84 35.0
4h (0.1) (0.1) (0.1)
CitOH-HA 7.4 23.5 ND 2.1 2.76 26.8
24h 0.2) 0.1) 0.1)
Glr-HA 5 15.8 48.3 12.1 (0.7) 6.4 2.73 46.3
m 0.2) (0.1) 0.1)
GIr-HA 4h 129 36.9 4.7 (1.5) 4.0 4.5(0.2) 27.6
0.2 0.2
Glr-HA 12.6 36.7 6.4 (0.5) 3.5 4.3 (0.0) 30.1
24h 0.2) 0.2)

using SasView program. The polydispersity for each of the refined
parameter, reported in bracket near the numbers in Table 5, was eval-
uated as a ratio between the standard deviation and the mean value.
As first step, a simple lamellar model was used, which can give in-
formation only about the thickness of the nanoparticles. Two things
were observed: (i) the curves of all CitOH-HA samples could not be fitted
with a suitable lamellar model, and (ii) Cit-HA 5 m and GIr-HA 5 m
samples are statistically different and thicker in comparison to the other
samples. As second step, an elliptical cylinder model was used, which
can give information about the shape as well as the size of nanoparticles
[44]. In the elliptical cylinder model, the model parameters are: (i) L,
that is the cylinder length, (ii) Rpin, that is the minor radius of the
elliptical base, and (iii) Axis ratio, that is the ratio between the major
and the minor radius of the elliptical base. Indeed, the elliptical cylinder
model shows that Cit-HA nanoparticles are disk-shaped (Rp, ca. 17-27
nm, Axis ratio close to 1, L ca. 3-4 nm). These data are in good agree-
ment with SEM morphology analysis (Table 6) and with literature [18,

Table 6

Comparison between dimensional parameters of the samples extracted by FEG-
SEM and by SAXS. The values are: mean length (L), mean width (W), and the
mean thickness (T).

Sample FEG-SEM SAXS® Morphology
L (nm) w L (nm) w T (nm)
(nm) (nm)
Cit-HA 5 m 66 + 25 + 67 + 34 + 3.7+ Elongated
19 10 20 10 1.5 platy
Cit-HA 24h 81 + 28+9 66+ 44 + 31+ Elongated
24 40 15 1.4 platy
CitOH-HA 5 32+ 8" 27 +4 26 £ 15+2 Isotropic
m 13
CitOH-HA 35+ 12+3 27 +3 12+2 4.2 + Elongated
24h 10 0.8 platy
GIr-HA 5 m 125 + 19+5 nd. n.d. n.d. Rod
(HA) 39
Glr-HA 24h 148 + 22+8 nd n.d. n.d. Rod
38

@ Calculated from SAXS ellipsoidal cylinder model fitting.
Y The sample is isotropic, therefore the average of the diameter (D) is reported.
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20,53], and confirm that Cit-HA nanoparticles have an elongated platy
morphology. CitOH-HA samples also show good agreement between
SEM morphological analysis and SAXS data modeling (Table 6), where
CitOH-HA 5 m are composed of almost isotropic particles (although
slightly flatted) while CitOH-HA 24h particles have an elongated platy
morphology similar to Cit-HA. Differently, Glr-HA SAXS data modeling
is discordant with SEM morphological analysis. It must be taken into
account that the available g-range of SAXS data does not allow to
measure particles that are bigger than ca. 100 nm, therefore Glr-HA
nanoparticles lie outside this range at every maturation time. It is
likely that in the elliptical cylinder modeling of Glr-HA the major di-
mensions of the particles are not detected, while the interparticle voids
generate a difference of contrast that is included in the SAXS curve.
Therefore, SAXS data modeling could not be performed for Glr-HA
samples.

For selected SAXS data (i.e. Cit-HA 4h, and CitOH-HA 4h) we were
able to obtain a three-dimensional model of the samples, by using the
well-known ab-initio shape determination bead modeling approach
(DAMMIF) [70]. In the bead modeling the nanoparticle is represented as
a collection of a large number of densely packed beads inside a search
volume, and each bead belongs either to the particle or to the solvent.
DAMMIF utilizes the simulated annealing method to alter an arbitrary
initial compact interconnected model in order to produce a calculated
scattering pattern that fits the experimental SAXS data. With this
approach, the shape of the nanoparticle is determined only by SAXS data
fitting without any a priori guess of morphology, as in the case of Sas-
View model fitting. The obtained bead models, as described above, are
shown in Fig. 6 and in Supplementary Video 1. Bead models of all the
samples tested confirmed the morphology and dimensions of the parti-
cles obtained by SasView (Tables 5 and 6), where all the samples are
platy cylinders and Cit-HA is ca. twice bigger than CitOH-HA Therefore,
beads modeling confirms that Cit-HA, and CitOH-HA possess a platy
cylinder morphology, and that elliptical cylinder is a suitable model for
analyzing SAXS data of these nanoparticles.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.01.010

4. Conclusions

In this paper, we have studied the influence of three structurally
similar calcium-binding carboxylate molecules on HA formation in
terms of crystal growth, chemical composition and morphology. We
have found that Cit, CitOH and Glr strongly influence HA crystallization
with different effects even if they differ only for the central functional
groups of the backbone structure. Cit-HA was used as comparison ma-
terial, since it has been already extensively studied. CitOH strongly in-
hibits HA crystallization more efficiently than Cit. Even if they are
composed of platy, elongated particles similar to those of Cit-HA, CitOH-
HA nanoparticles are twice smaller and have a lower crystal order. The
crystallization pathway of CitOH-HA is similar to Cit-HA, with the direct
conversion from an amorphous precursor to HA.

On the other hand, Glr does not inhibit HA crystallization as Cit, but
leads to the formation of OCP platelets that convert with maturation
time to HA nanorods with larger aspect ratio than Cit-HA. Overall, in
comparison to Cit-HA samples, Glr-HA nanoparticles have bigger di-
mensions, higher structural order, lower content of water and carbox-
ylate ions, and lower surface charge. In addition, FT-IR data revealed
that Glr has a different binding geometry and surface interaction toward
HA in comparison to Cit and CitOH.

Our data demonstrate that crystallinity and particle dimensions of
HA prepared in presence of Cit, CitOH and Glr are mainly controlled by
the interaction strength of the carboxylate molecules with Ca*". Indeed,
there is an inverse correlation between carboxylate-Ca®* complex sta-
bility and HA size and crystallinity. Our data are in agreement with a
previous computational modeling study on Cit-HA systems which has
predicted that at low citrate concentration the HA growth is inhibited
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Fig. 6. SAXS bead ab-initio model for Cit-HA 4h (gold) and CitOH-HA
4h (blue).

generating small nanocrystals [23]. Moreover, the data of this paper
allow to shed more light on the role of the chemical structure of Cit in
regulating the HA morphology. Several papers ascribe this effect mainly
to the spacing between the terminal carboxyl groups of Cit which
matches the distance between the Ca®* ions on the (1 0 0) HA crystal
face, thus leading to a preferential binding of Cit toward this face and the
inhibition of any further growth in this direction [18-21]. As a conse-
quence, Cit-HA crystals grow along the directions orthogonal to the (1
0 0) crystal face leading to platy nanocrystals [17]. However, our results
show that the length of the spacing between terminal carboxyl groups of
the Cit is not a sufficient condition for generating the platy morphology,
since Glr produces HA nano-rods even if Glr shares the same backbone
structure of Cit. Differently, with CitOH the same morphology of Cit-HA
has been achieved even if an additional hydroxyl group is present on the
central region of molecule.

The presence of the additional hydroxyl group in CitOH leads to a
stronger and more abundant binding of Ca2* ions in solution first and to
HA surface later, as proved by chemical composition analysis, but
keeping the same preferential surface binding of Cit. Differently, the lack
of the central carboxyl group of Glr does not only produce a weaker and
less abundant binding to HA surface, but also has a less selective control
on HA crystallization, forming rod-shaped HA nanoparticles. Therefore,
these data reveal that the central carboxyl group of Cit does not only
regulate the interaction strength with Ca?* ions, but is also involved in
the selective binding with HA crystal surface.

The results of this work highlight new possibilities to control the
formation of HA for designing advanced bioactive materials with
tailored physical-chemical properties. Future studies will focus in
investigating the biological properties of carboxylate-HA nanoparticles
as prepared and as sintered bioceramics.
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