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ABSTRACT

Citrate and fluoride ions are two constituents of dental enamel
hydroxyapatite (HA) nanocrystals. Their individual effect on HA
crystallization was already studied, and it was proven that both
citrate and fluoride ions regulate HA crystal growth. However, the
combined effect of citrate and fluoride ions on HA nanocrystals
has never been reported so far. In this work we have prepared
citrate-fluoride-HA (citrate-FHA) nanoparticles in mild conditions
and we have studied the evolution of morphology and composition
upon maturation. We have proved that even in presence of citrate,
fluoride ions are 1incorporated in the apatitic structure
(replacing hydroxyl ions) and accelerate the crystallization
process. Interestingly, citrate-FHA nanoparticles exhibit a

flattened hexagonal rod-like morphology in contrast to the needle-
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like platelet morphology of citrate-HA. The density of citrate
ions bounded on the citrate-FHA surface is higher than that on
citrate-HA. Moreover, the relative amount of unidentate citrate-
Ca’* adducts vs the ionic-like ones is higher for citrate-FHA than
for citrate-HA. Our results provide a deeper understanding of the
combined effect of citrate and fluoride ions on HA nanocrystals
that can be used for the design of advanced biomaterials with
tailored features, for a better comprehension of enamel
biomineralization process, and for the synthesis of enamel-like

nanocrystals.

1. Introduction

It 1s nowadays widely demonstrated that nanomaterials, in
comparison to their bulk counterparts, possess unique and novel
properties that could have a huge impact in health, environment,
energy and many other technological sectors.

Being similar to the mineral phases of bone and teeth, the
generation of synthetic hydroxyapatite (HA, Caig (POy4) ¢ (OH) »)
nanocrystals is of great interest both to synthesize nanomaterials
for the medical field and to mimic in vitro the formation of
biominerals [1-3]. In addition, HA nanocrystals have recently
attracted great attention also as promising materials for

applications far from medicine, such as catalysis, water
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remediation, and agriculture as they represent a more
biocompatible and green alternative to the currently used
materials [4-06].

Several methods have been set-up to prepare HA nanocrystals with
tailored size, morphology, surface properties, chemical
composition and crystallinity [7-9]. Among them, the strategies
that employ organic templates and additives are successful to finely
control the structural and morphological features of HA [9, 10].
These organic molecules influence the nucleation and crystal
growth of HA by interacting with calcium or phosphate ions in the
early stage of particle formation, and they can also bind
preferentially to specific HA crystal faces inhibiting growth on
the respective crystallographic axes [11]. In this respect,
biological macromolecules, polymers, amines, amino acids, fatty
acids, and small carboxylates have been used to tailor the features
of HA nanocrystals [12]. Citrate was widely studied as a “bio-
inspired” organic additive in HA synthesis because it is naturally
present in bone, enamel and dentin [13, 14]. The strong effect of
citrate on HA crystallization has been 1investigated wusing
complementary techniques such as: powder X-ray diffraction (PXRD),

synchrotron wide angle X-ray total scattering (WAXTS) [15], atomic

force microscopy (AFM) [157, solid-state nuclear magnetic
resonance (ssNMR) [13], IR and Raman spectroscopy [16], and high
resolution transmission electron microscopy (HR-TEM) [17]. These
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studies have proved that citrate plays a dual role 1in HA
crystallization. First, it drives the growth of HA via an amorphous
precursor, and second 1t induces a non-classical oriented
aggregation of the nanocrystals [15, 16, 18, 19]. HA nanocrystals
synthesized in presence of citrate (citrate-HA) possess a platy
morphology, that means to say that the nanocrystals are elongated
nano-platelets whose dimensions depend on crystallization time. It
has been proposed that the effect of citrate molecules is to bind
preferentially to the (1 0 -1 0) HA crystal face, inhibiting its
orthogonal growth and making it the predominant one. Furthermore,
it was demonstrated that during the early stages of
crystallization, citrate-HA grows by an oriented aggregation
mechanism through the attachment of the citrate-free (0 0 0 1)
faces [19]. Citrate-HA nanocrystals have excellent
biocompatibility and colloidal stability [16] and have been tested
for biomedical applications as nano-carriers of drugs and imaging
agents and as coatings of metallic prostheses [20, 21].

HA nanocrystals doped with foreign ions have also raised
attention, since ionic substitution is a powerful tool to improve
their performances for different applications [22]. For example,
doping was widely used to give HA antibacterial or osteoinductive
activity, or for providing special properties like luminescence or
magnetism [22, 23]. Among biologically relevant ions, fluoride ion

(F7) is of high interest for dental application, since it reduces
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enamel demineralization and inhibits microorganisms 1in the
cariogenic biofilm [24]. Fluoride-doped HA (FHA,
Caip(PO4) s (F)x(OH) 5y, 0 < x £ 2) has been studied for osteoporosis
treatment, as antibacterial Dbiomaterial, for dental enamel
protection and remineralization, and for improving the
luminescence of rare earth-doped HAs [25-29]. FHA nanocrystals
were mainly synthesized by hydrothermal treatments [30, 31] while
few works used the wet chemical processes [32, 33]. It was
demonstrated that fluorine doping influences HA crystallinity,
crystalline domains size, and morphology [22, 33, 34].

The feasibility of doping citrate-HA nanocrystals with carbonate,
metallic and lanthanide ions and their effect on the chemical-
physical features of the resulting materials has been previously
studied [16, 20, 35, 36]. Nonetheless, despite the fact that
fluoride ion is present in enamel HA crystals of humans and other
species [37, 38], the simultaneous effect of citrate and fluoride
on HA nanocrystals has never been reported so far.

The main aim of this work is the preparation of citrate-FHA
nanoparticles in mild conditions and the investigation of the
combined effect of citrate and fluoride ions on HA crystal
structure evolution as a function of precipitation time. Herein,
citrate-FHA nanocrystals were prepared employing a thermal-
decomplexing batch reaction at 80°C [16]. The evolution of the

physical-chemical, surface and morphological ©properties of
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citrate-FHA nanocrystals have been thoroughly characterized upon
maturation by using conventional analytical techniques and Small-

angle X-ray scattering (SAXS) with synchrotron radiation.

2. Materials and Methods

2.1. Materials

Calcium chloride dihydrate (CaCl,-2H,0, =299.0% pure), sodium
citrate tribasic dihydrate (Nasz(CgHs07) -2H,0, 299.0% pure (hereafter
named Nas(Cit)), sodium hexametaphosphate ((NaPOs)gs, 296.0% pure),
sodium phosphate dibasic dihydrate (Na,HPO,-2H,0, 299.0% pure) and
sodium fluoride (NaF, 299.0% pure) were purchased from Sigma
Aldrich (St. Luis, MO, USA) and used without further purification.
All the solutions were prepared with ultrapure water (18.2 MQ x

cm, 25 °C, Arium®© pro, Sartorius).

2.2. Sample preparation

Dry powder citrate-FHA was synthesized by a wet chemical
precipitation previously reported by Delgado-Lbépez et al. [16]
with modifications. Namely, two solutions (1:1 v/v, 200 ml total)
of (i) 100 mM CaCl, + 400 mM Naj3(Cit) and (ii) 120 mM Na,HPO, + 50
mM NaF were mixed at room temperature. Afterward the mixture was
thermostated at 80 °C under stirring in a water bath for three
maturation times (5 minutes, 30 minutes, and 4 hours). After

maturation the particles were repeatedly washed with ultrapure
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water by centrifugation at 7000 RPM for 10 minutes and then freeze-
dried overnight at -50 °C under a vacuum of 3 mbar. The lyophilized
powders were subsequently grinded and sieved with a 50 um sieve in
order to achieve a uniform granulometry. Citrate-HA samples were
also prepared as control through the same protocol but without
adding NaF into phosphate solution (ii). All the syntheses were
performed in triplicates to ensure the reproducibility of the
processes. Data are expressed as mean values * standard deviation

(SD) of independent experiments (n = 3).

2.3. Chemical, morphological and structural characterization

Powder X-ray diffraction (PXRD) patterns of the samples were
recorded on a D8 Advance diffractometer (Bruker, Karlsruhe,
Germany) equipped with a Lynx-eye position sensitive detector
using Cu Ko radiation (A = 1.54178 A) generated at 40 kV and 40
mA. Diffractograms were recorded in the 26 range from 10 to 80°
with a step size (20) of 0.02 and a counting time of 1ls. Unit cell
indexing was performed with the software TOPAS5 [39]. Unit cell
axes were obtained by Rietveld refinement considering a single-
phase system, using tabulated atomic coordinates of FHA and HA
(FHA: PDF card 00-015-0876, HA: PDF card 00-055-0592) [33, 40].
Symmetrized spherical harmonics were used to cope,

phenomenologically, with anisotropic peak broadening effects due

ACS Paragon Plus Environment
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to the anisotropic crystal shape. The PXRD patterns background was
calculated as 11-th order Chebychev function.

The average size of crystal domains along the apatite axis
directions (Digooz;) and (D(31-40;) were calculated as full-profile
peak Dbroadening evaluation with the software TOPASS5, using
fundamental parameters peak function. Instrumental peak broadening
was evaluated by collecting a standard LaBg sample before the
analysis.

Fourier transform infrared (FT-IR) spectroscopy analyses of bulk
modes were carried out on a Nicolet iS5 spectrometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA) with a resolution of 2 cm?' by
accumulation of 64 scans, using a diamond ATR accessory model iD7.

FT-IR spectroscopy in a controlled atmosphere mode was used for
inspecting surface citrates. To this aim, nanoparticles were
pressed in the form of self-supporting pellets and placed into an
IR cell equipped with KBr windows and connected to a conventional
vacuum line (residual pressure 5x107% mbar), allowing
adsorption/desorption experiment to be carried out in situ. The IR
spectra were collected in the transmittance mode with an Equinox
55 spectrometer (Bruker, Karlsruhe, Germany) equipped with a DTGS

detector (128 scans; resolution: 4 cm™l). Because the target was
the citrate spectral pattern in the 1720-1320 cm™!' range, the 08H,0

band due to possibly co-adsorbed water molecules was shifted below

the lower limit of this range by exchanging H,O molecules with D,0
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ones (6D,0 at ca. 1200 cm™!). Details on the experimental procedure,
as well as the spectra collected at each step, finally resulting
in data reported Figure 3 in the following, are reported in the
Supporting Information.

Raman spectra were collected with a LabRAM-HR spectrometer with
backscattering geometry (Jobin-Yvon, Horiba, Japan) . The
excitation 1line was provided by a diode 1laser emitting at a
wavelength of 532 nm and a Peltier cooled charge-couple device
(CCD) (1064x256 pixels) was used as detector. Spectrometer

resolution was better than 3 cm™l.

The final spectrum resulted by
the average of 3 acqguisitions (acquisition time = 300 s).
Transmission electron microscopy (TEM) evaluation was performed
with Tecnai F20 microscope (Fei Corp., Hillsboro, OR, TUSA)
operating at 120 kV. The powder samples were ultrasonically
dispersed in ultrapure water and then a few droplets of the slurry
were deposited on 200 mesh copper TEM grids covered with thin
amorphous carbon films and incubated for several minutes.
Nanoparticle morphology analysis was performed with software
Imaged [41].
Scanning transmission electron microscopy (STEM) images and
compositional analysis (Ca, P and F) of selected areas were
acquired with a FEI TITAN G2 microscope operating at 300 kV

equipped with a HAADF detector and a SUPER-X Energy dispersive X-

ray (EDS) detector (Centre for Scientific Instrumentation,

ACS Paragon Plus Environment
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University of Granada). FHA nanoparticles were dispersed in pure
ethanol and some drops of the slurry were deposited on 200-mesh
copper grids with lacey carbon films.

Scanning electron microscopy (SEM) evaluation was performed with
field-emission microscope (FEG-SEM, mod. XIGMA, ZEISS NTS Gmbh, Oberkochen, Germany)
with in-lens acquisition mode, operating at 3 kV acceleration voltage, with a working
distance of 1.7mm. The powder samples were ultrasonically dispersed at
a concentration of 0.lmg/mL in 10 mL of a 0.01 wt.% sodium
hexametaphosphate aqueous solution, sonicating it with a tip
sonicator (Vibracell VCX 500 with 13mm sonicating tip, SONICS,
Newtown, CT, USA) under ice cooling with the following working
parameters: 20% amplitude, 3 minutes, pulsation 5s on / 5s off.
Afterward, a drop of the stabilized particle suspension was
deposited on a flat, mirror polished silicon wafer mounted on an
aluminum stub and left to dry at room temperature. After drying
the samples was sputter-coated (Polaron E5100, Polaron Egquipment,
Watford, Hertfordshire, UK) with 2nm of Pt/Pd (80:20) alloy in
order to provide electrical conductance.

Quantification of Ca and P was carried out by inductively coupled
plasma atomic emission spectrometer (ICP-0OES) (Agilent
Technologies 5100 ICP-OES, Santa Clara, CA, USA) while F was
quantified with a fluoride ion electrode (Intellical™ ISEF121,
Hach Lange, Loveland, CO, USA). Samples were prepared by dissolving

an aliquot of powder in a 1 wt. % HNO3 solution.
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Thermogravimetry analyses (TGA) were performed using a STA 449F3
Jupiter (Netzsch GmbH, Selb, Germany) apparatus. About 10 mg of
sample was weighted in an alumina crucible and heated from room
temperature to 1100 °C under air flow with a heating rate of 10
°C/min.

Surface charge of the samples was evaluated by electrophoretic
mobility ((-potential) using a Zetasizer Nano analyzer (Malvern,
UK). Citrate-HA and citrate-FHA nanocrystals 0.5 mg/mL agqueous
suspensions at pH =~ 7.0 were measured using disposable folded
capillary cells (DTS1061; Malvern, UK) at 25°C. Three separate
measurements (100 runs each) were collected in each case.

Specific surface area (SSA) of the powdered samples was measured
through N, gas adsorption modeled by the Brunauer-Emmett-Teller
(BET) method [42]. BET N, gas adsorption method was employed using
a Surfer instrument (Thermo Fisher Scientific Inc., Waltham, MA,
USA) . Before the measurement, the samples were pre-treated at 100°C
for 3 hours under vacuum.

Small Angle X-ray Scattering (SAXS) measurements were performed
at the high brilliance Austrian SAXS beamline of the ELETTRA
Synchrotron (Trieste, Italy). The available g-range was 0.08 to
about 6 nm! using an incident beam energy of 8 keV. A two-
dimensional (2D) scattering image was acquired within 100 ms with
a Pilatus 1 M detector (Dectris, CH). The samples were measured at

room temperature in glass capillaries of 1.5 mm diameter (WJM-
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Glas/Miiller GmbH, Berlin-Pankow, DE). As a first step, the
scattering from the air and the sample holder was collected to be
subtracted as background. The data reduction was done by the freely
available software of the Dbeamlines Fit2D [43]. The two-
dimensional data were circularly averaged to convert them into
one-dimensional scattering curves. Nine different scattering
curves were collected for each sample and consequently were
averaged and background corrected. From the experimental curves,
the modeling was performed by using SasView package V4.2.2
(www.sasview.org). We estimated the averaged particle size for
selected models, and as well as an estimation of the polydispersity
of the samples, by using Schulz distribution [44, 45], which is
the most indicated to describe particle sizes. SAXS data was fitted

with the lamellar model as previously described [46].

3. Results and discussion

3.1 Powder X-Ray Diffraction (PXRD) characterization

PXRD patterns of citrate-FHA samples show the typical diffraction
peaks of FHA as single phase (PDF card file 00-015-0876) (Figure
1A) . In particular, the most intense reflections are the narrow
peak at 25.87° due to the (0 0 0 2) crystallographic planes and
the broad peak centered at about 32° that is the sum of three peaks

at 31.77°, 32.19°, and 32.90°, due to planes (2 1 -3 1), (1 1 -1

ACS Paragon Plus Environment

13



oNOYTULT D WN =

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

Crystal Growth & Design

2), and (3 0 -3 0). Other peaks are present at 39.81°, 46.71°,
49.46°, and 53.14°, which correspond to the planes (3 1 -4 0), (2
2 -4 2y, (2 1 -3 3), and (0004), respectively [20]. In all the
samples, the diffraction peaks are broad and poorly defined,
indicating the presence of nanocrystals with reduced crystal
domains and crystalline order in all the samples [16]. The PXRD
patterns of citrate-FHA 5m show particularly broad peaks, while
the patterns of the samples prepared at longer maturation time
present sharper peaks. This Dbehavior reveals an increase of
structural order and crystal growth upon maturation. Citrate-FHA
peaks are better defined than the corresponding citrate-HA peaks
(Figure S1A) 1in all time points, suggesting that citrate-FHA
crystal domains are always more ordered and larger in size than
those of citrate-HA. The increase of HA crystallinity as a function
of the incorporation of fluoride ions has been widely reported
[34, 47, 48] and this was attributed to a higher affinity of
fluoride ions for HA crystal lattice in comparison to hydroxyl
ions, which decreases lattice strain and enhances thermodynamic

stability.
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Figure 1. (A) PXRD patterns and (B) IR-ATR of citrate-FHA Om,

citrate-FHA 30m, and citrate-FHA 4h.

The evaluation of unit cell parameters calculated by Rietveld
refinement of PXRD data show that the a unit cell parameters of
citrate-FHA samples (Table 1 and Figure S2) are always notably
shorter than those of citrate-HA (Table S1) while the ¢ unit cell
parameters are comparable. A shortening of the a cell axis of ca.
0.005 nm was reported for FHA. This was attributed to the shorter
Ca-F equilibrium distance compared to the Ca-OH distance of HA
[32, 49]. It was previously demonstrated that carbonate doping
influences HA unit cell parameters [15], however taking into
account that the carbonate content and position in the crystal
lattice is similar for citrate-FHA and citrate-HA (see data below)
it is likely that the presence of carbonate is not the cause of

the different crystallographic properties of the two materials.
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The unit cell parameters of both materials shrink at increasing
maturation time (Figure S2). The unit cell parameters of citrate-HA
calculated herein are close to those previously reported [15].

Sizes of the crystal domains were estimated along the Dgo1) and
Dkioy directions, being parallel to the longest and the shortest
axes of the hexagonal unit cell, respectively. To this aim, the
broadening of the non-overlapped (0 0 0 2) and (3 1 -4 0)
reflections were used, and the results are shown in Table 1 (and
Figure S3). The average size of crystal domains of citrate-FHA
along the c-axis (D(gpo2)) and along the a-b plane (D(31-40)) are both
larger than the corresponding crystal domains of citrate-HA for
each maturation time (Table S1) [16]. Similarly to citrate-HA,
also D(pooz) values of citrate-FHA are higher than those of D1-40),
indicating that the crystals are elongated along the c-axis.
Interestingly, the aspect ratio estimated as Dggo2)/D(31-40) remains
constant with maturation for citrate-FHA, while it increases over
time for citrate-HA. All together, these data suggest that citrate-
FHA crystal domains are larger in size than citrate-HA ones in all
time points and that the crystal growth is faster in the presence
of F7, as suggested by the higher slope of the graph of the crystal
domain dimensions vs time (Figure S3). The other striking
difference is the isotropic growth of citrate-FHA (i.e. Dgooz2)/D31-
10y remains constant) versus the preferential crystal growth along

c-axls for citrate-HA.
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364

365 Table 1. Cell parameters and crystal domain sizes of citrate-FHA

366 samples.

oNOYTULT D WN =

11 a-b C
D (0002) D (31-40) D(00o2)/ D(31-
13 Sample cell axes cell (nm) (nm) 40)

14 (&) axis (&)

16 Citrate-

+ +
17 FHA 5m 9.413 6.894 24.7+40.5 9.441.6 2.6

19 Citrate- 14.1+0.
+
20 FHA 30m 9.398 ©6.886 42 .4+0.8 9 3.0

22 Citrate- 20.4+0.
+
23 FHA 4h 9.390 6.885 56.941.1 9 2.8

25 367

368

30 369 3.2 Compositional analysis

32 370 The chemical composition and surface charge of citrate-FHA
34 371 samples are reported in Table 2. The Ca/P ratio of the citrate-
372 FHA nanocrystals is higher and closer to the stoichiometric value
39 373 (i.e. 1.67) than citrate-HA (Table S2), which is in agreement with
41 374 the higher structural order of FHA. The increase of Ca/P ratio as
43 375 a function of the incorporation of fluoride ions due to increased
46 376 structural order has been already reported [32, 49]. Ca/P ratio as
48 377 well as fluoride content (about 3 wt. %) does not wvary upon
50 378 maturation. The Ca/F ratio of citrate-FHA samples is slightly lower
22 379 than the wvalue of stoichiometric fluorapatite (Ca/F = 5 for

55 380 Caig(PO4) s (F)2) . All the samples present a small amount of carbonate
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and citrate ions, that was evaluated by TGA-DTG analysis as
previously described (Figure S4) [50]. The occurrence of carbonate
ions is mainly due to dissolved CO, in the mother solution and its

amount is similar in citrate-FHA and citrate-HA samples (about 1

o\°

wt.%) .

Interestingly, citrate-FHA has a lower weight content of citrate
than citrate-HA at each maturation time. The amount of citrate in
the citrate-FHA samples decreases during the first 30 minutes of
maturation and then it remains stable. On the other hand, the
amount of citrate constantly decreases up to 24 hours of maturation
time for citrate-HA samples [16]. This continuous decrease of
citrate content upon maturation has been previously attributed to
a gradual dissolution of the surface non-apatitic hydrated layer
[16] which, as described by Rey et al. [51], is well present in
freshly formed precipitates but progressively disappears as the
stable apatitic crystalline domains develop upon maturation. It
was also suggested that upon drying a partial restructuration of
the surface hydrated layer occurs, but part of the non-apatitic
environments still remains [51]. The (-potential of all the samples
at pH 7.0 1is negative, due to the presence of citrate ions on
nanocrystals surface [52]. Citrate-FHA possesses a surface charge
that is slightly more negative than citrate-HA in all time points
(Table S2), in agreement with its higher density of citrates on

the surface in comparison to citrate-HA (see below). Overall, the
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(-potential of the samples becomes less negative upon maturation.
This trend is 1likely associated with the decrease of citrate

content [l6].

Table 2. Chemical composition of citrate-FHA samples.

Sample Ca/P® FP (% Ca/F® Citrat Carbonat (-

wt) b e¢ (% e° (% wt) Potential

wt) (mV)

Citrate 1.60+0.0 3.1+£0. 4.440 3.240. 1.1#0.1 -15.2 t
-FHA 5m 1 2 .5 4 0.4
Citrate 1.58+0.0 3.0+£0. 4.6+#0 1.8#0. 0.94#0.1 -14.3 +
-FHA 1 1 .2 2 0.3
30m
Citrate 1.59+0.0 3.0+0. 4.6+0 1.8%0. 1.0%0.1 -11.1 t

-FHA 4h 1 1 .2 2 0.4

(@)Quantified by ICP-OES; ®Quantified by fluoride ion electrode;
(©)Quantified by TGA.

3.3 Spectroscopic characterization

The IR-ATR spectra of the citrate-FHA samples are reported in
Figure 1B. All samples displayed a main broad band at 1030 cm™
with shoulders at 1046 and 1075 cm™ due to the triply degenerated
antisymmetric stretching mode of the apatitic PO, groups (v3POy).
Other features emerge at 961 cm™! (symmetric stretching mode of the
apatitic POy groups, Vv 1PO;) and at 603, 576 (as a shoulder) and

565 cm! (triply degenerated bending mode of the same groups,

ACS Paragon Plus Environment
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v4P0O4) . The absence of the band associated to hydroxyl ions at 631
cmt [53], that is present in the IR-ATR spectra of citrate-HA
samples (Figure S1B), suggests the almost complete substitution of
the OH™ groups by F~ in the crystal lattice, as it was previously
reported in other FHA samples [47, 49]. The presence of trace
amounts of carbonate ions detected by TGA analysis was confirmed
by a wvery weak B-type carbonate substitution (CO3 occupying POy
sites) band at 873 cm™! [54]. Equivalent information was obtained
by Raman spectroscopy investigation (Figure S5 and related
comments in Supporting Information).

The understanding of the interaction of citrate ions with
nanocrystals surface 1s of particular interest. Previous
investigation was performed on citrate-HA 4h through the use of IR
spectroscopy under controlled atmosphere [55]. The same approach
was adopted here for the investigation of citrate groups at the
surface of citrate-FHA 4h.

Figure 2 shows a comparison between the spectra in the 1720 -
1320 cm™! range of citrate-HA (curve a) and citrate-FHA (curve D)
outgassed at beam temperature (b.t.). The data were collected after
a complete exchange of surface H,O0 molecules with D,0 ones in order
to remove the possible contribution of the 0J0H,O0 mode from the
spectral pattern. This method was preferred to water desorption by
outgassing at higher temperature (ca. 423 K, ref. [55]) in order

to avoid any possible modification of surface citrates. The spectra
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of citrate-FHA and citrate-HA are constituted by two sets of
components, one in the 1700 - 1500 cm! range and the second in
1460-1325 cm™! range. Because carbonate ions are present in this
material in trace amounts (see above), it is expected that they
should not contribute significantly to this pattern, which is

attributed to the antisymmetric and symmetric stretching modes of
carboxylate moieties (V,5ynCOO and vgy,,CO0), respectively. In more

detail, in the previous study it was found that v,snCOO signal can
result from the overlapping of two sub-bands at 1592 and 1560 cm”
!, which paired with the VsymCOO components can account for the
presence of COO~ groups coordinated to surface Ca’" ions in
unidentate way, accompanied by a lower amount of COO~ — Ca?" adducts
with an ionic-like structure. Likely, these latter can be due to
the citrate molecules remaining in the surface hydrated layer.
The spectral profile of citrate-FHA 4h shows a higher overall
intensity in comparison to citrate-HA. Being the spectra
normalized by either sample mass and specific surface area (details
in the SI and in Figure S6), such a difference well accounts for
the higher density of citrates on citrate-FHA 4h (ca. 0,71 cit/nm?)
than on citrate-HA 4h (ca. 0,52 cit/nm?), resulting from the two-
fold lower SSA of citrate-FHA 4h (81 + 8 m? g!') with respect to
citrate-HA 4h (160 +* 10 m? g!', as reported in ref. [55]).

Noteworthy, the two patterns are also different in shape,
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indicating the occurrence of differences in the coordination of
citrates to surfaces of citrate-FHA or citrate-HA. In particular,
the subtraction between the two spectra (curve c = b-a) highlights
that their difference is mainly due to the higher intensity of one
pair of components at 1572 and 1383 cm™!, that, on the basis of
their spectral separation (212 cm™'), can be assigned to unidentate
COO~ - Ca?" adducts, more abundant on citrate-FHA 4h than on

citrate-HA 4h.

Absorbance (a. u.)

c=b-a

L | 1 | L | L | 1 | L | 1 |
1700 1650 1600 1550 1500 1450 1400 1350
Wavenumber (cm™)

Figure 2. FT-IR spectra of citrate-HA 4h (a) and citrate-FHA 4h
(b) after exchange with D,O0 and subsequent 60 min outgassing at
b.t., the spectra are normalized by mass of sample and SSA of the

material; curve (c) resulting from the difference (b)-(a).

3.4 Morphological characterization
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TEM micrographs of citrate-FHA nanocrystals are shown in Figure
3A-C. Citrate-FHA 5m nanocrystals consist of irregular, small
nanoparticles that aggregate in elongated formations. Citrate-FHA
30m is composed of elongated particles with better-defined border
and with increased crystallinity, as evidenced by the increased
presence of spots in the SAED pattern (Figure 3B). Finally, TEM
micrographs of citrate-FHA 4h show highly regular crystalline
nanoparticles with a rod-like morphology, having an average length
of 60 + 20 nm and an average width of 20 £ 4 nm (Figure 3C).
Differently, previously reported TEM analyses have demonstrated
that citrate-HA evolves from aggregated amorphous or very poorly
crystalline particles to thin needle-like nanoparticles [16, 55].
The rod-like morphology of citrate-FHA 4h was never observed in
citrate-HA, neither in citrate-HA doped with carbonate, europium
nor other metal cations. On the other hand, rod-like FHA
nanoparticles were reported in the case of FHA prepared through a
hydrothermal process [30, 56] or 1in the presence of Tween 80
surfactant [57]. In the former case, the rod-like shape is likely
due to the high-energy crystallization conditions that induce the
formation of the most thermodynamically stable crystal, which for
FHA 1s a hexagonal prism morphology identical to the unit cell
symmetry. In the latter case, it is likely that the surfactant has
no preferential faces for adsorption, therefore all the six

hexagonal (1 0 0 0) faces are -equally inhibited and grow
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isotropically. In a previous report HA was prepared in presence of

both citrate and fluoride ions through a hydrothermal process [56].

In this case, particles appeared as dumbbell-shaped microcrystals

and did not present the rod-like morphology of the nanoparticles

prepared herein.

50
mm cifrate-FHA 5m
B cifrate-FHA 30m
mm cifrate-FHA 4h

) ©w s
=] S =]

Frequency distribution (%)
>
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Figure 3. (A-C) TEM micrographs of
FHA 30m and (C) citrate-FHA 4h.
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The mean length (L) along the longest axis, the mean width (W)
orthogonal to L, and the aspect ratio (the ratio between L and W)
of citrate-FHA nanocrystals were estimated from TEM observations
and they are reported in Table 3. L and W values of citrate-FHA
increase with maturation time, while the L/W values remain almost
constant. The increase over time of the mean size of nanoparticles
evaluated by TEM follows the same trend of crystals domains

calculated from PXRD data (Figure S7).

Table 3. Mean length (L), mean width (W), and aspect ratio (L/W)

of citrate-FHA nanoparticles.

Sample L (nm) W (nm) L/W
Citrate-FHA 5m 39.5 * 9.6 10.8 £ 3.5 3.7
Citrate-FHA 53.7 %
+
30m 10.2 15.6 £ 2.3 3.4
76.9 £

Citrate-FHA 4h 22.5

=+
IS
()}
w
i

40.1

Measured from TEM micrographs. The mean value and the standard
deviation were calculated measuring the sizes of 100 particles
from different experiments.

Figure 3D-E represents the histograms of the distribution of
length and width of citrate-FHA nanoparticles synthesized at
different maturation times. Both length and width of the particles

with highest frequency distribution increased as a function of
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maturation time. Interestingly, length distribution of citrate-
FHA 4h was spread in a wide range (from 30 to 180 nm) (Figure 3D).
This high spreading of length values explains the higher error
associated to mean value of L for citrate-FHA 4h. Comparing the
length and width frequency distribution of <citrate-HA 4h
nanoparticles previously reported [19], with those of citrate-FHA
4h, it is worth to notice that this latter has both a bigger
average particle length and a bigger average particle width. In
particular, <citrate-FHA 4h and citrate-HA 4h are remarkably
different in particle width.

To investigate the chemical composition of citrate-FHA
nanocrystals, STEM-HAADF analysis was performed on citrate-FHA 4h
(Figure 4). The EDS spectrum of a selected region (Figure 4A’)
show the presence of Ca, P, O, and F, which further confirmed the
fluoride doping in citrate-FHA. It may be noted that Cu signals
observed in the EDS spectra are due to the sample holder used in
the analysis. Elemental mapping of Ca, P, and F was performed for
a detailed distribution of atomic content of the nanocrystals
(Figure 4B-D). The STEM-HAADF chemical maps show a homogeneous
distribution of all these elements in the nanocrystals. This
finding is consistent with the presence of fluorine ions 1in the

crystal structure of citrate-FHA indicated by IR-ATR and XRD data.
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Intensity (cps)

Figure 4. (A) STEM-HAADF micrograph of citrate-FHA 4h, (A’) EDS
spectrum from area marked in (A), and chemical maps of Ca (B), P
(C), and F (D) from the same micrograph reported in (A). In (A’),

the Cu peaks are due to the sample holder.

Representative high-resolution TEM (HR-TEM) micrographs of
citrate-FHA 4h are reported in Figure 5. In citrate-FHA 4h lattice
fringes spaced at ca. 0.815 nm run uninterrupted for the whole
nanocrystal (Figure 5A and magnification A’). This lattice fringe
value corresponds to the distance of the (1 0 -1 0) plane of FHA
(PDF card file 00-015-0876), 1indicating that the crystals are

elongated along the c-axis. Moreover, some facets of the a(b)-
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planes (e.g., (0 -1 1 0) facet in Figure 5B and magnification B’)
exhibited stepped surfaces, likely suggesting a classical layer-
by-layer growth. Interestingly, in few cases lattice fringes
spaced at ca. 0.344 nm with a hexagonal pattern were observed,
suggesting that for these particles the c-axis was parallel to the
electron Dbeam during the image acquisition (Figure 54,
magnification A’’) [58]. Therefore, in these cases nanocrystal
width and thickness (T) was estimated, suggesting a W/T ratio of

ca. 2.

Figure 5. HR-TEM micrographs of citrate-FHA 4h. A’, A’’, and B’
correspond to the high magnification of the portions enframed

within the black squares in micrographs A and B, respectively.
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(A") 0.815 nm fringes that run along citrate-FHA 4h nanocrystal
length, (A’’) hexagonal fringe pattern with 0.344 spacing, and

(B’) stepped surfaces (marked by arrows) along a-b planes.

Citrate-FHA 4h and citrate-HA 4h were analyzed also by FEG-SEM at
high magnification (Figure S8). Micrographs show that the samples
have a different morphology, namely, citrate-FHA 4h are rods
(Figure S8A), while citrate-HA 4h appear as thin needles (Figure
S8B) .

Citrate-FHA and citrate-HA nanoparticles were evaluated by SAXS
with synchrotron radiation (Figure S9). The two materials present
different SAXS curve shapes. A lamellar model was used to fit the
SAXS data providing the values of thicknesses and the corresponding

polydispersity (Table 4 and Table S3).

Table 4. Mean thickness and polydispersity of citrate-FHA samples

extracted as lamellar model fitting SAXS data.

Sample Thickness Polydispersity
(nm)
Citrate-FHA b5m 8.9 0.70
Citrate-FHA 0.32
7.1
30m
Citrate-FHA 4h 11.3 0.63
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Thickness of citrate-FHA is larger than citrate-HA nanoparticles,
in particular at 4 hours of maturation. The thickness of citrate-
FHA 4h extracted by SAXS is comparable to the values measured by
HR-TEM, thus validating the W/T ratio estimated by the latter
technique. The isotropy of citrate-FHA 4h (evaluated as W/T ratio)
was compared to the one of citrate-HA 4h previously analyzed [15].
The W/T ratio of citrate-FHA 4h (ca. 2) 1s notably lower than the
one of citrate-HA 4h (ca. 6). This result confirms that citrate-
FHA and citrate-HA nanocrystals are different, where the former
has a flattened rod morphology, in contrast to the thin platelet
morphology of the latter.

Interestingly, the rod-like morphology of citrate-FHA
nanoparticles reported in this work are similar to the rod-like
enameloid nanocrystals of shark teeth, that contain a high fluorine
amount (about 3-5 wt.%, comparable to citrate-FHA), in contrast to
the platy enameloids of puffer fish having a much lower fluorine

content in teeth (about 0,2 wt.%) that resemble citrate-HA [59].

5. Conclusions

In this paper we have studied the combined effect of citrate and
fluoride ions on HA in terms of crystal growth, structure and
morphology, since only their individual effects were previously

investigated.
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Herein, we have found that even in presence of citrate fluoride
ions substitute for OH™ and accelerate the crystallization process.
The presence of fluoride ions induces a shrinkage of the a unit
cell parameter of ca. 0.005 nm, a progressive decrease 1in unit
cell parameters, and a concomitant increase of crystal domains as
a function of maturation time.

Citrate-FHA nanocrystals have a flattened hexagonal rod-like
morphology in contrast to the elongated platy morphology of
citrate-HA. Indeed, citrate-FHA nanocrystals are elongated too,
but their growth is isotropic along all axes of the hexagonal unit
cell and without changes in their aspect ratio. Conversely, the
growth of citrate-HA nanocrystals is anisotropic, as the growth
along the c-axis 1is progressively faster than along normal
directions, yielding needle-like nanocrystals.

The density of citrate ions bounded on the citrate-FHA surface
is higher than that on citrate-HA. Moreover, IR spectra indicated
that the relative amount of unidentate citrates vs the ionic-like
ones 1s higher for citrate-FHA in comparison to citrate-HA.

The data reported in this work are highly relevant to attain a
deeper understanding of the combined effect of citrate and fluoride
on HA nanocrystals for designing advanced biomaterials with
tailored features, for a better understanding of the enamel
biomineralization process, and to produce enamel-1like

nanocrystals. Based on the obtained results, future studies will
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focus in elucidating the interaction of citrate ions with citrate-
FHA surface through computational modeling and in the
determination of the mechanical and biological properties of

citrate-FHA nanorods.
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Supporting Information. Crystallographic data, TGA analysis
interpretation, IR-ATR spectra, Raman spectra, experimental
details of FT-IR spectroscopy 1in controlled atmosphere, SEM
micrographs, and SAXS data fitting are supplied as Supporting

Information available free of charge (word file).
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HA, hydroxyapatite; FHA, fluorine-doped HA; PXRD, powder x-ray
diffraction; WAXTS, wide angle x-ray total scattering; AFM,
atomic force microscopy; ssNMR, solid-state nuclear magnetic
resonance; TEM, transmission electron microscopy; HR-TEM, high
resolution transmission electron microscopy; STEM-HAADF,
scanning transmission electron microscopy with high-angle

annular dark-field detector; FEG-SEM, field-emission gun
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scanning electron microscopy; SAXS, small angle x-ray

scattering; L, nanoparticles length; W, nanoparticles width; T,

nanoparticles thickness.
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Bio-inspired crystallization

Citrate

Fluorine

—
50 nm

Citrate-fluorhydroxyapatite
Flattened rods

Synopsis: Citrate-fluoride-hydroxyapatite (citrate-FHA)
nanoparticles were prepared in order to assess the combined effect
of citrate and fluoride ions on HA. Citrate-FHA exhibits a
flattened hexagonal rod-like morphology in contrast to the needle-
like platelet morphology of citrate-HA. The density of surface
citrates and the relative amount of unidentate citrate-Ca?' adducts
vs the ionic-like ones is higher for citrate-FHA than for citrate-

HA.
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Figure 2. FT-IR spectra of citrate-HA 4h (a) and citrate-FHA 4h (b) after exchange with D20 and subsequent
60 min outgassing at b.t., the spectra are normalized by mass of sample and SSA of the material; curve (c)
resulting from the difference (b)-(a).
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Figure 3. (A-C) TEM micrographs of (A) citrate-FHA 5m, (B) citrate-FHA 30m and (C) citrate-FHA 4h. Insets
show the relative SAED pattern. (D-E) Histograms of the distributions of (D) width and (E) length of citrate-

FHA 5m, citrate-FHA 30m, and citrate-FHA 4h (blue bars).
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Figure 4. (A) STEM-HAADF micrograph of citrate-FHA 4h, (A") EDS spectrum from area marked in (A), and
chemical maps of Ca (B), P (C), and F (D) from the same micrograph reported in (A). In (A’), the Cu peaks
are due to the sample holder.
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Figure 5. HR-TEM micrographs of citrate-FHA 4h. A’, A”, and B’ correspond to the high magnification of the
portions enframed within the black squares in micrographs A and B, respectively. (A’) 0.815 nm fringes that
run along citrate-FHA 4h nanocrystal length, (A”) hexagonal fringe pattern with 0.344 spacing, and (B’)
stepped surfaces (marked by arrows) along a-b planes.
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