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Citrate-bio-inspired apatite nanoparticles precipitated at increasing maturation times
are characterized in terms of structure, size, morphology and composition through advanced
X-ray Total Scattering Techniques. The origin of the platy crystal morphology, breaking the
hexagonal symmetry, and the role of citrate ions is explored. By cross-coupling the size and
shape information of crystal domains with those obtained by AFM on multi-domain
nanoparticles, a plausible mechanism underlying the amorphous-to-crystal transformation is
reconstructed. In the present study, citrate molecules play the multiple roles of inducing the
platy morphology of Ca-deficient apatite nanocrystals and controlling their thickness. Our
findings can open new scenarios also in bone mineralization, where citrate might have a

broader role to play than it has been thought to date.

1. Introduction

Biomimetic apatite nano-particles (NPs) are very similar in size, shape and composition to
the mineral component of bone and teeth. They are extensively investigated and used either as
system models, to explore fundamental aspects of knotty mineralization phenomena, or as
multifunctional materials, to aid a number of biomedical applications (from regenerative
medicine and bone tissue engineering to drug delivery).!"! Bone is an organic-inorganic
composite in which carbonated apatite nanocrystals (NCs) grow through a complex
biomineralization process from an Amorphous Calcium Phosphate (ACP) precursor. Control
over crystal morphology is thought be regulated mainly through interaction with collagen
fibrils and some acidic non-collagenous proteins,” ending up with tiny crystal platelets. The
platy shape of the mineral plays an important role in determining the unique functional
properties of bone™™ and is a key structural feature to be controlled in biomimetic apatites.
However, platelets do not develop normal to the crystallographic c-axis of the hexagonal
(Space Group P63/m) apatite crystal structure!) therefore breaking the crystal symmetry

through a mechanism that, so far, has remained unclear. Whether or not such morphology is
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reminiscent of an unstable transient precursor (amorphous and/or intermediate, such as the
octacalcium phosphate)?! is still a matter of debate.

The scenario of living organisms secreting mineralized tissues counts many cases of a
transient amorphous precursor determining the final crystal morphology.'” ACP is highly
unstable and the mechanism underlying the ACP-to-apatite transformation and clarifying the
origin of platy crystals has never been directly detected, neither in in vivo nor in vitro
experiments. Moreover, spherical ACP particles are reported at the early stages of the

precipitation process and apatite platelets are observed as the final crystalline product.**”" I

n
this view, the role of small molecules, such as citrate, has traditionally been neglected.
Organic, low-molecular-weight additives are frequently used nowadays in the synthesis of
biomimetic apatites to control the crystal growth within the nanometer regime.” Among
these, citrate molecules might play a broader role than a simple synthetic additive and directly
act in bone mineralization. Indeed, Solid-state NMR studies have recently put in evidence the
relatively large amount of citrate in bone, where it accounts for about 5.5 weight % of the
total organic component, and assessed the role of this small molecule in stabilizing the size
and morphology of bone apatite.”! According to Schmidt-Rohr and coworkers,” the distance
of carboxylate groups in citrate matches that of pairs of neighbouring Ca*" ions at the (10-10)
facets of the apatite crystal, causes the former to be strongly bound to the latter and blocks
growth along this direction, thus limiting the platelet thickness. To support this hypothesis,
Xie and Nancollas”® outlined the differences between bone and tooth enamel: the much
lower content of citrate in saliva and the mismatch of carboxylate groups at the crystal surface
of fluoro-apatite turn into a rod-like crystal morphology. However, how, and to what extent,
citrate ions influence nucleation and crystal growth in the absence of other organic

constituents is difficult to disentangle in biological systems and only rarely explored in

synthetic models.!'”
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Herein, we used citrate-bio-inspired apatite NPs as the system model. Samples were
prepared at 80°C (to speed up the crystals maturation process), collected at increasing
precipitation times and investigated by advanced X-ray Total Scattering modeling!’! and
Atomic Force Macroscopy (AFM). The presence of citrate molecules provided two distinct
advantages in this study: 1) slowing down the transformation of ACP-to-apatite, which
enabled us to take “snapshots” of the nanocrystals structural and morphological changes in
time; 2) focusing on the sole role of citrate in controlling the crystal properties. Indeed, in
vitro, citrate molecules are not expected to drive, alone, the crystal morphology to platelets, as
the reported distance-matching criterion would apply in the same manner to all six, symmetry
equivalent, {10-10} facets of the hexagonal (P63/m) apatite structure.

Wide-angle X-ray and neutron scattering have traditionally been used to investigate the
apatite crystal structure; much less is known about the great potential of Total Scattering
methods to provide a quantitative approach for studying, at the atomic and nanometer length
scales, both the structure and the shape of apatite NCs. Indeed, these methods offer the unique
advantage, compared to conventional diffraction, of treating Bragg and diffuse scattering
(originating from long-range order and short-range effects, respectively) on an equal
footing.' They are developed both in direct (Radial or Pair Distribution Function'''*) and

P}y The first approach provides a 1D plot of density peaks

reciprocal space (Debye equation!
at atomic separations, the second one makes use of interatomic distances derived from model
NPs to reproduce the scattering pattern. Here, Total Scattering techniques have been the
method of choice to quantitatively characterize nanosized and disordered bio-inspired apatite
NCs in terms of structure, composition, size and morphology. Moreover, by cross-coupling

the size and shape information of crystal domains with those obtained by AFM on multi-

domain NPs, we reconstructed (ex-situ) the amorphous-to-crystal transformation process at
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molecular scale resolution and proposed a plausible mechanism inducing the platy
morphology of crystals.

The paper is organized as follows: Section 2 deals with the Total Scattering
characterization of the bio-inspired apatite nanoparticles and the modeling details; Section 3 is
dedicated to the AFM study of the investigated samples; in Section 4, the extended discussion

of the main results is presented and some conclusions are drawn.

2. Total Scattering Characterization of Bio-Inspired Apatite Nanoparticles
In order to study the structural, compositional and morphological evolution of apatite
nanocrystals in the system model, we investigated samples precipitated at 5 min, 4 h and 96 h,
either in the presence (cAp samples) or in the absence (Ap samples) of sodium carbonate,
COs> being the major phosphate substituent in biological apatites.!'”! The Debye Function
Analysis (DFA) method was here applied to characterize biomimetic apatites taking care, for
the first time, of all the experimental requirements (angle-dependent intensity correction for
absorption effects and subtraction of extra-sample scattering contributions, see the
Experimental Section) and enabling a modeling approach free of any phenomenological
component. Figure 1 shows the synchrotron x-ray scattering data of all citrate-controlled
samples after these corrections. The Ap and cAp datasets in Figure 1 were processed by the
DFA method described in section 2.1. A sample instantaneously precipitated in the presence
of sodium carbonate was also analyzed; its diffraction pattern (ACP in Figure 1b) shows the
typical features of an amorphous calcium phosphate and was further characterized through the

Radial Distribution Function method, as described in section 2.2.

2.1. Modeling Biomimetic Apatites through the Debye Equation: The
Method
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The Total Scattering method here used to characterize the apatite nanocrystals is based
on a new and fast implementation of the Debye scattering equation. The Debye’s formula is
known since 1915 and takes the advantage of simultaneously modeling Bragg and diffuse
scattering as a function of the distribution of interatomic distances within the sample, as

follows:

N . s N sin(Od
1(Q) 2 f (@ oj+23 f(O) f(QT(O)T(O) maé%ﬁ

jriml
where QO = 2nq, g = 2sin0/A is the length of the reciprocal scattering vector, A is the radiation
wavelength, f; is the atomic form factor, dj; is the interatomic distance between atoms i and j,
N is the number of atoms in the nanoparticle. In this formula, thermal vibrations (or static
disorder) and partial site occupancy factors are also taken into account by two atomic,
adjustable parameters (7 and o). The first summation addresses the contribution of the (zero)
distances of each atom from itself, the second summation that of the non-zero distances
between pairs of distinct atoms. In its original formulation, the Debye equation is extremely
expensive from the computational point of view, as the number of distinct interatomic
distances increases with the nanocrystal linear size by a power law with exponent between 2
and 6 for ordered and disordered materials, respectively. An original approach (here applied)
was developed by some of us,''* which makes use of sampled interatomic distances instead of
the original ones, and reduces the number of terms in the Debye equation by orders of
magnitude (growing as the linear NC size), without losing accuracy in the pattern calculation.
Furthermore, the constant step used for encoding the sampled distances and the recursive
properties of Chebyshev polynomials of the second kind made the calculations fast enough to
deal with the pattern of hundreds of nanocrystals and to use iterative global optimization
algorithms

The DFA modeling strategy here applied, can be summarized in the following steps: i)

A bottom-up approach was used to generate a population of atomistic nanocrystal models of
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increasing size, using the crystal unit cell of a Ca-deficient hydroxyapatite!”! (CDHA) as the
building block. Hexagonal prisms (Figure 2a) were built through a layer-by-layer
construction and under the assumption of two independent “growth” directions, one along the
six-fold symmetry ¢ axis and the second one in the orthogonal ab plane, up to 15 nm in ab
and 50 nm along c. ii) The sampled interatomic distances of each nanocrystal were computed
and stored in suitable databases to be used in the subsequent DFA process. iii) To best match
the experimental traces, a number of adjustable parameters were involved in the pattern
model. To account for (number- and mass-based) size and shape distributions of the bivariate
population of CDHA nanocrystals, we adopted a bivariate log-normal function"® with five
adjustable parameters (the average/standard deviation pairs of the size distributions along the
two growth directions and their correlation angle). Among the structural parameters, we
refined the atomic site occupancy factors of the two Ca and the hydroxyl O atoms (see inset of
Figure 3) and all the isotropic atomic Debye—Waller factors (the phosphate O atoms were
constrained to the same value, to limit the number of parameters). iv) In order to deal with the
platy CDHA shapes discussed in section 1, bivariate populations of crystals grown along ¢,
and, in ab, by considering anisotropic, parallelogram-shaped bases with fixed 1:2 a:b ratio
(Figure 2b), were built. These populations were used together with the hexagonal base prisms
defined in i) and constrained to the same NC size distribution and stoichiometry values, in a
biphasic pattern model. When both the hexagonal and platy morphologies were used, the
agreement indices between the experimental and the model patterns were systematically better
than the model relying on the hexagonally shaped apatite only. A platy shape population
based on a fixed 1:3 a:b ratio was also tested: it provided worse (5 min samples) or
comparable (4 h and 96 h samples) agreement indices than the 1:2 a:b ratio case, which was

therefore adopted to describe the platy morphology in all samples.
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The combination of hexagonal and platy shapes is a way to approximate, within our
DFA approach, a trivariate size distribution, which in itself is too complex to be extracted
from even high quality diffraction data. This approximation allowed the shape anisotropy of
the ab-base (in addition to the anisotropy due to the crystal elongation in the c-axis direction)
to be quantified without introducing too many unnecessary parameters. Such anisotropy can
be measured by the ratio A of the base shape principal inertia moments (major/minor). In our
model, A=1 for the hexagonal base, A=6.17 for the platelet base. This measure is linear in the
mass fraction, therefore an effective average base anisotropy <A> can be derived for the
whole sample through the mass fractions of the two populations (normalized to the total
crystalline component), differing only for the anisotropy of the ab-base shape. In the
manuscript we directly referred to the mass fractions of the two morphologically distinct
apatite populations for indicating the degree of anisotropy in the ab-plane instead of using the
values of the <A> parameter, which are however reported for all samples in Table SI.2.

Finally, the occurence of an amorphous component was detected in all samples along
with the nanosized apatites. This amorphous component was taken into account by using the
experimental dataset of the ACP sample as a blank curve, scaled as part of the total pattern
model by linear least squares (no additional background contributions have been added).
Moreover, the integral area under the scaled ACP scattering trace was used to derive the ACP
mass fraction in each sample (after normalization to electronic units and based on the

chemical formula reported in the Experimental Section).

2.2. Structure, Composition, Size and Morphology of Biomimetic Apatites

According to the DFA method described in section 2.1, the synchrotron data of Ap and
cAp samples were processed by considering two bivariate populations of Ca-deficient
hydroxyapatite nanocrystals, having hexagonal''” and platy shapes, respectively, and an
additional amorphous phase modeled by suitably scaling the experimental ACP diffraction

curve. The nano-sized apatites of the investigated samples mainly exhibited B-type carbonate
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substitutions''*! (i.e. COs> replacing PO4” into the apatite crystal lattice, as witnessed by
FTIR spectroscopy) with COs*/PO,> substitution in cAp samples (up to 8 wt% upon
maturation) mimicking the biological case. The effects on cell parameters are shown in Figure
1 (insets) (see also Table SI.1): a progressive unit cell a-axis contraction and a c-axis
expansion are observed, which suggested an out-of-plane orientation of the vicariant
carbonate anion (details are given in the Supplementary Information and in Figure SI.3).

Variations are -0.06%, +0.17% (rather limited) in Ap and -0.2% and +0.40% in cAp samples.

The best pattern model of the cAp 5 min sample is shown in Figure 3; plots of all the
remaining samples are collected in Figure SI.1. For each dataset, the DFA provided relevant
analytical, structural and microstructural information such as: i) the relative abundance of
ACP and hexagonally/platy shaped CDHA; ii) the bivariate size distribution maps of CDHA
nanocrystals and the average crystal size and shape derived therefrom; iii) the site occupancy
factors of Ca and hydroxyl O atoms of the apatite structure (size-dependent in the largest
crystals of samples precipitated at 96 h) and the Debye-Waller parameters of all atoms.
Figure 4 reports the variation of the weight percentage (wt%) of each of the three phases
(ACP, hexagonal and platy apatites) in Ap and cAp samples at increasing maturation time
(see also Table SI.2). ACP is a minor component slowly decreasing upon maturation (from
17.8 to 6.1 wt% in Ap, from 17.6 to 9.6 wt% in cAp samples, respectively); nanocrystals of
platy shape, varying from 82.2 to 38.1 wt% (Ap) and from 76.6 to 28.1 wt% (cAp), represent
the total or nearly the total of the crystalline components at 5 min of maturation; they tend to
decrease upon time while the hexagonally shaped apatites increase and become the major

crystalline component after 96 h in both Ap (55.8 wt%) and cAp (62.3 wt%) samples.

As far as the DFA results on the crystal sizes, shapes and their distributions are
concerned, we show in Figure 5, as 2D maps, the refined (mass-based) bivariate size
distributions of crystals obtained for cAp 5 min (a) and cAp 96 h (b) (similar maps are
provided for the other samples in Figure S1.2): the sizes are given as the diameter D, of the
circle of equivalent area in the ab-plane (horizontal axis) and as the length L. along the c-
direction (vertical axis). The colour code depicts the corresponding mass fraction of each
Dy, L. combination. Comparing the 2D maps at low (5 min) and high (96 h) maturation times,
a clear growth of the crystals along the c-axis is observed, either for cAp or Ap samples, along
with a wide distribution of sizes; conversely, a limited growth and a narrow distribution is

found in the orthogonal direction (ab-plane).
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Average crystal sizes (and size distributions, o) have been derived from the bivariate
log-normal functions of each sample, for both the hexagonal and the platy shapes. In the first
case, (mass-based) values are given as <D,,>, 04 and <L.>, o, (Figure 6a); in the latter case,
the average crystal width (<W>) and thickness (<T>) in the ab-plane are shown in Figure 6b
(ow, or are available in Table SI.4), the crystal length being the same for the two
morphologies. Upon maturation, crystals of progressively larger sizes along the two (three for
platelets) growth directions are found; in cAp, crystals are systematically smaller and less
anisotropic than in Ap, in agreement to what reported in the literature (as the effect of the
carbonate substitution);[lg] average aspect ratios (<L.>/<D,;>) are 2.0+2.2 and 2.4+2.8 in cAp

and Ap samples, respectively.

Number-based size distributions were also available at the end of the DFA process and
were used in the present study to calculate the Specific Surface Area (SSA) of each Ap and
cAp sample. Combining these values and the TGA-determined amounts of citrate, the citrate
surface density was estimated as 1 molecule/(n nm)*: in the investigated samples, n ranges
between 1.6-2.0 (see Table SI.6). Number- and mass-based averages of all samples are

synoptically collected in the Supplementary Information (Tables SI.3 and SI.4).

An important structural feature of biomimetic Ca-deficient apatites relies on the Ca/P
ratio which can strongly affect their dissolution properties.'”) Ca/P values were obtained for

1% however, this kind of analysis provides a global

the investigated samples by ICP-OES;!
value in which the likely different Ca/P ratios of the amorphous and the crystalline
components within the same sample cannot be distinguished. DFA method allows the Ca/P
ratio of the crystalline apatite to be estimated independently of the co-existing ACP fraction.
These values were obtained for Ap and cAp samples by refining the site occupancy factor
(sof) of the two independent Ca atoms of the apatite structure (see inset of Figure 3). We also
refined the sof of the hydroxyl O atom, whose amount may fluctuate as a function of the Ca
deficiency and the crystal structure defectiveness,”” and the isotropic Debye-Waller factor of
all atoms. Refined Ca sofs and Ca/P ratios derived there from for CDHA crystals only
[Ca/Ppra-cr] are reported in Table 1. Values [Ca/Pppra)] taking the ACP fraction into
account (Ca/Pacp = 1.71£3) are also provided and seem to be fairly in agreement to the ICP-
OES-determined Ca/P ratios. Major deviations can be observed in the most mature Ap and
cAp samples (96 h). Interestingly, apatite crystals less deficient in Ca were “detected” by
DFA upon maturation. Sof’s in Table 1 refer to crystal size-constant values. Size-dependent

sof’s were refined in the 96 h samples (see the 2D map of Ca2 in Figure 4c) which provided:
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in cAp samples, a fairly constant sof~0.992 for Cal, values in the range 0.91+0.97 for Ca2
and 0.42+0.44 for Oon, on increasing the crystal size; in Ap samples: sof~1.0 (Cal),
0.92+0.95 (Ca2) and 0.5 (Oon). Finally, reasonable values of the (size-constant) atomic
Debye-Waller factors were obtained: the values (reported in Tables SI.5) ranged from 0.9 to
1.5 (A% for Ca, P and phosphate-O atoms, while larger parameters (ranging in the interval

2.5+4.8 A? and decreasing upon increasing the average crystal size) were found for Oop.

To complete the Total Scattering characterization of the investigated samples, we
performed the Radial Distribution Function of the ACP (the firstly precipitated material) and
of the most mature cAp 96 h diffraction patterns. The results are plotted as G(r) function in
Figure 7. The first two peaks correspond to the nearest-neighbour P-O (1.5 A), Ca-O (2.4 A)
and O-O (2.5 A) inter-atomic distances, respectively (assignement of additional peaks is
depicted in Figure SI.4). At low r values (below 5 A), peaks indicate a similar local
organization around each calcium ion in the two samples. Moreover, G(r) shows that the
particle coherence length in ACP does not extend over 10 A. This value well matches the
(theoretically calculated) radius of Posner’s cluster'>"! (the purported common building unit of
ACP and apatite), as well as the size of experimentally detected calcium phosphate clusters
(DLS)"** and stable pre-nucleation clusters (High-resolution cryo-TEM)!"! in Simulated Body
Fluid, and, to some extent, also the slightly polydisperse ACP NP thicknesses of 1.1+0.5 nm
measured by AFM in the present study, as described in the section 3. Very recently, the nano-
sized entities named pre-nucleation clusters in ref. [7], were identified by the same group of
authors as soluble ion-association complexes which aggregate in solution and, after taking up
Ca" ions, turn into insoluble clusters which precipitate as ACP.!**! Presently, our findings on
ACP, can not confirm or exclude the hypothesis of ion-association complexes; however our
observations seem to be in favour of a crystal growth proceeding through “building units*

rather than simple ions aggregation.

3. AFM Characterization of Bio-Inspired Apatite Nanoparticles

The size and morphology evolution of Ap and cAp NPs was also assessed by ex-situ
AFM measurements. The sub-nanometre vertical resolution (better than 0.1 nm) of the AFM
images was used, in particular, to obtain reliable values of the NPs thickness. Figure 8 shows
the AFM images of ACP, Ap and cAp (maturation time: 96 h) deposited on freshly cleaved

mica surfaces. The vertical sections of the ACP particles shown in the inset clearly indicate
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that they are platelets; the average sample thickness of 1.1+0.5 nm is much smaller than both
its average length and width. The Total Scattering analysis presented in section 2.2 on
samples precipitated under the same conditions revealed the amorphous nature of ACP
particles. Moreover, we specifically checked the specimen used for AFM investigations
through X-ray diffraction and Raman spectroscopy: the diffraction trace and the Raman
spectrum of the ACP NPs after the AFM treatment were exactly the same than those obtained
before the treatment; both techniques confirmed the amorphous nature of the platelets

observed by AFM.

The formation of platy amorphous calcium phosphate NPs is a fairly unusual finding.
Other authors have recently observed,”** by in-situ AFM, ACP (or poorly crystalline apatite)
platelets, 2.3 nm tick, forming on the surface of calcite crystals through a surface-induced
mechanism initiated by the aggregation of clusters and leading to the nucleation and growth
of ACP/apatite particles. Very interestingly, the process was observed in the presence of
citrate which, in low concentration, further increased the nucleation rate. Analogously, the
ACP platelets observed in the present study might be explained by the action of a template
surface favouring the oriented aggregation of calcium phosphate clusters such as those
described in section 2.2. Lopez-Macipe et al. [10a] already proposed that calcium phosphate
heterogeneously nucleated on the surface of sodium citrate crystals grown in the early stages.
They suggested that the formation of the template was crucial to obtain apatite particles with
nanosized-dimensions. In the present study, sub-micrometer-sized Nas(cit)2H,O and
Najs(cit)-5.5H,0O crystals were also detected by X-ray diffraction at the earliest stages (as
shown in Figure S1.6), and disappeared very rapidly. We hypothesize a template role of these
crystals to explain the formation of ACP platelets from the oriented aggregation of clusters
adsorbed on their surface; these particles eventually tailored the NPs platy morphology after

the complete dissolution of the template.

Table 2 summarizes the dimensions of the NPs as measured by AFM. In all samples,
the nanoparticles were platelets increasing their thickness upon maturation time. ACP
appeared as isometric NPs whereas Ap and cAp were clearly elongated. Their morphology
evolution showed opposite trends: Ap NPs increased their width and length; cAp NPs slightly
thickened while the other two dimensions progressively reduced. A detailed discussion of

these findings is presented in section 3.
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4. Discussion and Conclusions

In this section a tentative interpretation of the structural and morphological evolution
of the citrate-controlled calcium phosphate NPs is discussed by cross-coupling the DFA and
AFM results. AFM analysis shows that tiny platelets form at the earliest stages of
precipitation (Figure 8a, ACP), amorphous in nature, as witnessed by the ACP diffraction
trace in Figure 1b and confirmed by the coherence length (ca. 1 nm) of particles provided by
the G(r) function (Figure 7). The ACP coherence length matches the ACP NP thicknesses of
1.1£0.5 nm measured by AFM. On increasing the maturation time, Ap and cAp appear in the
AFM images (Figure 8b,c) as thicker but still platy NPs. DFA indicates, after 5 min, the
presence of apatite nanocrystals coexisting with a non-negligible amount of ACP (ca. 18
wt%); the majority of crystals (more than 90 wt% of the crystal fraction) are tiny, platy
shaped domains ca. 2.5 nm thick, 6.0 nm wide and 9.6 nm long (Figure 6a,b). Upon
maturation, larger crystals of preferential hexagonal shape (up to 70 wt%) develop while the
content of ACP progressively decreases (below 10 wt%). The main difference between Ap
and cAp samples is the systematically smaller sizes and the lower aspect ratios of
nanocrystals in cAp, due to the effects of carbonate substitutions.

Interestingly, all samples show a broad distribution of crystal lengths along the c-axis
while they are narrowly distributed in the ab-plane, regardless of the chemical environment
and precipitation time. Moreover, the estimated citrate surface density of 1 molecule/(n nm)?,
n ranging between 1.6-2.0, is very close to the value previously reported for avian and bovine
bone.” Both findings, the narrow crystals size distribution normal to the {10-10} facets and
their citrate coverage, agree well with the mechanism, hypothesized in bone mineralization, of

%221 Nonetheless, they do not explain

adsorbed citrate stabilizing the apatite crystals thickness."
the preferential platy shape of crystals found at low maturation times.

To this aim, we compared in Figure 9 the average thickness (Tppa), width (Wpga) and
length (Lpra) of CDHA crystal domains provided by DFA, and those determined by AFM on
whole single NPs (Tarm, Warm, Lapm), disregarding their amorphous or crystalline nature. In
this comparison, thickness (T), width (W) and length (L) are assigned to the platelets, either
crystal domains or NPs, as in Figure 6b (T < W < L,) which shows, additionally, the mutual

orientation of crystallographic axes and NPs surface. Tpra and Wpra were obtained by
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suitably weighting the values from the hexagonal and platy morphologies, according to the
mass fractions reported in Figure 4.

Importantly, crystal thickness systematically fits that of NPs (Tpra = Tarm) until 4 h
maturation (Figure 9a), while width and length are systematically smaller in crystals than in
NPs (Wppa< Wapm and Lppa< Lapum, Figure 9b,c). Therefore, at low and medium maturation
time, the NPs must be single crystal domains along Tarm and multiple crystal domains along
Warm and Lapm. The coincidence of Tpra and Tapm (the shortest sizes), moreover, indicates
that crystals are oriented with their (10-10) plane parallel to the NP surface imaged by AFM
(compare Figure 2b and Figure 6b). This enabled us to infer the anisotropic growth along the
crystallographic a- and b-axes (breaking the hexagonal symmetry and giving rise to platy
crystals). Indeed, the growth is expected to stop in one direction because of the finite
thickness of the parent amorphous platelets (Tarm) and the further binding of citrate on the
surface, but to freely continue in the other directions within each NP, therefore increasing
Whpra and Lpga.

After 96 h, crystals and NPs no longer show the same thickness. Time-dependent pH
variations (Figure SI.5) and the tendency toward dissolution of the smallest crystals (showing,
in addition, a lower Ca/P ratio, see Figure 5c) might favour particle aggregation/re-
crystallization phenomena.l'” Therefore, new size and shape distributions of crystals and NPs
are likely to form. These processes are witnessed by the change towards a preferential
hexagonal shape of crystals (according to the DFA findings) and the different way Ap and
cAp NPs changed their size and shape (according to the AFM study). Indeed, Ap NPs grew
along all three directions (Tapm, Warm and Lapy) with multiple crystal domains appearing
even along their thickness. In contrast, cAp NPs slightly thickened while they progressively
shrank in Wapm and Lapm (Figure 9b,c), Tpra being 1.5 times larger than Tapy (Figure 9a), a
rather difficult to interpret conundrum. A tentative explanation is hereafter proposed and takes
into account that, in DFA, crystal sizes are representative of the entire irradiated sample
volume, while AFM analyzes only the finest fraction. Therefore, in the cAp 96 h case, the
single NPs might be more selectively made of platy crystals, whose thickness well fits that of
NPs (ca. 6 nm, compare Figure 6b and Table 2) and accounting for ca. 30 wt% of the total
crystal fraction (Table SI.2). The remaining larger hexagonal crystals are expected to fall into
the bigger aggregates. If the same assumption is taken for the youngest samples of Figure 6,
results do not change significantly since platy crystals are nearly ubiquitous in the 5 min

samples and the major fraction in the 4 h samples.
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On the basis of the foregoing results, we propose a plausible mechanism, depicted in
Figure 10, for the formation of apatite platelets. In the model system here investigated citrate
ions seem to play multiple roles. The sodium citrate crystals detected at the earliest stages are
thought to act as a template surface which, through adsorption of ionic species (Ca>*, HPO,*
and OH’, neglecting the minor ones), might trigger the heterogeneous nucleation process
through surface formation of “clusters” that, laterally aggregating, form ACP particles with
unusual platy morphology;**! alternatively, the template surface might adsorb calcium
phosphate clusters already formed in solution. The decrease in pH (Figure SI.5) produces
partial dissolution of the template leading to the formation of Hcit*”/cit’”, which partially bind
to the ACP platelets. The presence of adsorbed citrate on the surface slows down the plate
thickening by inhibiting further ion adsorption and NP aggregation. Apatite crystals start to
grow from multiple nuclei within each ACP platelet. The hexagonal crystal symmetry enables
independent growth of each nucleus along the c-axis and in the orthogonal ab-plane
(isotropically along the a- and b-axes) (stage 1) until the NP platelet surface is
reached. At this point (stage 2) citrate ions, strongly bound to surface Ca*" ions on the
free (10-10) crystal facet, stop any further growth in this direction, which anyway
continues in the other two (in the presence of as yet untransformed amorphous
material) (stage 3) until separately nucleated crystal domains touch each other. Platy
crystals of the same thickness as ACP platelets are thus formed at low maturation
times. After 4 h (stage 4), this mechanism is still active in controlling the average
crystal thickness. However, the hexagonal crystal morphology begins to appear (or, in
other words, the average crystal anisotropy in the ab-plane starts to decrease),
concomitantly with dissolution, aggregation, recrystallization phenomena and becomes
dominant after 96 h, forming larger (more stoichiometric) apatite crystals.

In conclusion, we presented a Total Scattering method which offers a
multivalent approach to quantitatively investigate many aspects of interest (structure,
stoichiometry, size and morphology) in biomimetic apatites within a unique, organic
framework. Additional advantages rely on the statistical significance of the DFA-
derived parameters, which are averaged over millions of particles (of all kinds present
in the sample), if compared to the few hundreds (possibly selected by preparation)
analyzed by any kind of microscopy. The amorphous-to-crystalline transformation

process described here and the appealing mechanism inducing the platy morphology in
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bio-inspired apatite nanocrystals show, for the first time, the role of citrate in driving
the formation of platy apatite NCs similar to those formed in bone under the control of
acidic non-collagenous proteins, collagen fibrils and, likely, citrate ions. A similar
mechanism (at least partially) might be explored in bone mineralization, where citrate
might have a broader role to play than has been depicted to date. Finally, the
quantitative picture of the structural, compositional and morphological evolution of
citrate-controlled apatite nanoparticles, here presented, can be of great relevance in

tuning the properties of this important class of biomaterials.

5. Experimental Section

Synthesis of Ap and cAp samples. Calcium chloride dihydrate (CaCl,.2H,0O, Bioxtra, > 99,0 %
pure), sodium citrate tribasic dihydrate (Nas(Cit).2H,O where Cit=citrate=C¢Hs07;, ACS
reagent, > 99,0 % pure), sodium phosphate dibasic (Na,HPO,, ACS reagent, > 99,0 % pure)
and sodium carbonate monohydrate (Na,COs3.H,0, ACS reagent, 99.5% pure) were supplied
by Sigma-aldrich. All the solutions were prepared with ultrapure water (0.22 pS, 25 °C,
MilliQ®, Millipore). The nanocrystals were obtained by a batch heating method described
elsewhere.!'! Briefly, two solutions (1:1 v/v, 200 mL total) of (i) 0.1 M CaCl, + 0.4 M
Nas(Cit) and (ii) 0.12 M Na,HPO,, + x mM Na,CO; (x = 0 or 100) were mixed at 4 °C. The
pH of the mixture was adjusted with HCI to 8.5. The mixture was then introduced in a 250
mL round-bottom flask, sealed with a glass stopper and immersed in a water bath at 80 °C.
The precipitates were then maturated in the mother solution for 5 minutes, 4 hours and 96
hours. An additional experiment with x=100 mM was carried out by collecting the powder
just after immersing the metastable solution in the flask at 80 °C (time 0). This powder was
analyzed by X-ray powder diffraction (see ACP trace inf Figure 1b) and Raman spectroscopy
(inset of Figure SI.6). Its chemical formula, obtained by Thermogravimetric Analysis (TGA)
and Inductively coupled plasma (ICP), is Na,Cay(PO,)s ,,(CO;), s(OH), ,,(H,0), 55).

A hot-line pH probe (Sentron, Netherlands) immersed in the flask allowed in situ
measurements of the pH and the Temperature continuously during the precipitation process
(Figure S5). After the precipitation, the particles were repeatedly washed with ultrapure water
(MilliQ®, Millipore) by centrifugation, freeze-dried (LyoQuest, Telstar, Spain) and stored at 4
°C for further characterization. Powders obtained without Na,COs are referred to as Ap,

whereas those obtained in the presence of 100 mM Na,COj are referred to as cAp.
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Finally, two samples were synthesized using the same batch method, at low (5 min) and
medium (4 h) precipitation time, in the absence of citrate. X-ray powder diffraction patterns
revealed a totally different pathway, compared to the citrate case: at 5 min, a sample made of
nanosized ocatcalcium phosphate was obtained; at 4 h, nanosized apatite is found as the
major phase with a minor presence of octacalcium phosphate. The two diffraction pattern
were modelled using the Rietveld method implemented in the program Topas; the best fits are

are shown in Figure SI.7.

Synchrotron X-ray Total Scattering Measurements. Powder samples were loaded in glass
capillaries of 0.5 mm diameter and measured at the MS4-Powder Diffraction Beamline of the
Swiss Light Source of the Paul Scherrer Institut in Villigen, CH. The beam energy was set at
15 keV and the operational wavelength (A = 0.82669 A) precisely determined by collecting,
under the same experimental conditions, a silicon powder standard [NIST 640c, a, =
0.54311946(92) nm at 22.5°C]. Data were collected in the 2-130° 20 range with the aid of the
position sensitive single-photon counting MYTHEN II detector.”” Independent air (more
precisely, He/air) and capillary scattering curves, as well as empty and sample-loaded
capillary transmission coefficients, were also measured and used for data subtraction of all
extra-sample scattering effects and absorption correction.”® Inelastic (Compton) scattering
(strongly visible in all patterns at the beam energy of 15 keV) was calculated and directly
added to the Debye pattern model. Cell parameters for each sample were derived by the
conventional Rietveld method implemented in the program TOPAS-R.*7 We used
symmetrized spherical harmonics to cope, phenomenologically, with anisotropic peak
broadening effects due to the anisotropic crystal shape. To evaluate the match between the
experimental and DFA pattern model, the statistical agreement index Ry, was used for each
dataset; the Goodness of Fit (GoF) statistical descriptor, measuring the goodness of the model
with respect to the experimental data, is also provided: GoF = 1 is the expected value for a
perfect model; values in the range 5-6 are common for synchrotron data with high counting

statistics. 2*

Radial Distribution Function (RDF). Total Scattering data can also be analyzed in real, rather
than in reciprocal space, using the so-called Radial or Pair Distribution Function technique,
which gives one-dimensional plots of sine-Fourier-transformed scattering data. This function
provides a plot of atomic number density vs. atomic separations present in the sample. We

computed the RDF [in the form of reduced G(r)] for the most crystalline sample of the cAp
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series (96 h) and for the amorphous ACP material. In the reduced G(r) function, positive and

negative peaks correspond to density higher or lower than the average one, respectively.

Atomic Force Microscopy. The size of the NPs was measured by Atomic Force Microscopy
(AFM) that is a powerful non-invasive tool to measure the size and height of samples with
nanometer and even sub-nanometer resolution.”” For these experiments, the freeze-dried
powdered samples were dispersed in ultrapure water and then the suspension was filtered
(0.22 um, Millipore) in order to remove the bigger aggregates. A drop of the latter slurry was
deposited on the atomically flat surface of a freshly cleavaged mica substrate. The mica
surface was subsequently dried by evaporation overnight at room temperature in a vacuum
desiccator before the AFM analysis. The images were collected with a Nanoscope IIID
microscope (Digital Instruments, Veeco, Santa Barbara, USA) in tapping mode by scanning
the surface in air with silicon probes (NCHV, spring constant of 42 N m™ and resonant
frequency of 320 kHz, Veeco Probes, Santa Barbara, USA). Thickness, width and length (see
inset of Figure 4d) were measured on more than 30 single (non-aggregated) nanoparticles for
each sample. The vertical and lateral resolutions were better than 0.1 nm and 10 nm,
respectively.

X-Ray Powder Diffraction. Laboratory X-ray Powder Diffraction (XRPD) was mainly used
here as an analytical technique and for selecting the samples to be analyzed with Total
Scattering Techniques. The XRPD diffractograms were collected using a Cu Ka radiation (k =
1.5418 A°) on a PANalytical X’Pert PRO diffractometer equipped with a PIXcel detector
operating at 45 kV and 40 mA. The angular range was 5- 80 degrees with a 26-step of 0.039.

Raman Spectroscopy. The Raman spectrum was collected using a LabRAM-HR spectrometer
with a backscattering geometry (Jobin-Yvon, Horiba, Japan). The excitation line was
provided by a diode laser emitting at a wavelength of 532 nm; a Peltier cooled charge-

coupledevice (CCD) (1064x256 pixels) was used as detector.
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((Physical data should be quoted with decimal points and negative exponents (e.g. 25.8 J K
mol "), and arranged as follows where possible: mp/bp 20 °C; [a]p™ = —13.5 (¢=0.2 in
acetone) (please also give units for [a] and ¢, usually deg cm® g ' dm™' and gem ™,
respectively); 'H NMR (400 MHz, DMSO-ds, 8): 7.15 (s, 2H, Ar H), 1.3 (q, /=8 Hz, 2H;
CH,), 0.9 (t, J= 8 Hz, 3H; CH3); °C NMR (100 MHz, CDCls, 8): 175.4 (C=0), 156.5 (C4);
IR (KBr): v=2972 (w), 2907 (W), ..., 1026 (s; vas(SiOS1)), 971 (vs), ..., 666 (W; vy(SiOSi)), ...,
439 (m), 401 cm™' (m); UV-vis (n-hexane): Amax (€) = 320 (5000), 270 nm (12000); EIMS (m/z
(%)): 108 (20) [M], 107 (60) [M"— H], 91 (100) [C;H; ]; HRMS (ESI, m/z): [M + H]" calcd
for Co1H3sN4O6S, 475.2591; found, 475.2593. Anal. calcd for C45HosN4O7: C 62.47, H 3.41,

N 6.78; found: C 62.27, H 3.46, N 6.80.))
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Figure 1. Synchrotron diffraction data of Ap (a) and cAp (b) samples at different maturation
times (5 min, 4 h, 96 h, vertically offset for the sake of clarity) collected with a wavelenght of
0.82699 A. The ACP sample is instantaneously precipitated (cAp conditions) and shows the
typical pattern features of an amorphous material. Insets: effects of the CO;*/PO4”
substitution on the lattice parameters; the contraction of the a-axis (filled symbols: A 5min; ¢
4h; M 96h) and the expansion of the c-axis (empty symbols: A Smin; <> 4h; [] 96h) are rather
limited in Ap samples and more pronounced in cAp ones.

Figure 2. Hexagonal (a) and platy (b) morphologies of Ca-deficient hydroxyapatite crystals
used in the DFA modeling; the platy morphology comes from an independent growth along a-
and b-axes therefore breaking the hexagonal crystal symmetry. (h, k, h-k, ]) indices of the
most relevant crystal facets are provided.
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Figure 3. Best fit of the cAp 5 min sample provided by the DFA method: experimental
powder diffraction pattern (empty circles); total model pattern (green line) with its amorphous
component (blue line); residual between experimental and model patterns (red line, shifted
downwards for the sake of clarity). Agreement indices: GoF = 5.34, Ry, = 3.80. Inset: crystal
structure of hydroxyapatite, view along the [001] axis. Ca2 atoms design the so-called ion-
channels, which elongates parallel to the crystallographic c-axis, where OH" ions are located.
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Figure 4. Relative abundance of amorphous (ACP) and crystalline (apatite) phases showing

hexagonal or platy shape, as estimated by DFA for each Ap and cAp sample at growing
maturation time.
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Figure 5. 2D maps, in the L. and D, space, (L. is the length along the c-axis, D, is the
diameter of the circle of equivalent area in the ab-plane) of the bivariate log-normal size
distribution of CDHA population in cAp 5 min (a) and cAp 96 h (b) samples; (c) 2D map of
the size-dependent site occupancy factor of the Ca2 atom (see inset of Figure 3) on increasing
crystal size in the cAp 96h sample.
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Figure 6. a) Average sizes of Ca-deficient hydroxyapatite crystals of hexagonal shape at
growing maturation time: A 5Smin; <& 4h; O 96h (red symbols refer to Ap samples, blue
symbols to cAp samples). Values are given as crystal length (<L.>,0.) and diameter of the
circle of equivalent area (<D,,>, 0z). In all samples a striking difference is found between
the crystal size distribution along the c-axis and normal to it; b) average thickness (T) and
width (W) of platy crystals (the crystal length L is the same as in a, see text for details). The
inset shows the assignment of T, W, L to both crystal domains and nanoparticles.
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Figure 7. Reduced G(r) function providing a plot of atomic number density vs. atomic
separations in ACP (top) and cAp 96 h (bottom) samples; positive and negative peaks
correspond to density higher or lower than the average one, respectively. The first two peaks
correspond to the nearest-neighbour P-O (1.5 A, red vertical bar), Ca-O (2.4 A, grey vertical
bar) and O-O (2.5 A, blue vertical bar) inter-atomic distances, respectively. G(r) shows that
the ACP coherence length does not extend over 10 A and, at low 7 values (below 5 A), peaks
indicate a similar local organization around each calcium ion in the two samples.
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Figure 8. AFM images revealing the platy morphology of NPs for ACP, Ap 96 h and cAp 96
h samples. The inset shows the vertical section of ACP NPs 1, 2.
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Figure 9. a) Average thickness of crystal domains provided by DFA method (Tpra) vs. the
average thickness of NPs (regardless of their crystalline or amorphous nature) provided by
AFM (Tarm); b) average length of crystal domains (Lpra) vs. the average length of NPs
(Larm) and c) average width of crystal domains (Wpga) vs. the average width of NPs (W apm).
The vertical and horizontal bars depict the DFA- and AFM-derived distributions about each

average. The broken line is a guide for eyes to easily identify samples having very similar
DFA- and AFM-derived dimensions.
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Figure 10. Schematics of the mechanism forming apatite platelets during the ACP-to-crystal
transformation. A time scale of minutes applies to the initial stages and hours to the
maturation process.
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Table 1. Site occupancy factor (sof) for Ca; (Wyckoff’s 4f), Cay (Wyckoff’s ¢n), and hydroxyl
O atoms (Wyckoft’s 64); Ca/Ppra-cr ratios are derived by DFA for the crystalline apatite
component and Ca/Ppra-1) by adding to these values the ICP-OES-determined value for ACP
(1.71+£3), suitably weighted taking into account the corresponding weight fraction in each
sample. Ca/Picp-oes) are the ICP-OES-determined Ca/P values (taken from ref. [10c]).

Sample [a] Sof Cay Sof Ca Sof Oon CalPpracy  CalPpram CalPcp-okes)
Ap 5 min 0.937 0.919 0.5 1.54 1.57 1.53+2
Ap4h 0.979 0.892 0.5 1.54 1.56 1512
Ap 96 h 1.000 0.949 0.46 1.62 1.63 154 +2
cAp5min  0.946 0.914 0.5 1.54 1.57 1.60=+2
cAp4h 0.983 0.957 0.44 1.61 1.62 1.60+2
cAp 96 h 0.993 0.971 0.43 1.63 1.64 158 +2

[a] e.s.d.’s of refined sof parameters fall near 10 and are highly unrealistic, being determined
mainly by the extremely high synchrotron data counting rates under the assumption of
processing data free of systematic errors. Similar concerns have been raised in conventional
powder diffraction analyses (see Supporting Information). Therefore, the reported parameter
values have been approximated to more sensible numbers.

Table 2. (Number-based) average linear dimensions (nm) and their variances for
nanoparticles imaged by AFM. Thickness (Tarm), Width (Wapm) and Length (Lapm) are
assigned according to the Figure 6b.

Sample <Larv > < Wagm > < Tarm >
ACP 35.5+6.9 34.7+6.5 1.1+0.5
Ap 5 min 53.2+7.4 244 +3.8 25+0.7
Ap4h 66.3 £ 22.9 38.9+15.1 6.2+1.1
Ap 96 h 104.1 £ 19.0 56.6 £ 12.2 13.5+4.1
cAp 5 min 80.1+11.6 50.4 £ 10.4 28+0.5
cAp4h 56.8 + 13.1 38.0+12.4 47+16
cAp 96 h 38.9+8.0 28.7+4.2 6.1+22
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Schematics of the mechanism forming apatite platelets during the ACP-to-crystal
transformation. Top: citrate crystals induce the platy shape of ACP within which apatite
nuclei form. Bottom: hexagonal apatite growth until the ACP surface is reached (stage 1);
citrate ions binding to Ca>" on the (10-10) facet inhibit further crystal thickening (stage 2) and
enable anisotropic crystal growth along the b-axis (stage 3); crystal maturation (stage 4).
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