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Abstract

Hypothesis: Calciprotein particles (CPPs) are endogenous nanoparticles consisting of hybrid mineral-organic
colloidal complexes made of calcium phosphates and Fetuin-A (Fet-A), a protein that in physiological
conditions binds to amorphous calcium phosphate forming primary CPP (CPP1). CPP1 can crystallize
resulting in hydroxyapatite-based secondary CPP (CPP2) that can eventually precipitate leading to vascular
calcifications. The treatment of patients with molecules and ions that delay the amorphous-to-crystalline
transition has shown promising results from a clinical perspective, but the study of their mechanism of action
has not been thoroughly examined so far.

Experiments: This work describes the formation and crystallization mechanism of synthetic analogs of
endogenous CPPs. The effect of different concentrations of Fet-A and of stabilizing agents (Mg?*, citrate and

pyrophosphate) on the features and stability of CPPs was addressed by combining different characterization

Abbreviations: HA: Hydroxyapatite; Fet-A: Fetuin-A; CPPs: Calciprotein Particles; CPMs: Calciprotein
Monomers; CPP1: Primary Calciptorein particles; CPP2: Secondary Calciprotein Particles; VC: Vascular
Calcifications; TRIS: Tris(hydroxymethyl)aminomethane; DLS: Dynamic Light Scattering; Du:
Hydrodynamic Diameter; PDI: Polydispersity Index; SD: Standard Deviation; FT-IR: Fourier Transform
Infrared Spectroscopy; XRD: X-Ray Diffraction; FWHM: Full Width at Half Maximum; FE-SEM: Field
Emission-Scanning Electron Microscopy; EDX: Energy Dispersive X-Rays spectroscopy.
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techniques such as turbidimetry, dynamic light scattering, infrared spectroscopy, and scanning electron
microscopy.

Findings: The results show that the stabilizing agents display different action mechanisms and are effective to
a different extent in preventing the formation of CPPs or delaying their crystallization. Such findings could be
of interest to develop effective therapies for vascular calcifications and to deepen the understanding of

amorphous calcium phosphate stabilization and its interaction with proteins.
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1 Introduction

The formation of calcium phosphates in our body is a fascinating and complex phenomenon that requires the
coordination of multiple mechanisms to achieve mineralization in specific locations, such as bones and teeth
[1]. Ectopic calcifications, i.e. inappropriate biomineralization in soft tissues [2], can occur in various
conditions, such as aging, cancer, diabetes, atherosclerosis and chronic kidney diseases [3].

Despite the concentration of calcium and phosphate ions in serum is in the supersaturated regime for the
formation of hydroxyapatite (HA), in physiological conditions the precipitation of this mineral in blood does
not take place due to the presence of inhibitors of either crystal nucleation or growth [4]. Among such

molecules and macromolecules, Fetuin-A (Fet-A) is a liver-derived glycoprotein that is the main responsible
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for the prevention of serum calcification. Also known as ar-Heremans Schmid glycoprotein [1], Fet-A
circulates in blood at about 0.8 mg/mL (~15 uM), which is about 1/40 than physiological albumin levels [5].
Albumin is the most abundant serum protein, and it is also involved in the inhibition of calcification, since it
interacts with Ca?* ions with its acidic amino acid residues lowering Ca?" effective concentration [1]. The
mechanism of action of Fet-A is different and more effective, as it binds to nascent clusters formed by calcium
and phosphate ions via its negatively charged B-sheet within the amino-terminal cystatin-like D1 domain,
acting as a barrier that prevents their aggregation and growth [1]. The colloidal hybrid mineral-organic
complexes made of calcium phosphates and Fet-A are called calciprotein particles (CPPs) and have been
characterized at different stages, i.e. CPP1 and CPP2. The initial interaction of Fet-A with Ca?* and phosphate
ions leads to calciprotein monomers (CPMs) that aggregate forming primary calciprotein particles (CPP1) [6].
CPP1 are small colloidal nanoparticles made of amorphous calcium phosphate with a diameter below 100 nm
[7]. In physiological conditions, such small nanoparticles are considered harmless and can be easily cleared
from the circulation [8]; nevertheless, in case of disturbed mineral homeostasis or impeded clearance (typical
in patients suffering from chronic kidney diseases [6]), they undergo structural rearrangement into larger
secondary calciprotein particles (CPP2) which consist of needle-like crystals of HA [9] that can precipitate
and initiate pathological situations. CPP2 can be internalized by vascular cells, thus leading to proinflammatory
effects and calcification of vascular smooth muscle cells [10]. Moreover, CPP2 are also connected to
atherosclerosis and vascular calcifications (VC), which are depositions of calcium phosphate crystals in the
arterial walls or aortic valves [11] that might eventually result in cardiovascular diseases, the major cause for
death worldwide [12,13].

The understanding of CPPs’ formation mechanism and crystallization pathway as well as their physiological
and pathological role is key to develop specific therapeutic strategies. So far, CPPs have been reported in the
serum of patients’ [14—16] or from their precipitation by supersaturated solutions of calcium and phosphate
salts [5,17]. The latter approach allows the in vitro study of the formation and crystallization processes, and
the evaluation of how different factors, such as Fet-A concentration [17,18], affect the endogenous-like
pathway.

It is though that CPPs’ amorphous-to-crystalline transition needs further investigation and that future clinical
trials should be addressed to the study of crystallization inhibitors of CPP2 [8]. The latter aspect is particularly
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relevant, as factors reducing calcification propensity are of interest in the context of clinical management of
VC [19]. Such factors, together with temperature, pH, concentration of Fet-A, albumin, Ca?* and phosphate
ions [6,19,20], also include ions and molecules that might slow down the CPP1 to CPP2 transition [12]. Several
studies have shown that the oral supplementation [21-25] or inclusion in dialysate media [26,27] of
magnesium are effective in reducing calcification serum propensity, suggesting that magnesium
supplementation might be a promising treatment option for VC. Few studies have addressed the mechanism
underneath this clinical observation, particularly important is the study of Pasch et al. [20] and the recent works
of ter Braake et al. [19,28]. Besides magnesium, citrate has proven effective to reduce the risk of VC in clinical
applications [24,29-31], but no studies analyzed the mechanism of action towards CPP-like systems besides
calcification propensity tests. The effect of citrate is of interest as this ion is also involved in bone remodeling,
where it is thought to act as apatite stabilizer [4]. Another ion involved in bone remodeling is pyrophosphate,
which is an endogenous mineralization inhibitor that participates to the control of ectopic calcifications [32]:
studies show that the defective synthesis of pyrophosphate promotes the surge of VC [33] while its
supplementation might have beneficial effects in inhibiting VC [21,34]. Interestingly, all the ions which have
shown a clinical effectiveness are also involved in the in vitro stabilization of amorphous calcium phosphate
[35-40] and are therefore expected to affect the CPP1 to CPP2 transition. Nevertheless, the precise pathway
of action of these ions has not be explored from a physico-chemical approach, as most studies only rely on the
assessment of their effect on the serum calcification propensity (i.e. Tso test, a nephelometric assay that
measures CPP formation by supersaturating patients’ serum with calcium and phosphate [20]).

The aim of this work is the study of the formation and crystallization mechanisms of synthetic analogs of
endogenous CPP from a physico-chemical perspective, focusing on the effect of Fet-A concentration and of
the presence of different calcification inhibitors, namely Mg?*, citrate and pyrophosphate. Synthetic analogs
of endogenous CPPs were obtained in vitro and the crystallization (or ripening) mechanism was studied in situ
by combining turbidimetry with dynamic light scattering. To highlight the possible different mechanisms of
action of the stabilizing agents with respect to CPP formation or stability, particles were collected at selected
time intervals and analyzed in terms of crystallinity, morphology, elemental composition, and at different Fet-

A concentrations as well as in the presence of different amounts of Mg?*, citrate and pyrophosphate.



2 Materials and methods

2.1 Materials
NaCl (purity > 99.5 %), CaCl; (purity > 93.0 %), NazHPO4-12H,0 (purity > 99.0 %), MgCl.-6H.0 (purity >
99.0 %), NasP207-10H,0 (purity > 99.0 %), NasCsHsO7-2H,0 (purity > 99.0 %) and Fetuin from fetal bovine
serum (M,, 48,400 g/mol) were purchased from Sigma Aldrich. Tris(hydroxymethyl)aminomethane (TRIS,
purity > 99.7 %) was obtained from Fluka while HCI 37 % from Carlo Erba Reagents. Milli-Q water (resistivity
18.2 MQ-cm) was used throughout all the experiments.

2.2 Preparation of CPPs at different Fet-A concentrations
CPPs were prepared following a protocol reported in the literature [5], schematized in Figure S1. TRIS (0.303
g) was dissolved in 50 mL of water to obtain a 50 mM solution. The pH (pH meter 7+ with DHS electrode,
XS instruments) was lowered from the initial value of about 10 to 7.40 by dropwise addition of HCI 1 M.
CaCl; (0.022 g) and NaCl (0.164 g) were dissolved in 10 mL of the TRIS 50 mM solution, yielding to [Ca*]
=20 mM and [Na*] = 280 mM (solution A). 0.043 g of Na;HPO4-12H,0 were dissolved in 10 mL of the 50
mM TRIS solution, resulting in a concentration of phosphate 12 mM (solution B). Fet-A was dissolved in
solution B to obtain a 30 uM solution (14.5 mg in 10 mL), which was properly diluted with B to obtain [Fet-
A] =10 and 20 uM. CPPs were obtained upon mixing at 37 °C equal volumes of solution A and solution B at
different [Fet-A]. The concentrations in the final volume were therefore CaCl, 10 mM, NaCl 140 mM,
Na;HPO, 6 mM and Fet-A 0 uM (sample FQ), 5 uM (sample F5), 10 uM (sample F10) and 15 uM (sample
F15). For the characterization of dried powders, aliquots (5 mL) were centrifuged (Neya 16R, REMI, A6-50
rotor) at 8000 rpm for 5 min, then washed with 5 mL of water and centrifuged again in the same conditions.
The precipitate was frozen in liquid nitrogen and lyophilized for 24 h (VirTis benchtop freeze-dryer).

2.3 Preparation of CPPs at different Mg?* concentrations
The preparation of CPPs was conducted in the presence of different concentrations of Mg?* (0, 1, 5 and 10
mM) at 0 and 5 uM of Fet-A. Briefly, 4.07 mg, 20.35 mg and 40.7 mg of MgCl.,-6H,0 were each dissolved in
10 mL of solution A (see section 2.2), in order to obtain solutions at [Mg?*] = 2 mM, 10 mM and 20 mM,
respectively. 9.68 mg of Fet-A were dissolved in 20 mL of solution B (see section 2.2) obtaining a 10 uM
solution. CPPs were obtained by mixing at 37 °C 5 mL of solution A (at the four different Mg?* concentrations)

with either 5 mL of solution B or 5 mL of solution B including Fet-A. Eight samples were therefore obtained
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by combining the four different Mg?* concentrations (0, 1, 5 and 10 mM) with [Fet-A] =0 and 5 uM. Sample’s

nomenclature is reported in Table 1, where X=M. Aliquots were collected as described in section 2.2.

Table 1. Composition of samples investigated in this work.

Sample [Fet-A] (uM)* [X-Additive]t (mM)*

FO 0 0
F5 5 0
F10 10 0
F15 15 0
FO_X0 0 0
FO_X1 0 1
FO_X5 0 5
FO_X10 0 10
F5_X0 5 0
F5 X1 5 1
F5 X5 5 5
F5_X10 5 10

* The concentrations refer to the final volume in solution

+[X-Additive] = M: magnesium, C: citrate, P: pyrophosphate

2.4 Preparation of CPPs at different citrate concentrations
The synthesis of CPPs was performed in the presence of four different concentrations of trisodium citrate (0,
1, 5 and 10 mM) without or with 5 pM Fet-A. 20 mL of solution A were prepared as described in section 2.2.
In parallel, 50 mL of solution B (see section 2.2) were prepared, and 9.68 mg of Fet-A were dissolved in 20
mL of it, obtaining a 10 uM solution. NasCsHs07-2H,0 (2.94 mg, 14.7 mg and 29.4 mg) were dissolved in 5
mL of either solution B or solution B including Fet-A, in order to obtain 2 mM, 10 mM and 20 mM citrate
solutions, with and without Fet-A. 5 mL of solution A were mixed at 37 °C with 5 mL of solutions B at different
citrate concentrations to obtain CPPs. Eight samples were therefore prepared by combining the four different
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citrate concentrations (0, 1, 5 and 10 mM) with [Fet-A] = 0 and 5 uM. Sample’s nomenclature is reported in
Table 1, where X=C. Aliquots were collected as described in section 2.2.
2.5 Preparation of CPPs at different pyrophosphate concentrations
CPPs in the presence of pyrophosphate were obtained following the same procedure described for citrate in
section 2.4, the only difference being the amount of NasP.O7-10H,0: 4.46 mg, 22.3 mg and 44.6 mg in 5 mL
of solution B or solution B with Fet-A. Sample’s nomenclature is reported in Table 1, where X=P.
2.6 Characterization techniques
2.6.1 Turbidimetry
The ripening process of CPPs was monitored by means of turbidimetry, using a Cary 3500 spectrophotometer
(Agilent). Immediately after mixing, the dispersions were transferred in plastic cuvettes and placed in the
spectrophotometer. Samples were analyzed at 37 °C for 16 h by recording the absorbance at 400 nm every 2
min [5]. An integration time of 0.020 s and a bandwidth of 1 nm were used to collect the absorbance data. 50
mM solution of TRIS was used as reference.
2.6.2 Dynamic Light Scattering (DLS)
DLS measurements were performed at 37 °C with a Particle Size Analyzer 90 Plus (Brookhaven Instruments).
Immediately after mixing, the dispersions were placed in a cuvette and the autocorrelation functions were
acquired by averaging 10 runs of 10 s each. Each sample was monitored every 15 min for 3 h. Samples in the
presence of Mg?* were monitored up to 1 week. The autocorrelation functions were fitted with the cumulant
method [41], and the hydrodynamic diameters (Dn) and polydispersity indexes (PDI) were obtained as averages

of 10 runs. PDI, according to the instrument manual, is defined as:

. 2
PDI = (M) Equation 1
mean
The standard deviation (SD) was calculated according to the relationship:
half width = 2 -SDV2In2 = 2.35-SD Equation 2

2.6.3 Fourier Transform-Infrared Spectroscopy (FT-IR)
FT-IR spectra were collected with a Bio-Rad FTS-40 spectrophotometer. The freeze-dried samples were

analyzed in KBr pellets, which were prepared with (1.00 £ 0.05) mg of sample and (100 + 1) mg of KBr



(Sigma-Aldrich, FT-IR grade). Each spectrum was acquired in the range 4000-400 cm, with resolution 2 cm-
164 scans and with scan delay 600 s. A KBr pellet was subtracted to each spectrum as a blank.

2.6.4 X-Ray Diffraction (XRD)
XRD patterns were collected with a D8 Advance with DAVINCI design (Bruker), using as X-rays source the
Cu Ko radiation (wavelength A=1.54 A), at 40 kV and 40 mA. The diffractograms were acquired using a 20
range of 5°-60°, a step size of 0.03°, and a time/step of 0.3 s. Freeze-dried samples were grinded using mortar
and pestle and flattened onto a Si zero-background sample holder.
Scherrer equation (Equation 3) was used to calculate the crystalline domain size (D, nm):

D KA Equation 3
~ Beos (0)

where « is the Scherrer constant, typically considered 0.9, A is the X-Ray wavelength (nm), § is the FWHM
(Full Width at Half Maximum) in radians and 0 is the diffraction angle in radians [42]. The FWHM were
obtained from the Multi-Peak Fitting routine of the software IgorPro. The peak at 26° was considered for the
analysis.
2.6.5 Field Emission-Scanning Electron Microscopy (FE-SEM) coupled with Energy
Dispersive X-Rays spectroscopy (EDX)

FE-SEM micrographs were collected using a Zeiss XIGMA FE-SEM (Carl Zeiss Microscopy GmbH). The
freeze-dried samples were placed on aluminum stubs using conductive tape. The use of a Field Emission source
with a low accelerating voltage (2 kV), a reduced sample-detector distance (~2 mm) and the In-Lens detector
allowed for the imaging of non-metallized samples. The size distributions were calculated measuring the
diameter of 250 particles per sample, using the software ImageJ. EDX was carried out using X-act Silicon
Drift Detector (Oxford Instruments, England). To collect EDX spectra, the accelerating voltage was 10 kV,

while the working distance was ~8 mm. Elemental atomic % ratios are expressed as average * standard

deviation of 3 different sites on each sample.

3 Results

3.1 Effect of Fet-A concentration



The effect of different concentrations of Fet-A in the CPP synthetic medium was initially evaluated. This
aspect is particularly important as Fet-A levels in blood were shown to be fundamental for the inhibition of
ectopic mineralization, as mice deficient in this protein suffer from soft tissue calcifications [21,43,44]. Useful
insights about the effect of the protein were obtained by observing the turbidity and the stability of the
suspensions at (37 = 1) °C (Figure 1A), correlating them with turbidimetric curves (Figure 1B). Turbidimetry
is a useful technique to monitor the size evolution and the stability of particles in suspension, as the amount of
scattered light is related to the size of the objects in the dispersion. When the solution containing calcium ions
is mixed with the one containing phosphates (see section 2.2), in the absence of Fet-A a very turbid suspension
is immediately obtained, and the precipitation of the inorganic phase begins within few minutes. This is evident
by looking at the sample on the left in Figure 1A, and its corresponding turbidimetric curve (green one in
Figure 1B), which shows an initial abrupt increase followed by a rapid decrease in absorbance, reaching zero
after about 1 h. When Fet-A is present in the synthetic medium, a marked stabilizing action is observed. The
turbidimetric curves of Fet-A containing samples show a sigmoidal shape, with an initial stage where the
absorbance gradually rises, followed by a steep increase that leads to a plateau region. The onset time of this
transition (see Figure 1C) is 24 min, 34 min and 54 min for samples F5, F10 and F15, respectively. These
values show a linear relationship with the concentration of Fet-A (see Figure 1D). The turbidimetric curve of
sample F5 (red in Figure 1A) also displays an abrupt decrease in absorbance (after about 3 h) which indicates
the precipitation of the dispersion. On the other hand, in samples F10 and F15 the absorbance remains constant
for the whole duration of the experiment (16 h, see the complete curves in Figure S2). Moreover, the
absorbance in the plateau region is higher for sample F15 (0.8) than F10 (0.6), which might suggest the
presence of larger objects in suspension in the former sample. Nevertheless, as the turbidity of a suspension is
a function of both the number of particles and their size distribution [45], it is also possible that the higher
amount of protein in F15 stabilizes a higher amount of particles in such sample.

The results from turbidimetric analysis are confirmed by the macroscopic appearance of the samples in Figure
1A, showing that samples F10 and F15 are stable up to 46 h. For sample F10, the precipitation process begins
after 56 h of incubation, whereas for F15 a precipitate is observed after 70 h. Heiss et al. reports that with Fet-
A above 7 UM, CPP2 dispersions are stable for more than 2 days while with 5 uM the sedimentation begins
after about 2 h [5]. We found that the sedimentation for sample F5 starts before 2 h, likely due to the different
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temperature at which the experiments were carried out (37 °C to better mimic physiological environment). We
also monitored the sedimentation process for longer time, finding that 15 uM of Fet-A make the CPP2

suspension stable for more than 56 h.
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Figure 1. A) Photos of the dispersions incubated at 37 °C (time indicates the time elapsed from the beginning
of mixing). B) Turbidimetric curves of the samples up to 6 h (the trend up to 16 h is reported in Figure S2). C)
Example of calculation of the onset time of the transition (tonser). D) Plot of the onset time vs Fet-A
concentration in the dispersion. The error bars are = 5 min and indicate the variation of the onset time obtained

in three replicated experiments for sample F5.

In order to study the size of the particles formed in solution at the various stages of the process, the samples
were analyzed in situ by means of DLS, collecting the autocorrelation functions after 5 min from the mixing
and every 15 min, for 3 h. Even after 5 min, sample FO is not stable and cannot be analyzed by means of DLS.
On the contrary, the autocorrelation functions for samples containing Fet-A after 5 min from the mixing (see
a representative example in Figure 2A) can be fitted using cumulant analysis, showing particles with
hydrodynamic diameters (Dn) of (136 £ 20) nm, (115 = 12) nm and (122 + 17) nm for F5, F10 and F15,
respectively (see also Table 2, SD calculated from PDI). The evolution of Dy, in time is reported in Figure 2B.
In sample F5 the size of the particles abruptly increases after about 30 min while for both F10 and F15 Dy,
gradually increases after about 60 min, reaching about 200 nm. These results well agree with the onset times

observed by turbidimetry. The values of Dy, obtained for F10 and F15 are very similar (e.g., after 3 h Dy= (206
11



+ 36) nm for F10 and (195 + 28) nm for F15), suggesting that the absorbance observed in turbidimetry curves
(see Figure 1B), which is higher for F15 than F10, might be connected to a greater particles’ number rather

than to larger particles’ size.
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Figure 2. A) Representative normalized autocorrelation functions (sample F15 after 5 min and 1 h). B) Plot of
the hydrodynamic diameter as a function of reaction time (F5: triangles; F10: squares; F15: circles). The error

bars are the standard deviations calculated according to the polydispersity (see Equation 1 and 2).

The chemical nature and the morphology of the particles formed in solution was examined by collecting
aliquots by means of centrifugation and freeze-drying. FT-IR results from samples after 5 min and 16 h reaction
are reported in Figure 3. The spectrum of samples prepared with Fet-A and collected after 5 min (see Figure
3A) is in agreement with amorphous calcium phosphate [46]. On the contrary, sample FO presents a splitting
of the 580 cm™ peak suggesting the presence of poorly crystalline HA [47]. All samples collected after 16 h
are compatible with poorly crystalline HA (see Figure 3B). Interestingly, samples with and without protein
differ as an additional peak at about 1540 cm is present only for samples prepared with Fet-A (see the panel
in Figure 3). The intensity of the peak at about 1650 cm™, due to water bending in calcium phosphates, is also

stronger in samples with protein. These signals are compatible with Fet-A main peaks (see Figure S3) and
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indicate the presence of the protein on both amorphous and crystalline particles. The protein is likely strongly
bound to the surface of the nanoparticles as it is detected even if the particles were washed before the freeze-
drying procedure.

The crystallinity of the samples was further analyzed by means of XRD. The diffractograms of the 5 min
samples in Figure 3C and of the 16 h samples in Figure 3D confirm FT-IR results, showing a pattern compatible
with poorly crystalline HA for FO_5min, FO_16h, F5_16h, F10_16h and F15_16h, while a profile typical of
amorphous calcium phosphate for F5_5min, F10_5min and F15 5min is observed [47]. The crystallinity
degree was assessed using the Scherrer equation (see section 2.6.4) on the (0 0 2) peak of the pattern (26=26°)
[48] and the crystallite sizes are reported in Table S1: sample FO increases its crystallinity in time (crystallite
size 21 nm at 5 min vs 35 nm at 16 h), while all samples at 16 h show a similar degree of crystallinity (34 £ 1

nm), compatible with values reported in the literature for bone HA [49].
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Figure 3. FT-IR spectra of particles collected after 5 min (A) and 16 h (B). XRD patterns of particles collected

after 5 min (C) and 16 h (D). All curves are offset for display purposes.

Figure 4 reports the FE-SEM morphology of the particles after 5 min and 16 h. Samples at 5 min reaction time
show spherical morphology; however, significant differences are observed when Fet-A is present in the
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reaction medium. FO presents polydisperse objects whose single units (about 82 nm in diameter, see Figure S4
and Table 2) are clustered, explaining the observed immediate precipitation in the reaction medium (see Figure
1A). On the other hand, samples F5, F10 and F15 consist of more spherical nanoparticles which have size
similar to FO (see Table 2) but are aggregated to a much lesser extent and have a more regular shape. Ca/P
ratios as obtained by means of EDX spectroscopy show in all cases values around 1.2, compatible with
amorphous calcium phosphate (see Table S2) [50].

After 16 h, FO displays a flake-like morphology, typical of poorly crystalline HA [51], while samples F5, F10
and F15 show needle-like nanoparticles. The length of such needles is in the 100-200 nm range, while typical

widths are few tens of nm, consistently with the Dy values after ripening previously discussed.

Figure 4. FE-SEM micrographs of samples collected after 5 min (top row) and 16 h (bottom row). Each

column corresponds to sample FO, F5, F10 and F15. The scale bar is 200 nm for all images.

Table 2. Comparison of the features of the particles collected after 5 min. Diameter and SD are obtained as
average value and standard deviation from FE-SEM size distribution curves, reported in the Supplementary
Material (average of 250 particles per sample). D and PDI refer to DLS measurements (average out of 10 runs
for each sample), and the SD was calculated from PDI according to Equation 1 and 2. For the ripening time,
data were obtained by turbidimetry except for F5_M5 and F5_M10, where the increase in diameter observed

by DLS was considered.

FE-SEM DLS Turbidimetry/DLS
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Diameter = SD Dn + SD

Sample Morphology PDI Ripening time
(nm) (nm)
FO_5min 82 + 25* Spherical, aggregated - - -
F5 5min 72+ 20 Spherical 136 £20 0.12+0.03 24 min
F10_5min 65+ 16 Spherical 115+12 0.06 £0.01 34 min
F15 5min 85+ 25 Spherical 122+17 0.10+0.02 54 min
F5_M1_5min 91+21 Spherical 141+20 0.11+0.03 119 min
F5_M5_5min 78+ 18 Spherical 158+21 0.10+£0.02 ~21h
F5_M10_5min 80+ 18 Spherical 158+21 0.10+0.02 ~103h
F5 C1 5min 80 = 26 Spherical 193+30 0.11+0.01 72 min
F5_C5_5min 55+12 Spherical 204+28 0.11+0.02 ~3h

* Size of the single units present in the micrographs, not the aggregates size.

These results show that the endogenous pathway of CPPs was successfully reproduced: the initial amorphous
spherical nanoparticles of diameter below 100 nm (i.e., CPP1) ripen, increase their size and crystallize, forming
needle-shaped HA nanocrystals (i.e., CPP2) that eventually precipitate. The role of Fet-A in this scenario was
outlined, showing that the protein delays the onset time of the ripening process in a concentration-dependent
fashion. Moreover, when the concentration is equal to 10 and 15 puM, Fet-A can efficiently stabilize the
colloidal suspensions of CPP2, which precipitate after 56 h and 70 h, respectively. These two distinct aspects
are connected but should be discussed separately, as we speculate that the inhibitory role of Fet-A towards
ectopic mineralization can take place with two mechanisms: i) extended stability of CPP1, which are less
pathogenic than CPP2 [6], or ii) colloidal stability of CPP2 that prevents precipitation and therefore the
formation of vascular calcifications. Comparing these two effects it appears that high concentrations of Fet-A
mostly affect the ii) process, as increasing the concentration from Fet-A 5 uM to 15 pM the onset time increases

from 24 min to 54 min, while the beginning of the sedimentation process increases from 2 h to 70 h.

3.2 Effect of stabilizing agents
3.2.1 Mg*
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The preparation of CPPs was conducted by varying the amount of magnesium in the reacting medium, keeping
constant the concentration of Fet-A at 5 puM. Such protein concentration was chosen to mimic a potential
pathological situation where Fet-A might be lacking, so to analyze if the inclusion of stabilizing agents could
restore the role of the “missing” Fet-A or even be more effective (we recall that physiological levels of Fet-A
are about 15 uM [5]). All experiments were carried out with Mg?*concentration of 0, 1, 5 and 10 mM without
and with 5 pM of Fet-A.

The turbidimetry curves are shown in Figure 5A. In the absence of Fet-A, the absorbance immediately drops
as all samples quickly precipitate, irrespectively of Mg?* concentration. When 5 uM of protein is present in
the medium, the effect of Mg?* is evident: for 1 mM Mg?", the onset time of the ripening process is delayed of
almost 5 times with respect to the sample without Mg?* (119 min for F5_M1 vs 24 min for F5_MO). At higher
Mg?* concentrations, the absorbance is constant throughout the experiment, suggesting that no ripening
phenomena occur over 16 h (the complete set of data is reported in Figure S5A). This is consistent with the
samples’ appearance at the end of the experiment reported in Figure S5B that shows turbid suspensions for
F5 M5 and F5_M10, whereas the other samples are precipitated.

The evolution of the systems was also studied by means of DLS, and the plot of the hydrodynamic diameter
in time is given in Figure 5B. In this case, samples were monitored up to 10 days, to get a complete overview
of the ripening process. Samples without Fet-A could not be analyzed by means of DLS due to the quick
precipitation. For 5 UM Fet-A, a different behavior according to the concentration of Mg?* is observed: Dy, of
sample F5_M1 abruptly increases after 120 min of incubation, in agreement with turbidimetry results. As
expected, F5_M5 and F5_M10 are constant in size for more than 16 h, which is the timeframe examined by
means of turbidimetry: Dy increases after 32 h for the sample F5_M5, and precipitates after 45 h, whereas for

the sample F5_M10, Dy, significantly rises only after 189 h and precipitates after 237 h.
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Figure 5. A) Turbidimetry curves of samples for 0 uM Fet-A and 5 uM and 0, 1, 5 and 10 mM Mg?*. B) Plot
of the hydrodynamic diameter vs incubation time. The error bars are the standard deviations calculated

according to the polydispersity (see Equation 1 and 2).

Samples collected after 5 min and 16 h were also analyzed by means of FT-IR (Figure S6). All 5 min samples
except for FO_MO show an infrared spectrum compatible with amorphous calcium phosphate, as expected.
After 16 h, samples at low Mg?* concentration (i.e., 0 and 1 mM) consist of poorly crystalline HA, both with
and without Fet-A. When 5 mM of Mg?* is present, the system is crystalline without the protein but amorphous
when 5 uM of Fet-A is in the reaction medium. Finally, 10 mM Mg?* results in amorphous samples both with
and without Fet-A. The crystallinity of the 16 h samples was confirmed by means of XRD (see Figure S7): the
pattern of F5_MO0_16h and F5_M1 16h is compatible with poorly crystalline hydroxyapatite with a similar
crystallinity degree (see Table S1), whereas F5_M5_16h and F5_M10_16h display a profile typical of
amorphous calcium phosphate. These observations are in agreement with FE-SEM analysis reported in Figure
S8 (5 min samples), and S9 (16 h samples). F5 samples prepared in the presence of Mg?* and collected after 5
min show the typical morphology of CPP1 with an average size slightly larger than F5_MO (see Table 2 and

the size distribution curves in Figure S10). In contrast, analogous samples prepared without Fet-A display the
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typical morphology of amorphous nanoparticles but are aggregated to a much larger extent (Figure S8, top
row). Ca/P ratios are again compatible with amorphous calcium phosphate while Ca/Mg ratios suggest that a
small amount of Mg is included in the nanoparticles, its amount increasing with the concentration in the
reaction medium (see Table S3).

Samples collected after 16 h show the typical morphology of poorly crystalline HA, except for FO_M10,
F5_M5 and F5_M10 which, in agreement with FT-IR analysis, are still amorphous. The crystallization of such
samples likely occurs at later times. DLS analysis revealed that the ripening process occurs after about 2 days
for sample F5_MD5 and 8 days for F5_M10. FT-IR showed that the crystallization process eventually occurs in
samples incubated for 10 days (see Figure S11).

In summary, data show that rather than affecting the initial formation of amorphous CPP1, Mg?* delays the
ripening process to CPP2 in a concentration-dependent fashion. Mg?* influence on the stabilization of
amorphous calcium phosphates is well known [35,51,52], and is likely the responsible for the observed effects.
It is important to point out that a synergic effect between Mg?* and Fet-A likely occurs, as samples FO_M5 and
F5_ M5 incubated for 16 h are crystalline and amorphous, respectively (see Figure S6 and S9).

As pointed out, Fet-A is more effective in preventing crystalline CPP2 precipitation rather than delaying the
transition from CPP1 to CPP2: the action of Mg?* is somehow the opposite, since its effect is focused on the
inhibition of the crystallization process. If we recall that normal physiological Mg?* concentrations in blood is
0.7-1.1 mM [19], we can speculate that supplementations might be effective in extending CPP1 lifetime and,

reasonably, in preventing the surge of VC.

3.2.2 Citrate
The role of citrate in CPPs formation and ripening was examined by conducting experiments with 0, 1, 5 and
10 mM of tri-sodium citrate, without and with 5 uM of Fet-A. Turbidimetry curves in Figure S12 show that
samples without Fet-A quickly precipitate (FO_CO, FO_C1 and FO_C5). Interestingly, the absorbance of
samples with 10 mM of citrate (both with and without protein) is 0 throughout the whole experiment and no
calcium phosphate forms in such a media. F5_C1 shows a steep increase in absorbance that occurs at longer
time with respect to F5_CO (72 min vs 24 min), suggesting a mild action of citrate in delaying the ripening
process. The precipitation of the system is also observed, as absorbance rapidly goes to zero after about 3.5 h.
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In contrast to the other samples, F5_C5 does not display a marked increase in absorbance but rather a slow and
constant rise until 3 hours. After this lag time, the precipitation process begins.

DLS measurements were performed in order to further analyze the ripening process (see Figure 6). Again,
samples without Fet-A could not be analyzed due to immediate precipitation upon mixing of the precursor’s
solutions. Both F5_C1 and F5_C5 show an initial Dy of about 200 nm, larger than that of samples prepared
without additives and with Mg?* (see Table 2): this effect might be due to citrate adsorption on the surface of
CPP that increase the hydration shell. The Dy, of citrate-CPPs is constant up to about 90 min (see Figure 6A
and 6B). We recall that sample F5 without any additive begins to increase its size after about 30 min (see
Figure 2), confirming the effect of citrate in stabilizing CPP1. Sample F5_C1 shows an abrupt increase in size
and reaches a Dy above 1.5 um at 2 h. Interestingly, when 5 mM of citrate is present (i.e., sample F5_C5), the
ripening mechanism is different, as the size of the nanoparticles gradually increases (see Figure 6C). These
results are in very good agreement with turbidimetry as F5_C1 shows an abrupt increase in absorbance while
F5_C5 displays a slow and gradual increase in the absorbance value (see Figure S12).

A) 1.0 =g

B . C) 2000
— 60 min ) 1.0 == — 60 min )
90 min ] 90 min & F5 C1
0.8 105 0.8 4 105 - S
120 min ] 120 min __ 1500 © F5.C5 4 B %%?
— 150 mil — 4 150 H
, 06 180 min . 0.6 i E : o
= — 210mn = ] in = 1000 :
Qv 0.4 — 240 min E" 0.4 { in (=) “ o
=) @ 1 i (o]
°29 s e 027 %0 4 00%°
_ 1 Fs_cs ‘000
] 00
0.0 SV S—" 0.0 4 Bttt afAd®
T T T T T 1 T T T T T 1
10" 10° 10° 10" 10" 10° 100 10° 10° 10' 10° 10° 50 100 150 200

Time (ms) Time (ms) Time (min)

Figure 6. DLS results for CPPs prepared in the presence of citrate. A) Normalized autocorrelation functions
of sample F5_CL1 in time; B) Normalized autocorrelation functions of sample F5_C5 as a function of time; C)
Plot of the hydrodynamic diameter vs time of samples F5_C1 (blue triangles) and F5_C5 (green circles). The

error bars are the standard deviations calculated according to the polydispersity (see Equation 1 and 2).

Particles at 5 min and 16 h were collected and analyzed by means of FE-SEM and FT-IR. FE-SEM results of
particles collected after 5 min reported in Figure S13 show that the presence of 5 mM of citrate leads to the
formation of slightly smaller particles than with 1 mM, both with and without protein (see Figure S14 and
Table 2). This evidence supports the hypothesis that the higher Dy observed for this sample with DLS might
be due to an increase of the hydration shell rather than to a larger size of the inorganic core. The Ca/P ratio of
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all the 5 min samples is consistent with amorphous calcium phosphate, as reported in Table S4. The
morphology of samples collected after 16 h is compatible with poorly crystalline HA, as shown in Figure S15.
FT-IR spectra are in agreement with SEM observations, being compatible with either amorphous calcium
phosphate or HA (see Figure S16). The crystallinity degree of samples collected after 16 h was assessed using
Scherrer method (Equation 3) analyzing the XRD diffractograms reported in Figure S17. Interestingly, the
crystallite size decreases as citrate amount in the reacting solution increases (35 nm for F5_CO0_16h, 31 nm for
F5 C1 16hand 28 nm for F5_C5_16h, see Table S1), confirming once again the effect of this ion in delaying
the amorphous-to-crystalline transition in calcium phosphates.

All data taken together suggest that citrate displays a mild stabilizing effect towards CPP1: when present at 1
mM and 5 mM, it delays the conversion process from CPP1 to CPP2, even though different mechanisms are
in play, as suggested by DLS analysis. A high concentration of citrate (i.e. 10 mM) completely prevents the
precipitation of any type of calcium phosphate, likely due to the chelating effect of citrate on Ca?*. Citrate is
in fact administrated to patients suffering from calcium-based kidney stones due to its action in inhibiting
calcium phosphate stone formation through multiple mechanisms, including the formation of soluble citrate—

calcium complexes, and the inhibition of CaP nucleation, crystal growth and crystal aggregation [53].

3.2.3 Pyrophosphate
Experiments analogous to those conducted for Mg?* and citrate were also carried out for pyrophosphate.
Turbidimetry results are shown in Figure 7A: interestingly, when pyrophosphate is present in the CPP synthetic
solution, the absorbance is nearly constant during the 16 h experiment, differently from the typical behavior
observed for the CPP1 to CPP2 transition (i.e., the green curve in Figure 7A). The only exception is sample
FO_P1, that quickly precipitates. Samples observation at the end of the experiment (Figure S18) shows that
most samples consist of a turbid dispersion that entraps air bubbles, which is likely responsible for the behavior
observed in turbidimetric curves. DLS measurements conducted on samples after 5 min from the mixing show
that in all systems the size of the objects present in solution is above the range accessible by the instrument
(data not shown). This occurred both in the presence and in the absence of the protein. These results suggest
that when pyrophosphate is present in the reaction medium the formation of the CPP is prevented, and a
different type of inorganic solid precipitates. To assess this, samples collected after 5 min and 16 h were
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analyzed through FE-SEM and FT-IR. SEM micrographs show that the morphology of 5 min samples (Figure
S19) is analogous to that of 16 h samples (Figure S20), in agreement with turbidimetry results. All samples,
irrespectively of pyrophosphate concentration and of the presence of protein, consist of very small objects that
form an aggregated mesh-like structure, markedly different from that of CPP1 or CPP2 (see a representative
micrograph in Figure 7B). The Ca/P ratio measured by EDX of both 5 min and 16 h samples reported in Table
S5 is close to 1, in agreement with the stoichiometry of calcium pyrophosphates (Ca;P.07). FT-IR results
reported in Figure S21 confirmed that in such a system the formation of CPP1 and CPP2 does not occur, as
the spectra of all samples are consistent with amorphous calcium pyrophosphate [54]. To further confirm this
hypothesis, selected samples were analyzed by means of XRD, and the results are given in Figure 7C. In fact,
while the pattern of sample F5_P0_16h is compatible with that of poorly-crystalline HA [47], both samples
F5 P1and F5_P10 showed the diffractogram typical of amorphous structures that is again in agreement with
the formation of amorphous calcium pyrophosphate [54].

In summary, the presence of pyrophosphate in CPP synthetic medium completely prevents the formation of
CPP1, as amorphous calcium pyrophosphate forms in all analyzed systems, both with and without protein and

at all the investigated pyrophosphate concentrations.
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Figure 7. A) Turbidimetry curves of samples in the presence of different concentrations of pyrophosphate; B)
FE-SEM micrograph of sample F5_P10_16h; C) XRD patterns of samples (from bottom to top) F5_P0_16h,
F5_P1 _16h, F5_P10_16h. The diffractograms are offset for display purposes. The sharp peaks present in

F5 P10_16h are due to residual NaCl from synthetic medium [55].

5 Conclusions
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This work addresses the effect of different Fet-A concentrations and stabilizing agents (Mg?*, citrate and
pyrophosphate) on the formation and crystallization mechanism of calciprotein particles made of calcium
phosphates stabilized by Fet-A. The effect of different protein concentrations was studied by combining
turbidimetry and DLS, that allowed monitoring the in situ evolution of the system, together with the analysis
of the morphology and crystallinity of the nanoparticles using SEM and FT-IR. Results show the initial
formation of CPP1, amorphous calcium phosphate spherical nanoparticles below 100 nm, that abruptly
increase their size resulting in CPP2, needle-like HA, that eventually precipitate, replicating the endogenous
pathway. The concentration of Fet-A affects both the onset time of the transition from CPP1 to CPP2 and the
colloidal stability of CPP2. Analogous experiments were carried out in the presence of 1, 5 and 10 mM of
stabilizing agent, at constant amount of Fet-A. Results show that rather than affecting the initial formation of
amorphous CPP1, Mg?* delays the ripening process to CPP2 in a concentration-dependent fashion, leading to
a remarkable preservation of the amorphous phase up to 8 days. The effect of citrate is milder, while
pyrophosphate completely prevents CPP formation because of the preferential precipitation of amorphous
calcium pyrophosphate.

The results presented in this work improve the knowledge of the inhibition mechanisms of the investigated
additives in terms of effect towards CPP formation or CPP1 to CPP2 transition, corroborating the clinical
findings outlined in the Introduction section. The most effective additive in preventing CPP1 to CPP2 transition
is Mg?*, probably due to its efficiency in stabilizing amorphous calcium phosphates [35,51,56]. These findings
could be significant not only to develop effective therapies to treat vascular calcifications but could also be of
interest for researchers working on the stabilization of amorphous phosphates and on the formation of organic-
inorganic hybrid structures. Future studies could take into account the investigation of the Fet-A-nanoparticle
interface and the design of clinical studies to compare the effectiveness of the three stabilizers and corroborate

these findings.
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