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Abstract

Hypothesis: the endogenous self-assembly of amorphous magnesium-calcium phosphate (AMCP)
nanoparticles in human small intestine is an intriguing and newly-discovered process involved in
immune-surveillance mechanisms. The study of nano and microparticles formation in complex
media mimicking in vivo conditions contributes to unravel the features of endogenous AMCPs and,
from a physico-chemical perspective, to shed light on the effect of biorelevant molecules on the
precipitation of AMCPs.

Experiments: endogenous-like ’/AMCPs have been synthesized in a commercial simulated intestinal
fluid (SIF), which contains biorelevant molecules such as lecithin and taurocholate. The properties
of these particles were compared to the features of AMCPs synthesized in water. The stability of the
amorphous phase as a function of time, as well as AMCPs’ morphology, have been investigated. In
particular, the effect of the organic molecules present in the SIF was examined in terms of
incorporation in'the nano and micro particles and on their nanoscale structure.

Findings: taurocholate and lecithin, present in the SIF, enhance stability of amorphous phase
against particles crystallization, and lead to the formation of smaller AMCP aggregates with a
rougher surface. They are also incorporated in the inorganic phase, and their self-assembled

structure leads to the formation of core-shell nanoparticles.

Abbreviations: CaPs: Calcium Phosphates; AMCP: Amorphous Magnesium-Calcium Phosphate; AMP: Amorphous
Magnesium Phosphate; ACP: Amorphous Calcium Phosphate; Gl: Gastrointestinal; SIF: Simulated Intestinal Fluid;
HA: Hydroxyapatite; PC: Phosphatidylcholine; DLS: Dynamic Light Scattering; CMC: Critical Micelle Concentration
FT-IR: Fourier Transform-Infrared Spectroscopy; XRD: X-Rays Diffraction; PDF: Powder Diffraction File; FE-SEM:
Field Emission-Scanning Electron Microscopy; TEM: Transmission Electron Microscopy; SAXS: Small Angle X-Rays
Scattering.
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1. Introduction

The in vivo formation of biogenic calcium phosphates (CaPs) is regulated by relevant biomolecules
controlling the self-assembly process typical of Soft Matter [1]. The most notable example is the
process of bone biomineralization, in which the deposition of platelet-like apatitic nanocrystals is
templated by the collagen | fibers’ network formed through self-assembly [2]. Other examples
include the role of amelogenin on the regulation of carbonated apatite crystalline 3D network in
enamel [3] and the action of the protein fetuin-A in complexing amorphous calcium phosphate
clusters in serum [4]. Another scenario where the formation of CaP-based minerals occurs in a
complex biological environment is the small intestine. It has been recently shown that in the ileum
region of the human gut, the endogenous secretions of calcium and phosphate ions from the distal
small intestine into the lumen lead to the precipitation of amorphous magnesium-substituted
calcium phosphate particles (AMCPs) [5]. These particles trap macromolecules, i.e. orally fed
protein antigens and bacterial peptidoglycans, and transport them to the immune cells of the
intestinal tissue, promoting the immuno-surveillance mechanisms. Endogenous AMCPs are porous
and composed by agglomerates of small nanoparticulate structures; the amorphous nature allows for
the effective incorporation of the organic cargo, as it was shown during in vitro experiments [6].

The study of amorphous magnesium and calcium phosphates is particularly relevant. On the one
hand, amorphous magnesium phosphates (AMPSs) constitute an emerging field of research: together

with crystalline magnesium phosphates, these components represent relatively new biocompatible



options for the preparation of nanostructured biomaterials [7—10]. On the other hand, amorphous
calcium phosphates (ACPs) have been extensively investigated in the past for their interesting
properties [11,12]; moreover, it is known that, both in vivo and in vitro, their structure and stability
are sensitive to many physico-chemical properties (temperature, pH, viscosity, ionic strength,
presence of foreign ions and molecules [11-14]) of the medium in which they form. The
determination of these properties in human ileum is challenging, since intestinal fluidsare prone to
a large variability in their composition [15]. Moreover, the majority of literature studies are devoted
to the duodenal and jejunal composition, and the features of the lower part of the gastrointestinal
tract (Gl), such as the ileum where AMCPs form, are often neglected [16,17].

The development of standardized simulated fluids that mimic the different regions of the Gl tract is
of outmost importance, especially in the assessment of the dissolution and solubility of drugs.
Nowadays, some biorelevant simulated intestinal fluids (SIF) are commercially available. These
media typically consist of aqueous solutions of bile salts (anionic natural steroidal surfactants,
typically sodium taurocholate) and phospholipids (such as lecithin, a mixture of
phosphatidylcholines), in addition to other components that allow the fluid to mimic the pH, the
osmolality and the buffer capacity of each specific tract of the gut [18,19]. The simultaneous
presence in solution of bile salts and lecithin often results in the formation of self-assembled
structures, such as mixed micelles, depending on their molar ratio, concentration, pH, ionic strength
and temperature [19,20]. In the mixed micelles, which are also present in vivo and allow for the
solubilization and absorption of dietary fats [21], bile salts are located between polar head groups of
phospholipids, with their hydrophilic sides exposed to the aqueous environment; this results in the
formation of either spherical, cylindrical or worm-like micelles, with sizes ranging from 3.5 to 70
nm, depending on the phospholipid and bile salt amount and their ratio [19,21-25]. To the best of
our knowledge; the detailed characterization of the fluid which mimics specifically the ileum region
of the intestine [18] has never been reported.

Given the presence of endogenous AMCP nanoparticles in the distal small intestine, understanding
the formation mechanism of CaPs in a complex fluid that simulates the in vivo conditions is
particularly relevant. Even though AMCP formation in SIF has never been investigated so far, the
literature reports some examples about the effect of the separate components, i.e. taurocholate and
lecithin, on the formation of CaP-based materials. Bile can inhibit the formation of CaP, likely
because of the action of bile salt/phospholipid micelles [26]. It was suggested that Ca?* interaction
with both free and micellar taurocholate anions is responsible for the inhibitory effect, as it limits
Ca”* concentration and potentially acts as buffer against the precipitation of calcium-containing

gallstones [27]. Moreover, different bile salts have a different inhibitory effect [28]. The effect of



mixed taurodeoxycholate/phosphatidylcholine (PC) micelles on hydroxyapatite (HA) binding and
precipitation inhibition was also investigated, showing that the ability to delay HA formation/
precipitation is dependent on the composition of the micelles [26,29].

The effect of lecithin on calcium phosphate formation was explored to a lesser extent. Recently,
soybean lecithin was used as a template to prepare ACP porous hollow microspheres [30], while
Michat et al. obtained HA nanoparticles using of a lecithin-based wet chemical precipitation
method [31].

In a previous work, we investigated the effect of pH and Mg?** concentration on the amorphous
phase stability of endogenous-like AMCPs [14]. We thoughtfully characterized the physico-
chemical properties of the obtained particles, and we related the variation of the cited parameters
(which are known to have implications in gut health) to the lifetime of the amorphous phase in
solution. In the attempt of gaining new insights in the in vivo formation process and stability, the
present work reports on the formation and the features of endogenous-like AMCPs prepared in a
simulated intestinal fluid. We believe that these results have a two-fold relevance, as they shed light
on the effect of sodium taurocholate and lecithin on the precipitation of amorphous calcium and

magnesium phosphates, relevant for the in vivo formation and features of AMCPs.

2. Materials and methods

2.1 Materials

The powder “FaSSIF/FeSSIF/FaSSGF” used to prepare the Simulated Intestinal Fluid (SIF) was
purchased from Biorelevant.com Ltd (London, UK). Sodium chloride (NaCl, > 99%), maleic acid
(C4H404, > 99%), magnesium chloride (MgCl,:6H,0, > 99%) calcium chloride (CaCl,, > 93%) and
NaOH pellets were purchased from Sigma-Aldrich (Milan, Italy). Sodium phosphate monobasic
(NaH;PO4-H,0, > 99%), and sodium phosphate dibasic (Na;HPO4-12H,0, > 99%) were obtained

from Carlo Erba Reagents (Milan, Italy). Deionized water was used during all the experiments.

2.2 Preparation of the Simulated Intestinal Fluid

The SIF specifically mimicking the ileum region of the gut was prepared according to the
instructions given by the supplier. 500 mL of the fluid were prepared by dissolving 0.880 g of
NaCl, 3.065 g of maleic acid and 2.115 g of NaOH in deionized water (450 mL). A solution of
NaOH 2 M was used to adjust the pH at 7.5, then we made up to the final volume with water. 0.3 g
of powder (FaSSIF/FeSSIF/FaSSGF) were dissolved in the prepared buffer, and the fluid was let

stand for at least 2 h before use. The medium was used within 24 h from the preparation. The final



concentrations of the components are: sodium taurocholate 0.8 mM, lecithin 0.2 mM and maleic
acid 52.8 mM [18].

2.3 Synthesis of AMCP in water and in SIF

AMCP was obtained by mixing equal volumes (200 mL) of two solutions, namely solution A
(which contains NaCl, MgCl, and CaCl,, amounts and concentrations listed in Table S1 in the
Supplementary Material) and solution B (NaH2PO, and Na;HPO,, see Table S1) [32]. The ionic
concentrations used are consistent with the ones typical of ileum [33]. Two syntheses were
conducted using the same procedure, except for the fact that the salts were dissolved in SIF or
water. Solution A and B were separately heated at 37 °C in a water bath. Solution A was added to
solution B and the pH was adjusted to 7.50, which is representative of the ileum region [34], by
dropwise addition of NaOH 2 M. Aliquots of the solution (=20 mL) were periodically withdrawn
from the reaction flask and filtered using a Millipore vacuum filtration system equipped with mixed
cellulose esters filters (Millipore, pore size 0.22 um). Filters were immediately placed in plastic test
tubes and frozen in liquid nitrogen, prior to lyophilization for 24 h. As a preventive measure,
particles were stored at -18 °C, tightly closed to prevent any influence from environmental humidity

which could lead to spontaneous crystallization.

2.4 Characterization techniques

2.4.1 Dynamic Light Scattering (DLS)
DLS measurements were performed on a Brookhaven Instruments apparatus (Bl 9000AT correlator
and Bl 200 SM goniometer). The light source was a Torus laser, mpc3000, LaserQuantum, UK (A =
532 nm) and the scattered intensity was detected by a BI-APD detector. The samples were placed in
glass tubes and immersed in a thermostated cell at 37 °C filled with decahydronaphthalene to match
the glass refractive index. The scattering intensity of pure toluene was used as a standard. The field
autocorrelation functions reported in this work are the result of the averaging of five experiments
for each sample. The averaged functions were analyzed through cumulant analysis (see
Supplementary Material for details).

2.4.2 Surface Tension
The surface tension properties of the SIF were determined using a Force Tensiometer K100 (Kriiss
GmbH, Hamburg, Germany). Inverse critical micelle concentration (CMC) measurements were
performed using a Pt plate, at T = 37 °C and diluting the sample with water up to 1-10"°> mM sodium
taurocholate concentration.

2.4.3 Fourier Transform Infrared Spectroscopy (FT-IR)



FT-IR spectra were collected using a Bio-Rad FTS-40 spectrophotometer (Hercules, CA, USA).
The samples were analyzed in KBr pellets, prepared by mixing 1.00 = 0.05 mg of sample with 100
+ 1 mg of KBr (Sigma-Aldrich, FT-IR grade). The spectra were acquired in the range 4000-400 cm’
L using a resolution of 2 cm™, 64 scans and scan delay of 600 s.

2.4.4 X-Rays Diffraction (XRD)
X-rays Diffraction (XRD) patterns were collected with a D8 Advance with DAVINCI design
(Bruker, Milan, Italy), using as X-rays source the Cu Ka radiation (wavelength A=1.54 A), at 40 kV
and 40 mA, a 26 range of 5°-60°, a step size of 0.03°, and a time/step of 0.3 s. A Si zero-
background sample holder was used, while peaks’ assignment was based on the Powder Diffraction
Files (PDF) of the ICDD database (International Centre for Diffraction Data).

2.4.5 Field Emission-Scanning Electron Microscopy (FE-SEM)
Field Emission-Scanning Electron Microscopy (FE-SEM) analysis was conducted using a Zeiss
YIGMA FE-SEM (Carl Zeiss Microscopy GmbH, Jena, Germany). The powders were placed over
aluminum stubs by means of conductive tape. The micrographs were acquired with an accelerating
voltage of 2 kV, sample-detector distance ~ 2 mm and using the In-Lens detector.

2.4.6 Simultaneous Thermogravimetry/ Differential Scanning Calorimetry
Simultaneous Thermogravimetry/ Differential Scanning Calorimetry analyses were performed
using SDT Q600 from TA Instruments (New Castle, DE, USA). Each sample was placed in an
alumina pan and measurements were conducted in N, atmosphere (flow rate 100 mL/min) from
room temperature to 1000 °C, at 10 °C/min.

2.4.7 Transmission Electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) analysis of AMCPs was performed with a TEM Philips
CM12 (Eindhoven, The Netherlands), working with an electron gun operating at 100 kV. Samples
were prepared by depositing a droplet of a sonicated AMCPs dispersion in ethanol onto a carbon-
coated copper grid.

2.4.8 Small Angle X-Rays Scattering (SAXS)
SAXS measurements were carried out using a HECUS SWAX- camera (Kratky) equipped with a
position-sensitive detector (OED 50 M) containing 1024 channels of width 54 um. Cu K, radiation
of wavelength A = 1.542 A was provided using a Seifert 1D-3003 X-ray generator (sealed-tube
type), operating at a maximum power of 2 kW. A 10-mm thick Ni-filter was used to remove Cu Kg
radiation. The sample-to-detector distance was 275 mm. The volume between the sample and the
detector was kept under vacuum during the measurements to minimize scattering from the air. The
Kratky camera was calibrated in the small angle region using silver behenate (d = 5.838 nm).
Scattering curves were obtained in the Q-range, Q = (4n/A)sin(6/2), between 0.009 and 0.54 A,



with Q being the scattering vector, and 0 the scattering angle. The samples were contained in 2 mm
quartz capillaries. Standard measurement conditions were 40 kV, 20 mA, and 3 h (acquisition time)
at 25 °C. SAXS curves reported in this work have been compared with those obtained on very short
time scales and no differences were detectable between the two sets of measurements. All scattering
curves were corrected for the solvent/empty cell contribution considering the relative transmission
factor. SAXS curves were iteratively desmeared using the procedure reported by Lake [35]. The
interpretation of the curves was carried out with a power law model associated to the linear regions

in the double log representation (Eq. 1):
I(q)= Aq7? (1)

where A is a scale factor and p is the slope of the linear fitting. When 1 < p < 3, p represents the
mass-fractal dimension (Dy,) that is 3 for full solid materials [36]. When 3 < p <4 one can calculate

the surface-fractal dimension (Ds) from the equation:
Ds=6-=p (2)

Typically, Ds is 2 for smooth surfaces, and goes towards 3 as the roughness increases [37].

3. Results and discussion

3.1 SIF characterization

DLS was employed to investigate the presence of self-assembled aggregates in the SIF. Cumulant
analysis of the autocorrelation function (Figure S1 in the Supplementary Material) revealed the
presence of nanosized objects with a mean hydrodynamic radius of 17 nm and high polydispersity
(0.28), in good accordance with previously synthesized taurocholate-lecithin colloids [19].

As DLS revealed the presence of nanosized objects in the fluid, the interfacial properties of the
medium were examined by means of force tensiometry. We found that the SIF does not show a
CMC, as the surface tension does not display a steep decrease at a given concentration value (data
not shown). Again, this is in agreement with the literature, as many data suggest that for bile salts
the transition from monomeric to micellar solution occurs stepwise over a broad range of

concentrations [20,27].

3.2 AMCP stability



We assessed the stability of AMCPs prepared in the SIF and in water, to evaluate the effect of the
taurocholate and lecithin on the nano/microparticles crystallization process. Given that amorphous
calcium and magnesium phosphates are well-known to spontaneously crystallize in aqueous
solution [11,38], the conversion kinetics of amorphous calcium phosphate to crystalline material
was monitored through the analysis of the particles by means of FT-IR spectroscopy and XRD

patterns, see Figure 1.
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Fig. 1: (a,b) FT-IR spectra of AMCPs synthesized in (a) SIF and (b) water; the spectra are offset for display purposes;
c) XRD patterns of AMCPs_SIF collected after 15 min and 29 days of reaction; d) XRD patterns of AMCPs_H,0
collected after 15 min and 22 days of reaction. The diffractograms are offset for display purposes. The PDF of
Bobierrite is [33-0878].

The shape and the position of the IR peaks reveal that, in both SIF and water syntheses, the initially

formed precipitate is an amorphous phosphate [11,38-41] (for a more detailed peaks’ assignment of
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AMCP, the reader is referred elsewhere [14]). The kinetic stability of the amorphous phase is
different depending on the reaction medium: when AMCPs are prepared in the SIF (Fig. 1a), the v
phosphate stretching peak (~1080 cm™) appears slightly split after 22 days, while AMCPs
synthesized in water turn crystalline after 14 days (see Fig. 1b, orange spectrum). The shape of the
O-H stretching band (2700-3700 cm™) also evolves in time, and a sharp peak at 3488 cm™ appears.
The nature of the crystalline phase formed upon conversion of AMCPs was investigated by means
of XRD analysis (see Fig. 1c and d). The XRD patterns of the 29-day product.in SIF and the 22
day-product in water are displayed in Figure 1c and 1d, respectively, as they represent the most
aged samples collected during the syntheses. For both synthetic pathways, we can observe that the
product collected after 15 min is amorphous (broad hump centered at ~32° [41]) and converts to
crystalline bobierrite (Mg3(PO4,),-8H,0, PDF 33-0878). The lack of formation of crystalline CaP
phases is likely due to the presence of Mg?* in solution, which strongly hinders ACP crystallization
[13,14,42]; moreover, the conversion of amorphous phosphates containing Mg to bobierrite was
already reported in the literature [10,43]. The FT-IR spectra of the crystalline samples (green curve
in Fig. 1la and blue curve in Fig. 1b) are also consistent with the presence of bobierrite [44]. From
the difference in the crystallization temporal intervals in the two synthetic media, we can conclude
that the lifetime of the amorphous phase of AMCPs in enhanced when they are prepared in the SIF,
suggesting a stabilizing action of ‘sodium taurocholate and/or lecithin. This effect is particularly
evident when comparing the intensity of the diffraction peaks of the particles after 22 days of
reaction (see Fig. S2 in the Supplementary Material), i.e. the particles prepared in water are more
crystalline than the ones obtained in the SIF. Among the components present in the SIF, the
stabilizing action is likely due to taurocholate, which is able to inhibit the precipitation of
crystalline CaP [27].

The morphology of the amorphous and crystalline samples was studied with scanning electron
microscopy (SEM), and the micrographs are reported in Figure 2. When comparing AMCPs
collected after 15 min prepared in SIF (Fig. 2a) and water (Fig. 2b), it is clear that the presence of
the organic molecules in the SIF affects the morphology of the particles: AMCPs synthesized in this
medium appear much smaller and interconnected than the ones obtained from the analogous
procedure in water. On the other hand, bobierrite crystals formed upon conversion of AMCPs show
the same morphology in both syntheses, namely parallelepiped-like objects surrounded by

amorphous particles (see Fig. 2c and d).



Fig. 2: FE-SEM micrographs of (@) AMCP_SIF 15min; (b) AMCP_H,O_15min; (c) AMCP_SIF 29d; (d)
AMCP_H,0. 22d.

3.3 Incorporation of organic molecules

A peculiar feature of the endogenous AMCPs is their ability to trap antigens and peptidoglycans in
the lumen, acting like a shuttle for delivering the organic cargo to the immune cells in the intestinal
wall lining [5,45]. The ability of AMCP-like nanoparticles to trap macromolecules during formation
was investigated in vitro by Pele et al., who found macromolecule-incorporation properties similar
to their in vivo counterpart [6]. As we observed that the organic molecules present in the SIF affect
the morphology of the synthesized particles, we inspected their incorporation/adsorption on AMCPs
as a function of time.

By comparing the series of FT-IR spectra of AMCP_SIF (see Fig. 1a) with that of AMCP_H,0 (see
Fig. 1b), we found that AMCP_SIF shows an additional peak at 1576 cm™ and, in samples from 3

10



to 10 synthesis days, also present absorptions at 1733 cm™, 2855 cm™ and 2927 cm™. These signals
can be ascribed to the stretching vibrations of C-C and C-H bonds in lecithin and taurocholate (see
Fig. S3 in the Supplementary Material), suggesting the incorporation of these organic molecules in
AMCPs. The reason for the different number of peaks in the infrared spectrum as a function of time
is probably due to a different amount of organic material, which was estimated by means of
thermogravimetry, comparing the weight losses % at 1000 °C. The thermograms are given in Fig.
S4a (see the Supplementary Material), and the weight losses as a function of time are shown in
Figure 3a. AMCP_SIF samples show a time-dependent weight loss, which is in all cases higher than
that of AMCP_H,0 (the weight loss of the particles prepared in water is 19+1% and does not
significantly change over time). The higher weight loss observed for AMCPs prepared in SIF is
consistent with the thermal degradation of some organic material incorporated into particles: in fact,
the TGA profiles of the analyzed samples differ in the extent of the weight losses in the range 200-
450 °C, due to the degradation of organic molecules (see the derivative thermogravimetric curves in
Fig. S4b).
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Fig. 3: (a) Weight losses % at 1000 °C of AMCP_SIF as a function of reaction time. The error bars associated to the
experimental points, which are the 5% of the value, take into account the discrepancies arising from different
measurements on samples obtained from two analogous syntheses. (b) Heat flow profiles of AMCP_SIF, compared
with AMCP_H,O (red curve). The curves are offset for display purposes. The baselines were subtracted using a 3™

order polynomial function.

The amount of organic material in AMCP_SIF samples increases during the early stages of the
synthesis, reaches a maximum after ~4 days and then decreases. The samples showing the highest
weight losses are the ones displaying, in the FT-IR spectra, the peaks at 1733 cm™, 2855 cm™ and
2927 cm™, confirming that these additional infrared features are due to the higher relative amount
of organic material in the samples. Some important information can also be obtained from the heat
flow profile acquired simultaneously to the thermogravimetry experiments (see Fig. 3b): while
heating, two exothermic events appear in the heat flow profile of AMCP_H,0O 15min, which

correspond to crystallization processes (conversion to a crystalline sodium calcium magnesium

12



phosphate, see [14]). The amorphous particles prepared in SIF also crystallize when heated, but the
exothermic peaks are shifted toward lower temperatures, despite converting to the same phase (see
Fig. S5 in the Supplementary Material). As exothermic transitions occur from a less ordered to a
more ordered state, the shift to lower temperatures of the peaks indicates that less energy is required
for the crystallization to occur for AMCP-SIF samples, suggesting that the amorphous phase is even
more disordered than when prepared in water, i.e. it is easier for the structural units composing

AMCP to re-arrange into a crystalline form.

3.4 AMCP nanostructure

The structure at the nanoscale of AMCPs prepared in SIF was compared to their counterpart
obtained in water to investigate if lecithin and taurocholate affect the nanostructure of the
amorphous particles. As the endogenous self-assembly of AMCPs constantly occurs in mammalian
gut, we inspected the structure of AMCPs obtained after few minutes from the beginning of the
reaction, as we expect the in vivo formation process to be relatively fast.

TEM micrographs of AMCP_SIF_15min and AMCP_H,O_15min are compared in Figure 4. The
images at lower magnification (Fig. 4a and b) confirm the observations conducted over SEM
results, i.e. the amorphous particles obtained in SIF (Fig. 4a) are smaller than the ones synthesized
in water (Fig. 4b); moreover, in both cases, the nanometric objects are clustered and endowed with
nanometric porosities, similarly to the endogenous ones [5]. We verified that particles’
agglomeration does not occur on TEM grid as a consequence of sample preparation by analyzing
aliquots directly withdrawn from the reacting solution by means of granulometry; the obtained size
distributions confirmed that particles’ agglomeration occurs in solution (see Fig. S6 in the

Supplementary Material).
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Fig. 4: TEM micrographs of (a + ¢) AMCP_SIF_15min and (b + d) AMCP_H,O_15min at low (a+b) and high (c+d)

magnification. Theblack arrows in ¢ highlight the core-shell-like structures.

The high magnification micrographs (Fig. 4c and d) reveal a very peculiar feature of AMCPs
prepared in SIF. Together with clustered structures analogous to the ones obtained from the
synthesis in water, we can observe isolated core-shell structures (highlighted by the black arrows in
Fig. 4 c). These objects have a core diameter of (10 + 3) nm and a shell thickness of (3 £ 1) nm (see
the size distribution in Fig. S7 in the Supplementary Material). As the shell is more electron-dense
than the core, we hypothesize that when AMCP self-assemble in the SIF, a portion of the inorganic
material forms a shell on the micelles that are present in the fluid (see paragraph 3.1) resulting in
core-shell structures. This hypothesis can be supported by the fact that the hydrodynamic diameter
obtained by DLS and the core of the objects observed by means of TEM are compatible. In
addition, the possibility that the cited objects consist of simple micelles can be excluded,
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considering that freeze-drying generally leads to the aggregation and/or disruption of self-
assembled structures [46,47]; moreover, taurocholate-lecithin micelles are typically observed under
cryo-TEM [19,24,48] showing mostly vesicular structures, while here the appearance of the shell
suggests the presence of a homogeneous electron-dense material on the outer layer.

Therefore, our findings suggest that at least a part of the organic material, detected by means of FT-
IR spectroscopy and TGA, is incorporated in AMCPs thanks to the self-assembled
taurocholate/lecithin structures present in solution.

Hollow nanospheres made of calcium phosphate have already been reported in the literature in the
presence of several templating agents, such as block copolymers [49,50], lecithin [30], polystyrene
[51] and phenol-formaldehyde resin spheres [52], polyelectrolytes [53], amino acids and dipeptides
[54], and surfactants [55].

AMCP structure at the nanoscale was further explored by means of SAXS analysis. The curves of
both AMCP_SIF_15min and AMCP_H,0_15min, reported in Figure 5, display a very low
scattering intensity at high q values (q > 0.1 A™) followed by an upturn in the mid- and low-q

regions due to the presence of AMCP aggregates.

O AMCP_SIF_15min
0O AMCP_H,0_15min

| (a.u.)

2 3 456 2 3 45
0.01 0.1
-1
a(A)
Fig. 5: Log-log representation of SAXS curves of AMCP_SIF_15min (red circles) and AMCP_H,0O_15min (blue

squares) samples. Black solid and dashed lines represent curve fittings according to Eq. (1).
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The presence of core-shell particles as revealed by TEM micrographs on AMCP_SIF_15min
sample is not found in the SAXS curve, thus suggesting that the overall scattering intensity is
mainly dominated by the aggregates. Filtering AMCP_SIF_15min sample with 0.22 um filters
resulted in a clearer solution, however the SAXS intensity was very low (not shown) and, again, a
slight upturn was found at low q values. This indicates that the scattering from the single particle is
extremely poor, probably due to low contrast between AMCP and the solvent.

Fitting the AMCP_H,0_15min linear pattern in the 0.01 > q > 0.1 A™ range with Eq. (1) (black
solid line in Fig. 5) results in p = 3.37 + 0.01. According to Eqg. (2), this corresponds to a surface-
fractal dimension Ds = 2.63. For AMCP_SIF_15min, a similar pattern is found in the mid-q region
with p = 3.45 £ 0.01 and D = 2.55, which indicates that, in this dimensional range, the surface of
AMCP particles in SIF is slightly rougher than that in water. More interestingly, a second power
law dominates the scattering in the low-q region with p = Dy =2.37 + 0.01 (black dashed line). The
cause of this surface (primary domain) to mass (secondary domain) fractal crossover can be found
in the micelles present in SIF structuring the AMCP aggregates into less compact domains. This
behavior has been previously reported for particles assembling in solutions and gels when the
environment surrounding the particles is changed [56-58], which in our case can be referred to the

use of water or SIF as the reaction medium.

4. Conclusions

This work deals with the physico-chemical investigation of the formation and stability of
amorphous magnesium-calcium phosphates in a simulated intestinal fluid. The relevance of AMCPs
has recently emerged because of the discovery of their endogenous formation in human small
intestine. This process, which has a role in the immune-surveillance mechanisms of our organism, is
far from being completely understood [5]. As the formation of amorphous calcium phosphates in
complex media mimicking intestinal fluids has never been investigated so far, in this study we
synthesized AMCPs in a commercial SIF, which specifically reproduces the ileum region of the gut
and contains sodium taurocholate and lecithin. The effect of the two separate components on the
precipitation of CaPs was barely addressed in the literature [27,28,30,31]; here, we focused our
attention on a system containing both molecules in biorelevant conditions, as the simultaneous
presence of the two components well mimics the in vivo conditions of the ileum. By comparing the
features of the obtained particles with the ones of AMCPs produced in water with an analogous
method, we found out that the presence of lecithin and taurocholate prolongs the lifetime of the

amorphous phase, delaying the conversion of AMCP to bobierrite. This stabilizing action is likely
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due to the effect of taurocholate, which is known to inhibit the precipitation of crystalline calcium
phosphates [27]. The morphology of AMCPs in the two synthetic media is also different, as the
particles forming in the SIF are smaller and less aggregated than in water. We also observed that
AMCPs are able to incorporate the organic molecules present in the fluid in a time-dependent
manner, as shown by means of both FT-IR spectroscopy and thermal analysis. This feature, which
is a characteristic of endogenous AMCPs [5], is retained in vitro in agreement with previous
literature reports [6]. The nanoscale structure of the amorphous particles was further inspected, and
TEM analysis revealed a very peculiar structure in AMCPs_SIF: together with clustered particles, it
was possible to observe some core-shell structures, with a 10 nm-core and an electron-dense 3 nm-
shell. The formation of these objects is likely driven by the presence of self-assembled structures in
the SIF with a hydrodynamic radius of 17 nm that we detected by means of DLS. These self-
assembled objects possibly are mixed micelles formed by lecithin-and sodium taurocholate, which
have been described in similar media [19-21,24,25]. Finally, SAXS analysis revealed a different
fractal structure for AMCPs synthesized in water or in SIF. In particular, for the latter, a surface-to-
mass fractal crossover is found at low scattering vectors, thus revealing distinct aggregation patterns
for the two AMCPs in solution. This behavior could influence the crystallization process and
consequently provide an explanation to the differences in the temporal stability of the amorphous
phases in the two mediums.

As a next step, we aim at addressing the formation of AMCPs in progressively more complex
media, exploiting interdisciplinary collaborations with biologists and medics: in fact, a fundamental
part of the gut functioning is due to the mutualistic relationship with a huge number of species of
microorganisms (both bacteria and fungi). The importance of this flora on the intestinal health is
proved and is'still an active field of research; the effect of the intestinal microbiota and micobiota
on the process.of AMCP formation, which is involved in the immunosurveillance mechanisms, is

likely to be of great relevance.
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