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Abstract

This work of thesis deals with the physico-chemical investigation of
biologically-relevant  calcium and magnesium  phosphate-based
nanostructures. The motivation of this work relies on the evidence that these
materials constitute the main inorganic components of human body, where
they are present in several locations and fulfill a great number of functions.
The study of their formation in bio-relevant conditions is thus noteworthy, as
it could contribute both to unravel the in vivo formation mechanisms, as well
as to guide in the design of tailored materials for biomedical applications. In
this thesis, we mainly focused on two recently-discovered systems, which are
amorphous magnesium-calcium phosphate nanoparticles (AMCPs) present
in mammalians’ gut and magnesium phosphate-based bone cements (MPCs).
As far as the first topic is concerned, we aimed at studying the formation of
synthetic analogs of AMCPs in conditions mimicking to a certain extent the
in vivo milieu, with the ultimate goal of connecting the physico-chemical
findings with the physiological and pathological role of AMCPs, given their
involvement at the immune level. We inspected the effect of pH and Mg? on
the lifetime of the amorphous phase, and we investigated how representative
molecules belonging to soft matter, present in the gut and in simulated
intestinal fluids, affect the formation and the features of AMCPs. We also
investigated the possibility of including bio-relevant proteins within the
inorganic structure. In all these case studies, the particles were characterized
by means of a multi-technique approach, which allowed us to obtain a
complete physico-chemical overview of the system. Aiming at assessing the
potentialities of phosphate-based nanostructures for biomedical applications,
we chose to focus our attention on MPCs, which are a new category of bone
cements whose features still need to be completely established. These
materials, which are obtained upon the mixing of a powder component and
an aqueous-based solution, were assessed in terms of cohesion, setting time,
crystallinity, microstructure and mechanical properties. We characterized
how these properties change according to formulation parameters and due
to the inclusion of citrate and polymeric additives. These investigations
demonstrate our ability to tune the features of these cements, making them

effective candidates for orthopedic applications.
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Preface

This work of thesis deals with the physico-chemical investigation of
biologically-relevant  calcium and magnesium  phosphate-based
nanostructures. The motivation of this work relies on the evidence that these
materials are the main inorganic components of human body, where they are
present in several locations and fulfill a great number of functions. The study
of their formation in bio-relevant conditions is thus noteworthy, as it could
both contribute to unravel the in vivo formation mechanisms, as well as to
guide in the design of tailored materials for biomedical applications. In this
thesis, we mainly focused on two recently-discovered systems, which are
amorphous magnesium-calcium phosphate nanoparticles present in the
mammalians’ gut and magnesium phosphate-based bone cements.

In Chapter 1, the state of the art and the concepts necessary to contextualize
the conducted work are presented. Chapter 2 and Chapter 3 describe the
results attained in the investigation of, respectively, amorphous magnesium-
calcium phosphate nanoparticles and magnesium phosphate-based bone
cements: each chapter is divided in sub-sections, which give an overview of
the different aspects explored throughout this PhD. Chapter 4 presents the
conclusions and the future perspectives of the conducted work.

The experimental details about the techniques used in the experiments are
reported in Appendix I, while in Appendix II the papers published during
my PhD are reprinted with permission from the publisher; papers from I to
V are related to this PhD research project, whereas papers VI and VII pertain
to works not directly related to the PhD project, but were published within
the same period. In Appendix III, the abstracts of the manuscripts currently

in preparation are reported.
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1 Introduction

1 Introduction

1.1 Calcium and Magnesium Phosphates

Inorganic nanostructured phosphates, especially calcium and magnesium-
based, are essential components of living organisms, since they contribute to
maintain their structure and guarantee the correct functioning [1]. The
(ortho)phosphate group (PO+*), which is structurally different from meta
(POs), pyro (P207+) and poly (POs)n™, comprises PO4+*, H:2POs* and HPO4*[2].
The speciation of these anions in water depends on the pH of the solution, as
it is shown in Figure 1.1 (Ka=7.50-10-3, Kar=6.20-10-%, Kam=1.70-10-2) [3].

[H;PO ]

= [H,PO/]

K=750x10° K,=6.20x 10° K,=1.70x 10"
= [HPO?] ' " 2 s
- PO H,PO,= H,PO; = HPO>= PO,

0 2 4 6 8 10 12 14
pH

Figure 1.1: Triprotic equilibrium for orthophosphoric acid solutions as a function of pH,
reprinted with permission from [3].

Due to this triprotic equilibrium, the typologies of calcium phosphates (CaPs)
and magnesium phosphates (MgPs) that can crystallize are various;
moreover, the two cations can be simultaneously combined with phosphate
in mixed Ca-Mg phases. The array of compounds which results from these

interactions is listed in Table 1.1.
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Table 1.1: Main CaP, CaMgP and MgP crystalline phases [1, 4, 5]; the bold formulas refer to
the phases which will be encountered in this thesis.

Chemical formula Mineral name Chemical name Acronym
M Ici hosphat
Ca(H:POL): ) onocalcium phosphate MCPA
anhydrous
M Ici hosphat
Ca(H:PO)H:0 - onocaleium phosphate MCPM
monohydrate
CaHPO4 Monetite Dicalcium phosphate DCPA
CaHPO:-2H-0 Brushite Dicalcium phosphate dihydrate DCPD
a-/B-Cas(POs)2 - a-/p-Tricalcium phosphate TCP
Pentacalci hydroxid
Can(POs4)s(OH)2 Hydroxyapatite E,m acalcium hydroxade HA
tris(phosphate)
Pentacalci hlorid:
Caio(PO)ClL Chloroapatite entacateium coride CIAP
tris(phosphate)
Pentacalci fluorid
Caio(POs)eF2 Fluorapatite entacaleium Huoride FAP
tris(phosphate)
Ca1(PO4)sO Voelckerite Oxyapatite OA
Cas(PO4)20 Hilgenstockite Tetracalcium phosphate TTCP
Ca10(PO4,COs)s(OH, COs):2 Dahlite Carbonated hydroxyapatite CHA
Cas(HPOu)2(POs4)s+-5H20 - Octacalcium phosphate ocp
Nonacalcium magnesium
CasMgHPO4(POx)s Whitlockite hydrogenphosphate TCMP
hexaphosphate
Tet Ici t i
CasMgs(POs)s Stanfieldite etracaicium pentamagnesium | ppyp
hexaphosphate
MgHPO. - Magnesium hydrogen phosphate | MHP
M i hyd hosphat
MgHPO.-3H:0 Newberyite agnestum Aydrogen PROSPAAE | pvipr
trihydrate
Mg3(PO4): Farringtonite Trimagnesium bis(phosphate) T™P
Tri i is(phosphat
Mgs(PO4)28H:0 Bobierrite rimagnesium bis(phosphate) TMPO
octahydrate
Tri i is(phosphat
Mg:(PO1)2-22H:0 Caattite rimagnesium bis(phosphate) TMPD
docosahydrate
Mg:POOH-4H:0 Holtedahlite Dimagnesium DHPT
hydroxyphosphate tetrahydrate
A : -
MgNH:PO:-H:0 Dittmarite PUTIOTIN magnesitin AMPM
phosphate monohydrate
A - -
MgNH:PO:-6H:0 Struvite PUTIOTILN magnesitim AMPH
phosphate hexaydrate
Diammonium magnesium
Mg(NHsHPO4)2-4H=0 Schertelite dihydrogen phosphate AMDT
tetrahydrate
T - di -
Mga(NH)2(HPOs):-8H:0 Hannayite rimagnesium 1AM | 1hHo

hydrogen phosphate octahydrate
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Each phase is endowed with a specific solubility and stability, in relation to
temperature and pH [1, 4, 6]. For CaPs, the Ca/P ratio varies from 0.5 to 2.0,
while Mg/P ratio ranges from 1.0 to 2.0 for MgPs. CaP is often regarded as
the most important example of inorganic biomineral, constituting the
majority of hard tissues of human body (see section 1.2). Given its relevance,
it has been employed in a wide range of applications: apart from the
biomedical ones, which are detailed in section 1.4, it has been used for water
treatment, as fertilizer, for solid nuclear waste and as source of phosphorous
[7]. Many synthesis methods have been developed to obtain CaPs with
tailored size, shape and crystallinity [8], and several reviews address the
features of each specific CaP phase [2, 4, 6]. MgP has, in general, received less
attention than CaP. The use of MgP-based materials for biomedical
applications is an emerging research area (see section 1.4), whereas they have
been mainly employed in agricultural, environmental and civil engineering
fields [9-12]. Before discussing the bio-relevant forms of CaPs and MgPs,
which are the focus of this work of thesis, it is important to highlight that a
complex equilibrium between these two classes of minerals exists in solution,
due to their different stability and solubility. As a proof of that, the stability
field diagrams reported in the literature (see Figure 1.2) clearly show that
when both Mg? and Ca?" are present in solution (together with phosphate
and ammonium), the formation of a certain phase over another one depends
on the ions” activity and pH; the simultaneous crystallization in solution of
different phases can also occur [1]. As in vivo the interplay of these two ions

plays a pivotal role [13], the fate of CaPs and MgPs is inevitably connected.

|
newbelryne

Figure 1.2: Stability fields diagrams for CaPs and MgPs in solution at 298.15 K. The axes refer
to Ca?* and Mg?* activity in solution and pH. Each surface corresponds to a three-phase
equilibrium, two adjacent solid phases and aqueous solution. In (a) and (b), the boundary
between newberyite and struvite corresponds to loganhs+=-1.5. Reproduced from [1].
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1 Introduction

1.2 Relevance of CaP and MgP in human body

Among the different forms of CaP and MgP listed in Table 1.1, a significant
number of them can be found in human body as physiological or pathological
calcifications. Normal mineralized tissues contain mainly CaPs with an
apatitic structure, whereas magnesium ions exist, in normal calcifications, at
trace levels inside the calcium-containing solid phase structures [1]. Table 1.2
summarizes the distribution of these phases in the human body, further

discussed in the sections below.

Table 1.2: Distribution of calcium and magnesium phosphate-based crystalline phases in
human body. The phase constituting normal calcifications is referred to as “Carbonated
calcium-deficient HA”, even if some compositional differences among the three locations exist
(see Table 1.3).

Location Phase References

Bone Carbonated calcium-deficient HA | [4, 14]
Normal

Enamel Carbonated calcium-deficient HA [4, 15, 16]
calcifications

Dentin Carbonated calcium-deficient HA | [4, 16]

Dental calculi Whitlockite, Brushite, OCP, CHA [17]

Salivary stones Whitlockite, HA [18]
Pathological | Kidney-Urinary stones | Struvite, Newberyite, CHA [18, 19]
calcifications | Gallstones HA (1]

Pseudo-gout Calcium pyrophosphate dihydrate | [20, 21]

Atherosclerotic plaques | CaP-based (non-specified) [22, 23]

1.2.1 Bone

The most notable example of phosphate-based deposits in human body is
constituted by non-stoichiometric apatite-based crystals, which comprise the
inorganic matrix of bone and teeth. In bone, the inorganic phase is composed
by nanometric platelets (~50 x 25 x 4 nm) of calcium-deficient hydroxyapatite
(CDHA), whose growth is templated by soft collagen fibers (typical bone
composition: 65 %wt inorganic, 25 %wt organic, 10 %wt water, see Table 1.3)
[4]. Several impurities (carbonate, sodium, fluoride, chloride) are embedded
in the apatitic structure, resulting in a poorly crystalline material [4, 24].

Magnesium is also present in bone (0.72 %wt) and resides either on the

4



1 Introduction

surface of HA or in the hydration shell around the crystal [25]. The amount
of Mg? in bone mineral is reported to decrease with increasing calcification,
leading to a growth in crystallinity and stability [26, 27]. Another minor but
important component is citrate, which bridges between mineral HA platelets
and is involved in the control of their crystallinity [28]. The general formula
for biological apatites can be indicated as (Ca,Na,Mg,X)10(POs, HPOs,,
CO:s)s(OH,Y)2 where X can be any other cation substituting for Ca and Y can
be CI- or F- substituting for (OH) [17].

Table 1.3: Typical composition of the inorganic phase of human calcified tissues [29].

Composition [Y%owt] Bone Enamel Dentin
Calcium 34.8 36.5 35.1
Phosphorus 15.2 17.7 16.9
Ca/P (molar ratio) 1.71 1.63 1.61
Sodium 0.9 0.5 0.6
Magnesium 0.72 0.44 1.26
Potassium 0.03 0.08 0.05
Carbonate 74 3.5 5.6
Fluoride 0.03 0.01 0.06
Chloride 0.13 0.30 0.01
Pyrophosphate 0.07 0.022 0.10
Total inorganic 65 97 70
Total organic 25 1.5 20
Water 10 1.5 10

The mineralized matrix made of HA and collagen constitutes a complex and
organized framework that provides mechanical support and exerts an
essential role in the bone homeostasis; moreover, it hosts different types of
cells involved in the dynamics of bone formation and remodeling, namely
osteoclasts, osteoblasts and osteocytes [30, 31]. Osteoblasts and osteoclasts
located at the outer and inner surfaces of bone are responsible for the renewal
of bone tissues, so called remodeling, given by the simultaneous resorption
of old bone by osteoclasts and the formation of new one by osteoblasts;
osteocytes contribute to the maintenance of bone structure. The continuous

remodeling process is presumably facilitated by the small size and/or non-
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stoichiometry of the crystals, which endows the mineral phase with the
solubility needed for bone’s resorption by osteoclasts [14].

The hierarchical structure of bone is depicted in Figure 1.3: the combination
at the atomic scale of the stiff HA-based platelets with the flexibility of a
protein-based matrix results in a material with remarkable mechanical
properties, i.e. a light-weight material able to carry large loads [32].
Mineralized

Fibres collagen
fibrils

Osteons and
Haversian

Bone
tissue

Collagen and
hydroxyapatite

Macro ~100 um ~50 um ~5pum ~ 500 nm Atomic
scale Osteon diameter Fibre patterns Fibre diameter Fibril diameter scale

Figure 1.3: Hierarchical structure of bone, ranging from the macroscale skeleton to nanoscale
collagen and HA. Reproduced with permission from [32].

1.2.2 Teeth

Teeth is constituted by three main parts, namely enamel (outer surface),
dentin (bulk of the teeth) and cementum (layer around the root). The former
is a rigid, inert and acellular layer, composed by 97 %wt of a dense array of
needle-shaped carbonate-substituted apatite crystals (diameter ~50 nm and
length of tens of um). The c-axes of these crystals are aligned and form
micrometric rods, resulting in an intricate 3D network that constitutes the
bulk of enamel [15]; this peculiar arrangement reduces cracks propagation
and enhances its mechanical strength and fatigue resistance [33], making it
the hardest substance of our body [4]. In contrast to enamel, dentin and
cementum are mineralized connective tissues with an organic matrix made
of collagenous proteins and an inorganic phase with a crystallinity similar to
bone (typical crystal size 35 x 25 x 4 nm). From a compositional viewpoint,
bone, enamel and dentin differ in the concentration of important minor
constituents (namely, Mg?* and COs%*, see Table 1.3) and in dissolution
properties: the extent of in vitro dissolution in acidic buffer was shown to
decrease in the order: bone=dentine >> enamel, consistently with the higher
crystallinity of the latter [17].
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1.2.3 Pathological calcifications

In normal situations, CaP calcifications are restricted to bone and teeth;
ageing and diseases (atherosclerosis, arthritis, diabetes, cancer...) can cause
the alteration of regular biological pathways, resulting in ectopic crystal
depositions (inappropriate biomineralization occurring in soft tissues [34])
which may lead to diseases and mortality. The composition of pathological
calcifications differs from that of normal CaP depositions in bone and teeth.
For instance, calculi (concretions of material, usually mineral salts, that form
in an organ or duct of the body) can be composed by different forms of CaP
and MgP. Dental calculi consist of mixed phases of brushite, OCP, whitlockite
and CHA. The relative abundance of the different phases depends on age (of
the person and of the calculus itself) and location (sub- or supra-gingival)
[35-39]. Salivary gland stones are also constituted by HA and whitlockite as
major components, while OCP and brushite are rarely detected [40]. Kidney
and urinary stones are typically composed by several phases including
struvite, dittmarite, newberyite and CHA [19, 41-43]. Despite being mainly
formed by cholesterol, stones formed in the gallbladder (gallstones) can
include HA as a significant component, in particular in the black-pigment
ones [1]. A peculiar pathology linked to undesired calcifications is pseudo-
gout, a form of arthritis caused by the crystallization of calcium
pyrophosphate dehydrate in the synovial fluid of the joints [20, 21]. Another
disease in which CalP-based calcifications are involved is atherosclerosis, in
which the formation of plaques containing cholesterol, cholesterol esters,
phospholipids and calcium phosphate form within artery walls [16, 22, 23].
Such plaques result in a narrowing of major arteries, which cause the
restriction of blood flow to tissue, potentially leading to heart attacks and
strokes. A complete overview of all the pathological phosphate-based

calcifications can be found in the literature [4].
1.3 Amorphous calcium and magnesium phosphates

Besides crystalline CaP and MgP deposits discussed in the previous section,

amorphous calcium phosphates (ACP) and amorphous magnesium-calcium
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phosphates (AMCP) are very frequent forms of CaP in biological organisms
and play a fundamental role in their structure and functioning [44].
Amorphous materials, defined as highly disordered structures which lack of
the long-range order at the atomic level characteristic of crystals [45], are
significant to various aspects of evolution and life of biological organisms:
Nature often takes advantage of this type of structures in opposition to more
energetically-defined and ordered crystals, as their flexibility is useful to
interface with the versatility of living organisms [46]. As a proof of that,
amorphous materials represent ~ 20 % of approximately 60 different
inorganic compounds and minerals formed by living organisms [47] and, in
many biomineralization processes, the amorphous material is often the
precursor to the formation of the crystalline counterpart [48]. The most
notable example is calcium carbonate, which is produced in amorphous form
by organisms such as crustaceans, sea urchins and certain mollusks [49-51].
As we outlined in a recent review, some specific structures in human body
are made of CaP in its amorphous state [52]. The fact that such a
thermodynamically unstable phase [53] is preserved in different sites of our
body is intriguing, suggesting that the amorphous nature is crucial for the
material to perform specific biological functions. Before reviewing the
endogenous forms of ACP and Mg-substituted ACP, its main features are
presented in section 1.3.1. We do not focus on amorphous magnesium

phosphate (AMP) as this phase is not naturally-present in human body.

1.3.1 Features of ACP

The first report about ACP dates back to 1953, when Watson and Robinson
described the formation of a “finely granular” precipitate resulting from the
mixing of concentrated solutions of CaCl2 and Na2zHPOs, which displayed no
electron diffraction pattern [54]. It is nowadays agreed that when mixing two
solutions containing calcium and phosphate ions at sufficiently high
supersaturation and pH, ACP with a molar Ca/P ratio between 1.18 and 2.50
forms [2]. The formation of non-crystalline calcium phosphate is a kinetic
phenomenon [55]: the mixing of highly concentrated solutions creates

sufficiently strong stochastic interactions among calcium and phosphate ions
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so that they can form highly hydrated clusters that separate from the solution
in a gel-like state [53]. The formed ACP is very unstable: being its
precipitation kinetically-driven, hydrolysis and crystallization proceed by a
sequential process which involves structural and compositional
modifications of the amorphous precursors and crystalline intermediates
(such as OCP), rather than a single-step pathway (see Figure 1.4a) [53, 56].
This precipitation mechanism is known as “Ostwald-Lussac Law of Stages”:
a disordered and highly soluble phase first forms and, through a series of
phase transformations, eventually converts into a poorly soluble and more

ordered crystalline phase [57, 58].

Thermodynamic b

A ACP o / ‘7

particle & b -~
A | _,_ N ’ ® \
Ca

Solution
(M*ag+ Xad) — _'2_ -— .
Amorphous 3 i LAG"

Kinetic Intermediate &, J AGss Cag(P04)6

phases ~—se- 3
B

Final mineral
(crystalline)

Figure 1.4: (a) Crystallization pathways under thermodynamic (A) and kinetic (B) control. A
system follows a one-step route to the final mineral phase (pathway A) or proceeds by
sequential precipitation (pathway B), depending on the free energy of activation (AG)
associated with nucleation (n), growth (g), and phase transformation (t); (b) Model of ACP
structure (Posner’s cluster). Reproduced with permission from [52].

For ACP, the final step of the crystallization process is HA at neutral and
alkaline pH or brushite at acidic pH [59]. It is important to note that ACP is
not a mandatory precursor to crystalline CaP, as when sufficiently diluted
solutions are used, apatite formation can occur without the detection of an
amorphous precursor (A pathway in Figure 1.4a) [60, 61].

Though ACP is an amorphous material, a short-range order corresponding
to Cas(PO4)s units (“Posner’s clusters”) was proposed by Posner and Betts in
1974 [62]; the structural unit, whose size is about 9.5 A, is depicted in Figure
1.4b. According to the Posner’s model, the clusters randomly aggregate into
spherical objects with a diameter of 30-100 nm, generating the typical
morphology of ACP [63]. In ACP’s structure, water plays a role, too: the

freeze-dried material contains a relevant amount (15-20 %) of bound water,
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which is located on the surface and in the interstices between the Cas(POx4)s
clusters [64]. While the validity of Posner’s model has been corroborated by
recent studies [65], much effort has been pursued in the last decade in the
investigation of the first stages of ACP formation. In 2010 Dey et al. showed
that surface-induced crystal nucleation of CaP is initiated by the generation
of pre-nucleation clusters that densify at a templating surface, leading to the
formation of an amorphous precursor phase which eventually transforms
into crystalline apatite [66]. Later, a work from Habraken et al. unveiled the
chemical nature of the process, showing that pre-nucleation clusters
preceding ACP formation consist of soluble ion-association complexes
[Ca(HPO4)3]* that form 3D polymeric networks in solution [67]. Above the
solubility limit of ACP, these aggregated pre-nucleation complexes collect
Ca%* from the solution and form insoluble post-nucleation clusters of
[Caz(HPOs)3]*, which then precipitate as ACP; the continuous Ca? uptake
converts ACP into OCP and subsequently into apatite. For further details
about the pre-nucleation clusters theory and crystallization, the reader is

referred elsewhere [68].
1.3.2 Stabilization strategies

Unless stabilizing agents are present in solution, when ACP forms or when it
is dispersed in an aqueous medium it rapidly hydrolyses and subsequently
converts into a more stable crystalline form of CaP. Several works have
addressed the effect of factors such as temperature, pH or presence of
ions/molecules in solution on the crystallization kinetic of ACP. A decrease
in temperature [69, 70] and an increase in pH [70] delay the conversion of
ACP to HA. In addition, it was recently reported that the formation of CaP in
confined environments can lead to the stabilization of the amorphous
precursor [71, 72].

The most effective strategy to enhance the lifetime of the amorphous phase
in solution is the addition of foreign ions or molecules/macromolecules. The
effect of Mg? has been extensively investigated in the literature, and several
stabilization mechanisms have been proposed. A seminal work by Boskey
and Posner addressed the conversion of ACP to HA at different Mg?*
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concentrations [73]. The authors report that an increase in Mg/Ca ratio from
0 to 0.04 results in a ~ 9 times extension of the amorphous phase lifetime at
26 °C, ~ 4 times at 37.5 °C and ~ 7 at 48 °C, concluding that the presence of
Mg?" decreases the solubility of ACP. In contrast, Bachra et al. attributed the
stabilization effect to Mg?* ability to form stronger complexes than Ca?*" with
phosphate [74]. The group of Christoffersen et al. suggested that Mg?* slows
the transformation of ACP1 to ACP2, being ACP1 the initial fast-precipitating
spherular amorphous form of CaP, which converts into a floccular form
called ACP2 [75, 76]. Abbona and Baronnet proposed that the stabilizing
action of Mg? is ascribable to the initial substitution for Ca?" in Posner’s
clusters, which induces mechanical strains and hinders HA nucleation [77].
In some conditions, ACP prepared in the presence of magnesium can reach
impressive stabilities: for instance, the amorphous phase can last up to 145
days when ACP is prepared at pH 10, 32.5 °C and with Mg/Ca ratio 0.25 [78].
Despite the large number of investigations conducted from the sixties, the
precise role of Mg on HA formation is still considerably debated, as shown
by the several papers published on this topic in the last decade [79-83].
According to Yang et al., the formation of magnesium-phosphate ion pairs
may reduce the thermodynamic driving force for ACP nucleation and phase
transformation to HA [80], while the role of Mg? ions at the surface was
elucidated by Ding et al. [81]. From the literature data reported so far, we can
infer that precise pathway through which Mg? stabilizes the amorphous
phase, which possibly results from the combination of multiple mechanisms,
is only partly established, and requires further investigations. Besides Mg?*,
other cations which have shown a stabilizing action are Ga*[84], Cd>*[85], Sr?*
and Zn?*[86]. Some anions also exert an effect on ACP stability, including F-
[74, 87, 88], P20 [86, 88, 89], COs* [90-92] and citrate (CsHsO7>) [93, 94].

Biologically-relevant molecules can also act as stabilizing agents for ACP.
Early studies showed that ATP (adenosine triphosphate, the molecule which
provides energy to cells) is able to stabilize ACP [95-97], sometimes in
combination with Mg?[98, 99]. The influence of some naturally-occurring
biomacromolecules which can be found in human body has been explored:
to cite some examples, casein phosphopeptide (derived from the milk protein
casein by tryptic digestion) binds calcium and phosphate ions in an

amorphous state, through the formation of complexes [100]. Proteoglycans,
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heavily glycosylated proteins which play a role in regulating mineralization
processes, are potent inhibitors of HA formation [101, 102].
Phosphatidylserine (PS), an acidic phospholipid which is concentrated in
matrix vesicles (organelles believed to be the site of initial bone, dentine and
cartilage calcification [103]), has a variable effect on in vitro HA proliferation
[104, 105]. The effect of bile acids was also investigated, given the fact that
HA can comprise up to 30 % of the total mass of black pigment stones [106].
Taurocholic acid does not influence the stability of the amorphous phase,
while glycochenodeoxycholic acid prevents transformation of amorphous
calcium phosphate to crystalline HA by competitively inhibiting the
accumulation of phosphate on the crystal embryo surface [107].

In addition to the naturally-existing macromolecules, some synthetic
polymers display the ability to slow down the conversion of ACP to
crystalline CaP. Despite their synthetic nature, the study of their interaction
with amorphous phosphates is relevant in view of their inclusion in ACP-
based biomaterials, such as in the field of bone and teeth remineralization.
Some examples include PEG (poly(ethylene glycol)) [108, 109], PAA
(poly(acylic acid)) [110, 111], polyelectrolytes [112], poly(amino acids) [88,
113].

1.3.3 Endogenous forms of ACP and AMCP
The locations in which amorphous calcium phosphate is present in human

body are bone, enamel, calciprotein particles in blood, casein micelles in milk

and the small intestine (see the sketch in Figure 1.5).

ENAMEL
@ Mg-ACP
é
Casein Micelles BLOOD ‘

Calciprotein Particles

B 7
AMCP particles Is there ACP in bone?

Figure 1.5: Cartoon summarizing the locations of human body in which ACP and Mg-
substituted ACP is present. Reproduced with permission from [52].
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In this section, we briefly outline the features of the first four classes, whereas
we give a detailed overview of AMCP particles in the small intestine, which

have been specifically addressed in this work of thesis.

1.3.3.1 Bomne

The controversy of ACP in bone was considerably debated for a long time,
and it is presented in this section in an historical perspective. Early
investigations suggested that a significant portion of mammalian bone
mineral could be constituted by ACP, its amount decreasing with aging [114-
117]. In the seventies, Posner questioned these conclusions, stating that the
amount of ACP in bone mineral could not be higher than 10 % [118] (early
estimates suggested ~40 % [117]). A successive work by Grynpas et al. ruled
out the existence of ACP in young bone mineral of embryonic chicks [119]. In
1997, Boskey reported that at the beginning of the ‘90s this controversy was
overcome by the application of high resolution techniques that succeeded in
revealing that 99 % of bone mineral consists of poorly crystalline
hydroxyapatite [60]. However, it should be kept in mind that the
characterization of the newly formed mineral deposits in a tissue without
their alteration during sample preparation and/or analysis is challenging: the
use of wet and/or poorly preserved samples can trigger the conversion of
ACP into more stable apatite or OCP; moreover, water removal can affect
ACP stability, as its dehydration can lead to premature crystallization [44].
Another potential reason for the inability to detect biogenic ACP in bone
tissue is the hypothesis that this phase does not exist as separate particles but,
instead, as a layer on apatite crystals [120, 121]. All these considerations
highlight that the presence of ACP in mature bone mineral is not conclusively
demonstrated.

An issue which is closely related is the involvement of ACP as a precursor of
apatite formation in the biomineralization process, especially considering
that Nature often takes advantage of a transient precursor amorphous phase
for crystals formation [122]. Despite being serum concentrations of calcium
and phosphate much lower than it would be necessary for triggering the
precipitation of ACP [61, 123], the in vivo bone formation process is

significantly more complicated than what simple thermodynamic
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considerations about mineral precipitation would predict. In the last decade,
some studies were published supporting the theory of bone mineral
formation through ACP; even if these publications do not address specifically
the human bone, the findings are of outmost importance to make some
speculations of what may happen in our body. In 2006, Crane et al. studied
early mineral deposits in mice calvaria by means of micro-Raman
spectroscopy, showing that OCP is a precursor phase of bone apatite, and
suggesting that ACP may form before OCP [124]. The theory of OCP as a
precursor to bone mineral had been proposed in the past by Brown [125-127],
and the report by Crane ef al. is a significant step towards its demonstration.
Despite some distinguished opinions considered this paper a strong evidence
of the transient precursor strategy in vertebrates [128], others confuted the
conclusions of the work [129]. Later, Mahamid et al. showed that in the
continuously forming fin rays of a zebrafish the newly formed bone contains
large amounts of ACP [130, 131]. The mineral formation in larval zebrafish
caudal fin bone was successively studied in vivo by Weiner and Addadi, who
demonstrated the presence of intracellular mineral particles consisting of a
disordered calcium phosphate phase with characteristic features of OCP,
located both between bones and away from the mineralized bone, in close
association with blood vessels [132]. The presence of large amounts of
mineral particles bound to membranes in the mitochondria of osteoclasts and
osteoblasts was detected by the same group in the rapidly forming embryonic
chicken bone, suggesting new pathways of bone formation [133].

In conclusion, the presence and the role of the amorphous mineral phase at
the nanoscale in bone has garnered much attention in biomineralization
research community. It appears that ACP acts as the precursor for the
formation of bone mineral phase, and some evidences in animal experiments
suggest that it may be found as a component of mature bone; nevertheless, in
2016 Addadi et al. reported that “there is no direct evidence that crystals form
de novo inside the collagen fibril from a saturated solution or from an
amorphous precursor phase” [134]. Therefore, as the topic is highly
controversial and is currently the subject of active research from many
different groups, we believe that in the future new findings on the
biomineralization process will probably reshape these statements, further
clarifying the role of ACP on bone formation.
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1.3.3.2 Enamel

The features of the crystalline mineral composing tooth enamel have been
outlined in section 1.2.2. Dental enamel formation (i.e. amelogenesis) is a
complex process, which is the result of combined cellular and extracellular
processes that control growth, shape, location and arrangement of the
forming crystals [135, 136]. The presence of an amorphous transient mineral
phases in developing enamel has been suggested in several studies starting
from the eighties; in 2009, it was proved that the mineral nascent enamel
consists of a transient ribbon-shaped ACP, which in time transforms into the
final apatitic crystalline mineral [15]. The authors hypothesize that this
transformation may be triggered by proteolytic degradation of the enamel
matrix proteins (amelogenin and enamelin), which directly control the shape
and organization of the mineral particles. The crucial role of these proteins in
ACP stabilization was demonstrated in successive studies [137-139], as well
as the importance of their self-assembly in the stabilization of pre-nucleation
clusters [140].

In addition to its role as a transient precursor of crystalline apatite, it was
recently reported that a Mg-substituted amorphous calcium phosphate (Mg-
ACP) is present in mature enamel [141, 142]. It was first shown by atom probe
tomography that in regular rodent enamel, the Mg?* present (0.2-0.5 %wt)
segregates at grain boundaries; the analyses by means of X-ray absorption
techniques revealed that the environment of most Mg? in enamel exhibits
short- to medium-range order, showing the same spectrum of Mg-ACP [141].
This enduring amorphous phase has a dramatic influence on the physico-
chemical properties of enamel. In 2016, La Fontaine et al. reported a direct
observation of an intergranular Mg-rich ACP phase between apatite
nanowires in human mature enamel, by means of laser-assisted atom probe
tomography [142]. This amorphous layer is ~2 nm wide, and it is
homogeneously distributed along all sides of apatite nanowires. This Mg-
ACP phase is more soluble than crystalline apatite, making thus enamel rod

boundaries the most susceptible area to decay.
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1.3.3.3 Calciprotein particles in blood

The concentration of calcium and phosphate ions in blood is supersaturated
with respect to apatite: the ion activity product of [Ca?], [PO+] and [OH],
together with the solubility product (Ksp) of HA, results in a degree of
supersaturation ~ 12 for this mineral [143]. This would imply that any
nucleation event (contusions, injections, fractures etc...) would result in a
dramatic calcification of muscles, blood, skin and brain. This does not happen
because serum contains many substances, such as proteins, that are able to
bind the cited ions and modulate biomineralization processes. Among serum
proteins, albumin and fetuin-A (Fet-A, in humans known as cz-Heremans
Schmidt glycoprotein) are particularly relevant. Albumin is the most
abundant blood protein in mammals and acts by binding free Ca?* to its acidic
residues, thus reducing its supersaturation in serum [144]; nevertheless, in
spite of its low concentration, the most efficient protein in inhibiting serum
calcifications is Fet-A, which binds to nascent clusters of calcium and
phosphate ions, forming the so-called calciproteins particles (CPPs) [145].
CPPs can be regarded as a defense mechanism against the precipitation of
CaP in the blood, urine and soft tissues, as mice lacking Fet-A suffer from
severe ectopic calcifications [146]. CPPs have diameters of the order of 25—
150 nm and are initially constituted of ACP [145]. In time, the initial CPPs
(denoted as CPP1) transform into mature secondary CPPs (CPP2), consisting
of a needle-shaped core of OCP covered by a shell of Fet-A [147, 148]. All the
factors that enhance ACP lifetime (alkaline pH, concentration of Fet-A,
albumin, Mg?, pyrophosphate...) cause a delay in the conversion of CPP1 to
CPP2 [149]. A high concentration of CPPs [148] or the presence of CPP2 over
CPP1 [150] have been connected to pathological situations [52].

1.3.3.4 Casein micelles in breast milk

Another location in which ACP can be found in human body is within casein

micelles in breast milk. The term “casein” refers to a family of

phosphoproteins, i.e. proteins which are modified by the attachment of a

phosphate group after their biosynthesis. According to the amino-acidic

sequence and to the characteristics, they can be divided into 4 categories
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(as1-, as2-, - and k-casein) which differ in the amount of phosphate groups
and in the ability to interact with Ca?[151]. Casein is able to form micelles
that embed ACP clusters: a typical micelle of 100 nm radius contains about
10* casein molecules and 800 nanoclusters of amorphous calcium phosphate
[152]. The ability of casein to interact with CaP relies on its phosphorylation,
which allows the interaction with Ca?* and the subsequent binding of
phosphate to generate ACP. Cryo-TEM investigation on casein micelles
revealed that ACP nanoclusters are ~2.5 nm-sized and uniformly distributed
in a homogeneous protein network [153]. Small angle scattering
investigations reveal a similar cluster size (2 nm) and a correlation length of
0.35 nm, which indicates that each ACP nanocluster is, on average, 18.6 nm
apart from the other [154]. The binding action of casein slows down the rate
of maturation of the amorphous state, preventing its crystallization and thus
facilitating the infant assimilation of calcium and phosphorous, which are

essential elements for the formation and growth of its bone tissue [155].

1.3.3.5 Small intestine

A peculiar location in which Mg-substituted ACP (AMCP) was recently
detected is the small intestine. It is known since a long time that Ca? and
phosphate ions are actively secreted from the intestinal mucosa into the
lumen (in particular, the former ion in the jejunum and the ileum, while the
latter in the ileum) [156]. These secretions, known as “endogenous losses”,
are maintained even under calcium and phosphorous-poor dietary regimes,
suggesting that their biological function is of uppermost importance [156,
157]. In 1967 Schedl et al., while studying calcium and phosphate
concentrations in dogs’ intestine, first suggested that a portion of these ions
could form a precipitate [158], which comprises about one-third of the
secreted Ca? [159]. The group by Powell, which pioneers the study of these
endogenous particles, showed in 1999 that, in rats, this precipitate consists of
particles of 2 um, with a Ca:P ratio of ~5:3 [160]. The same group then
hypothesized that these particles could bind lumen biomolecules (toxins and
antigens) and then be scavenged by the M-cells-rich mucosa overlying
intestinal lymphoid aggregates, thus promoting immune tolerance [156, 161].

Without entering in biological details, it is important to mention that M-cells
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are able to capture and transport microparticles and nanoparticles from one
side of the cell and release them to the opposite site (transcytosis) [162].
Tolerance can be defined as the prevention of an immune response against a
specific antigen; for instance, the immune system is tolerant of self-antigens,
thus avoiding the attack of the body's own cells, tissues, and organs.
However, when tolerance is lost, disorders like autoimmune diseases or food
allergies may occur. The conclusive evidence of the existence and the role of
these endogenous particles was given in 2015, when Powell et al. isolated and
characterized them, showing their precise function in our body [157]. By
collecting the particles from the distal small bowel contents of both humans
and mice, the authors found out that the endogenous particles are:
i. constituted by calcium, magnesium and phosphate; ii. porous;
iii. amorphous; iv. able to incorporate molecules present in the gut lumen.
The amorphous nature of AMCP particles in the intestinal juice is certainly
favored by the presence of Mg? and by the relatively high pH of the ileum
[163]. AMCPs are abundant in the gut (Powell and co-workers estimate the
presence of ~2 x 10 luminal particles/day) and they chaperone antigens and
peptidoglycans from the lumen to the immune cells of the intestinal tissue
(i.e. antigens presenting cells, APCs, located in the Peyer’s patches) via M-
cells. This process induces the expression of programmed death-ligand 1
(PD-L1) on the surface of APCs, promoting immune tolerance. This
mechanism (see Figure 1.6), hypothesized by the same group, was
demonstrated by means of specific investigations. First, mice fed with a diet
low in Ca and P showed, in Peyer’s patches, phosphorous-deficient AMCPs
(if compared to the ones found in mice fed with diets replete in Ca and P);
this evidence supports a lumen-to-Peyer’s patch route for the particles. Then,
the nanomineral was almost absent from the Peyer’s patches of mice lacking
M-cells, proving their essential role for the transit of AMCPs from the lumen
to the intestinal tissue. AMCPs were successively shown to have implications
in pathological conditions, such as Crohn’s disease [164], and biological
pathways, as the reduction of T-Helper cell responses to recall antigens [165].
The group of Powell also prepared synthetic analogs of AMCPs and reported
that, in vitro, the particles have a marked capacity to trap macromolecules
during formation and deliver them to APCs, without regulating any gene or
modifying any gene regulation [166].
18
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(i) Calcium phosphate nanoparticles form
as a result of Ca®* and P ion precipitation

OO —— Sponge-like particles

(-100 nm in diameter)

00® \ A
/' . \ trap antigens
M, i

(ii) Antigen-particle complex
shuttled through M cells

Villi < Mcell Intestinal

lumen

b Epithelial cell
| layer of mucosa

Antigen-presenting cell

Figure 1.6: Action mechanism of AMCPs: (i) formation of the nanoparticles, which trap
antigens; (i) AMCP-antigen complex is transported to APCs through M-cells (reproduced
with permission from [167]).

1.4 Calcium and magnesium phosphates for

biomedical applications

Given the significance of CaPs, CaMgPs and MgPs as natural components of
human body, their application as biomaterials is widespread, particularly in
the field of bone substitute materials.

Bone is one of the few tissues which can self-heal and remodel, being able to
recover its initial shape and its mechanical and biological functions;
nevertheless, there is a limit to the size of fractures that it can heal by itself.
For larger defects (also known as “critical-sized defects” [168], such as bone
tumor resections and severe nonunion fractures [169]) bone grafting
solutions are required to ensure bone growth and repair [30]. Bone grafting
is defined as the procedure of replacing missing or damaged bone with
natural or synthetic materials [170]; of the 5 million grafting procedures
conducted yearly worldwide, 91 % is taken up by osteoinductive materials,
such as autograft (i.e. bone from the patient), allografts (i.e. bone from a
human cadaver) and xenografts (i.e. bone from an animal source) [30, 169].
The best outcomes are obtained from the transplanting of autologous bone,
which nonetheless suffers of several drawbacks, namely the short supply and
the considerable donor site morbidity associated with the harvest. The quest
for new bone regeneration strategies is therefore a major challenge for our

society.
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In general, the ideal bone graft should satisfy a series of requirements [171]:
i. biocompatibility, to avoid rejection or undesirable effects; ii. bioactivity, to
ensure bonding to the surrounding bone tissue; iii. osteoinductivity, to
promote bone cell recruitment and differentiation; iv. biodegradability or
bioresorbability, being mandatory that degradation products are non-
cytotoxic; v. presence of a highly interconnected porous network, formed by
a combination of macro- and micropores (necessary to cellular colonization
and vascularization, as well as to the diffusion of nutrients); vi. suitable
mechanical strength and stiffness, which are typically detrimental to
porosity.

Among the synthetic materials which have been exploited for orthopedic
applications (metals, ceramics, polymers and composites) CaP holds an
important position [172]. The main driving force behind its use as bone
substitute is the chemical similarity to the mineral component of mammalian
bones and teeth, namely poorly crystalline calcium-deficient HA (see section
1.2). CaPs were first proposed as bone graft substitutes in the 1970s [173] and,
since then, they have been used for the healing of bone defects, fracture
treatment, total joint replacement, bone augmentation, orthopedics, cranio-
maxillofacial reconstruction, spinal surgery, otolaryngology, ophthalmology
and percutaneous devices, dental fillings and periodontal treatments [172].
This variety of applications relies on the versatility of this material, which
allows to prepare nanoparticles (used for gene delivery [174, 175]), coatings
[176], scaffolds for tissue engineering [177] and self-setting cements [178].
Before focusing our attention on this latter category, which has been
investigated in this work of thesis, it is important to point out that despite the
chemical similarity with natural bone, CaP displays several limitations as a
biomaterial. For instance, sintered CaPs commonly result in a low resorption
kinetics and they often remain over years at the implantation site [168]. An
attempt to overcome this issue is the use of protonated calcium phosphates
(brushite or monetite), which should degrade faster because of their higher
solubility. However, phase changes can occur in vivo because of
dissolution/reprecipitation reactions, which result in CaPs with lower
solubility. Magnesium phosphate materials are being currently investigated
as alternatives to the above described CaPs. The rationale behind this idea is
the higher solubility of MgP phases under in vivo conditions, which should
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enhance resorbability, and the fact that Mg?" is a potent inhibitor of HA
crystal growth, thereby suppressing unwanted crystallization in vivo. In
contrast to the in vivo dissolution of Mg-alloys, which produces large
amounts of hydrogen gas and an alkaline environment, the dissolution of
magnesium phosphates only results in the release of biocompatible Mg?" and

phosphate ions [168].

1.4.1 Bone cements

According to IUPAC, a bone cement is defined as a “synthetic, self-curing
organic or inorganic material used to fill up a cavity or to create a mechanical
fixation” [179]. While the “organic” term is related to poly(methyl
methacrylate) (PMMA)-type cements, commonly used in dentistry, the
“inorganic” materials commonly comprise calcium phosphate cements
(CPCs) and calcium sulfate cements (CSCs) [180]. These systems are used as
bone defect fillers in maxillofacial surgeries and in orthopedic fracture
treatments, in order to augment weakened bone due to osteoporosis. They
consist of a powder and a liquid component which when reacting form a
paste that in time sets and forms a hardened material. In the case of CPCs,
the reaction is a chemical dissolution/precipitation in which the entanglement
of the newly-formed crystals generates the solid mass. Despite the numerous
formulations investigated over the years, the final setting product of CPCs
consists either of brushite or apatite. The advantage of having a moldable and
sometimes even injectable material that sets at body temperature provides a
unique advantage over bioceramics, as it allows to perform minimally
invasive surgeries (with benefits for the patient itself and for the
hospitalization costs) and to have an intimate adaption to the surrounding
bone, even for irregularly-shaped cavities [170]. There are many important
properties that one should consider in the design of a bone cements for
orthopedic applications, and the most meaningful ones are listed below [170].

Setting time: according to the ASTM C266-13 definition [181], the first
(or initial) and second (or final) setting times are the times at which the
cement can withstand 113 g and 454 g of weight without observing an

appreciable indentation. This parameter is measured by means of the
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Gillmore method, using an apparatus endowed with two needles (light and
thick - heavy and thin). Ideally, a paste should set slowly enough to provide
sufficient time to the surgeon to mix, handle and adjust the material in the
site of interest, but fast enough to ensure fast completion of the surgery and
to provide initial support and rigidity. This concept is schematized in Figure
1.7a, where I and F are the initial and final setting time, and CT the cohesion
time [178], defined as the time from which a cement no longer disintegrates
when immersed in Ringer’s solution [182]. The clinical meaning is that the
cement paste should be implanted before time I and that the wound could be
closed after time F. The handling requirements are 3’ <1< 8’ (3’ for dental, 8
for orthopaedic applications), F < 15" and I-CT > 1 [178].
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Figure 1.7: (a) Diagram of the setting parameters relevant for self-setting cements: CT —
cohesion time; I — initial setting time; F — final setting time; reproduced from [178]; (b)
Compressive strength of CPCs compiled from different studies (see the references in the
original paper) as a function of total porosity. The circles refer to brushite CPCs (red), apatite
CPCs (black) and macroporous apatite CPCs (green). The inset shows the power law fittings
of all the data points of compressive strength of brushite (red), microporous apatite (black)
and macroporous apatite (green); reproduced with permission from [170].

Cohesion and anti-washout ability: cohesion is defined as the ability of
the paste to harden in a static aqueous environment without disintegrating,
whereas the anti-washout ability is evaluated in a dynamic aqueous
environment [170]. As the cement is designed to be applied in vivo, it is
important that upon contact with biological fluids the paste does not
disintegrate into small particles. As the cohesion is the result of the
competition between forces acting on the cement’s particles and forces acting

between the paste and the surrounding fluid, factors enhancing van der
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Waals forces (attractive) and decreasing electrostatic forces (repulsive) can be
used to improve the cohesion of the paste [178].

Injectability: one of the main advantages of bone cements is the
possibility to inject them directly in the site of interest. This property depends
on the time between mixing and testing, the force and the speed applied to
the syringe and the size of the needle. A major issue is the occurrence of phase
separation (also known as “filter pressing”) during injection, which leads to
an extrudate with a liquid content higher than desired; this may cause
extravasation from the surgical site and be detrimental to the final properties
of the cement [183]. Phase-separation is so crucial that injectability was re-
defined as the ability of the paste to stay homogeneous during injection [170].
Strategies to improve injectability include: i. increasing the viscosity of the
liquid phase by adding rheology-modifying additives such as chitosan,
gelatin, hyaluronic acid, methylcellulose, and others; ii. optimizing the
powder in terms of the particle size, distribution, shape and particle-particle
interactions; iii. regulating the setting reaction; /v. modifying the extrusion
parameters such as mixing and sizes of the syringes and/or needles [184].

Mechanical properties and porosity: as the mechanical properties of a
material are determined by its microstructure (porosity and amount, size,
morphology and distribution of the crystals formed during setting), the two
features are presented together. Natural bone displays impressive
compressive strengths ranging from 130-190 MPa for cortical bone and
3.6-9.3 MPa for cancellous bone, due to the hierarchical structure of HA and
collagen [5]. The mechanical properties of a material for bone
substitution/integration must therefore be taken into account, as the required
compressive strength varies according to the site of application [183]. At
present, bone cements are mainly used in low-semiload or non-load bearing
applications [5], due to their considerable porosity which weakens the
mechanical properties of the material (see the relationship between
compressive strength and porosity in Figure 1.7b). Despite being detrimental
to the strength of the cement, porosity is important to ensure cells’
permeation, nutrient transport and ossointegration [180]. CPCs are
intrinsically endowed with porosities in the nano-sub micro range, while the
macroporosities necessary for cells” ingrowth (> 100 um) are obtained with

the addition of porogenic or foaming agents [183]. As the increase in porosity
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results in a weakening of the mechanical properties, the design of a bone
cement is always a delicate and challenging balance of the two parameters.
Biocompatibility and bioresorbability: biocompatibility is an obvious
requirement for every biomaterial and bioresorbability, defined as the
removal of material by cellular activity and/or dissolution in a biological
environment [185], also plays a crucial role in the efficacy of a bone cement.
Cements should be resorbed and replaced over time by new bone; the
resorption process relies on passive (driven by solubility) and active (driven
by cells) dissolution [168]. The limited resorbability is one of the aspects that
hinders the use of CPCs, especially of the apatite-based ones. Brushite is, in
principle, two orders of magnitude more soluble than apatite, and this is
beneficial in terms of resorbability; nevertheless, the setting of brushite occurs
in acidic conditions and, given its metastability at physiological pH, in vivo
transformations to apatite may occur.
Among the properties listed above, CPCs meet many of the requirements for
clinical applications: they are biocompatible, able to set in physiological
conditions and microporous. Despite several commercial products based on
CPCs are available on the market [178], some crucial issues still hamper their
use, in particular the phase-separation upon injection, the poor mechanical
properties and the limited resorbability and cohesion [170]. Recently,
Magnesium Phosphate Cements (MPCs) have been proposed as alternative

materials to overcome some of the CPCs’ limitations.

1.4.1.1 Magnesium phosphate-based bone cements

The field of MPCs for orthopedic applications is relatively unexplored with
respect to CPCs. Figure 1.8 shows the results obtained from a query of the
terms “calcium phosphate cements” and “magnesium phosphate cements”
on Web of Science, which clearly shows that the interest in the latter category
is growing exponentially. MPCs were used in the past for structural
engineering and waste remediation, and in the last decade their application

in the biomedical field gained significant attention.
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Figure 1.8: Histograms showing the number of papers as a function of publication year
obtained with the query “calcium phosphate cements” (left) and “magnesium phosphate
cements” (right) on Web of Science (updated in September 2019).

MPCs are typically obtained from the reaction of MgO or, less frequently [5],
Mg3(POs)2 (Tri-Magnesium Phosphate, TMP) with an aqueous solution of a
phosphate salt, such as NHsH2PO4, (NH4)2HPO4, Na2HPO: or Ko2HPOx (for a
complete overview, the reader is referred to [5]). The reaction mechanism for
MgO according to Wagh [186] is depicted in Figure 1.9: the dissolved oxide
combines with water, forming an aquosol, which further reacts with the

dissolved phosphate salts generating an amorphous gel.
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Figure 1.9: Scheme of the acid-base reaction which underlies the setting mechanism of MPC
systems on the basis of MgO and contains intermediate aquosol and gel formation, reproduced
with permission from [168].

In time, the cement reaction causes a thickening of the mixture, which leads
to a crystallization process around undissolved MgO grains. The type of
phases obtained upon crystallization depends on the used phosphate salt,
and includes struvite, dittmarite, schertelite or hannayite (see Table 1.1 for
their formula) [168].
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As we mentioned in the previous paragraph, the interest in MPCs as bone
cements is due to their attractive characteristics, which allow to overcome
some of the limitations of CPCs [5, 168]. In addition to the increased
mechanical strength [187], which is still not sufficient for load-bearing
applications [5], MPCs have shown a more rapid dissolution rate in aqueous
media, which results in an enhanced in vivo resorbability and favors bone
growth [188]; moreover, MPCs have shown intrinsic adhesive capabilities,
which are not reported for CPCs [5, 189, 190]. Another advantage of using
MPCs over CPCs is that, in vivo, the release of Mg was shown to stimulate
osteoblast differentiation and to inhibit osteoclast formation, therefore
favoring bone regeneration [191, 192]. Some MPCs were even reported to be
naturally antibiotic [187, 193], while retaining good biocompatibility both
in vitro and in vivo [168]. All these properties reveal the great potentialities of
MPCs, which are still underexplored in comparison to the well-established
CPCs.

1.5 Aim of this work

The research described in this thesis aims at the preparation and physico-
chemical characterization of biologically relevant calcium and magnesium-
phosphate-based nanostructures. In this framework, the definition
“biologically relevant” includes both the structures naturally-present in the
organism as well as those prepared for biomedical applications. Among the
different endogenous forms of ACP described in paragraph 1.3, during my
PhD I focused my attention on the investigation of synthetic analogs of the
immunologically-relevant AMCP nanoparticles present in the small intestine
(see section 1.3.3.5). The results concerning this topic are described in
Chapter 2, and are divided in sub-sections corresponding to the different
aspects investigated. The choice of this type of nanostructures over the other
endogenous forms of ACP is motivated by the fact that, given the relatively
recent discovery, their features and physiological role are currently not fully
understood [166], and several interesting aspects about their physico-
chemical characteristics emerge. Given the instability of amorphous calcium

phosphates, it is indeed relevant to understand which are the factors that
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affect the stability and the lifetime of the amorphous phase and that, at the
same time, are relevant at the gut level. To this purpose, we investigated the
effect of pH, Mg?" and dilution factor on the stability and the crystallization
pathway of AMCPs (section 2.1). As a next step, the formation of AMCPs in
the presence of biologically relevant additives (section 2.2), in simulated
intestinal fluids (section 2.3) and in the presence of the protein mucin (section
2.4) was explored, aiming at mimicking with different degrees of complexity
the in vivo environment in which AMCPs form. A significant part of the
experimental work was devoted to the characterization of the different
features of the particles by means of a multi-technique approach, so to
unravel the crystallinity, the morphology, and structural features of the
amorphous particles and their crystallization products. The performed
characterization allowed us to clarify the features of the endogenous-like
particles formed in bio-relevant scenarios, and to speculate on their biological
role. Besides the physico-chemical investigation of these particles, a potential
application of AMCPs could be in the field of nutraceutics and delivery, given
the potential biocompatibility and the amorphous nature which favors the
loading with molecules. As a case study, the loading of AMCP with proteins
extracted from Moringa Oleifera is described in section 2.5. Section 2.6 is
devoted to preliminary biological experiments, directed to future
investigations of AMCPs’ interplay with cells and bacteria.

As far as calcium-magnesium phosphates to be used for orthopedic
applications are concerned, we focused our attention on magnesium
phosphate-based bone cements, and the pertaining results are reported in
Chapter 3. Among the diverse formulations which have been described in the
literature, we decided to use as starting component Mg3(POas)2 over MgO,
given the limited reports present in the literature [5]. The liquid component
used throughout this study is an aqueous solution of (NH4)2HPOs. After a
brief characterization of the powder component used to prepare the cements
(section 3.1), the effect of simple formulation parameters, namely the powder
to liquid ratio and the concentration of phosphate salt used, is addressed in
section 3.2. Several properties relevant to the applications of these materials
were addressed, such as cohesion, handling, microstructure, porosity and
crystallinity. A relevant portion of this work of thesis deals with citrate-

containing MPCs, which are detailed in section 3.3. The rationale behind the
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inclusion of citrate in the formulation is that this ion, in addition to being a
natural component of bone, was recently found to have beneficial effect when
included in biomaterials for bone regeneration [194]. This investigation is the
result of an on-going collaboration with the group of Professor Baldini from
the Istituto Ortopedico Rizzoli, where cytotoxicity experiments on our
materials were conducted. The properties relevant to the application of the
cements were investigated, as well as citrate release profiles. Finally, section
3.4 deals with the inclusion of cellulose ethers as additives to improve the
rheological properties of MPCs.

All the papers (published and in preparation) related to the presented work,
as well as the experimental details about the characterization of the materials
described in this thesis, are finally given in the Appendices. Two papers not
specifically pertaining to this PhD project, but published within the same

period, are also attached.
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2 Amorphous Magnesium-Calcium
Phosphate particles

A significant part of this work of thesis is devoted to the study of
endogenous-like Amorphous Magnesium-Calcium Phosphate particles,
whose role and features have been outlined in section 1.3.3.5. The formation
of AMCPs in the small intestine is a very interesting phenomenon from a
physico-chemical perspective, as the components and the conditions of such
a complex milieu can affect the features and the stability of these amorphous
phases. As the presence of AMCP in the gut only recently emerged, literature
reports on the effect of complex media representative of the intestine on
phosphate-based amorphous phases are lacking. During my PhD, several
aspects concerning the formation and the stability of endogenous-like
particles in biologically-relevant conditions have been addressed, and are
described in this Chapter. In all the presented scenarios, AMCPs were
synthesized using an aqueous-based process, and characterized in terms of
crystallinity, morphology, chemical nature and thermal behavior, to attain a
complete physico-chemical overview of the system. As a first step, we
investigated the effect of pH and magnesium concentration on the stability
and crystallization pathway of AMCP, which is described in section 2.1 and
lead to the publication of paper I (attached in Appendix II). This investigation
allowed us to understand how slight variations in these two bio-relevant
parameters affect the lifetime and the features of the amorphous phase.
Following this investigation, we shifted our attention towards the
characterization of the effect of biologically-relevant molecules which can be
naturally-present in the intestinal lumen and which AMCP can encounter

during its endogenous formation. The synthesis of AMCP in the presence of
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butyric acid, lactose, gluten and peptidoglycan is described in section 2.2, and
can be found in paper II in the Appendix. After the analysis of the effect of
single molecules/macromolecules, we kept on increasing the complexity of
our synthetic medium, preparing AMCPs in a commercial simulated
intestinal fluid, which contains bile salts and phospholipids. Results
concerning this study are detailed in section 2.3 and in paper III (see
Appendix II), and show that the presence of these components in the
synthetic medium deeply affect AMCP’s stability and morphology. Still
focusing on the in vivo environment in which AMCPs form, we attempted to
conduct the synthesis of the particles in mucin-based media. Mucin is a large
glycoprotein constituting the mucus, a hydrogel-like layer which covers the
intestinal epithelium and which AMCPs encounter during their formation
process. The effect of this protein, both in dispersion and in form of hydrogel,
are outlined in section 2.4.

Given that the conducted experiments highlighted the ability of AMCP to
form in the presence of organic molecules while partially incorporating them,
we decided to investigate the formation and the features of these particles in
the presence of proteins extracted from Moringa Oleifera, a plant endowed
with many beneficial effects from a nutritional and medical viewpoint. The
protein was shown to influence the crystallization pathway of AMCP while
being incorporated in it, therefore paving the way towards a potential
application of the system in nutraceutics and as food supplement.

As a last aspect, section 2.6 briefly describes some preliminary experiments
dealing with AMCP stability in culture medium, that we conducted in

preparation of a study on interaction of AMCP with cells and microbioma.

2.1 Effect of pH, Mg* concentration and particles’
dilution on the amorphous phase stability

The intestinal lumen is a complex and variable environment, and a multitude
of factors can affect the formation and stability of AMCP which
spontaneously self-assemble in such a mutable milieu. For this reason, in
order to get familiar with the features and the stability of synthetic analogs

of endogenous AMCPs, we began by investigating the effect of simple
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physico-chemical parameters, namely pH, Mg?*" concentration and dilution
factor. The reason behind the choice of these parameters relies on the fact that
these factors can, in principle, affect the lifetime of the amorphous phase and
undergo variations in the gastrointestinal tract, due to physiological or
pathological situations. pH is particularly relevant, as it experiences great
variations in the gastrointestinal (GI) tract: the pH of the stomach is 1-2, but
as the acidic gastric content enters the proximal small bowel, the pH rises of
several units, up to 5.7-6.4 (duodenum, jejunum) [195, 196]. Mucosal
bicarbonate secretions result in a further rise of luminal pH, which goes up
to 7.3-7.7 in the ileum. Finally, in the large intestine, colonic bacteria produce
short chain fatty acids, which cause a decrease in luminal pH (5.7). These
molecules are then absorbed by the colonic epithelium, and a slight rise in the
pH along the distal colon occurs (6.8). A variation in the pH of a specific
region of the GI tract may also be the consequence of a pathological condition,
as it is reported that alterations in the gut pH are associated to illnesses such
as ulcerative colitis, Crohn’s disease and irritable bowel syndrome [196]. It is
important to remark that endogenous AMCPs have been detected in the
distal small intestine [157], which interestingly is the region of the GI tract
that displays the highest pH value. This correlation becomes significantly
relevant if we consider that ACP spontaneous crystallization is much slower
at high pH values [70]. In addition to pH variations, modifications in the
concentration of ions and molecules are obviously possible. The effect of Mg?*
is potentially relevant, as its absorption takes place in the distal small
intestine [197], which is the site where AMCPs have been detected.
Magnesium concentration in the organism is critical for humans” health [13]:
its role in the gut is highly relevant, as some studies indicate that an increase
in magnesium intake may help against irritable bowel syndrome and
constipation [198], and its presence in the intestinal lumen may explain why
the endogenous nanoparticles are Mg-rich. In fact, Mg? can co-precipitate
with calcium and phosphate ions (secreted because of “endogenous losses”)
to form stable AMCP phases [73]. As outlined in section 1.3.2 in the
Introduction, Mg?* likely contributes to enhance the lifetime of the
amorphous phase. We may reasonably infer that alterations in the luminal
pH and Mg?* concentration in the ileum region could alter the stability of the

particles, perhaps compromising their biological function in the organism.
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The aim of this study is thus to unravel the effect of pH and Mg?

concentration on the stability of synthetic analogs of endogenous AMCPs.
2.1.1 Experimental protocols
2.1.1.1 Synthesis of AMCPs at different pHs

The synthesis of AMCPs was conducted using a protocol readapted from the
literature [199], which involves the mixing at 37 °C of equal volumes of two
aqueous solutions, namely solution A (containing NaCl, MgCl. and CaCl.)
and solution B (NaH2POsand Na2HPO4); the amounts and concentrations are
reported in Table 2.1. NaCl (purity = 99 %), MgCl:6H20 (purity > 99 %),
CaClz (purity > 93 %) and NaOH pellets were purchased form Sigma-Aldrich,
while NaH2POs-H20 and Na2HPO4-12H20 (purity 299 %) were obtained from
Carlo Erba Reagents. The reaction temperature was monitored throughout
the entire reaction and it was stable within 0.5 °C. The synthesis was
conducted at four different pH values, attained by mixing different amounts
of the monobasic and the dibasic sodium phosphate salts (solutions Bo, Bs, B,
Bs, total concentration of the two phosphates 200 mM, see Table 2.1). This
strategy was pursued to keep the amount of total phosphates constant in the

four experiments.

Table 2.1: Amounts of reactants and concentrations used for AMCP synthesis at different pHs.

Amount NaH2POu: Concentration

Solution Salt Reaction pH
[g] Na:HPO4 [mM]

NaCl 0.79 135

A CaClz 0.04 - 4 -
MgClL-6H20 0.20 10
NaH:PO+H20 1.38 100

Bo 1:1 7.06 +0.03
Na:HPO+12H20 3.58 100
NaH:PO+H20 0.69 50

B1 1:3 7.23 £0.05
Na:HPO+12H20 5.37 150
NaH:PO+H20 0.55 40

B2 1:4 7.30 £0.04
Na:HPO+12H20 5.73 160
NaH:PO+H20 0.45 33

Bs 1:5 7.40 £0.02
Na:HPO+12H20 5.97 167
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100 mL of solution A and 100 mL of solution B (heated at 37 °C) were mixed
in an Erlenmeyer flask using magnetic stirring, in a water bath at 37 °C.
Immediately after the addition of A to B, the reacting solution became turbid.
The pH was monitored throughout the reaction; only in the case of solution
Bo, it was necessary to adjust the initial pH to 7.00 by adding few drops of
NaOH 2 M solution. The average measured pH values are reported in the last

column of Table 2.1, while Figure 2.1 shows the pH profile vs time.
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Figure 2.1: Trend of measured pH vs reaction time.

Aliquots (~ 20 mL) of the solution were withdrawn at different reaction times
and filtered using a Millipore vacuum filtration system equipped with mixed
cellulose esters filters (Millipore, pore size 0.22 pm). Immediately after
filtration, the filters were placed in plastic test tubes and frozen in liquid
nitrogen. The powders were then freeze-dried for 24 h, at -55 °C and
~ 30 mTorr (VirTis BenchTop freeze-dryer, NY, USA) and stored in the
freezer (-18 °C), tightly closed to prevent any influence from environmental
humidity [44]. The described procedure of filtration, freeze-drying and
storage of AMCPs was applied to all the syntheses, unless differently
specified.
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2.1.1.2 Dispersion of AMCPs - effect of Mg* concentration

In order to evaluate how the presence of Mg?" in the solution in which AMCP
particles are dispersed affects their transformation to crystalline calcium
phosphates, we performed experiments by dispersing dried AMCPs in
solutions containing different concentrations of Mg? (0, 1, 3 and 5 mM), at pH
7.40, T=37 °C and particles’ concentration 0.36 g/L. 140 mL of buffer B: (see
Table 2.1 for the composition) were heated at 37 °C. The pH was adjusted to
7.40 by dropwise addition of NaOH 2 M, and MgCl2-6H20 was added to the
solution under magnetic stirring (28.5 mg for [Mg*]=1 mM, 85.4 mg for
[Mg?]=3 mM and 142.3 mg for [Mg?]=5 mM). When the salt was completely
dissolved (i.e. after about 2 min), 50 mg of dried AMCPs (previously prepared
at pH 7.40 and collected after 15 reaction minutes) were added to the buffer
under magnetic stirring. Aliquots of the solution were withdrawn at different
reaction times, filtered and freeze-dried (same procedure as in paragraph
2.1.1.1).

2.1.1.3 Dispersion of AMCPs - effect of solution pH (6.90- 7.40)

The effect of the solution pH on the stability of dispersed AMCP particles was
investigated by re-dispersing freeze-dried AMCPs (using the same batch
employed for the experiments with Mg?) in phosphate buffers at different
pHs. The experiments were performed by equilibrating the solution at 37 °C,
at pH 6.90 and 7.40, using buffer Boand By, respectively (see the composition
in Table 1). In both cases, the pH was adjusted to the exact value by means of
dropwise additions of NaOH 2 M. The amount of dried AMCPs necessary to
reach the concentration of 0.36 g/L was then added to the buffer under
magnetic stirring, and the solid material was filtered after 15 min of reaction

(same procedure as in paragraph 2.1.1.1).
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2.1.1.4 Effect of concentration

The aim of this experiment was to investigate how the concentration of
particles dispersed in buffer solution affects the stability of the amorphous
phase and the type of crystalline phase to which it converts. Two different
concentrations were studied, at two different pHs. All the experiments were
conducted using the following protocol: the phosphate buffer (Bo for pH 6.90,
Bifor 7.40, composition reported in Table 1) was equilibrated at 37 °C and the
pH was adjusted to the desired value by dropwise addition of NaOH 2 M.
Then, the amount of AMCPs necessary to reach the desired concentration
was added to the buffer under magnetic stirring. Aliquots of the solution
were withdrawn at different reaction times and filtered (same procedure as

in paragraph 2.1.1.1).

2.1.2 Results

2.1.2.1 Stability as a function of synthesis pH

We conducted the synthesis of AMCPs at four different pH values, to
investigate its effect on the stability of the amorphous phase (synthetic
protocol described in section 2.1.1.1). The transition from amorphous to
crystalline CaP was monitored by means of FT-IR spectroscopy, which is a
well-suited technique to investigate the transition from amorphous to
crystalline CaP: in fact, ACP displays broad bands in its spectrum due to
P-O stretching vibration, while sharp and distinctive signals appear when it
converts into crystalline phases, such as HA, DCPD or OCP [200]. The spectra
relevant to the detection of amorphous to crystalline transition at different

synthesis pH are shown in Figure 2.2.
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Figure 2.2: FT-IR spectra of AMCPs synthesized at (a) pH 7.06 + 0.03 (buffer Bo); (b) pH
7.23 +£0.05 (buffer B1); (c) pH 7.30 £ 0.04 (buffer Bz); (d) pH 7.40 + 0.02 (buffer Bs). The time after
which each aliquot was withdrawn from the solution is reported on the left of each curve. The
spectra are offset for display purpose.

The spectra detected in the early stages of the reaction (red curves in Figure
2.2) are compatible with amorphous calcium phosphate, as they show broad
and featureless bands associated with phosphate stretching and bending
vibrations (for peaks” assignment, see Table 2.2) [44, 199, 201, 202]. When the
synthesis is conducted at pH 7.06 (Figure 2.2a), 7.23 (Figure 2.2b) and 7.30
(Figure 2.2c), AMCP converts in time to brushite (CaHPO42H:0, detailed
peaks’” assignment in Table 2.3) [203, 204], while at pH 7.40 (Figure 2.2d) the
crystalline phase first formed is newberyite (MgHPO43H:0, see Table 2.4)
[205-208]. As both brushite and newberyite contain crystallographically non-
equivalent water molecules, several peaks arising from water stretching,
bending and librational modes appear in the FT-IR spectrum, making it
significantly different from that of AMCP.
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Table 2.2: FT-IR peaks' assignment of AMCP.

AMCP
Peak [em']  Assignment Reference
561 v4 bending phosphate* [44]
881 P-O(H) stretching mode of protonated phosphate species [201]
1084 vs stretching phosphate* [44]
1653 Water bending [44, 202]
2300 H-O(P) stretching of HPO+*-ions [209]
3280 Water (O-H stretching) [44, 202]

*Symmetric stretching (vi), Symmetric bending (vz2), Antisymmetric stretching (vs),
Antisymmetric bending (v4).

Table 2.3: FT-IR peaks' assignment of Brushite.

Brushite - CaHPOs-2H20

Peak [em']  Assignment Reference
528 O-P-O(H) bending mode [203]
577 O-P-O(H) bending mode [203]
660 Water libration mode/ [203]
P-O bending [204]
795 P-O-H out of plane bending/ [203]
Water libration mode [204]
874 P-O(H) stretching [203]
988 P-O stretching [203]
1065 P-O stretching [204]
1136 P-O stretching [203]
1218 P-O-H in plane bending [203]
1653 H-O-H bending of lattice water molecules [203]
2370 Combination of H-O-H bending and rotation of free water/ [203]
O-H stretching of the hydrogen phosphate anions [204]
2930 (P)O-H stretching (H1*) [203]
3164 O-H stretching of lattice water molecules (Hs*) [203]
3285 O-H stretching of lattice water molecules (Hz*) [203]
3490 O-H stretching of lattice water molecules (Hs*) [203]
3540 O-H stretching of lattice water molecules (Hs*) [203]

*Hi, H», Hs, Hs, Hsrefer to the five different H atoms of brushite, for details see ref. [203].
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Table 2.4: FT-IR peaks' assignment of Newberyite.

Newberyite - MgHPO4+-3H20

Peak [em™] Assignment Reference
528 v4 bending phosphate [205]
881 P-O-H out-of-plane bending [205]

v1 stretching HPO4* [207]
1022 vs stretching phosphate [205, 208]
1061 vs stretching phosphate [205, 208]
1166 vs stretching phosphate [205, 208]
1237 P-O-H bending HPO4* [205]
1653 vz water bending [205, 208]
1700 Water bending [205]
2479 PO-H stretching [206]
3278 Water O-H stretching [206]
3382 Water O-H stretching [206]
3486 Water O-H stretching [206]
3528 Water O-H stretching [206]

When comparing the syntheses of AMCP at different pHs, it is evident that
the crystallization process occurs on different time-scales: the amorphous
phase is retained only for few hours when buffer Bois used, while the increase
in 0.4 pH units enhances the lifetime of the amorphous phase up to about 10
days. To get a more quantitative information, we can calculate the Splitting
Factor (SF): this parameter reflects the entity of the splitting of the P-O
antisymmetric bending mode at 550-600 cm, which is proportional to the
crystallinity of the sample [210] (see the inset in Figure 2.3a for the
calculation). Despite the SF is typically used to study the conversion of ACP
to HA, we can extend it to the investigation of AMCP conversion to brushite,
as also in this case the phosphate bending peak splits in two distinct signals;
we consider SF=1 for the amorphous samples, and we report in Figure 2.3a
the SF as a function of reaction time (the calculation was not performed for
buffer Bs, as in newberyite the peak does not properly split in two distinct
signals). This plot clearly shows an enhancement of the lifetime of the
amorphous phase with the pH of the synthesis. The same conclusion can be
drawn by plotting the amorphous phase stability (i.e. the time corresponding
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to the appearance of the first crystalline peaks) as a function of reaction pH
(see Figure 2.3b): we observe that the experimental data are consistent with
an exponential trend. This suggests the possibility to prepare synthetic

analogs of endogenous AMCP particles with predictable stability.
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Figure 2.3: (a) Splitting Factors (T(%)1/T(%)z2) as a function of reaction time; the inset shows an
example of a peak used to calculate the SF; (b) amorphous phase stability as a function of
reaction pH. The dashed line represents the exponential fitting of the experimental data
(equation and R? reported on the graph).

2.1.2.2 AMCP characterization

We characterized AMCPs prepared in buffer Bs and collected after 15 min of
reaction, analyzing the sample in terms of morphology, size, crystallinity and
chemical nature, so to understand if we managed to obtain particles with
features matching the endogenous ones. A representative FE-SEM
micrograph is reported in Figure 2.4a: AMCPs display a porous and
interconnected structure, which results from the aggregation of spherical
nanoparticles. The average dimension of each object is about 30 nm (see the
inset in Figure 2.4a). Given this aggregated structure, we investigated the size
distribution in solution by means of laser granulometry, in order to
understand if the aggregation of the spherical objects occurs already in the
reacting medium. An aliquot of the reaction solution was collected before
filtration and analyzed, obtaining the most representative population
centered around 4 um, with a smaller population centered around 700 nm

(red curve in Figure 2.4b). On the other hand, when we analyze with the same
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method the dried powder instead of the aliquot withdrawn from the reaction
medium, we observe one single population centered around 100 um (green

curve in Figure 2.4b).
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Figure 2.4: (a) FE-SEM micrograph of AMCPs. The inset shows the size distribution obtained
averaging the measured sphere radii of 5 different SEM micrographs, using the software
Image]; the average radius is (32 + 10) nm; (b) Size distribution curves of AMCP obtained with
laser granulometry. The red curve represents an aliquot of AMCP in solution withdrawn from
the reaction medium, while the green curve corresponds to the freeze-dried powder dispersed
in ethanol.

The elemental composition of the sample was qualitatively investigated by
means of EDX spectroscopy in combination with SEM analysis (a
representative spectrum is reported in Figure 2.5), showing that the sample
is mainly constituted by Ca, Mg, P, O and Na. The semi-quantitative Ca/Mg
atomic % ratio is 2.7 + 0.4, while Ca/P ratio is 0.69 + 0.05, consistently with the

endogenous particles [157].

Figure 2.5: Representative EDX spectrum of AMCPs, which reveals the presence of Ca (red
dots), Mg (green dots) and P (purple dots) in the particles.
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The amorphous nature of AMCP emerges from both FT-IR and XRD
analyses. The FT-IR spectrum (Figure 2.6a) shows the characteristic
featureless peaks of amorphous calcium phosphate, which have been
described in the previous paragraph (see Table 2.2). The collected XRD
pattern (Figure 2.6b) is consistent with previous reports on ACP [53, 202], and
displays the characteristic broad peak centered around 20=30° diagnostic for

amorphous CaP phases.
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Figure 2.6: (a) FT-IR spectrum of AMCP; (b) XRD diffractogram of AMCP; (c) SDT data:
thermogravimetry (green curve, left axis), differential thermogravimetry (dashed blue curve,
right axis) and heat flow profile (red curve, right axis).

The thermal degradation profile of AMCP, together with the associated heat
flow curve, is reported in Figure 2.6c. The sample displays three distinct
weight loss events in TGA curve, when heated up to 1000 °C (green curve):
the first one, taking place around 100 °C, is associated to the loss of loosely
bound water molecules, while the second one can be assigned to the more

strongly bound internal water molecules [53, 211]. The weight loss at 553 °C
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occurs simultaneously with the first crystallization peak observed in the heat
flow profile, and the total weight loss is 22 %. The DSC thermogram (red
curve) displays three distinct peaks: the first two exothermic events, at 553 °C
and 596 °C, are associated to crystallization events, whereas at 827 °C, we
observe the endothermic melting of the crystalline phases formed while
heating. In order to understand the nature of the phase transformations that
occur while heating AMCPs, we performed two thermal treatments, by
heating them up to 580 °C and 630 °C and analyzing the obtained powders
by means of XRD. The diffraction patterns are reported in Figure 2.7. We
found that the first peak in the heat flow profile is associated to the formation
of a crystalline sodium calcium magnesium phosphate with a whitlockite-
like structure (CasMgNa-(POs4)7, PDF (Powder Diffraction File from the
International Centre for Diffraction Data database) n° 45-0136; the
experimental pattern displays a good match also with PDF n° 70-2064 —
CaisMg2H>(PO4)1s, Whitlockite magnesian).

29.6° | CagMgNa(PO,),
] : Sodium Calcium Magnesium Phosphate
- 27.3% PDF: 45-0136

21.2°

AMCP@630 °C

TENLLN LI SOV

AMCP@580 °C

Intensity [arb. units]

] w AMCP_before TGA

T
10 20 30 40 50 60
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Figure 2.7: XRD patterns of (from the bottom) AMCP before TGA (red curve), AMCP heated
at 580 °C (blue curve) and AMCP heated at 630 °C (green curve). The pink bars correspond to
the PDF n° 45-0136 (crystalline sodium calcium magnesium phosphate). The black dashed
lines highlight the peaks which are only present in the sample heated at 630 °C. The
diffractograms are offset for display purpose.

According to literature reports, amorphous calcium phosphate converts to a-
TCP or B-TCP above 600 °C, depending on the preparation conditions [53,
212-215]. When Mg?* ions are present in the lattice, the formation of 3 -TMCP
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(Mg-substituted TCP), which has a similar diffraction pattern to the phase
that we detected, is observed [216]. The second peak detected in the heat flow
profile (at 596 °C) can be associated to the conversion of the residual AMCP
to very small amounts of sodium phosphate (PDF: 76-1112) and magnesium
phosphate (PDF: 48- 11687).

The specific surface area (SSA) of the material and the pore size distribution
were investigated by means of nitrogen sorption measurements: AMCPs are
characterized by a reversible type Il isotherm (see Figure 2.8a), typical of non-
porous or macroporous solids [217], and a SSA of (38.3 + 1.2) m?/g (average +
standard deviation of three distinct measurements). The obtained SSA value
is slightly lower than the values reported in the literature for amorphous
calcium phosphates, which are in any case strongly dependent on the
preparation conditions [216, 218, 219]. The pore volume distribution analysis,
reported in Figure 2.8b, confirms that the majority of pores is in the
macropores range (i.e. > 50 nm). The internal porosities of the particles,
observed in high-magnification FE-SEM micrographs (see Figure 2.8c), are

not accessible through nitrogen sorption measurements.
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Figure 2.8: (a) adsorption (red) and desorption (green) nitrogen curves of AMCP,
corresponding to a type II isotherm; (b) pore size distribution; (c) high-magnification SEM
micrograph, which shows the internal porosities of the particles.

To sum up, the characterization performed on AMCPs shows that we
managed to obtain particles which have features that match the ones that
form in vivo [157]: in fact, our particles are composed by nanometric spheres
which form larger aggregates, they are internally porous and mainly
composed by Ca, Mg, P and, most importantly, they are amorphous. All the

discussed characteristics are consistent with the biogenic particles.
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2.1.2.3 Effect of Mg* concentration

The effect of Mg? on AMCP stability was investigated by dispersing dried
particles (characterized in the previous paragraph) in fresh phosphate buffer
containing 0, 1, 3 and 5 mM of Mg?*, as described in section 2.1.1.2. The
crystallization kinetic was monitored by means of FT-IR spectroscopy, and

the spectra relevant to the amorphous-to-crystalline transition are shown in

Figure 2.9.
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Figure 2.9: FT-IR spectra of AMCP particles dispersed in different buffer solutions at pH 7.40
and with (a) No Mg?; (b) [Mg*] =1 mM; (c) [Mg*] =3 mM; (d) [Mg*] = 5 mM. The reaction
time at which each aliquot was collected is indicated on the left of each curve. The spectra are
offset for display purposes.

It is evident that the concentration of Mg? in solution has a huge impact on
the lifetime of AMCP in solution: when AMCPs are dispersed in a fresh
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phosphate buffer at pH 7.40, without the addition of Mg**, the amorphous
phase is preserved for about 30 min; afterwards, the peak at ~ 550 cm’! starts
to split (see Figure 2.9a). At [Mg*'] = 1 mM, the crystallization process is
slightly delayed, since the cited peak splits after about 3 h (Figure 2.9b). In
the case of [Mg2+] = 3mM (Figure 2.9¢c) and [Mg2+] =5 mM (Figure 2.9d),
crystallization begins after about 24 h and 14 days, respectively.

Figure 2.10a shows the Splitting Factors vs reaction time, calculated as
described in section 2.1.2.1 considering the peak around 550 cm™ which, we
recall, is reported to be the most sensitive to the crystallinity of the material
[210]. Results highlight the enhancement of the lifetime of the amorphous
phase as a function of Mg?* concentration in solution. The plot of the stability
of the amorphous phase against Mg2+ concentration in solution, shown in
Figure 2.10a, reveals a good exponential relationship between the two

parameters, similarly to the effect of the synthesis pH (see paragraph 2.1.2.1).
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Figure 2.10: (a) Splitting Factors (T(%)1/T(%)z) as a function of reaction time. The SF of the
system [Mg?]=5 mM was not calculated as the peak at ~550 cm™ does not properly splits; (b)
amorphous phase stability as a function Mg? added in solution. The dashed line represents
the exponential fitting of the experimental data (equation and R? reported on the graph).

Together with the lifetime of the amorphous phase, FT-IR spectra also give
important information about the nature of the formed crystalline phases,
especially focusing on the shape of the peak between 700 and 1400 cm™ (see
the zoom of this region in Figure 2.11). From the analysis of the peak’s
position and shape, we observe that if Mg?* is absent from the solution, or its
concentration is very low (=1 mM), AMCP converts to poorly crystalline HA
[200, 220, 221].
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Figure 2.11: Zoom of the region 700-1400 cm™ of the FT-IR spectra of AMCP dispersed at pH
7.40 and (a) without Mg?, (b) with [Mg*]=1 mM, (c) [Mg*]=3 mM, (d) [Mg?]=5 mM.

The peak assignment is analogous to the one of AMCP (see Table 2.2), except
for the splitting of the peak at 550 cm™ and the slightly different shape of the
peak at ~ 1100 cm™. As in FT-IR the bandwidths of the peaks are related to
both the crystalline domain size and the degree of ion ordering into the unit
cell, the spectra observed here differ from that of well-crystallized HA, which
displays well-defined bands [221]. The rapid conversion of AMCP to poorly-
crystalline HA is not surprising, as amorphous calcium phosphates are
known to convert to apatitic phases in physiologic-like conditions [44]. The
increase in the concentration of Mg** modifies the phase transformation of
AMCP, since at [Mg*"] = 3 mM, the peaks typical of brushite appear after
about 24 h (see Figure 2.9¢) [222]. In the case of [Mg2+] =5 mM (Figure 2.9d),
the spectrum of the material collected after 14 days is compatible with the
presence of newberyite [205-208]. The formation of this crystalline form of
magnesium phosphate is due to the large amount of Mg in solution. To
further deepen the understanding of the nature of the formed crystalline
phases and to confirm the hypotheses conducted over FT-IR results, FE-SEM
and XRD analyses were performed on the crystalline samples, and the results
are reported in Figure 2.12; since the nature of the crystalline material formed
when AMCPs are dispersed without Mg2+ or at [Mg2+] =1 mM coincide, we
report here only the FE-SEM and XRD results for AMCPs dispersed without
Mg2+.
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Figure 2.12: FE-SEM micrographs (a, b, c) and XRD patterns (d, e, f) of AMCPs dispersed at
pH 7.40 without Mg?*" after 8 h (a, d), AMCPs dispersed at pH 7.40 at [Mg?'] = 3 mM after 3
days, (b, €) AMCPs dispersed at pH 7.40 at [Mg2+] =5 mM after 14 days (c, f). The PDF used
for XRD peaks” assignments are PDF: 09-0077 for brushite and PDF: 70-2345 for newberyite.

The morphology of poorly crystalline HA (see Figure 2.12a) is significantly
different from that of AMCPs, as the sample consists of flake-like particles,
hundreds of nm-sized. On the other hand, in the case of [Mg2+] =3 mM
(Figure 2.12b), we observe brushite typical platelets [223], while some crystals
with defined geometric shapes consistent with the presence of newberyite are
visible for [Mg2+] =5 mM [18] (see Figure 2.12c); in the last two cases, we also
observe a large portion of amorphous particles that surrounds the formed
crystals, suggesting that the crystallization process is not complete yet. XRD
results confirm the conducted observations: the diffractogram collected for
AMCPs dispersed at pH 7.40 without Mg and withdrawn after 8 h shows
very broad and low-intensity peaks, which are diagnostic of a poorly-
crystalline sample. The pattern, which displays peaks at 26°, 32°, 40° and 53°,
is consistent with poorly-crystalline HA, which in the literature is often
referred to as Calcium-Deficient HA (CDHA) [53, 224] or
cryptocrystalline/poorly crystallized apatite [225]. In the case of
[Mg2+] =3 mM (Figure 2.12e) and 5 mM (Figure 2.12f), the diffraction peaks
can be assigned to brushite (PDF: 09-0077) and newberyite (PDF: 70— 2345),
respectively. In Figure 2.12f, the peaks are superimposed to the large hump
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at ~ 30° characteristic of AMCP (see Figure 2.6b), confirming that a
considerable portion of amorphous material is not crystallized yet.

To sum up, our results show that the concentration of Mg2+ in the solution in
which AMCPs are dispersed affects both the lifetime of the amorphous phase
and the nature of the crystalline calcium phosphates which form upon AMCP

conversion (see the Discussion section for a detailed explanation).
2.1.2.4 Effect of pH on re-dispersed particles

The effect of the synthesis pH on AMCP stability has been discussed in
paragraph 2.1.2.1; here, we focus on the effect of the pH of the solution in
which already synthesized AMCP particles are re-dispersed. This
investigation aims at simulating different acid-base conditions that
endogenous AMCP particles could encounter in physiological (like change of
diet) or pathological conditions at the ileum level [226, 227], eventually
leading to alterations of the immune-surveillance mechanisms. AMCP
particles were dispersed in phosphate buffers at pH 6.90 and 7.40, at
concentration 0.36 g/L (for the experimental details, see paragraph 2.1.1.3).
Results for different samples are compared in Figure 2.13. The FT-IR spectra,
and in particular the shape of the peaks at ~ 1100 and 550 cm™ (see the
highlighted region in Figure 2.13a), show that when AMCPs are dispersed at
pH 6.90, the crystallization process is faster than at pH 7.40, and that the
formed product is poorly-crystalline HA. The morphology of the samples
confirms this observation, as at pH 6.90 FE-SEM micrographs (Figure 2.13b
and c) show HA typical flake-like morphology (see Figure 2.12a for
comparison), while at pH 7.40 this phase coexists with a large amount of
amorphous phase, highlighted in Figure 2.13c. EDX analyses were performed
to obtain semi-quantitative elemental ratios; Ca/Mg ratio is of outmost
importance, as it gives insights about the crystallinity of the samples. As
AMCPs displays Ca/Mg ratio of about 2.7, while crystalline CaPs such as HA
and brushite are Mg-free, the crystallinity of the samples is directly
proportional to Ca/Mg ratio (i.e. high crystallinity means low Mg amount,
which implies high Ca/Mg ratio). Atomic ratios are reported in Figure 2.13d

(the inset shows a zoom that highlights the low atomic % region). On the one
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hand, Mg/Na, Ca/Na and Ca/P ratios are not significantly affected by the pH
of the solution; on the other hand, Ca/Mg ratio is much higher for the sample
at 6.90, confirming the more crystalline nature of the material. The high
standard deviations associated to these ratios could be related to
inhomogeneities in roughness and composition of different samples (i.e. the
amorphous portions are not homogeneously distributed all over the
specimen). These results suggest that, in addition to the concentration of Mg?*
in solution, the pH has a critical impact on the solubility of AMCPs and the

subsequent crystallization to calcium phosphates.
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Figure 2.13: (a) FT-IR spectra of AMCPs dispersed at pH 6.90 (top blue curve) and 7.40 (bottom
red curve) and collected after 15 min; (b) and (c) FE-SEM micrographs at the same
magnification of AMCPs dispersed in phosphate buffer and withdrawn after 15 min at (b) pH
6.90, (c) pH 7.40. The orange ellipses in c highlight the amorphous portions of the samples; (d)
Atomic % ratios calculated with EDX analysis, averaging 3 different sites for each sample (the
error bars correspond to the standard deviations). In the inset, the zoom of the selected region
is reported.

2.1.2.5 Effect of dispersion concentration

Together with the presence of Mg®" ions and the pH of the solution, we
observed that the concentration of dispersed particles also affects the

crystallization rate of AMCP and the type of formed phase. At pH 6.90,
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particles crystallize after few minutes, as discussed in the previous section,
and convert to poorly crystalline HA (see FT-IR spectra as a function of time
in Figure 2.14a and FE-SEM micrograph of the product collected after 15 min
in Figure 2.13b); however, when we increase the amount of particles that we
disperse in the buffer (here, 3 g/mL), AMCPs evolve to brushite instead of
HA, as shown by FT-IR spectra (Figure 2.14b) and FE-SEM micrographs
(Figure 2.14c). The crystallization kinetic is also different at the two pHs, as it
is evident from EDX results (Figure 2.14d): in the diluted regime, a much
higher Ca/Mg ratio is obtained, highlighting that the critical factor for the
stability of the amorphous phase is the amount of Mg?* in solution (see later

in the Discussion section).
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Figure 2.14: (a,b) FT-IR spectra of AMCPs dispersed at pH 6.90 and withdrawn after 5, 10 and
15 min (a) in the diluted regime (0.36 g/L) and (b) the concentrated regime (3 g/L); (c) FE-SEM
micrograph of AMCPs dispersed at pH 6.90 in the concentrated regime and withdrawn after
15 min, where brushite platelets surrounded by amorphous particles are visible; (d) Ca/Mg
ratio of the products collected after 15 min as obtained by means of EDX analysis.
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The same observations were conducted by dispersing AMCPs at pH 7.40: in
this system too, the particles convert to poorly crystalline HA in the diluted
system, while in the concentrated one brushite forms (compare the series of
FT-IR spectra in Figure 2.9a, which refer to the diluted regime, with those in
Figure 2.15a for the concentrated system). The nature of the samples
withdrawn after 8 h was investigated by means of XRD (Figure 2.15b) and
FE-SEM (Figure 2.15c and d), and the findings are consistent with FT-IR

results.
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Figure 2.15: (a) FT-IR spectra of AMCPs dispersed at pH 7.40 in the concentrated regime, and
withdrawn after (from the top to the bottom) 5, 15, 45, 90 min and 8 h; (b) XRD pattern of
AMCPs dispersed at pH 7.40 and withdrawn after 8 h in the diluted (bottom curve) and
concentrated (top curve) system; (c,d) FE-SEM micrographs of the samples AMCPs dispersed
at pH 7.40 after 8 h, concentrated (c) and diluted (d) systems.

The kinetics of the crystallization process was estimated by comparing the
trends of Ca/Mg ratios vs incubation time (see Figure 2.16). In both system:s,
Ca/Mg ratio increases with the increase of incubation time (ie. the
crystallinity increases), and the ratios for the concentrated system are
significantly lower than the ones of the diluted regime, suggesting that also

at pH 7.40 the crystallization is faster when the particles are diluted.
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Figure 2.16: Ca/Mg atomic % ratio, calculated by means of EDX, as a function of reaction time
(red triangles: diluted system, blue dots: concentrated system) for the pH 7.40 experiments.

2.1.3 Discussion

The data presented so far clearly show that endogenous-like AMCP is an
unstable material, given its spontaneous crystallization into CaP or MgP-
based phases: amorphous calcium phosphates are indeed known to exist due
to kinetic reasons, as they thermodynamically tend to convert into stable
crystalline phases [53, 209]. The kinetics of this transformation depends on
several factors, as we outlined in the Introduction; among the stabilization
strategies which can be employed to enhance the lifetime of the amorphous
phase, it is known that Mg? ions contribute to the stabilization of the
amorphous phase, kinetically hindering the nucleation and growth of
hydroxyapatite by competing for lattice sites with calcium ions [73, 77, 228].
The evidence that the endogenous nanoparticles which are found in human
intestine contain both Ca? and Mg?* is intriguing: in fact, the presence of the
latter ion may contribute to preserve their amorphous nature and potentially
their functional role in the organism. To mimic the effect of Mg?
concentration in intestinal fluids on endogenous AMCP particles, we
prepared synthetic analogues. Our results confirm the stabilization of ACP
through the inclusion of Mg?; moreover, we were able to establish an
exponential relationship between the lifetime of the amorphous phase and
Mg? concentration added in solution, allowing for the possibility of
predicting the stability of AMCPs. Very interestingly, we observed that the

concentration of this ion affects not only the lifetime of the amorphous phase,
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but also the type of crystalline phase to which AMCP converts. These results
can be explained in terms of CaP solubility and of the effect of Mg?* on CaP
crystallization rate. At 37 °C and ionic strength of 0.1 M, HA is the
thermodynamically more stable phase in an extended range of pH, while at
pH < 4, brushite (DCPD) is favored (see Figure 2.17a) [59]. Therefore, the
conversion of AMCP to poorly crystalline HA that we observe at low Mg?*
concentration (paragraph 2.1.2.3) is not surprising, and the poor crystallinity
of the material is likely due to Mg? that limit the re-arranging ability of Ca?
and phosphate ions. Moreover, we know from the literature that Mg?* hinders
the crystallization of the various CaPs to a different extent, as it mostly
hampers HA formation, while brushite crystallization is un-affected by the
presence of Mg? (see Figure 2.17b) [228].
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Figure 2.17: (a) Solubility isotherms of CaPs at 37 °C and 0.1 M ionic strength (reproduced with
permission from [59]; (b) Normalized rates of growth of DCPD, OCP and HA in the presence
of magnesium ions. R and Ro are the rates of growth in the presence and absence of
magnesium, respectively (reproduced with permission from [228]).

This is consistent with our observations, as when Mg”" concentration in
solution increases (3 mM), the amorphous phase is more stable and brushite
is the phase that finally precipitates, because of the large amount of Mg”" that
does not allow for HA formation. When [Mg®] = 5 mM, AMCP particles are
extremely stable and Mg2+ is so abundant in solution that a magnesium

phosphate, MgHPO4-3H>0, is the first crystalline phase that precipitates. This

explanation is also compatible with the results that we achieved in the
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experiments at different AMCP concentration (paragraph 2.1.2.5): here, Mg2+
was not added on purpose in the solution, but it was released due to AMCPs
dissolution that occurs when they get in contact with the aqueous medium.
When a small amount of particles is dispersed in solution, a low
concentration of Mg®" is released and AMCP rapidly converts to poorly
crystalline HA; when a larger quantity of particles is dispersed in solution,
dissolution occurs to a larger extent, and the significant amount of Mg>*
released stabilizes the remaining solid amorphous phase, allowing for the
formation of brushite over HA, both at pH 6.90 (see Figure 2.14) and 7.40
(Figure 2.15 and Figure 2.16). It is therefore clear that Mg2+ concentration has
a paramount importance in determining AMCPs behavior and fate. The
levels of this ion in the gut lumen are tightly controlled, as its absorption takes
place in the intestine [13]. Intestinal levels of Mg2+ have important
implications for the health: experiments on rats show that magnesium
deficiency induces inflammation in the small intestine [229] and magnesium
supplements are often therapeutically effective against the symptoms of
irritable bowel disease [230]. For the moment, the direct connection between
Mg”" concentration in the intestine and the stability/amount of AMCPs

formed is not demonstrated. However, we may speculate that a Mg2+
deficiency in the gut could hamper the stability of the particles, thus affecting
the biological pathway in which they are involved.

As far as the pH effect is concerned, the observed stabilization of AMCP with
the increase of pH (both during the synthesis —paragraph 2.1.2.1- and when
dispersed in solution —paragraph 2.1.2.4) is consistent with the data reported
in the literature [70]. Our results clearly show a dramatic sensitivity to pH
variations, as a difference of few tenths of pH unit induces an enhancement
of the stability of about 10 days. We found an exponential relationship
between the amorphous phase stability in the reaction medium and the pH
during the synthesis (similarly to [Mg2+]), allowing for the prediction of the
lifetime of AMCPs for a given pH value. The stability that the particles
display in their reaction medium at pH 7.40 is remarkable. Very interestingly,
we observed that the nature of the crystalline product formed as a
consequence of AMCP conversion changes by modifying the pH, as brushite

forms at pH in the range 7.06-7.30, while at pH 7.40 we detect the presence
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of newberyite. The precipitation of brushite can be easily justified considering
the effect of Mg®*ions in solution that hinder HA precipitation. The formation
of newberyite could be explained considering that AMCP dissolution is
slowed down at pH 7.40, and that the combined presence of Mg*" ions in
solution hampers the ability of forming new crystals; in these conditions, the
concentration of calcium in solution needed for the formation of brushite
could not be attained, and the first crystalline phase that would precipitate is
newberyite. The pH of the solution which AMCPs get in contact with has also
a crucial role in the crystallization kinetic (paragraph 2.1.2.4): being ACP less
stable in acidic conditions [70], the particles dissolve more rapidly at pH 6.90
than at pH 7.40, causing an increase in solution of all the ions constituting the
particles (Ca”, Mg2+, phosphate). This results in the rapid conversion to
poorly-crystalline HA, while at pH 7.40 the solid material which precipitates
is richer in the amorphous component, being the dissolution of AMCPs
slower in these conditions. To sum up, pH has a deep impact of the stability
of the amorphous phase. It is important to recall that, as highlighted at the
beginning of section 2.1, alterations in the gut pH are associated to
pathologies, such as inflammatory bowel disease [226], chronic pancreatitis
and cystic fibrosis, which seem to decrease pH of the proximal small intestine
[227]. In general, inflammatory conditions are related to acidic pH and,
interestingly, AMCPs are less stable in that environment; all the factors which
contribute to raise the pH of the small intestine could potentially increase the
stability of the particles, leading to the correct achievement of their biological
function. As far as diet is concerned, it is not easy to relate our eating habits
to variations of the parameters crucial to AMCPs stability; it is generally
recognized that food has no significant influence on intestinal and colonic pH
[231]; nevertheless, it was also shown that, in rodents, a high fiber diet (which
is known to have beneficial effects for gut health) caused an increase in the
pH of the small intestine by 0.35-0.75 pH units [232].

All our data taken together demonstrate that slight variations in factors
which are biologically relevant deeply affect the stability and the fate of
AMCPs. We believe that these results have a two-fold relevance, as they
contribute to the topic of amorphous-to-crystalline transition of CaPs and

may help in clarifying the role of the endogenous particles.
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2.2 Effect of additives

While forming in the distal small intestine, AMCPs can encounter a variety
of molecules and macromolecules that can be absorbed and even shape their
structure and their stability. With this scenario in mind, we selected some
biologically-relevant and representative molecules of the intestinal milieu as
case studies (butyric acid, lactose, gluten and peptidoglycan, see Figure 2.18)
to investigate how their presence in the reaction medium can affect the

physico-chemical features of AMCPs.
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Figure 2.18: Formula of the additives employed in this study: (a) butyric acid; (b) lactose; (c)
gluten; (d) peptidoglycan.

Butyric acid (see Figure 2.18a) is a short-chain fatty acid and, together with
acetic and propionic acid, is produced within the intestinal lumen by bacterial
fermentation of undigested dietary carbohydrates and dietary and
endogenous proteins [233]. Butyrate is the preferred energy source for
colonocytes and serves as cellular mediator regulating multiple functions of
gut cells [233, 234]; it also has an anti-inflammatory effect and has potential
benefit in irritable bowel syndrome [235-237].

Lactose (see Figure 2.18b) is a disaccharide composed of galactose and
glucose; it enters the intestine upon milk intake, where the glycosidic bond is
cleaved by the enzyme lactase. The resulting monosaccharides can then be
absorbed and used as energy source by our organism. Individuals which
have a deficiency in lactase production are not able to digest lactose: in this
case, the disaccharide passes intact in the colon, where it is fermented by
bacteria. The resulting production of gas may cause various abdominal
symptoms.

Gluten (see Figure 2.18c) can be defined as the rubbery mass that remains

when wheat dough is washed to remove starch granules and water-soluble
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constituents [238, 239]. It contains hundreds of protein components, which
are typically divided into two fractions, i.e. gliadins (soluble in alcohol-water
solutions) and glutenins (insoluble). In a small part of the population, gluten
can trigger adverse autoimmune reactions responsible for a broad spectrum
of gluten-related disorders, such as coeliac disease [240].

Peptidoglycan (see Figure 2.18d) is a polymer composed of sugars (N-
acetylglucosamine and N-acetylmuramic acid) and amino acids, and is the
component of most bacteria’s cell wall; being the gut flora so abundant, it is
expected that peptidoglycans are representative components of the intestinal

environment.
2.2.1 Synthesis of AMCPs in the presence of additives

AMCPs were prepared following the same procedure described in paragraph
2.1.1.1, by mixing 50 mL of solution A ([NaCl]=135 mM, [CaCl2]=40 mM,
[MgCl2]=13.3 mM) with 50 mL of solution B: (see Table 2.1), and adjusting the
pH at 7.7 before collecting them after 15 min. The modifications in the
concentrations with respect to the synthesis in paragraph 2.1.1.1 were
adopted to maximize AMCP yield, while maintaining all the particles in the
amorphous phase.

For the synthesis in the presence of additives, each molecule was
dissolved/dispersed in solution A at 1 mg/mL before mixing with solution B:
[166]. The particles synthesized with butyric acid (purity > 99 %, Sigma-
Aldrich) are coded as sample “AMCP_B”, with lactose (D(+)-lactose
monohydrate > 98 %, Fluka) “AMCP_L”, with gluten (crude, > 80 % protein,
Sigma-Aldrich) “AMCP_G” and with peptidoglycan (from Bacillus Subtilis,
Sigma-Aldirch) “AMCP_P”. The only difference among the four syntheses
was conducted in the preparation with gluten, as, being this protein
composed by glutenin (soluble in water) and gliadin (insoluble in water)
[238], it was not possible to readily dissolve it in solution A. The sonication
of the dispersion for 10 min lead to the partial agglomeration of the protein;
therefore, we tried to improve the dispersion by stirring the sample at 70 °C

for 36 h, and then we filtered the solution (0.45 um filters) to remove the
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insoluble portion. The synthesis was then conducted analogously to the other

systems.
2.2.2 Results and discussion

AMCPs prepared in the absence of additives are analogous to those described
in section 2.1.2.2: the particles are amorphous, and electron microscopy
investigation shows aggregated nanometric particles endowed with internal
porosities (see Figure 2.19). The only noteworthy difference with respect to
the particles described in the previous paragraph is the Ca/Mg atomic % ratio
as calculated by means of EDX analysis, which in this case is higher (6.8 +0.5),

given the greater Ca? concentration with respect to Mg used in the

synthesis.
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Figure 2.19: AMCP characterization: (a) FT-IR spectra; (b) XRD pattern; (c) FE-SEM
micrographs (inset: high magnification); (d) TEM micrograph.
The incorporation of the additives in the particles was investigated by means

of FT-IR spectroscopy and thermogravimetry, and the results are shown in
Figure 2.20.
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Figure 2.20: (a) FT-IR spectra and (b) thermogravimetric curves of AMCP synthesized in the
presence of: butyric acid (AMCP_B, red curve), lactose (AMCP_L, orange curve), gluten
(AMCP_G, blue curve) and peptidoglycan (AMCP_P, green curve). The arrows in (a) highlight
the additional signals present in the spectrum of AMCP_P, due to the incorporated
peptidoglycan.

The FT-IR spectra (Figure 2.20a) of the particles prepared in the presence of
butyric acid (red curve), lactose (orange curve) and gluten (blue curve) do not
show any additional signal with respect to AMCP (see Figure 2.19a for
comparison). On the contrary, sample AMCP_P displays further signals, at
1545 cm, 2929 cm! and 2965 cm!, which are compatible with peptidoglycan
vibrations [241]. This evidence suggests that, similarly to the in vivo process,
this polymer is partially incorporated in AMCPs, unlike butyric acid, lactose
and gluten. In order to quantitatively assess the incorporation of organic
material in AMCPs, samples were analyzed by means of thermogravimetry,
and the results are shown in Figure 2.20b. From the comparison of the weight
losses % at 1000 °C, we can clearly observe that samples AMCP_B, AMCP_L
and AMCP_G lose about 16 % of their initial weight (+1 %), similarly to
AMCP (15 %); on the other hand, AMCP_P display a weight loss % of 42 %,
thus indicating that the particles prepared in the presence of peptidoglycan
can incorporate ~ 27 % by weight of the polymer.

The morphology of the particles was investigated by means of FE-SEM, and

the micrographs are reported in Figure 2.21.
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Figure 2.21: FE-SEM micrographs of (a) AMCP_B; (b) AMCP_L; (c) AMCP_G; (d) AMCP_P. In
the insets, high magnification images are shown.

The type of additive used in the synthesis does not influence the morphology
of the particles, as in all samples we observe the presence of aggregated
nanospheres, similarly to AMCP (see Figure 2.19¢ for comparison). At high
magnification, the internally porous nature of the single particles is
detectable in all samples (see the insets in Figure 2.21). We can therefore
conclude that the presence in solution of the additives does not result in a
modification of AMCP’s morphology. Moreover, as no peptidoglycan-rich
domains are detectable in SEM micrographs, we can conclude that this
macromolecule is incorporated in AMCP structure. In terms of chemical
composition, the semi-quantitative Ca/Mg ratio measured by means of EDX
analysis does not reveal any significant difference among the samples, as we
obtain 7.2 + 1.3 for AMCP_B, 7.2 + 1 for AMCP_L, 7.4 +0.9 for AMCP_G and
6.2 +0.6 for AMCP_P: this suggests that the additives do not affect the relative
amount of magnesium included in the structure of the particles.

The morphology of AMCP was also assessed by means of TEM microscopy,
so to gain some insights into the internal structure of the particles (see Figure

2.22). All the samples display a morphology which is similar to AMCP
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prepared without additives (see Figure 2.19d), as the aggregated nanometric
particles appear polydisperse and intrinsically porous. As already discussed
over SEM results, we do not detect any marked difference among the four

samples.

Figure 2.22: TEM micrographs of (a) AMCP_B; (b) AMCP_L; (c) AMCP_G; (d) AMCP_P.

To sum up, the presence in solution of butyric acid, lactose and gluten does
not affect the physico-chemical features of endogenous-like AMCPs;
peptidoglycan is the only additive which is incorporated in AMCP, despite
not affecting the morphology and the Ca/Mg ratio of the particles. This is of
outmost importance, as one of the roles that AMCPs is thought to fulfil in vivo
is the incorporation of bacterial peptidoglycans in the lumen, with the

subsequent transport to the immune cells of the intestinal tissue [157].
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2.3 Formation in Simulated Intestinal Fluids

As AMCPs form in the distal region of the small intestine, it is of outmost
importance to understand which are the conditions of the lumen and try to
mimic them, so to reproduce the in vivo formation of the particles and gain
useful insights in their formation mechanism and features.

The characterization of the intestinal juice composition is challenging, as this
medium is typically prone to a large variability in its composition [242]. A
possibility to partially mimic the environment in which AMCP form in a
standardized condition is to use commercial Simulated Intestinal Fluids (SIF).
These media typically consist of aqueous solutions of bile salts (anionic
natural steroidal surfactants, typically sodium taurocholate, formula shown
in Figure 2.23a) and phospholipids (such as lecithin, formula shown in Figure
2.23b), 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 [243,
244]. These media have been developed to assess the dissolution and
solubility of drugs, but can be regarded as valuable tools to mimic the
gastrointestinal environment. As AMCP form in the ileum, we chose for our

investigation the SIF which mimic specifically this region of the gut [243].

Figure 2.23: Formula of (a) sodium taurocholate and (b) lecithin.

2.3.1 Experimental protocols
2.3.1.1 Preparation of SIF

The SIF specifically mimicking the ileum region of the gut was prepared

according to the instructions given by the supplier (Biorelevant.com Ltd).
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500 mL of the fluid were prepared by dissolving 0.880 g of NaCl, 3.065 g of
maleic acid (= 99 %, Sigma-Aldrich) 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. 03 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

reported in the table below.

Table 2.5: SIF composition, according to the producer [243].

SIF composition

Sodium taurocholate 0.8 mM

Lecithin 0.2 mM

Maleic acid 52.8 mM

Sodium hydroxide 105 mM

Sodium chloride 30.1 mM

pH 7.5

Osmolality 190 mOsm/Kg
Buffer capacity 10 (mmol/L)/ApH

2.3.1.2 Synthesis of AMCP in SIF and in water

AMCP was obtained by mixing equal volumes (200 mL) of two solutions,
namely solution A and solution B: (same concentrations as in Table 2.1). Two
syntheses were conducted using the same procedure, except for the fact that
the salts were dissolved either 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 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.
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2.3.1.3 Dispersion of AMCP in SIF

The stability of AMCP in SIF was also evaluated by dispersing dried particles
(prepared as described in paragraph 2.1.1.1 at pH 7.40 and collected after 15
min) in SIF, at pH 7.50. 50 mg of AMCP were dispersed in 140 mL of SIF at
pH 7.510, at 37 °C under stirring. Aliquots of the solution were collected after
15 min, 1h, 3 h, 6 h, 8 h, 14 h, 20 h, 24 h and 48 h. The separation of the
particles from the solution was performed as described in the previous

paragraph.
2.3.2 Results and discussion
2.3.2.1 SIF characterization

The prepared SIF was characterized in order to investigate the presence of
self-assembled structures. Literature reports on similar systems show that 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 [244—
250]. DLS analysis, performed at 37 °C, 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 [244] (see Figure 2.24a).
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Figure 2.24: (a) DLS autocorrelation function of SIF (red full circles) together with cumulant

analysis fit (black solid line) (b) Surface tension vs taurocholate concentration in the SIF, which
does not reveal a defined CMC.
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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 (see
Figure 2.24b). 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 [245, 251].

2.3.2.2 AMCP stability

We assessed the stability of AMCPs prepared in SIF and in water, to evaluate
the effect of the taurocholate and lecithin on their crystallization process. The
kinetic was monitored by means of FT-IR spectroscopy, and the results are

shown in Figure 2.25.
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Figure 2.25: FT-IR spectra of AMCPs synthesized in (a) SIF and (b) water; the spectra are offset
for display purposes. The highlighted regions emphasize the areas where diagnostic signals
of the molecules in the SIF are present.

As described for the synthesis at different pHs (paragraph 2.1.2.1), we
observe in both systems the transition from amorphous to crystalline
phosphate in time. Interestingly, the lifetime of the amorphous phase in the
two media is different, as in SIF the first signatures of crystallinity in the
spectrum appear after 29 days, while in water the spectrum of the 14 days-
product shows a small peak at 3489 cm!, together with the initial splitting of
the vs phosphate stretching peak around 1000 cm. This stabilizing action is
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likely due to the effect of taurocholate, which is known to inhibit the
precipitation of crystalline calcium phosphates [251]. The spectra of the
crystalline products (blue curves) are different from those discussed in the
previous paragraph, and are compatible with bobierrite (Mgs(PO4)2-8H20, see
peaks’ assignment in Table 2.6) [252].

Table 2.6: FT-IR peaks’ assignment of bobierrite [252].

Bobierrite (Mg3(PO4)2-8H20)

Peak [cm] Assignment

3490 Water

3110 Water

1645 Water

1080 vs stretching phosphate
1044 vs stretching phosphate
1001 vs stretching phosphate
953 vi1 stretching phosphate
859 Not assigned

555 v4 bending phosphate

It is worth highlighting that here, when we synthesize AMCP at pH 7.5, the
observed crystalline phase is bobierrite, while at pH 7.4 (see paragraph
2.1.2.1) we observe the transition towards newberyite (MgHPO4-3H20). This
difference is ascribable to the slightly more alkaline conditions [1], which may
shift the equilibrium of HPO4* towards PO+*.

In order to gain more insights into the crystallinity of these materials, selected
samples were analyzed by means of XRD, and the diffractograms are
reported in Figure 2.26. The analysis of the XRD patterns confirms the
observations conducted over FT-IR results, as it reveals the amorphous
nature of the particles collected after 15 min and the formation of bobierrite
with aging (PDF: 33-0878). The stabilization effect of the SIF is evident from
the comparison of the diffractograms of the products collected after 22 days
(blue patterns in Figure 2.26), which clearly show higher crystallinity of the

sample prepared in water.
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Figure 2.26: (a) XRD patterns of AMCPs_SIF collected after 15 min, 22 and 29 days of reaction;
(b) XRD patterns of AMCPs_H:0 collected after 15 min, 14 and 22 days of reaction. The
diffractograms are offset for display purposes.

The morphology of the amorphous and crystalline particles as obtained by
means of FE-SEM is reported in Figure 2.27.

AMCP_SIF_15" DI

Figure 2.27: FE-SEM micrographs of (a) AMCP_SIF_15min; (b) AMCP_H:O_15min; (c)
AMCP_SIF_29d; (d) AMCP_H:O_22d.

When comparing AMCPs collected after 15 min prepared in SIF (Figure
2.27a) and water (Figure 2.27b), we observe 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

those obtained from the analogous procedure in water. On the other hand,
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bobierrite crystals formed upon conversion of AMCPs show the same
morphology in both syntheses, namely parallelepiped-like objects
surrounded by amorphous particles (Figure 2.27c and d).

2.3.2.3 Incorporation of organic molecules

A peculiar feature of endogenous AMCPs is their ability to trap antigens and
peptidoglycans in the lumen, acting like a shuttle for the delivery of the
organic cargo to the immune cells in the intestinal wall lining [157, 167]. 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 the in vivo counterpart [166]. Our
experiments described in section 2.2.2 also confirmed the ability of AMCP to
incorporate peptidoglycan. As we observed that the organic molecules
present in the SIF affect the stability and the morphology of the synthesized
particles, we inspected their incorporation/adsorption on AMCPs. The
comparison of FT-IR spectra synthesized in SIF and in water gives a hint in
this direction, as an additional peak at 1576 cm is present in all samples
prepared in SIF (see the highlighted regions in Figure 2.25). Moreover,
samples collected from 3 to 10 synthesis days also present absorptions at
1733 cm!, 2855 cm™ and 2927 cm. These signals are compatible with the
stretching vibrations of C-C and C-H bonds in lecithin and taurocholate, as it

is shown in Figure 2.28.
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Figure 2.28: Comparison of the FT-IR spectra of AMCPs after 3 synthesis days (purple curve

in SIF, green curve in water) with the powder used to prepare the SIF, which contains sodium
taurocholate and lecithin. The spectra are offset for display purposes.
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The red spectrum in the Figure refers to the powder used to prepare SIF (as
received), which only contains sodium taurocholate and lecithin; the
incorporation of these organic molecules in AMCPs is therefore
demonstrated. The different number of peaks among the samples prepared
in SIF may be due to a different amount of organic material incorporated in
the particles. This parameter was estimated by means of thermogravimetry,
comparing the extent of the weight losses % at 1000 °C. The analysis of the
thermograms given in Figure 2.29a reveals that AMCP_SIF samples show a
time-dependent weight loss, which is in all cases higher than that of
AMCP_H20_15min, consistently with the thermal degradation of some
organic material incorporated in the 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 Figure 2.29b).
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Figure 2.29: Thermogravimetric analysis of AMCP_SIF: (a) weight % as a function of T and (b)
derivative weight % as a function of T. The highlighted area shows the region in which the
curves display major variations.

The weight loss % as a function of time, reported in Figure 2.30 (red
diamonds), reveals that 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 ecm?, 2855 cm! and 2927 cm-! (see Figure 2.25a), confirming that these

additional infrared features are due to the higher relative amount of organic
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material in the samples. We sought to understand the reason for this
phenomenon, and we hypothesized that different specific surface areas of the
samples and/or different particles” size could lead to a dissimilar behavior in
terms of organic molecules’ extent of adsorption. The analysis of the samples
by means of nitrogen sorption measurements did not reveal any peculiar
trend of the BET specific surface area as a function of time (see Figure 2.30,
blue triangles). The analysis of the size distribution of the particles was
conducted by means of laser granulometry on aliquots withdrawn from the
reaction medium, which were analyzed using as dispersant medium absolute
ethanol (we chose not to wuse water to prevent potential
dissolution/crystallization phenomena of AMCPs). The plot of D1, Dso and
Do as a function of reaction time is shown in Figure 2.30b: no significant
variations in the size distribution of the particles is observed, except for a
slight increase in Dso and Do after 22 reaction days. We can conclude that the
reason why the amount of organic material in AMCP synthesized in SIF
reaches a maximum after about 4 days is still unclear, as it does not depend

on variations in specific surface area or particles’ size.
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Figure 2.30: (a) Weight loss % (red diamonds) and BET specific surface area (blue triangles) as
a function of reaction days for AMCP_SIF. The error bars associated to the weight losses, which
are 5 % of the value, account for the discrepancies arising from different measurements on
samples from two analogous syntheses; (b) Dio, Dso and Do (um) obtained by means of laser
granulometry on aliquots withdrawn from the reaction medium.

Interesting information on the effect of the organic molecules embedded in
AMCP can be obtained from the heat flow profile acquired simultaneously
to the thermogravimetry experiments (see Figure 2.31a): as discussed in
paragraph 2.1.2.2, while heating AMCP, two exothermic events appear in the

heat flow profile, corresponding to the crystallization towards a whitlockite-
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like sodium calcium magnesium phosphate (PDF: 45-0136, see the red curve
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in Figure 2.31a).
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Figure 2.31: (a) Heat flow profiles of AMCP_SIF at different reaction days, compared with
AMCP_H:0 (red curve). The curves are offset for display purposes. The baselines were
subtracted using a 3¢ order polynomial function; (b) XRD patterns of AMCP_SIF analyzed by
means of thermogravimetry before and after the crystallization peak.

Interestingly, the amorphous particles prepared in SIF also crystallize when
heated, but the exothermic peaks are shifted towards lower temperatures. To
understand the nature of these phases, selected samples were recovered after
the TGA experiment, interrupting the measurement after the first and the
second exothermic peak. XRD analyses (Figure 2.31b) reveal that
crystallization occurs in correspondence of the second exothermic peak, and
the obtained phase is the same that forms when AMCP are prepared in water
(red pattern in Figure 2.31b). 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.
2.3.2.4 AMCEP structure at the nanoscale

The structure at the nanoscale of AMCPs prepared in SIF was compared to

their counterpart obtained in water, to investigate if lecithin and taurocholate
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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_H20_15min are compared in
Figure 2.32.

AMCP_H,0_15’

Figure 2.32: TEM micrographs of (a + ¢) AMCP_SIF_15min and (b + d) AMCP_H:0_15min at
low (atb) and high (c+d) magnification. The black arrows in (c) highlight the core-shell-like
structures.

The images at lower magnification (Figure 2.32a and b) confirm the
observations conducted over SEM results, ie. the amorphous particles
obtained in SIF are smaller than those synthesized in water; moreover, in both
cases, the nanometric objects are clustered and endowed with nanometric
porosities, similarly to the endogenous ones [157]. The high magnification
micrographs (Figure 2.32c 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 (Figure 2.32c). These objects

have a core diameter of (10 + 3) nm and a shell thickness of (3 + 1) nm. As the
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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 2.3.2.1) resulting in
core-shell structures. 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 [253, 254], lecithin [255],
polystyrene [256], phenol-formaldehyde resin spheres [257], polyelectrolytes
[258], amino acids and dipeptides [259], and surfactants [260]; nevertheless,
our finding is the first example of CaP-based shells driven by taurocholate-
lecithin micelles.

AMCEP structure at the nanoscale was further explored by means of SAXS
analysis. The curves of both AMCP_SIF_15min and AMCP_H20_15min,
reported in Figure 2.33, display a very low scattering intensity at high q
values (q > 0.1 A-1) followed by an upturn in the mid- and low-q regions due

to the presence of AMCP aggregates.

O  AMCP_SIF_15min
O AMCP_H,0_15min

1 (a. u.)

) 2 3 456 2 3 45
0.01 0.1
A
Figure 2.33: Log-log representation of SAXS curves of AMCP_SIF_15min (red circles) and
AMCP_H20_15min (blue squares) samples. Black solid and dashed lines represent curve

fittings according to Eq. 2.1.
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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.
The fractality of the system was investigated by fitting the experimental

curves in the 0.01 > q> 0.1 A range with the equation:

I(@)= AqP 2.1)

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 (Dw) that is 3 for full solid materials
[261]. When 3 < p <4, one can calculate the surface-fractal dimension (Ds) from

the equation:
Ds=6-p (2.2)

Typically, Ds is 2 for smooth surfaces, and goes towards 3 as the roughness
increases [262]. Fitting the AMCP_H>0O_15min results in p = 3.37 + 0.01 (black
solid line in Figure 2.33). According to Eq. 2.2, 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 Ds = 2.55, which indicates that, in
this dimensional range, the surface of AMCP particles in water is slightly
rougher than that in SIF. A second power law dominates the scattering in the
low-q region of AMCP_SIF, with p = Dm =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 [263, 264], which in our case can be

referred to the use of water or SIF as the reaction medium.
2.3.2.5 Dispersion of AMCP in SIF
In order to gain more insights into the stabilizing effect given by taurocholate

and lecithin, we performed an additional experiment by dispersing dried
AMCPs in SIF, as described in section 2.3.1.3. We monitored the

74



2 Amorphous Magnesium-Calcium Phosphate particles

crystallization kinetic by means of FT-IR spectroscopy, and the results are

shown in Figure 2.34a.
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Figure 2.34: (a,b) FT-IR spectra of AMCP dispersed in (a) SIF and (b) water as a function of
incubation time; (c,d) FE-SEM micrographs of AMCP dispersed in SIF and collected after (c)
1hand (d) 24 h.

Comparing the results with the spectra of AMCPs dispersed in phosphate
buffer at the same pH and concentration (Figure 2.34b), we can observe that
the stabilizing effect of the organic molecules is retained even when AMCPs
are dispersed in the medium instead of being synthesized in it: crystallization
in SIF occurs after ~14 h, while in water the particles are crystalline after 1 h.
The crystalline phase formed in this context is poorly crystalline HA, as it is
shown by the shape of the FT-IR peaks (see section 2.1.2.3 for the discussion
of FT-IR features) and FE-SEM micrographs (Figure 2.34d). Interestingly, also
in this experiment, the signals characteristic of taurocholate and lecithin
(region 1300-1800 cm) are visible in the spectrum, indicating an

incorporation of the organic molecules within AMCP. This suggests a
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dissolution/reprecipitation mechanism: when the particles get in contact with
the aqueous medium, dissolution begins and the created oversaturation leads
to a precipitation process. When precipitating, the particles (both AMCP and
poorly crystalline HA) incorporate the organic molecules in the SIF, thus

making the results similar to those about the synthesis of AMCPs in SIF.

To sum up, we found out that the presence of lecithin and taurocholate in the
medium in which AMCPs form prolongs the lifetime of the amorphous
phase; this effect is observed even when dried AMCPs are dispersed in the
SIF. Moreover, the presence of the biorelevant molecules in the synthetic
medium affects the morphology of the amorphous particles as, at the same
time, produces the formation of smaller particles and core-shell like

structures templated by the self-assembled structures present in the medium.
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24 Formation of AMCP in mucin-based systems

In addition to the molecules present in the intestinal juice, AMCPs will likely
get in contact with the components of the intestinal epithelium during their
formation process, possibly affecting their formation and features. In the
small intestine, the epithelium is covered by a single and easily removable
mucus hydrogel layer, which forms a diffusion barrier and acts as a
protection against hazardous and infective agents [265] (see Figure 2.35a).
Alterations in the mucus characteristics can result in pathological situations,
such as cystic fibrosis, ulcerative colitis, inflammatory bowel syndrome and
Crohn’s disease [266, 267]. Among the different molecules composing mucus,
mucins form the main skeleton: these large glycoproteins, whose basic
structure is shown in Figure 2.35b, are extensively decorated by O-linked
glycans, which bind water and give to mucus gel-like properties. To date, 21
mucin-type glycoproteins, which collectively belong to the MUC gene family,
have been identified in the human body [268], and are divided in two main

categories, i.e. secreted [269] and cell bound [270].
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Figure 2.35: (a) Sketch of the mucus layer in the small intestine, reproduced with permission
from [265]; (b) structure of native mucin (reprinted with permission from [271]).

Though the interaction of mucin with different types of nanoparticles has
been explored in the literature [267, 272-275], its interplay with calcium
phosphate-based nanoparticles was never addressed so far. Nevertheless,
this topic assumes great relevance in the framework of AMCPs formation in
the intestine, as the understanding of the effect of mucin on the formation
and features of AMCPs could contribute to unravel their largely unexplored

in vivo formation mechanism. In this section, we describe AMCPs synthesis
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in different mucin-based systems: as the layer of mucin in the small intestine
is defined as “loose and unattached” [266], mucin’s hydrogels and

dispersions were chosen as simple models to mimic the intestinal layer.
2.4.1 Experimental protocols
2.4.1.1 Synthesis of AMCP in mucin hydrogels

As previous experiments showed that AMCPs can be effectively obtained by
mixing two aqueous solutions containing calcium, magnesium and
phosphates, our initial idea for synthesizing AMCP in mucin hydrogels
involved two steps, i. dissolution of mucin in solution A (see the composition
in Table 2.7) to form a hydrogel, and ii. addition of solution B on the top of
the hydrogel. For step i, 0.250 g of mucin (Mucin from porcine stomach type
II, Sigma-Aldrich) were dissolved in 0.50 mL of water (sample B_0) or of
solution Ai-As (see Table 2.7). The pH of the solutions A and B was separately
adjusted at 7.50 by dropwise addition of NaOH 2 M. After mixing, samples
were equilibrated in plastic vials at room temperature for 24 h; afterwords,
0.50 mL of solution B: (see Table 2.1, pH adjusted at 7.50) were added on the
top of the hydrogel, and equilibrated for 24 h. After the removal of the
supernatant, samples were freeze-dried for 24 h.

Another set of samples was prepared using a more diluted hydrogel (0.100 g

of mucin with 0.50 mL of solution) with water and solution As.

Table 2.7: composition of the solutions used to prepare mucin hydrogels.

Salt A Ao As As As Awm
CaClz 4 mM 10mM 15mM 40mM  100mM 375 mM
MgCl:6H0 10 mM 10 mM 10 mM 100mM 250 mM 25 mM
NacCl 135mM  135mM 135mM 135mM 135mM 135 mM

2.4.1.2 Synthesis of AMCP in mucin dispersions

For the synthesis of AMCP in mucin dispersions, 5, 50 and 500 mg of mucin

were dispersed using magnetic stirring in 5 mL of solution Awm at 37 °C (see
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Table 2.1), to obtain dispersion at 1, 10 and 100 mg/mL (samples “AMCP_1",
“AMCP_10" and “AMCP_100"). The different concentrations of salts in

solution A used in this synthesis were adopted to increase AMCP yield, while

obtaining amorphous particles with a Ca/Mg ratio compatible with that of
the endogenous ones (data not shown). 5 mL of solution B (see Table 2.1)
were added to mucin dispersion at 37 °C, and the pH was adjusted to 7.50 by
dropwise addition of NaOH 2 M. After 15’, the solution was centrifuged at
6000 rcf for 3, and the supernatant discarded. The solid was washed 3 times
with denatured ethanol (5 mL of ethanol for the initial 10 mL of reacting

solution) and dried with N2 flux and in desiccator using vacuum for 30".

2.4.2 Results and discussion

2.4.2.1 AMCP in mucin hydrogels

We first characterized the freeze-dried mucin hydrogels B_0, B_A1, B_A2 and
B_As, aiming at understanding if we obtained the formation of AMCPs
within the gel matrix. The top portion of the xerogel was analyzed, as we
expected a higher amount of particles in the region of contact of solution B
with the hydrogel. Results are shown in Figure 2.36. We were not able to
detect AMCP formation in any of the prepared samples: both the FT-IR
spectra (Figure 2.36a) and XRD patterns (Figure 2.36b) are not significantly
different from those of mucin hydrogel prepared with water (red curves in
the figure). The only peaks present in XRD pattern of B_A:1 and B_As are due
to NaCl crystals. Thermogravimetry was carried out to estimate the amount
of inorganic material formed in the hydrogel matrix (Figure 2.36¢c) but, again,
no clear evidence of AMCP formation was found (weight loss for B_0: 97.5 %,
B_A1: 91 %, B_A2 80 %, B_As: 89 %). The morphology of the xerogels,
analyzed by means of FE-SEM, showed only the presence of structures
compatible with organic material. We hypothesized two explanations for the
lack of AMCP formation within mucin matrix: i. the gel network is too thick
and does not allow for the diffusion of solution B, preventing the interaction
of phosphate with Ca? and Mg?; ii. the amount of calcium and magnesium

ions is too low.
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Figure 2.36: Characterization of samples B_0, B_A1, B_A>, B_As: (a) FT-IR spectra, (b) XRD
diffractograms, (c) thermal analysis; (d) representative FE-SEM of the samples’ morphology.

In order to assess these two hypotheses, we prepared samples B_Asand B_As,
at higher Ca* and Mg?" concentrations, and a more diluted gel (see the
preparation in section 2.4.1.1). The FT-IR spectra displayed in Figure 2.37
show that, again, AMCP formation did not occur in the prepared samples, as

the curves do not show any difference with respect to mucin (B_0, red

spectra).
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Figure 2.37: FT-IR spectra of (a) diluted gel (light blue) vs mucin (red) and (b) sample B_As
and B_As (concentrated solutions). The spectra are offset for display purposes.
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We can therefore conclude that we were not able to obtain the formation of
AMCP in mucin hydrogels or, at least, not in detectable amounts. In fact, to
understand if a small amount of AMCPs in mucin hydrogels could be
detected, we performed an additional test by preparing hydrogels mixing
mucin powder with a dispersion of dried AMCPs (0.250 g of mucin with 0.5
mL of AMCP dispersion at 50 mg/mL). Even in this case, AMCP signals were
not detectable in the FT-IR spectra (data not shown), suggesting that, at a
particle to mucin ratio of 0.1 by weight, AMCPs are not detectable by FT-IR.
We hypothesize that the absence of formation of a detectable amount of
AMCP within gel matrix might be due to a poor diffusion of solution B in
mucin hydrogel and/or to the fact that the ions are bound to the hydrogel and

are not free to interact with each other to form the particles.
2.4.2.2 AMCP in mucin dispersions
As a second scenario, we addressed the synthesis of the particles in mucin

dispersions, as described in section 2.4.1.2, preparing AMCPs in the presence

of 1,10 and 100 mg/mL of mucin. XRD and FT-IR characterization is reported

in Figure 2.38.
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Figure 2.38: (a) XRD patterns and (b) FT-IR spectra of AMCP synthesized in the presence of
different mucin concentrations. The curves are offset for display purposes.

Results show that in all systems we successfully obtained the formation of
amorphous particles, as it is revealed by the broad hump around 30° in the
XRD pattern. In sample AMCP_100, the shoulder in the 20 range 15-25° is
due to mucin (see the patterns in Figure 2.36b). FT-IR spectra are consistent

with these considerations, showing the signals distinctive of the amorphous
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phase (see Table 2.2) and of mucin in sample AMCP_100 (see the arrows in
Figure 2.38b). The amount of mucin incorporated within AMCP was
estimated by means of thermogravimetry, and the curves are reported in
Figure 2.39a. While sample AMCP_1 displays a weight loss comparable to
AMCP (22 %), AMCP_10 and AMCP_100 lose respectively 30 % and 60 % of
their initial weight, revealing that a significant amount of mucin is

incorporated in the particles.
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Figure 2.39: Thermal analysis of AMCP prepared in mucin dispersions: (a) TGA curves and
(b) heat flow profiles. The heat flow profiles are offset for display purposes.

The heat flow profiles collected simultaneously to the thermogravimetry
measurement (Figure 2.39b) show that the thermally-induced crystallization
of the amorphous phase is shifted when AMCPs are prepared in mucin
dispersions. Interestingly, even for sample AMCP_1, in which no mucin
could be detected, the peaks are shifted towards lower temperature. As
discussed in section 2.3.2.3, this difference suggests that the presence of
mucin during the synthesis and/or its incorporation in AMCP provokes some
structural differences in the amorphous phase, which crystallizes at a
different temperature.

The morphology of the particles was inspected by means of scanning electron
microscopy, and the results are shown in Figure 2.40. No significant
difference in the appearance and size of the amorphous particles is detected
when mucin is present in the synthetic medium, as in all cases we observe
nanometric particles with a heterogeneous size distribution. Sample
AMCP_100 (Figure 2.40d) shows that a portion of the amorphous particles

has a rough and irregular surface, suggesting a superficial adsorption of
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mucin. EDX analysis does not reveal any difference in the Ca/Mg ratio of the
particles (AMCP: 2.3 + 0.1, AMCP_1: 24 + 0.3, AMCP_10: 2.5 + 0.2,
AMCP_100: 3.9 + 1.5).

Figure 2.40: FE-SEM micrographs of AMCPs synthesized in the presence of mucin dispersions:
(a) AMCP; (b) AMCP_1; (c) AMCP_10; (d) AMCP_100.

To sum up, results show that the presence of mucin in the synthetic medium
where AMCPs form does not significantly affect the morphological and
chemical features of the amorphous particles. Further studies are necessary
to establish if a specific interaction between mucin and AMCP exist. A
technique suitable to this purpose would be solid state NMR, as the analysis
of the shift of the 3P peaks may indicate an interaction at the atomic level

between the organic and the inorganic components.
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2.5 AMCP and proteins extracted from Moringa
Oleifera

We discussed in the Introduction the biological function of AMCP, able to
load organic macromolecules (antigens and peptidoglycans) and to release
them in the site of interest. Taking inspiration from their endogenous role,
we decided to test a potential application of this material as a platform for the
loading of actives, for use in the field of drug delivery and nutraceutics.
Among the plethora of molecules and macromolecules that could be selected
for this case study, we chose to investigate the effect of proteins extracted
from Moringa Oleifera seeds. Moringa Oleifera is a tree native to tropical and
subtropical regions of South Asia, which has an impressive range of
medicinal uses and high nutritional values. Different parts of this plant
contain a profile of important minerals, and are a good source of protein,
vitamins, 3-carotene, aminoacids and various phenols [276]. Its seeds are
largely employed for the treatment of water and wastewater [277] and are
reported to have antimicrobial activity [276]. As Moringa-based dietary
supplements are commonly used, we aimed at exploring AMCP capability to
incorporate this protein, for a potential application in nutraceutics.
Nanocarriers are frequently used to load food products, in order to improve
their bioavailability and protect valuable nutraceuticals at food processing or
digestion [278]. The potentiality of calcium phosphate for the loading and
release of proteins has been reported for bovine serum albumin [279-281] and
bone morphogenetic protein [282]. In principle, the amorphous and porous
nature of AMCP should improve the loading capability of the inorganic
structure. Moreover, as the effect of proteins from Moringa Oleifera on
amorphous calcium phosphate was never addressed in the literature, we also
aimed at understanding if they display a stabilizing action on the lifetime of

the amorphous phase.
2.5.1 Experimental protocol

AMCP was prepared by mixing 20 mL of solution A with 20 mL of solution

B at 37 °C, under magnetic stirring (see Table 2.8 for the composition). 50 mL
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of each solution were prepared by dissolving salts in MilliQ water, and flasks
were separately heated at 37 °C. Immediately after mixing the two solutions,
the pH was adjusted at 7.30 by dropwise addition of NaOH 2 M; the pH was
monitored throughout the synthesis, and maintained at 7.30 + 0.02 by means
of small additions of NaOH 1 M or HC1 0.1 M. Aliquots of 5 mL were collected
after 15, 30", 60", 90', 2 h, 6 h, 24 h and 48 h. Each dispersion was centrifuged
at 6000 rpm for 3', and the supernatant was discarded. Particles were washed
with 5 mL of absolute ethanol, and centrifuged at 6000 rpm for 3'; the process
was repeated 3 times, and particles were dried by means of a nitrogen flux
and kept 30' under vacuum. Samples were stored at -18 °C. The syntheses in
the presence of 1 mg/mL (AMCP_1IMO) and 10 mg/mL (AMCP_10MO) of
protein extracted from the seeds of Moringa Oleifera (referred to as “Moringa
protein”, extraction and features reported elsewhere [283-285]) were
conducted by dispersing, respectively, 40 mg and 400 mg of Moringa in 2 mL
of water, and simultaneously adding 19 mL of A and 19 mL of B. The
synthesis and the separation were conducted at the same pH (7.30 £ 0.02) and
with an equivalent procedure than described for the blank sample (AMCP

without Moringa protein).

Table 2.8: Composition of the solutions used to prepare AMCP (grams referred to 50 mL of

solutions).
Salts Concentration [mM] Amount [g]
NaH2POs-H20 50 0.345
A Na:HPOs-12H-0 150 2.686
NaCl 135 0.395
B CaClz 40 0.222
MgCl2-6H20 100 1.017

2.5.2 Results and discussion

The lifetime of the amorphous phase was monitored by means of FT-IR
spectroscopy, and the curves are shown in Figure 2.41. When Moringa
protein is not present, we observe that AMCP crystallization occurs within

30'". The spectra of the phases formed upon crystallization are compatible
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with the simultaneous presence of newberyite (MgHPO43H20, see Table 2.4)
and bobierrite (Mg3(PO4)2-8H:0, see Table 2.6), as confirmed by XRD analysis
(see the discussion of Figure 2.43 later in this paragraph).
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Figure 2.41: FT-IR spectra at different reaction times for (a) AMCP; (b) AMCP prepared with
1 mg/mL of Moringa protein; (c) AMCP prepared with 10 mg/mL of Moringa protein. The
curves are offset for display purposes.

The presence of Moringa protein dispersions increases the lifetime of the
amorphous phase and the more protein was added, the more the transition
from amorphous to crystalline phases was retarded. In particular, in the case
of AMCP_10MO, the first signatures of crystallinity appear after 6 h. If we
compare the spectra of the particles prepared with 10 mg/mL of Moringa
protein with those of the other two systems, we observe an additional peak
at around 1540 cm!, which is consistent with the incorporation of a portion
of protein in the samples (see the spectra of Moringa protein in Figure 2.42a
as a reference). The comparison of the spectra of the most crystalline systems,
i.e. 48 h, reveals some differences in the spectra (see the highlighted regions
in Figure 2.42b), suggesting that the relative ratio between newberyite and

bobierrite might be different
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Figure 2.42: (a) ATR-FT-IR spectra of Moringa protein; (b) Comparison between the FT-IR
spectra of the three samples after 48 h. The highlighted areas show the regions where the most
significant differences among the spectra are visible.

This aspect was further clarified by means of XRD analysis on samples
collected after 15’, 30", 6 h and 48 h, and the results are displayed in Figure
2.43.
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Figure 2.43: XRD diffractograms of AMCPs synthesized without protein (left), in the presence
of 1 mg/mL of Moringa protein (center) and in the presence of 10 mg/mL of Moringa protein
(right). The time after which each aliquot was withdrawn from the solution is reported on the
right of each curve. PDF for bobierrite: 33-0878, for newberyite: 70-2345. The diffractograms
are offset for display purposes.

All the patterns at 15" display a broad peak centered around 30°, consistently
with previous reports on AMCP. At longer times, the transition from
amorphous to crystalline phosphates occurs and some differences were
observed when Moringa protein is present. In AMCP sample, the evolution
of the amorphous particles to newberyite and bobierrite crystalline phases
occurs already after 30, consistently with FT-IR results. On the other hand,
when 1 mg/mL of Moringa protein is used, the crystallization occurs slightly

slower and the bobierrite/newberyite ratio increases. This effect is even more
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evident in AMCP_10MO samples, in which at 6 h very poor amounts of
crystalline phases seem to be present and, even in this case, the
bobierrite/newberyite ratio is higher than in the blank sample. The results
suggest that the addition of Moringa protein to AMCP particles not only
affects the stability of the amorphous phase, but also the type of crystalline
phases to which it converts. The precipitation of newberyite or bobierrite
upon AMCP crystallization was already observed in different systems
described in this chapter: as highlighted in section 2.3.2.2, bobierrite was
detected when synthesizing AMCP at pH 7.5 (paragraph 2.3), while
newberyite at pH 7.4 (paragraph 2.1). Here, AMCP preparation was
conducted at different Ca?* and Mg?" concentrations and pH with respect to
the syntheses carried on in the cited paragraphs (so to improve the yield of
the reaction), thus explaining the observed different stability and
crystallization pathway. The different bobierrite/newberyite ratio detected
can only be ascribed to the effect of Moringa protein, which may interact with
Ca%, Mg?* and phosphate ions, thus modifying the supersaturation and, as a
consequence, the conditions necessary to drive the formation of a phase over
another.

Thermogravimetry was used to estimate the amount of organic material
incorporated in the particles. We chose to analyze only samples collected
after 15, which are constituted by one single and amorphous phase: this
allows to ascribe differences in the weight loss solely to the presence of
organic material. The same consideration does not apply for samples also
containing  crystalline material, as the different amount of
bobierrite/newberyite would result in a different weight loss profile, making
not possible to estimate the amount of protein in the samples. Thermograms
are reported in Figure 2.44. AMCP lose 24 % of their initial weight, whereas
AMCP_IMO 27 % and AMCP_10MO 35 %. Assuming a complete
degradation of the protein at 1000 °C, 3 % and 11 % of Moringa protein are
incorporated in sample AMCP_1MO and AMCP_10MO, respectively. Peaks
due to protein degradation are visible in the derivative curve, centered at
~300 °C and ~560 °C.
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Figure 2.44: Thermogravimetric data of AMCPs collected after 15 min and synthesized without
protein (full line), in the presence of 1 mg/mL of protein (dashed line) and 10 mg/mL (dots and
lines). Green curves refer to the weight %, the blue ones are the derivative signals and the red
ones show the heat flow profile.

The morphology of the samples was observed by means of FE-SEM (see
Figure 2.45). Amorphous samples (figure a, b and c) consist of the
characteristic spherical aggregated particles typical of AMCP, which in time
evolve into more ordered structures, compatible with newberyite and
bobierrite. Comparing the morphology of samples collected after the same
amount of time, the number of crystalline objects decreases with the increase
of protein, consistently with FT-IR and XRD analyses. The presence of
Moringa protein does not affect the morphology of the amorphous particles
precipitated after 15 min, whereas it influences that of samples at longer
times. When 1 mg/mL or 10 mg/mL of protein are used, flake-like objects
replace part of the spherical AMCPs (see Figure 2.45 e, f, h, i): this effect is
concentration-dependent, as the amount of these structures increases with
the increase of protein in the reacting medium. These “new” structures are
very abundant in the sample, and cannot be ascribed to domains of organic
molecules. Their aspect rather resembles that of poorly-crystalline
hydroxyapatite crystals, which were observed as a product of AMCP
crystallization previously in this chapter (section 2.1, Figure 2.12 a and Figure
2.13 b and c). This phase was not detected by means of FT-IR and XRD
analyses; nevertheless, as its pattern is very broad and has a reduced
intensity, its signals might be covered by those of the well-crystalline

bobierrite and newberyite structures. We cannot therefore rule out the
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possibility that this phase forms in the presence of Moringa protein. The
analysis of the semi-quantitative Ca/Mg atomic ratio of the samples by means
of EDX analysis (see Figure 2.46) does not give useful insights in this

direction, as no significant differences are observed among samples with and

without Moringa protein.

Figure 2.45: Representative FE-SEM micrographs of AMCP (first column), AMCP_1IMO
(second column) and AMCP_10MO (third column) of samples collected after 15 (first row),
6 h (second row) and 48 h (third row). The scale bar corresponds to 500 nm.
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Figure 2.46: Ca/Mg % atomic ratio, as obtained by means of EDX analysis.
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Further experiments are necessary to assess the nature and the relative
amount of phases formed when AMCPs self-assemble in the presence of
proteins extracted from Moringa Oleifera; nevertheless, results obtained so far
clearly highlight that this protein has an effect in shaping the stability and the
crystallization pathway of AMCP. These macromolecules can also be loaded
within AMCP in a concentration-dependent fashion, paving the way for a

potential application of this material in nutraceutics and drug delivery.
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2.6 Preparatory tests for biological experiments

As we outlined in the Introduction, the investigation of the interplay between
AMCPs and biological systems would be of outmost importance to clarify the
role of the endogenous nanoparticles. In this framework, we tried to establish
a collaboration with researchers of the gastroenterology unit of our
university: among the different topics we believed were worth studying, the
interaction of the amorphous particles with gut myco-biota was selected as
starting point.

Since AMCPs present a low stability when dispersed in solution, as a first
step we were requested to test the stability of our particles in culture media
which are commonly used for in vitro experiments. We were provided with
20 mL of three different yeast media containing different saccharides, i.e. one
with galactose (YPG), one with glucose (YPD) and one with lactose (YPL).

A literature research showed that in experiments dealing with the interaction
between nanoparticles and gut microbiota, the most widely used range of
concentration is 0-1000 pg/mL [286]; therefore, we decided to start by
dispersing 10 mg of AMCP in 10 mL of medium (<1000 ug/mL), at 37 °C,
collecting two aliquots after 1 and 2 reaction days. The measured pH of YPD
before dispersing the particles was 5.94 at 37 °C (6.10 at 15 °C). After 1 and 2
reaction days, we filtered aliquots of the solution, and a very low amount of
solid material was retained above the filter. The analysis by means of FT-IR
spectroscopy (see Figure 2.47a) showed some peaks similar to AMCP;
however, a careful comparison of the spectra of AMCP (green curve) with the
one of the product collected after 2 days (red curve) reveals that they do not
correspond to the same material. As a further evidence, the XRD analysis of
the medium reveals a flat pattern and does not present the hump at 206=30°
characteristic of AMCP (data not shown). Our hypothesis is that the low pH
of the medium causes the dissolution of AMCP, which in these conditions are
not able to re-precipitate (we recall that the solubility of CaP is higher at acidic
pH).

In order to circumvent this issue, we slightly modified the YPD medium by
increasing its pH to 7.40 (by dropwise addition of NaOH 2M) and adding
5 mM of Mg?, with the purpose of increasing AMCP stability. We replicated
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the previous experiment by dispersing 10 mg of AMCP in 10 mL of the
modified YPD, and collected aliquots after 1, 2 and 5 synthesis days. FT-IR
analyses reported in Figure 2.47b show that, in the modified medium, AMCP
can retain their amorphous structure for 5 days, which is the typical duration
of experiments with gut flora. The shape of the peak at 1450-1800 cm™! reveals
that, together with amorphous particles, the components of the YPD are also
present in the sample (features similar to the spectrum of AMCP_YPD_2d,

red curve in Figure 2.47a).
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Figure 2.47: (a) FT-IR spectrum of AMCP dispersed in YPD at 1000 ug/mL and collected after
2 days (red curve), in comparison with AMCP as a reference (green curve); (b) FT-IR spectra
of AMCP dispersed in YPD (pH 7.40 and [Mg?]=5 mM) at 1000 pg/mL and collected after 1, 2
and 5 days (c) FE-SEM micrograph of AMCP dispersed in YPD (pH 7.40 and [Mg?]=5 mM) at
1000 pg/mL and collected after 5 days (d) FT-IR spectrum of AMCP dispersed in YPG at
1000 pg/mL and collected after 5 days (purple curve), in comparison with AMCP as a reference
(green curve). All the FT-IR spectra in the figure are offset for display purposes.

SEM micrographs confirm the presence of AMCPs, as their typical

morphology is observed in samples collected after 1, 2 and 5 days
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(representative micrograph in Figure 2.47c). Together with the amorphous
spherical particles, smaller interconnected structures that “connect” the
inorganic particles are also visible, compatibly with the organic components
present in the YPD and detected by means of FT-IR spectroscopy. To sum up,
we could demonstrate that AMCPs are able to preserve their amorphous
phase in the modified culture medium for 5 days.

We tested the stability of the particles at lower concentration (100 pg/mL) in
the YPG medium modified at pH 7.40 with [Mg?] =5 mM, collecting AMCPs
after 5 days of incubation. The reason for the use of YPG over YPD is related
to the low amount of medium available, as YPD was terminated in the
1000 pg/mL experiments; besides, we did not expect an effect due the
presence of galactose over glucose on the stability of AMCP. FT-IR results
displayed in Figure 2.47d show that at 100 ug/mL, AMCPs are not present
after 5 incubation days, despite the use of the modified medium which was
supposed to enhance the stability: the spectrum is in fact analogous to that of
the organic material constituting the medium.

Summarizing, these preliminary tests show that when planning experiments
that foresee the dispersion of AMCPs in culture media, several precautions
must be taken to prevent the dissolution (and in some cases, presumably
crystallization) of the amorphous particles. It is essential to control and
prevent these phenomena, as the goal is to study the interaction of
amorphous particles with bacteria/fungi. It would be indeed interesting to
investigate the different response of these micro-organisms towards different

forms of CaP, i.e. amorphous or crystalline.
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3 Magnesium Phosphate-based
cements

In addition to the physico-chemical investigation of calcium and magnesium
phosphates naturally-present in human bodies, among which AMCP was
chosen as case study (Chapter 2), this work of thesis also deals with the study
of CaMgP-based materials for biomedical applications. This is a very broad
area, as we outlined in the Introduction, and we chose to focus our attention
on Magnesium Phosphate-based bone cements (MPCs). Bone cements
constitute a very interesting category of biomaterials, as the preparation of
systems endowed with the right characteristics to be used for real orthopedic
applications presents many challenges which can be approached from a
physico-chemical perspective. We decided to address the study of
magnesium-based cements over their counterpart containing calcium as
MPCs were only very recently proposed for use in the biomedical field, and
the knowledge about their formation mechanism and full potentialities is still
limited. In this chapter, cements prepared by means of tri-magnesium
phosphate and aqueous solutions of di-ammonium hydrogen phosphate are
described and characterized by means of a multi-technique approach, aiming
at exploring the systems from a both fundamental point of view and in terms
of properties relevant to orthopedic applications (cohesion, porosity,
mechanical properties, injectability...). We initially illustrate the features of
the tri-magnesium phosphate powder used to prepare cements, and in
particular its evolution in time; this study, presented in section 3.1, is of
paramount importance to prepare samples with reproducible properties.
Section 3.2 deals with the investigation of the effect of powder-to-liquid ratio

and concentration of di-ammonium hydrogen phosphate on the most
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important features of the cements, which lead to the publication of paper V.
This study is motivated by the evidence that, in the literature, very diverse
formulations are used to prepare such systems, making it difficult to
understand how simple parameters such as type and concentration of
phosphate salt used or the ratio between the components affect the properties
of the cements. Our investigation lead to very useful results, as we could
understand how to enhance a specific property of the material by simply
adjusting formulation parameters.

Following this investigation, we shifted our attention towards the study of
MPCs containing citrate (section 3.3). This project is the result of an on-going
collaboration with researchers from the Istituto Ortopedico Rizzoli in
Bologna, with the goal of preparing materials for orthopedic applications able
to release citrate; this ion, which is a minor yet important component of bone
organic matrix, was recently reported to have beneficial effects in bone
regeneration processes, and we demonstrate its successful inclusion in MPCs.
We describe both its effect on the most meaningful properties of the cements,
as well as the release profile in physiologic solutions. Biological experiments
with fibroblasts are also reported, highlighting the potentialities of citrate-
MPCs in this field.

As a last topic, the effect of cellulose ethers on the properties of cements is
described in section 3.4. These additives were included in MPCs to improve
their cohesion, handling properties and injectability; moreover, reports on
MPCs containing polymeric additives are very limited in the literature.

All the results reported in this chapter highlight the great potentialities of
MPCs as bone cements and clarify their formation mechanism from a

physico-chemical perspective.
3.1 Effect of aging on TMP

In this work of thesis, we focused our attention exclusively on MPCs
prepared using tri-magnesium phosphate (TMP) as powder component. As
outlined in the Introduction, this class of MPCs is less investigated than those
prepared starting from MgO [5], and their effective exploitation requires the
understanding of the features of the components used to prepare them. Given

that our preliminary experiments dealing with cements preparation revealed
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poor reproducibility in the consistency of the pastes obtained using batches
of TMP at different aging time, we decided to investigate the features of TMP

as a function of its aging.
3.1.1 Synthesis of TMP

TMP powder (Mg3(PO4)2) was obtained by means of a calcination reaction,
according to a method reported in the literature [287]. Briefly, 40 g of
newberyite (MgHPO4+3H20, Sigma Aldrich) and 6.69 g of magnesium
hydroxide (Mg(OH)2, Fluka) were mixed (molar ratio 2:1) and placed in
ceramic crucibles. The powder was heated in a muffle at 1000 °C for 5 h. The

reaction which takes place is the following:

2MgHPO:-3H20 + Mg(OH)2 - Mgs(POx)z2 + 8H20 (3.1)

The sintered cake was collected when quenched at room temperature and
grinded using ball milling: around 6 g of TMP were loaded in a ZrO: jar,
together with ~ 40 g of ZrO: grinding balls (¢=1 mm), and processed for
10 min at 10 Hz (mixer mill MM 400, Retsch). These conditions were chosen
following the work of Klammert et al. [288], who showed that no significant
changes in the granulometry of the particles are obtained by grinding from
10 to 40 min, despite being longer grinding times often reported in the
literature [287, 289, 290]. The powder was separated from the grinding balls
with the help of a 355 um sieve. The operation was repeated until grinding
the ~ 30 g of TMP, and the obtained powder was equally distributed in 4
plastic bottles. Each aliquot was analyzed at 4 different aging, namely

immediately after grinding, and after 1, 3 and 7 days.
3.1.2 Preparation of cements

Cements were prepared using TMP at the 4 different aging times, with a
powder to liquid (P/L) ratio of 2 g/mL: 0.500 g of the powder were mixed with
250 uL of a 3.5 M aqueous solution of di-ammonium hydrogen phosphate
((NHs)2HPOs, DAHP, Fluka). The obtained pastes were immediately
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transferred onto a piece of millimeter graph paper for the evaluation of their

cohesion.
3.1.3 Results

The consistency of the pastes prepared using differently-aged TMP is shown
in Figure 3.1a: the evaluation of the spreading of the pastes clearly indicates
that TMP aging has an effect, since the paste prepared with the powder
immediately after grinding is significantly more liquid-like than those
obtained with TMP aged for 1, 3 and 7 days, which have a similar toothpaste-
like aspect. The initial and final setting time of these pastes was evaluated by
means of the Gillmore method (see details in Appendix I), but no significant

differences among the four samples were detected (see Figure 3.1b).
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Figure 3.1: (a) Photos of the pastes after 1’ from the beginning of mixing, prepared using TMP
immediately after grinding (0 d) and after 1, 3 and 7 days from grinding (scale bar: 1 cm); (b)
initial (orange) and final (blue) setting times obtained by means of the Gillmore method. The
error bars are + 2 min.

In the attempt of understanding the reason for the different consistency of
the pastes, TMP was characterized in terms of crystallinity, chemical nature,
granulometry and specific surface area (SSA). The results are reported in
Figure 3.2. All the analyses reveal that TMP’s features do not significantly
change over time. XRD patterns (Figure 3.2a) show in all cases the signals
diagnostic of well-crystalline farringtonite, the crystalline form of Mgs(POu)..
The FT-IR spectra (Figure 3.2b) do not change with aging and show the
phosphate vibrations in the 1300-800 cm™ and in the 700-500 cm™ regions,
consistently with the signals reported for Mgs(POas): calcined at high
temperature [291].
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Figure 3.2: Characterization of the TMP powder: (a) XRD patterns as a function of TMP aging
(the black bars correspond to the Farringtonite, PDF: 25-1373); (b) FT-IR spectra; (c) size
distributions curves as obtained by means of laser granulometry; (d) BET SSA obtained from
nitrogen sorption measurements.

The size distribution curves of the powder obtained by means of laser
granulometry (dispersant: isopropanol, see Figure 3.2c) reveal a
heterogeneous size distribution which ranges from 0.3 to 400 pm (the major
population is centered at 90 um). It is worth recalling that, after grinding,
TMP was processed through a 355 um sieve (paragraph 4.1.1); therefore, the
small peak centered around 1 mm that is detected for sample “0 d” and “3 d”
is likely due to aggregation processes occurring during the measurement.
The specific surface area of the material, which is in general connected to its
reactivity, was calculated with the BET method from the analysis of
adsorption isotherms: the obtained values do not change over time, as in all
samples SSA ranges from 1.8 to 2.0 m?/g (Figure 3.2d).

In conclusion, despite we empirically observed that TMP aging affects the
initial consistency of the pastes, we were not able to understand which is the
parameter that provokes the observed effect. Further analyses are necessary
to address this issue as, at this point, we can only rule out variations in TMP’s
crystallinity, size distribution, specific surface area and chemical nature.

As a general protocol, we decided to use TMP powder after at least 3 days
from the grinding procedure for the preparation of all samples presented in

this thesis, to obtain reproducible results in the consistencies.
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3.2 Effect of P/L ratio and DAHP concentration

In order to get familiar with the formulation and the features of MPCs, we
prepared a series of samples by varying simple parameters, namely DAHP
concentration and powder to liquid ratio, and we analyzed the properties of
the pastes and of the hardened cements. The understanding of the effect of
these parameters on MPCs is of outmost importance, as it could help in the
design of cements with tailored properties. The necessity of this investigation
arises from the very diverse preparation conditions reported in the literature
for this type of materials, which make it difficult to compare the obtained
results and to choose the most suitable formulations. To cite some examples,
Ewald et al. and Grossardt et al. prepared MPCs by mixing the powder
component (TMP and struvite, 1:2 ratio by weight) with a 3.5 M solution of
DAHP, using a powder to liquid ratio (P/L) of 2 g/mL [290, 292]. Kanter et al.
employed as a liquid phase a solution containing both (NH4)2HPO4 and
NHsH2POs and mixed it with TMP at P/L of 2.0 and 3.0 g/mL [289, 293]. A
similar liquid composition was used by Klammert et al., who reported an
application of MPCs for 3D printing: TMP was blended with 20 % of
(NH4)2:HPOs powder and a solution 0.75 M (NHi):HPO: and 0.75 M
(NH4)H2POs was used as liquid binder [288]. Remaining in the 3D printing
field, Vorndran et al. combined TMP with 20 % HsPOs, K2HPOs4 2 M or
(NH4)2HPO4 0.5 M (P/L: 2 g/mL); the samples were then post-hardened in
20 % phosphoric acid, 2 M K:HPOs or 3.5 M (NH4):2HPOs solution,
respectively [294]. Kim et al. extruded a TMP paste prepared with
hydroxypropyl methylcellulose and ethanol, which was then post-hardened
in an aqueous solution of 3.5 M DAHP [295, 296]. Ostrowski et al. described
the preparation of MPCs using amorphous, semi-crystalline and crystalline
TMP mixed with a pH 7, 3.0 M solution of NH4H2PO4 and (NHs)2HPOs, and
explored a variety of P/L (1:1, 1:2, 2:3, 3:2, 2:5) [291]. The P/L ratio was also
varied by Moeske et al., who prepared MPCs at P/L ratios from 1.0 to 3.3 g/mL
using TMP and solutions of pure (NH4)2HPOso0r mixtures of (NH4)2HPOsand
di-ammonium citrate, with a total salt concentration of 3.5 M [287]. Recently,
the group of Gbureck showed that by following high-energy ball milling of
pure TMP, a nanocrystalline material forms, which reacts with water to form

a cementitious material, without the addition of further reactants (in this case,
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the final product is Mgs(POs)2-22H20) [297]. Given the data reported above,
we decided to prepare MPCs by mixing TMP and aqueous solutions of

DAHP, systematically varying the powder to liquid ratio and the
concentration of DAHP solution; both the pastes and the final cements were
studied with a multi-technique approach, aiming at understanding how
variations in these two parameters affect the most meaningful properties of

the obtained materials.
3.2.1 Preparation of cements

TMP was synthesized as described in paragraph 3.1.1. The only difference in
the synthetic protocol consists in the grinding procedure as, in these
experiments, we chose to grind TMP with mortar and pestle over using ball
milling. This decision was motivated by the fact that these cements are
intended for biomedical applications, and we wanted to prevent a potential
contamination of the powder from the materials of the grinding balls/jar.
Therefore, the sintered cake was collected when quenched at room
temperature, crushed by means of agate mortar and pestle and passed
through a 150 um sieve. Cement pastes were produced by mixing 0.500 g of
TMP with aqueous solutions of DAHP. The amount and the concentration of
the DAHP solution were varied so to obtain samples with P/L ratio of 1.0, 1.5
and 2.0 g/mL and DAHP concentration of 0.5, 2.0 and 3.5 M. The composition,
together with the sample nomenclature and other useful parameters, is

reported in Table 3.1.

Table 3.1: Composition of the prepared samples.

DAHP Ratio DAHP
Sample solution DAHP mol TMP/  solution* DAHP Water

[uL] [mmol] S AHP l&] (8] (8]
0.5M_P/L 1 500 0.25 7.6 0.53 0.03 0.49
2.0M_P/L1 500 1.00 1.9 0.58 0.13 0.44
3.5M_P/L1 500 1.75 1.1 0.60 0.23 0.36
0.5M_P/L 1.5 334 0.17 11.4 0.35 0.02 0.33
2.0M_P/L 1.5 334 0.67 29 0.38 0.09 0.29
3.5M_P/L 1.5 334 1.17 1.6 0.40 0.15 0.24
0.5M_P/L 2 250 0.13 15.2 0.26 0.02 0.25
2.0M_P/L 2 250 0.50 3.8 0.29 0.07 0.22
35M_P/L 2 250 0.88 2.2 0.30 0.12 0.18
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*The densities of the solutions used in the calculation were: 1.05 g/mL for DAHP 0.5 M,
1.15 g/mL for DAHP 2.0 M, 1.19 g/mL for DAHP 3.5 M (data obtained by weighting a known
volume of each DAHP solution).

The reaction which takes place, with the formation of struvite
(MgNH4PO4+6H20) as binging phase, is the following [287]:

Mg3(PO4)2 + (NHs)2HPO4 + 15H20 - 2MgNH1PO4+6H20 +MgHPO4+3H20 (3.2)
After mixing, the pastes were poured into cylindrical polyethylene molds
(diameter 1 cm) and stored at 37 °C, relative humidity > 90 %, for at least 5
days.
3.2.2 Results and discussion
3.2.2.1 TMP characterization
We characterized the batch of TMP used to prepare the cements. The XRD

pattern shows that we obtained a well-crystalline material (see Figure 3.3a),

with a complete conversion to farringtonite (the crystalline form of TMP).
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Figure 3.3: (a) XRD pattern of the calcined TMP powder; (b) Particle size distribution of TMP,
measured using laser diffraction; (c) FE-SEM micrograph of TMP powder.

The analysis of the powder by means of laser granulometry conducted using
isopropanol as dispersant shows a size distribution curve in the micrometric
range, with a maximum around 20 pm (see Figure 3.3b). The grains have an
irregular shape with a smooth surface, as it appears from FE-SEM
micrographs (a representative example is displayed in Figure 3.3c). The
specific surface area of the powder, as measured by means of nitrogen

sorption, is 0.29 m?/g. The comparison of these results with those referred to
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TMP obtained by means of ball milling (Figure 3.2) reveals that the grinding

through mortar and pestle produces smaller objects with a lower SSA.
3.2.2.2 Handling properties

The handling properties and the cohesion of the pastes were evaluated by
mixing 0.50 g of TMP with the appropriate amount of aqueous solution (see
Table 3.1) for 1 min; after 2 min from the beginning of mixing, the pastes were
poured onto a piece of millimeter graph paper, and the cohesion degree was
evaluated qualitatively according to the spreading of the paste. The results

are shown in Figure 3.4.
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Figure 3.4: Photos of the samples (a) after 2 min from the mixing and (b) after setting in the
mold for 5 days. In both pictures, the P/L ratio increases horizontally from the left to the right,
while the concentration of DAHP increases from the top to the bottom.

When comparing the aspect and the consistency of the pastes (Figure 3.4a), it
is evident that the cohesion degree increases while increasing the P/L ratio.
This observation is consistent with data reported in the literature for CPCs
[170, 178], and it was expected, considering the amount of water in the
samples (see Table 3.1): in fact, immediately after mixing, a high water
content makes the paste more viscous and less compact. Interestingly, we
also noticed that the initial cohesion of the samples increases with the
decrease of DAHP concentration. This effect may be due to the high
wettability of the TMP powder, which in the 0.5M_samples is in large excess
with respect to DAHP (see Table 3.1) [298]. We can hypothesize that, for a
given P/L ratio, when the amount of TMP with respect to DAHP is large,
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during mixing an immediate reaction between the two components occurs,
and the small amount of formed struvite covers the large TMP grains; this
results in an apparently more compact paste, in which the extent of the
formed struvite network is limited. On the other hand, when more NHs"and
phosphate ions are available for the reaction (i.e. higher concentration of
DAHP solution), a more homogeneous struvite precipitation occurs;
consequently, the paste will appear more liquid-like, as DAHP can react with
a larger amount of TMP and form a more interconnected and diffused
struvite network which penetrates the whole sample in the early stages (see
Figure 3.4a). The compactness of the dried cements was assessed by
observing the samples” aspect after 5 days of setting in a mold (Figure 3.4b).
The initial cohesion degree does not reflect on the compactness of the final
cements: for example, the system which displays the highest cohesion degree
after mixing (0.5M_P/L 2, top right in Figure 3.4a), is the one that after setting
crumbles the most and is not able to maintain the shape of the mold, as for
all the 0.5M_samples. On the other hand, the samples prepared with DAHP
solution 2.0 M and 3.5 M allow for the formation of compact and hard
cements. This observation is consistent with the significant and diffused
formation of struvite in the 2.0M_ and 3.5M_samples, which finally

percolates and hardens the whole specimens.

3.2.2.3 Crystallinity

The hardened cements were characterized in terms of crystallinity.
According to the literature [287], TMP and DAHP react in a molar ratio 1:1
and form struvite (MgNH4+PO+6H:0), see Eq. 3.2. XRD patterns of the final
cements are reported in Figure 3.5. In every analyzed sample, we observe the
simultaneous presence of crystalline TMP (farringtonite) and struvite. The
presence of unreacted TMP within the resulting cement structure is often
observed in the literature [5]; it is worth stressing that in all the prepared
samples TMP is in excess with respect to DAHP (see Table 3.1). When the
ratio between TMP and DAHP is close to 1 (but again in a slight excess of
TMP, sample 3.5M_P/L 1) we detect in its XRD pattern the signals
characteristic of unreacted DAHP, despite the stoichiometry of the reaction

would predict its complete consumption (see Figure 3.5c, pattern on the

104




3 Magnesium Phosphate-based cements

bottom). This evidence indicates that it is not possible to entirely convert the
reactants to the final product, suggesting that the formation of struvite occurs
on the boundaries of the TMP grains and this mechanism hinders them from
further reacting with DAHP.
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Figure 3.5: XRD patterns of the investigated samples (the diffractograms are offset for display
purposes): (a) DAHP 0.5 M, (b) DAHP 2.0 M, (c) DAHP 3.5 M. The powder diffraction files
used for the assignment are: PDF: 25-1373 for farringtonite (TMP) and PDF: 03-0240 for
struvite; the diffractogram for pure DAHP was collected experimentally.

If we compare the intensities of the diffraction peaks, it is evident that a
different composition of reactants leads to a different amount of struvite and
farringtonite in the cement, since the relative intensities of the diagnostic
peaks of the two phases are markedly different. In the 0.5M_samples, struvite
peaks are very weak, while farringtonite signals predominate; in contrast,
when we increase the concentration of DAHP, struvite’s peaks become more
intense compared to farringtonite’s ones. In order to estimate the conversion
degree to struvite, we performed a quantitative Rietveld analysis on the
recorded diffractograms. The amount of formed struvite is reported in Figure
3.6a. Consistently with the qualitative observations of the intensities of the
diffraction peaks, the amount of struvite in the cements increases with the
increase of DAHP concentration and decreases as the P/L ratio raises. The
obtained trend agrees with the theoretical conversion degree to struvite that
we obtain considering the molar ratio between TMP and DAHP (see Table
3.1): as the powder/liquid ratio decreases, the composition gets closer to the
stoichiometry of the reaction (1:1) and the conversion degree to struvite

increases (we recall that all the investigated compositions display an excess
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of TMP with respect to struvite). This observation is straightforward if we
observe the plot of the amount of formed struvite (found by Rietveld method)
against the ratio between the moles of TMP and DAHP (Figure 3.6b).
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Figure 3.6: (a) Histogram reporting the amount of struvite obtained by means of a Rietveld
fitting on the recorded diffractograms (error bars: 10 % of the obtained value). From the left:
DAHP concentration of 3.5 M (blue), 2.0 M (red) and 0.5 M (green). For each set, the P/L ratio
increases from the left to the right; (b) Plot of the amount of struvite (according to the Rietveld
fitting) vs the ratio between the moles of TMP and DAHP, which reflects the theoretical
conversion degree to struvite.

3.2.2.4 Setting reaction
We empirically observed that the hardening of the cements occurs on short

time-scales: to obtain quantitative information, the setting time of the pastes

was measured by means of the Gillmore method, and the results are reported

in Figure 3.7.
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Figure 3.7: Initial (t1, blue) and final (t2, orange) setting times of the cements, measured by
means of the Gillmore method.
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All the samples display both initial and final setting times well above the
ideal values for clinical applications (i.e. ti~ 8 min and t2~ 15 min [5]), and
the 0.5M_samples do not reach the t, as the cements’ surface crumbles upon
indentation. Some trends can be identified: at a given DAHP concentration,
t1 and t2 decrease with the increase of the P/L ratio, while at a given P/L ratio,
a higher DAHP concentration reduces setting time.

On a selected specimen (3.5M_P/L 1.5) we investigated the kinetic of struvite
formation by means of time-dependent XRD: we prepared the paste and we
immediately deposited it on the sample holder. We recorded 15 diffraction

patterns over 2 hours, and the results are shown in Figure 3.8.
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Figure 3.8: (a) Time-dependent XRD patterns recorded during the setting of the 3.5M_P/L 1.5
sample; the highlighted areas indicate the regions diagnostic for struvite formation, whereas
time labels refer to the elapsed time from the beginning of the mixing; (b) zoom of the region
20=13°-17°. The patterns are offset for display purposes.

We observe that, after 120 s from the beginning of paste mixing, only
farringtonite (TMP) signals are visible, indicating that crystalline struvite did
not form yet. After about 10 min, signals diagnostic of struvite begin to
appear, and they increase in intensity with the increase of reaction time (see
the highlighted regions in Figure 3.8a). The kinetic of struvite formation can
be easily followed by focusing on the 20 region 13°-17°, where 4 diagnostic
signals of this phase are present (see Figure 3.8b). No significant variations

are detected after about 1 hour, revealing that the formation process of
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struvite is relatively fast. One should also note the presence of two additional
peaks (located at 17.2° and 17.6°), whose intensity increases as a function of
time and which are not present in the pattern of the 3.5M_P/L 1.5 sample
shown in Figure 3.5¢c: these signals are compatible with unreacted DAHP,
which was already observed in sample 3.5M_P/L 1 (see the red pattern in
Figure 3.5c). The presence of this component in the 3.5M_P/L 1.5 sample
might be due to the different experimental set-up (diverse setting conditions,
different sample holder, sample not grinded prior to analysis).

Results presented so far suggest that the hardening of the cement is mainly
related to the formation of struvite crystals, as the time-scales in which the
paste sets are compatible with the appearance of its signals in XRD pattern;
despite that, we aimed at understanding if struvite formation and water
consumption also take place on larger time-scales. This investigation was
carried out having in mind the behavior of building cements, such as calcium
silicate hydrate (CSH) or magnesium silicate hydrate (MSH) in which,
despite a relatively short hardening time, the hydration process can last for
over a month [299]. A very effective technique to follow this process relies on
the calculation of the free water index (FWI) by means of low-temperature
differential scanning calorimetry (LT-DSC), as the monitoring of the cooling
and the melting of the water inside the pastes can give information on the
hydration process [300]. By periodically freezing cement pastes at -60 °C and
then melting them at a constant rate, the integration of the ice melting peak

provides AHexp, which is used in equation 3.3:

AH
FWI % = —22—. 100 (3:3)
¢Acheo

where ¢ is the original weight fraction of water in the paste and AHueor is the
theoretical melting enthalpy of water (333.4 J/g). The FWI is related to the
water present in the sample which is able to freeze and then melt: if water is
consumed during the formation of hydrated phases, or if it is confined in
nanometric porosities, it will not behave as free water, not contributing to the
ice melting peak. We chose to investigate our systems by preparing small
amounts of pastes and analyzing them after 3 h, 24 h, 7 days and 28 days of
setting, keeping them in hermetically-sealed steel pans at 37 °C. The FWI %
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as a function of time is reported in Figure 3.9. The data collected after 3 h of
setting show that the highest amount of free water is present in the
0.5M_samples, while cements prepared with DAHP 3.5 M display a low FWI,
suggesting that the majority of water is consumed during struvite formation;
nevertheless, there is not a direct correlation with the conversion degree to
struvite (see Figure 3.6a). In samples prepared using the same DAHP
concentration, the FWI % always decreases with the increasing of the P/L
ratio, consistently with the inferior amount of water used in the formulation.
We can therefore conclude that the FWI in the pastes likely results from the
combination of the amount of struvite formed with the quantity of water used
in the formulations. In the majority of samples, the FWI % as a function of
setting time decreases very slowly, confirming that the formation of struvite
mainly occurs on short time-scales. Some samples (in particular 0.5M_P/L 1,
2M_P/L 1.5,2M_P/L 2) display a significant decrease of the FWI after 28 days,
suggesting that in some cases struvite formation and/or water confinement

slowly continues over time.
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Figure 3.9: Free Water Index % vs time. Circles refer to P/L=1, diamonds to P/L=1.5 and squares
at P/L=2. Green markers correspond to [DAHP]=0.5 M, red ones to [DAHP]=2.0 M and blue
ones [DAHP]=3.5 M.

The difference in the hydration process among this type of cements and
traditional CSH or MSH-based ones is likely related to their microstructure:
if we consider a classical Portland cement, its porous microstructure allows
for a slow diffusion of water, which leads to a hydration reaction that lasts
over time and to the confinement of water in nanometric porosities [300].

Being MPCs composed by rapidly-forming and well-crystalline structures,
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the diffusion of water within their matrix is likely inhibited, not allowing for
struvite-formation reaction to proceed at longer time-scales. Being the
microstructure and the porosity of these cements so important, they are

discussed in the following paragraphs.

3.2.2.5 Morphology and microstructure

The morphology of the prepared MPCs was investigated by means of FE-
SEM, and the micrographs are shown in Figure 3.10.

Figure 3.10: FE-SEM micrographs of the investigated MPCs. The identity of the samples is
reported on each picture. Scale bar: 5 pm.
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In the 0.5M_samples, we can clearly distinguish between two different types
of structures, which are highlighted by the arrows in Figure 3.10b. The
smooth objects indicated by the empty arrows are typical of TMP (see the
morphology in Figure 3.3c for comparison), while the full arrows indicate the
parallelepiped-like structures with a rough surface, characteristic of struvite
[301]. High magnification images of struvite crystals, shown in Figure 3.11,
reveal the very peculiar morphology of this mineral, which displays a typical
hemimorphic character (i.e. the two ends of a crystallographic c-axis are not
related by symmetry, see Figure 3.11a) [302]. The crystals thus show both
tabular planes and rough surfaces, revealing cracks with regular shapes that

carry an intrinsic porosity (see Figure 3.11b) [303].

Figure 3.11: (a,b) High magnification SEM micrographs of struvite crystals in MCP samples.

It is interesting to observe that when we increase the concentration of DAHP
in the formulations, the amount of struvite-like structures increases, and the
number of TMP-rich domains diminishes. This observation agrees with the
data obtained by means of XRD and discussed in section 3.2.2.3, which
revealed that the conversion degree to struvite increases with increasing the
concentration of DAHP (and decreasing the P/L ratio). Furthermore, when
DAHP 3.5 M is used, we observe a more compact and uniform morphology

produced by the network of the formed struvite.
3.2.2.6 Porosity and specific surface area
Porosity is one of the key parameters which should be taken into account in

the design of a bone cement, as it affects both the biological activity and the

mechanical properties of the material; cements should display a combination

111



3 Magnesium Phosphate-based cements

of micro and macroporosity, so to allow for the impregnation of biological
fluids, for cell ingrowth and for the replacement by new bone [170]. The total
porosity of our cements was calculated according to Eq. 3.4 [304], by
weighting and measuring (diameter and height) cylindrical samples at
different composition, so to obtain the density of the cements (pcement). The
samples prepared with DAHP 0.5 M were not considered for this analysis, as
we were not able to measure them since they did not maintain their shape

after removal from the mold.

. Pfully dense material — Pcement
Porosity = (3.4)

Pfully dense material

The density of the fully dense material was calculated considering the weight
fraction of the two phases composing each sample (farringtonite and
struvite), as obtained by means of the Rietveld method from the XRD results
(see paragraph 3.2.2.3); the density of farringtonite is 2.74 g/cm?® [305] and
struvite 1.70 g/cm?®[306]. The results are reported in Figure 3.12a.
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Figure 3.12: (a) Total porosity of the investigated samples, calculated according to Eq. 3.4
(average of 4 different measurements + standard deviation); (b) Plot of specific surface area vs
%wt of struvite (from Rietveld analysis). DAHP 0.5 M (circles), DAHP 2.0 M (triangles), DAHP
3.5 M (diamonds). P/L ratio is reported on the graph. The dashed curve is a guide to the eyes,
not a fitting of the experimental data.

The obtained porosities range from 0.1 to 0.4 (being 0 a non-porous sample),
and are higher for the 2.0M_samples than for the 3.5M_samples; moreover,
at a given DAHP concentration, the porosity decreases when the P/L ratio

increases. The latter trend is probably ascribable to the higher amount of
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unreacted water that generates larger porosities while evaporating during
setting [178]; furthermore, at fixed P/L ratio, the porosity is larger for the
2.0M_samples, consistently with the higher amount of water present (see
Table 3.1).

We also studied the specific surface area (SSA) and the pore size distribution
of the prepared cements. All the investigated samples display a reversible
type II isotherm with a multi-layer adsorption (see Figure 3.13a). The BJH
analysis reveals that the cements possess a quite heterogeneous pore size
distribution, with a small population of micropores and most pores with a

diameter over 30 nm (see Figure 3.13b for a significant example).
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Figure 3.13: (a) Representative adsorption and desorption isotherm; (b) representative pore
size distribution plot of the investigated cements. The curves refer to the sample 2.0M_P/L 1.5.

The SSA of the cements was calculated with the BET method. Given that
unreacted TMP is characterized by a smooth morphology, while struvite is
endowed with some intrinsic porosity on its surface, we plotted the SSA
against the struvite content of each sample (see paragraph 3.2.2.3), to evaluate
a possible connection between these two parameters (see Figure 3.12b).
Interestingly we observe that, up to 40 %wt of struvite, the SSA increases with
the increase of struvite content; however, when the amount of struvite
exceeds 40 %wt, the trend inverses, and the SSA decreases as the quantity of
struvite in the sample increases. We believe that this peculiar trend is strictly
related to the morphology of the cements (see Figure 3.10): samples prepared
with DAHP 3.5 M display a very compact microstructure, which becomes
more “dense” as struvite content increases (see Figure 3.10 g, h and i). This
type of structure possibly decreases the overall surface area of the samples,

leading to the observed effect. It is worth commenting that the SSA trend does
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not correspond to the total porosity of the cements previously discussed (see
Figure 3.12a): in fact, nitrogen sorption technique gives access to porosities
from few to hundreds of nm, while large macropores, which can increase the
total porosity of the material, do not contribute to the BET specific surface

area of the samples.
3.2.2.7 Mechanical properties

The mechanical properties of bone cements are of outmost importance for
surgical applications: as these materials should set directly within the bone
defect/fracture where they are applied, it is important to understand which
is the load they are able to withstand after setting. In the literature,
compressive or tensile loadings are often evaluated [170]. In our case, we
assessed the compressive strength of the cements in order to understand if
different formulations lead to a diverse behavior in terms of load
withstanding, trying to relate this property to the microstructure and to the
struvite conversion degree. The 0.5M_samples could not be analyzed, as they
crumbled once removed from the mold and could not retain their shape. The
measured compressive strengths for the other samples are reported in Figure
3.14a. Our samples display a compressive strength which ranges from about
10 to 30 MPa, in agreement with literature data for similar materials [5] and,
on average, higher than CPCs [170]. Moreover, considering the error bars, the
measurements show that the compressive strengths increase with the P/L
ratio and with the concentration of DAHP (at fixed P/L ratio).
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Figure 3.14: (a) Compressive strength of the analyzed cements (average of 4 different
measurements + standard deviation); (b) Plot of compressive strength vs porosity of the
cements. The dashed line represents a linear fitting of the experimental data.
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From these results, we can infer that the compressive strength is not directly
correlated with the amount of struvite in the samples (see section 3.2.2.3),
which increases with the concentration of DAHP but decreases with the P/L
ratio. Interestingly, samples which display the highest compressive strength
(3.5M_P/L 1.5 and 3.5M_P/L 2) are those whose morphology appears more
compact and uniform. Since for CPCs mechanical properties are dependent
on the microstructure and on the total porosity of the material [170], we
plotted the compressive strength against the porosity of the samples (data
shown in Figure 3.12a), and the results are shown in Figure 3.14b. We can
observe that the compressive strength increases as the porosity decreases;
this trend well matches the data reported in the literature for CPCs [170] and
for calcium-magnesium mixed cements [307]. To sum up, we can state that
there is not a direct correlation between the amount of struvite and the
mechanical properties; we can though hypothesize that a specific conversion
degree to struvite is necessary to obtain an interconnected network that binds
together the unreacted TMP grains and to produce a very compact
microstructure of the material.

In conclusion, we succeeded in understanding how the modification in the
P/L ratio and the DAHP concentration affects the most meaningful properties
of TMP-based cements. All the final materials are constituted by variable
amounts of struvite and unreacted TMP, as shown by XRD analysis. SEM
micrographs reveal that when the amount of struvite is low, the morphology
of the two components is detectable, whereas when the concentration of
struvite increases, only its typical morphology can be observed, despite XRD
measurements still indicate the presence of a significant amount of unreacted
TMP. This suggest that the formation of struvite occurs on TMP grains, and
the network which is generated prevents a further reaction between TMP and
DAHP. The use of DAHP solution 2.0 M and 3.5 M allows for the formation
of compact and hard cements, whose compressive strengths significantly
vary with the formulation: this mechanical property grows with the P/L ratio
and with the concentration of DAHP solution, being inversely proportional
to the total porosity of the material. The results here presented can be used as
useful guidelines in the design and realization of this kind of bone cements,
representing a step forward in the preparation and use of MPCs in the

biomedical field.
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3.3 Citrate-containing MPCs

The idea of preparing MPCs able to release citrate came from a collaboration
with researchers from the “Istituto Ortopedico Rizzoli” in Bologna (Italy).
This collaboration allows us to assess the biocompatibility of MPCs; since we
learned how to prepare cements whose properties can be tuned by the
variation of simple formulation parameters, we aimed at understanding
which are the key features that one should focus on in the design of a bone
cement for a real application. The profitable discussion with researchers at
Istituto Rizzoli moved our interest towards the study of citrate-based
biomaterials. Citrate (CsHsO7*) is a tricarboxylic acid which comprises 5 %wt
of bone [308], where it bridges between mineral HA-based platelets [28] and
controls their size and crystallinity [309], acting as a key mineralization
regulator. Being its pKa 2.9, 4.3 and 5.6, in most human tissues it is present as
citrate: ~ 90 %wt is accumulated in human bone, while the rest is included in
physiological and pathological calcifications (dentin, kidney stones and
atherosclerotic plaques) and soft tissues (brain, prostate, kidneys) [310]. The
natural existence of citrate and its importance in bone physiology suggest
that this ion should be considered in orthopedic biomaterials and scaffolds
design [311]. Many studies were recently devoted to the synthesis of citrate-
based polymers, taking advantage of the ester bond formation occurring
between citrate’s carboxylic moieties and diols (HO-R-OH) [310, 312]; citrate-
based polymers are often used as fluorescent biomaterials [313] or combined
with inorganic components to prepare composites [311, 314-316]. The
inclusion of citrate in bone biomaterials has demonstrated many interesting
outcomes: a recent study has shown that this ion, whether present on a
biomaterial surface or supplemented into cell culture media, has unique
effects on gene expression: it upregulates osterix (a transcription factor which
essential for osteoblast differentiation and bone formation), alkaline
phosphatase (an enzyme which is among the first functional genes expressed
in the process of calcification), and osteopontin, downregulating osteocalcin
in myoblasts and human mesenchymal stem cells [311]. Citrate also has
implications in treatments for osteopenia and osteoporosis, pathological

situations due to aging which result in decreased bone mineral density,
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deterioration of bone architecture and, ultimately, enhanced susceptibility to
fractures [317]. As these pathologies can be enhanced by acidosis conditions,
which favor bone resorption processes and inhibit osteogenic functions [318],
treatments with substances able to neutralize acidosis (a metabolic condition
in which high acid load exceeds physiological neutralization capacity)
represent effective strategies for preventing osteopenia progression. A study
from 2013 reports that in a group of healthy elderly persons without
osteoporosis, treatment with K-citrate for 24 months resulted in a significant
increase in bone mineral density at several sites tested, while also improving
bone microarchitecture [319]. A meta-analysis also confirmed the reduction
in bone resorption due to treatments with K-citrate [320], while recent
findings from Rizzoli’s colleagues showed that K-citrate supplementations
induced positive effects on bone turnover in a group of osteopenic women
showing low-grade acidosis [321]. Moreover, further elucidations on the
implications of citrate ions in bone loss processes revealed that K-citrate
supplemented in culture media inhibits osteoclastogenesis and enhances the
anti-osteoclastogenesis activity of alendronate (a bisphosphonate commonly
used in the treatment of osteoporosis) in a way that does not exclusively
depend on the alkalinizing properties [322]. In light of these studies, the
integration of citrate in MPCs could represent an innovative and unexplored
field. In the literature, we only find one example of TMP-based MPC
prepared using a combination of DAHP and a citrate salt [287]: the study is
manly focused on the rheological and mechanical properties of the material,
and reveals that the higher the citrate content in the formulation, the lower is
the compressive strength and the better the injectability of the material. In
contrast, citrate was often included in CPCs, with the main purpose of
enhancing setting time and injectability of the pastes [323-330].

Our idea was to prepare a material which could be molded or even injected
in a bone defect, able to set in few minutes and form a hardened cement
which, upon contact with biological fluids, could gradually release citrate. In
principle, the released citrate could favor the formation of new bone, while
the MPC matrix could provide the mechanical stability to the bone while

resorbing.
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3.3.1 Preparation of citrate-containing MPCs

Cements containing citrate were prepared by mixing TMP (obtained as in
section 3.1.1) with an aqueous solution of DAHP and/or DAC (dibasic

ammonium citrate monohydrate, Riedel de Haén, structure in Figure 3.15).
H4NO___O

OHO
(NH4)2HPO4
HO ONH,4

@)
DAHP DAC

Figure 3.15: Formulas of the two salts used to prepare the aqueous solutions.

Several systems were investigated by combining different ratios of DAC and
DAHP, maintaining a total salt concentration of 3.5 M; all the prepared

solutions and their composition are listed in Table 3.2.

Table 3.2: Sample identity and amount of DAHP and DAC used to prepare 1 mL of solution.

Molar rati
Sample DAC[M] DAHP[M] DAC[g] DAHP [g] orar rato

DAC/DAHP

Cit_0M - 3.500 - 0.4620 -

Cit_0.5M 0.500 3.000 0.1221 0.3962 0.167
Cit_1.0M 1.000 2.500 0.2442 0.3302 0.400
Cit_1.5M 1.500 2.000 0.3663 0.2641 0.750
Cit_2.0M 2.000 1.500 0.4884 0.1981 1.330
Cit_2.5M 2.500 1.000 0.6105 0.1321 2.500
Cit_3.0M 3.000 0.500 0.7326 0.0660 6.000
Cit_3.5M 3.500 - 0.8547 - -

Cit_0.025M 0.025 3.475 0.0061 0.4589 0.007
Cit_0.05M 0.050 3.450 0.0122 0.4556 0.014
Cit_0.1IM 0.100 3.400 0.0244 0.4490 0.029

The powder and the liquid components were mixed for ~ 1 min and, in all
cases, a paste-like consistency was immediately obtained. Samples described
in section 3.3.2 were prepared using a P/L ratio of 3 g/mL (0.500 g of TMP
with 166 pL of solution), while those analyzed in 3.3.4 and 3.3.5 with a P/L
ratio of 2 g/mL (0.500 g of TMP with 250 uL of solution). In the second set of
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experiments, a higher amount of solution was necessary to achieve a paste-
like consistency, as with 166 uL crumbled samples were obtained, possibly
because of different batches of TMP employed in the two set of samples. The
pastes were placed into plastic cylindrical molds (¢=1 cm) and set at 37 °C
and relative humidity (RH) > 96 % for 3 days. Cement samples were named
after the solution used to prepare them (for instance, Cit_OM is the sample

prepared with solution Cit_0M).
3.3.2 Investigation of citrate effect on MPCs

Among the list of prepared samples (see Table 3.2), we started from the
characterization of the samples with the largest differences in the
composition, namely Cit_0M and Cit_3.5M, together with two intermediate
compositions (Cit_1.5M and Cit_2.5M), in order to better highlight the effect

of citrate on the cements’ properties.

3.3.2.1 Handling properties, cohesion and setting time

When mixing TMP with the aqueous solutions Cit_0M, Cit_1.5M, Cit_2.5M
and Cit_3.5M, we observe the formation of a paste with a very viscous and
“rubbery” consistence, which can be easily molded and shaped (see Figure
3.16a). The use of a solution with a high citrate content produces slightly less

compact pastes.
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Figure 3.16: Photos of the cements (a) immediately after mixing and (b) after setting in the
molds. Scale bar: 1 cm. Cit_ 0OM=DAC 0 M, DAHP 3.5 M; Cit_1.5M=DAC 1.5 M, DAHP 2.0 M.
Cit_2.5M=DAC 2.5 M, DAHP 1.0 M. Cit_3.5M=DAC 3.5M, DAHP 0 M.

The liquefying effect observed in citrate-containing samples was already
reported in the literature in the work by Moseke et al. [287]; while for CPCs
this effect is ascribed to an increased dispersibility of the initial agglomerates
due to the greater electrostatic repulsion given by citrate adsorption [323], for

MPCs this effect is rather caused by the adsorption of citrate ions on the
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particles during the setting reaction [287]. After setting in the molds, in all
cases we obtain the formation of a compact and hard cement (see Figure
3.16b).

In addition to the compactness of the paste in a “dry” environment, its ability
to harden in a static aqueous environment without disintegrating (i.e.
cohesion) [331] is a parameter of crucial importance in the field of bone
cements. Cohesion was evaluated by readapting a protocol from the
literature [332]: after 2 min from the beginning of the mixing, the pastes were
put in contact with 9.7 mL of water, and stored at 37 °C. After 4 h of soaking,
the mold containing the cements was removed from the water and dried (3

days at 37 °C). The cohesion % was calculated using equation 3.5:

weight of the sediment
Cohesion (%) = g f x 100 (3.5)

original weight of the cement

In the equation, the original weight of the cement is the weight of cement
samples prepared using the same procedure and set for 3 days at 37 °C and
RH > 96 %, without putting them in contact with water. Results reported in
Figure 3.17a show that an increase in citrate content in the formulation

corresponds to a decrease in the cohesion of the cement.
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Figure 3.17: (a) Cohesion % of the 4 investigated samples; (b) initial (t:) and final (t2) setting
time of the investigated formulations, obtained by means of the Glllmore test.
Cit_0M=DAC 0 M, DAHP 3.5 M; Cit_1.5M=DAC 1.5 M, DAHP 2.0 M. Cit_2.5M=DAC 2.5 M,
DAHP 1.0 M. Cit_3.5M=DAC 3.5 M, DAHP 0 M.
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We highlight that the obtained results were acquired by putting the cements
in contact with water after 2 min from the beginning of the mixing; we believe
that delaying the addition of water would result in a higher cohesion % of the
samples. The cohesion results are consistent with the setting times (see Figure
3.17b), which reveal that a higher citrate content delays the setting time of the
cement, in agreement with a previous study [287].

According to the literature, t1 should be 3 < t1< 8 min, while t2< 15 min [178];
therefore, the formulations Cit_OM and Cit_1.5M display excellent setting
times, while samples containing a higher citrate amount should be modified
with additives able to decrease the setting time (such as cellulose ethers, see

section 3.4) in order to become good candidates for surgical applications.
3.3.2.2 Characterization of the set cements

The nature of the crystalline phases formed upon setting was investigated by

means of XRD, and the collected diffractograms are reported in Figure 3.18a.
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Figure 3.18: (a) XRD patterns of the four samples, together with that of TMP as a reference.
The * marks the peaks which are present only in sample Cit_3.5M and, to a lesser extent, in
Cit_2.5M; (b) zoom of the region 10-20° and (c) 32.5-34.5°, which show the regions diagnostic
for struvite (“S” peaks, see the PDF: 03-0240). The patterns are offset for display purposes.

The pattern of sample Cit_0M (i.e. without citrate, red curve in Figure 3.18)
reveals the presence of a large amount of unreacted TMP (see the grey
pattern, which matches the PDF: 25-1373, farringtonite) together with some
struvite, as it is revealed by the additional peaks in the areas highlighted by

the rectangles in Figure 3.18a and the zooms of the diagnostic regions in
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Figure 3.18b and c. In citrate-containing samples, we observe that the peaks
diagnostic of struvite decrease while increasing citrate content, and they are
nearly absent in sample Cit_3.5M. Moreover, in sample Cit_3.5M (and, to a
lesser extent, also in sample Cit_2.5M), we observe the appearance of some
small new peaks, marked with a * in Figure 3.18. We can therefore conclude
that when we increase the amount of DAC with respect to DAHP, the amount
of formed struvite decreases. However, as we obtain in all cases compact and
hard cements, a binding phase which forms a network around TMP grains
must be present also in samples containing only DAC (note that mixing water
and TMP does not result in the formation of a compact cement). This binding
phase can be either an amorphous phase (non-detectable by means of XRD)
or a new crystalline phase giving rise to the new peaks marked with * in the
blue pattern. In order to understand the nature of this new binding phase,
never discussed in the literature, samples were analyzed in terms of
morphology and thermal behavior.

The microstructure of the cross-sections as observed by means of FE-SEM is
reported in Figure 3.19, while the insets show the morphologies of the

surfaces.

Figure 3.19: FE-SEM micrographs of sample (a) Cit_0OM (DAC 0 M, DAHP 3.5 M), (b) Cit_1.5M
(DAC1.5M, DAHP 2.0 M), (c) Cit_2.5M (DAC 2.5M, DAHP 1.0 M), (d) Cit_3.5M (DAC3.5 M,
DAHP 0 M); the insets show the morphology of the surfaces.
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Sample Cit_OM displays the typical morphology of MPCs, which results from
the combination between TMP smooth grains and struvite characteristic
network, consisting of Y-shaped cracks and pores on parallelepiped-like
structures (see Figure 3.10 for comparison). With the decrease of DAHP
content in the sample, we observe that the number of domains typical of
struvite decreases, while TMP is visible in all the samples, consistently with
XRD results. Interestingly, in samples Cit_2.5M and Cit_3.5M, which have a
high citrate content, we observe many small and irregular objects with a non-
defined shape, which surround TMP grains. The morphology of the surfaces
(see the insets in Figure 3.19) well matches the internal structure of the
cements, except for sample Cit_3.5M which shows objects with a geometric
shape, compatible with crystalline material. EDX analysis in this area reveals
high carbon content, whereas Mg is nearly absent (data not shown). We can
infer that, on the surface of this cement, a citrate-based ammonium salt
crystallizes because of an excess of DAC in the formulation. These crystals
could be the responsible of the additional diffraction peaks detected in the
XRD pattern of sample Cit_3.5M (blue pattern in Figure 3.18). The surface of
the cements was also assessed in terms of roughness, as this parameter is of
outmost importance for biomaterials and their interaction with cells: for CaP-
based systems, it is demonstrated that the roughness, both at the nano- and
micro-scale, affects cellular adhesion, proliferation and differentiation [333,
334]. The technique chosen for this investigation was confocal microscopy, as
it allows to access the roughness profile on the micrometric scale. The
morphologies of the surfaces and the corresponding Ra values are reported

in Figure 3.20 (see the calculation details in Appendix I).

a b

Ra=(12+6) pm Ra=(2319) pm Ra=(11+1) pm Ra=(1816) pm

Figure 3.20: Cements surfaces as obtained by means of confocal microscopy on sample (a)
Cit_0OM (DAC 0 M, DAHP 3.5 M), (b) Cit_1.5M (DAC 1.5 M, DAHP 2.0 M), (c) Cit_2.5M (DAC
2.5M, DAHP 1.0 M), (d) Cit_3.5M (DAC 3.5 M, DAHP 0 M). Each area corresponds to 310 um
x 310 pm. Ra values for each sample are reported below (average + standard deviation over 8
measurements) and were calculated by means of the software “Fiji”: two plugins were used,
“Extended depth of field” and “SurfChar]” (see the details in Appendix I).
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Results show that all samples are endowed with roughness in the
micrometric scale, which are not significantly different according to the
composition. The high standard deviations associated to the average values
are due to the heterogeneous microstructure, which is consistent with the
observations conducted over SEM micrographs and with the fact that
different phases with a very diverse morphology (i.e. smooth TMP grains and
rough struvite crystals/citrate-based objects) are simultaneously present.
The nature of the phases present in the cements was further investigated by
means of simultaneous TGA/DSC, allowing for the simultaneous
determination of the degradation profile and the phase transitions occurring
in samples upon heating (see Figure 3.21). Sample Cit_OM (red curve in
Figure 3.21a) displays a weight loss at 1000 °C of 19.7 %, which mainly occurs
below 100 °C (14.4 %). The degradation profile is entirely ascribable to the
thermal decomposition of struvite (TMP, when heated up to 1000 °C, loses
about 0.2 % of its weight) and is compatible with data reported in the
literature [335-337].
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Figure 3.21: (a) TGA (left axis, solid lines) and derivative TGA (right axis, dashed curves) of
the four investigated samples; (b) heat flow profiles associated to the TGA measurements. Red
curve: Cit_OM (DAC 0 M, DAHP 3.5 M). Purple curve: Cit_1.5M (DAC 1.5 M, DAHP 2.0 M).
Green curve: Cit_2.5M (DAC 2.5 M, DAHP 1.0 M). Blue curve: Cit_3.5M (DAC 3.5 M, DAHP
0 M). The enthalpy associated to the highlighted peak is reported on the graph. The curves are
offset for display purposes.

The first weight loss event (peak in the derivative curve centered around
90 °C) corresponds to the loss of 5 moles of crystallization water, with the
formation of dittmarite, MgNH4PO4+H:0 (reaction 3.6). The residual weight
loss, related to the simultaneous loss of 1 mole of crystallization water and

ammonia with the formation of amorphous MgHPO: (reaction 3.7), likely
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occurs gradually as a function of temperature, rather than as a distinct step,
as we do not observe peaks in the corresponding DTG curve [338].
Considering that, at 1000 °C, a pure struvite sample would lose ~ 55 % of its
initial weight [339], while sample Cit_OM displays a weight loss of 19.7 %, we
can roughly estimate the composition of our cement (~ 35 % of struvite and
~ 65 % of TMP). In the heat flow profile, the exothermic peak above 600 °C is
attributed to a general high temperature phase transition [340] or to the
polymerization of MgHPOs [336, 339] (see reaction 3.8). The exothermic

transition at 788 °C is not assigned.

MgNH4PO4+-6H20 - MgNH4PO+-H20 + 5H20 1 3.6
MgNHsPO+H20 - MgHPOs4 + NHs T + H20 1 3.7
2MgHPOs>MgaP207 + H20 P 3.8

As we increase the citrate content in the samples, we observe several effects:
i: the extent of the weight loss before 100 °C decreases (12.8 % in sample
Cit_1.5M, 6.2 % in sample Cit_2.5M and 2.7 % in sample Cit_3.5M); ii: a
weight loss between 400 and 600 °C takes place; iii: a large exothermic peak,
whose enthalpy is proportional to citrate content, appears in the heat flow
profile between 450 and 600 °C; iv: in sample Cit_3.5M, a large weight loss at
~200 °C is present. Collectively, these data suggest that from sample Cit_0M
to Cit_3.5M struvite content decreases, being the weight loss before 100 °C
due to the loss of its crystallization water; this evidence is consistent with
XRD and SEM results. The exothermic peak in the heat flow profile suggests
that the binding phase formed in samples containing citrate is amorphous, as
it crystallizes upon heating. The weight loss observed in sample Cit_3.5M at
~200 °C is ascribable to the degradation of a citrate salt (the major weight loss
of DAC occurs between 150 and 250 °C, data not shown), whose presence on
Cit_3.5M surface was observed in SEM micrographs. Samples Cit_0M and
Cit_3.5M, recovered after the TGA measurements, were analyzed by means
of XRD, to investigate the nature of the phases formed upon the thermal
treatment. The patterns, reported in Figure 3.22, show that in both cases the

only detected phase is TMP (grey pattern as a reference in the figure).
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Figure 3.22: XRD patterns of samples Cit_ OM (DAC 0 M, DAHP 3.5 M) and Cit_3.5M
(DAC 0 M, DAHP 3.5 M) after TGA measurement (for sample Cit_3.5M, TGA measurement
was interrupted at 600 °C, in the attempt of identifying the phase formed after the exothermic
event). The grey pattern refers to TMP, as a reference.
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3.3.2.3 Release experiments

As these materials were designed to release citrate, we investigated this
property by means of two separate experiments, coded as “Experiment 1”
and “Experiment 2”. The experimental details are reported in Appendix I. As
far as release experiment 1 is concerned, we recall that 5 replicas for each
formulation (Cit_1.5M, Cit_2.5M and Cit_3.5M) were prepared, and each was
immersed in 10 mL of physiological solution; one specimen for every
composition was removed from the physiological solution after 1, 3, 7, 14 and
28 days. The pH of the incubating solution (NaCl 0.9 % w/v) was monitored
within the 28 days of incubation. Measurements were conducted at 37 °C, by
daily immersing the electrode in the solutions. The obtained profile, reported
in Figure 3.23a, shows that the pH slightly increases in time: the solution in
which sample Cit_2.5M and Cit_3.5M were incubated shows an analogous
trend, starting from pH ~ 9.0 after 1 day from the beginning of the incubation
and gradually reaching ~9.5 after 28 days. Sample Cit_1.5M, which has the
lowest citrate content, produces in the solution an initial pH of 7.0, which
reaches ~9.0 in 15 days. These data suggest that citrate content influences the
pH of the solution in which the cements are incubated. As a general comment,
the fact that these cements lead to an alkalization of the medium with which
they get in contact is an attractive feature in view of their application as bone
cements, since inflammatory conditions in bones are related to acidification

of the surroundings, which results in bone loss [321, 322]. Having a material
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that when in contact with a bone defect is able to reverse this process is

potentially useful.
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Figure 3.23: Release experiment 1: (a) pH of the physiologic solution in which the cements
were incubated as a function of time; (b) weight % of the cements as a function of incubation
time: each point refers to a different specimen withdrawn from the incubating solution after 1,
3,7, 14 and 28 days; (c) quantification of citrate release: on the y-left axis, citrate concentration
(dashed lines) and, on the y-right axis (solid lines), the % of released citrate (referred to the
maximum amount they could release).

The five replicas of each sample were removed from the physiological
solution after 1, 3, 7, 14 and 28 days. The incubated cements were dried in the
oven at 37 °C, and weighted up to constant value. The residual weights % as
a function of time are reported in Figure 3.23b. The results obtained for the
weight % after 1 day are consistent with the cohesion experiments (see Figure
3.17a), as the weight loss increases with the increase of citrate content in the
formulations. However, in contrast with our expectations, the cements do not
lose weight during their incubation up to 28 days: sample Cit_1.5M maintains
its weight constant, while Cit_2.5M and Cit_3.5M slightly increase their
weight. A possible explanation for this result could be due to the static
environment in which the cements were incubated: in these conditions, an
equilibrium between the initially-dissolved material and the cements might
occur, hindering a further dissolution of the cement. In samples Cit_2.5M and
Cit_3.5M, the increase in weight with incubation time could be explained by
the re-crystallization from the solution to the surface of the cement of some
salts/hydrated phases. We believe that, in an in vivo dynamic environment,
the continuous replacement of fresh biological fluids and the action of the
cells would probably modify this scenario, enhancing the dissolution process.
The concentration of citrate released in solution was assessed by means of

UV-spectroscopy [341] by reading the absorbance value at 209 nm (average
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results of 5 measurements * standard deviation, see the experimental details
in Appendix I), and it is reported as a function of time in Figure 3.23c (y-left
axis). It is important to underline that each point of the graph corresponds to
a different specimen (5 replicas for each type of formulation, each one related
to a different incubation time). Each sample, when prepared, had a slightly
different weight (differences in the tens of mg), but was incubated in the same
amount of physiological solution (10 mL). For this reason, to quantitatively
compare the obtained concentrations, it is necessary to multiply the
concentration value for a weight normalization factor. From the obtained
data, we observe that the concentration of citrate released in solution
increases with the increase of citrate content in the cements. For sample
Cit_1.5M, the concentration of citrate over time is constant (i.e. the cement
does not release after 28 days a different citrate amount than that already
released after 1 day), meaning that an equilibrium situation is reached within
24 h. The trend of sample Cit_2.5M and Cit_3.5M is similar to Cit_1.5M, as
the concentrations oscillate, eventually slightly decreasing for Cit_2.5M and
increasing for Cit_3.5M. We also calculated the % of released citrate as a
function of time (Figure 3.23, y-right axis), which reflects the quantity of
citrate released in solution compared with the amount present in the samples:
this parameter was in fact calculated as the ratio between the mg of citrate
released in the incubating solution and the mg of citrate present in the
cement. We observe that the sample which is more prone to losing citrate is
Cit_1.5M, despite being the one that contains the lowest amount of it.
Moreover, this is also the sample that when in contact with the physiological
solution loses the least amount of weight (Figure 3.23b); we cannot therefore
ascribe the highest % citrate to a major massive dissolution of the sample. We
can hypothesize that, being the network of sample Cit_1.5M mainly
composed by struvite, the citrate which is embedded in the final matrix is less
“bound” to it and more prone to being released. On the other hand, the
cement matrix of Cit_3.5M is composed by an amorphous phase which
contains citrate; this ion is therefore a structural component of the cement
matrix, as it tends to be less released than it does in Cit_1.5M. The trend of
% citrate in time shows an initial slight increase in the % of citrate released,
while after 3 days we can consider it being constant, given the large error bars

associated to the results. At 28 days, the % citrate of sample Cit_2.5M appears
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to diminish, potentially correlating with a decrease in citrate content in
solution because of its re-precipitation on the cement (consistently with the
slight increase in the residual weight %, see Figure 3.23b). All these data taken
together suggest that the release of citrate in solution is a fast phenomenon,
as it mainly occurs within the first day and the concentration is roughly
constant from 1 to 28 days of incubation.

In the attempt of simulating a more dynamic environment, we performed
release experiment 2, in which 1 mL of physiological solution was daily
collected and replaced with fresh solution (see the experimental details in
Appendix I). The pH profile as a function of time is reported in Figure 3.24a.
The obtained trend is similar to that of release experiment 1 (see Figure 3.23a),
in which sample Cit_1.5M initially displays a neutral pH that rapidly
increases and reaches that of the other two samples after ~ 7 days (this rise is
quicker in this experiment, as in 1 the curves cross after ~ 15 days). All the
solutions eventually reach a pH ~ 9.5. The concentration of citrate was
measured by means of UV-spectroscopy, and it is reported as a function of
time in Figure 3.24b. Consistently with release experiment 1, we observe that
the concentration of released citrate is directly proportional to the amount
used for the preparation of the cements. The majority of the release occurs

within the early stages of the incubation for all the samples.
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Figure 3.24: Release experiment 2: (a) pH profile and (b) concentration of citrate measured by
means of UV-spectroscopy in the aliquot withdrawn from the solution, after equilibration of
at least 24 h.

The cumulative release profile was fitted according to different models, so to
gain insights into the kinetic and mechanism of citrate release. Following a
procedure commonly reported in the literature [342-344], we fitted our
experimental data using different models (see Figure 3.25, equations reported

on the graph) by means of least-square nonlinear regressions [345, 346], and
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the goodness of each fit was evaluated in terms of the correlation coefficients
(r?), reported in Table 3.3.
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Figure 3.25: Fitting of the release experiments data (dashed lines). The equation associated to
each model is reported on the graph. The cumulative fraction release was evaluated from the
ratio between the moles of citrate release at time t (M) and that contained in the cement (M-).

Table 3.3: Correlation coefficients (r?) corresponding to each fitting in Figure 3.25.

Zero- First- Hixson- . . Korsmeyer- .
Higuchi Weibull
order order Crowell Peppas
Cit_1.5M  0.903 0.954 0.939 0.987 0.994 0.996
Cit_ 25M  0.899 0.943 0.930 0.981 0.995 0.996
Cit_ 3.5M 0918 0.952 0.941 0.994 0.995 0.997

The best results (r? closer to 1) are attained using the Weibull model [347],
which leads to n values of 0.56 + 0.01 for Cit_1.5M, 0.51 + 0.01 for Cit_2.5M
and 0.57 + 0.01 for Cit_3.5M. Being these values close to 0.5, and considering
that good fittings are also obtained with Higuchi and Korsmeyer-Peppas
models (see Figure 3.25 and Table 3.3) we can conclude that the release of
citrate from the cements occurs with Fickian diffusion mechanism [344].

In conclusion, we demonstrated that citrate can be effectively included in
TMP-based MPCs. The use of DAC over DAHP produces pastes with a lower

cohesion and longer setting time, eventually resulting in an amorphous
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network as a binding phase. Citrate can be effectively released in the
incubating medium, and the % release can be tuned according to the initial

amount of citrate used in the formulation.
3.3.3 Stability and release of MPCs in culture medium

As a preliminary test for the cytotoxicity experiments, we were asked to
assess the stability of the set cements against dissolution in the culture
medium at 37 °C. In the perspective of seeding cells on MPCs, it is important
for the material not to macroscopically dissolve, as the presence of particulate
may be detrimental to cell viability. Set cements at different citrate content
(see the composition in Table 3.2) were incubated in a 24-well plate with 1 mL
of culture medium (MEM, Minimum Essential Medium Eagle, Sigma-
Aldrich) at 37 °C for four days (the duration of the experiment was chosen
basing on the requisites for cells” experiments). The aspect of the cements as

a function of time is reported in Figure 3.26.

: Cit_0.5M
: Cit_1.0M
: Cit_1.5M
: Cit_2.0M
: Cit_2.5M
: Cit_3.0M
: Cit_3.5M
: Cit_OM

Figure 3.26: Photos of the cements incubated in 1 mL of culture medium at 37 °C at time=0, 1 h,
1 day and 4 days. The identity of each well is reported in the picture.

After only 1 h of incubation we observe that samples Cit_2.5M, Cit_3.0M and
Cit_3.5M, which are the ones at highest citrate content, begin to dissolve: this
is evident as the edges of the discs are not visible anymore. On the other hand,
samples Cit_0M, Cit_0.5M, Cit_1.0M, Cit_1.5M and Cit_2.0M are integer at
the end of the incubation period: the comparison of the weight of the cements

before and after incubation reveals that sample Cit_OM retains 100 % of its
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weight, while Cit_0.5M: 96 %, Cit_1.0M: 91 %, Cit_1.5M: 89 % and Cit_2.0M:

88 %. The extent of cements’ dissolution is therefore related to citrate content

in the samples, consistently with cohesion experiments (see Figure 3.17a). At
this point, it is important to clarify some aspects. The outcome of this
experiment appears in contrast with results reported in Figure 3.23b, which
did not reveal a macroscopic dissolution of samples Cit_1.5M, Cit_2.5M and
Cit_3.5M when incubated in physiological solution during release
experiment 1. The reason for the different behavior of samples with the same
composition is likely related to the different area of contact between the
cements and the aqueous medium: in the release experiments, the pastes
were poured in the molds, which were subsequently immersed in the
solution. Only the surface of the cements was therefore in contact with the
aqueous medium; on the other hand, the experiments described in this
section were conducted by immersing the discs of the set cements (removed
from the mold) in the MEM: all the surfaces of the discs were therefore in
contact with the medium, and this could have enhanced the dissolution of
the material. Formulations Cit_2.5M, Cit_ 3.0M and Cit 3.5M were thus
discarded, and we tried to quantify the released citrate in the culture medium
by means of UV-vis spectroscopy. This method, which demonstrated its
effectiveness in the study of the release in physiological solution (see section
3.3.2.3) was, as expected, much more complicated in MEM. According to its
datasheet, this medium contains many organic components, amino acids,
vitamins and glucose, which make the detection of small amounts of citrate
very challenging. As from the calibration curve we attained quite a good
relationship between the absorbance at 230 nm and citrate concentration in
the medium (see Appendix I), we analyzed by means of UV spectroscopy the
solution in which Cit_0M, Cit_0.5M, Cit_1.0M, Cit_1.5M and Cit_2.0M were
immersed for 4 days. The spectra are reported in Figure 3.27a. If we compare
this series of spectra with that reported in the Appendix for the calibration
curve, we observe some differences: i. the baseline of the spectra is higher; ii.
a broad signal at 260-300 nm appears; iii. the spectrum of sample Cit_0M,
which does not contain citrate, displays a peak at 230 nm. The intensity of
this peak is nevertheless citrate-dependent, as absorbance increases with the
increase of citrate content in the sample. We were quite puzzled by these

observations, and we conducted further experiments. In order to be sure that
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the observed signals were ascribable only to citrate and not to the presence of
some phosphate or Mg?* ions released by the cements, we dissolved some
DAHP and a magnesium salt in fresh MEM, and obtained in both cases a flat

spectrum (green and orange dashed curves in Figure 3.27a).
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Figure 3.27: (a) UV absorption spectra of the MEM in which cements were incubated at 37 °C
for 4 days; as a reference, the spectra of DAHP and MgClz dissolved in fresh MEM are reported
(dashed lines); (b) UV absorption spectra of pure MEM incubated at 37 °C for 4 days (grey
curve) and fresh medium (black curve). In both systems, fresh MEM was used as a blank for
the subtraction.

The only hypothesis to explain the obtained data is that the medium itself,
when incubated at 37 °C, experienced some variations which resulted in the
appearance of new peaks (we recall that, as a blank, fresh medium was
employed). This guess was assessed by incubating 1 mL of MEM at 37 °C for
four days, and then analyzing it by using fresh medium as blank for the
subtraction. Results shown in Figure 3.27b confirm the validity of our
hypothesis, as the spectrum of the MEM incubated at 37 °C is comparable to
the one of sample Cit_OM in Figure 3.27a; on the other hand, the analysis of
the fresh MEM results in a flat spectrum, consistently with the use of the same
solution as blank.

In conclusion, the accurate quantification of citrate released in the MEM by
means of UV-spectroscopy is challenging, given that the medium itself shows
an important absorption superimposed to citrate diagnostic peaks. We can
only observe that, given that the intensity of citrate peak increases from
sample Cit_0.5M to Cit_2.0M (only Cit_0.5M and Cit_1.0M do not agree to
this trend), the amount of released citrate is proportional to its content in the

cements.
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3.3.4 MPCs with intermediate citrate content

The experiments reported in the previous section revealed that MPCs
formulated with a high citrate content rapidly dissolve in aqueous media,
thus not being suitable to perform cytotoxicity experiments. Based on these
findings, samples Cit_0M, Cit_0.5M, Cit_ 1.0M and Cit_2.0M (see the
composition in Table 3.2), which demonstrated a good stability against
dissolution, were selected to be tested with cells. Samples were prepared as
described in section 3.3.1, and their properties were investigated by means of
the same techniques used for formulations Cit_0M, Cit_1.5M, Cit_2.5M and
Cit_3.5M. Given that citrate effect on MPCs was extensively discussed in
section 3.3.2, here we will only give a quick overview of the main

characterization results, prior to discussing cytotoxicity experiments.

3.3.4.1 Characterization of the cements

Consistently with the comments presented in section 3.3.2.1, we notice that
citrate ions have a liquefying effect on the pastes, as observed from their
consistencies after 1 min of mixing (see Figure 3.28a). The setting time of the
pastes, reported in Figure 3.28b, shows that samples Cit_0M, Cit_0.5M and
Cit_1.0M set in few minutes, whereas the t2 of Cit_2.0M is around 20 min,
because of the high citrate content. The nature of the crystalline phases
formed upon setting was analyzed by means of XRD, and the obtained results
are reported Figure 3.28c. All the samples display signals which are
compatible with the simultaneous presence of farringtonite and struvite, as
already discussed in this chapter. Also in this set of samples, the relative
amount of struvite in the cements decreases as DAC content increases (i.e.
DAHP content decreases). It also appears that the use of DAC over DAHP
does not lead to the formation of a new crystalline phase, as no new peak can
be detected in sample Cit_2.0M; citrate ions could therefore be included in
the final cements as unreacted material or as components of an amorphous

phase.
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Figure 3.28: a) Photos of the samples after 1 min from the beginning of the mixing (scale bar: 1
cm); (b) Initial (t1, orange bars) and final (t2, purple bars) setting times of the cements, according
to the Gillmore test; (c) On the top, XRD patterns of the four cements: Cit_0M (DAC 0 M,
DAHP 3.5 M), red; Cit_0.5M (DAC 0.5 M, DAHP 3.0 M), lilac; Cit_1.0M (DAC 1.0 M,
DAHP 2.5 M), orange; Cit_2.0M (DAC 2.0 M, DAHP 1.5 M), blue. The diffractograms are offset
for display purposes. The dashed lines identify struvite diagnostic peaks, whose intensity
decreases from Cit_0M to Cit_2.0M. On the bottom, PDF of struvite (n° 03-0240, yellow bars)
and farringtonite (n° 25-1373, grey bars).

The morphology and microstructure of the cements were investigated by
means of FE-SEM (see representative micrographs in Figure 3.29). Sample
Cit_OM (Figure 3.29a) and Cit_0.5M (Figure 3.29b) are rich in struvite crystals,
which are characterized by a rough surface with inner cracks and porosities.
A limited number of TMP grains with a smooth surface can also be detected.
On the other hand, the extent of struvite network in sample Cit_1.0M (Figure
3.29¢) and Cit_2.0M (Figure 3.29d) is scarce, as a large amount of TMP grains
is visible, consistently with XRD results. We can also detect some very small
objects with an irregular shape (see the black circles in Figure 3.29c and
Cit_1.0M), which are analogous to those observed in sample Cit_2.5M and
Cit_3.5M (see Figure 3.19c and d) and represent the citrate-based binding
phase.
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Figure 3.29: Representative FE-SEM micrographs of a cross-section of the cements; (a) sample
Cit_0M; (b) sample Cit_0.5M; (c) sample Cit_1.0M; (d) sample Cit_2.0M.

In order to gain more insights into the phases formed in the cements and their
features, the samples were analyzed by means of thermogravimetry coupled

with differential scanning calorimetry (see Figure 3.30).
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Figure 3.30: (a) Thermogravimetric curves (solid lines, left axis) and derivative curves (dashed
lines, right axis) of the four cements (Cit_0M, red; Cit_0.5M, lilac; Cit_1.0M, orange; Cit_2.0M,
blue). (b) Heat flow curves acquired simultaneously with the TGA measurements, together
with the linear integration of the exothermic peak centered at ~ 480 °C. The curves are offset
for display purposes.

In analogy to the discussion reported in section 3.3.2.2, the thermogram of

sample Cit_OM (red curve in Figure 3.30a) is compatible with thermal
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behavior of struvite; the weight loss at 1000 °C is 24.9 %, suggesting a
composition of our sample ~ 45 % of struvite and ~ 55 % of TMP (pure struvite
would lose 55 % of its initial weight [339]). The lower conversion degree to
struvite when comparing this result with the one obtained for sample Cit_0M
in section 3.3.2.2 is consistent with the lower P/L ratio used in this series of
samples (i.e., 2 g/L vs 3 g/L, see section 3.2.2.3 for the analysis of the P/L ratio
on the conversion degree to struvite). The thermograms of citrate-containing-
samples show that, as the amount of DAC in the formulation increases, the
extent of the weight loss below 150 °C diminishes (20 % for sample Cit_0.5M,
14 % for sample Cit_1.0M and 9 % for sample Cit_2.0M), in agreement with
the decrease in struvite observed by means of both XRD and SEM analyses.
Moreover, in the DTG profiles, we detect the presence of new small peaks in
the region 200-300 °C and 350-550 °C, whose intensity increases consistently
with the amount of citrate in the formulation: these signals could be due to
the new amorphous phase that forms by the reaction of TMP and DAC. The
heat flow profiles (Figure 3.30b) show, in sample Cit_OM and Cit_0.5M, a
small exothermic peak at 670 °C, due to the conversion of MgHPO: to
Mg2P20y (see reaction 3.8) [335, 339]. The intensity of this peak decreases
accordingly to struvite content in the samples. Citrate-containing cements
also display an exothermic peak with a maximum at ~ 480 °C, whose area
grows from sample Cit_0.5M to Cit_2.0M (AH=84 J/g for Cit_0.5M, 220 J/g for
Cit_1.0M, 559 J/g for Cit_2.0M), which is likely due to the crystallization of
the amorphous binding phase formed in the citrate-containing samples, as

previously discussed.

3.3.4.2 Cytotoxicity experiments

Cytotoxicity of the extracts (i.e. culture medium incubated with cements for
4 days) towards human fibroblasts was tested, in collaboration with
researchers from “Istituto Ortopedico Rizzoli” in Bologna. The vitality % of
cells as a function of time is reported in Figure 3.31. Results show that citrate-
containing samples are cytotoxic after only 24 h of incubation, whereas
sample Cit_0M does not display a marked toxicity towards cells, except for a
mild decrease in the vitality after 48 h. Even if the response of MPCs towards

cell is a relatively unexplored field, these materials are generally recognized
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as biocompatible [5, 168]. Even if no report about MPC and fibroblasts was
found, in the work of Klammert et al. a cement with composition similar to
ours showed a suitable biocompatibility for human osteoblastic cells [288],
while the group of Bhaduri reported that extracts obtained from the
incubation of amorphous MgP did not show cytotoxicity towards
osteoblastic cells from mouse calvaria [348]. Osteoblast-like cells growth and
cell activity on struvite was reported to be even higher than the one on
brushite and HA [290]. In vivo experiments also demonstrated the
potentialities of MPCs [289, 293].
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Figure 3.31: Vitality % of cells vs medium, monitored over 3 days. Cements containing citrate
are cytotoxic.

As our study is the first that addresses the cytotoxicity of MPCs containing
citrate, no direct comparison with previous studies can be done; nevertheless,
citrate is naturally abundant in bone tissue, and citrate-based biomaterials
play an important role in regenerative medicine [312]. Recently, a cement
prepared with MgO, Ca(H2POs)>"H20 and citric acid was shown to exhibit a
good cytocompatibility for the culture of mBMSCs (mouse bone marrow
stromal cells) on its surface, independent on the amount of citric acid in the
formulation [349]. We believe that the reason for the observed drop in cells’
vitality in our system is likely due to the significant citrate concentration
released in the medium. A previous study from our collaborators [322]
showed that, for K-citrate, the ICso (half maximal inhibitory concentration)
was 25.7 mM for RAW 264.7 cells (macrophages from blood) and 4.7 mM for
human osteoblasts.

The data necessary to estimate the concentration of citrate released in the

medium are those reported in Figure 3.27. As already discussed in section
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3.3.3, the problem in quantifying citrate by means of UV-spectroscopy is due
to the change of the spectrum of the MEM which, when incubated at 37 °C,
modifies its absorption. However, even if a precise quantification was not
possible, we tried to roughly estimate the concentration of citrate from those
data, to have an idea of the order of magnitude of the released citrate. If we
consider that the absorption at 230 nm of sample Cit_0M, which does not
contain citrate, is 0.60, the subtraction of this value from the absorbance at the
same wavelength of sample Cit_0.5M, Cit_1.0M and Cit_2.0M results in a
concentration of ~150 mM for Cit_0.5M, ~130 mM for Cit_1.0M and ~240 mM
for Cit_2.0M (dilution factor used 1:10, see the calibration curve in the
Appendix). Even if the obtained data are very broad estimates, we can
conclude that all the cements release a high concentration of citrate, thus
explaining the low cells” survival rate.

In light of these results, we shifted our attention towards formulations

containing a lower citrate amount, which are presented in the section below.

3.3.5 MPCs with low citrate content

The composition of this new set of samples is reported in Table 3.1. Cements
were incubated in 1 mL of water at 37 °C for 4 days, in order to estimate the
amount of released citrate. The obtained UV absorption curves are reported
in Figure 3.32a. We observe that the intensity of the peak at 209 nm increases
with the increase of the amount of citrate used in the formulation. Since also
sample Cit_OM (without citrate) gives a small absorption in the spectral
region of interest (likely due to an unsatisfactory subtraction of the baseline)
we subtracted its spectrum from the ones of citrate-containing cements, so to
only account for the signals due to this ion (see Figure 3.32b). Based on the
calibration curve (see Appendix I) and considering the dilution factor 1:1 at
which these experiments were conducted, we obtain that the concentration
of released citrate is 1.1 mM for Cit_0.025M, 2.8 mM for Cit_0.05M and
10.2 mM for Cit_0.1M. As samples were prepared by mixing 0.300 g of TMP
with 150 pL of solution, each disc respectively contains 0.00375 mmoles,
0.0075 mmoles and 0.015 mmoles, corresponding to a % of released citrate of
29 % for Cit_0.025M, 37 % of Cit_0.05M and 68 % for Cit_0.1M.
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Figure 3.32: (a) UV absorption spectra of water incubated with cements Cit_ OM (DAC 0 M,
DAHP 3.5 M), Cit_0.025M (DAC 0.025 M, DAHP 3.475 M), Cit_0.05M (DAC 0.05 M, DAHP
3.45 M) and Cit_0.1M (DAC 0.1 M, DAHP 3.4 M) for 4 days (Cit_OM: red, Cit_0.025M: blue,
Cit_0.05M: purple, Cit_0.IM: green); (b) curves in which the spectrum of sample Cit_0M
(without citrate) was subtracted, so to consider only signals due to citrate.

Given these results, the cytotoxicity of the formulations was tested, and the
results are reported in Figure 3.33. As it is shown in figure a, all cements
display a good cell viability after 24 h of incubation, which slightly decreases
over time. The different amount of citrate released by formulations
Cit_0.025M, Cit_0.05M and Cit_0.1M does not affect fibroblasts’ vitality, as it

is evident when comparing data in Figure 3.33b.
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Figure 3.33: (a) Cell viability % vs medium, monitored over 3 days; red: Cit_0M (DAC 0M,
DAHP 3.5M), blue: Cit_0.025M (DAC 0.025M, DAHP 3.475M), purple: Cit_0.5M (DAC 0.05M,
DAHP 3.45M), green: Cit_0.1M (DAC 0.1M, DAHP 3.4M); (b) Cell viability % with respect to
formulation Cit_0OM (without citrate) at 24 h.

It was not possible to determine citrate concentration released in the extracts
because of the issues due to the absorption of the medium incubated at 37 °C
already discussed in section 3.3.3. Even if we tried to use as a blank the MEM

incubated at 37 °C instead of the fresh one, we were not able to obtain an
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acceptable subtraction of the baseline, likely because of the low concentration
of released citrate (data not shown); nevertheless, we can reasonably suppose
that the amount released is similar to that calculated from measurements in

water.

To sum up, we developed a new category of biomaterials with promising
characteristics: MPCs containing citrate display many of the recommended
features of bone cements (moldability, adequate setting time and cohesion,
good biocompatibility) and their ability to release citrate can, in principle, be
beneficial in bone regeneration processes. Further experiments are necessary
to clarify the nature of the amorphous phase that act as binder in cements
containing citrate and to understand the reason for the mild cytotoxicity of
these formulations; the biocompatibility of these cements will be therefore
compared with that of CPCs already used in clinical applications, such as
those based on TCP or HA.
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3.4 Effect of cellulose ethers on MPCs

Results presented so far demonstrate that the properties of MPCs can be
tuned by modifications in formulations parameters (section 3.2) and by the
inclusion of citrate (section 3.3). CPCs are commonly modified by the
addition of polymers (either included in the liquid phase or in solid state as
additives to the powder phase), to enhance specific features of the material
[350]. It is commonly acknowledged that the main properties affected by the
addition of polymeric additives are setting time, cohesion, anti-washout
ability and injectability, which are typically not-satisfactory in bare cements
[350, 351]. The effect of polymeric additives on MPCs was far less
investigated than on CPCs. In the literature, some reports describe the effect
of gelatin [352], hydroxypropylmethyl cellulose [294, 353], chitosan [354] and
polyvinyl alcohol [348], but the mechanism of interaction of these
macromolecules with the inorganic phases constituting the cement is not
clarified. The goal of this investigation was to include some cellulose ethers,
namely CMC (carboxymethyl cellulose), HPC (hydroxypropyl cellulose) and
HPMC (hydroxypropylmethyl cellulose), in TMP-based cements (see Figure
3.34). These macromolecules were selected as they are biocompatible,
biodegradable, and commonly used as additives in the cosmetic, food and
pharmaceutical field [355]; moreover, they are used as rheology modifiers for
CPCs [304, 356-358]. We were interested in understanding how the features
of MPCs are modified by the inclusion of these additives, and to unravel if
their action is solely related to the interaction with water or to a specific

interaction with MgP-based phases.
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Figure 3.34: Formula of CMC (carboxymethyl cellulose), HPC (hydroxypropyl cellulose) and
HPMC (hydroxypropylmethyl cellulose).
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3.4.1 Samples preparation

Cements were prepared as described in section 3.2.1, using a P/L ratio of
1.5 g/mL and [DAHP]=3.5 M. Samples containing cellulose ethers (CMC and
HPMC, Sigma-Aldrich, and HPC, Lamberti, formulas reported in Figure
3.34) were prepared by carefully mixing the polymers as powders with TMP,
at 5 and 10 %wt (weight of the polymer with respect to the weight of TMP +
DAHP solution). The amount of DAHP solution necessary to reach P/L ratio
of 1.5 g/mL was then added and pastes were obtained upon mixing (typically
0.50 g of TMP with 333 uL of solution). Cements were set at 37 °C and
RH > 96 % for at least 5 days.

3.4.2 Results and discussion

3.4.2.1 Handling properties and setting reaction

As polymeric additives are known to modify the cohesiveness of the pastes,
we initially evaluated the appearance of the pastes immediately after mixing.
As it is evident from the pictures in Figure 3.35, cellulose ethers dramatically
affect the handling properties of the pastes in a concentration-dependent
manner. While MPC without additives is very liquid-like, the addition of
CMC, HPC and HPMC produces more compact and toothpaste-like
formulations. Among the three polymers, CMC displays major effects,

making the paste very thick.
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Figure 3.35: Photos of the pastes after 2 min from the beginning of mixing.
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This very simple test already gives very useful information, as one can tune
the initial cohesiveness of the cements by modulating the amount and type
of cellulose. A more quantitative information on the effect of these additives
on the setting reaction of the cements can be obtained from the analysis of the
setting time, as measured by means of the Gillmore method (see Appendix I
for the experimental details). Results reported in Figure 3.36 clearly highlight
the impressive impact of the additives in the shortening of setting times,
especially for ti: the paste without additive reaches the initial setting time
after 60 min, whereas with cellulose ethers this value can be lowered down
to 15 min. Despite the amount of additive, in particular for CMC, has a deep
impact on the initial cohesion of the paste, it does not have a marked effect
on the setting time. Given that t1 and t2 should respectively be around 5 and
15 min for surgical applications [178], this investigation demonstrates that the
inclusion of cellulose ethers in MPC-based formulation is an effective way to
make these materials closer to the needs for a real application as bone

cements.
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Figure 3.36: Initial (t1) and final (t2) setting times of the cement pastes prepared with cellulose
ethers (green bars: CMC, blue bars: HPC, orange bars: HPMC). The setting time was assessed
every 2 min.

The hydration reaction of the pastes was also investigated by means of low
temperature (LT)-DSC. This technique, as already discussed in section 3.2.2.4,
allows for the investigation of the amount and type of water in cementitious
pastes, by monitoring the heat flow associated to the freezing and melting of
water. We analyzed the pastes after 3 hours from the beginning of mixing,
with the purpose of understanding if and how the inclusion of cellulose

ethers in the formulation affects the formation of hydrated phases: water
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used in the reaction can in fact follow three routes: i. become part of the
binding phase, which is a hydrated salt (struvite, NHsMgPO4+6H20); ii. be
confined in the porosities of the cement; iii. evaporate. By means of LT-DSC
we can estimate the amount of free (unreacted) and bound (i.e. confined in
nanometric porosities) water, assuming that no evaporation occurs (samples
stored and analyzed in hermetic steel pans). The cooling (blue) and heating

(red) cycles are reported in Figure 3.37.
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Figure 3.37: Cooling (blue) and heating (red) cycles measured by means of LT-DSC for (a)
MPC, (b) MPC with CMC 10 %, (c) MPC with HPC 10 % and (d) MPC with HPMC 10 %.

Focusing our attention on the cooling cycle, we observe in all cases the sharp
and intense crystallization peak of bulk water, at temperature ranging from
- 15 to -21 °C; interestingly, when HPMC is present in the formulation (Figure
3.37), we also detect a small and broad peak at -35 °C, which is diagnostic of
the presence of confined water [300]. This evidence suggests that this
cellulose ether affects the microstructure of the cement matrix, generating
nanometric porosities in which water can penetrate. The enthalpy of the
melting peaks (see the red curves) reveals that the FWI % (see equation 3.3)
is 7 % for MPC, 19 % for MPC_CMC10%, 3 % for MPC_HPC10% and 4 % for
MPC_HPMC10%; therefore, in all samples, the majority of water is not
freezable, being likely included as crystallization water in struvite crystals or
not being able to freeze because strongly bound to the polymer. The fact that
when using CMC the amount of free water increases suggests that this
polymer may hinder struvite formation, due to its strong interaction with
water (proven by the shift of the melting peak at lower temperature, -15 °C).
Measurements were repeated after 7 days on the same specimens, revealing

that freezable water is no longer present in samples with additives, whereas
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for MPC the FWI is 4 % (curves not shown). These data can be explained
hypothesizing that, in time, cellulose ethers i. contribute to accelerate water
confinement within the cement matrix; ii. strongly bind water molecules,

making them not able to freeze; iii. favor the formation of hydrated phases.

3.4.2.2 Crystallinity and microstructure

The nature of the formed phases was assessed by means of XRD
measurements (see Figure 3.38a). The patterns show that no difference occurs
when the polymer is included in the formulation, as in all cases we observe
the presence of peaks compatible with struvite (reaction product) and
farringtonite (TMP, see reaction 3.2). The extent of conversion from TMP to
struvite was estimated by means of the Rietveld analysis on the recorded
diffractograms, and the results are shown in Figure 3.38b: the presence of
cellulose ethers in the formulation hinders struvite formation, particularly
when 10 % of CMC is used (~ 33 %wt vs ~ 60 %wt for the blank). This
conclusion is consistent with LT-DSC data discussed in the previous section,
further highlighting the impact of these polymers on the formation of struvite
binding-phase.
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Figure 3.38: (a) XRD patterns of cements prepared with and without cellulose ethers; the
dashed lines indicate the peaks corresponding to struvite (PDF: 03-0240), while all the others
are compatible with farringtonite (PDF: 25-1373). (b) Quantification of struvite content in the
samples, as calculated by means of the Rietveld method.

The morphology of the cements was analyzed observing cross-sections of the
cements by means of FE-SEM. The micrographs of samples prepared with

10 % of cellulose are reported in Figure 3.39.
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Figure 3.39: FE-SEM micrographs of (a) MPC without cellulose ethers; (b) MPC with 10 % of
CMC; (c) MPC with 10 % of HPC; (d) MPC with 10 % of HPMC.

In every sample, we recognize struvite typical domains (objects with inner
cracks and porosities) and smooth TMP grains, resulting in a very
heterogeneous morphology. No marked difference is observed when
cellulose ethers are included in the matrix, possibly because of the
homogeneous distribution of the polymer within the inorganic phase.

The porosity and specific surface area of the cements was investigated by
means of nitrogen sorption measurements. As it is shown in Figure 3.40, MPC
(figure a) and MPC_HPC10% (figure c) display a type II isotherm, typical of
non-porous or macroporous (> 50 nm) solids, whereas MPC_CMC10%
(figure b) and MPC_HPMC10% (figure d) exhibit a combination of type II +
type IV isotherms, suggesting the simultaneous presence of macropores
(> 50 nm) and mesopores (2-50 nm) [217]. The analysis of the isotherms by
means of BJH (Barrett-Joyner-Halenda) model was used to calculate the pore
size distributions, and confirms the observations conducted over the
isotherms about samples’ porosity (see Figure 3.40 e-h). The calculation
performed on the isotherms with BET model for the specific surface area
indicates that MPC without additive and with HPC have a low SSA (3.5 m?/g
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and 2.6 m?/g, respectively), while the inclusion of CMC and HPMC leads to
an enhancement of this property (27.0 m?/g for MPC_CMC10% and 79.1 m?/g
for MPC_HPMC10%).
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Figure 3.40: (a-d) Nitrogen sorption and desorption isotherms and (e-f) pore size distribution
calculated with BJH model for MPC (red, a and e), MCP_CMC10% (green, e and f),
MPC_HPC10% (blue, c and g) and MPC_HPMC10% (orange, d and h). The SSA calculated
with BET model is reported above each isotherm.

3.4.2.3 Injectability and dissolution behavior

Considering the potential applications of MPCs, we tested the injectability
and the dissolution behavior of MPCs in physiologic solution. The
experimental conditions of the injectability test are detailed in Appendix I,
and the results are shown in Figure 3.41: cellulose ethers have a great impact
in the injectability of the pastes, after both 3 and 7 min from the mixing. As
expected, injectability decreases as we increase the time that the paste sets in
the syringe. CMC displays the greatest effect, as when present at 10 %wt
makes the pastes non-injectable, whereas the other additives contribute to the
reduction of the injectability. One could think that the inclusion of these
polymers in the formulation is detrimental to injectability, as the bare cement
displays 100 % of injectability. It is though important to consider the nature
of the extruded paste: when no additive is used, MPC is immediately
extruded from the syringe upon application of the load, given its very liquid-
like nature, and does not maintain a compact shape. On the other hand, the

extruded pastes in systems containing cellulose ethers are much more
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compact and do not spread, despite not being totally injectable. Further
experiments are necessary to characterize the nature of the extruded paste, so
to understand which is the additive that better allows to retain the features
of the paste in the extruded phase or, in other words, that limit phase-

separation phenomena (see section 1.4.1).
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Figure 3.41: Injectability of the pastes after 3 min and 7 min of setting in the syringe; (b)
incubation of cements in physiologic solution. On top: pH as a function of time; on the bottom:
weight loss % as a function of time.

Set cements were incubated in physiological solution for 28 days (discs of
diameter 12 mm and height 6 mm in 4 mL of solution), in order to understand
how they affect the solution pH and to quantify the extent of the weight loss.
Three replicas of each sample were prepared, and collected after 3, 7 and 28
days. pH results, reported in Figure 3.41b (top), show that MPC without
additives does not cause significant variations in the pH of the physiological
solution (6.5+ 0.1), while formulations with cellulose ethers cause a slight
increase in pH, which remains within the neutrality range. As far as the
weight loss is concerned (see Figure 3.41b, bottom), all formulations slightly
lose a certain amount of weight: this behavior is beneficial in view of the
application of these materials, which in time should degrade and be replaced
by new bone. The greater resorbability is indeed one of the advantages of
MPCs over CPCs, as discussed in the Introduction. When cellulose ethers are
included in the formulation, the extent of the weight loss is higher: this
evidence may indicate that the polymer, when incubated in aqueous solution,

slowly detaches from the inorganic matrix, being released in solution. This is
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not necessarily detrimental for the application of these materials, as CMC,
HPC and HPMC are considered biocompatible [355].

In conclusion, the addition of cellulose ethers to MPC-based formulations
leads to a modification in many of the properties of the cements, such as
consistency, setting time, porosity and injectability, making them more
suitable for an application as bone cements. According to our preliminary
results, it appears that the polymers have a direct effect in the setting reaction
and mechanism of formation of the hydrated phases, being CMC the additive
that most influence the formation of struvite. Further experiments are
necessary to identify the additive that maximizes pastes injectability, by

characterizing the features of the extruded paste.
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4 Conclusions and future
perspectives

This thesis describes the preparation and physico-chemical characterization
of biologically-relevant forms of calcium and magnesium phosphate
nanostructures (CaMgPs). These materials are of outmost importance for
human beings since they constitute the main inorganic components of
physiological and pathological calcifications in our body. Their formation in
complex media and the interaction with biomolecules is therefore a relevant
topic, as the unraveling of these mechanisms could contribute to both the
understanding of their in vivo formation as well as to acquire knowledge to
be exploited for the development of tailored materials for biomedical
applications.

Among the variety of existing calcium and magnesium phosphates, during
my PhD I mainly focused my attention on two categories, i.e. endogenous-
like amorphous magnesium-calcium phosphate nanoparticles (AMCPs) and
magnesium phosphate-based bone cements (MPCs). The reason for the
choice of these two classes of materials is due to the fact that the attention of
the scientific community toward their formation and features only recently
emerged, and the understanding of their self-assembly and the interplay with
bio-relevant molecules is still lacking in the literature.

AMCPs are naturally present in human ileum, where they self-assemble and
trap antigens and peptidoglycans, transporting them to the immune cells of
the intestinal tissue. During my PhD, we aimed at studying the formation of
synthetic analogs of these particles in conditions mimicking to a certain
extent the in vivo milieu, with the ultimate goal of connecting the physico-

chemical findings with the physiological and pathological role of AMCPs. As
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we were interested in determining how parameters relevant to gut’s health
affect the stability and the features of these particles, we started by
investigating the effect of pH and Mg?* concentration on the stability and
crystallization pathway of AMCPs (section 2.1 and paper I). Interestingly,
thanks to the combined use of infrared spectroscopy, X-rays diffraction and
electron microscopy, we found out that the increase in both parameters
exponentially enhances the lifetime of the amorphous phase and influences
its crystallization pathway. We can therefore speculate that, in vivo,
imbalances in pH and Mg?* could lead to a destabilization of the amorphous
phase, possibly resulting in alterations of the physiological functions of
AMCPs. In this framework, it would be interesting to understand if cells
present in intestinal epithelium show a different response towards
amorphous and crystalline phosphates, so to clarify if the amorphous nature
of AMCP is essential to fulfill their biological role of it is simply the inevitable
consequence of the environment in which they form.

As a next step, we focused on the study of the effect of biologically-relevant
molecules and macromolecules which AMCP could encounter while forming
in the intestine, in the attempt of unraveling if they display an effect on
AMCEP features and stability. As we outlined in section 2.2 and paper II, we
studied the formation of AMCP in the presence of butyric acid, lactose, gluten
and peptidoglycan, finding that only the latter additive is incorporated in the
inorganic structure, similarly to what happens in vivo. Following this
investigation, we kept on increasing the complexity of our synthetic medium
and we studied the formation of AMCPs in a simulated intestinal fluid
(section 2.3 and paper III). Results demonstrate that the presence of sodium
taurocholate and lecithin (a bile salt and a phospholipid, respectively) in the
synthetic medium significantly enhances the lifetime of the amorphous
phase; moreover, these organic molecules are incorporated in the particles in
a time-dependent fashion, further highlighting the in vivo role of AMCP
which traps antigens and peptidoglycans and transport them to the immune
cells of the intestinal tissue. We also observed that the supramolecular
aggregates present in the fluid (mixed micelles based on taurocholate and
lecithin) template the formation of a shell of inorganic material around them,
revealing a new strategy to prepare core-shell like structures based on

calcium phosphate.
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The interaction of proteins with AMCP was also addressed in two different
case-studies: in the first one, again focusing on the environment in which
endogenous AMCP form, we addressed the study of the AMCP interplay
with mucins, large glycoproteins that are the main components of intestinal
mucus (see section 2.4). We studied the formation of the amorphous particles
in both mucin hydrogels and dispersions, finding that only in the latter case
the formation of particles can be achieved. The obtained AMCPs are able, to
some extent, to incorporate the protein, which does not affect the morphology
or the Ca/Mg ratio of the particles. Further studies are necessary to establish
if there is a specific interaction between particles and mucins, for instance
taking advantage of solid state NMR or small angle X-rays scattering
investigations.

The second case-study dealing with AMCP and proteins, described in section
2.5, was designed to assess the potentialities of AMCP for the loading of bio-
relevant macromolecules, in view of their application as vehicles for
nutraceutics or drug delivery. The protein selected for this investigation was
an extract from the seeds of Moringa Oleifera, which is a tree endowed with a
number of beneficial aspects from nutritional and medical point of view, and
which is commonly taken as a supplement. Our study shows that not only
this extract of proteins can be incorporated within AMCPs, but it also acts as
stabilizer for the amorphous phase and affects its crystallization pathway.
These results pave the way for the use of AMCPs in the field of loading and
release of actives, following an accurate assessment of the biocompatibility of
the hybrids and of the release profile in bio-relevant conditions.

The findings summarized so far have certainly contributed to shed light on
the features and the stability of AMCP from a physico-chemical perspective:
the attempts of mimicking the intestinal milieu are inevitably only partially
representative of the real situation, and it would be interesting to investigate
AMCP formation in real matrixes. Moreover, the study of AMCP interaction
with cell cultures representative of the intestinal epithelium could contribute
to clarify the in vivo formation and role of the particles. In the framework of
a collaboration with gastroenterologists and biotechnologists, it would be
interesting to compare the features of patients-derived AMCPs with synthetic
ones, and to understand if patients” age, gender, diet or pathologies affect the

feature of the particles.
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As AMCPs are involved in the regulation of the immune system, it would be
also intriguing to address their interplay with gut myco- and micro-biota,
which is ubiquitously present in our intestine and has important implications
at the immunity level. This type of studies would require extensive
collaborations with biologists and biotechnologists, whose competences in
the field could effectively combine with our expertise in the preparation and
characterization of these inorganic structures.

In my PhD, the study of CaMgPs was not limited to structures naturally-
present in our body: materials based on these inorganic phases can in fact be
designed with tailored characteristics and be exploited in the biomedical
field, mainly in orthopedics. In this work, we focused our attention on
magnesium phosphate-based formulations as bone cements since, unlike
analogous materials based on calcium phosphate, they are so far poorly
explored in the literature. After an initial characterization of the features of
the powder component (tri-magnesium phosphate) used to prepare them
(section 3.1), we analyzed the effect of simple formulation parameters,
namely P/L ratio and DAHP concentration, on the features of the pastes and
of the set cements (section 3.2 and paper V). Several properties were
addressed, namely cohesion, setting time, morphology, crystallinity,
microstructure, porosity and mechanical properties. Thanks to this
investigation, we were able to understand how these features vary according
to the two formulation parameters, allowing one to design a material with
tailored properties; furthermore, we clarified the setting mechanism of the
pastes, showing that the formation of the binding phase (struvite) occurs on
the grains of the initial reacting powder (TMP), and demonstrating that the
amount of formed struvite does not always correspond to an improvement
of the features of the material.

A significant part of the work was then devoted to the development of MPCs
able to release citrate (section 3.3). This work is the result of an on-going
collaboration with researches from the Istituto Ortopedico Rizzoli in Bologna,
who suggested us that the inclusion of citrate in a material for orthopedic
applications could display beneficial effects in bone regeneration processes.
We partially replaced di-ammonium hydrogen phosphate with di-
ammonium citrate as starting solution to prepare the cements, and we

investigated how the inclusion of citrate impacts the most meaningful
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properties of the material. We observed that this ion displays a liquefying
effect on the pastes, prolongs the setting time and it is included within the
cement matrix as an amorphous binding phase. Cements were then
incubated in a physiological solution, and we could observe that they display
and alkalinizing effect and that they release an amount of citrate which is
proportional to that included in the initial formulation. In addition, the
cytotoxicity of the formulations was tested in Bologna, and results showed
that only cements releasing an amount of citrate <10 mM are compatible with
cells” vitality. MPCs containing citrate are therefore promising candidates for
orthopedic applications, and further experiments are necessary to test their
injectability and to assess their biological response.

As a last part, we included some cellulose ethers in MPCs, aiming at
improving their handling properties and injectability (section 3.4). The
additives investigated were carboxymethyl cellulose, hydroxypropyl
cellulose and hydroxypropylmethyl cellulose. The use of these polymers in
MPCs, which was never reported in the literature on such systems, allowed
us to shorten the setting times, making them closer to clinical needs, and to
modulate the consistency of the pastes and their injectability.

To sum up, the results presented in this thesis contribute to extend the
knowledge about biologically-relevant CaMgPs, both when prepared to
mimic the endogenous forms and when designed for biomedical
applications. The relevance of these nanostructures supports the study of
their formation mechanisms and their effective application in the biomedical
field. Many questions still need to be answered, and future studies are

necessary to achieve the full understanding of their potentialities.
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Appendix 1

Experimental details

Fourier-Transform Infrared Spectroscopy FT-IR

FT-IR spectra of powder samples were collected using a Bio-Rad FTS-40
spectrophotometer (Hercules, CA, USA). The 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 with

resolution of 2 cm™, 64 scans, in the range 4000-400 cm™ and scan delay 600 s.

X-Rays Diffraction XRD

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, 20 range of 5°-60°, step size of
0.03°, and a time/step of 0.3 s (slit: 0.6 mm). Prior to the measurement, the
powders were grinded with agate mortar and pestle and flattened onto a Si
zero-background sample holder. Only for the measurement of the kinetic of
struvite formation (section 3.2.2.4), plastic sample-holder was used. Peaks
were assigned using the Powder Diffraction Files (PDF) of the ICDD database
(International Centre for Diffraction Data). Rietveld fittings were performed
to estimate the relative amount of formed phases, using the software Topas
(Bruker). The CIF (Crystallographic Information File) data used for the
analysis were obtained from the American Mineralogist Crystal Structure
Database (0011901 for farringtonite and 0009807 for struvite). The percentage

error associated to the fitting is 10 %.



Simultaneous Thermogravimetry/Differential Scanning Calorimetry SDT

SDT 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 N2 atmosphere (flow rate 100 mL/min)

from room temperature to 1000 °C, at 10 °C/min.

Differential Scanning Calorimetry DSC

DSC in the low temperature regime (LT-DSC) was used to investigate water
freezing and melting in the cement matrix. The analyses were carried out on
a Q2000 DSC (TA Instruments), in N2 atmosphere (flow rate 50 mL/min). The
pastes were lodged in steel hermetic pans, which were equilibrated at -80 °C
and heated at 0.5 °C/min up to 30 °C. The measurements were performed on
each sample after 3 h, 24 h, 7 days and 28 days from the preparation of the
paste. The pans were stored at 37 °C.

Field Emission-Scanning Electron Microscopy FE-SEM

The morphology of AMCPs and MPCs was investigated by means of a Zeiss
YIGMA FE-SEM (Carl Zeiss Microscopy GmbH, Jena, Germany). Samples
were placed over aluminum stubs by means of conductive tape. The use of a
Field Emission source, together 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-conductive samples at high magnification.

Energy Dispersive X-rays spectroscopy EDX

Energy dispersive X-rays spectroscopy (EDX) was carried out in combination
with SEM measurements, using X-act Silicon Drift Detector (Oxford
Instruments, England). To collect EDX spectra, the accelerating voltage used

was 10 kV, while the working distance was ~ 8 mm.

Transmission Electron Microscopy TEM

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
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AMCPs dispersion in ethanol onto a carbon-coated copper grid. After solvent

evaporation, particles were imaged.

Laser Granulometry

Laser granulometry measurements were performed by means of a
Mastersizer 3000 laser diffraction particle size analyzer (Malvern Panalytical,
UK), equipped with HYDRO SM wet dispersion unit. For AMCPs, absolute
ethanol was used as dispersant medium, whereas iso-propanol was
employed for TMP characterization. Each curve reported in Chapter 2 and 3
represents the average of 20 measurements, each lasting 5 s with a delay of
5 s. For the calculation of the size, the parameters present in the instrumental
database for tricalcium phosphate were used for AMCP (particle refractive
index: 1.630, particle absorption index: 0.100), whereas for TMP those of
magnesium phosphate were employed (particle refractive index: 1.540,

particle absorption index: 0.010).

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.

Dynamic Light Scattering DLS

DLS measurements of the SIF were performed on a Brookhaven Instruments
apparatus (BI9000AT correlator and BI 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 T = 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.
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Small Angle X-Rays Scattering SAXS

SAXS measurements of AMCPs 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 Ka radiation of wavelength A
= 1.542 A was provided using a Seifert ID-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 K@ 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 = (41/A)sin(6/2), between 0.009 and 0.54 A, with Q being the scattering
vector, and O 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. 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 [1].

Confocal Microscopy

The roughness of the cements’ surfaces was analyzed using confocal
microscopy in reflection mode. A z-series of data was collected, and Ra values
were calculated by means of the software “Fiji”: two plugins were used,
“Extended depth of field” and “SurfChar]” [2]. The first one generates a
height profile image, in which all the pixels which occur in the same vertical
plane have the same value, representing the height at that plane. The height
maps are then processed by the “SurfChar]” plugin, which gives as outputs
the roughness values on the whole surface. Ra is the arithmetic average of the
absolute values of the profile height deviations from the mean line, and is

defined as:

1 l
Ra = —f ly(x)|dx
Lo
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where [ is the length of the profile and y(x) are the deviations from the mean
line [3]. Measurements were carried out with a Leica TCS SP2 Confocal
Microscope (Leica Microsystems). For each sample, 8 images
(310 pum x 310 pum) collected on different areas of the surface were considered
for Ra evaluation. The 20X objective was used, with a 0.69 um step size for

each image.

Compressive strength measurements

The compressive strength of MPCs was assessed on cylindrical specimens
(2=8 mm), prepared by mixing 1 g of TMP with the adequate amount of
DAHP solution to achieve the desired composition. The surface of the
specimens was polished so to obtain an aspect ratio of about 2
(height/diameter) and to make the two surfaces of the cylinders as flat as
possible. Measurements were conducted using a 50 kN load cell (Controls,
Milan) and 4 samples for each composition were tested. For these
measurements, we gratefully acknowledge Dr. Enzo Barlacchi and Dr.
Leonardo Bucci from the “Laboratorio Prove Strutture e Materiali” of the
Department of Civil and Environmental Engineering (DICEA), University of

Florence.

Setting time

The initial (t1) and final (t2) setting times were measured using a Gillmore
apparatus (Matest) and performing the test according to the ASTM 266
standard. About 0.50 g of TMP were mixed with the appropriate amount of
DAHP/DAC solution for about 30 s, and poured in cylindrical molds
(diameter 1 cm). The cements were set at 37 °C and relative humidity > 96 %,
and periodically tested (every 10 min for samples described in section 3.2,
and every 2 min those in section 3.3). We consider the cement to have attained
its initial or final setting time if its surface is able to withstand the pressure
generated respectively by 1134 g (¢=2.12 mm) and 453.6 g (0=1.06 mm)

needles without appreciable indentation.



Gas porosimetry

The specific surface area and the pore size distribution of AMCP and MCPs
were assessed by means of gas sorption measurements. The experiments
were conducted using a Coulter SA3100 (Beckman Coulter): nitrogen was
used as adsorbate, while freespace was measured with helium. Prior to the
measurement, samples were outgassed: for MPCs, the procedure was
conducted at 50 °C for 3 h (low T prevents struvite transformation to
dittmarite [4]). AMCPs were outgassed at 100 °C for 1 h, and we verified by
means of FT-IR spectroscopy that the outgas procedure did not alter the
amorphous nature of the particles. The specific surface area (SSA) was
obtained using the Brunauer-Emmet-Teller (BET) method, while the pore size

distribution was estimated using Barrett-Joyner-Halenda (BJH) analysis.

Cytotoxicity experiments

Biological experiments were conducted in collaboration with researchers
from the “Istituto Ortopedico Rizzoli” in Bologna. Cements (previously
sterilized by means of y-radiation) were incubated with 1 mL of medium
(MEM, Minimum Essential Medium Eagle, Sigma-Aldrich) for 4 days, thus
obtaining the extracts. Cells (human fibroblasts, MRC-5 line) were seeded,
and after 1 day the culture medium was replaced with the extracts. The
vitality was evaluated after 24 h, 48 h and 72 h, by incubating cells with
Alamar Blue for 4 hours and reading by means of a spectrophotometer the

fluorescence signal.

Citrate release experiments

The two release experiments discussed in section 3.3.2.3 were conducted as it
follows: release experiment 1 was performed by incubating the cements in
physiological solution (NaCl 0.9% w/v) for different time intervals (1, 3, 7, 14,
28 days). Five replicas of each sample containing citrate (Cit_1.5M, Cit_2.5M
and Cit_3.5M) were prepared by mixing TMP (0.50 g) and the aqueous
solution (366 pL) for 1 min. Each paste was placed in a mold and set at 37 °C
and RH > 96 % for 9 min. After 11 min from the beginning of the mixing, the
mold was placed in a 20-mL glass vial, and 10 mL of physiological solution

(1.8 g of NaCl in 200 mL of deionized water) were added (only the surface of
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the cements was in contact with the solution). The closed vials were stored in
the oven at 37 °C. The pH of the solutions (always the 28 days-samples) was
daily monitored using a pH-meter (pH/ion 3310, WTW). After the selected
incubation times, the molds containing the samples were removed from the
solution and dried at 37 °C and RH > 96 %. Their weight was recorded after
reaching a constant value, and the residual weight % was calculated

according to the following equation:

. . final weight
Residual weight % = ———— %100
initial weight

Release experiment 2 was carried out by preparing the samples as described
for experiment A. Here, 1 mL of incubating solution was daily withdrawn
and replaced with 1 mL of fresh physiological solution. Moreover, within the
first 24 h, we also collected an aliquot after 1 h, 3 h and 6 h.

The release of citrate was monitored by means of a UV spectrophotometric
determination, using a method recently reported in the literature [5]. The
procedure takes advantage of the absorption peak of citric acid at 209 nm,
which can be obtained in citrate-containing samples by addition of HCl
0.25 M. The addition of HCI makes the pH of the solution < 1 and, in these
conditions, we can consider only un-dissociated citric acid being present in
solution: this leads to the presence in the UV spectrum of a peak centered at
209 nm rather than a broad absorption band. The calibration curve was
obtained analyzing solutions with a known citrate concentration (prepared
using serial dilutions with DAC 10 mM, 8 mM, 6 mM, 4 mM, 2mM and
1 mM), and diluting them with HCl 0.25 M v/v 1:1. The spectra and the
calibration line (y=0.201x+0.005, r=0.9995) are reported in Figure A.1.
Quartz cuvettes were used for the experiments (1 cm path length), and the
spectra were collected in the range 300-190 nm using an UV-visible
spectrophotometer (Cary 1000 Bio, Varian). The solutions withdrawn during
the release experiments were diluted 1:10 with HCI 0.25 M directly in the
cuvette (0.2 mL sample + 1.8 mL HCl 0.25 M). The baseline was collected
using 0.2 mL of NaCl 0.9 %wt physiological solution + 1.8 mL HCl 0.25 M.
Each measurement was repeated 5 times (release experiment 1) or 3 times
(release experiment 2), and the average value + the standard deviation is

reported.
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Figure A.1: (a) UV spectra of DAC standard solutions; (b) calibration line (y=0.201x+0.005).

For the quantification of released citrate in the culture medium, known

amounts of DAC were dissolved in the culture medium, and the spectra were

collected (see Figure A.2a). Here, we observe that the absorption maximum

is shifted at 230 nm. The absorbance at this value was used to calculate the

calibration line (Figure A.2b)
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Figure A.2: (a) UV spectra of DAC standard solutions in MEM; (b) calibration line

(y=0.046x+0.0086).
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Injectability

The injectability of the pastes was measured by means of a custom-made
apparatus in which controlled loads are applied to commercial syringes. The
used syringes have a diameter of 9 mm and capacity 2 mL; the metallic needle
was removed, and pastes were extruded through the plastic small needle
endowed with the syringe (diameter 2 mm, length 9 mm). A load of 794 g
(7.8 N) was applied, and the injectability % was calculated according to

equation:

extruded mass

Injectability % =
njectability % loaded mass

where extruded mass is the amount of paste extruded within a minute from
the application of the load. Experiments were typically conducted preparing
pastes with 1 g of TMP, and analyzing the injectability after 3 and 7 min of

setting.
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1. Introduction

Calcium and magnesium phosphate-based nanostructures rep-
resent essential components of the human body. Together with
crystalline deposits, such as the hydroxyapatite-based inorganic
matrix of bones and teeth [1], amorphous calcium and magnesium
phosphates have recently attracted great attention in view of their
biological relevance: in fact, their presence has been detected in
dental enamel [2,3] and, most intriguingly, in the intestine of
mammals [4]. The role of these amorphous nanoparticles is still
under investigation [4-7]. It is proposed that calcium and phos-
phate ions which are secreted in the distal small intestine of
humans and other mammals co-precipitate with magnesium ions
into the lumen and form amorphous magnesium-substituted cal-
cium phosphate (AMCP) nanostructures, which are able to upload
macromolecules such as bacterial peptidoglycans and antigens and
transport them to the immune cells of the intestinal tissue [4]. This
process likely promotes immune-surveillance of luminal antigens
in our body. Beside the biomedical aspects, the full understanding
of this process opens up to a series of intriguing aspects also from a
physico-chemical perspective. Endogenous AMCP particles are
reported to possess a porous and amorphous structure, with a size
of 75-150 nm, and are composed by Ca, Mg, Na, O and P [4,6].
Compared to AMCP, amorphous calcium phosphates (ACP) are
well-known to be highly unstable, as they spontaneously evolve
into a more thermodynamically stable form of crystalline calcium
phosphate [8]. This is a solution-mediated process, which involves
nucleation and crystal proliferation: ACP first dissolves until the
critical supersaturation concentration is reached, taking to the for-
mation of stable primary crystalline nuclei. The growth of these
nuclei (together with the formation of new ones) then produces
crystalline particles [9]. The kinetics of this process is dramatically
affected by several aspects, such as pH, temperature, ionic
strength, molecules and ions in solution (Mg?*, AI**, carbonate,
pyrophosphates. ..) [10]. Among these factors, the pH and the pres-
ence/concentration of ions and molecules in the lumen are of out-
most importance in the gastrointestinal (GI) tract. The pH value
displays a great variation in different GI tracts, as it is the result
of a dynamic interplay between motion, secretion and metabolism
[11]: the pH of the stomach is 1-2, but as the acidic gastric content
enters the proximal small bowel, the pH rises of several units, up to
5.7-6.4 (duodenum, jejunum) [12,13]. Mucosal bicarbonate
secretions result in a further rise of luminal pH, which goes up to
7.3-7.7 in the ileum. Finally, in the large intestine, colonic bacteria
produce short chain fatty acids, which cause a decrease in luminal
pH (5.7). These molecules are then absorbed by the colonic epithe-
lium, and the decrease in their concentration, in combination with
bicarbonate secretions, leads to a slight rise in the pH along the
distal colon (6.8). A variation in the pH of a specific region of the
GI tract may also be the consequence of a pathological condition,
as it is reported that alterations in the gut pH are associated to ill-
nesses such as ulcerative colitis, Crohn’s disease and irritable
bowel syndrome [13]. It is important to remark that the endoge-
nous AMCP nanoparticles have been detected in the distal small
intestine [4], which interestingly is the region of the GI tract that
displays the highest pH value. This correlation becomes signifi-
cantly relevant if we consider the deep impact of the pH on the sta-
bility of ACP, as its conversion to crystalline material is much
slower at high pH values [9]. We may reasonably infer that an
alteration in the luminal pH of the ileum region could alter the sta-
bility of the particles, perhaps compromising their biological func-
tion in the organism.

Together with the pH, another factor which could potentially
alter the lifetime and the properties of the endogenous AMCPs is
the presence of proteins, macromolecules and ions in the lumen.
In this paper, we focus on the role of magnesium: in fact, similarly

to Ca%*, Mg2+ is absorbed in the gut, stored in bone in the form of
phosphates, and the excess is excreted by the kidneys [14]. Intrigu-
ingly, it is reported that the majority of Mg?" absorption takes
place in the distal small intestine [15], which is the site where
AMCPs have been detected. Magnesium concentration in the
organism is critical for humans’ health [14]: its role in the gut is
highly relevant, as some studies indicate that an increase in mag-
nesium intake may help against irritable bowel syndrome and con-
stipation [16], and its presence in the intestinal lumen may explain
why the endogenous nanoparticles are Mg-rich. In fact, Mg?* can
co-precipitate with calcium and phosphate ions (secreted because
of “endogenous losses”) to form stable AMCP phases [17].

This paper aims at elucidating the role of pH and Mg?* concen-
tration on the structural properties and the stability of synthetic
analogues of endogenous AMCP particles, so to investigate how
an alteration in these parameters may affect the fate of the nanos-
tructures, and potentially their role in the organism. We performed
the synthesis of the particles at physiological temperature by
readapting a protocol from the literature [18], consisting in the
co-precipitation of Ca®* and Mg?* from phosphate buffers, using
an excess of magnesium and phosphorous with respect to calcium
to favor the formation of AMCP. The effect of subtle pH differences
(in the physiological range) was explored, by using different
H,PO;/HPO3~ molar ratios, but keeping constant the total phos-
phate concentration. Precipitates were characterized with a
multi-technique approach in terms of morphology, crystallinity,
chemical composition and porosity, obtaining AMCPs with features
matching those found in the gut. The stability of the prepared par-
ticles was then tested by re-dispersing them in aqueous phosphate
buffers at different concentrations, pHs, and at different Mg?* con-
centrations. We found that subtle differences in these three param-
eters strongly affect the lifetime of the amorphous phase and the
nature of the newly-formed crystalline material. The results are
discussed in the attempt of correlating the obtained physico-
chemical information with the biologically relevant aspects.

2. Materials and methods
2.1. Materials

Sodium chloride (NaCl, >99%), magnesium chloride
(MgCl,-6H,0, >99%) calcium chloride (CaCl,, >93%) and NaOH
pellets were purchased form 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. Synthesis of AMCP particles at different pH

The synthesis of AMCPs was conducted using a protocol read-
apted from the literature [18], which involves the mixing at
37 °C of equal volumes of two aqueous solutions, namely solution
A (which contains NaCl, MgCl, and CaCl,, amounts and concentra-
tions are given in Table 1) and solution B (NaH,PO,4 and NaHPO,,
see Table 1). The reaction temperature was monitored throughout
the entire reaction and it was stable within 0.5 °C. In order to
investigate the effect of the pH on the stability of AMCP, the syn-
thesis was conducted at four different pH values, obtained by mix-
ing different amounts of the monobasic and the dibasic sodium
phosphate salts (solutions Bg, By, B,, Bs, total concentration of the
two phosphates is fixed at 200 mM, see Table 1). This strategy
was pursued to keep the amount of total phosphates constant in
all the four different experiments.

In a typical experiment, 100 mL of solution A and 100 mL of
solution B (already heated at 37 °C) are mixed in an Erlenmeyer
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Table 1
Amounts of reactants and concentrations used for the synthesis of AMCP particles at different pH.
Solution Salt Amount [g] Millimoles Molar ratio NaH,PO4: Na,HPO4 Concentration [mM] Reaction pH’
A NaCl 0.79 13.5 135
CaCl, 0.04 04 / 4 /
MgCl,-6H,0 0.20 1.0 10
Bo NaH,P04-H,0 138 10.0 1:1 100 7.06 £0.03
Na;HPO4-12H,0 3.58 10.0 100
By NaH;P04-H,0 0.69 5.0 1:3 50 7.23 £0.05
Na;HPO4-12H,0 537 15.0 150
B, NaH,P04-H,0 0.55 4.0 1:4 40 7.30+0.04
Na;HPO4-12H,0 573 16.0 160
B3 NaH,P04-H,0 0.45 33 1:5 33 7.40 £0.02
Na;HPO4-12H,0 597 16.7 167

" The pH values were monitored throughout the entire reaction by means of a pH-meter pH/ION 3310 (WTW, Weilheim, Germany). Values reported in the table are the
average values throughout the entire reaction and the associated standard deviations. The pH accuracy as indicated by the manufacturer is £0.005. According to buffer
calibration curve vs T, temperature oscillations (within 0.5 °C, as stated before) would result in maximal pH variations in the order of +0.002. Note that the standard
deviations are about one order of magnitude larger than the instrumental accuracy, reasonably accounting for pH oscillations generated by the reaction.

flask using magnetic stirring, in a water bath at 37 °C. Immediately
after the addition of A to B, the solution becomes turbid. The pH
was monitored throughout the reaction. Only in the case of solu-
tion By, it was necessary to adjust the initial pH to 7.00 by adding
few drops of NaOH 2 M solution. The average measured values are
reported in the last column of Table 1. Aliquots (~20 mL) of the
solution were withdrawn at different reaction times and filtered
using a Millipore vacuum filtration system equipped with mixed
cellulose esters filters (Millipore, pore size 0.22 pm). Immediately
after filtration, the filters were placed in plastic test tubes and fro-
zen in liquid nitrogen. The powders were then freeze-dried for
24 h, at —55°C and ~30 mTorr (VirTis BenchTop freeze-dryer,
NY, USA) and stored in freezer (—18 °C), tightly closed to prevent
any influence from environmental humidity [10].

2.3. Dispersion of AMCP particles in solution

2.3.1. Effect of Mg?* concentration

In order to evaluate how the presence of Mg?* in the solution in
which AMCP particles are dispersed affects their transformation to
crystalline calcium phosphates, we performed experiments by
dispersing AMCPs in solutions containing different concentrations
of Mg?* (0, 1, 3 and 5 mM), at pH 7.40, T = 37 °C and particles’ con-
centration 0.36 g/L. For these experiments, we used sample
AMCP_B3_15 min. 140 mL of buffer B, (see Table 1 for the compo-
sition) were heated at 37 °C. The pH was adjusted to 7.40 by drop-
wise addition of NaOH 2 M, and MgCl,-6H,0 was added to the
solution under magnetic stirring (28.5 mg for [Mg?*]=1 mM,
85.4mg for [Mg?*]=3 mM and 142.3 mg for [Mg*]=5 mM).
When the salt was completely dissolved (i.e. after about 2 min),
50 mg of AMCPs were added to the buffer under magnetic stirring.
Aliquots of the solution were withdrawn at different reaction times
and filtered using Millipore vacuum filtration system with mixed
cellulose esters 0.22 pm pore size filters (Millipore). Immediately
after the filtration, the filters were placed in plastic test tubes,
frozen in liquid nitrogen and freeze-dried. After the lyophilization
was completed (~24h), the samples were stored in freezer
(~18°C).

2.3.2. Effect of the pH of the solution (6.90 vs 7.40)

The effect of the pH of the solution on the stability of dispersed
AMCP particles was investigated by re-dispersing freeze-dried
AMCPs (using the same batch employed for the experiments with
Mg?*) in phosphate buffers at different pHs. The experiments were
performed by equilibrating the solution at 37 °C, at pH 6.90 and
7.40, using buffer By and B, respectively (see the composition in

Table 1). In both cases the pH was adjusted to the exact value by
means of dropwise NaOH 2 M additions. The amount of dried
AMCPs necessary to reach the concentration of 0.36 g/L was then
added to the buffer under magnetic stirring, and the solid material
was filtered after 15 min of reaction using Millipore vacuum filtra-
tion system with mixed cellulose esters 0.22 um pore size filters
(Millipore). The filters were immediately placed in plastic test
tubes and frozen in liquid nitrogen. Freeze-drying was performed
during ~24 h and the particles were stored in freezer (—18 °C).

2.3.3. Effect of concentration

The aim of this experiment was to investigate how the concen-
tration of particles dispersed in buffer solution affects the stability
of the amorphous phase and the type of crystalline phase to which
it converts. Two different concentrations were studied, at two
different pHs. All the experiments were conducted using the fol-
lowing protocol: the phosphate buffer (By for pH 6.90, By for
7.40, composition reported in Table 1) was equilibrated at 37 °C
and the pH was adjusted to the desired value by dropwise addition
of NaOH 2 M. Then, the amount of AMCPs necessary to reach the
desired concentration was added to the buffer under magnetic stir-
ring. Aliquots of the solution were withdrawn at different reaction
times and filtered using Millipore vacuum filtration system
equipped with mixed cellulose esters 0.22 pm pore size filters
(Millipore). Immediately after filtration, the filters were put in
plastic test tubes, frozen in liquid nitrogen and lyophilized for
about 1 day. The powders were stored in freezer (—18 °C).

2.4. Characterization techniques

2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were collected using a Bio-Rad FTS-40 spec-
trophotometer (Hercules, CA, USA). The 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 with resolution of 2 cm ™', 64 scans, in the range
4000-400 cm ™! and with scan delay 600 s.

2.4.2. Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES).

The amount of calcium, magnesium and phosphorous in the
samples was determined by means of a Varian 720-ES Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-AES). 10 mg of
each sample were dissolved in 1 mL of nitric acid, spiked with
1ppm of Ge used as an internal standard, and analysed. The
wavelength used for Ca determination was 317.933 nm, for Mg
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analysis was 279.800 nm whereas for P the line at 213.618 nm was
used.

2.4.3. Field Emission Scanning Electron Microscopy (FE-SEM) coupled
with Energy Dispersive X-rays spectroscopy (EDX)

The morphology of AMCP particles was investigated by means
of Field Emission Scanning Electron Microscopy (FE-SEM), using a
Zeiss XIGMA FE-SEM (Carl Zeiss Microscopy GmbH, Jena,
Germany). The powders were placed over aluminum stubs by
means of conductive tape. The use of a Field Emission source,
together with a low accelerating voltage (2 kV), a reduced
sample-detector distance (~2mm) and the In-Lens detector,
allowed for the imaging of non-conductive samples at high magni-
fication. Energy dispersive X-rays spectroscopy (EDX) was carried
out using X-act Silicon Drift Detector (Oxford Instruments,
England). To collect EDX spectra, the accelerating voltage used
was 10 kV, while the working distance was ~8 mm.

2.4.4. X-rays Diffraction (XRD)

The crystallinity was investigated on powder samples by means
of X-rays Diffraction (XRD). The diffractograms were collected with
a D8 Advance with DAVINCI design (Bruker, Milan, Italy), using as
X-rays source the Cu Ko radiation (wavelength A = 1.54 A), at 40 kV
and 40 mA, a 260 range of 5-70°, a step size of 0.03°, and a time/step
of 0.3 s. Prior to the measurement, the powder was grinded with
agate mortar and pestle and flattened onto a Si zero-background
sample holder. Peaks were assigned using the Powder Diffraction
Files (PDF) of the ICDD database (International Centre for Diffrac-
tion Data).

2.4.5. Thermal analysis

Thermal analysis on AMCP sample was performed with a Simul-
taneous Thermogravimetry/Differential Scanning Calorimetry SDT
Q600 from TA Instruments (New Castle, DE, USA). The 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.

2.4.6. Gas porosimetry

The specific surface area and the pore size distribution of AMCP
particles were assessed by means of gas sorption measurements.
The experiments were conducted using a Coulter SA3100
(Beckman Coulter, Brea, CA, USA): nitrogen was used as adsorbate
gas, while the free space was measured with helium. Prior to the
measurement, samples were outgassed at 100 °C for 1 h. We veri-
fied with FT-IR spectroscopy that the outgas procedure did not
alter the amorphous nature of the particles. The specific surface
area (SSA) was calculated using the Brunauer-Emmet-Teller (BET)
method, while the pore size distribution was estimated using
Barrett-Joyner-Halenda (BJH) analysis.

3. Results
3.1. AMCP stability as a function of pH during the synthesis

We conducted the synthesis of AMCP particles at four different
pH values to investigate its effect on the stability of AMCPs, using
the protocol described in Section 2.2. The transition from amor-
phous to crystalline calcium phosphate was monitored by means
of FT-IR spectroscopy. It is known from the literature that ACP
(amorphous calcium phosphate) displays broad bands in its spec-
trum due to P-O stretching vibration, while sharp and distinctive
signals appear when it converts into a crystalline phase, such as
hydroxyapatite, brushite or octacalcium phosphate [19]. Thus,
FT-IR is a well-suited technique to monitor the transition from

amorphous to crystalline phase. The spectra relevant to the detec-
tion of amorphous to crystalline transition are reported in Fig. 1.

We can easily observe that the lifetime of the amorphous phase
dramatically depends on the solution pH: at pH 7.06, AMCP is very
unstable, as after about 1 h its featureless peaks begin to split,
meaning that the spontaneous crystallization process started. In
this case, the formed phase is brushite (CaHPO4-2H,0, dicalcium
phosphate dihydrate, DCPD), as it is evident from the spectra of
the samples collected after 2 h and 4 h [20]. Peak assignments for
AMCP and brushite are reported in Table 2.

As the pH of the synthesis is increased, the stability is markedly
modified: when solution B, is used (i.e. pH ~ 7.2), the amorphous
phase is stable up to 5 h, while after 9 h brushite forms. The use
of solution B, (pH ~ 7.3) further hinders the crystallization, as
the amorphous peaks start to split after about 2 days. We can
observe that in the latter case brushite peaks are not as sharp
and well-defined as the ones of the crystallized phases formed
with solution By and B, indicating that after 4 days the conversion
process is not complete and a portion of amorphous material may
still exist. At pH 7.40 (solution B3) peaks’ splitting begins around 9
days, but a distinctive spectrum appears only after 11 days. In this
case, the spectrum indicates that the crystalline product formed
does not correspond to a calcium phosphate phase, but rather to
a magnesium phosphate phase, namely newberyite (MgHPO,4-3H,0,
XRD and SEM features of this phase will be discussed in
Section 3.3.1) [26,27]. If we plot the stability of the amorphous
phase as a function of the solution pH, we observe that the exper-
imental data are fairly consistent with an exponential trend
(see Fig. 2a). This suggests the possibility to prepare synthetic ana-
logs of endogenous AMCP particles with predictable stability.

The initially-formed AMCPs precipitated at different pHs were
characterized by means of ICP-AES, in order to obtain the Ca/Mg
and (Ca + Mg)/P ratios of the different products. All the amorphous
particles are endowed with a Ca/Mg ratio of about 4, irrespectively
of the synthesis pH; the obtained (Ca+ Mg)/P ratios are, in all
cases, around 1.6, and do not show significant differences within
the experimental error. This result suggests that in all the investi-
gated AMCP samples, the phosphate ions do not entirely consist of
HPO3~ species [1].

3.2. Characterization of AMCP particles

We characterized sample AMCP_B3_15 min, analyzing the sam-
ple in terms of morphology and size, crystallinity and chemical
nature (see Fig. 3).

A representative SEM micrograph is reported in Fig. 3a: AMCPs
displays a porous and interconnected structure which results from
the aggregation of spherical nanoparticles. The average dimension
of each object is about 30 nm (size distribution in Fig. S1a). At very
high magnification, some inner porosities of the material are visi-
ble (see Fig. S1b); this evidence suggests that, together with the
porosity given by the aggregation of the single particles, AMCPs
are endowed with very small porosities in the nanometric range.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2018.07.102.

The particle size analysis was carried out using laser granu-
lometer (see the experimental details in the SI). An aliquot of the
reaction solution was collected before filtration and analyzed,
obtaining the most representative population centered around 4
wm, with a smaller population centered around 700 nm (curves
shown in Fig. S1c). On the other hand, when we analyze with the
same method the dried powder instead of the aliquot withdrawn
from the reaction medium, we observe one single population cen-
tered around 100 pm. The elemental composition of the sample
was qualitatively investigated by means of EDX spectroscopy in
combination with SEM analysis (a representative spectrum is
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Fig. 1. FT-IR spectra of AMCPs synthesized at (a) pH 7.06 (buffer By); (b) pH 7.23 (buffer B;); (c) pH 7.30 (buffer B,); (d) pH 7.40 (buffer B3). The time after which each aliquot
was withdrawn from the solution is reported on the left of each curve. The spectra are offset for display purposes.

reported in Fig. S1d), showing that the sample is mainly consti-
tuted by Ca, Mg, P, O and Na. The amorphous nature of AMCP
emerges from both XRD and FT-IR analyses. The collected XRD pat-
tern (Fig. 3b) is consistent with previous reports on amorphous cal-
cium phosphate [8,22], and displays the characteristic broad peak
centered around 30°. The FT-IR spectrum (Fig. 3c) also shows the
characteristic featureless peaks of amorphous calcium phosphate,
which have been described in the previous paragraph (see Table 2).
The specific surface area (SSA) of the material and the pore size
distribution were investigated by means of nitrogen sorption
measurements: AMCPs are characterized by a reversible type Il iso-
therm, typical of non-porous or macroporous solids [28], (see
Fig. Sle), and a SSA of (38.3%1.2) m?/g (this result is the
average + standard deviation of three different measurements).
The obtained SSA value are slightly lower than the values reported
in the literature for amorphous calcium phosphates, which are in
any case strongly dependent on the preparation conditions [29-
31]. The pore volume distribution analysis, reported in Fig. S1f,
confirms that the majority of pores is in the macropores range
(ie.>50nm). Fig. 3d shows the thermal degradation profile of
AMCP, together with the associated heat flow curve. The sample
displays three distinct weight loss events in TGA curve, when
heated up to 1000 °C (green curve in Fig. 3d): the first one, taking

place around 100 °C, is associated to the loss of loosely bound
water molecules, while the second one can be assigned to the more
strongly bound internal water molecules [8,32]. The weight loss at
553 °C occurs simultaneously with the first crystallization peak
observed in the heat flow profile, and the total weight loss is
22%. The DSC thermogram (red curve in Fig. 3d) displays three dis-
tinct peaks: the first two exothermic events, at 553 °C and 596 °C,
are associated to crystallization events; at 827 °C, we observe the
endothermic melting of the crystalline phases formed while heat-
ing. In order to understand the nature of the phase transformations
that occur while heating AMCPs, we performed two thermal treat-
ments, by heating them up to 580 °C and 630 °C and analyzing the
obtained samples by means of XRD. The diffraction patterns and
peak assignments are reported in Fig. S2a and b. We found that
the first peak in the heat flow profile is associated to the formation
of a crystalline sodium calcium magnesium phosphate (CagMgNa
(PO4)7, PDF 45-0136). In the literature it is reported that, depend-
ing on the preparation conditions, amorphous calcium phosphate
converts to o-TCP (tricalcium phosphate) or B-TCP above 600 °C
[8,33,34]. When Mg?" ions are present in the lattice, the formation
of B-TMCP (Mg-substituted TCP), which has a similar diffraction
pattern to the phase that we detected, is observed [31]. The second
peak in the heat flow profile (at 596 °C) is associated with the
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Table 2
FT-IR peaks assignment for AMCP and brushite, according to the literature.
Peak Assignment References
[em™']
AMCP
561 v4 phosphate [10]
881 P-O(H) stretching mode of protonated phosphate [21]
species
1084 v3 phosphate [10]
1653 Water bending [10,22]
2300 H-O(P) stretching of HPO3~ ions (23]
3280 Water (O-H stretching) [10,22]
Brushite CaHPO4-2H,0
528 0-P-O(H) bending mode [24]
577 0-P-O(H) bending mode [24]
660 ‘Water libration mode [24]
P-O bending [25]
795 P-0O-H out of plane bending [24]
Water libration mode [25]
874 P-O(H) stretching [24]
988 P-O stretching [24]
1065 P-O stretching [25]
1136 P-O stretching [24]
1218 P-O-H in plane bending [24]
1653 H-O-H bending of lattice water molecules [24]
2370 Combination of H-O-H bending and rotation of [24]

residual free water
O-H stretching of the hydrogen phosphate anions [25]

2930 (P)O-H stretching (H; ) [24]
3164 0O-H stretching of lattice water molecules (H; ) [24]
3285 O-H stretching of lattice water molecules (H, ) [24]
3490 O-H stretching of lattice water molecules (Hy) [24]
3540 0O-H stretching of lattice water molecules (Hs ) [24]

" Hy, Hy, Hs, Hy and Hs refer to the five different H atoms of brushite, see the
details in Ref. [24].

conversion of the residual AMCP to very small amounts of sodium
phosphate (PDF 76-1112) and magnesium phosphate (PDF 48-
11687).

To sum up, the characterization performed on AMCPs shows
that we managed to obtain particles which have features that
match the ones that form in vivo [4]: in fact, our particles are com-
posed by nanometric spheres which form larger aggregates, they
are porous and mainly composed by Ca, Mg, P and, most impor-
tantly, they are amorphous. All the discussed characteristics are
consistent with the biogenic particles.

3.3. Dispersion of AMCP

Once verified that the obtained AMCP particles are similar to
their endogenous counterpart in terms of morphology, porosity,
chemical nature and composition, we investigated how parameters
relevant to the functioning of the gastrointestinal tract affect the
stability of the amorphous phase and the fate of the particles. To
this purpose, sample AMCP_B;_15 min was dispersed in fresh
phosphate buffer solutions, as described in Section 2.3; three
different factors were examined: Mg?* concentration, pH and
dispersion concentration.

3.3.1. Effect of Mg* concentration

The lifetime of AMCP’s amorphous phase in solutions contain-
ing different amounts of Mg?*, conducted as described in para-
graph 2.3.1, was monitored by means of FT-IR spectroscopy. The
most significant spectra are reported in Fig. 4.

Focusing on the crystallization process, it is already evident at a
first glance that the presence of Mg?* in solution dramatically
affects the stability of the amorphous phase. When AMCPs are dis-
persed in a fresh phosphate buffer solution at pH 7.40, without the
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Fig. 2. (a) Plot of the stability of the amorphous phase vs pH during the synthesis.
(b) Plot of the stability of the amorphous phase vs concentration of Mg?* in the
solution in which the particles are dispersed. In both figures, the dashed lines
represent the exponential fitting of the experimental data (equation and correlation
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addition of Mg?*, the amorphous phase is preserved for about
30 min; afterwards, the peak at ~550 cm™' starts to split (see
Fig. 4a). It is worth recalling that, for calcium phosphates, the peak
around 550 cm ™! is reported to be the most sensitive to the crys-
tallinity of the material [35]. At [Mg?*] =1 mM, the crystallization
process is slightly delayed, since the cited peak splits after about
3h (see Fig. 4b). In the case of [Mg?>']=3 mM (Fig. 4c) and
[Mg?*]=5 mM (Fig. 4d), crystallization begins after about 24 h
and 14 days, respectively. The plot of the stability of the amor-
phous phase against Mg?* concentration in solution, shown in
Fig. 2b, reveals a good exponential relationship between the two
parameters, as observed in paragraph 3.1 for the pH of the
synthesis.

Together with the lifetime of the amorphous phase, FT-IR spec-
tra also give important information about the nature of the formed
crystalline phases, especially looking at the shape of the peak
between 700 and 1400cm™! (see the zoom of this region in
Fig. S3). If Mg?* is absent from the solution or its concentration is
very low, the spectrum of the obtained material reveals the pres-
ence of poorly crystalline hydroxyapatite [19,36,37]. The peak
assignment is analogous to AMCP (see Table 2), the only difference
between the two phases is the splitting of the peak at 550 cm ™!
and the slightly different shape of the peak at ~1100 cm™". As in
FT-IR the bandwidths of the peaks are related to both the crys-
talline domain size and the degree of ion ordering into the unit cell,
the spectra observed here differs from the one of well-crystallized
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hydroxyapatite, which displays well-defined bands [37]. The rapid
conversion of AMCP to poorly-crystalline hydroxyapatite is not
surprising, as amorphous calcium phosphates are known to con-
vert to apatitic phases in physiologic-like conditions [10]. Increas-
ing the concentration of Mg?* modifies the phase transformation of
AMCP, since at [Mg?*]=3 mM, the peaks typical of brushite
(CaHPO4-2H,0, [20]) form after about 24 h (see Fig. 4c). In the case
of [Mg?*] =5 mM (Fig. 4d), the spectrum of the material collected
after 14 days is compatible with the presence of newberyite
(MgHPO,4-3H,0) [26,27]. The formation of this crystalline form of
magnesium phosphate is due to the large amount of Mg?* in solu-
tion, which makes the dispersing medium supersaturated with
respect to newberyite (calculation performed with the software
Visual MINTEQ). We point out that the dispersing medium is stable
against precipitation within the investigated time range, most rea-
sonably because of the nucleation kinetics. This suggests that
AMCP particles act as nucleation seeds for the formation of new-
beryite. To further deepen the understanding of the nature of the
formed crystalline phases and to confirm the hypotheses con-
ducted over FT-IR results, SEM and XRD analyses were performed
on the crystalline samples obtained in the different conditions,
and the results are reported in Fig. 5; since the nature of the crys-
talline material formed when AMCPs are dispersed without Mg?*
or at [Mg?*] =1 mM coincide, we report here only the SEM and
XRD results for AMCPs dispersed without Mg?*.

The morphology of poorly crystalline hydroxyapatite (see
Fig. 5a) is significantly different from the one of AMCPs, as the sam-
ple consists of flake-like particles, hundreds of nm-sized. On the
other hand, in the case of [Mg?*]=3 mM (Fig. 5b), we observe
brushite typical platelets [38], while some crystals with defined
geometric shapes consistent with the presence of newberyite are
visible for [Mg?*] =5 mM [39] (see Fig. 5¢); in the last two cases,
we also observe a large portion of amorphous particles that sur-
round the formed crystals, suggesting that the crystallization pro-
cess is not complete. XRD results confirm the conducted
observations: the diffractogram collected for AMCPs dispersed at

pH 7.40 without Mg?* and withdrawn after 8 h shows very broad
and low-intensity peaks, which are diagnostic of a poorly-
crystalline sample. The pattern, which displays peaks at 26°, 32°,
40° and 53°, is consistent with poorly-crystalline hydroxyapatite,
which in the literature is often referred to as calcium-deficient
hydroxyapatite (CDHA) [8,40] or cryptocrystalline/poorly crystal-
lized apatite [41]. In the case of [Mg?*]=3 mM (Fig. 5e) and
5mM (Fig. 5f), all the diffraction peaks can be respectively
assigned to brushite (PDF 09-0077) and newberyite (PDF 70-
2345). In Fig. 5f, the peaks are superimposed to the large hump
at ~30° characteristic of AMCP (see Fig. 2b), revealing that a con-
siderable portion of amorphous material is not crystallized yet.

To sum up, our results show that the concentration of Mg?* in
the solution in which AMCPs are dispersed affects both the lifetime
of the amorphous phase and the nature of the crystalline calcium
phosphates which form upon AMCP conversion; the reasons why
these phenomena occur will be addressed in detail in the Discus-
sion section.

3.3.2. Effect of the pH of the dispersion

The effect of different pHs during the synthesis of AMCPs has
been discussed in Section 3.1; here we focus on the effect of the
pH of the solution where already synthesized AMCP particles are
re-dispersed. This investigation aims at simulating the different
acid-base conditions which endogenous AMCP particles could
encounter in physiological (like change of diet) or pathological
conditions at the level of ileum [42,43] eventually leading to alter-
ations of the immune-surveillance mechanisms. As described in
Section 2.3.2, AMCP particles were dispersed in phosphate buffers
at pH 6.90 and 7.40, at concentration 0.36 g/L. Results for different
samples are compared in Fig. S4. FT-IR spectra, and in particular
the splitting of the peak at ~550 cm™', reveal that when AMCPs
are dispersed at pH 6.90, the crystallization process is faster than
at pH 7.40, and that the formed product is poorly crystalline
hydroxyapatite (see Fig. S4a, for the discussion of the spectrum
the reader is referred to the previous section). The morphology of
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the samples confirms this observation, as at pH 6.90 we observe
the flake-like morphology typical of hydroxyapatite, while at pH
7.40 this phase coexists with a large amount of amorphous phase
(see SEM micrographs in Fig. S4b and c). EDX analysis was per-
formed to obtain information about the elemental composition;
Ca/Mg ratio is of outmost importance, as it gives insights about
the crystallinity of the samples. As AMCPs displays Ca/Mg ratio
of about 2.7, while crystalline calcium phosphates such as hydrox-
yapatite and brushite are Mg-free, the crystallinity of the samples
is directly proportional to Ca/Mg ratio (i.e. high crystallinity means
low Mg amount, which implies high Ca/Mg ratio). Atomic ratios are
reported in Fig. S4d (the inset shows a zoom that highlights the
low atomic % region, see Table S1 for the specific values). On the
one hand, Mg/Na, Ca/Na and Ca/P ratios are not significantly
affected by the pH of the solution; on the other hand, Ca/Mg ratio
is much higher for the sample at 6.90, confirming the more crys-
talline nature of the material. The high standard deviations associ-
ated to these ratios could be related to inhomogeneities in
roughness and composition of different samples (i.e. the amor-
phous portions are not homogeneously distributed all over the
specimen), as the data were obtained averaging the elemental
composition of 3 different sites for each sample. The results sug-
gest that, in addition to the concentration of Mg?* in solution,
the pH has a critical impact on the solubility of AMCPs and the sub-
sequent crystallization to calcium phosphates, as it will be ana-
lyzed in the Discussion section.

3.3.3. Effect of dispersion concentration

Together with the presence of Mg?* ions and the pH of the solu-
tion, we observed that also the concentration of dispersed particles
affects both the crystallization rate of AMCP and the type of formed
phase. At pH 6.90, the particles crystallize after few minutes, as
discussed in the previous section, and convert to poorly crystalline
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Fig. 6. Elemental ratios (Ca/Mg (circles), Ca/Na (diamonds), Ca/P (squares) and Mg/
Na (triangles)) calculated by means of EDX spectroscopy as a function of incubation
time of AMCPs dispersed at pH 7.40 in the (a) concentrated (2 g/L) and (b) diluted
(0.36 g/L) system.

hydroxyapatite (see FT-IR spectra in Fig.S5a and SEM micrograph
in Fig. S5b); however, when we increase the amount of particles
that we disperse in the buffer, AMCPs evolve to brushite instead
of hydroxyapatite (see Fig. S5c and S5d). EDX results (see Fig. S6)
suggest that the crystallization process is faster in the diluted
regime (given the higher Ca/Mg ratio obtained), highlighting that
the critical factor is the amount of Mg?* in solution (see later in
the Discussion section).

The effect of the concentration was also investigated at pH 7.40,
and the results we found are consistent with the observations con-
ducted at pH 6.90. Also in this case, AMCPs convert to poorly crys-
talline hydroxyapatite in the diluted system, while in the
concentrated one brushite forms (compare the series of FT-IR spec-
tra in Fig. 4a, which refer to the diluted regime, with the ones in
Fig. S7a for the concentrated system). The nature of the samples
withdrawn after 8 h was investigated by means of XRD (Fig. S7b)
and SEM (Fig. S7c and S7d) and the findings agree with FT-IR
results. The kinetics of the crystallization process was estimated
by comparing the trends of Ca/Mg ratios vs incubation time (see
Fig. 6 and Table S2). Both in the diluted (Fig. 6a) and in the concen-
trated (Fig. 6b) experiments, Ca/Mg ratio increases with the
increasing of incubation time (i.e. the crystallinity increases), while
Mg/Na, Ca/Na and Ca/P ratio are rather constant. Moreover, Ca/Mg
ratios for the concentrated system are significantly lower than the
ones on the diluted regime, suggesting that also at pH 7.40 the
crystallization is faster when the particles are diluted.

4. Discussion

The existence of ACP is a kinetically driven condition: from a
thermodynamic point of view, amorphous materials are unstable,
and tend to convert into crystalline phases [8,23]. The kinetics of
this transformation depends on several factors, such as tempera-
ture, pH, ions and molecules in solution; these are the key param-
eters that regulate both the dissolution of ACP and the formation of
the preliminary crystalline nuclei [9]. “Good recipes” to obtain ACP
typically require basic pH, rapid mixing, low temperature, high
addition rate and freeze-drying of the precipitates [8]. All these
conditions take to an extension of the induction period (i.e. when
no formation of crystalline material is observed), as they decrease
ACP solubility [9]. Among the stabilization strategies which can be
employed, it is known that Mg?* ions contribute to the stabilization
of the amorphous phase, kinetically hindering the nucleation and
growth of hydroxyapatite by competing for lattice sites with cal-
cium ions [44]. The evidence that the endogenous nanoparticles
which are found in human intestine contain both calcium and
magnesium is intriguing: in fact, the presence of the latter ion
may contribute to preserve their amorphous nature and potentially
their functional role in the organism. To mimic the effect of Mg?*
concentration in intestinal fluids on endogenous AMCP particles,
we prepared synthetic analogues. Our results confirm the stabiliza-
tion of ACP through the inclusion of Mg?*, as documented in the lit-
erature [17,44,45], showing an exponential relationship between
the lifetime of the amorphous phase and Mg?* concentration added
in solution. This paves the way towards predicting the stability of
AMCP particles. Very interestingly, we observed that the concen-
tration of this ion affects not only the lifetime of the amorphous
phase, but also the type of crystalline phase to which AMCP con-
verts. These results can be explained in terms of the calcium phos-
phates solubility and of the effect of magnesium ions on the
calcium phosphates crystallization rate. At 37 °C and ionic strength
of 0.1 M, hydroxyapatite is the thermodynamically stable phase in
an extended range of pH, while at pH <4, brushite (DCPD) is
favored [46]. Therefore, the conversion of AMCP to poorly crys-
talline hydroxyapatite that we observe at low Mg?* concentration
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is not surprising, and the poor crystallinity of the material is prob-
ably due to Mg?* that limit the re-arranging ability of Ca®* and
phosphate ions. Moreover, Mg?* hinders the crystallization of the
various calcium phosphate phases to a different extent: in particu-
lar, it mostly hampers hydroxyapatite formation, while brushite
crystallization is un-affected by the presence of Mg?* [44]. Conse-
quently, when Mg?* concentration in solution increases (>3 mM),
the amorphous phase is more stable and brushite is the phase that
finally precipitates, as the large amount of Mg?* does not allow for
hydroxyapatite formation. When [Mg?*] =5 mM, AMCP particles
are extremely stable and Mg?* is so abundant in solution that a
magnesium phosphate, MgHPO,4-3H,0, is the first crystalline phase
that precipitates. This explanation is also compatible with the
results that we achieved in the experiments at different AMCP par-
ticles concentration: here, Mg?* was not added on purpose in the
solution, but it is worth recalling that AMCP particles contain a sig-
nificant portion of Mg?* ions in their lattice; therefore, when the
particles get in contact with an aqueous solution, their dissolution
begins and some Mg?* ions are released in the solution. When a
small amount of particles is dispersed in solution, a low concentra-
tion of Mg?" is released and AMCP rapidly converts to poorly crys-
talline hydroxyapatite; when a larger quantity of particles is
dispersed in solution, dissolution occurs to a larger extent, and
the significant amount of Mg?* released stabilizes the remaining
solid amorphous phase, allowing for the formation of brushite over
hydroxyapatite. It is therefore clear that Mg?* concentration has a
paramount importance in determining AMCPs behavior and fate.
The levels of this ion in the gut lumen are tightly controlled, as
its absorption takes place in the intestine [14]. Intestinal levels of
Mg?* have important implications for the health: experiments on
rats show that magnesium deficiency induces inflammation in
the small intestine [47] and magnesium supplements are often
therapeutically effective against the symptoms of irritable bowel
disease [48]. For the moment, the direct connection between
Mg?* concentration in the intestine and the stability/amount of
AMCPs formed is not demonstrated. However, we may speculate
that a Mg?* deficiency in the gut could hamper the stability of
the particles, thus affecting the biological pathway in which they
are involved.

As far as the pH effect is concerned, the observed stabilization of
AMCP with the increase of pH (both during the synthesis and when
dispersed in solution) is consistent with the data reported in the
literature [9]. Our results clearly show a dramatic sensitivity to
pH variations, as a difference of few tenths of pH unit induce an
enhancement of the stability of about 10 days. We found an expo-
nential relationship between the amorphous phase stability in the
reaction medium and the pH during the synthesis (similarly to
[Mg?"]), allowing for the prediction of the lifetime of AMCPs for a
given pH value. The stability that the particles display in their reac-
tion medium at pH 7.40 is remarkable. Very interestingly, we
observed that the nature of the crystalline product formed as a
consequence of AMCP conversion changes by modifying the pH,
as brushite forms at pH in the range 7.06-7.30, while at pH 7.40
we detect the presence of newberyite. The precipitation of brushite
can be easily justified considering the effect of Mg?* ions in solu-
tion that hinder hydroxyapatite formation. The formation of new-
beryite could be explained considering that AMCP dissolution is
slowed down at pH 7.4, and that the combined presence of Mg?*
ions in solution hampers the ability of forming new crystals; in
these conditions, the concentration of calcium in solution needed
for the formation of brushite could not be attained, and the first
crystalline phase that would precipitate is newberyite. The pH of
the solution which AMCPs get in contact with has also a crucial role
in the crystallization kinetic: being ACP less stable in acidic condi-
tions [9], the particles dissolve more rapidly at pH 6.90 than at pH
7.40, causing an increase in solution of all the ions constituting the

particles (Ca®*, Mg?*, phosphate). This results in the spontaneous
conversion to poorly-crystalline hydroxyapatite, while at pH 7.40
the solid material which precipitates is richer in the amorphous
component, being the dissolution of AMCPs slower in these
conditions.

Summarizing, pH has a deep impact of the stability of the amor-
phous phase. It is important to recall that, as highlighted in the
Introduction, alterations in the gut pH are associated to patholo-
gies, such as inflammatory bowel disease [42], chronic pancreatitis
and cystic fibrosis, which seem to decrease pH of the proximal
small intestine [43]. Air pollution can also be indirectly related to
pH variations in the intestine, as it is reported that this factor
may exacerbate systemic inflammation and cause oxidative dam-
age of colonic mucosa, contributing to the occurrence of inflamma-
tory bowel syndrome’s symptoms [49]. In general, inflammatory
conditions are related to acidic pH and, interestingly, AMCPs are
less stable in that environment; all the factors which contribute
to raise the pH of the small intestine could potentially increase
the stability of the particles, leading to the correct achievement
of their biological function. As far as diet is concerned, it is not easy
to relate our eating habits (apart from reaching the calcium and
magnesium Recommended Daily Allowance) to variations of the
parameters crucial to AMCPs stability; it is generally recognized
that food has no significant influence on intestinal and colonic
pH [50]; nevertheless, it was also shown that, in rodents, a high
fiber diet (which is known to have beneficial effects for gut health)
caused an increase in the pH of the small intestine by 0.35-0.75 pH
units [51].

All our data taken together demonstrate that slight variations in
factors which are biologically relevant deeply affect the stability
and the fate of AMCPs. We believe that these results have a two-
fold relevance, as they contribute to the topic of amorphous-to-
crystalline transition of calcium phosphates and may help in
clarifying the role of the endogenous particles.

5. Conclusions

In this work, we describe the preparation and we investigate
the stability of Amorphous Magnesium-Calcium Phosphate (AMCP)
particles analogous to those present in the distal small intestine of
humans and other mammals. These metastable structures have a
fundamental role in the immune-surveillance mechanisms at the
gut level [4]: for this reason, we investigated their stability as a
function of the pH, of the [Mg?*] and of the particles’ concentration.
These parameters are susceptible to alterations in vivo in some
physiological and in pathological conditions and, therefore, know-
ing their influence on AMCP stability would allow to predict possi-
ble immunological dysfunctions.

We found that the stability against crystallization of the amor-
phous phase dramatically depends on subtle pH variations: at pH
~7.06, AMCP is very unstable, and after about 1 h it spontaneously
crystallizes to brushite. The higher the pH of the synthesis, the
longer the stability of the particles, following an exponential trend.
The effect of the pH was also dramatic in the case of preparation
and re-dispersion of the particles in a fresh phosphate buffered
solution: the crystallization process is faster at pH 6.90 than at
pH 7.40. In this case, where no Mg?* was present in solution, the
product of the crystallization was poorly-crystalline hydroxyap-
atite. By increasing [Mg?'] in the solution, we found an exponential
relationship between the lifetime of the amorphous phase and this
parameter. We observed that [Mg?*] also affects the crystalline
phase to which AMCP converts: up to [Mg?*] =1 mM, AMCP crys-
tallizes to poorly-crystalline hydroxyapatite, at [Mg?*]=3 mM
the crystalline phase becomes brushite, and finally at [Mg?*] =5
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mM the product of the crystallization is a magnesium phosphate
(newberyite).

This paper advances the knowledge in the field of stabilization
of amorphous calcium phosphate [8,17,44] by focusing on param-
eters relevant in the distal small intestine environment and high-
lighting the physico-chemical changes that could result in
dysfunctions of the gut immune-surveillance mechanisms, due to
the decreasing of AMCP stability.

As a next step, it is necessary to transfer what we learned by
this physico-chemical approach, expanding our investigation to
biologically relevant samples: in this view, we are already studying
both in vitro and ex vivo samples to verify the fate of AMCP in real
biological matrix, in the presence of complex molecules and of the
gut micro- and mycobiota.
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Fig. S1: (a) Size distribution obtained averaging the measured sphere radii of 5 different SEM micrographs,
using the software Imagel; the average radius is (31.6+£9.9) nm (b) High magnification SEM micrograph,
magnification 400.00 KX. The white circles highlight the internal porosities of the particles; (c) Size
distribution curves of AMCP obtained with laser granulometry. The red curve represents an aliquot of AMCP
in solution withdrawn from the reaction medium, while the green curve is the freeze-dried powder dispersed
in ethanol. The measurements were performed by means of a Mastersizer 3000 laser diffraction particle size
analyser, equipped with HYDRO SM wet dispersion unit. Absolute ethanol was used as a solvent to prevent
particles crystallization. Each curve is the average of 10 measurements of 5 s each; (d) Representative EDX
spectrum of AMCP particles, where the presence of Ca, Mg, Na and P shows the chemical composition of the
particles; (e) Adsorption (red) and desorption (green) isotherm of AMCP sample; (f) Pore size distribution
curve of AMCP, obtained from the desorption branch using BJH method.



1100
1 AMCP_DTGE@580 C beml
10003 1_PDF 450135 Ca8 Mg Na ( P 04 )7 Sodium Caicium Magnesium Phosphate

2003

00

Counts

T T T T T ]
0 » ) ) 0 &0 o

2Theta (Coupled TwoThetaTheta) WL=1,54060
()

1 AMCP_DTG@830 C berl
1 PDF 45.0136 Cad Mg Na ( P 04 )7 Sodium Cacium Magnesium Phosphate
1 PDF 76.1112 Na P O3 Sodium Phosphate

1 PDF 48-1167 M3 (P 04 )2 Magnesium Phosphate

2004

200}

700

600

500

Counts

00

2004

200

100

T T T
10 ) n Y

2Theta (Coupled TwoTheta/Theta) WL=1,54060
(®)
Fig. S2: XRD patterns of AMCP samples recovered after TGA measurement up to 580 °C (a) and 630 °C (b).
The red sticks correspond to the PDF file of sodium calcium magnesium phosphate (CagMgNa(PO,);, PDF
45-0136), while in (b) the blue and green sticks are associated to sodium phosphate (PDF 76-1112) and
magnesium phosphate (PDF 48-1167). These two phases take into account for the two additional peaks (21.4°
and 27.4°) which are not present in (a) pattern.

24
2
2



a b C d
24h &ﬁ/\}\/\« 14d
18h i i
g 0 g p3n g fan 8 |ad
© A © N © © A
Qo Kol Qo Q
5 S <] S
3 3 3 3
< < < <
130’ 11 h b
20 h 8d
{ 15' 1\ 15' T s 1{ 15
T T T T T
1400 1000 1400 1000 1400 1000 1400 1000
Wavenumber [1/cm] Wavenumber [1/cm] Wavenumber [1/cm] Wavenumber [1/cm]

Fig. S1: Zoom of the region 700-1400 cm™ of the FT-IR spectra of AMCP dispersed at pH 7.40 and (a)
without Mg®*, (b) with Mg® 1 mM, (c) with Mg®* 3 mM, (d) with Mg”*5 mM.
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Fig. S4: (a) FT-IR spectra of AMCPs dispersed at pH 6.90 (top curve) and 7.40 (bottom curve); (b) and (c)
SEM micrographs at the same magnification of AMCPs dispersed in phosphate buffer and withdrawn after 15
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amorphous; (d) Atomic % ratios calculated with EDX analysis, averaging 3 different sites for each sample.
The error bars associated to each ratio represent the standard deviations. In the inset, the zoom of the selected
region is reported, to highlight the data at low atomic %.



Table S1: Semi-quantitative elemental ratios obtained by means of EDX analysis on AMCPs dispersed at pH
6.90 vs 7.40 (histogram shown in Fig. S4d). The average value + the standard deviation is reported (values
obtained on 3 different sites for each sample).

pH Ca/Mg Ca/Na Ca/P Mg/Na
6.90 58+22 3+1 0.9+0.1  0.1+0.0
740  7£5  2.0+0.2 0.8£0.1 0.4+0.3
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Fig. S5: (a) FT-IR spectra of AMCPs dispersed at pH 6.90 in the diluted regime (0.36 g/L) and withdrawn

after 5, 10 and 15 min; (b) SEM micrograph of AMCPs dispersed at pH 6.90 in the diluted regime and

withdrawn after 15 min; (c) FT-IR spectra of AMCPs dispersed at pH 6.90 in the concentrated regime (3 g/L)

and withdrawn after 5, 10 and 15 min; (d) SEM micrograph of AMCPs dispersed at pH 6.90 in the concentrated

regime and withdrawn after 15 min, where brushite platelets surrounded by the amorphous product are visible.
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Table S2: Semi-quantitative elemental ratios obtained by means of EDX analysis on AMCPs dispersed at pH
7.40 in the concentrated and diluted regimes (trend shown in Fig. 6). The average value =+ the standard
deviation is reported (values obtained on 3 different sites for each sample).

pH 7.40 concentrated
Time [min] Ca/Mg Ca/Na  Ca/P  Mg/Na

15 3.940.5 2.5+0.3 0.7£0.0 0.7+0.2

90 7.141.3 24404 0.840.0 0.3+0.0

480 10.842.3 1.9+1.1 0.7£0.2 0.2+0.1
pH 7.40 diluted

15 6.844.7 2.0+0.2 0.8£0.1 0.4+0.3

60 18.0+4.6 2.6+0.5 0.9+0.0 0.2+0.1

480 255442 3.1+0.9 0.9£0.1 0.1£0.0
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Abstract

The recently-discovered endogenous formation of amorphous magnesium-calcium phosphate
nanoparticles (AMCPs) in human distal small intestine occurs in a complex environment, which
is rich in biologically-relevant molecules and macromolecules that can shape the properties and
the stability of these inorganic particles. In this work, we selected as case studies four diverse
molecules, which have different properties and are representative of intestinal luminal
components, namely butyric acid, lactose, gluten and peptidoglycan. We prepared AMCPs in
the presence of these four additives and we investigated their effect on the features of the
particles in terms of morphology, porosity, chemical nature and incorporation/adsorption. The
combined use of electron microscopy, infrared spectroscopy and thermal analysis showed that
while the morphology and microstructure of the particles do not depend on the type of additive
present during the synthesis, AMCPs are able to incorporate a significant amount of

peptidoglycan, similarly to the process in which they are involved in vivo.



Keywords Amorphous Magnesium-Calcium Phosphate Particles; Nanostructure; Gut;

Intestinal Luminal Components.

1. Introduction
The formation of calcium phosphate-based nanostructures is a phenomenon which consistently
occurs in the human body and is essential for its correct functioning. Besides the notable
examples of poorly-crystalline hydroxyapatite nanocrystals in bone [1] and the needle-shaped
carbonated apatite crystals which form enamel [2], it was recently found that amorphous
magnesium-calcium phosphate (AMCP) nanoparticles spontaneously form in the distal region
of human small intestine [3—6]. While forming in the lumen, AMCPs trap soluble molecules,
such as orally fed protein antigens and bacterial peptidoglycans, and transport them through the
microfold-cells (M-cells) of the intestinal tissue, shaping intestinal immune homeostasis.
Endogenous AMCPs are constituted by nanometric spheres which form larger agglomerates,
they are porous and do not possess a long-range order [3]. The formation of amorphous calcium
phosphates (ACP) in such a complex environment, i.e. the intestinal fluids, is an intriguing
phenomenon, as the lumen contains molecules, proteins, biopolymers and bacteria, which may
affect to a diverse extent the stability and the features of these inorganic particles. In vitro, the
precipitation of ACP and AMCP is very sensitive to the conditions of the reaction medium: pH,
foreign ions and molecules, temperature and ionic strength deeply affect the lifetime of the
amorphous phase and the features of the particles [7—15]. The intestinal fluid contains several
components, such as proteins, enzymes, sugars, lipids and bile salts; meal intake also influences
its composition, as nutrient absorption takes place in the intestine. Being this medium prone to
such a large variability, the accurate determination of its composition is challenging [16,17]. In
addition, our gastrointestinal tract is home to more than 10" microorganisms, ie. gut
microbiota and mycobiota, and their nutrients and metabolites affect the composition of the

intestinal fluid [18,19].



In this framework, it is evident that, while forming, AMCP can encounter a variety of
molecules/macromolecules that can be absorbed and can even shape their structure and stability
[20]. In this work, we selected four different molecules/macromolecules as case studies, to
investigate how their presence in the reaction medium can affect the physico-chemical features
of AMCPs: butyric acid, lactose, gluten and peptidoglycan.

Butyric acid is a short-chain fatty acid and, together with acetic and propionic acid, is produced
within the intestinal lumen by bacterial fermentation of undigested dietary carbohydrates, and
to a lesser extent, dietary and endogenous proteins [21]. Butyrate is the preferred energy source
for colonocytes and serves as cellular mediator regulating multiple functions of gut cells
[21,22]; it also has an anti-inflammatory effect and has potential benefit in irritable bowel
syndrome [23-25].

Lactose is a disaccharide composed of galactose and glucose; it enters the intestine upon milk
intake, where the glycosidic bond is cleaved by the enzyme lactase. The resulting
monosaccharides can then be absorbed and used as energy source by our organism. Individuals
which have a deficiency in lactase production are not able to digest lactose: in this case, the
disaccharide passes intact in the colon, where it is fermented by bacteria. The resulting
production of gas may cause various abdominal symptoms.

Gluten can be defined as the rubbery mass that remains when wheat dough is washed to remove
starch granules and water-soluble constituents [26,27]. It contains hundreds of protein
components, which are typically divided into two fractions, i.e. gliadins (soluble in alcohol-
water solutions) and glutenins (insoluble). In a small part of the population, gluten can trigger
adverse autoimmune reactions responsible for a broad spectrum of gluten-related disorders,
such as coeliac disease [28].

Peptidoglycan is a polymer composed of sugars (N-acetylglucosamine and N-acetylmuramic

acid) and amino acids, and constitutes the cell wall of most bacteria; being the gut flora so



abundant, it is expected that peptidoglycans are a representative component of the intestinal
environment.

The effect of these diverse molecules/macromolecules on the precipitation of endogenous-like
AMCPs was addressed in this study. We compared the physico-chemical features of the
particles obtained in the presence of these biologically-relevant additives, to simulate a possible
scenario for the in vivo formation of the particles. In particular, we were interested in their effect
on the crystallinity, morphology and internal porosity of AMCPs, as well as in estimating their

incorporation in the inorganic phase.

2. Materials and methods

2.1 Materials
For the synthesis of AMCPs, calcium chloride (CaCl,, > 93%), magnesium chloride
(MgCl,:6H,0, > 99 %), sodium chloride (NaCl, > 99%) and NaOH pellets (purity > 97%) were
obtained from Sigma-Aldrich (Milan, Italy). Sodium phosphate monobasic (NaH,PO4-H,0, >
99%) and sodium phosphate dibasic (Na;HPO4:12H,0, > 99%) were purchased from Carlo
Erba Reagents (Milan, Italy). Butyric acid (CH;CH,CH,COOH, > 99 %), gluten from wheat
(crude, > 80 % protein), and peptidoglycan from Bacillus Subtilis were obtained from Sigma-
Aldrich, while D(+)-lactose monohydrate (C12H220;,-H20, > 98 %) from Fluka. Deionized
water was used throughout all the experiments.

2.2 Synthesis of AMCPs
AMCPs were prepared by readapting a protocol from the literature [29], which involves the
mixing of equal volumes of two aqueous solutions (see Table 1) at 37 °C. We increased Ca®*
concentration with respect to the literature to improve the yield of the reaction, and a Ca/Mg
molar ratio of 5 was used so to obtain all the particles in amorphous phase (data not shown). 50
mL of solution A were added to 50 mL of solution B under magnetic stirring, and the pH was

adjusted to 7.7 by dropwise addition of NaOH 2 M (the pH value was chosen to reproduce the

4



conditions in the ileum [30]). After 15 min, the solution was filtered using mixed cellulose
esters filters (Millipore, pore size 0.45 pm). Filters were immediately placed in plastic test
tubes, frozen in liquid nitrogen and lyophilized for 24 h. The obtained particles are referred to
as sample “AMCP”.

Table 1: Reactants used for the synthesis of AMCPs.

Solution Salt Amount [g] Concentration [mM]
NaCl 0.395 135
A CaCl, 0.222 40
MgCl,-6H,0 0.135 13.3
B NaH,PO4 -H,O 0.345 50
Na,HPO4 12H,0 2.686 150

2.3 Synthesis of AMCPs in the presence of additives
AMCPs prepared in the presence of additives were synthesized using the procedure described
in paragraph 2.2, dissolving/dispersing each additive in solution A at 1 mg/mL before mixing
with solution B [4]. The investigated additives are butyric acid (sample “AMCP_B”), lactose
(sample “AMCP_L”), gluten (sample “AMCP_G”) and peptidoglycan (sample “AMCP_P”).
The only difference among the four syntheses was conducted in the preparation with gluten, as,
being this protein composed by glutenin (soluble in water) and gliadin (insoluble in water) [26],
it was not possible to readily dissolve it in solution A. The sonication of the dispersion for 10’
lead to the partial agglomeration of the protein; therefore, we tried to improve the dispersion
by stirring the sample at 70 °C for 36 h, and then we filtered the solution (0.45 pm filters) to
remove the insoluble portion. The synthesis was then conducted analogously to the other
systems.
2.4 Characterization techniques

2.4.1 Fourier Transform-Infrared Spectroscopy (FT-IR)



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

2.4.2 X-Rays Powder Diffraction (XRPD)
The XRPD pattern of AMCPs was collected by means of a D8 Advance with DAVINCI design
(Bruker, Milan, Italy). The X-rays source was the Cu Ka radiation (wavelength A=1.54 A), at
40 kV and 40 mA, in 26 range from 10° to 60°, a step size of 0.03°, and a time/step of 0.3 s.
The powder was grinded with mortar and pestle and flattened on a Si zero-background sample
holder.

2.4.3 Field Emission-Scanning Electron Microscopy (FE-SEM) coupled with
Energy Dispersive X-Rays (EDX) Spectroscopy
FE-SEM analyses were conducted using a Zeiss SIGMA FE-SEM (Carl Zeiss Microscopy
GmbH, Jena, Germany). The powders were fixed on aluminum stubs using conductive tape.
The micrographs were acquired with an accelerating voltage of 2 kV, sample-detector distance
of about 2 mm and using the In-Lens detector. EDX spectroscopy was carried out using X-act
Silicon Drift Detector (Oxford Instruments, England). To collect EDX spectra, the accelerating
voltage used was 10 kV, while the working distance was around 8§ mm.

2.4.4 Transmission Electron Microscopy (TEM)
TEM analysis was carried out by means of a TEM Philips CM12 (Eindhoven, The Netherlands),
using an accelerating voltage of 100 kV. AMCPs were dispersed in absolute ethanol at 0.5
mg/mL and sonicated for 20 min at 59 kHz; a droplet of the dispersion was deposited on a
carbon-coated copper grid and, after solvent evaporation, the particles were imaged.

2.4.5 Thermogravimetry (TGA)
Thermal analyses were performed with a Simultaneous Thermogravimetry/ Differential

Scanning Calorimetry SDT Q600 from TA Instruments (New Castle, DE, USA). AMCPs were



placed in alumina pans and measurements were conducted in N, atmosphere (flow rate 100

mL/min) from room temperature to 1000 °C, at 10 °C/min.

3. Results and discussion
3.1 AMCP characterization
The characterization of AMCP synthesized in the absence of additives (see section 2.2) is
reported in Figure 1. The FT-IR spectrum (Figure 1 a) shows that the obtained particles consist
of amorphous calcium phosphate [7,8,31,32]. In particular, the peak at 560 and 1077 cm™ are
respectively referred to v4 and v phosphate vibrations [7], while the signal at 879 cm™ is
compatible with P-O(H) stretching mode of the protonated phosphate species present in the
structure of AMCP [31]. The peak at 1653 cm™ and the broad band at 2700-3700 cm™ are due
to water bending and stretching, respectively [7,32]; the latter signal is also ascribable to O-H
stretching of HPO,* groups [29]. The amorphous nature of AMCP was further confirmed by
XRPD analysis (see Figure 1 b), as the pattern does not show any marked diffraction peak
characteristic of crystalline calcium phosphates [33]; the broad hump centered at 260 = 30°is a
distinctive feature of ACP, and reflects the short-range order due to Posner’s clusters
[32,34,35]. The morphology of AMCP was investigated by means of both scanning and
transmission electron microscopy. SEM micrographs show that AMCP particles consist of
nanometric heterogeneous spheres (radius: 58 + 19 nm) which aggregate forming larger
structures. EDX spectroscopy analysis, performed in combination with SEM measurements,
proved that magnesium was successfully incorporated in the particles, as we found a Ca/Mg
atomic ratio of 6.8+0.5. Similarly to the endogenous ones [3], our particles are endowed with
inner porosities, as observed both in high magnification SEM micrographs (see the inset in

Figure 1 ¢) and TEM images (see Figure 1 d).



From the reported characterization, we can conclude that the obtained AMCPs are good
candidates to mimic the in vivo process, as they share many features with the endogenous ones
(chemical nature, crystallinity, porosity, morphology) [3].

3.2 Characterization of AMCP in the presence of additives
The incorporation of the additives in the particles was investigated by means of FT-IR
spectroscopy (Figure 2) and thermogravimetry (Figure 3). The FT-IR spectra of the particles
prepared in the presence of butyric acid (red curve), lactose (orange curve) and gluten (blue
curve) do not show any additional signal with respect to AMCP (see Figure 1 a for comparison).
On the contrary, the sample AMCP_P displays further signals, at 1545, 2929, 2965 cm™ which
are compatible with peptidoglycan vibrations [36]. This evidence suggests that, similarly to the
in vivo process, this polymer is partially incorporated in AMCPs, unlike butyric acid, lactose
and gluten.
In order to quantitatively assess the incorporation of organic material in AMCPs, the samples
were analyzed by means of thermogravimetry, and the results are shown in Figure 3. From the
comparison of the weight losses % at 1000 °C, we can clearly observe that samples AMCP_B,
AMCP_L and AMCP_G lose about 16% of their initial weight (£1%), similarly to AMCP
(15%); on the other hand, AMCP_P display a weight loss of 42%, thus indicating that the
particles prepared in the presence of peptidoglycan can incorporate about 27% by weight of the
polymer.
The morphology of the particles was investigated by means of SEM, and the micrographs are
reported in Figure 4. The type of additive used in the synthesis does not influence the
morphology of the particles, as in all samples we observe the presence of aggregated
nanospheres, similarly to AMCP (see Figure 1 ¢ for comparison). The size of the individual
spherical units is not significantly different among the samples (radius for AMCP_B: 48 + 21
nm, AMCP_L: 44 + 14 nm, AMCP_G: 47 £ 19 nm and AMCP_P: 48 + 18 nm). At high

magnification, the porous nature of the single particles is detectable in all samples, which do



not show any difference from a qualitative perspective (see the insets in Figure 4). We can
therefore conclude that neither the incorporation of peptidoglycan in the particles nor the
presence in solution of the other additives result in a modification of AMCP’s morphology;
further studies are necessary to understand if quantitative modifications in the porosity occur
because of the additives.
In terms of chemical composition, the semi-quantitative Ca/Mg atomic ratio measured by
means of EDX analysis does not reveal any significant difference among the samples, as we
can observe from the results in Figure 5: this suggests that the additives do not affect the relative
amount of magnesium included in the structure of the particles.
The morphology of the particles was also assessed by means of TEM microscopy, so to gain
some insights into the effect of the additives on the internal structure of the particles. The
micrographs are reported in Figure 6. All the samples display a morphology which is similar to
AMCEP prepared without additives (see Figure 1 d), as the aggregated nanometric particles
appear polydisperse and intrinsically porous. As already discussed over SEM results, we do not
detect any marked difference among the four samples, further supporting the hypothesis that
the inclusion of peptidoglycan does not affect the morphology of the particles.

4. Conclusions
In this paper, we described the effect of biologically-relevant molecules and macromolecules
on the features of endogenous-like AMCPs. The self-assembly of amorphous phosphate-based
nanoparticles in human intestinal lumen is an intriguing phenomenon that was recently shown
to occur in our gut, being connected to immune surveillance mechanisms [3]. Intestinal fluids
are complex systems which contain a great number of different molecules which can determine
the properties and the stability of the amorphous particles. Here, we selected as case study four
molecules/macromolecules which are representative of the intestinal environment, i.e. butyric
acid, lactose, gluten and peptidoglycan, and we investigated, for the first time, how they affect

the properties of AMCPs in terms of morphology, crystallinity, porosity. We took advantage of



a synthetic protocol that allowed us to obtain AMCPs which reproduce the features of their
endogenous counterpart. Irrespectively of the presence and of the kind of additive, the obtained
particles are endowed with inner porosities and form nanometric spheres that aggregate into
micrometric objects. Interestingly, FT-IR spectroscopy and thermogravimetry revealed that
peptidoglycan is the only additive which is incorporated in AMCP, despite not affecting the
morphology and the Ca/Mg atomic ratio of the particles. This is of outmost importance, as one
of the roles that AMCPs is thought to fulfill in vivo is the incorporation of bacterial
peptidoglycans in the lumen, with the subsequent transport to the immune cells of the intestinal
tissue [3]. We were therefore able to prove that the morphology and the microstructure of
AMCEP is preserved in vitro, suggesting also a preserved biological function of AMCP. The
incorporation of this specific biopolymer in AMCPs may be due to its molecular weight and/or
functional groups. On the other hand, butyric acid, lactose and gluten do not exert any effect on
the investigated properties, suggesting that in vivo they do not affect the formation of AMCPs.
The findings presented in this work contribute to shed light on the biological process in which
these particles are involved; moreover, the ability of these novel particles to incorporate certain

types of macromolecules suggest their potential use as drug delivery systems.
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Figure 1: AMCP characterization: (a) FT-IR spectra; (b) XRPD pattern; (c) FE-SEM micrographs (inset: high

magnification); (d) TEM micrograph.
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Figure 2: FT-IR spectra of AMCP synthesized in the presence of (from the top) butyric acid (AMCP_B), lactose

(AMCP_L), gluten (AMCP_G) and peptidoglycan (AMCP_P). The arrows highlight the additional signals present

in the spectrum of AMCP_P, due to the incorporated peptidoglycan.
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Figure 3: Thermograms of AMCP prepared in the presence of butyric acid (red curve), lactose (orange curve),

gluten (blue curve) and peptidoglycan (green curve), compared to pure AMCP (black curve).
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Figure 4: FE-SEM micrographs of (a) AMCP_B; (b) AMCP_L; (¢) AMCP_G; (d) AMCP_P. In the insets, high

magnification images are shown.
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Figure 5: Ca/Mg semi-quantitative atomic ratios obtained by means of EDX spectroscopy; the reported data are

the average values + standard deviations of 5 different analysis on different sites of each sample.

Figure 6: TEM micrographs of (a) AMCP_B; (b) AMCP_L; (¢) AMCP_G; (d) AMCP_P.
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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 I
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 macro-
molecules, i.e. orally fed protein antigens and bacterial peptidogly-
cans, and transport them to the immune cells of the intestinal
tissue, promoting the immuno-surveillance mechanisms. Endoge-
nous 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 (AMPs) constitute an emerging field of research:
together with crystalline magnesium phosphates, these compo-
nents represent relatively new biocompatible options for the
preparation of nanostructured biomaterials [7-10]. On the other
hand, amorphous calcium phosphates (ACPs) have been exten-
sively 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 fluids are 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 (GI), 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 GI tract is of outmost importance, espe-
cially 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, typi-
cally 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 pre-
sent in vivo and allow for the solubilization and absorption of diet-
ary 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 par-
ticularly 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/phos-
pholipid 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 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
variations of the cited parameters (which are known to have impli-
cations in gut health) to the lifetime of the amorphous phase in
solution. In the attempt of gaining new insights in the in vivo for-
mation process and stability, the present work reports on the for-
mation 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 tau-
rocholate 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 Simu-
lated 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,HPO,4-12H,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 pow-
der (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 concentra-
tions of the components are: sodium taurocholate 0.8 mM, lecithin
0.2 mM and maleic acid 52.8 mM [18].
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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 Supple-
mentary Material) and solution B (NaH,PO4 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 pm). 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 Instru-
ments apparatus (BI 9000AT correlator and BI 200 SM goniometer).
The light source was a Torus laser, mpc3000, LaserQuantum, UK
(r=532nm) 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 decahydron-
aphthalene to match the glass refractive index. The scattering
intensity of pure toluene was used as a standard. The field autocor-
relation functions reported in this work are the result of the aver-
aging 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 spec-
trophotometer (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 4000-400cm ! 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 Ko radiation (wavelength % = 1.54 A), at 40 kV
and 40 mA, a 20 range of 5-60°, a step size of 0.03°, and a time/step
of 0.3s. 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 XIGMA 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 pm. Cu K radi-
ation of wavelength 2 =1.542 A was provided using a Seifert ID-
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 Kj
radiation. The sample-to-detector distance was 275 mm. The vol-
ume 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=(4m/x)sin(0/2), between 0.009 and 0.54 A~', with Q
being the scattering vector, and 6 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 detect-
able 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 des-
meared using the procedure reported by Lake [35]. The interpreta-
tion of the curves was carried out with a power law model
associated to the linear regions in the double log representation
(Eq. (1)):

l(q) =Aq? 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 (D;) from the equation:

D;=6-p @)

Typically, D 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 autocor-
relation function (Fig. S1 in the Supplementary Material) revealed
the presence of nanosized objects with a mean hydrodynamic
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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; ¢) 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].

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 amor-
phous calcium and magnesium phosphates are well-known to
spontaneously crystallize in aqueous solution [11,38], the conver-
sion kinetics of amorphous calcium phosphate to crystalline mate-
rial was monitored through the analysis of the particles by means
of FT-IR spectroscopy and XRD, see Fig. 1.

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 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
Fig. 1c and d, 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

! For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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(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 con-
version 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. 1a 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 is enhanced when they are prepared in the SIF, sug-
gesting 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 micro-
graphs are reported in Fig. 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, bobier-
rite crystals formed upon conversion of AMCPs show the same
morphology in both syntheses, namely parallelepiped-like objects
surrounded by amorphous particles (see Fig. 2¢ and d).

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 intesti-
nal 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 synthe-
sized 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,O0 (see Fig. 1b), we found that AMCP_-
SIF shows an additional peak at 1576 cm™~! and, in samples from 3
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 tauro-
cholate (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 func-
tion of time is probably due to a different amount of organic mate-
rial, 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 Fig. 3a. AMCP_SIF samples
show a time-dependent weight loss, which is in all cases higher
than that of AMCP_H,O (the weight loss of the particles prepared
in water is 19+ 1% and does not significantly change over time).

Fig. 2. FE-SEM micrographs of (a) AMCP_SIF_15min; (b) AMCP_H,0_15min; (c) AMCP_SIF_29d; (d) AMCP_H,0_22d.
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The higher weight loss observed for AMCPs prepared in SIF is con-
sistent 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).

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 infor-
mation 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,0_15 min, which correspond to crystalliza-

tion processes (conversion to a crystalline sodium calcium magne-
sium 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 transi-
tions 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, sug-
gesting that the amorphous phase is even more disordered than
when prepared in water, i.e. it is easier for the structural units com-
posing 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 amor-
phous particles. As the endogenous self-assembly of AMCPs con-
stantly occurs in mammalian gut, we inspected the structure of
AMCPs obtained after few minutes from the beginning of the reac-
tion, as we expect the in vivo formation process to be relatively
fast.

TEM micrographs of AMCP_SIF_15min and AMCP_H,0_15min
are compared in Fig. 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 granu-
lometry; the obtained size distributions confirmed that particles’
agglomeration occurs in solution (see Fig. S6 in the Supplementary
Material).

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 dis-
tribution 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 para-
graph 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 com-
patible. In addition, the possibility that the cited objects consist of
simple micelles can be excluded, 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] show-
ing 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 tauro-
cholate/lecithin structures present in solution.

Hollow nanospheres made of calcium phosphate have already
been reported in the literature in the presence of several templat-
ing agents, such as block copolymers [49,50], lecithin [30], poly-
styrene [51] and phenol-formaldehyde resin spheres [52],
polyelectrolytes [53], amino acids and dipeptides [54], and surfac-
tants [55].
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Fig. 4. TEM micrographs of (a + ¢) AMCP_SIF_15min and (b + d) AMCP_H,0_15min at low (a + b) and high (c + d) magnification. The black arrows in ¢ highlight the core-shell-

like structures.

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 Fig. 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.

The presence of core-shell particles as revealed by TEM micro-
graphs on AMCP_SIF_15min sample is not found in the SAXS curve,
thus suggesting that the overall scattering intensity is mainly dom-
inated 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>0.1A" range with Eq. (1) (black solid line in Fig. 5)
results in p =3.37 £ 0.01. According to Eq. (2), this corresponds to
a surface-fractal dimension Dg = 2.63. For AMCP_SIF_15min, a sim-
ilar 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 sur-
face 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 = D;, = 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 struc-
turing 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 phos-
phates 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 amor-
phous calcium phosphates in complex media mimicking intestinal
fluids has never been investigated so far, in this study we synthe-
sized 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 precip-
itation of CaPs was barely addressed in the literature [27,28,30,31];
here, we focused our attention on a system containing both mole-
cules 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 pro-
longs the lifetime of the amorphous phase, delaying the conversion
of AMCP to bobierrite. This stabilizing action is likely due to the
effect of taurocholate, which is known to inhibit the precipitation
of crystalline calcium phosphates [27]. The morphology of AMCPs
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curve fittings according to Eq. (1). (For interpretation of the references to colour in
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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 fea-
ture, 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 aggrega-
tion 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 forma-
tion, which is involved in the immunosurveillance mechanisms, is
likely to be of great relevance.
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Fig. S1: DLS autocorrelation function of SIF (red full circles) together with cumulant analysis fit (black solid line).
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Paragraph S1: DLS theory

In DLS experiments at a fixed angle, the time correlation functions G»(z) of the scattered light were
measured at different angles and the normalized intensity autocorrelation function (g.(,7)) are
obtained directly from the software during the measurement. g-(,z) is connected to the normalized

electric field autocorrelation function g;(,7), by the Siegert relation (Eq. S1)
92(0) = 1+ g, (D]? (S

with 82 < 1 a coherence factor that depends on the experimental conditions.
For a suspension of polydisperse Brownian spheres, g;(7) decays exponentially
« S2
910 = [ PD)exp (gD aD ¢
0
where D is the diffusion coefficient and P(D) is the intensity-weighted probability distribution
function of the diffusion coefficient.
Particle sizing is performed by extracting D from g,(7) fitting and applying the Stokes-Einstein
equation
_ kgT (83)
"~ 6mnR,

where kg is the Boltzmann constant, 7 is the absolute temperature, # is the viscosity of the solvent,

and Ry, is the hydrodynamic radius of the spheres.

Paragraph S2: Cumulant analysis

In the classic cumulant method analysis, we have that In[g1(q,t)] is written as a Taylor series in the

correlation time

2!

and by stopping to the second order we have

and

where
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is the nth order of the intensity-weighted probability distribution function of D (P(D)).

The polydispersity index (PDI) is defined as

22
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2
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1. Introduction

Calcium phosphates (CaP) represent the main inorganic component
present in human organisms, as they constitute the majority of the inor-
ganic matrix of bones (~65% with respect to total bone weight) and
teeth (~97% wt enamel, ~70% wt dentine) [1]. In bone, CaP is found as
poorly crystalline, nano-sized platelets of non-stoichiometric, calcium-
deficient and carbonate-rich hydroxyapatite, whose growth is tem-
plated by a soft matrix consisting of type I collagen fibrils [2]. Teeth com-
position is similar to that of bone, except for the outer surface (enamel),
which has a higher inorganic content and is formed by strongly oriented
prismatic crystals of larger dimensions. In addition to bone and teeth,
which are the most notable sites of calcium phosphate in the body,
this mineral can be found in crystalline forms in many other locations,
such as pathologic calcifications (dental calculi, urinary and salivary
stones, deposits in synovial fluids and heart calcifications) [3]. However,
beside crystalline deposits, amorphous calcium phosphates (ACP) and
amorphous magnesium calcium phosphates (AMCP) are very frequent
forms of CaP in biological organisms [4,5] and play a fundamental role
in their structure and functioning. Amorphous structures are significant
to various aspects of evolution and life of biological organisms, as they
represent ~ 20% of approximately 60 different inorganic compounds
and minerals formed by living organisms [6]. Calcium phosphate is
not the only mineral which has some relevance in the amorphous
state. It is reported that, in many biomineralization processes, the amor-
phous material is often the precursor to the formation of the crystalline
material [7]. The most notable example is calcium carbonate, which is
produced in amorphous form by organisms such as crustaceans, sea ur-
chins and certain mollusks [8-10]. Interestingly, some specific struc-
tures in our body are made of calcium phosphate in its amorphous
state. The fact that such a thermodynamically unstable phase [11] is pre-
served in its state in different sites in our body is intriguing, suggesting
that the amorphous nature is crucial for the material to perform some
specific biological functions.

The purpose of this paper is to shed light on the relevance of amor-
phous calcium and magnesium phosphates to living organisms: we
focus our attention on both naturally-occurring amorphous-based
structures and amorphous-based biomaterials, in the attempt to un-
ravel the importance of these fascinating structures to organisms’ func-
tioning. First, we will briefly present the main features of ACP from a
chemical and structural perspective (section 2). In section 3, the stabil-
ity of ACP and the stabilization strategies that preserve the amorphous
state are illustrated, while section 4 explores the different locations
where the amorphous material can be found in the human body. Finally,
in section 5, the importance of ACP-based biomaterials (compared to
their crystalline counterpart) is reviewed.

2. ACP first detection, formation and structure

The definition of “amorphous” refers to materials that are highly dis-
ordered and lack in the long-range order characteristic of crystals,
which instead present three-dimensional order on the level of atomic
dimensions [12]. As it is reported by Eanes [13], the first observation
of amorphous calcium phosphate dates back to 1953, when Watson
and Robinson described the formation of a “finely granular” precipitate
resulting from the mixing of concentrated solutions of CaCl, and
Na,HPO,4, which displayed no electron diffraction pattern [14].

It is nowadays agreed that when mixing two solutions containing
calcium and phosphate ions at sufficiently high supersaturation and
pH, amorphous calcium phosphate with a molar Ca/P ratio between
1.18 and 2.50 is formed [15]. One of the first reports about ACP states
that “the formation of non-crystalline calcium phosphate is a kinetic
phenomenon” [16]: the mixing of highly concentrated solutions creates
sufficiently strong stochastic interactions among calcium and phos-
phate ions so that they can form highly hydrated clusters that separate
from the solution in a gel-like state [11]. The formed ACP is very unsta-
ble; therefore, being its precipitation a kinetically-driven process, ACP
hydrolysis and crystallization proceed by a sequential process which in-
volves structural and compositional modifications of the amorphous
precursors and crystalline intermediates (such as OCP, octacalcium
phosphate), rather than a single-step pathway (see Fig. 1A) [11,17].
This precipitation mechanism is known as “Ostwald-Lussac Law of
Stages”: a disordered and highly soluble phase first forms and, through
a series of phase transformations, eventually converts into a poorly sol-
uble and more ordered crystalline phase [18,19]. For ACP, the final step
of the crystallization process is hydroxyapatite (HA, Ca;o(PO4)s(OH),)
at neutral and alkaline pH or brushite (CaHPO,4-2H,0) at acidic pH
[20]. It is important to note that ACP is not a mandatory precursor to
crystalline CaP, as when sufficiently diluted solutions are used, apatite
formation can occur without the detection of an amorphous precursor
(A pathway in Fig. 1A) [21,22]. The stability of the amorphous phase is
dramatically dependent on several factors, which will be discussed in
detail in section 3.

Although ACP is an amorphous material, a short range order corre-
sponding to Cag(PO4)¢ units (“Posner’s clusters”) was proposed by
Posner and Betts in 1974, on the basis of X-rays radial distribution func-
tion studies [23]. The validity of their model has been assessed in the fol-
lowing years, and it was found that also ab initio calculations support
Posner’s model [24]. These structural units, whose size is about 9.5 A,
are depicted in Fig. 1B. According to the Posner’s model, the clusters ran-
domly aggregate into spherical objects with a diameter of 30-100 nm,
generating the typical morphology of ACP [25]. The hypothesis of cluster
aggregation is supported by calculations, which show that the random
packing of the clusters corresponds to a large stabilization energy [24].
It is important to specify that the curvilinear shape of ACP particles is re-
ferred to the dried sample, and that the solution pH, the reactants’ con-
centration and the temperature affect the final size of the formed
spherical particles (for instance, smaller particles are obtained using
high supersaturations) [11].

While the validity of Posner’s model has been corroborated by re-
cent studies [26], much effort has been pursued in the last decade in
the attempt of unravelling the first stages involved in ACP formation.
In 2010, Dey et al. showed that, for calcium phosphates, surface-
induced crystal nucleation is initiated by the generation of pre-
nucleation clusters that densify at a templating surface, leading to the
formation of an amorphous precursor phase which eventually trans-
forms into crystalline apatite. Later, a work from Habraken et al. un-
veiled the chemical nature of the pre-nucleation clusters [27]: by
combining cryo-TEM with in situ analysis techniques and ab initio calcu-
lations, it was reported that pre-nucleation clusters preceding ACP for-
mation consist of soluble ion-association complexes [Ca(HPO4)3]*
that form 3D polymeric networks in solution. Above the solubility
limit of ACP, these aggregated pre-nucleation complexes collect Ca*
from the solution and form insoluble post-nucleation clusters of [Ca,
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Fig. 1. (A) Crystallization pathways under thermodynamic (A) and kinetic (B) control. A system follows a one-step route to the final mineral phase (pathway A) or proceeds by sequential
precipitation (pathway B), depending on the free energy of activation (AG) associated with nucleation (n), growth (g), and phase transformation (t) (readapted with permission from
[17]). (B) Model of ACP structure (Posner’s cluster), readapted with permission from [1] (license at: http://creativecommons.org/licenses/by/4.0/).

(HPOy)3]*", which then precipitate as ACP; the continuous Ca®>* uptake
converts ACP into OCP and subsequently into apatite. For further details
about the pre-nucleation clusters theory and crystallization, the reader
is referred elsewhere [28].

In the structure of ACP, water plays a role, too: the freeze-dried ma-
terial contains a relevant amount (15-20%) of bound water, which is lo-
cated in the interstices between the Cag(PO4)¢ clusters [29]. When
heating ACP, water is removed from the cluster according to two differ-
ent mechanisms depending on the interaction of water molecules
within the cluster: loosely bound water molecules adsorbed on ACP sur-
face and more strongly bound inter-cluster water molecules. The first
step is reversible, while the second is not [4].

3. Stability of ACP and stabilization strategies

Unless stabilizing agents are present in solution, when ACP forms or
when it is dispersed in an aqueous medium, it rapidly hydrolyses and
subsequently converts into more stable crystalline forms of CaP. The
highly instable nature of ACP was evident since its discovery, as Watson
and Robinson detected the conversion of ACP to hydroxyapatite when
in contact with the synthetic medium [14]. Since then, several works
have addressed the effect of factors such as temperature, pH or presence
of ions/molecules in solution on the crystallization kinetic of ACP. The
conversion of ACP to HA was studied at pH 7.4 as a function of temper-
ature (20 °C and 37 °C), finding that the ACP conversion to HA gets
slower as the temperature decreases [30]. The same observation was re-
ported by Boskey and Posner, who studied the conversion at pH 8 at 48
°C, 37 °C, 26 °C and 10 °C: the authors demonstrate that an increase in
temperature results in both a shortening of the induction period and
an increase in the rate of crystal proliferation [31]. The induction period
is an important parameter related to ACP stability, and it is defined as
the time after which the first crystalline material forms. It is typically
evaluated from the analysis of the plot of ACP to HA conversion vs reac-
tion time. The obtained sigmoidal curves can be divided into three re-
gions: the “induction period” in which no change in the extent of
reaction is observed, a “proliferation period,” where the extent of reac-
tion rapidly increases, and a “tapering off” period, when the rate of the
transformation slows down.

In addition to the temperature effect, the influence of pH at a given
temperature was also investigated with the same method, showing
that the length of the induction period increases from pH 6.8 to 10
[31]. A successive investigation at higher pH (9.25-12.80) showed
that the maximum stability of the amorphous phase is reached at pH
10.25, with a subsequent decrease in the lifetime of the amorphous
phase, suggesting a different crystallization mechanism in highly alka-
line media [32]. In addition to temperature and pH, it was recently

reported that the formation of CaP in confined environments can lead
to the stabilization of the amorphous precursor [33,34]. Besides the ef-
fect of the cited factors, the presence of ions, molecules and macromol-
ecules in solution has a dramatic impact on the lifetime of ACP. In the
following sub-sections, the three categories will be separately reviewed.

3.1. lons

The interaction of calcium and phosphate ions leads to the formation
of ACP, which quickly coalesces into clusters large enough to separate
from the solution before having the possibility to rearrange into ordered
nuclei [35]. It is not surprising that foreign ions in solution affect the for-
mation and the subsequent crystallization of this mineral; for instance,
the stabilizing role of magnesium is of paramount importance and has
been explored since ACP discovery [36-50]. In the human body, magne-
sium is mainly located in the bone, muscles and non-muscular soft tis-
sue (~24 g of magnesium in an average 70 kg adult, 42 times less
abundant than calcium) [51]. Despite the low content in hard tissues
(0.44% wt in enamel, 1.23% wt in dentine, 0.5-0.9% wt in cementum
and 0.72% wt in bone [1]), Mg?* plays an important role in the forma-
tion of hydroxyapatite and in the mineralization of hard tissues [52]. A
seminal work on this topic is the kinetic study by Boskey and Posner,
who investigated the conversion of ACP to HA at different Mg concen-
trations [37]. The authors report that an increase in Mg/Ca ratio from 0
to 0.04 results in a ~9 times increase in the induction period at 26 °C, ~4
times at 37.5 °C and ~ 7 at 48 °C (experiments conducted at pH=8).
They concluded that the presence of Mg?* decreased the solubility of
ACP, while Bachra et al. attributed the stabilization effect to Mg?* ability
to form stronger complex than Ca®* with phosphate [36]. The group of
Christoffersen et al. suggested that Mg?* slows the transformation of
ACP1 to ACP2, being ACP1 the initial fast-precipitating spherular amor-
phous form of CaP, which converts into a floccular form called ACP2
[42,46]. Abbona and Baronnet [45] reported that magnesium does not
affect the formation of ACP1, but prolongs by at least four times the
induction period of HA; moreover, it exerts strong effects on morphol-
ogy, crystal perfection, nucleation and growth kinetics. According to
the authors, the stabilizing action is ascribed to the initial Mg?* substi-
tution for Ca®>* in Posner's clusters, which induces mechanical strains
and hinders HA nucleation; Mg?" adsorption onto the surfaces of ACP
and of HA crystallites has an effect, too. In some conditions, ACP pre-
pared in the presence of magnesium can reach impressive stabilities:
for instance, the amorphous phase can last up to 145 days when ACP is
prepared at pH 10, 32.5 °C and with Mg/Ca ratio 0.25 [41]. Despite the
large number of investigations conducted from the sixties, the precise
role of Mg?* on HA formation is still considerably debated, as shown by
the several papers published on this topic in the last decade [52-56].
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According to Yang et al., the formation of magnesium- phosphate ion
pairs may reduce the thermodynamic driving force for ACP nucleation
and phase transformation to HA [53], while the role of Mg?* ions at the
surface was elucidated by Ding et al. [54]. From the literature data
reported so far, it is clear that the precise pathway through which Mg?*
stabilizes the amorphous phase, which possibly results from the combi-
nation of multiple mechanisms, is only partly established, and requires
further investigations. The fact that magnesium is so effective in stabiliz-
ing the structure of ACP play animportantrole in preservingitin vivo[35],
as it will be discussed in section 4.

In addition to Mg2 *, the effect of several other cations on ACP stabil-
ity/HA formation has been examined in the past. For instance, Ga>* is
reported to slow down HA nucleation and/or growth kinetics [57]; sim-
ilarly, Cd>* has an inhibitory effect on HA nucleation and growth [58].
Sr2* [36,59] and Zn?* [60] have also shown to delay calcium phosphate
crystallization, to a lesser extent than Mg?* (inhibition efficiency Zn?*
<Sr?t <Mg?* [59]). A synergistic effect of these ions has been observed
by LeGeros et al. [61,62]. In addition to cations, also some anions influ-
ence the stability of ACP: according to Eanes et al., small amounts of
fluoride (F') reduce the stability of OCP, which is often the intermediate
phase in the ACP to apatite conversion [63], while other reports sug-
gested its role as inhibitor in apatite formation [36,64]. The stabilizing
role of pyrophosphate (P,0%") [59,64,65] is significant from a biochem-
ical perspective, as this ion is produced in cells as a consequence of ATP
(adenosine triphosphate) hydrolysis. The effect of CO3 is controversial:
while some authors suggested that it is not involved in ACP stabilization,
only reducing HA crystal size [66] or modifying the structure of the
amorphous precipitate [67], LeGeros et al. reported an enhancement
of ACP stability because of the action of carbonate ions [62]. Citrate
ions (CgHs03) also influence ACP formation and stability. This ion
plays an important role in bone biomineralization, as it strongly inter-
acts with apatite crystals; it has been recently shown that about one-
sixth of bone-apatite crystallites are strongly bound with citrate [68].
The first reports indicated that its presence in calcium and phosphate
solutions slows down OCP and HA crystal growth because of surface ad-
sorption of negatively charged ions [69)]. It has been recently shown that
citrate takes active roles during the early amorphous stage, far before
crystal nucleation, and that the association of citrate on the ACP surface
has paramount effects in controlling HA crystal nucleation [70]. As car-
bonate and citrate ions are minor but essential components of human
hard tissues, a deeper understanding of their effect on ACP formation,
structure and stability is certainly worth of investigation.

3.2. Molecules and macromolecules

There is a great number of biologically-relevant molecules that some-
how influence the amorphous stability and/or the pathway to form the
crystalline calcium phosphates. Among them, ATP has been investigated,
as it was found to stabilize ACP in the mitochondria of cells from the he-
patopancreas of the blue crab [71,72]. Wuthier et al. studied the kinetics
and nature of mineral formation that occurs when small amounts of Ca*
are added to a buffer which mimics the cytosol of epiphyseal
chondrocytes, with and without ATP [73]. In the presence of ATP, ACP
was the only solid phase detected, being stable for at least 24 h; however,
in its absence, ACP rapidly converts to DCPD (Dicalcium Phosphate
Dihydrate). Interestingly, both ATP and ADP (adenosine diphosphate)
act as stabilizing agents, while AMP (adenosine monophosphate) is inef-
fective [74,75]. The mechanism of ATP stabilization was investigated by
Posner et al., who proposed that ATP prevents HA formation by
(a) poisoning heterogeneous nucleation sites in the transformation sys-
tem and/or (b) binding to embryonic HA nuclei preventing their growth
to the critical nucleus size [44]. The effect of ATP is often studied in com-
bination with Mg?*, and the two species synergistically act to delay the
conversion of aslurry of ACPto crystalline HA [43]. In some cases, the con-
version is delayed more than 10 times with respect to either ATP or Mg?*+
alone; this effect is due to the fact that crystallization begins only when

ATP in solution has decreased through hydrolysis to an undetectable
level, and Mg?* is able to reduce substantially the rate of the ATP
hydrolysis.

The influence of some naturally-occurring biomacromolecules
which can be found in human body has been explored: to cite some ex-
amples, casein phosphopeptide (derived from the milk protein casein
by tryptic digestion [76]) binds calcium and phosphate ions in an amor-
phous state, through the formation of complexes (see section 5.1 for
further discussion) [77]. Proteoglycans, heavily glycosylated proteins
which play a role in regulating mineralization processes, are potent in-
hibitors of HA formation [78,79]. Phosphatidylserine (PS), an acidic
phospholipid which is concentrated in matrix vesicles (organelles be-
lieved to be the site of initial bone, dentine and cartilage calcification
[80]), has a variable effect on in vitro HA proliferation: PS promotes
in vitro mineralization in systems in which calcium-PS-phosphate com-
plexes are allowed to form [81], while it inhibits in vitro mineralization
when incorporated into liposomes [82]. Other studies highlighted that
when PS is added before the precipitation of ACP, the effects are quite
different from those obtained when the lipid was added after ACP
was already formed [83]; in the first case, ACP transforms relatively
quickly into HA, while in the second scenario ACP only partially con-
verts to apatite by 23 h. Successive studies indicated that PS binds to
HA crystals and therefore retards the proliferation of these mineral
crystals [84]. The effect of bile acids was also investigated, given the
fact that HA can comprise up to 30% of the total mass of black pigment
stones [85]. Taurocholic acid does not influence the stability of the
amorphous phase, while glycochenodeoxycholic acid prevents trans-
formation of amorphous calcium phosphate to crystalline HA by com-
petitively inhibiting the accumulation of phosphate on the crystal
embryo surface [86].

3.3. Synthetic polymers

In addition to the naturally-existing macromolecules, whose effect
on ACP has been described in the previous paragraph, some synthetic
polymers display the ability to slow down the conversion of ACP to crys-
talline calcium phosphates. Despite their synthetic nature, the study of
their interaction with amorphous phosphates is relevant in view of
their inclusion in ACP-based biomaterials, such as in the field of bone
and teeth remineralization. For instance, the presence of poly(ethylene
glycol) (PEG) in ACP-forming solutions enhances the lifetime of the syn-
thesized amorphous phase [87,88]; moreover, it was observed that ACP
prepared with different PEG content shows structural differences,
which lead to crystallization of a-TCP (tri-calcium phosphate), biphasic
/3 -TCP or 3-TCP after heat-treatment at 800 °C [89)]. Li et al. compared
the effect of PEG, PVA (poly(vinyl alcohol)), and PVP (polyvinylpyrroli-
done), by preparing Ca?*-polymer complexes and reacting them with
a phosphate solution to obtain ACP [90]; they showed that ACP precipi-
tates could be formed in the presence of PVA or PEG while only crystalline
HA was formed in the presence of PVP. Recently, the functionalization
with PEG chains was exploited to produce stable ACP nanoparticles [91]:
the grafting with the polymeric chains allowed for an extended stability
of the ACP powder (1 year) and for a better redispersibility (narrow parti-
cle size distributions in methanol without any sedimentation after 3
months) because of the formation of PEG brushes onto the individual
ACP nanoparticles. Urch et al. studied the effect of PVP and PEI
(polyethyleneimine) on the formation of CaP particles with adjustable
dispersibility and crystallinity [92]. The influence of PEO (polyethylene
oxide) was studied by Antonucci et al., in combination with some non-
ionic and anionic surfactants [93]: while the introduction of amphiphilic
molecules during the spontaneous precipitation of ACP stabilized
the amorphous solid phase against the conversion to HA, the presence
of PEO resulted in a more pronounced ACP particles’ agglomeration. Cat-
ionic surfactants also exert an effect on ACP: Selmani et al. recently
showed that, depending on their aggregation state (monomers or mi-
celles) and on the geometry of the aggregate of the investigated
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surfactant (dodecyltrimethylammonium bromide), different outcomes
on the rate of ACP transformation were obtained, as well as effects on
the morphology of the amorphous and crystalline phases [94]. Poly
(acrylic acid) (PAA) was used to produce ACP precursors to be studied
in the remineralization of dentin collagen [95]. In the experimental con-
ditions employed, when no PAA was present, ACP converted to HA in
few minutes. The addition of PAA in the medium, at a concentration of
100 pg/ml, inhibited the transformation kinetics, as such amorphous-
crystalline transition was not completed until 8 hours. PAA effect was
dose-dependent, as 500 pg/ml resulted in a stable ACP phase up to 10
days, while with 1000 pg/ml no crystalline HA was observed after 30
days. The PAA effect had been previously reported by Amjad [48]. Ofir
et al. studied the effect of some polyelectrolytes (polystyrene sulfonate,
PSS, poly-L-glutamic acid, PGA, and poly-L-lysine, PLL) at different molec-
ular weights (My,) on the kinetics of ACP to HA transformation, finding a
concentration-dependent mechanism: all polymers induced nucleation
of HA when at low concentrations, while they inhibited it at high concen-
trations [96]. The authors hypothesized that, at low concentrations, poly-
mers’ chains adsorb on the surfaces of ACP particles in random
conformation and, as a consequence, a large number of small and highly
charged particles are created, which concentrate Ca® or HPOZ ions, pro-
viding effective sites for secondary nucleation (see Fig. 2A). On the other
hand, in the concentrated system, the polyelectrolytes spread on ACP sur-
face and cover it, inhibiting the transport of ions to the template surface
(see Fig. 2B). The investigated polyelectrolytes displayed a different inhi-
bition efficiency, following the trend PLLiow mw = PLLighmw < PSS
< PGALowmw < PGAHighvw-

Poly(amino acids), such as poly-glutamic acid and poly-aspartic
acid, are often investigated as they represent simple systems which
mimic the non-collagenous acidic proteins involved in bone formation
[97]. Many studies have been devoted to the analysis of their interaction
with HA or OCP [98-101], but these polymers also display an action on
ACP lifetime. Termine et al. showed that ACP is 60 times more stable
when prepared in the presence of poly-L-glutamic acid, suggesting
that acidic amino acid side chains may represent crucial sites for any
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Fig. 2. Drawing of ACP particles formed in the presence of a negatively charged
polyelectrolyte: (A) low polyelectrolyte concentration - induction of HA nucleation and
(B) high polyelectrolyte concentration - inhibition of HA nucleation (readapted with
permission from [96]).

given macromolecule-mineral interaction in biomineralization pro-
cesses [64]. Recently, poly-aspartic acid was shown to exert a different
effect on ACP when in solution or in a confined environment: ACP crys-
tallization was reported to occur faster in membrane pores than in bulk
solution in the presence of this polymer, which apparently promotes
nucleation when located on a substrate, while behaving as an inhibitor
in solution [102].

In conclusion, many strategies for the stabilization of amorphous CaP
have been investigated; it is important to highlight that the present
paper is focused on amorphous calcium phosphate, therefore only the
most significant examples relative to this specific category of CaP have
been discussed. For a comprehensive overview of the effect of various
polymers and complex fluids on the formation of different forms of cal-
cium phosphates, the reader is referred to other comprehensive reviews
[103-105].

4. Occurrence of ACP in human body
4.1. Bone

The issue of the presence of ACP in the skeletal tissue of mammalians
is highly controversial. In 1955 Robinson and Watson, while studying
the crystal-collagen relationship in bone by means of electron micros-
copy, first hypothesized that “the less distinct electron diffraction pat-
tern obtained on recently calcified bone matrix suggests that [...]
some of the observed inorganic components in newly formed bone
may not be in a crystalline form” [106]. About a decade later, Harper
and Posner [107] and Termine and Posner [108] tried to quantify ACP
in bone mineral. Their early X-rays diffraction estimates detected the
presence of ~40% of amorphous mineral in bones of different animal
species, its amount decreasing with the increasing age of the animal
[109]. The theory of ACP as a bone component was supported by the ev-
idence that the inorganic matrix of bone displays a very broad X-rays
diffraction pattern, which is not compatible with the exclusive presence
of crystalline hydroxyapatite [107]. However, some years later, Posner
himself reevaluated his own conclusions [110]: by examining the X-
ray radial distribution function of mature mammalian bone (being ra-
dial distribution function a plot of atomic density vs atomic separation,
which gives information about the atomic structure of a material), he
concluded that “it is probable that fully developed bone mineral cannot
contain over 10% of a phase which is a close analog of the synthetic
amorphous calcium phosphate”. He proposed that the substitution of
carbonate in the hydroxyapatite structure and the internal structural
disorder that it provokes are responsible for the experimental broad dif-
fraction pattern. Later, Grynpas et al. [111] studied the young bone min-
eral of embryonic chicks which, according to the age-dependence of
ACP content in bone [108], should be rich in amorphous material; nev-
ertheless, by using the radial distribution function method, they found
no evidence of the presence of ACP in any of the samples studied.
They concluded that “the widely promulgated and held "ACP theory",
which has proposed that the initial solid mineral phase deposited in
bone is an ACP, and that the progressive conversion of this ACP to poorly
crystalline hydroxyapatite accounts for the compositional and X-ray dif-
fraction changes accompanying aging and maturation of the mineral
phase, is no longer tenable”. This conclusion does not imply that the
crystallinity of bone is age-independent, as a large body of literature
data supports the evidence that crystallinity increases as mammalian
bone gets older [112-114]; however, this observation is not related to
a different content of ACP, but rather to an increase in crystallite size
and/or a decrease in lattice imperfections [115]. Besides X-rays diffrac-
tion or infrared spectroscopy, morphological investigations have been
useful in the detection of amorphous-rich zones in bone [35]. A limited
number of early transmission electron microscopy (TEM) studies,
avoiding aqueous processing of bone specimens, reported the presence
of spheroidal particles near to crystal-rich areas of bone tissues, which
displayed hazy and diffuse electron diffraction patterns [116-118].
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Nevertheless, at that time, the majority of TEM studies did not mention
the presence of ACP-like structures [35].

From these literature data, it is evident that the controversy of ACP in
bone was a topic of considerable debate for a long time. In 1997, Boskey
reported that at the beginning of the ‘90s this discussion was overcome
by the application of high resolution techniques that succeeded in re-
vealing that 99% of bone mineral consists of poorly crystalline hydroxy-
apatite [21]. However, some issues still need to be addressed: first, it
should be kept in mind that the characterization of the newly formed
mineral deposits in a tissue without their alteration during sample prep-
aration and/or analysis is challenging: the use of wet and/or poorly
preserved samples can trigger the conversion of ACP into more stable
apatite or OCP; moreover, water removal can affect ACP stability, as its
dehydration can lead to premature crystallization [4]. Another potential
reason for the inability to detect biogenic ACP in bone tissue is the hy-
pothesis that ACP does not exist as separate particles but, instead, as a
layer on apatite crystals [35]. When Eanes proposed this theory, there
was no experimental evidence to support it, even if the formation of
an amorphous coating on apatite crystals had already been observed
in in vitro experiments in physiological-like solutions [119]. About ten
years later, thanks to the great advances in the sampling and character-
ization techniques, his hypothesis was validated by experimental analy-
sis: solid-state nuclear magnetic resonance experiments, in combination
with wide-angle X-ray scattering and cryogenic transmission electron
microscopy, allowed for the detection of an amorphous calcium phos-
phate layer that coats the crystalline core of bone apatite [120]. It is pro-
posed that the surface ACP layer would allow the binding of a significant
amount of water molecules, able to mediate the orientation of the
apatite crystals.

An issue which is closely related to the presence of ACP in mature
bone is the involvement of this amorphous material as a precursor of
apatite formation in the biomineralization process, especially consider-
ing that Nature often takes advantage of a transient precursor amor-
phous phase for crystals formation [121]. We have previously
discussed ACP formation in simple aqueous solutions, reporting that
the amorphous precursor to crystalline calcium phosphates can only
form in sufficiently concentrated solutions of calcium and phosphate
ions. In serum, these concentrations are lower than it would be neces-
sary for triggering the precipitation of ACP [22,122]; nevertheless, the
in vivo bone formation process is much more complicated than what
simple thermodynamic considerations about mineral precipitation
would predict. The biomineralization route is believed to involve the
formation of the mineral phase in matrix vesicles rather than in extra-
cellular skeletal fluid; these vesicles can be defined as small spherical
bodies bounded by a lipid bilayer, often associated with small crystals
of calcium phosphate mineral [80]. It is beyond the purpose of this
work to delve into the fascinating details of bone formation and of the
biomineralization process, but it is sufficient to point out that ACP can
readily form under such compartmentalized conditions, as it was
shown in studies with synthetic liposomes [82]; therefore, the possibil-
ity that ACP is involved in bone formation is not to be ruled-out, given its
ability to form intracellularly in these vesicles [123]. In the last decade,
some studies were published supporting the theory of bone mineral for-
mation through ACP; even if these publications do not address specifi-
cally the human bone, the findings are of outmost importance to make
some speculations of what may happen in our body. In 2006, Crane
et al. studied early mineral deposits in mice calvaria by means of
micro-Raman spectroscopy, showing that OCP is a precursor phase of
bone apatite, and suggesting that ACP may form before OCP [124]. The
theory of OCP as a precursor to bone mineral had been proposed in
the past by Brown [125-127], and the report by Crane et al. is a signifi-
cant step towards its demonstration. Despite some distinguished opin-
ions considered this paper a strong evidence of the transient precursor
strategy in vertebrates [128], others confuted the conclusions of the
work, claiming that “care must be taken before pronouncing that detec-
tion of non-apatitic phosphates is the proof that OCP and/or ACP is the

nucleating phase for in vivo vertebrate biological bone apatite” [129].
Few years later, Mahamid et al. showed that in the continuously
forming fin rays of a zebrafish the newly formed bone contains large
amounts of ACP [130]. Moreover, using synchrotron microbeam X-ray
diffraction and small-angle scattering combined with cryo-scanning
electron microscopy, they managed to demonstrate that the new
mineral is delivered and deposited as packages of ACP nanospheres,
which transform into platelets of crystalline apatite within the collagen
matrix [131]. The mineral formation in larval zebrafish caudal fin bone
was successively studied in vivo by Weiner and Addadi [132]: by
means of fluorescence and cryo-SEM-microscopy, in combination
with Raman and XRF spectroscopy, they detected the presence of intra-
cellular mineral particles, which consist of a disordered calcium phos-
phate phase with characteristic features of OCP, located both between
bones and away from the mineralized bone, in close association with
blood vessels. These findings challenge the interpretation that mineral
formation occurs in osteoblast cells juxtaposed to bone, and may shed
light on bone mineralization processes in other vertebrates, including
humans. The presence of large amounts of mineral particles bound to
membranes in the mitochondria of osteoclasts and osteoblasts was de-
tected by the same group in the rapidly forming embryonic chicken
bone, suggesting new pathways of bone formation [133]. The
templating effect of collagen fibrils on the growth on bone mineral
phase, which is currently of great interest to the biomineralization re-
search [134-136], will not be addressed here. We only point out that
it was recently shown by TEM analysis that disordered collagen fibrils
may play a role in stabilizing ACP and give rise to a mix of amorphous
and crystalline bone mineral [137].

In conclusion, the presence and the role of the amorphous mineral
phase at the nanoscale in bone has garnered much attention in biomin-
eralization research community. It appears that ACP acts as the precur-
sor for the formation of bone mineral phase, and some evidences in
animal experiments suggest that it may be found as a component of ma-
ture bone; despite these indications, in 2016 Addadi et al. reported that
“there is no direct evidence that crystals form de novo inside the colla-
gen fibril from a saturated solution or from an amorphous precursor
phase” [123]. Therefore, as the topic is highly controversial and is cur-
rently the subject of active research from many different groups, we be-
lieve that in the future new findings on the biomineralization process
will probably reshape these statements, further clarifying the role of
ACP in bone formation.

4.2. Tooth enamel

Enamel is the hardest and most mineralized tissue of our body, hav-
ing a total inorganic component of 97% wt [1]. Together with Ca?* and
phosphate, it contains impurities of CO%™ (3.5% wt), Na*t (0.5% wt) and
Mg?*(0.44% wt) [1]. The mineral matrix can be described as a dense
array of needle-shaped carbonated apatite crystals (diameter ~50 nm
and length of tens of um), whose crystalline c-axes are aligned and
form micrometric rods. These mineral rods, whose shape differs from
the plate-like apatitic crystals of bone and dentin, form an intricate 3D
network that constitutes the bulk of enamel [138]. This peculiar ar-
rangement reduces cracks propagation, enhancing its mechanical
strength and fatigue resistance [139]. Unlike bone and dentin, enamel
is acellular and therefore does not resorb or remodel [140]. The organic
phase does not contain collagen, being mainly composed by amelogenin
(hydrophobic), ameloblastin (amphiphilic and acidic) and enamelin
(hydrophilic and acidic), which are the proteins involved in the miner-
alization of enamel crystals [19,141]. Dental enamel formation (i. e.
amelogenesis) is a complex process, which is the result of combined cel-
lular and extracellular processes that control growth, shape, location
and arrangement of the forming crystals [142,143]. The presence of
transient mineral phases in developing enamel has been suggested in
several studies starting from the eighties, as it was reviewed by Beniash
et al. [138]; in 2009, it was proved that the mineral nascent enamel
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consists of a transient ribbon-shaped ACP, which in time transforms into
the final apatitic crystalline mineral [138]. The authors of this study hy-
pothesize that the transformation may be triggered by proteolytic deg-
radation of the enamel matrix proteins, which directly control the shape
and organization of the mineral particles. The crucial role of amelogenin
and enamelin in ACP stabilization was demonstrated in successive stud-
ies [144-146], as well as the importance of their self-assembly in the
stabilization of pre-nucleation clusters [147]. For a detailed overview
about this post-classical enamel biomineralization theory, which in-
volves the amorphous precursor, the reader is referred to the review
by Simmer et al. [148].

In addition to its role as a transient precursor of crystalline apatite, it
was recently reported that a Mg-substituted amorphous calcium phos-
phate (Mg-ACP) is present in mature enamel [149,150]. It was first
shown by atom probe tomography that in regular rodent enamel, the
Mg?* present (0.2-0.5% wt) segregates at grain boundaries; the analy-
ses by means of X-ray absorption near-edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) revealed that the
environment of most Mg?* in enamel exhibits short- to medium-
range order, showing the same spectrum of Mg-ACP [149]. This endur-
ing amorphous phase has a dramatic influence on the physico-chemical
properties of enamel. In 2016, La Fontaine et al. reported a direct obser-
vation of an intergranular Mg-rich ACP phase between apatite nano-
wires in human mature enamel, by means of laser-assisted atom
probe tomography [150]. In the same study, transmission electron mi-
croscopy investigations revealed that the amorphous layer is ~2 nm
wide, and that it is homogeneously distributed along all sides of apatite
nanowires. This Mg-ACP phase is more soluble than crystalline apatite,
making thus enamel rod boundaries the most susceptible area to
decay. As we described in paragraph 3.1, Mg?* is known to stabilize
the amorphous phase of ACP; therefore, the fact that this ion is concen-
trated along the grain boundaries of enamel rods is likely the responsi-
ble for the amorphous structure of that region.

4.3. Small intestine

The inclusion of small intestine as a location where amorphous cal-
cium phosphates can be found in human body is probably unexpected
for the reader; nevertheless, as we will discuss in this paragraph, it
was recently reported that amorphous magnesium-calcium phosphate
(AMCP) particles can form in the gut lumen and have a role in the im-
mune surveillance of the organism [151,152]. It is known since a long
time that Ca>* and phosphate ions are actively secreted from the intes-
tinal mucosa into the lumen (in particular, the former ion in the jeju-
num and the ileum, while the latter in the ileum) [153]. These
secretions, known as “endogenous losses”, despite the little contribu-
tion to Ca>* homeostasis in the organism, are maintained even under
calcium and phosphorous-poor diets, suggesting that their biological
function is of uppermost importance [151,153].

In 1967 Schedl et al., while studying calcium and phosphate concen-
tration in dogs’ intestine, first suggested that a portion of these ions
forms a precipitate [154], which comprises about one-third of the se-
creted Ca®* [155]. The group by Powell, which pioneers the study of
these endogenous particles, in 1999 showed that, in rats, this precipitate
consists of particles < 2 pm, with a Ca:P ratio of ~5:3, similar to the one of
hydroxyapatite [156]. The same group then hypothesized that these
particles could bind lumen biomolecules (toxins and antigens) and
then be scavenged by the M-cells-rich mucosa overlying intestinal lym-
phoid aggregates, thus promoting immune tolerance [153,157]. With-
out entering in biological details, it is important here to mention that
M-cells are able to capture and transport microparticles and nanoparti-
cles from one side of the cell and release them to the opposite site
(transcytosis) [158]. Tolerance can be defined as the prevention of an
immune response against a specific antigen; for instance, the immune
system is tolerant of self-antigens, thus avoiding the attack of the body's
own cells, tissues, and organs. However, when tolerance is lost,

disorders like autoimmune diseases or food allergies may occur. The
conclusive evidence of the existence and the role of these endogenous
particles was given in 2015, when Powell et al. isolated and character-
ized them, showing their precise function in our body [151]. By
collecting the particles from the distal small bowel contents of both
humans and mice, the authors found out that the endogenous particles
are: (i) constituted by calcium, magnesium and phosphate; (ii) porous;
(iii) amorphous; (iv) able to incorporate molecules present in the gut
lumen. The amorphous nature of AMCP particles in the intestinal juice
is certainly favored by the presence of Mg?* and by the relatively high
pH of the ileum [159], and their properties are affected by the presence
of biological macromolecules [160]. AMCPs are abundant in the gut
(Powell and coworkers estimate the presence of ~2 x 10'* luminal par-
ticles/day) and they chaperone antigens and peptidoglycans from the
lumen to the immune cells of the intestinal tissue (i.e. antigens present-
ing cells, APCs, located in the Peyer's patches) via M-cells. This process
induces the expression of programmed death-ligand 1 (PD-L1) on the
surface of APCs, promoting immune tolerance. This mechanism (see
Fig. 3), hypothesized by the same group, was demonstrated by means
of specific investigations. First, mice fed with a diet low in Ca and P
showed, in Peyer’s patches, phosphorous-deficient AMCPs (if compared
to the ones found in mice fed with diets replete in Ca and P); this evi-
dence supports a lumen-to-Peyer’s patch route for the particles. Then,
the nanomineral was almost absent from the Peyer’s patches of mice
lacking M-cells, proving their essential role for the transit of AMCPs
from the lumen to the intestinal tissue. AMCPs were successively
shown to have implications in pathological conditions, such as Crohn’s
disease [161], and biological pathways, as the reduction of T-Helper
cell responses to recall antigens [162]. The group of Powell also pre-
pared synthetic analogs of AMCPs and reported that, in vitro, the parti-
cles have a marked capacity to trap macromolecules during formation
and deliver them to APCs, without regulating any gene or modifying
any gene regulation [163].

From a chemical perspective, many interesting issues arise from the
features of these particles: for instance, is the amorphous nature neces-
sary to achieve their biological function? Can crystallization processes
occur in vivo and, if so, are the crystalline particles still able to incorpo-
rate macromolecules and transport them to APCs? Do dysfunctions in
the pH of the ileum and/or Mg?* concentration affect the formation
and the stability of AMCPs? We believe that in the next future the char-
acteristic and the role of these newly-discovered amorphous particles
will be clarified.

4.4. Calciprotein particles in blood

The concentration of calcium and phosphate ions in serum is super-
saturated with respect to apatite: if we simply consider the ion activity
product of [Ca?*], [PO3] and [OH ], together with the solubility product
(Ksp) of hydroxyapatite, we obtain a degree of supersaturation ~12 for
this mineral [164]. That would mean that any nucleation event (contu-
sions, injections, fractures etc...) would result in a dramatic and cata-
strophic calcification of muscles, blood, skin and brain [164]. This does
not happen because serum contains many substances, such as proteins,
that are able to bind the cited ions and modulate biomineralization pro-
cesses. In normal situations, CaP calcifications are restricted to bone and
teeth; ageing and diseases (atherosclerosis, arthritis, diabetes, cancer...)
can cause the alteration of regular pathways, resulting in ectopic crystal
depositions (i.e. inappropriate biomineralization occurring in soft tis-
sues [165]). Among serum proteins, albumin and fetuin-A (Fet-A, in
humans known as a;-Heremans Schmidt glycoprotein) are particularly
relevant. Albumin is the most abundant blood protein in mammals and
acts by binding free Ca®" to its acidic residues, thus reducing its
supersaturation in serum [166]; nevertheless, in spite of its low concen-
tration, the most efficient protein in inhibiting serum calcifications is
Fet-A. This liver-derived plasma protein, although circulating at around
one-hundredth the concentration of albumin (~0.7 g/L vs ~46 g/L[167])
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(i) Calcium phosphate nanoparticles form
as a result of Ca* and P ion precipitation
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Fig. 3. Action mechanism of AMCPs: (i) formation of the nanoparticles, which trap antigens; (ii) AMCP-antigen complex is transported to APCs through M-cells (reproduced with

permission from [152]).

is much more efficient in preventing ectopic calcifications. Rather than
binding to Ca®* single ions, like albumin does, Fet-A binds to nascent
clusters of calcium and phosphate ions, forming the so-called
calciproteins particles (CPPs) [168]. The formation of CPPs can thus be
regarded as a defense mechanism against the precipitation of CaP in
the blood, urine and soft tissues: in fact, mice lacking Fet-A suffer from
severe ectopic calcifications [169]. These mineral-protein complexes
were first detected in 2002 by Price et al. who observed, in the serum
of rats treated with doses of the bone-active bisphosphonate etidronate
(that inhibit normal bone mineralization), the formation of a complex
constituted of 18% mineral, 80% fetuin, and 2% matrix Gla (-
carboxyglutamic acid) protein [170]. Several studies from the group of
Jahen-Dechent contributed to unravel the features of these mineral-
organic complexes: using TEM and DLS (dynamic light scattering)
they showed that CPPs have diameters of the order of 25-150 nm and
are initially constituted of amorphous calcium phosphate [168]. The
in vitro analysis of CPPs revealed that, in time, the initial CPPs transform
into mature secondary CPPs, each consisting of a needle-shaped core of
OCP covered by a shell of Fet-A [171,172]. These two stages of CPPs are
often referred to as “CPP1” for the primary amorphous particles, and
“CPP2" for the secondary crystalline CPPs [166,173]. In 2009, a time-
resolved synchrotron SAXS (small angle x-ray scattering) study showed
that Fet-A does not influence the formation of mineral nuclei, whereas it
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coats the surface of the initially-formed ACP particles, acting as a barrier
that prevents further cluster aggregation (see Fig. 4A) [174]. Over time,
however, the particles may aggregate and form crystalline CaP particles;
all the factors that enhance ACP lifetime (alkaline pH, concentration of
Fet-A, albumin, Mg?*, pyrophosphate...) cause a delay in the conver-
sion of CPP1 to CPP2 (see Fig. 4B). As this transition is associated with
a change in shape and an increase in particles’ diameter [175], a light
scattering-based test was developed by Pasch et al. to measure the over-
all propensity for calcification in serum (“Tsq test”, see Fig. 4B) [176].
The conversion of CPPs from amorphous to crystalline, and the subse-
quent growth of the particles, will result in an enhancement of the
scattered light. The lag time (Tso) measures the time taken for light scat-
tering intensity to reach its half-maximum and reflects the time taken
for 50% of CPP1 to convert to CPP2 [166]. Tso, measuring the maturation
time of CPPs, can therefore give indications about the balance of
pro- and anti-calcification factors in serum or, in other words, of its cal-
cification propensity. This is of outmost importance, as a high serum cal-
cification propensity (i.e. low Ts) is distinctive of patients suffering
from arterial hypertension and/or chronic kidney disease (CKD) [177].
It was very recently proposed the use of Tsq as biomarker for other pa-
thologies, such as systemic lupus erythematosus disease activity [178].
The question that arises at this point is the following: are CPPs pres-
ent in healthy individuals or their existence in serum is solely related to
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Fig. 4. (A) Role of Fet-A in the early stages of mineralization: without Fet-A, ACP forms large aggregates, while in the presence of the protein the primary particles are shielded and the
aggregation is prevented (readapted with permission from [174]). (B) Conversion of CPP1 to CPP2 and the T50 test (reproduced from [166]).
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pathological situations? Clinical studies have shown that CPPs are unde-
tectable in healthy people, while they circulate in the blood of patients
and animal models with CKD, increasingly with the pathology progres-
sion [179-182]. Interestingly, patients suffering from CKD often experi-
ence the so-called “calcification paradox”, as they undergo an ectopic
artery mineralization (and an increase in CPPs) accompanied by de-
creased bone mineral density or disturbed bone turnover [183,184].
CPPs were very recently also connected to diabetes in the study of
Yamada et al,, who found an increase in CPP levels in diabetic patients
in postprandial state (the used method cannot distinguish between pri-
mary and secondary CPPs) [185]. Interestingly, in this study, the amount
of serum CPPs was inversely correlated to magnesium levels; this obser-
vation is particularly relevant if we recall the stabilizing effect which
this ion exerts on ACP lifetime. The formation of mineral nanoparticles
described as CPPs and the simultaneous decrease in the concentration
of Fet-A were shown to occur in human amniotic fluid and fetal mem-
branes in cases of idiopathic preterm birth [186]. The possibility that
CPPs could translocate from the blood to the renal tissue so to form kid-
ney stones was also suggested [187]. From these observations about
CPPs implications in pathological situations, we could infer that CPPs
are pathogenic. However, at the beginning of this section, we learned
that the complexation of Ca?* and phosphate clusters by Fet-A prevents
the formation of large CaP precipitates that would form because of the
supersaturation of blood with respect to apatite. Two hypotheses can
justify these apparently contradictory evidences: (i) the amount of
CPPs is crucial for making them pathogenic; (ii) CPP1 have a different ef-
fect than CPP2. Smith et al. found that high levels of CPPs elicit a pro-
inflammatory response from macrophage in vitro; they reported that
this effect was not seen at low levels of CPPs, suggesting that “these po-
tentially harmful effects are only likely to be encountered in extreme
pathological states where CPP synthesis is very high, or where chronic
exposure has overwhelmed clearance capacity” [172]. They also specu-
late that “low-level physiological CPP production (if any) might be pro-
tective, and unlikely to present a significant pro-inflammatory insult”.
On the other hand, the pathogenic effect of CPPs could be connected
to the different cellular response to amorphous or crystalline CaP: this
hypothesis is supported by the recent work of Aghagolzadeh et al.,
who reported that the exposure of vascular smooth muscle cells to-
wards secondary CPP led to pronounced and concentration-dependent
calcification, whereas exposure towards primary CPP did not [188]. Ac-
cording to the authors, the specific reason for the absence of an effect of
CPP1 on calcification is unknown yet; the presence of ACP rather than
crystalline CaP is one of the possible hypothesis, but the effect of other
factors such as a lower Ca- and phosphate content, the protein content
and/or protein composition, the mineral-to-protein ratio and/or the
size of the particles are not to be ruled out.

4.5. Casein micelles in breast milk

Human breast milk contains all the nutrients necessary for the opti-
mal infant growth and development. Milk is composed roughly of 87%
water, 4% fat, 1% protein, and 7% lactose, though the exact nutrient bal-
ance changes according to the stages of nursing [189]. The 1% of milk
proteins can be grouped into two different classes, namely caseins and
whey proteins; the relative whey/casein ratio varies throughout lacta-
tion, and the frequently cited ratio of 60:40 approximates their average
relation during the normal course of lactation. Recent studies found a
whey/casein ratio ranging from 45:55 to 97:3, and increasing through-
out the lactation period [190]. Despite the low amount of caseins
being present in human milk, this class of proteins has a paramount im-
portance in the complexation and subsequent transport to the infant of
calcium and phosphate ions, at concentrations well beyond their solu-
bility product. “Casein” refers to a family of phosphoproteins (i.e. pro-
teins which are modified by the attachment of a phosphate group
after their biosynthesis); according to the amino-acidic sequence and
to the characteristics, they can be divided into 4 categories: ot;-, Qtsp-,

{>- and k-casein. These 4 classes differ in the amount of phosphate
groups and in the ability to interact with Ca?* (a- and B-caseins are
highly phosphorylated and bind a considerable amount of calcium,
while k-caseins do not) [191]. In human milk, [3-casein is the most
abundant, while ap-casein, present in bovine milk, is absent [190].
What makes this protein so peculiar (this is the reason why it is in-
cluded in this paper) is its ability to form micelles that embed amor-
phous calcium phosphate clusters. Only bovine casein micelles have
been studied in detail [192], but all milks (including human) contain
these colloidal particles [193]. Despite their name, the structure of ca-
sein micelles differs from the one of the classical micelle that we are
used to in colloid science. A typical casein micelle of 100 nm radius con-
tains about 10 casein molecules and 800 nanoclusters of amorphous
calcium phosphate [194]. Casein is thus not assembled in the “hydro-
philic heads out, hydrophobic tails in” typical of the assembly of amphi-
philic molecules in water solutions [195]; rather, the particles result
from the aggregation of the a- and (3-casein fractions with calcium
phosphate nanoclusters and surface stabilization by k-casein. The pre-
cise structure of these micelles has been deeply investigated in the liter-
ature, mainly by means of neutron and X-rays scattering, and it is still a
subject of debate (a collection of all the proposed structural models is
reviewed in [196]). The readers interested in the analysis of the casein
micelles’ structure are referred elsewhere [192,195,197-201]. Here,
we briefly focus on the structure of ACP nanoclusters contained into
them, rather than on the self-assembly of the protein component.

Why does casein interact with calcium phosphate? We previously
mentioned that a- and [>-caseins are heavily phosphorylated. This al-
lows the interaction and strong binding of the protein with Ca?* ions,
that leads to the formation of CaP amorphous nanoclusters. k-casein,
not interacting with calcium, provides the stabilization of the micelles
and prevents their agglomeration. Cryo-TEM investigation on casein mi-
celles revealed that ACP nanoclusters are ~2.5 nm-sized and uniformly
distributed in a homogeneous protein network [202]. Small angle scat-
tering investigations reveal a similar cluster size (2 nm) and a correla-
tion length of 0.35 nm™!, which indicates that each ACP nanocluster is,
on average, 18.6 nm apart from the other [196]. The binding action of
casein slows down the rate of maturation of the amorphous state, and
prevents its crystallization [193]. The amorphous nature of CaP facili-
tates the infant assimilation of calcium and phosphorous, which are es-
sential elements for the formation and growth of its bone tissue.

According to Holt, the ability of casein to bind ACP nanoclusters has
three-fold biological function: (i) the control of CaP precipitation in milk
through ACP sequestration, (ii) the suppression of toxic amyloid fibril
formation that casein would produce in the absence of ACP (iii) the nu-
trition of the neonate [192]. The first two functions are related to the
mother and her ability to lactate: in fact, pathological calcifications or
amyloidosis of the mammary gland would threaten the life of both the
mother and the neonate but also, from an evolutionary point of view,
her prospects for future reproductive success. The role of breast milk
in the building of an effective immune system of the newborns has
been deeply discussed. [203-205] Recalling that ACP-based nanostruc-
tures are involved in gut immune-surveillance mechanisms (see section
4.3), it was speculated that there is a connection between these two sce-
narios, particularly in the tolerance of the neonate towards the antigens
present in the maternal milk [151]. This is indeed a fascinating hypoth-
esis; nevertheless, the possibility that ACP nanoclusters embedded in
casein micelles can survive the transit through the neonates’ gastroin-
testinal tract is remote due to stomach’s acidic conditions.

5. ACP-based biomaterials

In the previous sections, we learned that Nature takes advantage of
amorphous calcium phosphates to build some essential components
of our organism and to achieve specific functions. The first use of CaP-
based materials for biomedical applications dates to 1920, when an aque-
ous slurry of “triple calcium phosphate” was used to stimulate bone
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growth [206]. This study opened up a new field, which is the use of crys-
talline CaPs (mostly apatite-based) as materials for the preparation of
biocompatible ceramics [207,208] and bone/dental cements [209-211].
The reason for the success of these materials follows the logic that
repairing a damaged tissue with something with close resemblance
mightreduce problems due to chemical incompatibility [212]. Moreover,
the idea that ACP-based biomaterials could have some advantages over
their crystalline counterpart recently emerged.

5.1. Dentistry

In the field of dentistry, great attention has been devoted to ACP-
based materials [25,213,214], and in particular to the system casein
phosphopeptide-ACP (from here on, the abbreviation CasPP will be
used for casein phosphopeptide; we will not use the acronym CPP,
widely used in the literature, in order to avoid ambiguities with
calciprotein particles discussed in section 4.4). Casein phosphopeptides
are casein-derived compounds, obtained from the tryptic digestion of
casein and containing the cluster sequence -Ser(P)-Ser(P)-Glu-Glu,
which endows the molecule with the capacity of binding ACP
nanoclusters and to stabilize them [215]. It is claimed that CasPP-ACP
have beneficial effects in teeth remineralization and caries prevention;
CasPP-ACP, in vivo, would act as calcium and phosphate reservoir, by re-
leasing the two ions into the voids on enamel surface, thus contributing
to remineralization [76,216]. Moreover, this complex acts synergisti-
cally with fluoride and enhances the remineralization efficiency [217].
The CasPP-ACP complex was patented by Reynolds from the University
of Melbourne (Australia) and it was included in many commercial prod-
ucts, such as toothpastes, mouthwashes, chewing gums and mints
(trademark: Recaldent™) [218,219]. Although the usefulness of
CasPP-ACP-based treatments nowadays appears solid [215,218], some
doubts on its efficiency were recently raised. In 2008, Azarpazhooh sys-
temically reviewed 98 articles on the clinical efficacy of casein deriva-
tives, concluding that there was insufficient evidence in clinical trials
to draw any conclusion about the long-term effectiveness of CasPP-
ACP [220]. An evaluation of 20 studies by Hani et al., in 2016, showed
that no evidence could be provided to support the use of CasPP-ACP-
based toothpastes. The authors advocated “high quality randomized
clinical trials” before legitimately recommend these products for the
prevention and treatment of early carious lesions [221]. The effective-
ness of CasPP against the treatment of white spot lesions on teeth was
assessed in 2018 by two independent studies, which obtained conflict-
ing results: on the one hand, Rechmann et al. reported that the daily use
of a CasPP-ACP-based toothpaste in combination with fluoride did not
appear to significantly reduce white spot lesions incidence during
fixed orthodontic treatment [222]. On the other hand, Mendes et al.
found that at the end of the 90-day trial, the use of CasPP-ACP and fluo-
ride showed comparable results in terms of remineralization, while the
best white spot lesion remineralization was observed when CasPP-ACP
and fluoride were combined [223]. The discrepancy between the results
of these studies is possibly due to the difference in the adopted proto-
cols, such as the age of the recruited patients and the length of the treat-
ment. Further systematic studies are therefore required to assess the
efficacy of these ACP-based formulations.

Together with CasPP-ACP, other systems containing ACP were pro-
posed in oral science: for instance, at the end of the last century, Skrtic
et al. developed a polymeric matrix derived from ambient polymeriza-
tion of acrylic monomers which embeds ACP as bioactive filler, to be
used as dental sealant and adhesive material [224,225]. The amorphous
nature of calcium phosphate allows for a significant solubility, causing
the gradual release of calcium and phosphate ions that enables the
remineralization activity: in vitro experiments showed that tooth sec-
tions coated with a HA-filled composite experienced a fractional recov-
ery of ~14% of the mineral initially lost during in vitro caries formation,
whereas similarly treated sections coated with ACP-containing compos-
ites regained 71% [226]. However, in contrast with conventional glass

composites, these ACP-based materials display poor mechanical proper-
ties, as ACP powders do not act as reinforcing fillers as in the case of the
commonly used silanized glass; for this reason, the same group succes-
sively described the preparation of silica- and zirconia-modified ACP
fillers for use in bioactive methacrylate composites [224,225].

Recently, the inclusion of ACP nanoparticles in products for dental
remineralization was reported in the literature, for the remineralization
of both enamel [227,228] and dentin [229]. Composites with antibacte-
rial properties were also described [230,231]; carboxymethyl chitosan
and lysozyme nanogels with encapsulated amorphous calcium phos-
phate were shown to increase the dentinal tubule occluding effective-
ness [232].

Several products containing ACP are nowadays available on the mar-
ket of dental healthcare: in addition to the already-cited products based
on CasPP-ACP from Recaldent™, Nite White® ACP and Day White® ACP
are whiteners which are claimed to combine the leading bleaching formu-
las with ACP, that should confer the added benefits of remineralization
and sensitivity management. Enamel Pro®, containing ACP, was found
to deliver significantly more fluoride to both intact and demineralized
enamel than an analogous formulation containing TCP [233]. Aegis®
Ortho a is light-cured orthodontic adhesive containing ACP; this product
demonstrated a low but satisfactory bond strength for functioning as an
orthodontic adhesive [234,235]. It is believed that the efficiency of these
products relies on the fact that ACP rapidly hydrolyzes to form hydroxyap-
atite and, while precipitating on the surface and within the lumens of open
dentinal tubules, it occludes them, resulting in reduced sensitivity. A more
robust scientific evidence of this mechanism is nevertheless required.

5.2. Coatings

The importance of ACP as biomaterial is not limited to dentistry, as
amorphous calcium phosphates display a great potential as hard tissue
repair materials, in the form of coatings, cements or ceramics [4]. The
strategy of coating an orthopedic or dental implant with CaP is quite com-
mon, as the mineral layer above the metallic or polymericimplant should
provide bioactivity and osteoconductivity [236]. Typically, CaPs coatings
obtained by means of plasma-spray techniques are never 100% crystal-
line, as they contain a variable amount of ACP [4]. The crystallinity of
the coating has a deep impact on the stability and the biological response
of the material, and the comprehension of the effect of this parameter on
cells’ behavior is challenging. Early reports suggest that amorphous coat-
ings could be more effective in bone regeneration over their crystalline
counterpart: de Bruijn et al. found that more bone was present on Ti sub-
strates coated with amorphous apatite and tetracalcium phosphate,
when compared to highly crystalline HA and magnesium whitlockite
coatings [237]. It was also reported that polymeric implants coated
with HA or ACP display different osteoconductivity and dissolution
behavior, being the latter highly degradable and allowing for the rapid
replacement by bone which achieves mechanical interlocking with the
surface of the underlying material [238]. The work of Frayssinet et al.
suggested an inhibition of cell proliferation onto highly crystalline HA
coatings [239], while dos Santos et al. found a higher cellular spreading
and a smaller number of cells on the surface of a Ti implant coated with
an ACP layer rather than HA [240]. Yet, it is not possible to state that an
amorphous coating provides a better osteogenic response of an implant
than a crystalline one. A factor which should certainly be considered is
the surface topography of the coating, which is different in the case of
ACP and HA: this parameter affects cellular adhesion and cytoskeleton
structure, making it difficult to evaluate the effect of the sole crystallinity
[236]. In the attempt of solving this issue, Hu et al. synthesized nanopar-
ticles of HA and ACP of the same size (~20 nm) and studied the adhesion,
proliferation, and differentiation of bone marrow mesenchymal stem
cells on films prepared with these particles [241]. Cell adhesion on
nano-ACP, as well as proliferation and differentiation to osteoblasts,
was lower compared to that on the nano-HA. Similarly, Brugge et al.
reported thatamorphous CaP coatings on Ti substrates inhibit the growth
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and osteogenic differentiation of rat bone marrow cells, unlike crystalline
and mixed amorphous/crystalline coatings of comparable roughness
[242]. Moreover, Berube et al. also reported that osteoblast function on
a crystalline HA surface was superior to that on amorphous and poorly
crystalline surfaces [243]. The authors ascribed this behavior to the
extensive dissolution that amorphous coatings encounter, as high cal-
cium and phosphate ions in the surroundings may be detrimental to os-
teoblast attachment. It was suggested that the osteoinductive potential
of the different crystalline forms of CaP in the presence of osteogenic sup-
plements could be ranged as TCP>BCP (biphasic calcium phosphate) ~
HA>ACP [244].

The results obtained on the effectiveness of ACP as a coating material
for orthopedic implants are controversial likely because of the difficulty
in isolating the effect of the crystallinity itself from other features that
affect cellular response: morphology, roughness, wettability and surface
energies influence the surface adhesion of the cells and their prolifera-
tion and differentiation [245-247]. The conclusive evidence of ACP pri-
macy over HA would require the design of coatings differing only in
crystallinity, which is a challenging but necessary task to fully under-
stand the features of CaP-based materials and exploit their
potentialities.

5.3. Cements

In the field of bone cements, some examples in the literature show
that ACP-based precursors can be used to produce CaP cements with
bone-like features. a-BSM ® (bone substitute material), commercial-
ized in the past by Etex Corporation, was constituted by a mixture of
DCPD (50% wt) and ACP (50% wt); when in contact with an aqueous
medium, the rapid hydrolysis of ACP to apatite produced an injectable
paste, which sets in 20 min at 37 °C [248]. After setting, slow hydrolysis
of DCPD to apatite occurred; DCPD crystals acted as seeds to facilitate
apatite nucleation and crystal growth. The paste had the peculiar char-
acteristic of not being able to harden at room temperature, requiring
body temperature for the setting reaction to begin and develop. The ob-
tained final phase was a highly bioactive, fast resorbable CaP cement,
close to bone mineral. The features of this ACP-based cement have
been modified using additives; for instance, it was shown that the
injectability and the setting time can be augmented by the addition of
Na,HPOj, solution to the paste but reduced by the addition of PEG 200,
glycerin, or citric acid [249]. «-BSM ® was also loaded with the growth
factor rh-BMP-2 (a protein involved in the growth and regeneration of
bone tissue) and it was shown to promote in vivo bone healing in animal
models [250-252].

The compressive strength of ACP-based cements can be improved
through the inclusion of poly(ethylenimine) or poly(allylamine hydro-
chloride) (six-fold increase) or bovine serum albumin (two-fold increase)
[253]. The improvement in compressive strength was correlated with a
reduction of crystallite dimensions, suggesting that polycation or protein
adsorption inhibits crystal growth and possibly leads to a larger crystal
aspect ratio. The inclusion of chitosan, sodium alginate or modified starch
in the formulation can enhance the anti-washout ability [254]. ACP-based
cements were also prepared with strontium ions [255,256] and beta-
cyclodextrins [257]. Wang et al. prepared cements by mixing variable
amounts of ACP, PCCP (partially crystallized calcium phosphate) and
DCPA (dicalcium phosphate anhydrous); upon setting, the conversion to
HA is observed [258]. The crystallinity and the degradation rate of the
cements depend on the amount of ACP used. Brunner et al. studied the
effect of the crystallinity of TCP in the preparation of bone cements, show-
ing that the amorphous, nanoparticulate TCP powder shows the most
adequate reaction time for a clinical application with respect to crystalline
TCP [259]. The cells’ response towards ACP-containing cements is again
puzzling: while some authors suggest that the use of ACP instead of crys-
talline CaPs can lead to the formation of bone-like apatite, the study from
Vanden Vreken etal.reported a poor cell viability on the pure ACP cement,
together with a decrease in the crystallinity of the end-product, the setting

time and the mechanical properties (comparing to more crystalline
formulations) [260]. Previously, Oreffo et al. showed an enhanced osteo-
blastic differentiation on a 70% carbonated apatite, whereas cell toxicity
was observed on cells grown on amorphous calcium phosphate [261].
ACP-based cements can also be loaded with actives for a sustained release:
the group of Uskokovic recently described the preparation of CaP cements
containing two different antibiotics and their release kinetic [262]. The
samples were prepared using a variable amount of two different HA
powders (HA1 and HA2), which differ in the duration of the preservation
of the amorphous phase before the final transformation into crystalline
HA; the authors found that the greater the content of HA2 (i.e. the sample
which retains the amorphous nature for a longer time) in the cement, the
slower the setting and the faster the drug release.

Some reports describe the doping of ACP with foreign ions, in the at-
tempt of improving different features of the material; amorphous cal-
cium carbonate phosphate doped with Mg?™, Zn?>* and F ions was
used to prepare cements, revealing that samples doped with F~ had
shorter setting times, greater compressive strength and lower porosity
than those prepared with Mg?* or Zn?>* [263]. Furthermore, addition
of doped ACP to the cement formulation did not affect osteoblastic mor-
phology, viability and activity. In a recent study, Shahrezaee et al. pre-
pared a bioceramic by adding Mg?* to ACP, so to stabilize the
amorphous phase and control the nucleation and growth of HA crystals
formed upon incubation in a simulated body fluid [264]. Their biological
investigation showed that Mg-doped ACP displayed higher biocompat-
ibility than pure ACP.

Besides the cited applications, ACP was also exploited to prepare dif-
ferent kinds of biomaterials, such as composites with poly(lactic acid)
nanofibers [265-268] or porous hollow microspheres for drug loading
and sustained release [269]. This versatility reveals the potentialities
of amorphous calcium phosphate as a biomaterial in several areas; how-
ever, one of the main issues that hampers the full exploitation of its fea-
tures is the conclusive evaluation of the cellular response towards this
material. New systematic studies are therefore essential to definitely as-
sess and control the ACP interaction with cells and living organisms.

5.4. Antibacterial properties

Another attractive feature of ACP is the possibility of including it in
antibacterial formulations. Early works combined ACP with Ag or
other antibacterial agents to obtain a material able to remineralize and
inhibit dental caries [270-274]. Very recently, Wu et al. demonstrated
that, in the nanoparticle form, ACP itself has an intrinsic antimicrobial
activity [275]: in particular, the study compared the effect of ACP and
HA against Gram-positive and Gram-negative organisms. The results
of the investigation demonstrated that ACP is more effective than HA
against Gram-positive organisms, while the two forms of CaP have sim-
ilar antibacterial activity against Gram-negative bacteria. Despite the
mechanism of this antibacterial activity is not yet fully understood, the
paper [275] paves the way towards the use of amorphous calcium phos-
phate as antimicrobial agent that in principle should not induce
antibiotic-resistance phenomena in bacterial strains.

6. Conclusions

Amorphous calcium phosphate has been herein reviewed, with a
particular emphasis on the relevance of ACP-based structures to the
human body. Its formation kinetics and structure, also in the presence
of different stabilizing agents, were first summarized; afterwards, the
occurrence of this peculiar material in several districts of the body was
presented, focusing on the characteristics and on the different biological
functions fulfilled by this mineral. The research on this topic has been
critically analyzed also considering the historical perspective: it was
highlighted that the presence and the importance of ACP in bone forma-
tion has been known for a long time, while the role of amorphous cal-
cium phosphate structures in other sites of our body, such as enamel



230 R. Gelli et al. / Advances in Colloid and Interface Science 269 (2019) 219-235

and intestine, was discovered only recently. The fact that the very same
material has a role in diverse locations and processes is intriguing, and
stimulates a continuous effort in the scientific and medical research,
also in the attempt of including ACP in biomaterials, such as coatings
and scaffolds for bone tissue engineering. Despite the huge amount of
literature on ACP, several contradictory results have been reported
and still need a full clarification. For these reasons, we believe that the
research on amorphous calcium (and magnesium) phosphates is a
vivid research topic, which is going to bring important innovations in
the near future.
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The use of magnesium phosphate-based cements (MPCs) in the biomedical field has recently come under in-
vestigation in the scientific community, as these materials dlsplay many intriguing properties in the replacement
and/or integration of calcium phosphate-based bone , the diverse preparation conditions re-
ported in the literature make it difficult to evaluate how the modiﬁcatlon of a specific parameter in the pre-
paration of the paste affects the final properties of the material. In this paper, we prepared and characterized
MPCs by mixing a tri-magnesium phosphate powder with a solution of di-ammonium hydrogen phosphate, so to
form struvite as a final setting product. The powder to liquid ratio and the concentration of the aqueous solution
were systematically varied, and their effect on the properties of the final product was studied. The handling
properties of the pastes were investigated, as well as the crystallinity and the microstructure; the porosity and
compressive strength of the final materials were also assessed. The multi-technique approach allowed us to relate
the amount of formed struvite with the properties of the material, and to identify the preparation conditions to

be used to obtain a cement with desired features.

1. Introduction

The development of new materials for the treatment of bone defects
and diseases is a topic that has recently attracted great attention [1-3].
While traditional approaches include the use of autografts, allografts or
xenografts, the research is nowadays focusing on the development of
synthetic bone substitutes, able to partially overcome the drawbacks
associated to the previously mentioned approaches [4]. Among syn-
thetic materials, bone cements hold an important position and are
currently used in the field of minimally invasive surgery as fillers for
bone voids, to stabilize fractures and for the treatment of osteoporosis
[5]. Bone cements are obtained by a chemical reaction between a solid
and a liquid phase; upon mixing of the two components, the formation
of a viscous and moldable paste occurs. This undergoes a chemical
dissolution/precipitation reaction, and the entanglement of crystals
precipitating within the paste causes the setting and hardening of the
cement [6]. Bone cements are typically classified into four main cate-
gories, namely polymethylmethacrylate, calcium silicate, calcium sul-
phate and calcium phosphate-based [7]. An ideal bone cement should
be not only biocompatible and bioresorbable, but it should also be
endowed with several additional features: after mixing, the paste
should be easily shaped and/or injected into the defect area, so to adapt
to the surrounding bone [8]; furthermore, it should set at physiological
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conditions within 15min and form a solid micro and macroporous
material whose mechanical properties are compatible with bone [9].
Calcium phosphate-based cements (CPCs) probably represent the most
widely investigated category of bone cements, given the resemblance to
bone inorganic phase. CPCs are divided into brushite- or apatite-
forming and display a number of interesting properties, such as bio-
compatibility, moderate bioresorbability and injectability [9]; however,
some drawbacks exist. On the one hand, brushite-based cements require
an acidic pH for setting and display poor mechanical properties, despite
their good resorbability and rapid setting [10]. On the other hand,
apatite-based CPCs set and resorb very slowly in vivo, even if they can
achieve optimal compressive strengths [11].

It has been recently proposed that magnesium phosphate-based
cements (MPCs) could be used as an alternative to CPCs, since they
display a more efficient combination of mechanical properties, re-
sorption rate and setting time than CPCs [12,13]. In addition, it is re-
ported that Mg plays a key role in bone metabolism [14-16] and the
release of Mg>* ions enhances the activity of osteoclasts and osteoblasts
[17]. MPCs have been used in the past for waste remediation [18,19]
and structural engineering applications [20-23], and nowadays their
use in the biomedical field is an emerging research area [24-28]. The
first report about MPCs in the biomedical field dates back to 1995,
when Driessens et al. described the implantation of three CPCs and one
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Table 1
Composition of prepared samples.
Sample P/L DAHP concentration [mol/L] TMP DAHP solution [uL] DAHP [mmol] Ratio mol TMP/mol DAHP DAHP solution® [g] DAHP [g] Water [g]
(g/mL) [mg]
0.5M P/L 1 1.0 0.5 500.45 500 0.25 7.6 0.53 0.03 0.49
2.0M_P/L 1 1.0 2.0 500.85 501 1.00 1.9 0.58 0.13 0.44
3.5M P/L 1 1.0 3.5 500.89 501 1.75 11 0.60 0.23 0.36
0.5M P/L 1.5 1.5 0.5 500.62 334 0.17 11.4 0.35 0.02 0.33
2.0M P/L 1.5 1.5 2.0 500.42 333 0.67 29 0.38 0.09 0.29
3.5M P/L 1.5 1.5 3.5 500.46 333 117 1.6 0.40 0.15 0.24
0.5M_P/L 2 2.0 0.5 500.31 250 0.13 15.2 0.26 0.02 0.25
2.0M P/L 2 2.0 2.0 500.25 250 0.50 3.8 0.29 0.07 0.22
3.5M_P/L 2 2.0 3.5 500.05 250 0.88 2.2 0.30 0.12 0.18

@ The densities of the solutions used in the calculation were: 1.05 g/mL for DAHP 0.5M, 1.15 g/mL for DAHP 2.0 M, 1.19 g/mL for DAHP 3.5 M (data obtained by

weighting a known volume of each DAHP solution).

MPC in rats [29]; nevertheless, the majority of MPC research in this
field has been conducted in the last decade [12].

For the preparation of MPCs, MgO (magnesium oxide) or Mg3(PO4)»
(tri-magnesium phosphate, TMP) are typically used as powder compo-
nents, while a variety of soluble phosphate salt solutions have been
employed as liquid phase [13]. As reaction product, struvite
(MgNH4PO46H,0) is often formed; for a detailed overview of all the
possible reactions and products formed, the reader is referred elsewhere
[12]. Focusing our attention on TMP-based systems, which have been
explored to a lesser extent than MgO, in the literature we can find very
different preparation conditions. Ewald et al. and Grossardt et al. pre-
pared MPCs by mixing the powder component (TMP and struvite, 1:2
ratio by weight) with a 3.5M solution of di-ammonium hydrogen
phosphate ((NH4),HPO,, DAHP), using a powder to liquid ratio (P/L) of
2g/mL [30,31]. Kanter et al. employed as a liquid phase a solution
containing both (NH4),HPO4 and NH,H,POy,, and mixed it with TMP at
P/L of 2.0 and 3.0 g/mL [26,27]. A similar liquid composition was used
by Klammert et al., who reported an application of MPCs for the 3D
printing: TMP was blended with 20% of (NH4),HPO4 powder and a
solution 0.75M (NH,4),HPO, and 0.75M (NH4)H,PO, was used as li-
quid binder [32]. Remaining in the 3D printing field, Vorndran et al.
combined TMP with 20% H3;PO,, K,HPO,4 2 M or (NH,4),HPO, 0.5 M (P/
L 2g/mL); the samples were then post-hardened in 20% phosphoric
acid, 2M K,HPO, or 3.5M (NH,4),HPO, solution, respectively [33].
Kim et al. extruded a TMP paste prepared with hydroxypropyl me-
thylcellulose and ethanol, which was then post-hardened in an aqueous
solution of 3.5M DAHP [28,34]. Ostrowski et al. described the pre-
paration of MPCs using amorphous, semi-crystalline and crystalline
TMP mixed with a pH 7, 3.0 M solution of NH4H,PO, and (NH4),HPO,,
and explored a variety of P/L (1:1, 1:2, 2:3, 3:2, 2:5) [35]. The P/L ratio
was also varied by Moeske et al., who prepared MPCs at P/L ratios from
1.0 to 3.3 g/mL using TMP and solutions of pure (NH,4),HPO,4 or mix-
tures of (NH4),HPO,4 and di-ammonium citrate, with a total salt con-
centration of 3.5M [36]. Recently, the group of Gbureck showed that
by following high-energy ball milling of pure TMP, a nanocrystalline
material forms, which reacts with water to form a cementitious mate-
rial, without the addition of further reactants (in this case, the final
product is Mg3(PO4)222H,0) [37]. In the literature, we can also find
some reports where TMP-based cements were investigated in combi-
nation with CPCs [38-40]. Lee et al. took advantage of TMP hardening
in the presence of DAHP solution to prepare a 3D magnesium phos-
phate-based scaffold [41], while as an alternative liquid component, the
use of phytic acid was reported by Christel et al. [42].

As one can easily imagine by examining the body of data reported
above, comparing the performances of different systems prepared in
such diverse conditions is difficult. Moreover, the mechanism of for-
mation of struvite, which is the main final product formed in this kind
of formulations, is not entirely known [43].

The goal of this paper is to clarify the effect of the P/L ratio and of
the DAHP concentration on the formation of struvite and on the final
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properties of MPCs obtained by reaction of TMP and DAHP. MPCs were
prepared by systematically varying the P/L ratio (1.0, 1.5 and 2.0g/
mL) and the concentration of DAHP aqueous solution (0.5, 2.0 and
3.5M). Both the pastes and the final cements were studied with multi-
technique approach, aiming at understanding how the variation of
these two parameters affects the most meaningful properties of the
obtained materials.

2. Materials and methods
2.1. TMP synthesis

Tri-Magnesium Phosphate (TMP) powder was obtained by means of
a calcination reaction, according to a method reported in the literature
[36]. Briefly, 12 g of newberyite (MgHPO43H,0, Sigma-Aldrich) and
2 g of Mg(OH), (Fluka) were mixed (molar ratio 2:1) and heated in a
muffle at 1000 °C for 5h. The sintered cake was crushed with mortar
and pestle and sieved (mesh size 150 pm).

2.2. Cements preparation

Cement pastes were produced by mixing 0.5g of TMP with an
aqueous solution of DAHP (Fluka). The amount and the concentration
of the DAHP solutions were varied so to obtain samples with powder to
liquid ratio (P/L) of 1.0, 1.5 and 2.0 g/mL and DAHP concentration of
0.5, 2.0 and 3.5M. The composition, together with the sample no-
menclature and other useful parameters, are reported in Table 1. After
mixing, the pastes were poured into cylindrical polyethylene molds
(diameter 1 cm) and stored at 37 °C, relative humidity > 90%, for some
days.

2.3. Handling properties

The handling properties and the cohesion degree of the pastes at
different P/L ratio and DAHP concentrations were evaluated as it fol-
lows: 0.5 g of TMP were mixed with the appropriate amount of aqueous
solution (see Table 1) for 1 min and, after 2 v min from the beginning of
mixing, the paste was poured onto a piece of millimeter graph paper.
The cohesion degree was evaluated qualitatively according to the
spreading of the paste. The compactness of the set cements was assessed
after removing the cements from the mold after 5days of setting at
37°C.

2.4. Setting time

The initial (t;) and final (t,) setting times were measured using a
Gillmore apparatus (Matest) and performing the test according to the
ASTM 266 standard. About 0.5 g of TMP were mixed with the appro-
priate amount of DAHP solution for about 1 min, and poured in cy-
lindrical molds (diameter 1cm). The cements were set at 37 °C and
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relative humidity > 90% [36] and, every 10 min, the measurement was
performed.

2.5. X-rays diffraction

The crystallinity of the cements was investigated by means of
powder X-Rays Diffraction (XRD), using an X-ray diffractometer D8
Advance with a DAVINCI design (Bruker). Diffraction data were col-
lected in the 26 range from 10° to 50°, with an increment of 0.03° and
0.3 s per step, using a 2-mm slit. Peaks were assigned using the Powder
Diffraction Files (PDF) of the International Centre for Diffraction Data
(PDF 25-1373 for farringtonite and 03-0240 for struvite).

We estimated the relative amount of the formed phases by means of
the Rietveld method, using the software Topas (Bruker). The CIF
(Crystallographic Information File) data used for the analysis were
obtained from the American Mineralogist Crystal Structure Database
(0011901 for farringtonite and 0009807 for struvite). The percentage
error associated to the fitting is 10%.

2.6. Field emission scanning Electron microscopy

The morphology and the microstructure of the cements were in-
vestigated using Field Emission Scanning Electron Microscopy (FE-
SEM). Fragments of the cements were fixed on aluminum stubs, using
conductive tape, to visualize the internal fracture surfaces. The mea-
surements were performed by means of a Zeiss ZIGMA FE-SEM (Carl
Zeiss Microscopy GmbH, Germany). The use of a Field Emission source,
together with a low accelerating voltage (2.0 kV), the In-Lens detector
and a reduced sample-detector distance (between 2 and 3 mm) allowed
for the imaging of non-metallized samples.

2.7. Total porosity

The total porosity of the samples was evaluated by preparing ce-
ment samples with cylindrical shape, by mixing 1 g of TMP with the
adequate amount of DAHP solution to achieve the desired composition.
After setting in a mold (diameter 8 mm) at 37°C and relative hu-
midity > 90% for 7 days, each sample was weighted and measured, so
to calculate density. This parameter was used to obtain the porosity of
the samples, according to Eq. (1) [44]:

Porosity = £y dense material — Peement
@

Ptully dense material

The density of the fully dense material was calculated considering
the weight fraction of the two phases composing each sample (far-
ringtonite and struvite), as obtained by means of the Rietveld method
from the X-Rays Diffraction results (see paragraph 2.5); the density of
farringtonite is 2.74 g/cm3 [45] and struvite l.70g/crn3 [46]. The
porosity corresponding to the density of each cement specimen was
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calculated, and for each composition the average value =+ the standard
deviation was considered.

2.8. Specific surface area measurement

The specific surface area and the pore size distribution of the ce-
ments were assessed by means of gas sorption measurements. The ex-
periments were conducted using a Coulter SA3100 (Beckman Coulter):
nitrogen was used as adsorbate, while freespace was measured with
helium. Prior to the measurement, samples were outgassed at 50 °C for
3h. A low outgas temperature is required to prevent struvite transfor-
mation to dittmarite [47]. The specific surface area (SSA) was obtained
using the Brunauer-Emmet-Teller (BET) method, while the pore size
distribution was estimated using Barrett-Joyner-Halenda (BJH) ana-
lysis.

2.9. Compressive strength

The samples prepared for the porosity measurements were tested for
their compressive strength, using a 50kN load cell (Controls, Milan).
The surface of the specimens was polished so to obtain an aspect ratio of
about 2 (height/diameter) and to make the two surfaces of the cylinders
as flat as possible. Four samples for each composition were tested.

3. Results and discussion
3.1. TMP characterization

We characterized the obtained TMP powder as described in para-
graph 2.1. The XRD pattern shows that we obtained a crystalline ma-
terial (see Fig. S1_a) in which the particle size is in the micrometric
range (see Fig. S1_b). The grains have an irregular shape with a smooth
surface, as it appears from SEM micrographs (Fig. S1_c); the specific
surface area of the powder, as measured by means of nitrogen sorption,
is 0.29m?/g.

3.2. Handling properties and setting time

The handling properties and the cohesion of the paste were eval-
uated as described in Section 2.3, and the results are shown in Fig. 1.
When comparing the aspect and the consistency of the pastes (Fig. 1A),
it is evident that the cohesion degree immediately after mixing in-
creases while increasing the P/L ratio. This observation is consistent
with data reported in the literature for CPCs [8,9], and it was expected,
considering the amount of water in the samples (see Table 1): in fact,
immediately after mixing, a high water content makes the paste less
viscous and less compact. Interestingly, we also noticed that the initial
cohesion of the samples increases with the decrease of DAHP con-
centration. This effect may be due to the high wettability of the TMP
powder, which in the 0.5M _samples is in large excess with respect to
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Fig. 1. Photos of the samples (A) after 2 min from the mixing and (B) after setting in the mold for 5 days. In both pictures, the P/L ratio increases horizontally from
the left to the right, while the concentration of DAHP increases from the top to the bottom.
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DAHP (see Table 1) [48]. We can hypothesize that, for a given P/L
ratio, when the amount of TMP with respect to DAHP is large, during
mixing an immediate reaction between the two components occurs, and
the small amount of formed struvite covers the large TMP grains; this
results in an apparently more compact paste, in which, the volume of
the formed struvite network is limited. On the other hand, when more
NH," and phosphate ions are available for the reaction (i.e. higher
concentration of DAHP solution), a more homogeneous struvite pre-
cipitation occurs; consequently, the paste will appear more liquid-like,
as DAHP can react with a larger amount of TMP and form a more in-
terconnected and diffused struvite network which penetrates the whole
sample in the early stages (after 2min, Fig. 1A).

The setting time of the cements was measured by means of the
Gillmore method (see Section 2.4), and the results are reported in Fig.
S2. All the samples display both initial and final setting times well
above the ideal values for clinical applications, which are t; ~ 8 min
and t, ~ 15min [12]. The t, cannot be measured for 0.5M_samples, as
the cements' surface crumbles upon indentation. Some trends can be
identified: at a given DAHP concentration, t; and t, decrease with the
increase of the P/L ratio, while at a given P/L ratio, a higher DAHP
concentration reduces setting time.

The compactness of the dried cements was assessed by observing the
samples' aspect after 5days of setting (Fig. 1B). The initial cohesion
degree does not reflect on the compactness of the final cements: for
example, the system which displays the highest cohesion degree after
mixing (0.5M_P/L 2, top right in Fig. 1A), is the one that after setting
crumbles the most and is not able to maintain the shape of the mold, as
for all the 0.5M_samples. On the other hand, the samples prepared with
DAHP solution 2.0 M and 3.5 M allow for the formation of compact and
hard cements. This observation is consistent with a significant and
diffused formation of struvite in the 2.0M_ and 3.5M_samples, which
finally percolates and hardens the whole specimens.

3.3. Crystallinity and struvite content

According to the literature, TMP and DAHP react in a molar ratio
1:1 and form struvite (MgNH4PO46H,0) [36]. X-rays diffraction pat-
terns of the final cements are reported in Fig. 2. In every analyzed
sample, we observe the simultaneous presence of crystalline TMP
(farringtonite) and struvite. The presence of unreacted TMP within the
resulting cement structure is often observed in the literature [12]; it is
worth stressing that in all the prepared samples TMP is in excess with
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respect to DAHP (see Table 1). When the ratio between TMP and DAHP
is close to 1 (but again in a slight excess of TMP, sample 3.5M_P/L 1) we
detect in its XRD pattern the signals characteristic of unreacted DAHP
(see Fig. 2C, pattern on the bottom), despite the stoichiometry of the
reaction would predict a complete consumption of the DAHP. This
evidence indicates that it is not possible to entirely convert the re-
actants to the final product, suggesting that the formation of struvite
occurs on the boundaries of the TMP grains and this mechanism pre-
vents (or hinders) them from further reacting with DAHP.

Comparing the intensities of the diffraction peaks, it is evident that a
different composition of reactants leads to a different amount of struvite
and farringtonite in the cement, since the relative intensities of the
diagnostic peaks of the two phases are markedly different. In the
0.5M_samples, struvite peaks are very weak, while farringtonite signals
predominate. When we increase the concentration of DAHP, struvite's
diffraction peaks become more intense compared to farringtonite ones.
In order to estimate the conversion degree to struvite, we performed a
quantitative Rietveld analysis on the recorded diffractograms. The
amount of formed struvite is reported in Fig. 3A. Consistently with the
qualitative observations of the intensities of the diffraction peaks, the
amount of struvite in the cements increases with the increasing of the
DAHP concentration and decreases as the P/L ratio raises. The obtained
trend agrees with the theoretical conversion degree to struvite that we
obtain by simply looking at the molar ratio between TMP and DAHP
(see Table 1): as the powder/liquid ratio decreases, the composition
gets closer to the stoichiometry of the reaction (1:1) and the conversion
degree to struvite increases (we recall that all the investigated com-
positions display an excess of TMP with respect to struvite). This ob-
servation is straightforward if we observe the plot of the amount of
formed struvite (found by Rietveld method) against the ratio between
the moles of TMP and DAHP (Fig. 3B).

3.4. Morphology and microstructure

The morphology of the prepared MPCs was investigated by means of
FE-SEM, and the micrographs are shown in Fig. 4. In the 0.5M_samples,
we can clearly recognize two different kinds of structures, which are
highlighted by the arrows in Fig. 4B. The smooth objects indicated by
the outlined empty arrows are typical of TMP (see the morphology in
Fig. S1_c for comparison), while the full arrows indicate the parallele-
piped-like structures with a rough surface, characteristic of struvite
[49].
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Fig. 2. XRD patterns of the investigated samples (the diffractograms are offset for display purpose): (A) DAHP 0.5 M, (B) DAHP 2.0 M, (C) DAHP 3.5 M. The powder
diffraction files used for the assignment are: PDF 25-1373 for farringtonite (TMP) and PDF 03-0240 for struvite; the diffractogram for pure DAHP was acquired
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A 100 B Fig. 3. (A) Histogram reporting the amount of struvite ob-
E B DAHP3.5M 704 o tained by means of a Rietveld fitting on the recorded dif-
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High magnification images of struvite crystals, shown in Fig. S3 in struvite.

the Supplementary Material, reveal the very peculiar morphology of
this mineral, which displays a typical hemimorphic character (i.e. the
two ends of a crystallographic c-axis are not related by symmetry, see
Fig. $3_a and S3_b) [50]. The crystals thus show both tabular planes and
rough surfaces showing cracks with regular shapes that carry an in-
trinsic porosity (see Fig. S3_c and S3_d) [51]. It is interesting to observe
that when we increase the concentration of DAHP in the formulations,
the amount of struvite-like structures increases, and the number of
TMP-rich domains diminishes (see Fig. 4). This observation agrees with
the data obtained by means of XRD and discussed in Section 3.3, which
revealed that the conversion degree to struvite increases with in-
creasing the concentration of DAHP (and decreasing the P/L ratio).
Furthermore, when DAHP 3.5M is used, we observe a more compact
and uniform morphology produced by the network of the formed

3.5. Porosity and surface area

Porosity is one of the parameters which should be taken into ac-
count in the design of a bone cement, as it affects both the biological
activity and the mechanical properties of the material; cements should
display a combination of micro and macroporosity, so to allow for the
impregnation of biological fluids, for cell ingrowth and for the re-
placement by new bone [8]. The total porosity of our cements was
calculated as described in Section 2.7, and the results are reported in
Fig. 5A. The 0.5M_samples were not analyzed, as once the specimens
were removed from the mold, they crumbled and we could not measure
their height and diameter. All the obtained porosities are in the range of
0.1-0.4 (being 0 a non-porous sample), and this parameter is higher for

Fig. 4. FE-SEM micrographs of the investigated MPCs. The name of the samples is reported on each picture. Scale bar: 5 um.
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the 2.0M_samples than for the 3.5M_samples; moreover, at a given
DAHP concentration, the porosity decreases when the P/L ratio in-
creases. The latter trend is probably ascribable to the larger amount of
unreacted water that generates larger porosities while evaporating
during setting [9]; furthermore, at fixed P/L ratio, the porosity is larger
for the 2.0M_samples, consistently with the higher amount of water
present (see Table 1).

We also investigated the specific surface area (SSA) and the pore
size distribution of the prepared cements. All the investigated samples
display a reversible type II isotherm with a multi-layer adsorption (a

Compressive strength [MPa

1 1.5
P/L ratio
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representative example is given in Fig. S4_a). The BJH analysis reveals
that the cements possess a quite heterogeneous pore size distribution,
with a small population of micropores and most pores with a diameter
over 30 nm (see Fig. S4_b for a significant example). The SSA of the
cements was calculated with the BET method. Given the fact that un-
reacted TMP is characterized by a smooth morphology while struvite is
endowed with some intrinsic porosity on its surface, we plotted the SSA
against the struvite content of each sample (see paragraph 3.3), to
evaluate a possible connection between these two parameters (see
Fig. 5B). Interestingly, we observe that, up to 40%wt of struvite, the
SSA increases with the increase in struvite content; however, when the
amount of struvite exceeds 40%wt, the trend inverses, and the SSA
decreases as the quantity of struvite in the sample increases. We believe
that this peculiar trend is strictly related to the morphology of the ce-
ments (see Fig. 4): samples prepared with DAHP 3.5M display a very
compact microstructure, which becomes more “dense” as struvite
content increases (see Fig. 4G, H and I). This type of structure possibly
decreases the overall surface area of the samples, leading to the ob-
served effect. It is worth commenting that the SSA trend does not cor-
respond to the total porosity of the cements previously discussed: in
fact, nitrogen sorption technique gives access to porosities from few to
hundreds of nm, while large macropores, which can increase the total
porosity of the material, do not contribute to the BET specific surface
area of the samples.

3.6. Mechanical properties

The compressive strength of the cements was assessed so to un-
derstand if different formulations lead to a diverse behavior in terms of
load withstanding. The 0.5M _samples could not be analyzed, as they
crumbled once removed from the mold and could not retain their shape.
The measured compressive strengths for the other samples are reported
in Fig. 6A. The cements display a compressive strength which ranges
from about 10 to 30 MPa, in agreement with literature data for similar
materials [12]. Moreover, considering the error bars, the measurements
show that the compressive strengths increase with the P/L ratio and
with the concentration of DAHP (at fixed P/L ratio). From these results,
we can infer that the compressive strength is not directly correlated
with the amount of struvite in the samples (see Section 3.3), which
increases with the concentration of DAHP but decreases with the P/L
ratio. Interestingly, the samples which display the highest compressive
strength (3.5M_P/L 1.5 and 3.5M_P/L 2) are the ones whose mor-
phology appears more compact and uniform. Since for CPCs the com-
pressive strength is described to be dependent on the total porosity of
the material [8], we calculated the porosity of the specimens, as de-
scribed in paragraph 2.7. The plot of the compressive strength against
the porosity is shown in Fig. 6B.

The porosity of the specimens increases as the P/L ratio decreases,
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Fig. 6. (A) Compressive strength of the analyzed cements (average of 4 different measurements + standard deviation); (B) Plot of compressive strength vs porosity of

the cements. The dashed line represents a linear fitting of the experimental data.
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probably due to the larger amount of unreacted water that generates
larger porosities while evaporating during setting [9]; furthermore, at
fixed P/L ratio, the porosity is larger for the 2.0M_samples, consistently
with the higher amount of water present (see Table 1). The obtained
plot of the compressive strength as a function of porosity shows that
this mechanical property increases as the porosity decreases; this trend
well matches the data reported in the literature for CPCs [8] and for
calcium-magnesium mixed cements [40]. To sum up, we can state that
there is not a direct correlation between the amount of struvite and the
mechanical properties; in fact, if we plot the compressive strength vs
the struvite percentage in each sample, we can clearly understand that
an increase of the struvite content does not monotonically result in an
improvement of the compressive strength (see Fig. S5). We can hy-
pothesize that a specific conversion degree to struvite is necessary to
obtain an interconnected network that binds together the unreacted
TMP grains and to produce a very compact microstructure of the ma-
terial.

4. Conclusions

This paper deals with the physico-chemical and mechanical prop-
erties of magnesium phosphate-based bone cements, prepared by
mixing TMP with an aqueous solution of DAHP. We succeeded in un-
derstanding how the modification of the P/L ratio and the DAHP con-
centration affect the most meaningful properties of these materials, i.e.
cohesion, crystallinity, morphology, porosity and compressive strength.
All the final cements are constituted by variable amounts of struvite and
unreacted TMP, as shown by XRD analysis. SEM micrographs reveal
than when the amount of struvite is low, the morphology of the two
components is detectable, whereas when the quantity of struvite in-
creases, only its typical morphology can be observed, despite XRD
measurements still indicate the presence of a significant amount of
unreacted TMP. This suggests that the formation of struvite occurs on
TMP grains, and that the network which is generated prevents a further
reaction between TMP and DAHP. The use of DAHP solution 2.0 M and
3.5M allows for the formation of compact and hard cements, whose
compressive strengths significantly vary with the formulation: in par-
ticular, the compressive strength grows with the P/L ratio and with the
concentration of DAHP solution, being inversely proportional to the
total porosity of the material. The results presented in this work can be
useful guidelines in the design and realization of this kind of bone ce-
ments, representing a step forward in the preparation and use of MPCs
in the biomedical field.
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This paper reports on a physico-chemical investigation of gelatin and PVA hydrogels and aqueous solutions,
aiming at clarifying the interactions between the two polymers in water. The stability of gelatin/PVA/water
mixtures was investigated and a ternary phase diagram was evaluated. The morphology, thermal behaviour and
structure of selected gelatin/PVA/water samples were studied using several techniques, including scanning
electron microscopy, differential scanning calorimetry, small angle X-ray scattering and rheology. The obtained
results indicate that gelatin and PVA interact weakly and the behaviour of the mixed system is mainly dictated

by their different interaction with water.

1. Introduction

In the field of polymers, great attention has been recently de-
voted to biocompatible and biodegradable hydrogels and to their
use in medical and pharmaceutical applications [1]. Hydrogels
obtained from a single polymer have been widely investigated, as
well as the modifications induced by the presence of cross-linkers
[2] and/or inorganic fillers [3]. Nowadays, blends obtained using
synthetic polymers and biopolymers are of particular significance
[4]. Polymer blends have been a topic of major interest in the last
five decades, both from an academic and a technological
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perspective, since the combination of two or more polymers leads to
new materials whose properties may be modulated on purpose
through compositional changes [5,6]. According to IUPAC, a
polymer blend is defined as a macroscopically homogeneous mix-
ture of two or more different species of polymer [7]. The same
definition specifies that, in most cases, blends are homogeneous on
a scale larger than the wavelengths of visible light, but no specific
account is given on the miscibility or immiscibility of the con-
stituent macromolecules. These materials have been mainly con-
sidered from an industrial and technological perspective, even if the
physico-chemical study of the interactions taking place between the
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polymers composing the mixture probably represents the most in-
triguing aspect. In particular, the properties of polymer aqueous
solutions are of outmost relevance, as they often dictate the struc-
ture of the final material [8].

Polymer blends can be potentially applied to the biomedical
field [9], in which the biocompatibility of the used materials is an
essential requirement [1]. Gelatin and poly(vinyl alcohol) (PVA)
are two significant examples since they are biodegradable, chemi-
cally versatile, easily available, and already used in a variety of
industrial and biomedical applications. Gelatin is a natural
polymer, produced by partial hydrolysis of collagen, which is the
main structural protein in the extracellular matrix of animals’
connective tissues. At a temperature of about 40 °C, gelatin in water
is in the sol state, while it forms physical thermo-reversible gels
upon cooling. When gelling, gelatin chains locally refold, partially
recovering the collagen triple-helix structure [10,11]. Given its
resemblance with the organic component of bone, gelatin is of
special interest in tissue engineering [12,13] and has already been
blended with several polymers, such as silk, hyaluronic acid and
poly(lactic-co-glycolic acid) [12]. PVA is a water soluble synthetic
polymer bearing hydroxyl groups, produced by hydrolysis of poly
(vinyl acetate) [14]. The hydrolysis degree, as well as the molecular
weight, is largely responsible for the physico-chemical properties of
the polymer in water (e.g., solubility), due to the extent of hydrogen
bonding interactions among polymer chains and solvent molecules.
PVA is of great biomedical and pharmaceutical interest because of
its biodegradability, filmability, bioadhesivity and high swelling
degree. Furthermore, PVA has been combined with different natural
and synthetic polymers in order to obtain blend hydrogels [15-17].

The combination of collagen/PVA and gelatin/PVA to obtain
films was first studied in 1995 by Sarti and Scandola [18], who
concluded that, “though thermodynamically immiscible with both
native and denatured collagen, PVA forms mechanically compatible
blends with collagen and gelatin.” The ternary system gelatin/PVA/
water was investigated in detail in 1998 by Tanaka et al. The au-
thors proposed an interaction between PVA and gelatin through
hydrogen bonding between —OH groups of PVA and —COO~ and
—NHs* groups of gelatin, and claimed the formation of uniform
particles by coacervation as the cause of the turbidity of gelatin/
PVA mixed solutions [19,20].

Several strategies have been recently pursued to develop bare
gelatin/PVA blend systems [21,22]. Nevertheless, in order to im-
prove the properties of the final material, these systems are typi-
cally cross-linked. Sodium trimetaphosphate [23], genipin [24] and
glutaraldehyde vapours [25,26] have been employed as chemical
cross-linkers. Freeze-thaw cycles, which result in the growth of PVA
microcrystallites, have also been used to physically cross-link the
blend [27-31]. An alternative approach used to chemically connect
gelatin and PVA is through an esterification reaction between
—COOH groups of Asp and Glu amino acid residues of gelatin and
—OH groups of PVA chains, under acid catalysis at 70 °C [32-34].

Table 1
Composition and nomenclature of the prepared samples.
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Gelatin/PVA systems have been used to prepare films [33,35-371,
membranes [38,39], nanofibers [40], wound dressings [15,32] and
porous sponges [26,41]. Gelatin/PVA blends have also been pro-
posed as good candidates for tissue engineering [30,41], since the
evaluation of their biocompatibility has shown promising results
[26,28,42]. However, in the aforementioned works, the interactions
between the polymers and their behaviour in presence of water are
not fully clarified.

This work reports on the preparation and the physico-chemical
characterisation of Gelatin and PVA hydrogels and polymeric aqu-
eous solutions, in view of their potential applications in the bio-
medical field. With this purpose, our experiments were conducted
at 37 and 20 °C, and at pH = 9. At this pH the degree of deproto-
nation of gelatin amine groups is increased, enhancing the re-
activity towards chemical cross-linkers, such as biocompatible bis-
epoxy reactants [43]. The stability of gelatin/PVA/water mixtures
was studied by the preparation and observation of several samples
to draw a ternary phase diagram. Then, selected gelatin/PVA/water
samples were investigated by means of a multi-technique approach,
including electron microscopy, differential scanning calorimetry,
small angle X-ray scattering and rheology. The results were ana-
lysed and discussed in terms of the possible interactions between
the two polymers and the solvent.

2. Materials and methods
2.1. Materials

Gelatin from porcine skin (Type A, 250 g Bloom) and Poly(vinyl
alcohol) (PVA, M,, 31.000-50.000, 98-99% hydrolysed) were pur-
chased from Sigma-Aldrich and used as received. MilliQ grade water
(Millipore, resistivity 18.2 MQ-cm at 25 °C) was used throughout the
experiments. Sodium hydroxide (NaOH) and sodium azide (NaN3) were
obtained from Sigma-Aldrich.

2.2. Samples preparation

All samples were prepared using the following procedure: two stock
aqueous solutions of gelatin and PVA were obtained by dissolving 3 g of
PVA and 3 g of gelatin in 27 g of MilliQ water at pH = 9 under vigorous
stirring at 80 °C, in order to obtain two 10% w/w solutions. Gelatin
10% w/w pH = 9, PVA 10% w/w pH = 9 and H,O pH = 9 were he-
ated at 60 °C and mixed to obtain homogeneous systems, using different
ratios according to the desired composition. The amount of solutions
used to prepare the samples that were investigated by all the techniques
is reported in Table 1, while the composition of the other ones can be
extracted from the phase diagram (Fig. 1). 1-2 mg of sodium azide
(NaN3) were added to samples containing gelatin in order to prevent
microbial growth. This antibacterial is known to have no effect on ge-
latin helix formation [10].

Sample Polymeric concentration% w/w  Gelatin (§)  PVA (g)  Gelatin 10% w/w pH=9 (§)  PVA 10% w/w pH=9 (g)  H,0 pH=9(g)  Total weight (g)
Gel 3.75% 3.75% 0.2 / 2 / 3.333 5.333
PVA3.75%  3.75% / 0.2 / 2 3.333 5.333
Gel/PVA 3.75% 0.1 0.1 1 1 3.333 5.333
Gel 1.875%  1.875% 0.1 / 1 / 4.333 5.333
PVA 1.875%  1.875% / 0.1 / 1 4.333 5.333
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2.3. Stability ternary phase diagram

The samples for the stability ternary phase diagram were prepared
as described in paragraph 2.2. After complete homogenization, all the
samples were equilibrated in oven at 37 °C for 24 h, and then their
macroscopic appearance was coded as single phase, hazy or two phases.
The boundaries between the different phases were interpolated using
the IgorPro software.

2.4. Field emission scanning electron microscopy (FE-SEM)

Field Emission Scanning Electron Microscopy (FE-SEM) was used to
investigate the morphology of the xerogels obtained by freeze drying
the corresponding hydrogels. Freeze drying was performed by plunging
small pieces of hydrogels (volume around 1 cc) in liquid nitrogen
during 10 min, followed by lyophilization at about 30 mTorr and
—55 °C during 24 h. The obtained xerogels were cut with a blade and
the internal surface was characterized by means of a Zeiss SIGMA FE-
SEM (Carl Zeiss Microscopy GmbH, Germany). The use of a Field
Emission source, together with the use of the In-Lens detector, a re-
duced sample-detector distance (2 mm) and the low accelerating vol-
tage (0.50 kV), allowed for the imaging of non-metallized samples.

2.5. Differential scanning calorimetry (DSC)

DSC analyses were carried out on a Q2000 DSC (TA Instruments,
New Castle, DE, USA). The samples were lodged in aluminium hermetic
pans (TZero Aluminum Hermetic, TA Instruments) and heated at 5 °C/
min in N, atmosphere (flow rate 50 mL/min). The samples were equi-
librated at —5 °C, heated to 70 °C and cooled to —5 °C. The heating
cycle was repeated twice, and the first heating cycle was commented in
the Results and discussion section. For the low temperature experi-
ments, samples were equilibrated at 5.00 °C, cooled at 0.50 °C/min to
—80.00 °C and heated at 0.50 °C/min to 25.00 °C.

2.6. Small angle X-ray scattering (SAXS)

SAXS experiments were carried out with a S3-MICRO instrument
(HECUS GmbH, Graz, Austria) equipped with a position-sensitive de-
tector (OED 50 M) containing 1024 channels of width 54 ym. Cu Ka
radiation (A =1.542 .7\) was provided by a GeniX X-ray source (Xenocs,
Grenoble, France), operating at a maximum power of 50 W (50 kV and
1 mA). Glass capillaries 1.5 mm in diameter were filled with the fluid
samples, while a capillary filled with water was used for the back-
ground subtraction. The temperature was controlled at 20 and 37 °C by
means of a Peltier TCCS-3 Hecus. The sample-detector distance was
calibrated by measuring the scattering pattern of silver behenate.
Scattering curves were obtained in the g-range between 0.09 and
5.4nm ™", where q = (4m/A\)sin 6/2 is the scattering vector and 6 the
scattering angle. The scattered radiation was collected in a scattering
angle between 0° and 7°. All scattering curves were corrected for the
empty capillary contribution considering the relative transmission
factor.

2.7. Rheology

Rheological measurements were carried out on a Discovery HR-3
rheometer (TA Instruments, Newcastle, DE, USA) fitted with a stainless-
steel plate and plate geometry (40 mm) and a Peltier plate temperature
control. Gelled samples were characterized at 20 °C by means of oscil-
latory measurements. First, strain-sweep measurements were per-
formed at a constant oscillation frequency of 1 Hz for strains ranging
from 107 '% to 10%%. Then, frequency-sweep measurements were
performed at a constant strain of 1% for frequencies ranging from

20
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10~ 2Hz to 10 Hz. In these dynamic measurements, the shear storage
modulus G’ and the shear loss modulus G” were obtained and plotted
against strain % and frequency. In order to minimize water evaporation
during measurements, silicone oil was placed at the free surface be-
tween the two plates. All rheology measurements were performed at
least twice on duplicate samples.

3. Results and discussion
3.1. Stability ternary phase diagram

The gelatin/PVA/water stability ternary phase diagram at 37 °C is
reported in Fig. 1. Pure gelatin and PVA solutions display a single phase
for all the investigated concentrations. When mixing the two solutions,
different situations occur, depending on the polymeric concentration
with respect to water and on the weight ratio of the two polymers.
Three distinct regions can be defined: two phases, hazy and single
phase.

Macroscopic phase separation takes place when the total polymer
concentration is above 6% w/w, as revealed by the formation of
transparent PVA-rich upper phase and a pale yellow gelatin-rich bottom
phase. The hazy region is shifted towards the PVA-rich samples, while
when the system is diluted one single and transparent phase is ob-
served. These observations are consistent with the phase diagram re-
ported by Tanaka et al., [19] even if the characterisation reported in the
reference was performed in slightly different conditions (T = 30 °C,
neutral pH and with PVA 99% hydrolysed with Mw ~ 88.000). When
cooled down to 20 °C, pure gelatin and PVA samples are still trans-
parent and a single phase is again observed, whereas mixed systems
become turbid, especially when PVA concentration is higher than ge-
latin. To study the interaction between the two polymers in water, we
selected 3.75% w/w gelatin/PVA 50/50 (referred to as Gel/PVA in the
phase diagram) as a case study. This sample displays a reversible
transition from transparent fluid at 37 °C to turbid hydrogel at 20 °C.
The corresponding pure gelatin and PVA solutions were characterized
too, in order to compare the behaviour of the single polymers with that
of the mixture.

9
Single phase| Water % w/w
)
Hazy|
e

100%

§°\°
b 3

Gelatin 10% w/w PVA 10% w/w

Fig. 1. Stability ternary phase diagram at 37 °C, pH = 9. Bottom left corner: weight of
gelatin 10% w/w pH = 9 solution. Bottom right corner: weight of PVA 10% w/w pH = 9
solution. Top corner: weight of water pH = 9. The markers correspond to each in-
vestigated composition. Full markers indicate the fully characterized samples.
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3.2. Scanning electron microscopy

SEM micrographs on xerogels were recorded to investigate the
morphology of the samples at different length scales and to detect the
possible effects of the interaction between gelatin and PVA on it.

It is important to stress here that the morphology of xerogels is not
necessarily representative of the structure of the corresponding hy-
drogels, especially at the shorter length scales. Different methods have
been developed to reliably image hydrogels by means of electron mi-
croscopy. Environmental scanning electron microscopy (ESEM) has
been recently introduced as a valuable tool for the imaging of wet
materials and hydrogels [44]; nevertheless, controlling the moisture at
the sample level is a challenge, both in terms of stability and resolution
[45].

Aiming at removing water without affecting the structure of hy-
drogels before their investigation by conventional SEM (i.e., in high
vacuum conditions), critical point drying, freeze etching and freeze
drying are the most common methods. In the first one, water is first
replaced by a polar organic solvent (typically acetone), which is then
permeated with liquid CO, that is finally evaporated in supercritical
conditions [46]. Unfortunately, this approach has been shown to pro-
duce several changes in the structure of the hydrogel, mostly related to
modifications in the assembly of the polymer when the organic solvent
replaces water [47,48]. Both freeze etching and freeze drying comprise
the removal of water through a freezing step to form ice, followed by its
sublimation. The critical step in both cases is the cooling rate and the
freezing temperature: in fact, when the cooling rate is too slow (and/or
the freezing temperature not low enough), water is able to form ice
crystals, whose growth modifies the hydrogel structure. The controlled
freezing and freeze drying has been recently exploited to intentionally
modify the structure of hydrogels and, more generally, to produce
porous and micro/nano-structured materials [14,49]. On the other
hand, the direct plunging of hydrogel samples in liquid nitrogen
(=196 °C) takes to the formation of amorphous ice and, when com-
bined with the low temperature freeze drying, has been shown as a
suitable method to preserve the native morphology of hydrogels [48].
Nevertheless, it has to be kept in mind that hydrogels typically consist
of very hydrophilic polymers: i.e., part of the water in the hydrogel does
not behave as free water in terms of freezing, as it strongly interacts
with the polymer. As a consequence, that water would not reach the
solid state, eventually taking to the modification of the structure of the
xerogel at the supra-molecular scale during the freeze drying process.

Fig. 2 displays the FE-SEM micrographs of the xerogel obtained by
freeze drying the sample gelatin 3.75%. Results are consistent with
what previously reported in the literature [50]: pores with dimensions
in the order of few micrometers are clearly visible in Fig. 2a, while
Fig. 2b highlights the presence of fibers on the pore walls, most rea-
sonably consisting of non-denatured collagen.

The FE-SEM micrographs of the xerogel obtained through the freeze
drying of the sample PVA 3.75% are given in Fig. 3. Results show the
presence of micrometric pores aligned along a preferred orientation,
together with inter-connecting pores, consistently with what previously
reported in literature for PVA xerogels prepared by freeze etching [51].

The presence of both gelatin and PVA significantly affects the
structure of the xerogels, as shown in Fig. 4. The most important evi-
dence is that the whole sample consists of a single homogeneous phase.
Compared to the microstructure observed in the pure components, the
mixed sample displays a much less ordered architecture. The pores are
present, but they are not arranged along a preferential direction, as it
was the case with PVA. Furthermore, compared to what observed in
pure gelatin, the shape of the pores is less defined and sub-micrometric
irregularities are detected, suggesting that phase segregation takes
place at the sub-micrometer scale. This behaviour could be the result of
capillary forces [52], which are known to take to a phase separation
when mixed polymer solutions (especially when their composition ap-
proaches the binodal curve) are confined in the proximity of surfaces
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Fig. 2. FE-SEM micrographs at different magnifications of the xerogel obtained by freeze
drying gelatin 3.75%.

[53,54]. Unfortunately, as the water-confining ability of both PVA and
gelatin could hinder the fast freezing of water near the pore walls,
xerogels’ structure could significantly differ at the sub-micrometer scale

Fig. 3. FE-SEM micrographs at different magnifications of the xerogel obtained by freeze
drying PVA 3.75%. The imaged surface was obtained by cutting the sample along the
pore’s direction.
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Fig. 4. FE-SEM micrographs at different magnifications of the xerogel obtained by freeze
drying Gel/PVA. The arrows in Figure b indicate two regions with different morphologies,
reminding that of pure gelatin (white) and pure PVA (black).

from their parent hydrogels. Furthermore, as the ice front reaches the
proximity of the pore walls during the freezing process, capillary forces
could play a key role, being another possible reason for structural dif-
ferences.

We can therefore conclude that no macro- or micro-phase segrega-
tion is observed and that the co-presence of the two macromolecules
takes to a homogeneous architecture (which is neither that of gelatin or
PVA) at those length scales. The micrographs suggest a phase segre-
gation at the sub-micrometric scale, but we cannot extend our discus-
sion to shorter length scales: in fact, as we have already stressed before,
the xerogels could significantly differ at the nanoscale from the corre-
sponding hydrogels.

3.3. Differential scanning calorimetry

The thermal behaviour of gelatin, PVA, and their mixture was in-
vestigated by means of Differential Scanning Calorimetry (DSC). The
thermograms registered on the samples are reported in Fig. 5. The
heating scan of the Gel 3.75% sample shows the endothermic peak due
to the gel-sol transition of the gelatin [55]. The same feature appears in
the thermogram of the sample Gel/PVA, which contains 1.875% w/w of
gelatin and 1.875% w/w of PVA, as it is reported in the Materials and
methods section. It is interesting to note that samples of pure PVA (both
1.875% w/w and 3.75% w/w, the latter shown in Fig. 5) and the
sample Gel 1.875% do not show any peak in the 0-70 °C temperature
range. The results indicate that PVA has a higher ability to interact with
water, thus increasing the effective concentration of gelatin, which
exhibits the characteristic gel-sol transition (see Table 2). A similar
effect has been observed, for instance, in the case of gelatin in the
presence of sugars and polyols [56], resulting in the stabilization of the
gel phase.

The PVA proficiency to interact with water is confirmed by mea-
suring the freezable water in the 3.75% solutions. By slowly cooling
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Fig. 5. DSC heating scan of the investigated samples. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

Table 2
Parameters obtained by DSC on the investigated samples.

Gel-Sol transition Water

Minimum (°C)  Enthalpy (J/g) Freezing water

(% wt on total

Non-freezing
water (% wt of

H,0) polymer)
Gel 3.75%  37.9 £ 0.5 0.40 + 0.02 99 £ 1 26.4
Gel/PVA 35.4 £ 0.5 0.53 £ 0.03 98 x1 41.6
PVA3.75% - - 9% + 1 95.5

down to —80 °C and heating to room temperature 3.75% solutions of
Gel, PVA and Gel/PVA, the melting transition of the “free” water is
detected and from the measurement of the area under the peak we
obtain the enthalpy associated to the transition. Comparing this value
to the standard melting enthalpy of water (333 J/g) we obtain the
amount of water that underwent the melting transition. Considering the
weight fraction of water in the sample, we can quantify the amount of
freezable water and, by difference, that of the non-freezing water. This
value, scaled for the amount (weight) of polymer in the sample, is re-
ported in the last column of the table and indicates the proficiency of
the polymers in hindering the freezing of water. However, it is im-
portant to stress that, as recently reported in the literature, the amount
of non-freezing water cannot be used as a measure of strength of
polymer-water interactions: in fact, non-freezing water exists because
of the interplay between water crystallization and the glass transition
temperature of the polymer [57]. A typical DSC scan is reported in Fig.
S1. The data reported in Table 2 show that PVA has a much higher
proficiency than gelatin to interact with the water, as it can constrain
an amount of water almost equal to its dry weight.

3.4. Small angle X-rays scattering

SAXS experiments have been carried out to obtain information on
the structural details of Gel 3.75%, PVA 1.875%, PVA 3.75%, and Gel/
PVA samples at 20 (Fig. 6a) and 37 °C (Fig. S2 in the Supplementary
Material). Samples containing PVA show a distinct peak centred at
q~0.63nm™", which corresponds to a distance of d~9.9 nm. This
value is in very good agreement with literature [58] and is known to
represent the average distance between microcrystalline regions
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Fig. 6. a) SAXS curves of Gel 3.75% (green circles), PVA 1.875% (grey diamonds), Gel/
PVA (red squares), and PVA 3.75% (blue triangles) at 20 °C. Dashed lines represent the
fitting curves according to the Beaucage model, while solid lines represent power law
fittings. b) Kratky plot of samples Gel/PVA (red squares), PVA 1.875% (grey diamonds),
and PVA 3.75% (blue triangles) at 20 °C. Arrows indicate the peak-top position. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).

generated from hydrogen bonding between PVA chains. The results in
Fig. 6a and Fig. 6b show that the peak-top position of PVA 3.75%
sample is slightly lower than that of PVA 1.875%, while it is not af-
fected by the presence of Gel and the temperature change (see Fig. S2 in
the Supplementary Material).

Gelatin scattering profiles and the mid- and high-q portions of
samples containing PVA were fitted using a one-level Beaucage function

[59].
o, 3P
qugz] . B[erf( V@)]

q"

I(q) = Bkg + Aexp(—
@

where A and B are the Guinier and Porod scaling factors, respectively, q
is the scattering vector, R, is the radius of gyration, P, is the Porod
exponent, and Bkg takes into account for the background scattering.

The fitting results are reported in Table 3. The radii of gyration
obtained for gelatin are consistent with the value of 11.2 nm reported in
literature for a 6% w/w solution [60]. The obtained P, values are close
to P = —5/3, in agreement with a fully swollen coil in solution [61].

In the samples containing PVA, the low-q regions (q< 0.3nm™?')
were fitted according to a power-law function:

K
1(q) P @
where K is a scale factor and P, is the power-law exponent.

The scattering profile of Gel/PVA arises from the contribution of
both PVA and gelatin profiles; however, since the scattering intensity of
PVA is much larger than gelatin, the former contribution is pre-
dominant. As a result, the radii of gyration of samples PVA 1.875%,

Table 3
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Gel/PVA, and PVA 3.75% are similar within the experimental error at
both 20 and 37 °C. As far as the exponent of the power-law is con-
cerned, P, is close to the theoretical value of —4 for an infinite smooth
surface, while in the low-q region P, is 4 < P, < 3, which is char-
acteristic of surface fractals with fractal dimensions Dg = 6-|Py]|.
Typically, D; is 2 for smooth surfaces, and increases towards 3 as the
roughness increases [62]. From the results in Table 3 it is evident that,
while the radii of gyration remain constant, D, values are strongly de-
pendent on samples composition. In particular, Dy is close to 2 for PVA
1.875%, while it increases for PVA 3.75% and even more for Gel/PVA.
The same trend can be observed at both 20 and 37 °C. The analysis of
the parameters obtained from SAXS measurements and fittings suggest
that only the fractal dimension is affected by the presence of gelatin,
while the average distance between the scattering centres (PVA mi-
crocrystallites) remains constant. This fact indicates that, in the di-
mensional range probed by SAXS, PVA-PVA interactions are preferred
with respect to gelatin-PVA. Hence, no segregation phenomena are
detected at the nanoscale.

3.5. Rheology

The dynamic viscoelastic behaviour of gelatin and gelatin/PVA
hydrogels was assessed by means of strain and frequency sweeps. The
results of the strain sweep measurement for gelatin and Gel/PVA hy-
drogels are shown in Fig. 7a.

Up to a critical strain, both samples show a linear viscoelastic region
in which G’ and G” are independent of the applied strain. Then, when
the applied strain is further increased, G’ and G” start to decrease as a
consequence of the rupture of gel networks, and both samples show a
predominant liquid-like behaviour (ie., G” > G’). As reported in the
literature, gelatin displays an overshoot of G’ and G” with strain, which
is related to its typical strain-hardening behaviour [63]. The presence of
PVA causes a significant lowering of the storage modulus of the gel, and
a reduction of the linear viscoelastic region (approximately by a factor
of 5), similar to what happens in the half-concentrated sample (Gel
1.875%). Actually, the curve of Gel 1.875% is essentially the same of
the mixed sample in terms of critical strain (i.e., the strain at which G’
equals G”) and of the behaviour of the gel at higher strain, but Gel/PVA
displays a higher storage modulus. The trends of the storage (G”) and
loss modulus (G”) as a function of frequency (measured at a constant
strain of 1%, within the linear viscoelastic region) are also reported in
Fig. 7b. The curves show a typical behaviour of gel networks with a
predominant solid-like character, since G’ is significantly larger than G”
(approximately by two order of magnitude) and nearly independent of
the frequency in the 0.01-10 Hz range [64]. The plateau value of G’ for
the Gel/PVA sample is lower than that of Gel 3.75%, but higher than
that of diluted gelatin sample, reflecting the same situation observed by
means of strain sweep measurements. Interestingly, the trend of G”
against frequency for the Gel/PVA sample shows a peculiar behaviour
(see also the tan vs frequency curve in the Supplementary Material): in
fact, the minimum in the loss modulus curve [65], betraying the pre-
sence of a low-frequency relaxation mechanism, is shifted toward lower
frequencies as to indicate additional dampening mechanisms of the
gelatin network due to gelatin-PVA interactions [66]. Together with the
invoked dilution effect, these interactions have an additional

Parameters obtained from the fitting of SAXS curves in Fig. 6a according to Eq.(1) and Eq. (2).

20°C 37°C
Sample Rg (nm) Py P, Dy Rg (nm) P, Py D
Gel 3.75% 11.4 £ 0.7 —1.64 £ 0.04 10.8 £ 0.5 —1.76 + 0.04
Gel/PVA 6.1 = 0.6 —3.95 + 0.82 —3.24 + 0.05 2.76 6.3 = 0.6 —3.84 = 1.04 —3.34 £ 0.03 2.66
PVA 3.75% 6.4 = 0.6 —3.77 £ 0.22 —3.33 £ 0.03 2.63 7.0 £ 0.6 —4.01 £ 0.18 —3.61 = 0.03 2.39
PVA 1.875% 6.2 + 0.6 —4.08 = 0.81 —3.58 + 0.08 2.42 6.4 = 0.6 —4.05 + 0.22 —3.82 + 0.05 2.18
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Fig. 7. Storage modulus and loss modulus as a function of strain (a) and oscillation frequency (b) for gelatin (3.75% and 1.875%) and Gel/PVA gels. All measurements were performed at

20°C.

detrimental effect on the formation of the gelatin helical network and in
the subsequent development of the gel.

4. Conclusions

We investigated the interactions taking place between gelatin and
PVA using a multi-technique approach that provided information at
different length-scales. From the macro to the micro scale, FE-SEM
analysis revealed that the morphology of Gel/PVA xerogel at the in-
vestigated concentration is homogeneous. At higher magnifications,
sub-micrometric domains were observed, suggesting phase segregation
at this length scale. This hypothesis was confirmed by DSC and SAXS
results, both accounting for the organisation of the polymers at the
supra-molecular level. DSC measurements provided information about
the gelatin component in the mixture: in fact, only the signal related to
the gelatin gel-sol thermal transition was observed. Results demon-
strated that the gelatin-gelatin interactions are not affected by the
presence of PVA. The effect of PVA in the mixture is to constrain a
significant amount of water (as demonstrated by the free water eva-
luation), resulting in a “concentrating” effect on gelatin. SAXS experi-
ments proved that PVA structural features are not altered by the pre-
sence of gelatin, thus indicating that PVA-PVA interactions are
preferred with respect to gelatin-PVA. The rheological behaviour of the
mixed system in terms of viscoelastic properties is mostly dictated by
the interaction of the two polymers with water. Nevertheless, frequency
sweep curves provide evidences of additional dampening mechanisms
due to gelatin-PVA interactions, consistent with a reduced extension of
the gelatin network.

In summary, the experimental results do not provide evidence of
strong interactions between gelatin and PVA. Interestingly, the beha-
viour of the mixed system is rather ascribable to a different interaction
of the two polymers with water.
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Figure S1:(a) DSC scan of Gel 3.75%. Cooling ramp is red, while heating ramp is blue. (b) zoom of
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1. Introduction

Hydroxyapatite, Ca;o(PO4)s(OH), (HA), composes the main min-
eral fraction of human bones and teeth [1]. In bones, it is found as a
nano-sized, non-stoichiometric calcium-deficient apatite contain-
ing carbonate and impurities such as sodium and magnesium ions
[2,3]. The presence of these inclusions, especially carbonate, con-
tributes to the unique features of bone in terms of mechanical
and biological properties [4]. Great efforts have been recently
devoted to rationalize HA formation and crystallization in organic
matrices in the attempt to unravel the process of bone tissue for-
mation and remodeling [5]. This is of particular interest in the
fields of bone and dental tissue engineering where synthetic scaf-
folds are designed to support and promote the growth of new tis-
sue, including HA crystals with tunable composition and structural
properties [6,7].

One of the most investigated matrices suitable to this purpose
are hydrogels [8] and, among hydrogel forming polymers, gelatin
(Gel) is one of the most interesting materials having the same
chemical composition of bone organic matrix. Gelatin is produced
by partial hydrolysis of collagen, which partially loses its charac-
teristic triple-helix structure. Unfortunately, the application of
gelatin is practically limited by the fast dissolution rate in physio-
logical conditions, making it necessary to increase the stability of
gelatin-based materials by means of chemical and physical meth-
ods [9,10]. Covalent cross-linking sites can be obtained by using
high-energy radiations (e.g., electrons or gamma rays) [11], by fab-
ricating composite materials [12], or by employing chemical cross-
linking agents, such as glutaraldehyde [13], 1-ethyl-3-(3-dimethy
laminopropyl)carbodiimide (EDC) [14] and genipin [15]. Bis-
epoxy molecules, such as glycerol diglycidyl ether (GDE) and ethy-
lene glycol diglycidyl ether (EGDE), have also been reported to
enhance the stability of gelatin hydrogels [ 16]. Such molecules dis-
play a lower toxicity compared to glutaraldehyde and EDC, repre-
senting a better alternative to typical gelatin cross-linking agents
when the toxicity of unreacted cross-linker molecules represents
an issue, as in biomedical applications [17].

Unquestionably, biocompatibility and bioactivity are crucial
prerequisites for the in vitro and in vivo application of biomaterials
[18,19], but there are still many structural and physico-chemical
factors to be considered. For instance, the presence of intercon-
nected pores with micrometer size (at least 100 um) is especially
recommended to allow for cell permeation and adequate diffusion
of nutrients into the material [20]. Cryogenic formation is typically
used to generate pores in hydrogels [21]. The polymeric material is
frozen and the water inside the matrix crystallizes producing
porosities whose dimensions depend on cooling rate and polymer
concentration.

In the field of biomaterials considerable attention has been
recently devoted to the development of multifunctional nanocom-
posites, in the attempt of integrating different physico-chemical
features and mimicking natural biological systems [22,23]. Imogo-
lite (Imo) is a naturally occurring hydrous aluminosilicate with
empirical formula (OH);Al05SiOH, displaying a nano-tubular
structure consisting of a single-walled nanotube made of gibbsite
(Al(OH)3) where the inner hydroxyl groups are replaced by 03SiOH
groups [24]. The different reactivity of the inner and outer surfaces
allows, in principle, for selective functionalization reactions [25],
while the presence of the nano-sized cavity can be exploited for
multiple purposes, such as gas storage [26] and trapping of small
molecules [27]. Thanks to its composition and unique structural
properties, Imo has also emerged as a promising material for the
fabrication of bio-nanocomposites (e.g., hybrid hydrogels with
DNA and enzymes [28,29], photo-crosslinkable gelatin-based
nanocomposites [30]). Imo nanotubes present mild, if any, toxic

responses in a variety of cell models and tests [31] and its presence
has been demonstrated to enhance osteoblastic proliferation and
differentiation [32].

In the present work, we envisaged the use of Imo in gelatin-
based hydrogels as nucleation site for the formation of calcium
phosphates (CaP). The combined action of chemical cross-linking
(GDE) and cryogenic treatment allows for the fabrication of a
hybrid gelatin hydrogel with increased stability against dissolution
at physiological temperature, and with a um-sized porosity match-
ing the proper dimensions for the permeation of cells. The obtained
hydrogels were characterized with a multi-technique approach
and then subjected to a mineralization experiment which demon-
strated that the material was able to support the formation of cal-
cium apatite phases. We also found, for the first time, that Imo
effectively acts asa nucleation site for the formation of CaP and
for this reason it enhances the formation of both HA and carbon-
ated HA (CHA), thus producing a material with suitable properties
for applications in bone tissue engineering.

2. Materials and Methods
2.1. Materials

Tetraethyl orthosilicate (TEOS) was obtained from Fluka (Milan,
Italy) and aluminum-tri-sec-butoxide (ASB, purity 97%) was pur-
chased from Sigma Aldrich (Milan, Italy). Perchloric acid (70%)
was obtained from Merck (Milan, Italy). Calcium hydroxide was
purchased from Acros (Geel, Belgium) and phosphoric acid (85%)
from Carlo Erba (Milan, Italy). Gelatin from porcine skin, 250
Bloom, was obtained from Fluka and glycerol diglycidyl ether
(GDE) was purchased from Sigma Aldrich.

2.2. Imogolite synthesis

Tetraethyl orthosilicate (TEOS, 840 uL) and aluminum-tri-sec-
butoxide (ASB, 1.90 g) were added to a HCIO, solution (150 mL,
0.025 M) pre-heated at 70 °C so to reach a Si:Al:HCIO4 molar ratio
of 1:2:1. The dispersion was kept at 70 °C during 5 h under contin-
uous stirring, and then refluxed at 100 °C during 10 days. The reac-
tion mixture was then cooled down, dialyzed with a cellulose
membrane (Sigma Aldrich D9777, M,, cut-off = 14.4 kDa) against
de-ionized MilliQ water (resistivity >18.2 MQcm) to remove
unreacted reagents and small nanostructures, concentrated into a
gel by centrifugation at 1000 g during 1 h (the supernatant was
discarded), and finally freeze-dried (—50 °C, 3 - 10~2 mmHg). FT-
IR and XRD results are consistent with the presence of proto-
imogolites, together with imogolite nanotubes. A detailed charac-
terization of the obtained imogolites is reported elsewhere [33].

2.3. Samples preparation

2.3.1. Hydrogels

Gelatin hydrogels were prepared using the following proce-
dure: the amount of gelatin necessary to reach the concentration
of 5% wt was dissolved in MilliQ water (0.5 g of gelatin in 9.5g
of water) and heated at 50 °C under magnetic stirring. After com-
plete dissolution, imogolite and/or GDE was added to the gelatin
solution, which was stirred for about 10 min, obtaining the sam-
ples Gel+GDE, Gel+lmo and Gel+GDE+Imo. In each sample, the
amount of GDE is 5% wt with respect to gelatin’s weight, while
Imo is 10% wt with respect to organic content (gelatin or gelatin
+ GDE). The nomenclature and exact composition of the prepared
hydrogels is reported in Table 1. After homogenization, the hot
dispersions were poured in polyethylene cylindrical molds (diam-
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Table 1

Nomenclature and composition of the prepared hydrogels.
Sample Gelatin [g] Water [g] GDE [g] Imo [g] GDE% wt* Imo% wt”
Gel 05 95 / / / /
Gel+GDE 0.5 9.5 0.025 / 5 /
Gel+Imo 0.5 9.5 / 0.0500 / 10
Gel+GDE+Imo 0.5 9.5 0.025 0.0525 5 10

2 % wt with respect to gelatin.
b % wt with respect to organic content (gelatin + GDE).

eter 1cm, height 1cm) and were allowed to gel at room
temperature.

2.3.2. Cryogenic pore formation

The formation of macropores in the four hydrogels was
obtained by a cryogenic formation procedure: the hydrogels were
cooled overnight in a freezer to —18 °C (cooling rate 1 °C/min)
and then freeze-dried at —50 °C and 30 mTorr for two days. The
obtained macroporous samples investigated in the present paper
are: Cryo_Gel, Cryo_Gel+GDE, Cryo_Gel+Imo, Cryo_Gel+GDE+Imo.

2.3.3. Mineralization

The synthesis of calcium phosphates (CaP) inside the gels was
performed using a method reported in the literature for the syn-
thesis of hydroxyapatite nanocrystals [34]. A portion of the Cryo_-
Gel+GDE and Cryo_Gel+GDE+Imo samples was cut and each
portion was soaked in a Ca(OH), suspension (2.5mL, 0.5M at
37 °C). H3PO,4 solution (2.5 mL, 0.3 M) was added in aliquots of
105 pl every 5 min. The slow addition of H3PO,4 enables obtaining
crystalline HA with nanometric size (~50 nm), according to the lit-
erature [34]. At the end of the experiment, gels were recovered and
dried in air.

2.4. Characterization

2.4.1. Electron microscopy

Field Emission Scanning Electron Microscopy (FE-SEM) was
used to study the morphology of the xerogels obtained by freeze-
drying the corresponding hydrogels. Freeze-drying was performed
by plunging small pieces of hydrogels (volume ~1 cc) in liquid
nitrogen during 10 min, followed by lyophilization at 30 mTorr
and -55°C during 24 h. The obtained xerogels were cut with a
blade and the internal surface was characterized by means of a
Zeiss XIGMA FE-SEM (Carl Zeiss Microscopy GmbH, Germany).
The use of a Field Emission source, together with a low accelerating
voltage (0.50 kV), the In-Lens detector and a reduced sample-
detector distance (2 mm) allowed for the imaging of non-
metallized samples.

2.4.2. Thermal analysis

Differential Scanning Calorimetry (DSC) analyses were carried
out on a Q2000 DSC (TA Instruments, New Castle, DE, USA). The
samples were lodged in aluminum hermetic pans (Tzero Alu-
minum Hermetic, TA Instruments) and heated/cooled at 5 °C/min
in N, atmosphere (flow rate 50 mL/min). The samples were equili-
brated at —5 °C, heated to 70 °C and cooled to —5 °C (cycle 1). The
sequence was repeated and cycle 2 was obtained. Thermogravi-
metric analysis (TGA) was performed with a SDT Q600 from TA
Instruments to evaluate the affinity between gelatin and imogo-
lites, both in the presence or not of GDE. Measurements were con-
ducted in N, atmosphere (flow rate 100 mL/min) from room
temperature to 1000 °C, at 10 °C/min. The samples analyzed with
this technique were obtained as it follows: 2 g of Gel, Gel+GDE,
Gel+Imo and Gel+GDE+Imo hydrogels were separately soaked in
5 mL of water for 12 h at 37 °C. Samples not containing Imo were
added with 10 mg of Imo and mixed for 4 h at 37 °C. All the sam-

ples were then centrifuged (1 h at 37 °C at 6000 g) and the super-
natant was discarded. The precipitates were freeze-dried and then
analyzed.

2.4.3. Rheology

Rheological measurements were performed by means of a Paar
Physica UDS200 (Moline, IL, USA) rheometer fitted with a
stainless-steel plate-plate geometry (40 mm) and a Peltier temper-
ature controller. Samples were characterized at 20 °C by means of
oscillatory measurements. First, strain-sweep measurements were
performed at a constant oscillation frequency of 1 Hz for strains
ranging from 107'% to 10%% to determine the linear viscoelastic
regime. Then, frequency-sweep measurements were performed
at a constant strain of 1% for frequencies ranging from 102 Hz to
100 Hz. The shear storage modulus G’ and the shear loss modulus
G” were thus obtained, and plotted against frequency. Silicone oil
was placed at the free surface between the two plates to minimize
water evaporation during measurements. All rheology measure-
ments were performed at least twice on duplicate samples.

2.4.4. Small Angle X-rays Scattering

The hydrogels’ structure at the nano-scale was investigated by
Small Angle X-rays Scattering (SAXS). Measurements were carried
out with a HECUS SWAX camera (Kratky) equipped with a
position-sensitive detector (OED 50 M) containing 1024 channels
of width 54 pm. Cu Ko radiation of wavelength %=1.542 A was
provided by a Seifert ID-3003 X-rays generator (sealed-tube type),
operating at a maximum power of 2 kW (50kV and 1mA). A
10 pm-thick Ni filter was used to remove the Cu KB radiation.
The sample-to-detector distance was 275 mm. The volume
between the sample and the detector was kept under vacuum dur-
ing the measurements to minimize scattering from the air. The
Kratky camera was calibrated in the small angle region using silver
behenate (d = 58.38 A). Scattering curves were obtained in the g-
range between 0.009 and 0.544 A~!, q = (4n/7)sin(6/2) being the
scattering vector, and 0 the scattering angle. A thin slice of each
sample was sealed in a cell between two Kapton windows.
Cryogenically-treated xerogels were put in MilliQ-grade water to
rehydrate for 3 days before being analyzed. Standard measurement
conditions were 50 kV, 40 mA, and 3 h (acquisition time) at 25 °C.
SAXS curves reported in this work have been compared with those
obtained on a very short time scale and no differences were
detected between the two sets of measurements, confirming the
absence of relevant radiation damage to the hydrogel structures
during the measurements. All scattering curves were corrected
for the water/empty cell contribution considering the relative
transmission factor. SAXS curves were iteratively desmeared using
the procedure reported by Lake [35] and were fitted using the
Ornstein-Zernike function describing polymers in a semi-dilute
regime:

Io

0 1
1+52q2 (1)

I(q) =

where Iy is a scaling factor, and ¢ is the correlation length of the
polymer.
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Additional fittings were performed with power law functions to
obtain information about the fractal nature of the scattering
objects:

Kq) x<q™® 2)

where p is the fractal dimension (D,,), that is 1 for 1D objects and 3
for full solid materials [36]. For 3 < p < 4 one can obtain the surface
fractal dimension (Ds) from the equation:

Ds=6-p 3

Typically, D is 2 for smooth surfaces, and goes toward 3 as the
roughness increases [36].

2.4.5. X-rays Diffraction

The crystallinity of the mineralized samples was investigated
using X-rays Diffraction (XRD). The diffractograms were collected
with a D8 Advance with DAVINCI design (Bruker, Milan, Italy),
using Cu Ko radiation (i = 1.54 A), a range of 26 of 5°-70°, a step
size of 0.03°, and a time/step of 0.5s. Peaks were assigned using
the Powder Diffraction File (PDF) of the ICDD database (Interna-
tional Centre for Diffraction Data). Quantitative phase analysis
was carried out according to the Rietveld method, using the soft-
ware Topas (Bruker). The % error associated to the obtained value
is +5%.

3. Results and discussion
3.1. Hydrogels

The morphology of the hydrogels was investigated by looking at
their parent xerogels (prepared as described in Section 2) by means
of FE-SEM. It is worth stressing that the morphology of xerogels at
high magnifications should be discussed only at a qualitative level,
as the xerogels’ morphology could significantly differ from their
parent hydrogels at the nano-scale. In fact, the direct plunging of
hydrogel samples in liquid nitrogen (—196 °C) typically leads to
the formation of amorphous ice and, in combination with the

low temperature freeze-drying, it represents a suitable method
to preserve the native morphology of hydrogels [37]. However,
since hydrogels typically consist of very hydrophilic polymers, part
of the water in the hydrogel does not behave as free water in terms
of freezing, as it strongly interacts with the polymer’s chains.
Therefore, that water would not reach the solid state eventually
taking to the modification of the structure of the xerogel at the
supra-molecular scale during the freeze-drying process.

The structure formed by gelatin is shown in Fig. 1a, highlight-
ing the presence of pores in the size range between 1 and 10 pm.
The pore wall thickness was also evaluated: the average of differ-
ent measurements taken from images at high magnification (a
representative example is reported in Fig. S1 in the Supplemen-
tary Material) has shown that the wall thickness is quite homoge-
neous over the whole sample and resulted in a value of
80+ 20 nm.

The introduction of GDE does not produce a significant change
in the pore size, but causes a decrease of order in the structure
(see Fig. 1b): disordered regions (one example is highlighted with
an arrow) are observed together with regions very similar to
those observed in gelatin. This suggests that the GDE effect does
not take place homogeneously over the entire hydrogel structure.
The pore walls were evaluated both in terms of morphology and
thickness (an example is given in Fig. S1), showing that the walls
are smooth and their thickness is quite homogeneous over the
whole sample, resulting in a value (90 + 15 nm) nearly identical
to pure gelatin.

Fig. 1c reports a representative micrograph of the sample
Gel+Imo. The introduction of imogolites in the hydrogel does not
dramatically change the overall structure of the system, even
though the presence of regions where the concentration of clays
is higher (see the white arrow) results in a decrease of the homo-
geneity of the sample at the micro-scale. Nevertheless, no regions
entirely made of clays are detected, suggesting that imogolites are
able to interact with gelatin without significantly changing the
average pore size and the thickness (89 + 12 nm) of the pore walls
(see Fig. S1).

Fig. 1. FE-SEM micrographs of samples (a) Gel, (b) Gel+GDE, (c) Gel+Imo, and (d) Gel+GDE+Imo.
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Fig. 2. Percentage of organic material physisorbed on Imo.

When both GDE and imogolites are introduced, the size of the
inhomogeneous regions significantly increases (the arrow in
Fig. 1d points toward one of these regions), suggesting a preferen-
tial interaction between GDE and imogolites. Furthermore, the
pore wall morphology and the thickness in the inhomogeneous
regions is very variable (as shown in Fig. S1).

In order to evaluate the interactions between imogolites and
gelatin (either in the presence or not of GDE), Gel and Gel+GDE
hydrogels were dissolved in water in the presence of imogolites,
as described in Section 2, and the precipitates were characterized
by means of thermogravimetry. The amount of organic material
physisorbed on imogolite clays was calculated from the residual
weight at 1000 °C (see Fig. 2), corrected for the weight loss of
pure imogolites (the thermograms are reported in Fig. S2, in the
Supplementary Material). Since gelatin completely degrades at
1000 °C and displays a residual weight of 0%, the weights % of
the samples at 1000 °C are due only to the imogolite component
(which loses only ~30% of its weight when heated, see Fig. S2).
Given the fact that all the samples display a weight % at
1000 °C lower than pure imogolite, we can state that before heat-
ing some gelatin was physisorbed on imogolite, and it was com-
pletely degraded during the experiment. By knowing the weight
loss of pure Imo we can calculate, from the weight % at 1000 °C
of the samples, the amount of gelatin physisorbed on imogolite
clays before the experiment. Results on Gel+lmo and Gel+GDE
+Imo highlight the affinity of gelatin for Imo: in fact, about 50%
wt of the precipitate consists of organic material and the presence
of GDE has no significant effect. We performed an additional
experiment by adding Imo to already dissolved hydrogels (see
Section 2), showing that the organic content in the precipitate
is still relevant (~20% wt), even though significantly lower. Since
samples with added Imo have not been cooled below the gel-sol
transition temperature of gelatin, we demonstrate that the pres-
ence of Imo during the formation of the hydrogel takes to an
increased interaction between the inorganic filler and the organic
matrix.

Aiming at further understanding the interactions between the
components, samples were characterized by DSC. In the tempera-
ture range from 10°C to 50°C the thermograms show the
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Fig. 3. Heating thermograms registered on hydrogel samples: (A) Gel; (B) Gel+GDE;
(C) Gel+Imo; (D) Gel+GDE+Imo. Each graph shows both the first heating (scan 1)
and the second heating (scan 2) curves. The curves have been offset for clarity.

endothermic feature typical of the gel-sol transition of gelatin
(see Fig. 3), which is due to the unfolding of the residual triple
helices to reach a completely molten state of the polymeric chains.
The double peak visible in the first heating scan (red curves in
Fig. 3) accounts for the thermal history of gelatin samples produc-
ing two species of “junction zones” with different thermal stability
[38]: some of these junctions are less stable and melt around 30 °C,
while the others are thermally more stable and require more
energy to melt (peak at ~40 °C). The intensity of these two peaks
reflects the aging time because the system slowly reorganizes itself
increasing the stable junctions at the expenses of the less stable
ones.

The comparison of the first heating scan registered on the four
samples, aged for the same time after their preparation (24 h), pro-
vides information about the reorganization capacity of the gels,
which is indirectly related to the degree of “perturbation” on the
gelatin network introduced by GDE and/or Imo. To quantify this
effect, the two peaks have been fitted with Exponentially Modified
Gaussian functions:
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where h is the height, T, the center, w the width, and s is the distor-
tion factor (shape) of the peak. This equation is commonly used to
account for asymmetric DSC peaks that can be due to the presence
of impurities [39,40] or to the complexity of polymeric systems
[12]. The results of the fitting are shown in Fig. S3 in the Supple-
mentary Material. The shape of the four thermograms and the rela-
tive weight of the two peaks resulting from the fitting (see Table 2)
clearly indicate that the presence of GDE or Imo enhances the for-
mation of poorly stable junctions with respect to the pure gelatin
sample, the most relevant effect being associated to the presence
of Imo. When GDE and Imo are both present they produce a sort
of synergetic effect and the destabilization of the network is maxi-
mized, confirming the considerations extracted from the analysis of
SEM micrographs.
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Table 2

Parameters obtained with DSC and SAXS fittings. The second and third columns refer to the relative weight of the areas of the two peaks in the first heating scan (calculated with
respect to the total area). In the fourth column, the enthalpies measured by integration of the peak in the second heating scan are reported. The last column lists the correlation

lengths obtained from the fitting according to Eq. (1).

DSC

SAXS

1st heating cycle

2nd heating cycle Correlation length (A)

Sample % high T peak % low T peak AH (J/g) +2%

Gel 69 31 1.25+0.03 276
Gel+GDE 46 54 0.88 +0.02 28+6
Gel+Imo 28 72 0.87 £0.02 306
Gel+GDE+Imo 11 89 0.90£0.02 32£6

We also investigated the behavior of the samples when their
thermal memory is reset: i.e., after the first heating scan. In the sec-
ond heating scan the thermograms (green' lines in Fig. 3) show
only one peak, centered at ~30 °C, due to the melting of the junc-
tions formed between polymeric chains during the cooling segment
of the first scan. The area obtained by integrating this peak is
reported in Table 2. The evident decrease in the enthalpy of the tran-
sition in the samples containing GDE and/or Imo is a further indica-
tion that both are able to hinder or, at least, to slow down the ability
of gelatin to self-interact.

The effect of Imo and GDE on the structural properties of the
gelatin network is further confirmed by rheology. Oscillatory mea-
surements were performed on hydrogels at 20 °C, well below the
sol-gel transition of gelatin. At this temperature, all samples dis-
play the typical feature of viscoelastic materials with a predomi-
nant solid-like character, ie. G’ is significantly larger than G”
(approximately by two orders of magnitude) and nearly
frequency-independent in an extended frequency range (see
Fig. S4). However, when GDE and/or Imo are present, the storage
modulus of the gel is significantly lowered (the effect of Imo is
slightly larger) indicating a less ordered organization of polymer
chains with respect to pristine gelatin, which leads to a limited
extension of the “solid-like” 3D network. The non-homogeneous
distribution of imogolite clays inside the matrix (see Fig. 1c) and
the moderate reactivity of GDE toward gelatin likely represent
the main reasons for the observed weakening of hybrid gels in
terms of mechanical properties.

In order to evaluate the influence of both GDE and Imo on the
nanostructure of the gels, SAXS curves for Gel, Gel+GDE, Gel+Imo
and Gel+GDE+Imo have been collected (see Fig. 4). The curves are
almost  superimposable in the mid-to-high ¢q range
(0.03 < g < 0.5 A1), The correlation lengths obtained from the fit-
ting according to Eq. (1) are reported in Table 2. Results indicate
that the main contribution to the scattering profiles in this region
is due to the Gel matrix and that the modification of GDE and/or
Imo to the network are negligible. The increase in the scattered
intensity in the low g region (0.009 <q < 0.03A~") in Gel+Imo
and Gel+GDE+Imo is a consequence of the presence of Imo in the
gel, as it is not present in the other profiles. Fitting according to
Eq. (2) results in a mass fractal dimension of 1.6 and 1.7 for
Gel+lmo and Gel+GDE+Imo respectively, that is typical of
aggregated rod-like structures [41].

3.2. Cryogenically-modified hydrogels

Hydrogels were modified by a cryogenic treatment (controlled
freezing followed by lyophilization, see Section 2) to obtain pores
in the 100-250 pm, as required in materials for the regeneration
of bone tissues [42]. SEM micrographs (Fig. 5) clearly show that
the procedure was successful, providing also useful insights into

! For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 4. SAXS curves of Gel (circles), Gel+GDE (squares), Gel+Imo (diamonds), and
Gel+GDE+Imo (triangles). The curves are offset for display purposes. Full solid lines
represent the curve fittings according to the Ornstein-Zernike function, while the
dotted lines delineate the power law fittings.

GDE and Imo effect on the gelatin matrix and on the pore enlarge-
ment process. The enlargement process takes place quite homoge-
neously in pure gelatin (Fig. 5a). When GDE is present (Fig. 5b),
regions with large pores are alternated to regions where the cryo-
genic treatment has been much less effective (one example is high-
lighted by the arrow), most reasonably because of the reinforcing
effect of the cross-linker in those regions, eventually hindering
the growth of ice crystals. These results are consistent with an
inhomogeneous distribution of GDE over the hydrogel structure,
as already introduced when analyzing the results on hydrogels
before the cryogenic treatment. The introduction of imogolites
affects to a minor extent the ability of the hydrogel to form large
pores. The presence of the nanoclays could be pointed out by the
slightly smaller size of the pores and, more evidently, by the rough
morphology of the pore walls (see Fig. 5c). When GDE and Imo are
introduced together, both effects are visible (see Fig. 5d): the pore
walls’ morphology is rough and regions where the cryogenic treat-
ment had a minor effect are visible.
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Fig. 5. FE-SEM micrographs of samples obtained by cryo-poration of (a) Cryo_Gel, (b) Cryo_Gel+GDE, (c) Cryo_Gel+Imo, and (d) Cryo_Gel+GDE+Imo.

Summarizing, SEM results clearly demonstrate that the
cryogenic treatment of all our samples successfully produces archi-
tectures suitable for bone tissue engineering, at least in terms of
porosity. The average size of the pores after the cryo-
modification is increased by a factor of about 25 (from ~5 pm to
~125 pm), while the pore walls are about ten times thicker (see
Fig. S5). These results indicate that the process takes place through
the formation of Mullins-Sekerka instabilities, as previously
reported for similar systems [37], resulting in the formation of
sub-millimetric and highly interconnected pores with thick pore
walls.

It is worth mentioning here that, together with chemical and
physical cross-linkers (GDE and Imo, respectively), increasing the
pore size and the pore wall thickness could be also effective in
extending the dissolution of the scaffolds over time. In particular,
the ice growth during the cryogenic process results in the merging
of many smaller pores into few bigger pores with the collapsing of
thinner pore walls into thicker ones. The overall effect is a signifi-
cant decrease in the total surface area. Considering that the Specific
Surface Area (SSA) of a porous system is inversely proportional to
the pore size, and that the dissolution rate is directly proportional
to SSA, it results that increasing the pore size of a hydrogel is an
effective strategy when aiming at decreasing the dissolution rate.
This hypothesis can be easily verified by checking the amount of
time needed by a small piece of hydrogel to completely dissolve
in a water excess. We observed that Gel sample dissolves at 37
°C within 30 min, while Cryo_Gel takes about two hours. The pres-
ence of Imo and GDE further increases the time required for the
dissolution to occur (around 3 days for Gel+GDE+Imo).

The effect of the cryogenic pore formation on the nanostructure
of the hydrogels was also investigated by means of SAXS experi-
ments (see Fig. 6). The samples have been rehydrated (as reported
in Section 2) before being analyzed. SAXS curve of sample Cryo_Gel
+Imo is not reported as it showed a scattering profile superimpos-
able to that of Cryo_Gel+GDE+Imo. The analysis of the polymer cor-
relation length in the high q region provided very small values,
comparable to the instrumental resolution, not allowing for further
discussion. In the region between 0.01 and 0.05 A~ all samples
exhibit linear trends. This behavior (not found in the untreated
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Fig. 6. SAXS curves of Cryo_Gel (full circles), Cryo_Gel+GDE (full squares), and
Cryo_ Gel+GDE+Imo (full triangles). The curves are offset for display purposes. The
dotted lines delineate the power law fittings. The SAXS profile of sample Cryo_Gel
+Imo is superimposable to that of Cryo_Gel+GDE+Imo and, therefore, not reported.

hydrogels) is typically observed in the presence of fractal domains,
in this case probably originated from the extreme reduction of the
volume occupied by the polymer molecules and Imo during the
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cryogenic treatment. For all samples a region with a p between 2.1
and 2.5 is found, with Cryo_Gel showing the highest exponent. This
means that the hydrogels containing GDE show a Dy, lower than
that of pure gelatin, suggesting that the presence of the cross-
linker leads to the disorganization of the polymer chains. In addi-
tion, Cryo_Gel+GDE+Imo shows a second linear region in the low
g-range with p=3.9. By using Eq. (3) a D; of 2.1 was obtained,
meaning that the scattering profile of the sample is that of a full
solid material with a very smooth surface. This is probably due
to the Imo clays and the polymer network collapsing together into
a compact structure during the cryogenic treatment.

3.3. Mineralization

The obtained Cryo_Gel+GDE+Imo macroporous xerogel is
endowed with some features that make it suitable as a scaffold
for bone remineralization: the single components of the material
are biocompatible and the porosity obtained by means of the
cryo-formation process is appropriate for cell adhesion and
growth. In addition, we hypothesize that imogolite clays can act
as nucleation sites for the formation of mineral phases inside the
gel matrix. To validate this hypothesis, we used this sample to per-
form an experiment of hydroxyapatite mineralization, following
the protocol described in Section 2. As a reference, we carried
out the same experiment on the sample Cryo_Gel+GDE to evaluate
the effect of Imo on the formation of the inorganic phases.
Fig. 7a and b report FE-SEM micrographs of the mineralized
Cryo_Gel+GDE+Imo and Cryo_Gel+GDE xerogels, which from
now on will be referred to as Cryo_Gel+GDE+Imo_CaP and
Cryo_Gel+GDE_CaP, respectively. It is evident that, in both cases,
the gel phase is homogeneously filled with sub-micrometric
particles and the gelatin matrix is no longer visible. The
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micrographs evidence that the morphology of the Imo-containing
mineralized sample (see Fig. 7a) does not show the well-defined
platelets typical of HA that are instead visible in
Cryo_Gel+GDE_CaP (Fig. 7b). This suggests that Imo can template
the growth of HA particles, being effective in modifying the shape
of the formed crystals.

The crystallinity of the inorganic phases obtained by means of
X-rays Diffraction shows that for both samples most of the peaks
can be attributed to hydroxyapatite and carbonated hydroxyap-
atite (see Fig. 7c). In order to quantify the amount of these two
phases, the diffractograms were analyzed according to the Rietveld
method. We found that the presence of Imo promotes the carbon-
ation of hydroxyapatite, since CHA is 34% in Cryo_Gel+GDE_CaP vs
65% in Cryo_Gel+GDE+Imo_CaP (see Figs. S6 and S7); a small
amount of calcite (4%) is also observed in the Imo-containing sam-
ple. These results are of outmost importance considering the ben-
eficial effect of carbonate on both the mechanical and
osteoconductive/osteoinductive properties of bones. The superior
characteristics of CHA with respect to HA are indeed well docu-
mented in literature [43].

To understand if the presence of Imo is also able to enhance the
formation of HA, the amount of mineral phase was evaluated by
means of TGA (Fig. 7d). Data were first normalized to 100% at
130 °C to consider their different water content and then corrected
to take into account the weight loss associated to pure HA and Imo.
Very interestingly, it was found that the inorganic fraction (after
mineralization) is 10.4% wt in the Cryo_Gel+GDE_CaP sample,
while it increases up to 21.3% wt in Cryo_Gel+GDE+Imo_CaP.
This result shows that Imo significantly promotes the

mineralization of the scaffold (the amount of inorganic phase
formed is twofold with respect to the gel without Imo) and acts
as nucleation center.

Weight [%]

-- HA
20 -- Imo
—— Gelgpe-CaP
—— Gelgpg-Imo-CaP
T T T T T T T T
200 300 400 500 600 700 800 900
Temperature [°C]

Fig. 7. FE-SEM micrographs of (a) Cryo_Gel+GDE+Imo_CaP, (b) Cryo_Gel+GDE_CaP. In the insets, an image at higher magnification of the same sample is shown. (c¢) XRD
patterns of Cryo_Gel+GDE+Imo_CaP and Cryo_Gel+GDE_CaP, together with the peak assignments according to HA (PDF 03-0747), carbonated HA (PDF 19-0272) and calcite
(PDF 01-0837); (d) TGA profiles of Cryo_Gel+GDE_CaP and Cryo_Gel+GDE+Imo_CaP, together with pure HA and Imo.
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4. Conclusions

In this manuscript, we investigated the possibility to combine
nanotubular clays and gelatin to obtain a composite material with
composition, porosity, and mineralization properties suitable as a
synthetic scaffold in bone tissue engineering. While gelatin has
been largely investigated in the past, practical limitations (primar-
ily, fast dissolution rate in physiological conditions, lack of pores
with suitable dimensions for cell permeation and limited mineral-
ization ability) still hamper its application [9,10].

Our results demonstrate that imogolite nanotubes (Imo) and a
biocompatible chemical cross-linker (GDE) could be effectively
employed to modify the structural, thermal and rheological prop-
erties of gelatin-based hydrogels, especially affecting the triple
helices-forming ability of pure gelatin. The inclusion of Imo and
GDE affects the structure of the network, but it does not hinder
the possibility to modify its porosity through a cryogenic treat-
ment, allowing for the tuning of pore size in the range required
for bone cell permeation (in the order of 100 um). We also found
that the presence of Imo strongly enhances the mineralizing prop-
erties of the scaffold toward the formation of hydroxyapatite and
carbonated hydroxyapatite (twofold increase with respect to pris-
tine gelatin).

The integration of 1D inorganic and organic fillers in gelatin, as
well as the mineralization properties of the resulting scaffolds, has
been already investigated in the literature [44-47]. However, to
the best of our knowledge, the effect of imogolite nanoclays on
the mineralization properties of gelatin scaffolds has never been
reported.

Given the biocompatible composition, the proper porosity and
the effectiveness in promoting the formation of hydroxyapatites,
we believe that the material described in this paper represents a
promising scaffold for bone tissue engineering. Its properties in
biologically relevant fluids remain to be investigated, especially
in terms of the composition and crystallinity of the formed mineral
phases. As it has been recently discovered [48], calcium phos-
phates are not only relevant in bone tissues, but are also crucially
involved in many biological processes, including the immunologi-
cal surveillance. In this context, the possibility of controlling the
kinetics of formation and the crystalline evolution of the calcium
phosphates could make our material interesting to biotechnologi-
cally relevant applications other than scaffolds for bone tissue
regeneration.
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Figure S1: FE-SEM micrographs of samples (a) Gel, (b) Gel+GDE, (c¢) Gel+Imo, and (d) Gel+GDE+Imo.
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Figure S2: Thermogravimetry of the samples recovered after dissolution, centrifugation and freeze-drying.
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Figure S3: Deconvolution of the double peak in the first heating scan for the samples A) Gel; B) Gel+GDE;
C) Gel+Imo; D) Gel+GDE+Imo.
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Figure S4: Storage modulus and loss modulus as a function of frequency for Gel, Gel+GDE, Gel+Imo and
Gel+GDE+Imo samples.
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Figure S5: FE-SEM micrographs of samples obtained by cryo-poration of (a) Cryo_Gel, (b)
Cryo_Gel+GDE, (c) Cryo_Gel+Imo, and (d) Cryo_Gel+GDE+Imo.
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Figure S6: Rietveld fitting of CryoGel+GDE_CaP.
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Figure S7: Rietveld fitting of Cryo_Gel+GDE+Imo_CaP.
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Abstract

The formation of amorphous magnesium-calcium phosphate nanoparticles
(AMCPs) in the small intestine is a recently-discovered phenomenon that
present many interesting outcomes from a physico-chemical perspective: the
study of the effect of macromolecules that the particles could encounter
during their formation is particularly relevant, as it could give important
insights in the biogenic formation process. In this paper, we investigate the
formation and features of synthetic analogs of AMCPs prepared in the
presence of mucins, large glycoproteins which are the main component of the
intestinal mucus layer. Particles were synthesized in the presence of different
mucin concentrations, and characterized in terms of chemical nature,
crystallinity, morphology and microstructure. The existence of a specific
interaction between the amorphous particles and mucins was also inspected.
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Abstract

The development of nanocarriers for the loading of drugs or food products is
an open challenge, as it allows to improve their bioavailability and to protect
valuable nutraceuticals at food processing or digestion. In this contribution,
we explore the possibility of using amorphous magnesium-calcium
phosphate nanoparticles (AMCPs) for the loading of proteins extracted from
the seeds of Moringa Oleifera, a tree which has an impressive range of
medicinal uses and high nutritional values, and which is commonly taken as
supplement. AMCPs consistently form in mammalians’ small intestine, and
their amorphous nature allows for the effective incorporation of organic
molecules within its structure. Endogenous-like AMCPs were prepared in
the presence of dispersions of the protein, and characterized by means of a
multi-technique approach; moreover, the effect of the protein on the lifetime
of the amorphous phase was also explored. The obtained results clearly
highlight that proteins extracted from Moringa Oleifera have an effect in
shaping the stability and the crystallization pathway of AMCP. These
macromolecules can also be loaded within AMCP in a concentration-
dependent fashion, paving the way for a potential application of this material
in nutraceutics and drug delivery.



Development of magnesium phosphate-based bone

cements containing citrate

Rita Gelli?, Gemma di Pompo®, Gabriela Graziani®, Sofia Avnet®,

Nicola Baldini®, Francesca Ridi?, Piero Baglioni?

“Department of Chemistry “Ugo Schiff” and CSGI, University of Florence,
via della Lastruccia 3-13, 50019 Sesto Fiorentino (FI), Italy
"Laboratory for Orthopedic Pathophysiology and Regenerative Medicine, IRCCS
Istituto Ortopedico Rizzoli, via di Barbiano 1/10, 40136 Bologna, Italy

Abstract

Magnesium phosphate-based bone cements (MPCs) represent a new
category of biomaterials towards which the interest of the scientific
community recently emerged, given their interesting features which make
them good candidates for orthopedic applications. As it was demonstrated
that the inclusion of citrate in a biomaterial presents several beneficial effects
in bone healing process, we aimed at preparing and characterizing the
features of MPCs able to release citrate. Formulations containing different
amounts of this ion were prepared, and its effect on the most meaningful
properties of both the pastes and the set cements was assessed. Cements were
then incubated in aqueous-based media, and the pH of the solution and the
release profile of citrate were evaluated. The biocompatibility of the systems
was assessed, and results show that only cements which release an amount
of citrate < 10 mM result in a good cells’ viability, while maintaining

promising physico-chemical properties.
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