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A B S T R A C T

Hypothesis: Endogenous Amorphous Magnesium-Calcium Phosphates (AMCPs) form in the human body and, be-
sides their biomedical implications, the development of effective stabilization strategies is an open challenge. An
interesting approach consists of stabilizing amorphous phosphates with macromolecules that have beneficial ef-
fects from a nutritional/medical point of view, for a potential application of the hybrid particles in nutraceutics
or drug delivery.
Experimental: We investigated the effect of proteins extracted from Moringa oleifera seeds (MO) on the features
of synthetic analogs of AMCPs and on their crystallization pathway. The stability of the amorphous phase was
studied using infrared spectroscopy and X-ray diffraction. To unravel the effect of the protein on the nano-scale
structure of the inorganic particles, we also studied how MO affects the features of the amorphous phase using
thermal analysis, small angle X-ray scattering and confocal Raman microscopy.
Findings: We observed that MO markedly delays the transition from amorphous to crystalline phosphate in a con-
centration-dependent fashion. Interestingly, MO not only enhances the lifetime of the amorphous phase, but also
influences the type and amount of crystalline material formed. The results are relevant from both a fundamental
and an applied perspective, paving the way for the use of these hybrids in the field of nutraceutics and drug de-
livery.

© 2021

1. Introduction

Among the variety of Amorphous Calcium Phosphate (ACP)-based
structures present in our body [1], the recently-discovered Amorphous
Magnesium-substituted Calcium Phosphate (AMCP) particles which
form in mammalian small intestines, represent a particularly interesting
case study [2]. These nano- and micro-minerals are believed to be in-
volved in immune-surveillance mechanisms, as they were observed to
bind antigens and peptidoglycans and to transport them to the immune
cells of the intestinal tissue [2]. Besides the biomedical implications of
this process [3,4], the full understanding of the formation and the fea-
tures of these particles opens up a series of intriguing physico-chemical
aspects. Endogenous AMCPs possess a porous and amorphous structure,
have a size of 75–150 nm and are composed of Ca, Mg, Na, O and P

⁎ Corresponding authors.
E-mail addresses: adrian.rennie@physics.uu.se (A.R. Rennie); baglioni@csgi.unifi.it (P.

Baglioni)
1 These authors equally contributed to this work.

[2,5]. The amorphous nature is intriguing as AMCPs, and more in
general ACPs, are well-known to be highly unstable in aqueous me-
dia, given their tendency to evolve into a more thermodynamically sta-
ble form of crystalline calcium or magnesium phosphate [6]. The fact
that such unstable structures repeatedly form in the human gut high-
lights the importance of amorphous phosphates to the functioning of
the body organs and emphasizes the importance of seeking new strate-
gies to prolong the lifetime of AMPCs amorphous phase. Ions, such as
Mg2+ [7–15], Ga3+ [16], Cd2+ [17], Sr2+ [8,18], Zn2+ [19], P2O74-

[18,20,21], CO32– [22] and citrate [23], have been shown to delay
to a different extent the transition from amorphous to crystalline cal-
cium phosphates. The effects of some biologically-relevant molecules
and macromolecules were also investigated previously, and the stabiliz-
ing action of adenosine triphosphate [24–27], bile salts [28] and pro-
teoglycans [29,30] is described in the literature. Some synthetic poly-
mers also display the ability to slow down the conversion of ACP to
crystalline calcium phosphate and the relevant examples include PEG
(poly(ethylene glycol)) [31,32], PAA (poly(acrylic acid)) [33,34], as
well as a range of other synthetic anionic and cationic polyelectrolytes,
[35] and poly(amino acids) [20,36]. In general, ions and molecules

https://doi.org/10.1016/j.jcis.2021.01.008
0021-9797/© 2021.
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that are present during the synthesis of ACP can be incorporated within
the structure, possibly leading to a modification in the atomic arrange-
ment of the clusters composing the amorphous phase. Although ACP
can be stabilized to some extent with the cited additives, its intrinsic
metastable nature will eventually lead to the transformation into a crys-
talline phosphate [37]. Therefore, the quest for effective strategies to en-
hance the stability of amorphous phosphates is an open challenge. A cap-
tivating approach consists of stabilizing ACP/AMCP with molecules or
macromolecules which have beneficial effects from a nutritional or med-
ical point of view, for a potential application in nutraceutics or drug
delivery. This strategy has a two-fold relevance as the molecule, while
acting as stabilizing agent for the amorphous phase, could eventually
be released from the hybrid to fulfil a specific function. Nanocarriers
are in fact frequently used to load food products in order to improve
their bioavailability and protect valuable nutraceuticals during food pro-
cessing or digestion [38]. The possibility of using AMCP for the load-
ing of active components is straightforward if the biological function in
the mammalian ileum is recalled, i.e. the loading of macromolecules (di-
etary antigens and peptidoglycans) and the release of the organic cargo
to antigen-presenting cells [2].

Among the bio-relevant macromolecules whose effect as stabilizers
for AMCP has never been investigated so far, proteins extracted from
Moringa oleifera (MO) represent an interesting case study. MO is a tree
native to tropical and subtropical regions of south Asia that is now also
widespread in Africa and South America. Sometimes referred to as “the
miracle tree”, this plant can grow quickly even on soils having relatively
low humidity, and it is known to be non-toxic to humans and animals. It
has an impressive range of medicinal uses, including the control of dis-
orders of circulatory system, the improvement of the function of the di-
gestive tract, to the treatment of arthritis, kidney stones, inflammations
and anemia. Different parts of this plant (roots, seeds, leaves, flowers)
contain a profile of important minerals and are a good source of pro-
teins, vitamins, β-carotene, amino-acids and various phenols [39], mak-
ing its use as dietary supplement well established. Seeds are reported to
have antimicrobial activity [39] and are widely employed for the treat-
ment of water and wastewater, due to the action of the cationic proteins
which are responsible for the coagulation and flocculation mechanisms
[40] (the isoelectric point is around pH = 10 [41]). In the framework
of inorganic phosphate precipitation, given their positively-charged na-
ture [42,43], these proteins are expected to interact with ions present
in AMCP-forming solution, thus having an impact on its formation and
crystallization pathways. The effect of MO on calcium phosphate precip-
itation is scarcely documented in the literature. Some examples show the
possibility of using MO flower extracts to prepare hydroxyapatite-based
nanorods [44] and nanoplates [45]. On the other hand, the potential
of calcium phosphates for the loading and release of proteins has been
reported for bovine serum albumin [46–48] and bone morphogenetic
protein [49]. In principle, the amorphous and porous nature of AMCP
should improve the loading capability of the inorganic structure.

The aim of this study was to assess the effect of proteins extracted
from Moringa oleifera seeds on the features of endogenous-like AMCPs
and on their crystallization pathway. Amorphous nanoparticles were
prepared with an aqueous-based synthesis in the presence of different
concentrations of protein, and their evolution with time was investi-
gated focusing on the effect of MO on both the crystallization pathway
and on the features of the amorphous phase.

2. Materials and methods

2.1. Samples’ preparation

2.1.1. Materials
Sodium phosphate monobasic (NaH2PO4·H2O, ≥99%) and sodium

phosphate dibasic (Na2HPO4·12H2O, ≥99%) were purchased from Carlo

Erba Reagents (Milan, Italy). Sodium chloride (NaCl, ≥99%), calcium
chloride (CaCl2, ≥93%) and magnesium chloride (MgCl2·6H2O, ≥99%)
were obtained from Sigma-Aldrich (Milan, Italy). MilliQ water was used
during all the experiments.

Moringa oleifera seeds were obtained from Mahalapye, Botswana. MO
protein was extracted and purified by the method of Ndabigengesere
and Narasiah, as previously reported in the literature [41,50,51].

2.1.2. Synthesis of AMCPs
AMCPs were prepared by mixing equal volumes (20 mL) of two so-

lutions, namely solution A (which contains NaH2PO4 and Na2HPO4) and
solution B (NaCl, CaCl2 and MgCl2). The concentrations and amounts of
salts in these solutions are given in Table 1. Solutions A and B were pre-
pared by dissolving salts in water and the flasks were separately heated
at 37 °C in a water bath. After mixing the solutions, the temperature and
the pH of the dispersion was monitored through the entire synthesis and,
when necessary, the pH was maintained at 7.30 ± 0.02 by dropwise ad-
dition of NaOH 1 M or HCl 1 M. Aliquots of 5 mL were withdrawn af-
ter 15 min, 30 min, 60 min, 90 min, 2 h, 6 h, 24 h and 48 h. The col-
lected solutions were centrifuged at 6000 rpm for 3 min and the super-
natant was discarded. The particles were washed with 5 mL of absolute
ethanol and centrifuged (6000 rpm, 3 min) three times, dried under ni-
trogen flux and kept for 30 min under vacuum. Specimens were stored
at −18 °C to prevent a spontaneous crystallization.

The three syntheses conducted using the same procedure were pris-
tine nanoparticles (AMCP), particles prepared in the presence of 1 mg/
mL of Moringa protein (AMCP_1MO) and particles prepared in the pres-
ence of 10 mg/mL of protein (AMCP_10MO). When present, MO (40 mg
and 400 mg, respectively) was dispersed in 2 mL of water and simulta-
neously mixed with 19 mL of solution A and 19 mL of B.

2.2. Characterization techniques

2.2.1. Fourier transform-infrared spectroscopy (FT-IR)
FT-IR spectra were collected using a Bio-Rad FTS-40 spectropho-

tometer (Hercules, CA, USA). The samples were analyzed in KBr pellets
prepared by mixing 1.00 ± 0.05 mg of sample with 100.0 ± 0.1 mg
of KBr (Sigma-Aldrich, FT-IR grade). The spectra were acquired in the
range 4000–400 cm−1 using a resolution of 2 cm−1, 64 scans and scan
delay of 600 s.

2.2.2. X-ray diffraction (XRD)
XRD data were collected with a D8 Advance with DAVINCI design

(Bruker, Milan, Italy), using as X-rays source the Cu Kα radiation (wave-
length k = 1.542 Å), at 40 kV and 40 mA, a 2θ range of 10–60°, a step
size of 0.03°, and a time/step of 0.3 s. A Si zero-background sample
holder was used, while the assignment of peaks was based on the Pow-
der Diffraction Files (PDF) of the ICDD database (International Centre
for Diffraction Data).

For the quantitative XRD analyses (AMCP_48h, AMCP_1MO_48h and
AMCP_10MO_48h), the diffractograms were collected using glass capil-
laries (0.3 mm diameter), at 40 kV and 40 mA, a 2θ range of 5–80°, a

Table 1
Composition of the 50 mL solutions used for the synthesis of AMCPs.

Salts
Concentration
[mM]

Amount
[g]

A NaH2PO4·H2O 50 0.345
Na2HPO4·12H2O 150 2.686

B NaCl 135 0.395
CaCl2 40 0.222
MgCl2·6H2O 100 1.017
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step size of 0.01°, and a time/step of 4 s. The relative amounts of the
formed phases were estimated 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 Mineralo-
gist Crystal Structure Database (0009313 for newberyite and 0001049
for baricite) and Crystallography Open Database (9001026 for bobier-
rite). The error associated with the fitting is 1%, with Rwp < 5.

2.2.3. Field emission-scanning electron microscopy (FE-SEM)
FE-SEM analysis was conducted using a Zeiss SIGMA FE-SEM (Carl

Zeiss Microscopy GmbH, Jena, Germany). The powders (specimens ob-
tained after 15 min, 30 min, 24 h and 48 h) were placed over aluminum
stubs by means of conductive tape. The micrographs were acquired with
an accelerating voltage of 2 kV, sample-detector distance ~4 mm and
using the In-Lens detector.

2.2.4. Simultaneous differential scanning calorimetry/thermogravimetry
(SDT)

SDT analyses were performed using SDT Q600 from TA Instruments
(New Castle, DE, USA). Each sample (AMCP_15min, AMCP_1MO_15min
and AMCP_10MO_15min) was placed in an alumina pan and measure-
ments were conducted in N2 atmosphere (flow rate 100 mL/min) from
room temperature to 1000 °C, at 10 °C/min.

SDT was also used to obtain the activation energies (Ea) of the
heat-induced crystallization of the amorphous phase. Following instru-
mental calibration at different heating rates, samples were analyzed at
5, 10, 20 and 50 °C/min, and the shift of the crystallization peak was
used to estimate Ea using the Kissinger method [52], which correlates
the heating rate (β, K/min) with the peak temperature (Tp). Ea can thus
be calculated according to Eq. (1)

(1)

where R is the universal gas constant and A the pre-exponential factor.
The method only holds for first order reaction kinetics and for β > 0
(heating experiments) [53]. The experimental error associated to Tp is
±2 K.

The reaction order was further assessed by means of the Bor-
chardt–Daniels method [54], by selecting 10 points within the crystal-
lization peak of the 10 °C/min curve, between the onset and the max-
imum. At each temperature, the intensity of the heat flow (dH) at dif-
ferent times and the corresponding ΔH, the heat generated at the tem-
perature T in the corresponding time interval (ΔH = dH/dt) were calcu-
lated. According to the method, the rate constants k at different temper-
atures and for different reaction orders, n, can be calculated using the
following expressions

(2)

(3)

(4)

(5)

where S0 is the total integrated peak intensity and ST is the integrated
peak intensity from the beginning of the peak to the temperature T.
From a plot of ln k vs 1/T for every n, the reaction order that describes
the system is chosen on the basis of the best correlation coefficient ob-
tained.

2.2.5. 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 detec-
tor (OED 50 M) containing 1024 channels of width 54 μm. Cu Kα ra-
diation (λ = 1.542 Å) was provided by a GeniX X-ray source (Xenocs,
Grenoble, France), operating at 12 W (30 kV and 0.4 mA). Powder sam-
ples were sealed in a cell between two Kapton windows, and each data
set was collected for 2 h at 25 °C. The volume between the sample and
the detector was kept under vacuum during the measurements to min-
imize scattering from air. The sample-detector distance (281 mm) was
calibrated by measuring the scattering pattern of silver behenate. Scat-
tering curves were obtained in the q-range between 0.008 and 0.5 Å−1,
where q = (4π/λ)·sin(θ/2) is the scattering vector and θ the scattering
angle, and they were corrected for the empty cell (i.e., Kapton) contri-
bution by adjusting their relative transmissions (data are not in absolute
scale).

Scattering curves were fitted with the SasView software (Version
4.2.2 [55]). Different models were tested to account for the presence
of nanostructures in the accessible length scale: the shape-independent
multi-level approach by Beaucage (also known as the Unified Fit ap-
proach) [56–58], the Teixeira Model for the scattering from a fractal
structure formed from core shell spheres [59] and the Guinier-Fournet
form factor for polydisperse spherical particles with a core–shell struc-
ture [60], including the Percus-Yevick inter-particle structure factor of
hard spheres [61], and mixtures of them. The patterns of deviations
(i.e., the residual values at different scattering vector values) were used
to evaluate the goodness of the fit. The scattering length densities (SLDs)
of AMCP and MO, when needed in the model, were calculated according
to their composition and densities. The SLD of the solvent (vacuum in
our case) was taken as equal to zero. More details are given in the Sup-
porting Information section.

2.2.6. Confocal Raman microscopy
Raman analysis and mapping were performed on a Renishaw in-

Via Qontor confocal MicroRaman system equipped with 532 nm laser
(Nd:YAG solid state type, 50 mW, 1800 l/mm grating), front illumi-
nated CCD camera (256 × 1024 pixels, −70 °C) and research-grade Le-
ica DM 2700 microscope equipped with 100× objective (NA 0.85,
WD 0.27 mm). Powder samples were placed between two glass slides.
A Raman spectrum was acquired for AMCP_15min and pristine MO
in the range 3100–300 cm−1, while AMCP_1MO_15min and AMCP_10-
MO_15min were mapped with an accumulation time of 10 s using the
two distinct signals of AMCPs and MO (located at 700–1100 cm−1 and
2800–3100 cm−1, respectively). Maps were collected with a step size of
1 μm (slightly larger than the nominal objective resolution in these ex-
perimental conditions).

3. Results and discussion

3.1. Characterization of the amorphous-to-crystalline transition

The stability of AMCPs was investigated by FT-IR and XRD analyses
to evaluate the effect of different amounts of MO on the crystallization
process of the particles. The shape and the position of the IR peaks (see
Fig. 1) reveal that the initially-formed precipitate in all samples is an
amorphous phosphate displaying broad bands, which then converts to
crystalline phases when sharp and distinctive signals appear [15,62].
The presence of amorphous particles at short times is confirmed by
the broad and featureless bands associated with hydroxyl stretching
(3700–2500 cm−1 region), water HOH-bending (1900–1300 cm−1) and
P O stretching vibrations (1200–400 cm−1) [63]. In the absence of
MO (Fig. 1A), AMCPs crystallization occurs within 30 min, while in
AMCP_1MO (Fig. 1B), the particles turn crystalline after about 2 h and
in AMCP_10MO (Fig. 1C) the first signatures of crystallinity appear after
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Fig. 1. FT-IR spectra of AMCP (A), AMCP_1MO (B) and AMCP_10MO (C). The time after which each aliquot was withdrawn from the solution is given on the right of each curve. Symbols
indicate the most diagnostic signals for the three phases present in the samples. The spectra have been offset for the sake of clarity.

6 h. The spectra of the phases formed upon crystallization are com-
patible with the presence of newberyite (MgHPO4·3H2O), bobierrite
and baricite (Mg3(PO4)2·8H2O) [64,65]. The latter phases share the
same chemical composition; however, they are characterized by differ-
ent space groups (monoclinic C2/m for baricite and monoclinic C2/c
for bobierrite). Comparing the 48 h-spectra, some differences can be ob-
served. In Fig. 1, some characteristic peaks of newberyite, baricite and
bobierrite are labelled, and it can be observed that the relative ratio be-
tween the forming crystalline phases is different between the samples.
This result shows that MO not only extends the lifetime of the amor-
phous phase in solution, but it also affects the relative ratio between
the crystalline phases, favouring the formation of baricite and bobierrite
over newberyite, as confirmed by XRD analysis discussed below. More-
over, in AMCP_10MO spectra an additional peak at ~1550 cm−1 was ob-
served, which is consistent with the incorporation of MO in the samples
[66], as confirmed by confocal Raman microscopy (Section 3.2).

Given that quantitative information on the crystallinity cannot be
directly obtained by means of FT-IR, the crystallization process and
the nature of the crystalline phases formed upon conversion of AM-
CPs were further investigated by means of XRD analysis (see Fig. 2).
As previously reported in the literature [15], AMCPs display a broad
peak centered at ~30°, and in all samples the product collected after
15 min is amorphous. When the amorphous structure converts to crys-
talline phases, sharp signals appear, confirming the presence of new-
beryite, baricite and bobierrite phases. The qualitative analysis of the
XRD diffractograms confirms the conclusions drawn from infrared spec

troscopy, i.e. the lifetime of the amorphous phase increases in presence
of MO and the more protein was added, the more the conversion of the
particles to crystalline phases retarded.

If the intensities of the diffraction peaks of the samples collected af-
ter 48 h are compared, it is evident that the relative intensities of the
diagnostic peaks of the amorphous and crystalline phases are different.
In the presence of MO (Fig. 2B and C), diffraction peaks for newberyite
are less intense compared to those of baricite and bobierrite. At the same
time, in AMCP sample (Fig. 2A) the crystalline phases predominate,
while in AMCP_10MO (Fig. 2C) the broad signal at about 30°, charac-
teristic of the amorphous phase, is still evident. In order to estimate the
relative amounts of amorphous and crystalline phases on 48 h samples,
a quantitative Rietveld analysis was performed and the results are re-
ported in Table 2 (patterns and fitting analyses are shown in Fig. S1
in the Supporting Information). For the fitting, the amount of amor-
phous AMCPs was calculated between 21 and 31°, while for the crys-
talline phases CIF data were used (as reported in Section 2.2.2). Consis-
tent with the qualitative observations of the diffraction peak intensities,
the relative amount of crystalline phases decreases with the increase of
protein concentration, and newberyite is markedly less abundant in the
presence of MO. The results of the fitting thus confirm that MO has a
twofold effect on AMCPs: it delays the amorphous-to-crystalline transi-
tion and modifies the crystallization pathway of the amorphous parti-
cles by favouring the crystallization of baricite and bobierrite over new-
beryite.

The effect of MO on the preferential crystallization of baricite and
bobierrite could be related to electrostatic interactions. According to

Fig. 2. XRD patterns of AMCP (A), AMCP_1MO (B) and AMCP_10MO (C). The time after which each aliquot was withdrawn from the solution is given on the right of each curve. The PDF
used for peaks’ assignment are n° 70-2345 for newberyite, n° 29-0705 for baricite and n° 33-0878 for bobierrite. The patterns have been offset for clarity of display.



UN
CO

RR
EC

TE
D

PR
OO

F

R. Gelli et al. / Journal of Colloid and Interface Science xxx (xxxx) 1–10 5

Table 2
Relative amounts of amorphous and crystalline phases obtained by means of a Rietveld fitting on the recorded diffractograms. The error associated with the fitting is 1%.

Relative amounts of phases (±1%)

Amorphous Crystalline Newberyite Baricite Bobierrite

AMCP_48h 12 88 60 16 12
AMCP_1MO_48h 15 85 31 31 23
AMCP_10MO_48h 17 83 29 32 22

the literature, the formation of ACP occurs in condition of high super-
saturation, where calcium/magnesium cations and phosphate anions are
sufficiently abundant to involve strong stochastic interactions, and the
amorphous particles precipitate as a result of a kinetic phenomenon
[67]. The conversion of these unstable particles to crystalline phases
proceeds by a sequential process, which involves structural and compo-
sitional modifications of the amorphous precursors and crystalline in-
termediates [1]. It is important to point out that the pH was kept con-
stant at 7.30 ± 0.02, therefore the different crystallization processes ob-
served are related to MO presence in solution. At this pH, MO is pos-
itively charged [41] and it is expected to preferentially interact with
negatively-charged species, such as phosphate. This could locally lead
to a preferential formation of PO43- over HPO42- in the proximity of the
amorphous cluster, which eventually lead to the precipitation of bobier-
rite and baricite (Mg3(PO4)2·8H2O) over newberyite (MgHPO4·3H2O).

The morphology of the amorphous and crystalline samples was stud-
ied with FE-SEM, and the micrographs at 15 min and 48 h are reported
in Fig. 3 (see Fig. S2 for the micrographs at 30 min and 6 h). Amor-
phous samples show the characteristic spherical particles as reported in
the literature for AMCPs [15], which then evolve to more ordered struc-
tures during crystallization. The size distribution of the single objects ob-
served in the 15 min samples is reported in Fig. S3 and reveals an aver-
age diameter around 60 nm. At the length scales accessible by FE-SEM,
the presence of MO does not affect the morphology, or the size of the
amorphous particles precipitated after 15 min (Fig. 3 top), whereas it
influences the morphology of the samples at longer times. In fact, com-
paring the morphology of samples collected after 30 min and 24 h (Fig.
S2), the number of crystalline objects decreases with the increase of MO,
consistent with FT-IR and XRD analyses, while flake-like objects replace
part of the spherical AMCPs in the presence of the protein. After 48 h,
crystals form upon conversion of AMCPs in all samples (Fig. 3 bottom).

3.2. Effect of MO on the features of the amorphous phases

Since MO markedly affects the lifetime of the amorphous phase and
its crystallization pathway in solution, it was necessary to understand
if this could be due to a direct effect of the protein on the features of
the amorphous phase formed in the early stages of the reaction. The
samples collected were analyzed after 15 min by means of SDT in or-
der to investigate their thermal decomposition and thus quantify the
amount of organic material incorporated in the amorphous particles.
The thermogravimetric curves, displayed in green in Fig. 4, show that
at 1000 °C AMCP has lost 24%, whereas AMCP_1MO and AMCP_10MO
lost 27% and 35% of their initial weight, respectively. The higher weight
loss of samples containing MO can be ascribed to the thermal degra-
dation of the protein, which is therefore present in the samples at 3%
in AMCP_1MO and 11% in AMCO_10MO (assuming its complete degra-
dation at 1000 °C). The analysis of the derivative weight % signals
(blue curves in Fig. 4) further highlights the degradation of the pro-
tein, which mainly occurs at 200–400 °C and 500–600 °C. In sample AM-
CP_10MO_15′, the weight losses centred at about 300 °C and 580 °C re-
flect the highest content of MO in the sample. These results are consis-
tent with FT-IR analysis, showing that MO can be effectively incorpo-
rated within AMCP. It is worth noting that the amount of protein pre-
sent in the particles does not correspond to the total amount used in the
synthesis, i.e., incorporated MO in AMCP_1MO is 21% wt of the initial
MO amount, while in AMCP_10MO it is 18% wt, suggesting that only a
fraction of the protein interacts with AMCP.

The analysis of the heat flow profiles (red curves in Fig. 4) gives
insights on the heat-induced crystallization processes, connected to the
features of the amorphous phase [68]. The samples display an exother-
mic peak at about 600 °C which is due to the conversion of AMCP
towards a crystalline sodium calcium magnesium phosphate
(Ca9MgNa(PO4)7, PDF 45-0136), as we previously reported [15]. In the
samples containing MO, this heat-induced crystallization does not oc

Fig. 3. SEM images of the investigated samples at 15 min and 48 h.
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Fig. 4. SDT analysis of samples collected after 15 reaction minutes. Solid line: AMCP_15
min; dashed line: AMCP_1MO_15 min; line and dots: AMCP_10MO_15 min. The green
curves refer to the weight % signal, whereas the derivative curves are in blue. The red sig-
nals correspond to the heat flow profiles. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

cur at the temperature of pristine AMCP, revealing structural differences
in the amorphous phase due to the presence of MO which causes a dif-
ferent degree of ordering in the structure [68,69]. The kinetics of this
crystallization event can be further analyzed by calculating the activa-
tion energies (Ea) of the processes by means of the Kissinger method
[53], which already demonstrated its validity in the characterization of
ACP-based systems [68,70–74]. Samples collected after 15 min reac-
tion (AMCP, AMCP_1MO and AMCP_10MO) were therefore analyzed by
means of SDT at four heating rates (5, 10, 20 and 50 °C/min), and the
obtained heat flow curves are shown in Fig. 5 (A, B, C) and as expected,
it was observed that the maximum of the exothermic peak (Tp) shifts to
higher T according to the heating rate of the experiment (see Table S1).

The obtained Tp values were used to estimate Ea from the slopes
of the Kissinger plots (see Eq. (1)), which are reported in Fig. 5 D, E
and F. Table 3 reports activation energies in the order of hundreds of
kJ/mol, consistent with those reported for ACP in a recent study [70].

AMCPs prepared with 10 mg/mL of MO display the same Ea as the blank
sample, whereas AMCP_1MO is characterized by a higher Ea and inter-
estingly, this is the sample which begins to crystallize at lower T (at
β = 10 °C/min, Tp = 615 °C vs 622 °C for AMCP and 633 °C for AM-
CP_10MO, see Table S1). This last evidence shows that the crystalliza-
tion process, despite starting at a lower temperature, requires a higher
amount of energy, suggesting that the presence of MO during the synthe-
sis leads to a different arrangement of the atoms constituting the amor-
phous phase, which have to re-organize in order to form the new crys-
talline phase. Moreover, given the excellent correlation obtained in all
cases from the linear fitting of the data (see r2 in Table 3), it can be con-
cluded that the crystallization is a first order reaction, as this assumption
has to be true for the Kissinger model to be valid [70]. For a more pre-
cise determination of the reaction order, the heat-induced crystallization
process was also analyzed by means of the Borchardt–Daniels method
[54]. The crystallization peak with the most symmetric shape, obtained
at the heating rate of 10 °C/min, was selected, and the calculation was
conducted as described in section 2.2.4. The results, reported in Fig.
S4, reveal that the best correlation coefficients are obtained for n = 2/
3 in all samples (r2 = 0.999). Thus, the crystallization process is char-
acterized by a reaction order of 2/3, confirming that the reaction can be
approximated as a near first-order reaction as reported in the literature
[70].

In order to understand the influence of MO on the nanostructure of
the formed particles, amorphous samples (in the form of dry powders)
were also characterized by means of SAXS. The experimental curves
(Fig. 6) display a typical profile of nanometric structures whose larger
size exceeds the range accessible by the instrumental set-up. Data were
fitted according to different models, as mentioned in the Materials and
Methods and described in detail in the Supporting Information sec-
tions. Considering that the samples are investigated in the form of dry
powders (to avoid the crystallization of AMCP particles occurring in
water), the high concentration of particles in the samples suggests the
use of models where inter-particle structure factor is taken into ac-
count, such as the Beaucage approach (also known as the Unified Fit
model) [56–58] and the fractal model by Teixeira [59]. The inter-par-
ticle structure factor (namely, the Percus-Yevick hard spheres structure

Fig. 5. Kinetic analysis of AMCP heat-induced crystallization by means of the Kissinger method. (A, B, C): heat flow profiles of AMCP_15min (A), AMCP_1MO_15min (B) and AMCP_10-
MO_15min (C) at 5, 10, 20 and 50 °C/min (heating rate reported on the left of each curve, which are offset for display purposes); (D, E, F): Kissinger plot of AMCP_15min (D), AMCP_1-
MO_15min (E) and AMCP_10MO_15min (F), according to Eq. (1). The slopes of the lines were used to calculate the activation energies.
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Table 3
Data obtained from the kinetic analysis of AMCP heat-induced crystallization by means
of the Kissinger method: activation energy and correlation coefficient for the linear fit of
data in Fig. 5. The standard deviations associated with the activation energy reflect the
uncertainties of T values (±2 K).

Sample Activation Energy r 2

AMCP 375 ± 23 kJ/mol 0.999
AMCP_1MO 497 ± 65 kJ/mol 0.993
AMCP_10MO 378 ± 23 kJ/mol 0.987

Fig. 6. A: experimental SAXS curves and corresponding fittings for AMCP, AMCP_1MO,
and AMCP_10MO according to the Unified Fit model. B: pattern of normalized residuals
for each fit. Data are vertically offset for clarity of presentation in both figures.

factor [61]) was included also in the polydisperse core–shell spherical
particles [60,75], but the results were not satisfactory (see Supporting
Information). This is consistent with the absence of interaction peaks in
the low-Q region in the SAXS curves, as it would be expected in the case
of rather monodisperse nanoparticles arranged into well-ordered aggre-
gates. In particular, the Beaucage approach has already been shown to
provide accurate analysis of inorganic powders [76]. In this model, a
general equation describes the scattering from nano- and micro-struc-
tured materials in terms of distinct levels. Each level corresponds to a
Guinier regime, combined with a structurally limited power-law regime.

For a single structural level, the unified equation is given by:

(6)

where Qlim structurally limits the power-law at low-q, near Rg, and is
given by:

(7)

The first term in Eq. (6) describes an exponential scattering decay at
a characteristic size, Rg, for one structural level in a material, while the
second term describes a power-law decay, which follows the exponen-
tial regime. Such scattering has a limit at low q described by the error
function erf. G is called the Guinier prefactor, Rg is the radius of gyra-
tion, and B is the power-law prefactor, described by the regime in which
the power-law slope -P falls. For a two-dimensional (2-D), smooth, sharp
surface, the power-law follows Porod’s law and the slope of a log I ver-
sus log q plot is −4.

When more than one structural level is present in a sample, the uni-
fied scattering intensity described in Eq. (6) can be extended as:

(8)

where n is the number of structural levels. In this last equation, i = 1
refers to the largest-size structural level, which consists of fractal aggre-
gates made of smaller sub-units as described by i > 1 levels.

Two levels were needed to satisfactorily fit the data for the sample
where no MO is present, while three levels were needed in samples in-
cluding MO (see Fig. 6). The corresponding parameters resulting from
the fitting are given in Table 4.

The results of the fitting (see Table 4) show that the presence of the
Moringa protein affects the precipitation of AMCP particles, promoting
the formation of smaller particles. Due to their strong interaction with
calcium, at as low a concentration as 1 mg/mL, MO molecules are able
to adsorb onto the surface of newly formed AMCP nuclei, hindering their
growth, eventually leading to significantly smaller particle size. Increas-
ing the concentration of MO to 10 mg/mL does not produce a dramatic
effect, resulting in the formation of particles whose sizes are similar to
the case of 1 mg/mL. These results are consistent with two (possibly co-
existing) effects. On one hand, a rough calculation based on the size of
the protein and on the amount and size of AMCP particles shows that
the concentration of the protein is possibly insufficient to cover the to-
tal AMCP surface. This would result in the formation of protein-coated
small particles, progressively taking to the consumption of the protein
and eventually to an increase of the particle size, finally reaching the
same values obtained when Moringa molecules are not present at all. On
the other hand, kinetics experiment and previous reports in literature
[77] suggest that MO self-assembles into aggregates when the concen-
tration is increased, reducing its ability to cover large surfaces. Unfor-
tunately, SAXS does not allow for an accurate evaluation of the amount
of protein adsorbed on the AMCP particles surface. In fact, since the
scattering intensity from the MO is very low, as compared to the much
higher scattering length density of AMCP, the resulting fitting is poor
with inaccuracy of the parameters derived from the fits. It is also worth
noting that the SAXS technique probes length-scales much smaller than
those accessible by FE-SEM. SAXS provides information about the pri-
mary particles that form the larger particles imaged by SEM, such as
those in Fig. 3.
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Table 4
Parameters values resulting from fitting of the SAXS results for AMCP, AMCP_1MO, and AMCP_10MO according to the Unified Fit model.

Unified Fit Model

Parameter AMCP AMCP_1MO AMCP_10MO

Rg1 63.1 ± 3.9 Å 19.7 ± 0.3 Å 19.4 ± 0.6 Å
P1 3.48 ± 0.51 3.99 ± 0.07 3.99 ± 0.11
B1 0.276 ± 0.032 7.24 ± 0.35 4.83 ± 0.21
G1 23.156 ± 1.502 6.35 ± 0.50 1.79 ± 0.19
Rg2 143.4 ± 0.9 Å 60.1 ± 2.0 Å 61.8 ± 1.9 Å
P2 3.98 ± 0.07 3.51 ± 0.16 3.98 ± 0.28
B2 8.21 .10 −5 ± 1.5 .10 −6 1.94 .10 −5 ± 5.5 .10 −6 1.04 ± 0.13
G2 3130.7 ± 27.3 157.3 ± 5.58 152.1 ± 1.64
Rg3 – 210.2 ± 5.3 Å 214.5 ± 9.7 Å
P3 – 3.89 ± 0.14 3.99 ± 0.18
B3 – 7.70 .10 −5 ± 4.3 .10 −6 2.79 .10 −5 ± 1.4 .10 −6

G3 – 9293.8 ± 223.5 7503 ± 80.7

To understand how the protein is distributed within the amorphous
phase, also at the microscale, AMCPs prepared in the presence of MO
were analyzed by means of confocal Raman microscopy. AMCP and
MO display two distinct signals (see Fig. S10), which were used to
carry out a mapping of the AMPC/MO aggregate. AMCP’s most intense
peak is located at 700–1100 cm−1 and corresponds to ν1(PO4) vibrations
[78] whereas MO signal at 2800–3100 cm−1 is mainly related to C H
stretching. Representative areas were selected on the basis of white light
images, shown in Fig. S11, and the obtained maps reported in Fig. 7
show that in both cases MO is located within AMCPs, as no separation
between the two signals (i.e. red or yellow regions) is visible. These re-
sults suggest that, on a micrometer scale, no segregation between AMCP
and MO occurs, further supporting the hypothesis that the protein inter-
act with AMCP and is incorporated or absorbed within AMCP structure.

4. Conclusions

The widespread presence of endogenous amorphous calcium and
magnesium phosphates, AMCPs, in the human body makes the study
of these materials a relevant topic. The development of effective stabi-
lization strategies of the amorphous phases that would allow the use of
these materials in nutraceutics and pharmaceutical applications, is an

Fig. 7. Confocal Raman maps of (A) AMCP_1MO_15min (A) and (B) AMCP_10MO_15min
(B); Raman spectra of AMCP_1MO_15min (bottom) and AMCP_10MO_15min (top) (C),
where the red and yellow regions highlight the peaks selected for the mapping. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

open challenge. This work reports for the first time, to the best of our
knowledge, on the effect of proteins from Moringa oleifera seeds on the
features and crystallization of endogenous-like AMCP particles. From
FT-IR and XRD analyses, it was found that these proteins are very effec-
tive in delaying the transition from amorphous to crystalline phosphate,
as AMCPs synthesized in the presence of 10 mg/mL of MO are over 10
times more stable. This stabilizing effect is MO concentration-dependent
and might be connected to a decrease in AMCP solubility, in the pres-
ence of the protein. Interestingly, MO not only enhances the lifetime of
the amorphous phase, but also influences the type and amount of crys-
talline material formed. A quantitative Rietveld analysis revealed that,
after 48 h of reaction, the amount of amorphous material is larger in the
presence of MO, and the protein favors the formation of Mg3(PO4)2 over
MgHPO4·3H2O. The observed effect is ascribable to the cationic nature
of MO, which likely promotes the formation of phosphate over hydro-
gen-phosphate anions.

Besides the MO effect on the crystallization of AMCPs, the role on
the amorphous features at different length scales was examined as well.
SAXS analysis shed light on the effect of MO; the presence of the protein
results in a strong decrease of the size of the on the formation of AMCP
primary particles, which are assembled into sub-micrometric aggregates,
as shown by SEM. At the micrometer scale, no MO domains are visi-
ble by means of Confocal Raman microscopy, suggesting that the pro-
tein is well incorporated within AMCP structure. Applying the Kissinger
method to the heat-induced crystallization peak in the AMCP calorime-
try data, it was found that the activation energy is significantly higher
for the AMCP_1MO sample, suggesting the tendency of MO to self-as-
semble into aggregates above a certain concentration [77].

In summary, the effect of MO on the features of the amorphous
phase and its crystallization pathway were established. The results ob-
tained are relevant both from a fundamental and applied perspective, as
demonstrated by the ability of AMCP to load different amount of MO,
opening the use of AMPC/MO hybrids in the field of nutraceutics and
drug delivery.
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