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A B S T R A C T

Hypothesis: It has been recently shown that, in our organism, the secretions of Ca2+, Mg2+ and phosphate ions
lead to the precipitation of amorphous magnesium-calcium phosphate nanoparticles.(AMCPs) in the small intes-
tine, where the glycoprotein mucin is one of the most abundant proteins, being the main component of the mucus
hydrogel layer covering gut epithelium. Since AMCPs precipitate in vivo in a mucin-rich environment, we aim at
studying the effect of this glycoprotein on the formation and features of endogenous-like AMCPs.
Experiments: AMCPs were synthesized from aqueous solution in the presence of different concentrations of mucin,
and the obtained particles were characterized in terms of crystallinity, composition and morphology. Solid State
NMR investigation was also performed in order to assess the interplay between mucin and AMCPs at a sub-nano-
metric level.
Finding: Results show that AMCPs form in the presence of mucin and the glycoprotein is efficiently incorporated
in the amorphous particles. NMR indicates the existence of interactions between AMCPs and mucin, revealing
how AMCPs in mucin-hybrid nanoparticles affect the features of both proteic and oligosaccharidic portions of the
glycoprotein. Considering that the primary function of mucin is the protection of the intestine from pathogens,
we speculate that the nature of the interaction between AMCPs and mucin described in the present work might
be relevant to the immune system, suggesting a novel type of scenario which could be investigated by combining
physico-chemical and biomedical approaches.

© 2021

1. Introduction

In the human body, the interaction between organic and inorganic
components represents a key aspect which guides the correct function-
ing of our organism. Notable examples include the role of collagen
in the formation of hydroxyapatite nanoplatelets in bone [1] and the
interaction between enamel’s proteins (amelogenin, ameloblastin and

Abbreviations: AMCP, Amorphous Magnesium-Calcium Phosphate; XRD, X-Rays Dif-
fraction; ATR-FTIR, Attenuated Total Reflectance – Fourier Transform Infrared Spec-
troscopy; TGA, Thermogravimetry; FE-SEM, Field-Emission Scanning Electron Microscopy;
EDX, Energy Dispersive X-Rays Spectroscopy; SSNMR, Solid State Nuclear Magnetic Res-
onance; MAS, Magic Angle Spinning; Ower, Decoupling; FID, Free Induction Decay HPD:
High Power Decoupling; FID, FreeInduction Decay.
⁎ Corresponding authors at: Institute for the Chemistry of OrganoMetallic Compounds,
Italian National Council for Research, CNR-ICCOM Pisa, via G. Moruzzi 1, Pisa 56124,
Italy (S. Borsacchi). Department of Chemistry “Ugo Schiff” and CSGI, University of
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enamelin) and carbonated apatite nanorods in teeth [2]. In physiolog-
ical conditions, the calcification mainly occurs in hard tissues, whereas
in soft tissues and biofluids this phenomenon is limited, mainly due
to the action of proteins that, interacting with calcium phosphate nan-
oclusters during the early stages of formation, prevent their precipita-
tion [3]. Examples include acidic phosphoproteins [4,5] such as ca-
seins in milk, Fetuin-A in serum, statherin in saliva and osteopontin in
several biofluids [3]. Sometimes pathological situations due to alter-
ations in organic–inorganic interactions occur, for instance the forma-
tion of atherosclerotic plaques in arteries, which results from the co-pre-
cipitation of soft molecules (cholesterol, cholesterol esters and phos-
pholipids) and phosphate-based crystals [6,7]. Among the different lo-
cations in which physiological calcifications form in our body [8,9],
a particularly interesting scenario is represented by the precipitation
of amorphous magnesium-calcium phosphate nanoparticles (AMCPs) in
the ileum, recently reported by Powell et al. [10]. As depicted in Fig.
1a, the secretion of Ca2+ and phosphate ions from the distal small in-
testine into the lumen leads to the precipitation, together with Mg2+,
of porous AMCPs that during their formation can trap antigens and

https://doi.org/10.1016/j.jcis.2021.03.062
0021-9797/© 2021.
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Fig. 1. a) Sketch of AMCP formation pathway in the small intestine, according to the mechanism proposed by Powell et al. [10,11]: the secretions of ions from the distal small intestine
into the lumen drive the formation of AMCP nanoparticles. b) Simplified representation of mucin structure (protein components in green and orange, oligosaccharide moieties in blue).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

peptidoglycans, and transport them to the immune cells of the intestinal
tissue.

The physiological and pathological implications of this pathway
are currently under investigation [12–14], and the features of AM-
CPs themselves are an interesting topic from a physico-chemical per-
spective. It was demonstrated that the stability and the features of en-
dogenous-like AMCPs are dependent on the characteristics of the com-
plex fluid in which they form [15,16]. In fact, the intestinal lumen in
which AMCPs form is extremely complex and mutable, and many mole-
cules and macromolecules can be encountered during the self-assembly
process of these endogenous nanoparticles that can modulate their for-
mation and properties.

One of the most representative components of the intestinal lumen
is the mucus hydrogel layer, which forms a diffusion barrier and acts
as a protection against the entry in the epithelium of hazardous and in-
fective agents (see Fig. 1a) [17]. The primary structural component of
mucus is mucin, a glycoprotein that has a molecular weight of 0.5–20
MDa [18,19]. To date, 21 mucin-type glycoproteins, which collectively
belong to the MUC gene family, have been identified in the human body,
and are divided in two main categories, i.e. secreted and cell-bound.
Mucins can be found not only in the small intestine but also in the res-
piratory, reproductive and otolaryngol tracts. All these types of mucins
share some common features, and a representative structure is depicted
in Fig. 1b. They consist of about 80% by weight of carbohydrates (pri-
marily N-acetylgalactosamine, N-acetylglucosamine, fucose, galactose,
sialic acid and traces of mannose and sulfate), forming oligosaccharide
chains of 5–15 monomers attached to the protein core by O-glycosidic
bonds to the OH side groups of serine and threonine [19]. The pro-
tein core (20% by weight) consists of two distinct regions: i) central gly-
cosylated region rich in serine, threonine and proline (≥60%), and ii)
non-glycosylated regions rich in cysteine. The formation of S S disul-
fide bonds between cysteines leads to a subsequent polymerization of
mucin dimers to form multimers. Due to its structure, mucin displays
amphiphilic properties in water, as the glycosylated portion is more hy-
drophilic than the protein core, and it is commonly negatively-charged
in physiological conditions [20].

The interest toward mucin properties and applications is rapidly
increasing, and the glycoprotein has been used as building block for
different types of biomaterials to exploit its barrier properties, hydra-
tion and lubrication capabilities, unique chemical diversity and bioac-
tivity [20]. Though the interaction of mucin with different types of
nanoparticles has been explored in the literature [21–25], its interplay

with calcium phosphate-based nanoparticles was never addressed so far.
A few investigations conducted in the nineties report on the effect of
mucins from gallbladder on the precipitation of calcium phosphates,
which are minor components of gallstones, suggesting mucin affinity for
hydroxyapatite [26–30]. A certain affinity of mucin for Mg2+ was also
reported [31,32]. Taking into account the diffuse distribution of mucin
in the intestinal epithelium and lumen, AMCPs will get in contact with
such glycoprotein during their formation driven by the endogenous se-
cretions of ions from the distal small intestine into the lumen. With this
scenario in mind, the investigation of mucin effect on AMCP formation
assumes great relevance and the understanding of their interaction could
eventually contribute to unravel the almost unexplored in vivo formation
mechanism of these particles.

This work reports on synthesized endogenous-like AMCPs in the
presence of mucin dispersions (AMCP/mucin). The features of the par-
ticles were characterized with a multi-technique approach, including
X-rays Diffraction (XRD), Attenuated Total Reflectance–Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR), Thermogravimetry (TGA) and
Field-Emission Scanning Electron Microscopy (FE-SEM) coupled with
Energy Dispersive X-Rays Spectroscopy (EDX). The interaction between
mucin and AMCPs has been characterized in depth carrying out a mult-
inuclear Solid State Nuclear Magnetic Resonance (SSNMR) investiga-
tion. NMR has been successfully applied to the deep structural investi-
gation of glycoproteins (including mucin) in solution since the eighties
[33–44] but, to the best of our knowledge, NMR studies on solid mucin,
and in particular on its interactions with calcium phosphates, have not
been reported yet. SSNMR offers the possibility of observing many nu-
clei and exploiting several nuclear properties sensitive to structure, dy-
namics and interactions in complex organic, inorganic and organic/inor-
ganic materials [45–50], which appears particularly attractive for try-
ing to understand the complex AMCP/mucin system directly in the solid
state. Thus, here we applied a combination of 31P, 13C and 1H high and
low-resolution SSNMR techniques to AMCPs, mucin and a representative
AMCP/mucin sample. While 31P spectra will allow the characterization
of the structural features of AMCPs in the absence or presence of mucin,
13C and 1H experiments will be especially useful for investigating the in-
teractions between mucin and AMCPs.
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2. Materials and methods

2.1. Materials

Calcium chloride (CaCl2, ≥93%), magnesium chloride hexahydrate
(MgCl2·6H2O, ≥99%), sodium chloride (NaCl, ≥99%) and NaOH pel-
lets were purchased from Sigma-Aldrich (Milan, Italy). Sodium phos-
phate monobasic (NaH2PO4·H2O, ≥99%), sodium phosphate dibasic
(Na2HPO4·12H2O, ≥99%) and denatured absolute ethanol were ob-
tained from Carlo Erba Reagents (Milan, Italy). Mucin from porcine
stomach, Type II, was also purchased from Sigma-Aldrich. Deionized
water was used during all the experiments.

2.2. Synthesis of AMCP in the presence of mucin

AMCPs were prepared by mixing two aqueous solutions at 37 °C,
namely 5 mL of solution A (CaCl2 37.5 mM, MgCl2·6H2O 25 mM and
NaCl 135 mM) and 5 mL of solution B (NaH2PO4·H2O 50 mM and
Na2HPO4·12H2O 150 mM). Mucin was dispersed at 0, 5, 50 and 500 mg
in 5 mL of solution A at 37 °C using magnetic stirring, to obtain disper-
sion at 0, 1, 10 and 100 mg/mL (samples “AMCP”, “AMCP_Muc1”, “AM-
CP_Muc10” and “AMCP_Muc100”, respectively). Following the disper-
sion of mucin in solution A, solution B was added, and the pH was ad-
justed to 7.50 by dropwise addition of NaOH 2 M. The chosen pH value
is representative of the ileum’s environment [51]. After 15’, the reac-
tion medium was centrifuged at 6000 rcf for 3’, and the supernatant was
discarded. The solid was washed 3 times with denatured ethanol (5 mL
of ethanol for the initial 10 mL of reacting solution, with subsequent
centrifugation) and dried with N2 flux and then kept in desiccator using
vacuum for 30’, to remove ethanol. The obtained samples were stored
at −18 °C.

2.3. Characterization methods

2.3.1. 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 Kα radiation (wavelength λ = 1.54 Å), at 40 kV and 40 mA. The dif-
fractograms were acquired using a 2θ range of 5°-60°, a step size of
0.03°, and a time/step of 0.3 s. Powder samples were grinded using mor-
tar and pestle and flattened onto a Si zero-background sample holder.

2.3.2. Attenuated Total Reflectance – Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

ATR-FTIR spectra were acquired by means of a Nexus Thermo-Nico-
let 870 FT-IR spectrophotometer (Madison, WI, USA) equipped with a
MCT detector and a Golden Gate. The spectra were collected in the
4000–650 cm−1 range, with 128 scans and resolution 2 cm−1.

2.3.3. Thermogravimetry (TGA)
Thermogravimetry measurements were performed using an SDT

Q600 from TA Instruments (New Castle, DE, USA). Each sample was
placed in an alumina pan and measurements were conducted in N2 at-
mosphere (flow rate 100 mL/min) from room temperature to 1000 °C,
at 10 °C/min.

2.3.4. Field-Emission Scanning Electron Microscopy (FE-SEM) coupled with
Energy Dispersive X-Rays Spectroscopy (EDX)

Field Emission-Scanning Electron Microscopy (FE-SEM) analysis was
conducted using a Zeiss ΣIGMA 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 ac-
celerating voltage of 2 kV, sample-detector distance about 2 mm and

using the In-Lens detector. The size distributions were calculated aver-
aging the diameter of 200 particles per sample, using the software Im-
ageJ. EDX was carried out using X-act Silicon Drift Detector (Oxford
Instruments, England). The accelerating voltage used was 10 kV, while
the working distance was about 8 mm. Elemental atomic % ratios are
expressed as average ± standard deviation of 5 different sites on each
sample.

2.3.5. Solid State Nuclear Magnetic Resonance
Solid State Nuclear Magnetic Resonance (SSNMR) spectra were

recorded on a Varian InfinityPlus 400 spectrometer, working at Larmor
frequencies of 1H, 13C and 31P of 400.35, 100.67 and 162.07 MHz, re-
spectively. All the spectra were recorded using a 7.5 mm probehead, un-
der Magic Angle Spinning (MAS) conditions. 31P spectra were recorded
with High Power Decoupling from 1H nuclei (HPD), exploiting Direct
Excitation (DE) or Cross-Polarization (CP). 31P DE-MAS spectra were ac-
quired with MAS frequencies of 7 kHz and 6 kHz for samples AMCP and
AMCP_Muc10, respectively, and accumulating 1304 transients with a re-
cycle delay of 60 s between two consecutive ones. 31P CP-MAS spectra
were recorded with a MAS frequency of 6 kHz, a contact time of 1 ms
and accumulating 720 transients with a recycle delay of 3 s. The 31P
chemical shift scale was referred to the signal of H3PO4 (85%) at 0 ppm.
13C CP-MAS spectra were recorded using a SPINAL-64 [52] pulse se-
quence for HPD, a MAS frequency of 6 kHz, a linear ramp for the 13C
cross-polarization field, a contact time of 2 ms, a recycle delay of 3 s
and accumulating 23,000 and 40,000 transients for mucin and AMCP_-
Muc10, respectively. For mucin a 13C Delayed CP-MAS [53] spectrum
was recorded, inserting a delay of 100 μs between the 1H excitation
pulse and the contact pulse, using a MAS frequency of 6 kHz, a contact
time of 2 ms, a recycle delay of 3 s and accumulating 80,000 transients.
The 13C chemical shift scale was referred to the methyl signal of hexa-
methylbenzene at 17.35 ppm. 1H-MAS spectra were recorded at a MAS
frequency of 6 kHz, accumulating 40 transients, with a recycle delay of
5 s.

1H Time Domain SSNMR measurements were performed at a Larmor
frequency of 20.8 MHz using a Niumag permanent magnet interfaced
with a Stelar PC-NMR console and a 5 mm probe. 1H Free Induction
Decays (FIDs) were recorded on resonance using a solid echo pulse se-
quence with an echo delay of 14 μs, accumulating 1200 transients for
AMCP and AMCP_Muc10, 128 for mucin. The experimental 1H FID (F(t))
of each sample was directly analyzed by searching the best linear combi-
nation of analytical functions (Eq. (1)), chosen among exponential and
Gaussian, able to fit it:

(1)

Each function fi represents a motionally distinct fraction of 1H nu-
clei, characterized by a spin–spin relaxation time T2i and a weight wi,
corresponding to the percentage of the represented 1H nuclei. The best
linear combination of functions was chosen on the basis of the Occam’s
Razor principle and of the minimization of the χ2 of the fitting. T2i and
wi were obtained as fitting parameters [54].

3. Results and discussion

3.1. Characterization of AMCPs prepared in the presence of mucin

The lack of crystallinity of the obtained particles is evidenced by the
presence of a broad hump centered at 30° in the XRD pattern, see Fig.
2a, that is diagnostic of amorphous calcium phosphate [55,56]. AMCP_-
Muc100 also presents a shoulder at lower angles, which is compatible
with mucin’s pattern that has the highest intensity in this region (see
Fig. S1 in the Supplementary Material).

The completely amorphous nature of all samples was confirmed by
means of FT-IR spectroscopy (see Fig. 2b). The absorptions, typical of
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Fig. 2. a) XRD patterns of (from the bottom to the top) AMCP, AMCP_Muc1, AMCP_Muc10 and AMCP_Muc100; b) ATR-FTIR spectra of (from the top to the bottom) AMCP, AMCP_Muc1,
AMCP_Muc10 and AMCP_Muc100; the black arrows indicate mucin’s signals, whereas the differently-colored regions highlight the main vibrational peaks of AMCP (blue region: O H
stretching, red region: O H bending, yellow region: P O stretching, green region: P O(H) stretching). In the inset: zoom of the region 1300–1900 cm−1. In both graphs, the curves
are offset for display purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

phosphate and water vibrations (see Table 1 for the assignments), are
quite broad and featureless, consistently with the amorphous nature of
the particles [57]. It is worth highlighting that both phosphate and hy-
drogen-phosphate groups are present in the samples, as shown by the
P O(H) stretching at 1030 and 875 cm−1. This peak, that depends
on pH, is not always present in the amorphous calcium phosphate’s
FT-IR spectra [52,53,54]. In addition to AMCP signals, sample AM-
CP_Muc100 displays peaks at 2921 cm−1, 2850 cm−1, 1640 cm−1 and
1539 cm−1, which reveal the presence of mucin (see Fig. S2) [59]. The
analysis of the 1300–1900 cm−1 region (Fig. 2b) reveals that also sam-
ple AMCP_Muc10 displays mucin’s signals, suggesting that a detectable
amount of glycoprotein is embedded in both AMCP_Muc10 and AMCP_-
Muc100.

The amount of mucin present in each sample was determined by
means of thermogravimetry. The TGA curves reported in Fig. 3 show,

Table 1
FT-IR vibrational peaks of AMCP.

Peak [cm −1] Assignment References

875 P O(H) stretching of protonated phosphates [60]
1030 P O stretching [61]
1653 Water O H bending [58]
2700–3700 Water O H stretching [58]

Fig. 3. Thermogravimetry (TGA, solid lines) and derivative thermogravimetric curves
(DTG, dashed lines) of AMCP (red, circles), AMCP_Muc1 (diamonds, green), AMCP_Muc10
(triangles, blue) and AMCP_Muc100 (squares, orange). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this arti-
cle.)

up to 1000 °C, a weight loss of AMCP_Muc1 that is comparable to that
of AMCP prepared without mucin (22% for AMCP and 20% for AMCP_-
Muc1). In contrast, the weight loss of AMCP_Muc10 and AMCP_Muc100
is 30% and 59%, respectively, confirming the presence of the glycopro-
tein in the samples, likely due to its adsorption on the particles’ surface.
A TGA analysis of mucin reveals its almost complete degradation upon
heating (see Fig. S3, 6% residual weight due to the incomplete pyroly-
sis in N2 atmosphere). From these data we can calculate about 11% and
51% of mucin in AMCP_Muc10 and AMCP_Muc100 respectively.

The derivative thermograms, dashed lines in Fig. 3, indicate that the
weight loss of AMCP mainly occurs below 100 °C, mainly due to wa-
ter loss [56,62]. When mucin is also present in the particles, two other
peaks in the DTG curves appear (at T = 289 °C and T = 545 °C), which
are consistent with the glycoprotein degradation (see Fig. S3).

The morphology of the particles was assessed by FE-SEM, and repre-
sentative micrographs are shown in Fig. 4. AMCPs are spherical aggre-
gated nanoparticles, whose size is quite heterogeneous (the size distribu-
tion curve in the inset in Fig. 4a) with an average diameter of the single
objects of 83 ± 24 nm. The presence of mucin in the synthetic medium
does not dramatically affect the morphology and the size of the parti-
cles. Interestingly, even if some clusters of aggregated mucin are visible
in AMCP_Muc100 sample, the surface of some particles appears rough,
suggesting that part of mucin coats the surface of AMCPs. In order to
inspect if mucin affects the aggregation of the primary particles in solu-
tion, the dispersions were analyzed by means of laser granulometry (see
Fig. S4): the obtained size distribution curves show that, in all cases,
micrometric aggregates are present in solution and their size is not af-
fected by the concentration of the glycoprotein.

In combination with SEM analysis, samples were also analyzed by
means of EDX in order to estimate the elemental composition of the
particles. The results are reported in Table 2, whereas a representa-
tive spectrum can be found in Fig. S5 in the Supplementary Mate-
rial. Samples prepared with 1 and 10 mg/mL of mucin do not display
significant differences from AMCP in all the calculated atomic % ratios
(Ca/Mg, Na/Mg, (Ca + Mg)/P and Na/P), except for a slightly higher
amount of sodium in AMCP_Muc1. These data were further confirmed
by means of Inductively Coupled Plasma Atomic Emission Spectrome-
try (ICP-OES) measurements coupled with ionic chromatography (data
not shown). It is worth noting that if all phosphates were present as
PO43−, a (Ca + Mg)/P ratio of 1.5 should be obtained. Here, the lower
values obtained (close to 1) confirm that some phosphates are present
in the particles in hydrogenated form, as already pointed out in FT-IR
analysis. We can also hypothesize that some residual phosphate salts
from the synthetic medium remained after centrifugation, washing and
drying procedure. AMCP_Muc100 shows some differences in composi
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Fig. 4. Representative FE-SEM micrographs of AMCP (a), AMCP_Muc1 (b), AMCP_Muc10 (c), AMCP_Muc_100 (d). In the inset of (d), a detail of the particles is shown (scale bar: 200 nm).
In each panel, the size distributions histograms are reported (AMCP: 83 ± 24 nm, AMCP_Muc1: 78 ± 23 nm, AMCP_Muc10: 100 ± 28 nm, AMCP_Muc100: 91 ± 34 nm).

Table 2
Atomic % ratios of the elements composing the samples as obtained by means of EDX.

Ca/Mg Na/Mg (Ca + Mg)/P Na/P

AMCP 2.35 ± 0.07 1.04 ± 0.07 0.97 ± 0.01 0.30 ± 0.02
AMCP_Muc1 2.4 ± 0.3 1.38 ± 0.03 0.90 ± 0.01 0.36 ± 0.04
AMCP_Muc10 2.42 ± 0.09 1.1 ± 0.3 0.92 ± 0.05 0.30 ± 0.06
AMCP_Muc100 3.9 ± 1.5 1.5 ± 0.2 0.86 ± 0.04 0.3 ± 0.1

tion with respect to the other two samples, likely due to the less effective
washing procedure related to the significant amount of protein present
in the sample.

Summarizing, AMCPs which mimic the endogenous nanoparticles in
terms of composition, morphology, size and crystallinity [10,14] were
successfully prepared. The presence of mucin in the synthetic medium

in which the particles form does not hamper the formation of endoge-
nous-like particles, and a certain amount is adsorbed on AMCPs’ surface
or incorporated within the aggregates generated by nanoparticles’ ag-
glomeration.

3.2. SSNMR investigation of the interplay between AMCPs and mucin

In order to understand the interplay between AMCPs and mucin,
samples AMCP, mucin and AMCP_Muc10 (containing an amount of
mucin sufficient to be detectable and sufficiently low not to be in excess)
were analyzed by means of a multinuclear SSNMR investigation.

In order to inspect possible structural effects at the sub-nanometric
level induced by the presence of mucin on the formation of AMCP, 31P
DE-MAS spectra were recorded on AMCP and AMCP_Muc10 (Fig. 5,
gray spectra).

Fig. 5. 31P DE-MAS (gray) and CP-MAS (black) spectra of (a) AMCP (b) AMCP_Muc10. Asterisks indicate spinning sidebands.
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The spectra are substantially identical, indicating that the presence
of mucin does not markedly affect the formation of AMCPs. In both spec-
tra one isotropic peak is observed, characterized by a chemical shift of
2.1 ppm and a linewidth of about 1200 Hz, and accompanied by a se-
ries of spinning sidebands. These features are those already observed
for other amorphous calcium phosphates [48,63–68]. The amorphous
character is reflected by the distribution of isotropic chemical shifts,
resulting in a large linewidth. The only difference that can be found
is a slightly smaller linewidth for AMCP_Muc10 (1140 vs 1250 Hz for
AMCP), indicating that, in the presence of mucin, AMCP is a little bit
more ordered.

The chemical shift at the peak maximum and the presence of spin-
ning sidebands indicate that in both samples PO43− groups do not as-
sume, on average, a perfect tetrahedral symmetry and that many of
them are partially protonated, in agreement with FT-IR and TGA results.

This is confirmed by 31P CP-MAS spectra (Fig. 5, black spectra), in
which 31P signals are built by magnetization transfer from 1H nuclei
dipolarly coupled to 31P ones. The signal of AMCP_Muc10 is relatively
less intense than that of AMCP (compared with their respective DE-MAS
spectra), suggesting that, in the reasonable assumption that 31P relax-
ation is not modified, when mucin is present phosphate groups have a
slightly minor amount of hydrogens strongly dipolarly coupled, i.e. co-
valently bonded hydrogen atoms and/or strongly hydrogen-bonded wa-
ter.

Direct information on mucin in AMCP_Muc10 has been obtained by
exploiting 13C SSNMR.

The 13C CP-MAS spectrum of mucin is shown in Fig. 6. The com-
plexity of the protein makes the spectrum very crowded, preventing a
full assignment of the signals, which is however out of the scope of this
work. On the other hand, the most important signals can be clearly iden-
tified. The oligosaccharide carbons are the main responsible for the sig-
nals at 72.0 ppm and 101.4 ppm, and contribute to those at 24, 50, 61
and 173 ppm [34,36,37,69]. All the other signals arise from the pro-
tein backbone, mainly constituted by serine, threonine and proline. In
agreement with 13C chemical shifts reported in the literature for sub-
maxillary mucins [34,36], peaks at 55 and 59 ppm are ascribable to
Cα of serine and proline/threonine, respectively. The signal of proline
Cβ appears at 30 ppm, while those of threonine and serine are over

Fig. 6. From bottom to top: 13C CP-MAS and 13C Delayed CP-MAS spectra of mucin, 13C
CP-MAS spectrum of AMCP_Muc10. Asterisks indicate spinning sidebands.

lapped to other signals. Cγ of proline and threonine contribute to the
broad signal at 24 ppm. Protein carboxylic carbons give rise to the
intense signal at 173 ppm. Minor signals can be ascribed to other
aminoacids as glycine, oxidized cysteine and arginine (41 ppm), some
aromatic aminoacids (130 ppm) and aspartic acid (157 ppm). Moreover,
all signals observed and described are also compatible with the presence
of other aminoacids that could be present in smaller amounts [34].

The 13C Delayed CP-MAS spectrum, selectively showing signals of
carbon nuclei dipolarly coupled to 1H nuclei in mobile environments,
shows that both oligosaccharide chains and protein backbone of mucin
are very rigid. Indeed, in the selective spectrum most mucin signals are
suppressed, with the only exception of peaks at 13, 24 and 30 ppm, as-
cribable to mobile methyl groups and CH2 groups of aminoacid
side chains.

When mucin is entrapped in AMCP_Muc10, its 13C CP-MAS spectrum
appears different (Fig. 6). In particular, the comparison with the spec-
trum of mucin highlights on the whole a decrease of the intensity of the
signals of the protein backbone, with respect to those of the oligosaccha-
ride chains. This can be ascribed to an increased mobility of the protein
backbone, which partially reduces the strength of the 1H–13C dipolar in-
teractions responsible for the creation of the signals in the CP-MAS spec-
tra.

In order to better investigate the dynamics of mucin in AMCP_-
Muc10, 1H FIDs of mucin, AMCP and AMCP_Muc10 were recorded on
resonance and analyzed for determining the 1H spin–spin relaxation
times T2′s, which in solid samples are usually very short (of the order
of 10–100 μs) and, out of the so called “rigid lattice regime”, monoton-
ically increase with increasing mobility [69,70]. The numerical results
of FID analyses are reported in Table 3, while in Fig. 7 it is reported

Table 3
Results of the 1H FID analysis on mucin, AMCP and AMCP_Muc10, expressed as 1H relax-
ation times T2i and corresponding 1H percentage population (wi). For AMCP_Muc10 the
“theoretical” values (“theor”), estimated as explained in the text, are also reported. Uncer-
tainties on the experimental values are about ± 1%.

T2a
(μs)

wa
(%)

T2b
(μs)

wb
(%)

T2c
(μs)

wc
(%)

Mucin 15.3 79 83.3 18 937.0 3
AMCP 13.8 64 94.5 36
AMCP_Muc10 15.0 66 107.0 34
AMCP_Muc10
“theor”

14.7 73 87.6 25 937.0 2

Fig. 7. 1H FID analysis of AMCP_Muc10. The different curves are: experimental (grey)
and fitted (red) FID. The fitted FID results from a linear combination of a Gaussian
(green) and an exponential (orange) function, representing 1H nuclei with T2a = 15 μs and
T2b = 107 μs, respectively (see Table 3). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)



UN
CO

RR
EC

TE
D

PR
OO

F

R. Gelli et al. / Journal of Colloid and Interface Science xxx (xxxx) 1–9 7

as an example the plot of the 1H FID analysis of AMCP_Muc 10 (details
of the FID analysis procedure are reported in Section 2.3.5).

The rigidity of mucin, already highlighted by its 13C CP-MAS spec-
trum, is confirmed: most (80%) of its 1H nuclei have a very short T2
(15 μs), while the remaining 20% are present in environments with in-
termediate (T2 = 83 μs) or high mobility (T2 = 937 μs) and can be as-
cribed to methyl and side CH2 groups, in agreement with the
13C Delayed CP-MAS spectrum. 1H nuclei of AMCP, which belong to
water and P-OH groups, are distributed between a very rigid fraction
(T2 = 14 μs) and a more mobile one (T2 = 94 μs). Also, AMPC_Muc10
presents two fractions of 1H nuclei in motionally different environments:
a prevailing one, very rigid, and a minor one, more mobile. In order to
interpret the experimental results of AMCP_Muc10 it is useful to make
a comparison with the “theoretical” expected results, calculated in the
hypothesis that neither mucin nor AMCP modify their dynamics with re-
spect to the pristine samples. Based on the estimated mucin content of
11 wt% and considering approximate “molecular formulas” for AMCP
(Ca2.4MgNaH2.4(PO4)3.4·5H2O, estimated on the basis of EDX and TGA
results) and mucin (obtained taking a representative saccharide and
aminoacid in a 80:20 wt ratio), “theoretical” T2 values and weights for
AMCP_Muc10 have been estimated and are reported in Table 3. The
comparison with the experimental results clearly shows that in passing
from pristine mucin and AMCP to AMCP_Muc10, the intermediate T2 in-
creases and about 7% of 1H nuclei pass from the rigid to the intermedi-
ate fraction, which also incorporates the minor amount of very mobile
protons. Considering the 13C SSNMR results it is reasonable to assign this
7% of mobilized protons to the mucin protein backbone. Interestingly,
according to the composition estimates above mentioned, the hydrogen
atoms of the protein backbone would be about 10% of the total hydro-
gen content of AMCP_Muc10.

A further confirmation of protein mobilization in AMCP_Muc10
arises from 1H-MAS spectra (Fig. 8).

All spectra show a broad intense non-resolved part arising from
the strongly dipolar coupled 1H nuclei (roughly corresponding to those
with short T2) and some resolved signals, ascribable to more mobile
hydrogens, which are discussed in the following (Fig. 8, right). The
spectrum of mucin is dominated by an intense signal at about 1 ppm,
ascribable to mobile CH3 and CH2 groups in side chains, in agree-
ment with the 13C Delayed CP-MAS spectrum. The spectrum of AMCP
shows a broad peak centered at about 5.5 ppm, ascribable to hydro-
gen-bonded water, while the broad shoulder centered at about 11 ppm

arises from P-OH groups [63–65,68] and the two narrow signals at 1
and 3.5 ppm are due to ethanol traces. The spectrum of AMCP_Muc10
resembles that of AMCP, but interestingly in the resolved part of the
spectrum a signal at about 4.5 ppm appears, which can be ascribed to
protein Hα, hardly visible in the spectrum of mucin due to their rigid-
ity (the assignment to additional bound water, often appearing at this
chemical shift, can be ruled out based on TGA results). Even if the eval-
uation of signal areas cannot be rigorously performed due to the scarce
spectral resolution, from a tentative analysis the area of this new peak
is about 5% of the whole spectral area, further confirming the hypothe-
sized mobilization of most of the protein backbone in AMCP_Muc10.

The ensemble of 13C and 1H SSNMR results, even if indirectly, point
to the establishment of mucin-AMCP interactions, which imply a sub-
stantial rigidity of the oligosaccharidic chains, while leaving a major
mobility to the protein backbone. This is reasonable considering that
the hydrophilic glycans would easily involve their OH groups in hydro-
gen-bonds with water molecules embedded in the inorganic particles
and also with phosphate ions, which, actually, based on 31P SSNMR re-
sults, seem less important. Moreover, electrostatic interactions between
inorganic cations and negatively charged side groups of glycans (sialic
acids) and aminoacids (glutamic and aspartic acids) can give an addi-
tional contribution (notably the signal at 30 ppm in the 13C CP-MAS
spectrum of AMCP_Muc10, showing a somehow peculiar intensity, could
account for Cβ and Cγ of Glu and Asp, which could stiffen due to the
interaction with AMCP).

4. Conclusions

The endogenous formation of AMCPs in human’s small intestine of-
fers a fascinating scenario with many physico-chemical interesting out-
comes [10]. This work is, to the best of our knowledge, the first report
about the effect of the glycoprotein mucin, which is the major compo-
nent of the intestinal mucus, on the features of endogenous-like AM-
CPs. The analysis was carried out at different structural levels, in the
attempt of understanding a possible specific interplay between the inor-
ganic (AMCP) and organic (mucin) components. We succeeded in syn-
thesizing AMCPs with features compatible with the endogenous ones
[14], both in the absence and in the presence of different mucin con-
centrations. Results show that the presence of the glycoprotein in the
synthetic medium does not hamper the formation of amorphous parti-
cles, nor it affects their morphology at the nano-micro scale. Neverthe-
less, a significant amount of mucin is present in AMCP_Mucin samples,

Fig. 8. 1H-MAS spectra (a) full and (b) expanded in the −7 ÷ 21 ppm region of, from bottom to top: mucin, AMCP, AMCP_Muc10.
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suggesting an adsorption on particles’ surface or an incorporation in
the aggregates generated by the nanoparticles. The lack of influence
of mucin on the sub-nanometric structure of AMCP primary units was
further confirmed by a 31P SSNMR analysis. The combination of 13C
and 1H SSNMR experiments, on the other hand, suggests the presence
of mucin-AMCP interactions, which imply a substantial rigidity of the
oligosaccharidic chains, while leaving a major mobility to the protein
backbone. This scenario is compatible with the interaction of AMCPs
with the oligosaccharide portion of the glycoprotein, where hydrogen
bonding and electrostatic interactions may play a crucial role, likely
with the additional contribution of negatively charged side groups of
aminoacids.

The results presented in this work show that an interplay between
mucin and AMCPs exists at the structural level; besides the relevance in
the understanding of the interactions occurring in these biologically-rel-
evant hybrid structures, the obtained results suggest that AMCPs, while
forming in vivo, might interact with mucin, which is well-distributed in
the environment in which the particles self-assemble. Both AMCPs and
mucin play a role at the immune system level: the amorphous particles
are involved in tolerogenic mechanisms [10], whereas the primary func-
tion of mucus layer is the protection of the intestine from pathogens and
from our own intestinal microbiota as well (the interplay of mucins with
gut microbiota is a topic which has recently gained the attention of the
scientific community [71–73]). Interestingly, it was recently hypothe-
sized that mucins might also be involved in tolerogenic mechanisms, this
aspect requiring further investigations [17]. In light of these considera-
tions, we can speculate that the nature of the interaction between AM-
CPs and mucin described in the present work might have a role in shap-
ing their function towards the immune system, suggesting a novel type
of scenario which could be investigated by combining physico-chemical
and biomedical approaches.
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