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ABSTRACT

Objectives: A calcium phosphate extracted from fish bones (CaP-N) was evaluated for enamel remineralization
and dentinal tubules occlusion.

Methods: CaP-N was characterized by assessing morphology by SEM, crystallinity by PXRD, and composition by
ICP-OES. CaP-N morphology, crystallinity, ion release, and pH changes over time in neutral and acidic solutions
were studied. CaP-N was then tested to assess remineralization and dentinal tubules occlusion on demineralized
human enamel and dentin specimens (n = 6). Synthetic calcium phosphate in form of stoichiometric hydroxy-
apatite nanoparticles (CaP-S) and tap water were positive and negative controls, respectively. After treatment
(brush every 12 h for 5d and storage in Dulbecco’s modified PBS), specimens’ morphology and surface
composition were assessed (by SEM-EDS), while the viscoelastic behavior was evaluated with microindentation
and DMA.

Results: CaP-N consisted of rounded microparticles (200 nm - 1 pm) composed of 33 wt% hydroxyapatite and 67
wt% p-tricalcium phosphate. In acidic solution, CaP-N released calcium and phosphate ions thanks to the
preferential f-tricalcium phosphate phase dissolution. Enamel remineralization was induced by CaP-N compa-
rably to CaP-S, while CaP-N exhibited a superior dentinal tubule occlusion than CaP-S, forming mineral plugs and
depositing new nanoparticles onto demineralized collagen. This behavior was attributed to its bigger particle size
and increased solubility. DMA depth profiling and SEM showed an excellent interaction between the newly
formed mineralized structures and the pristine tissue, particularly at the exposed collagen fibrils.

Significance: CaP-N demonstrated very good remineralizing and occlusive activity in vitro, comparable to CaP-S,
thus could be a promising circular economy alternative therapeutic agent for dentistry.

1. Introduction

demineralization is the formation of an ionic imbalance on the tooth
surface, causing progressive loss of Ca*" and PO} ions and tissue

Dental caries was defined in 2017 as the most widespread non-
communicable disease, affecting billions of people worldwide [1].
When the pH of the oral microenvironment becomes lower than a crit-
ical value - ca. 5.5 for dental enamel and 6.2 for dentin — the mineral
constituent of the tooth, hydroxyapatite (HA, Ca;o(PO4)s(OH)>), starts
to dissolve [2]. The main factors for this phenomenon are the meta-
bolism of cariogenic bacteria, the consumption of acidic foods, and
gastroesophageal reflux disease (GERD) [3]. The consequence of
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degradation.

Demineralization is a reversible process, and if (i) the pH of the oral
microenvironment is higher than the critical values and (ii) free Ca®t
and POE' ions are available, the ionic balance is inverted and reminer-
alization of the depleted tissues occurs [4]. In ideal physiological con-
ditions, saliva provides ions and buffering effect, stimulating
remineralization. Unfortunately, this activity is insufficient to contrast
and restore demineralization generated by cariogenic bacteria [3]; thus,
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an external supply of calcium and phosphate ions is required to shift the
equilibrium toward remineralization [5,6]. Naturally, among most
common remineralizing agents are calcium phosphate (CaP) materials
[71, which have a chemical composition similar to that of dental hard
tissues [8]. Most frequently, CaPs are represented by synthetic HA
nanoparticles. Nano-HA has been proven to have excellent action as it
releases remineralizing ions and adheres to tooth surface, restoring
demineralized lesions [9,10]. In addition, HA nanoparticles can contrast
dentin hypersensitivity by occluding exposed dentinal tubules and
forming a mineralized barrier [11].

In the last few years, it has been proposed that synthetic CaPs could
be complemented or substituted by CaPs from natural sources following
a circular economy approach [12,13]. Food industries produce millions
of tons of by-products per year, whose disposal is a severe environmental
and economic issue [14]. However, these by-products contain valuable
compounds, e.g., CaPs of bones from slaughterhouses or fisheries. In this
case, the circular economy approach consists in the extraction and
valorization of these CaPs, having the benefits of decreasing the amounts
of by-products sent to incinerators and landfills and providing an added
economic value to otherwise useless materials [13,15].

Several natural sources that could yield CaPs have been investigated
[13]. In particular, there is a high interest in CaPs from marine sources,
as the fish food industry produces large quantities of by-products - e.g.,
European fisheries produce about 3.1 million tons of by-products per
year — that are rich in CaPs (fish scales and bones) [14,16,17]. Our
research group has recently studied the extraction of CaPs from salmon
fish bones (hereafter referred to as CaP-N, being derived from a natural
source) by thermal treatment as an effective and easily scalable method
[18]. Advanced applications of CaP-N include UV-scattering agents,
nutrient delivery agents, and dye adsorbent phases for water remedia-
tion [18-20]. As a consequence of extraction through thermal treat-
ment, CaP-N consists of a biphasic mixture of p-tricalcium phosphate
(B-TCP, p-form of Ca3(PO4)2) and HA [18]. This biphasic composition
suggests that CaP-N might be an attractive material for dental remi-
neralization and desensitization. §-TCP is more soluble than HA both in
neutral and acidic conditions [21]; thus, CaP-N could have substantial
ion release for stimulating remineralization while having at the same
time the economic and environmental benefits of being from circular
economy sources. Synthetic mixtures of HA and B-TCP similar to CaP-N
are known as biphasic calcium phosphates (BCP) and were successfully
employed in orthopedics as material for bone substitution [22]. How-
ever, to the best of our knowledge, no study has investigated the use of
BCP on dental hard tissues. Few recent works have used HA from fish
by-products for dental applications such as dental resin composite fillers
or enamel remineralization [23-25]. However, these works have
employed pure HA minerals, not BCPs. All these reasons make CaP-N a
potentially attractive but still unexplored alternative to synthetic CaPs
for dental application.

The present work tested circular economy CaP-N as occlusive agent
of dentinal tubules and enamel remineralization agent. The null hy-
pothesis was the absence of remineralizing action on demineralized
enamel and dentine and the absence of occlusive action on dentinal
tubules. A synthetic stoichiometric nano-HA (CaP-S) was used as a
positive control of remineralization and occlusion, while water was used
as a negative control.

2. Materials and methods
2.1. Materials

Calcium hydroxide (Ca(OH)3, 95% pure), lactic acid (C304Hg, 85 wt
% in H0), Dulbecco’s modified phosphate buffered saline (Dulbecco’s
modified PBS without CaCl, and MgCly, composition: KCl 0.2 g/L,
KH3PO4 0.2 g/L, NagHPO4 1.15 g/L, NaCl 8.0 g/L), orthophosphoric
acid (H3POg4, 85 wt% in H,0), and sodium lactate solution (NaC304Hs,
50 wt% in H,0) were purchased from Sigma Aldrich (St. Luis, MO, USA).
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All the solutions were prepared with ultrapure water (18.2 MQ x cm at
25 °C, Arium pro, Sartorius, Gottingen, Germany).

2.2. Preparation and characterization of CaP-N and CaP-S

CaP-N was prepared from salmon fish bones, as reported by Ada-
miano et al. [19]. Briefly, clean and dry salmon fish bones were ther-
mally treated at 800 °C with a heating ramp of 120 °C h™* and 1 h of
dwell time, then ground with a jet mill (PilotMill-2, Food and Pharma
Systems s.r.l., Como, Italy) and sieved with a 20 um sieve.

As reported in a previous work, CaP-S was synthesized by wet pre-
cipitation to obtain nanosized HA [26], where the nominal molar Ca/P
ratio was set to the stoichiometric value of 1.67. Briefly, 30 mL of an
aqueous solution of phosphoric acid (H3PO4, 8.87 g) was added
drop-wise into 100 mL of calcium hydroxide (Ca(OH),, 10.00 g) water
suspension kept under stirring at room temperature and atmospheric
conditions. After adding the acid, the suspension was stirred for 3 h and
left overnight before recovering the synthesis product by centrifugation.
The obtained material was repeatedly washed with ultrapure water and
freeze-dried overnight.

For both CaP-N and CaP-S, powder X-ray diffraction (PXRD) patterns
were recorded with a D8 Advance Diffractometer (Bruker, Karlsruhe,
Germany) equipped with a Lynx-eye position sensitive detector, using
the CuKa radiation (A = 1.54178 A) generated at 40 kV and 40 mA.
PXRD patterns were acquired in the 10 - 60° (26) range with a step size
of 0.02° and a scanning speed of 0.5 s. Crystal phase quantification was
performed through Rietveld refinement with the software TOPAS5 [27]
considering a multiphase system and using tabulated atomic coordinates
of HA (ASTM Card file No. 00-009-0432) and #-TCP (ASTM Card file No.
00-009-0169). All acquisitions were performed in triplicate.

The chemical composition of the materials was analyzed on three
replicates for each sample using an inductively coupled plasma optical
emission spectrometer (ICP-OES) (Agilent 5100, Agilent Technologies,
Santa Clara, CA, USA). Before analysis, 10 mg of samples were dissolved
in 50 mL of 2 wt% HNOs solution. The Ca, P, and Mg content of the
samples were measured by their atomic emission at the following
wavelengths: 422.673 nm for Ca, 213.618 nm for P, and 279.553 nm for
Mg.

The materials’ morphology and particle dimension were evaluated
by field-emission gun scanning electron microscopy (FEG-SEM)
(ZIGMA, ZEISS NTS Gmbh, Oberkochen, Germany). Powders were
mounted on aluminum stubs using an adhesive carbon tape and sputter-
coated with an 80:20 Pt:Pd alloy in an E5100 Sputter Coater (Polaron
Equipment, Watford, Hertfordshire, UK) to improve the electrical
conductance. Micrographs were collected at 4 kV acceleration voltage in
secondary electron mode at 2500 x - 100,000 x magnifications.

2.3. Ion release from CaP samples and characterization of materials after
release

Cumulative ion release tests from the tested CaP materials were
performed as reported by Degli Esposti et al. [28] with some modifica-
tions. In detail, slurries of either CaP-S or CaP-N were made by mixing 2
g of dry powders with 6 mL of ultrapure water (pH 7.0) or 0.1 M lactic
acid solution (pH 4.5) in triplicate and incubated at 37 °C under hori-
zontal agitation. After 30 min, 2 h, 6 h, 24 h, 3 d, and 7 d the materials
were centrifuged (7000 rpm, 4 °C, 5 min), and 4.8 mL of the supernatant
was collected and replaced with an equal volume of fresh solution. The
pH of the supernatants was measured, then the supernatants were
diluted 1:5 with 2 wt% HNOj solution and analyzed by ICP-OES to
quantify the content of Ca, P, and Mg.

To assess changes to CaPs during ion release, additional samples
prepared in the same conditions were centrifuged after 7 d of incuba-
tion, and the pelleted material was freeze-dried. PXRD and FEG-SEM
analyses of the dried powders were performed as reported above.
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2.4. In vitro evaluation of enamel remineralization and dentinal tubules
occlusion

Enamel remineralization and dentinal tubules occlusion in vitro tests
were performed as reported by Ionescu et al. [5]. In brief, a total of 6
sound (caries-free) erupted human wisdom teeth extracted for clinical
reasons were obtained (Oral Surgery Unit, Department of Biomedical,
Surgical and Dental Sciences, Milan, Italy) and used for the in vitro
experiments. The Ethical Commission of the University of Milan
approved the use of the teeth (codename: SALTiBO-2017). All in vitro
experiments were performed in accordance with the Declaration of
Helsinki, updated by the World Medical Association in 2013. Horizontal
sections of the teeth specimens were obtained under constant water
cooling using a low-speed saw (Isomet 1000, Buehler, Lake Bluff, IL,
USA). First, the crown was sectioned from the root with a cut 2 mm
apical to the cementoenamel junction. Then, horizontal cuts of the
crown were performed at two depth levels to obtain flat enamel (n = 6)
and dentin (n = 6) surfaces from each tooth (Fig. 1A). Then, on both
dentin and enamel sections, two parallel 0.5 mm-deep notches were
made on the top surface of each specimen to mark three areas using a
low-speed diamond disc (Horico, Berlin, Germany) (Fig. 1B). All sur-
faces were polished using silicon carbide paper (600 and 1200 grit). The
surfaces were etched with a 37 wt% H3PO4 solution for 30 s, followed by
extensive rinsing with filter-sterile tap water to generate a superficial
demineralization comparable to a white spot lesion of enamel [29].

Before each treatment, an aliquot of CaP-N or CaP-S dry powder was
mixed with ultrapure water to obtain a 25 wt% aqueous slurry. The
three regions of each enamel or dentin specimen were soft-brushed for
3 min using disposable microbrushes (Microbrush, Microbrush Inter-
national, Grafton, WI, USA) with (i) CaP-N slurry, (ii) CaP-S slurry
(positive control), and (iii) filter-sterile tap water (negative control); the
distribution of groups in the three regions of each specimen was ran-
domized (Fig. 1C). After brushing a single region, the specimen was
rinsed with filtered sterile tap water for 1 min to stop exposure to the
CaP sample. In total, 6 regions of enamel and 6 regions of dentin were
brushed with each sample group.

This treatment was repeated twice daily for one week; the slurries

Dental Materials 40 (2024) 593-607

were prepared fresh for each treatment. Specimens were stored at 37 °C
in fresh Dulbecco’s modified PBS (formulation without calcium and
magnesium to avoid precipitation of calcium phosphates unrelated to
treatments). After the last treatment, half of the specimens (n = 3 for
both enamel and dentin) destined for FEG-SEM analysis were dehy-
drated by immersion in ethanol solution with progressively higher
concentrations (35%, 70%, 80%, 90%, and 100% twice) for 5 min each,
then left to dry overnight. The remaining specimens were stored under
100% humidity until instrumented indentation tests (Fig. 1D).

The dried specimens were fixed on aluminum stubs using conductive
graphitic glue with the treated surface upward to observe surface
morphology. All specimens were sputter-coated as described above and
observed with the FEG-SEM instrument equipped with an EDS probe
(INCA Energy 300, Oxford Instruments, Abingdon-on-Thames, UK) in
secondary electrons mode at an acceleration voltage of 4 kV. For each
specimen and treatment, at least four randomly selected fields were
acquired at magnifications ranging from 2500 x to 100,000 x .

For dentin samples, the occlusion of dentinal tubule openings was
quantified by digital image analysis of FEG-SEM micrographs using the
method reported by Ahmed et al. and the open image processing package
Fiji [30,31]. For each treated sample, at least six 5000 x micrographs
were acquired, noise was removed by the despeckling process, and then
the black openings were selected by adjusting black/white threshold
levels. Afterward, the “analyze particles” Fiji plugin was used to measure
the opening area. A total of 300 distinct measurements were performed.

Energy-dispersive spectroscopy (EDS) surface compositional analysis
was performed with an acceleration voltage of 15 kV. Immediately
before sample analysis, the EDS instrument was calibrated by measuring
the spectrum of a NIST standard sample of metallic cobalt as suggested
by the instrument manufacturer. Six randomly selected fields were ac-
quired for each specimen/treatment combination at
2500 x magnification in full-frame mode using an acquisition time of
50 s. Each field represented a volume area of 10 x 10 x ~ 1 ym (thick-
ness) of the specimen surface.

After these observations, specimens were carefully detached from
the stubs, and a 0.2 mm-deep vertical notch was made on the surface
opposite the treated region. Then, a section running through the
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Fig. 1. Schematic representation of specimen preparation and treatment. (A) Horizontal sectioning of the tooth to expose enamel and dentin, (B) delimitation of
regions by parallel notches, (C) randomized treatment with negative control and samples, (D) post-treatment specimen preparation for characterizations.
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remineralized layer of enamel and dentin specimens was obtained
through fracturing by applying pressure on a 0.2 mm steel wedge placed
in the notch. Extreme care was taken through these procedures not to
touch the fractured surface to avoid the presence of dirt or artifacts.
Finally, the fractured sections were mounted again on aluminum stubs
with the fractured surface upward, sputtered, and observed again with
the FEG-SEM.

2.5. Instrumented indentation test (IIT)

The ratio of the elastic reverse deformation work of indentation
(Welast) and the total mechanical work of indentation (Wioa) was
assessed (Welast/Wiotal = Mit) according to ISO 14577 [32] by using an
automated micro-indenter (FISCHERSCOPE® HM2000) equipped with
a Vickers diamond tip. This parameter (u) is a prerequisite for the
dynamic mechanical analysis (DMA) test. For this purpose, 10 mea-
surements were carried out randomly in the dentin and enamel refer-
ence specimens under wet conditions. Inside each notch that was created
on the specimens’ surfaces, a thin cotton thread was placed and con-
nected on both ends to small containers filled with Dulbecco’s modified
PBS. Thus, the specimen under test was kept from desiccating due to
capillarity through the thread. This method allowed to maintain hy-
drated the specimens during analysis as the instrument cannot operate
on completely submerged specimens. The indentation was
force-controlled and at room temperature; the test load increased within
20 s and decreased within 20 s with constant speed in the 0.4 mN to 500
mN range. Load (F) and indentation depth (h) of the indenter were
continuously measured during the load-unload-cycle, allowing calcu-
lating the elastic and plastic deformation. A part of the mechanical work,
Wtotal (= Fdh), during the indentation procedure is consumed as plastic
deformation work (Wpast), while the rest is set free as work of the
reverse elastic deformation (Welastic). During indentation, an impression
is produced with a projected area of contact of the indenter (A.) deter-
mined from the force/indentation depth curve, taking into account the
indenter correction based on the Oliver and Pharr model and described
in ISO 14577 [32]. The indenter area function was calibrated on two
materials with uniform and well-known properties (sapphire and fused
quartz). Corrections obtained from the tip calibration are then used for
further computational data evaluation. The indentation hardness (Hir =
Frmax/A¢) is calculated from the maximum force and the projected con-
tact area and represents a measure of the resistance to plastic defor-
mation. This value is convertible to HV (Vickers hardness). The
indentation modulus (E;r) was then calculated from the slope of the
tangent of the indentation depth-curve at maximum force [32].

2.5.1. Dynamic mechanical analysis (DMA)

The DMA analysis involved a quasistatic force applied in 20 steps
varying in the load cycle from 10 mN to 500 mN. Upon reaching each
step interval, a low magnitude oscillating force (1.0 Hz) was super-
imposed on the quasistatic force. The oscillation amplitude was set at
5 nm, so the sample deformation was kept within the linear viscoelastic
regime. For each tooth substrate and treatment, 20 indentations were
performed randomly.

For the used frequency (1.0 Hz), the force oscillation generates os-
cillations on the displacement signal with a phase angle 8. The sinusoidal
response signal was then separated into real and imaginary parts rep-
resenting the storage (E") and the loss moduli (E"), respectively. E is a
measure of the elastic response of material behavior, whereas E’, char-
acterizes the viscous material behavior. The quotient E"/ E'is defined as
the loss factor (tan §) and is a measure of the material damping behavior.

2.6. Statistical analysis
Structural and compositional analyses of the materials were per-

formed in triplicate and repeated at least three times. Results are re-
ported as the mean of the three experiments + 1 standard deviations.

596

Dental Materials 40 (2024) 593-607

EDS data of enamel and dentin surfaces were analyzed to compare
the quantity of each element between the CaP-treated regions against
negative control. One-way ANOVA and Tukey-Kramer’s HSD multiple
comparisons post-hoc tests were applied for p < 0.05.

Data regarding dentinal tubule opening areas obtained by FEG-SEM
image analysis had a non-normal distribution. Therefore, they were
analyzed by applying the Mann-Whitney U test comparing the opening
area of CaP-treated regions vs. negative control and setting the signifi-
cance level to p < 0.05.

Data were log-transformed for each microhardness parameter of the
enamel surfaces, except tan 8, to approximate normal distribution. Data
were first analyzed as overall means comparisons for the treatment
groups on enamel and dentin using one-way ANOVA and Tukey-Kram-
er’s HSD (p < 0.05). After that, curves were plotted considering the
variation of each indentation parameter against the indentation depth
using the locally estimated scatterplot smoothing (LOESS) method for
regression, adjusting for alpha smoothing parameter (range: 0.5 — 0.65)
and setting robustness to 1.0 on each parameter to re-weight and de-
emphasize the points that are farther from the fitted curve. Confidence
intervals of the estimate were also computed.

3. Results
3.1. Characterization of CaP materials

The PXRD patterns of CaP-N and CaP-S are reported in Fig. 2A. Peak
indexing shows that CaP-N is a biphasic mixture of 33 wt% HA and
67 wt%, B-TCP, as estimated by Rietveld refinement. For both CaP-N’s
crystalline phases, the diffraction peaks are narrow and intense, indi-
cating a high level of crystallinity. CaP-S, on the other hand, is made of
pure and stoichiometric HA, and its peaks are broad and poorly defined,
indicating a low level of crystallinity and the presence of nanocrystals.

These observations were confirmed by FEG-SEM analysis (Fig. 2B,C).
Micrographs of CaP-N (Fig. 2B) show that the material is composed of
rounded particles ranging from 200 nm to 1 pm. In the case of CaP-S,
micrographs (Fig. 2C) illustrate that the material is composed of nano-
metric elongated particles, < 100 nm long and < 50 nm wide. Both sub-
micrometric CaP-N and nanometric CaP-S particles tend to aggregate
into micrometric grains when they are in a dry state.

The chemical composition of the two materials is reported in Table 1.
Both CaP-N and CaP-S are almost mainly composed of Ca and P, con-
taining only traces of magnesium (< 1.0 or < 0.2 wt%, respectively).

The evolution over time of CaP-N and CaP-S as a concentrated slurry
(25 wt%) in neutral (pH 7.0) or acidic (pH 4.5) aqueous solutions was
studied. Both materials increased the environmental pH in the acidic
solution despite repeated washouts (Fig. 3A). CaP-N neutralized the
acidic solution, while CaP-S leveled at 6.0-6.5. When immersed in the
pH 7.0 solution, the two materials showed a different behavior, as CaP-N
raised the pH to ~ 11.0 while CaP-S did not alter the pH significantly
(Fig. 3B).

Cumulative ion release curves of the sample slurries in the two so-
lutions expressed as the absolute concentration of ions in the solution
and as the weight percentage of ions released are reported in Fig. 4.
Unsurprisingly, Ca release (Fig. 4A) was more intense when both CaP
materials were in contact with the pH 4.5 solution than under neutral pH
conditions. CaP-N at pH 4.5 had a burst calcium release in the first 6 h of
incubation and then leveled off after 24 h, while CaP-S release is less
intense but steadier so that the release was still present after 7 days. At
pH 7.0, the differences between materials were less evident, with a
slightly higher Ca release for CaP-S. The P release (Fig. 4B) was also pH-
dependent and higher at acidic pH. Both CaP materials showed a rela-
tively intense release of Mg compared to Ca and P, especially under
acidic conditions (Fig. 4C).

After 7 days of incubation, PXRD patterns (Fig. 5A) and their Riet-
veld refinements show that the HA content of CaP-N increased while
B-TCP content decreased independently from solution pH (Table 2). In
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Fig. 2. (A) PXRD patterns of CaP-N and CaP-S; (B-C) FEG-SEM micrographs of (B) CaP-N and (C) CaP-S.

Table 1
Chemical composition of CaP samples.
Material ~ Ca (wt%) P (wt%) Mg (Wt%) Ca/P (Ca+Mg)/P
(mol) (mol)
CaP-N 33.9 18.0 0.69 1.46 1.50 + 0.02
+ 0.9 + 0.6 + 0.02 + 0.01
CaP-S 34.6 16.1 0.14 1.66 1.67 £0.01
+1.0 + 0.4 +0.01 +0.01

detail, CaP-N was composed by ca. 45 wt% HA in comparison to 33 wt%
HA of the pristine material. CaP-S had no changes with incubation. FEG-
SEM micrographs of CaP-N after incubation (Fig. 5B,C) showed that new
nanometric particles ~ 100 nm long and 50 nm wide appeared onto
CaP-N independently from solution pH. In contrast, no significant
morphological changes in CaP-S were observed (Fig. 5D,E).

3.2. Dentin tubules occlusion and enamel remineralization

3.2.1. Dentin tubules occlusion

FEG-SEM showed open and demineralized tubules in the negative
control sample (Fig. 6A,D). Single collagen fibrils can be discerned at
higher magnification with their characteristic 67 nm-banded structure
(Fig. 6G). In contrast, dentin treated with CaP-N (Fig. 6B,E) shows an
almost complete occlusion of tubule openings. A similar result was
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obtained with CaP-S treatment (Fig. 6C,F). The occlusion of dentinal
tubule openings (Fig. 6L) as quantified by digital image analysis showed
an average tubule opening area of 4 — 8 ym? (2 — 3 um diameter) in the
negative control, while for CaP-N, the opening area was reduced to 0.3 —
0.9 um? (0.6 — 1 ym diameter), indicating a statistically significant high
occlusion (p < 0.05). CaP-S treated region had an opening area of 0.3 —
2.1 pm?, (0.6 — 1.6 ym diameter), showing a less intense occlusion
compared to CaP-N (p < 0.05). High magnification micrographs of CaP-
N treated samples (Fig. 6H) showed the presence of two types of parti-
cles on the dentin surface: (i) rounded particles < 1 uym in size together
with (ii) new small and irregular particles < 100 nm in size evenly
covering the dentinal surface (marked in Fig. 6E with a green and a light
blue arrow, respectively). The high magnification micrographs of dentin
after CaP-S treatment (Fig. 61) show that the dentinal surface is covered
by nanoparticles.

FEG-SEM observation of fractured dentin specimens allowed to
assess the penetration of CaP materials within the dentinal tubules
(Fig. 7). Control specimen tubules were found entirely open, where
demineralization involved the first micrometers below the exposed
surface (Fig. 7A, D). CaP-N particles were found inside the tubules up to
4 um depth. In addition, some sparse 1-2 pm thick mineral plugs could
be observed obliterating tubule surface opening (Fig. 7E). CaP particles
and mineral plugs could also be seen in the dentin specimens treated
with CaP-S (Figs. 7C and F, respectively). In this case, the mineral plug
was a deposition of CaP-S nanoparticles (marked by green arrows in
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Green arrows in panels (B, C) highlight the newly formed nanoparticles.

Table 2
Crystal phase composition of CaP samples before and after incubation for 7 days
in acidic or neutral solutions.

Material pH HA (wt%) B-TCP (wt%)
CaP-N As prepared 33.1+£04 66.9 + 0.4
4.5 43.2+0.3 56.8 + 0.3
7.0 47.7 £ 0.3 52.3+0.3
CaP-S As prepared 100 -
4.5 100
7.0 100
Fig. 7G,F).

The chemical composition of dentin surfaces was assessed through
elemental quantification by SEM-EDS calibrated with a metallic Co NIST
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standard (Fig. 8). This approach, previously used for chemical compo-
sition analysis of enamel surfaces treated with remineralizing tooth-
pastes, provides a reliable elemental composition of the first
micrometers of surface [5]. All specimens contained Ca, O, P, and C; in
some cases, traces of Mg were also detected. Ca and P contents were
shallow in the negative control, while a significantly higher amount was
present in the regions treated with CaP-N (p < 0.05). The treatment with
CaP-S induced a significant increase of Ca and P compared to the con-
trol, albeit to a lower extent than CaP-N (p < 0.05). The Ca/P ratio of the
negative control dentin surface (Fig. 8D) was 1.16, while CaP-treated
samples had a ratio of 1.45 for CaP-N and 1.68 for CaP-S.

Regarding the mechanical behavior, the quasistatic indentation test
determined the indentation hardness and indentation modulus (referred
to as Hyr and Ejr, respectively). Both tested CaPs improved dentin’s
resistance to plastic deformation (Fig. 9A-D). The improvement was
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fication by digital image analysis. The green arrow in panel (H) highlights CaP-N particles, while the light blue arrow highlights the newly formed mineral phase
deposited onto the dentin surface. Different superscript letters in panel (L) represent statistically different groups (p < 0.05).

depth-dependent, and the materials showed different behaviors. CaP-N
increased Hir by about 50% compared to the negative control up to a
depth of 6 um (Fig. 9A) and increased Ejr by about 25% up to the same
depth (Fig. 9C). CaP-S showed the highest E;r value in the first 0.5 um of
depth, and for the following 2.5 um of depth, a Hyr and Ejr higher than
the negative control but lower than CaP-N (Fig. 9A, C). At depths
> 2.5 um, there was no difference between CaP-S and control.

DMA was used to study the viscoelastic behavior of CaP-treated
dentin compared to the negative control (Fig. 9E-L). The storage
modulus of dentin treated with the tested CaP materials in function of
depth was similar to the indentation hardness curve (Fig. 9E,F). Both
treatments increased the storage modulus, with CaP-S showing a sig-
nificant increase up to 2.5 um depth, while CaP-N reached 6.5 um. Both
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CaP treatments also significantly increased loss modulus up to 7 um
depth, and no significant difference between the behavior of the treat-
ments was highlighted (Fig. 9G,H). Regarding tan &, CaP-N slightly
decreased this parameter, while CaP-S slightly increased it compared to
the negative control; this effect was not depth-dependent (Fig. 9LL).

3.2.2. Enamel remineralization

FEG-SEM micrographs of the negative control show initial demin-
eralization of the enamel surface (Fig. 10A, D). At higher magnification,
voids are formed between the prisms due to the dissolution of the
interprismatic mineral phase, which is usually more prone to deminer-
alization being less crystalline. After treatment with CaP-N (Fig. 10B),
the enamel surface displayed a continuous aspect without interprismatic
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Fig. 7. FEG-SEM micrographs of demineralized dentin sections after treatment with (A,D) water, (B,E) CaP-N and (C,F) CaP-S. Green arrows in panels (B, C, F)
highlight the CaP particles deposited within dentinal tubules, while the light blue arrows in panel (E) highlight the newly-formed mineral plugs. In panel (B), the
cylindrical residues of Tomes fibers present in dentin at the moment of treatment can be observed.
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Fig. 10. (A-F) FEG-SEM micrographs of the demineralized enamel surfaces after treatment with (A,D) water, (B,E) CaP-N, or (C,F) CaP-S. (G-I) Micrographs of
demineralized enamel prism sections after treatment with (G) water, (H) CaP-,N, or (I) CaP-S. Green arrows in panels (H, I) highlight the CaP particles deposited
within enamel prisms, while the light blue arrows in panel (H) highlight the newly-formed nanoparticles.

voids. High-magnification micrographs (Fig. 10E) reveal the deposit of
CaP-N particles and newly formed nanoparticles in the interprismatic
region. A similar effect was observed after treatment with CaP-S
(Fig. 10C); in this case, the stoichiometric HA nanoparticles filled
interprismatic voids and deposited onto the enamel surface (Fig. 10F).

FEG-SEM micrographs of the sectioned enamel specimens are dis-
played in Fig. 10G-I. The negative control showed the typical structure
of enamel tissue (Fig. 10G), including HA prisms arranged into staggered
rows showing interlocking and offsetting of prism heads. CaP-N treated
samples (Fig. 10H) showed CaP-N particles deposited between prisms
together with newly formed nanoparticles. The micrographs of CaP-S

treated regions (Fig. 10I) showed a similar outcome, with the deposi-
tion of nanoparticles mainly in the interprismatic space.

SEM-EDS (Fig. 11) of the negative control mainly showed Ca, O, and
P signals with traces of Mg. There was no statistically significant dif-
ference in Ca or P content between the control and treated surfaces
(p > 0.05). Also, Ca/P molar ratios were not statistically different
(p > 0.05).

Hardness parameters of the quasistatic indentation test showed that
both tested CaPs improved enamel’s resistance to plastic deformation
(Fig. 12A-D), yet CaP-N had a distinctly higher effect than CaP-S up to
2.5 um depth. The negative control showed an initial high hardness
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Fig. 11. SEM-EDS measurement of (A) Ca and (B) P, and (C) Ca/P molar ratio of enamel surfaces after treatment. Different superscript letters in each panel represent

statistically different groups (p < 0.05).
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value at the enamel surface level (< 0.1 pm) and then swiftly decreased
in the first 0.5 ym to be slowly restored, reaching 3.0 um depth. Simi-
larly to Hyr and Ejr, both tested CaPs increased enamel storage modulus
(Fig. 12E,F). Both CaP treatments decreased the loss modulus compared
to the negative control, with CaP-S producing a higher effect than CaP-N
(Fig. 12G,H). The consequence was that both CaPs sharply decreased the
tan & value compared to the control, flattening the tan & curve con-
cerning the probing depth (Fig. 12LL).

4. Discussion

The present work aimed to test a CaP material derived from fish
industry circular economy to be used as dentine tubules occlusion and
enamel remineralization agent. The characterization of CaP-N showed
that it occurs as a biphasic mixture of HA and p-TCP, confirming pre-
vious findings [18]. The presence of $-TCP is due to the calcination of
fish bones’ calcium-deficient biogenic HA (i.e., with a Ca/P molar ratio
< 1.67), as at temperatures above 700 °C Ca-deficient HA partially re-
crystallizes into the p-TCP phase, as widely reported in the literature
[33]. Thermal treatment leads to the formation of a highly crystalline
material characterized by a round particle morphology due to partial
grain growth and sintering during the heating and to -TCP recrystalli-
zation, in agreement with previous reports on the thermal treatment of
fish bones [34]. In contrast, CaP-S is poorly crystalline and characterized
by a nano-morphology that imparts a high specific surface area, typical
of HA synthesized by wet precipitation in the selected conditions [35].
The Ca and P content and their molar ratio for CaP-N are in good
agreement with the values reported for other thermally-treated fish
bones [36,37]. At the same time, Mg is more abundant in CaP-N than
CaP-S as HA from marine biogenic sources is often cation-substituted
[33]. Overall, material characterization revealed that CaP-N differed
from stoichiometric nano-HA (CaP-S) in terms of particle size,
morphology, crystallinity, and phase composition, suggesting that very
different behavior may arise when these two materials are supplied to
dental hard tissues.

CaP-N behavior in an acidic aqueous solution showed that it could
efficiently buffer the acidic environment as effectively as CaP-S, stabi-
lizing the pH at neutral values. It is well reported in literature that CaP
materials dissolve at low pH, releasing PO3 ions, which in turn form a
phosphate buffer at pH ca. 6-7 [38]. This pH-dependent solubility is
proved by the experiments of ions release. Over time, the ions release in
the acidic solution tends to level off due to the increase of pH, which in
turn decreases dissolution. Differently, in a neutral aqueous solution,
CaP-S does not affect pH, while CaP-N increases it significantly. This
behavior may be attributed to the presence of traces of calcium oxide
(Ca0) on CaP-N particles’ surface in amounts that cannot be detected by
PXRD (< 0.5 wt%). CaO formation is a by-product of thermal treatment
of non-stoichiometric carbonate-doped apatites due to carbonate
decomposition, and this occurrence has been previously reported for
calcined pig bones [39,40]. In water, CaO hydrates to calcium hydrox-
ide, which is a base. Hence, in water the increase of pH was likely due to
the presence of CaO traces in the concentrated CaP-N suspension (25 wt
%). Nevertheless, an alkaline environment is not detrimental to dental
tissues, as a comparable pH is generated by mineral trioxide aggregate
(MTA), which is commonly used in endodontic treatment as a root repair
material and does not cause harmful effects [41]. Moreover, due to CaO
presence, CaP-N neutralizes the acidic solution to pH 7.0-7.5 while
CaP-S buffers the pH at a lower value of 6.0-6.5.

The faster calcium release of CaP-N compared to CaP-S may be
related to the presence of p-TCP phase, which is more soluble than HA
and thus could release a significant amount of Ca®" ions [22]. Because of
B-TCP solubility, CaP-N quickly shifts solution pH to higher values than
CaP-S. Regarding the relatively high Mg release of both CaP materials,
we hypothesize that their Mg-rich regions dissolved preferentially, as
Mg distorts HA crystal lattice, decreasing crystallinity and thus
resistance to acidic dissolution. It is of particular interest that CaP-N,
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after 7 days of incubation, had a lower p-TCP content and formed new
nanoparticles independently from the solution pH. This data confirms a
preferential dissolution of the more soluble B-TCP phase, in agreement
with the literature [21], that induced the precipitation of new CaP
minerals. In contrast, CaP-S did not show any significant change with
incubation.

Based on these preliminary data, we decided to test the behavior of
CaP-N in terms of dentinal tubule occlusion and enamel remineraliza-
tion using protocols and experimental conditions that simulated the
clinical use as closely as possible. To compensate for the intrinsic vari-
ability of enamel and dentine surfaces and avoid using a high number of
replicates, the three experimental groups (treatment with water/CaP-N/
CaP-S) have been applied randomly on separate regions of the same
tooth slice. CaP-N treatment led to an excellent occlusion of tubule
openings and the formation of mineral plugs at the sub-surface level.
This result indicates that the sub-micrometric granules of CaP-N
(200 nm - 1 pm) are small enough to penetrate and occlude dentinal
tubules, which usually range from 1 to 3 um in size for tooth sections
taken close to dentin-enamel junction [42]. In addition, the observation
highlighted the presence of deposited CaP-N particles (rounded particles
< 1 pm in size) together with a newly deposited nano-structured mineral
phase. These small nanoparticles were not present in pristine CaP-N
powder (Fig. 2B) or in dentin (Fig. 6A, D, G) but were very similar to
the ones that formed when CaP-N was incubated in an aqueous slurry
(Fig. 5B, C). Therefore, it is likely that they have formed in situ. An
interpretation is that during treatment, CaP-N particles adhered to the
partially demineralized dentin, releasing Ca2* and PO} ions over time,
and then such ions interacted with the exposed collagen, inducing a new
mineral phase deposition. This finding suggests that treatment with
CaP-N can stimulate dentin remineralization. SEM-EDS data confirm the
collagen-based dentin remineralization, as the negative control has a
low Ca and P content and a high C content, mainly due to the exposed
collagen. At the same time, these values are inverted after treatment
with CaP-N. In addition, the fact that the Ca/P ratio of the dentin
specimens treated with either CaP-N or CaP-S matches their respective
Ca/P ratios confirms that the mineral observed in the outer dentin layer
is primarily due to deposited CaP materials.

In the case of CaP-S, FEG-SEM, and SEM-EDS, data show that a carpet
of nanoparticles evenly covers the dentinal surface. However, it is
impossible to determine whether this mineral layer is due to the direct
deposition of CaP-S nanoparticles or a new mineral phase induced by
CaP-S. CaP-S treatment achieved a penetration depth comparable to
CaP-N within dentin tubules and could induce the formation of mineral
plugs, although with a slightly lower efficiency. These findings suggest
that CaP-N and CaP-S might have different mechanisms of action when
applied to dentin. In the case of CaP-N, its bigger particles can easily
obstruct the tubule and get stuck in the first two microns of the tubule
depth, as the tubule diameter corresponds to the size of about 2-4
particles. Then, the release of ions stimulated the remineralization of the
demineralized dentin tissue, inducing the formation of thick plugs. For
CaP-S particles, their nanometric size may lead to a diffusion deep inside
the tubule, which in turn achieves an overall lower tubule occlusion.
However, if enough particles are repeatedly administered, they can
effectively obstruct the opening and form a mineral plug over time.

All dentinal hypersensitivity treatments aim to close the exposed
dentinal tubules quickly and permanently. However, if the intertubular
dentinal collagen is not simultaneously remineralized, the exposed
dentin may become a region of reduced hardness prone to mechanical
failure [43]. For this reason, it is of paramount importance to look at the
mechanical behavior of the dentin exposed to the remineralizing treat-
ment to better understand the efficacy of such procedures. The micro-
indentation data suggest that CaP-N and CaP-S could both improve
dentin’s mechanical characteristics. In particular, CaP-N provided a
homogeneous increase of the tissue hardness as a function of dentin
depth. In contrast, CaP-S provided a very high hardness increase at the
dentin surface and within the first two micrometers of depth. Variations
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in the mechanical properties within the dentin, such as the ones found in
the CaP-S treated samples, mean an increased risk of cracking and
breakdown of the substrate when an external force is applied, as low
modulus regions (below 2.5 um) lead to energy concentration in high
elastic modulus regions (above 2.5 pm) [44]. From this point of view,
treatment with CaP-N might be considered a better choice over CaP-S
since the latter may concentrate the stress at the very surface where
the remineralizing layer is formed, posing a higher risk for fracture at
the interface of the newly formed layer.

We used DMA to study the viscoelastic behavior of CaP-treated
dentin, as it is a complex composite biomaterial exhibiting both
viscous and elastic components when it undergoes deformation. The
viscoelasticity of the bulk dentin matrix represents the interaction be-
tween the collagen fibrils, collagen crosslinking and density, associated
proteoglycans, and the mineral phase [45,46]. The first parameter is the
storage modulus, representing the material’s ability to store energy
elastically. Both CaP materials increased dentin’s storage modulus, with
CaP-N positively affecting deeper regions than CaP-S. This stiffening
effect could result from the remineralizing activity by the tested treat-
ments, leading to the precipitation of minerals inside the tissue, thus
indicating that CaP-N also induced remineralization in deep dentin. On
the other hand, the loss modulus represents the material’s ability to
dissipate stress (viscous behavior). The increase of loss modulus and,
thus, the capability to dissipate mechanical energy by both CaP treat-
ments could be due to a large interface area between the collagen fibrils
and the newly formed mineral particles of the remineralized structures
[47]. Finally, tan 6 represents the ratio of the viscous to elastic response
of the material, providing information on the overall damping ability or
the capacity to absorb shock. The decrease of tan & values induced by
CaP-N treatment in comparison to negative control and the opposite
increase by CaP-S can be attributed to particle size. Indeed, the damping
behavior is related to the internal friction generated by grain or inter-
phase relaxation, which in CaP-S offers a larger stress dissipation area
due to the much smaller particle size than CaP-N. It has been reported
that the dissolution of CaP compounds supplied to dentin creates an
ions-rich environment that induces dentin remineralization, which is
reflected in a decrease of tan § and increased storage and loss modules in
the material [48]. Therefore, a possible interpretation of the DMA data is
that both tested CaPs induced nucleation and growth of nanocrystals
into dentin, remineralizing it, and the treatment induced an excellent
connection between the newly formed mineralized structures and the
pristine tissue, in particular with the exposed collagen fibrils.

Altogether, our data demonstrates that CaP-N is a very promising
material for dentin remineralization and occlusion of dentinal tubules,
improving the mechanical characteristics of the tissue. CaP-N treatment
on dentin can be considered at least as effective as stoichiometric HA
nanoparticles, which is an excellent material for this application. Future
works will assess the effect of prolonged CaP-N treatments, evaluating
the formation of the mineral plugs and their resistance to repeated acidic
lesions caused by physiological and pathological pH changes in the oral
microenvironment. Moreover, the hydraulic conductance of dentine
after long-term treatment with CaP-N should also be assessed to further
corroborate the tubules occlusion efficacy.

We also evaluated the efficacy of CaP-N as a material for enamel
remineralization. FEG-SEM observation indicated that the treatment,
similarly to CaP-S, induced enamel remineralization by deposition into
interprismatic defects and stimulated the formation of a new crystalline
phase in direct contact with the pristine one.

Quasistatic indentation and DMA tests of the negative control
showed that the maximal decrease in hardness and storage modulus was
localized in a sub-surface zone within the first micrometer of depth. This
observation matches clinical data on initial enamel demineralization
lesions (white spots), where a demineralized sub-surface region can be
observed underneath an otherwise intact superficial enamel layer. Both
CaP materials and mainly CaP-N improved hardness parameters and
storage modulus, showing that they could remineralize subsurface
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enamel layers. In addition, CaP treatments sharply decreased the
enamel’s tan § values. Healthy, highly mineralized enamel has a tan
8 < 0.1; higher values indicate an excessive viscous behavior caused by
demineralized tissue. Therefore, our viscoelastic measurements indicate
that both treatments could restore the subsurface enamel lesions by
creating a structure that tightly connects with the pristine one, effec-
tively remineralizing the tissue and restoring its mechanical character-
istics. The generated enamel lesions had a shallow depth (< 3.0 um) due
to the demineralization protocol applied; thus, the lesion depth was
shallower than dentin, possibly impacting the evaluation of the activity
of the tested CaP materials. In future works, different demineralization
protocols (e.g., 48 h at pH 3.5-4.0 [49]) will be applied to test the ef-
ficacy of CaP materials on simulated early caries under conditions more
closely resembling clinical ones.

In the present study, the experiments were designed to avoid spec-
imen dehydration and consequent artifacts and misinterpretations when
performing the microindentation measurements. Also, the choice of the
storage medium (Dulbecco’s modified PBS) was made to replicate con-
ditions occurring in the external environment. Dulbecco’s modified PBS
more closely simulates such an environment compared to a simulated
body fluid that is commonly used to test biomaterials’ behavior when
placed inside the human body. For the same reason, specimens were
observed without the use of any chemical fixation or collagen degra-
dation inhibition, that would have affected the micromechanical pa-
rameters of the tested specimens. In the latter case, the instrumentation
would have measured the effect of the fixative on the substrate rather
than the effect of the tested treatments. It is clear from the results of the
present study that mechanical characteristics differed between tested
treatments in a depth-dependent manner. If surface degradation
occurred, some difference would have been expected and noticeable in
the depth profile as occurring on the outermost layers mainly.

5. Conclusions

Both CaP treatments possessed an excellent remineralizing behavior
for initial enamel lesions and dentinal tubules occlusion, and CaP-N has
efficacy at least comparable to CaP-S. In addition, CaP-N, due to its
different mode of action, could have an edge over CaP-S on dentin
desensitization. These findings may suggest using different CaP-based
remineralizing agents with tailored remineralization kinetics and
mechanisms depending on the specific tissue requirements (i.e., dentine
vs. enamel). The findings also show that biphasic calcium phosphate
from fish bones, apart from being a more sustainable alternative mate-
rial, could be a promising circular economy therapeutic agent for dental
hard tissues due to its remineralizing and occlusive activity, which will
be investigated more in future studies.
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