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ABSTRACT. The use of toothpastes is the best way to combat enamel loss
and degradation. When they also contain hydroxyapatite nanoparticles, HAP
NPs, the tooth enamel can be restored by remineralization. In this study, we
developed two types of toothpastes, one with nano sized HAP, noted P1, and
the other with nano multi-substituted hydroxyapatite (ms-HAP, HAP-Mg-Zn-Si),
noted P2, which were used to treat the artificially demineralized teeth enamel
surface. The remineralization efficacy of the two toothpastes was determined on
artificially created enamel lesions by suspending healthy enamel slices in
demineralizing solution, made of orthophosphoric acid of 37.5% for 90 s. For
this purpose, six extracted third molars were collected and twenty-four enamel
slices were cut and arbitrarily allocated to the four groups, namely n = 6 enamel
slices for each group. One group served as untreated (natural) enamel control,
and another group comprised demineralized enamel and two test groups, firstly
demineralized, and then, they were treated with toothpastes P1 and P2,
respectively, each of them for ten days, and finally were noted P1 and P2
enamel surfaces. The surface morphology and roughness of all enamel
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specimens were studied by atomic force microscopy (AFM) before and after
applying the treatment with the toothpastes. The toothpastes effect was
evidenced by the average diameter of ceramic nanoparticles deposited within
the superficial smooth layer on enamel surface having, at the completion of
10 days treatment, a low surface roughness close to that of natural enamel. This
in vitro comparative study demonstrated that both toothpastes P1 and P2 can
promote surface enamel repair by remineralization and the formation of a
protective hydroxyapatite coating layer on the enamel surface treated with these
toothpastes.

Keywords: hydroxyapatite, multi-substituted hydroxyapatite, toothpastes,
enamel remineralization, morphology, surface roughness, AFM

INTRODUCTION

According to the ‘Global Oral Health Status Report’ for 2022 published
by the World Health Organisation, more than a third of the planet's population
(about 2.5 billion) lives with untreated tooth decay [1].

Dental caries is a disease caused by selected oral bacteria, that
demineralize and destroy the tooth enamel [2]. This highly prevalent disease
appear when bacteria in the mouth determine the pH to drop reaching values
that provoke erosion of the enamel surface creating in this way grooves and
cavities [3]. A continual imbalance between pathological and protective
factors results in dissolution of hydroxyapatite nanoparticles, HAP NPs, and
consequently, in the loss of calcium, phosphate and other components from
the tooth enamel, leading to enamel demineralization.

People of all ages can be affected by dental demineralization and
caries, but children, older adults, people with poor oral hygiene habits and
those who consume food with a high sugar content and acidic foods are
particularly susceptible [4-6]. To avoid the tooth decay, an effective method
is brushing with a toothpaste containing active substances [7].

More than half a century ago (around 1970), the National Aeronautics and
Space Administration (NASA, U.S.) first proposed a synthetic hydroxyapatite,
as a repairing material for the lost minerals of astronauts from bones and teeth
due to lack of gravity [8]. Then, in 1978 the first toothpaste containing nano-
HAP was prepared to repair the dental enamel. In 2006, a toothpaste
comprising synthetic HAP as an alternative to fluoride occurred in Europe for
the reparation of tooth enamel [8].
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In recent years, to enhance the remineralization processes and reduce
the demineralization, the formulation of some toothpastes with hydroxyapatite
[9-12] or with hydroxyapatite doped with various elements, like Zn [13], Mg
[14], and Sr [15], has been studied.

Hydroxyapatite is the core inorganic component of human bone and
teeth, due to its similarity in chemical composition to the mineral components
of hard tissue, and it is biocompatible. Because of its ability to bond with bone
tissue through osseointegration, hydroxyapatite is widely used in bone grafts
and dental implants, playing the role of a scaffold material to support the
growth of new bone tissue [16, 17]. Furthermore, when HAP NPs come into
contact with tooth enamel, they can bond on enamel surface replenishing the
lost minerals through a process called remineralization increasing mechanical
resistance and protection against dental caries [18, 19]. The HAP NPs can
generate a coating layer that adheres to the tooth enamel surface, strengthening
and repairing the damaged tooth enamel [20].

The following elements are also recognised to have valuable effects
on dental health: magnesium [21], important for maintaining healthy teeth
helping to promote the remineralization of enamel, zinc [22], essential for
maintaining the structural integrity of tooth enamel helping to prevent tooth
decay and cavities, strontium [23], shown to enhance the remineralization of
enamel and Si [24], significant for increasing the resistance of teeth to acid
erosion, and accelerating the reparation processes. Their presence in the
structure of multi-substituted nano-HAP, ms-HAP, such as HAP-Mg-Zn-Sr-Si,
can strengthen the enamel surface and make it more resistant to acid erosion,
also promoting the deposition of new ms-HAP NPs on the enamel surface.

Owing to the size of nanoparticles, which significantly enhance the
surface area, [25-28] the nano-HAP found in toothpastes has a considerable
affinity for binding with proteins [29]. Additionally, nano-HAP fills in small craters
and depths on the enamel surface [18]. The HAP nanoparticles of average
size about 40 nm make up natural enamel. Some studies have shown the
toothpaste formulations with medium or high nano-HAP content (e.g., 5%
[30, 31], 10% [32-34], 15% [35], 20% [36, 37]) to promote remineralization
and inhibit tooth decay. Taking into account the fact that the poorer population
cannot afford to spend a lot on oral hygiene, we thought of producing a paste
with a lower HAP content (about 4.0%), therefore cheaper, but which would
keep its remineralizing properties.

Having all this in mind, we prepared two toothpastes, one with nano-
HAP, henceforth called P1, and the other with multi-substituted nano-HAP
with Mg, Zn and Si (ms-HAP, HAP-Mg-Zn-Si), henceforth called P2. The
content of ceramic particles in each toothpaste is 4.0% and the average size
of nano hydroxyapatites (nano-HAPSs) is in range of 30 to 40 nm.
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For the first time, the remineralization property of the toothpaste
containing HAP-1.34 wt% Zn-2.5 wt% Mg-2.9 wt% Si was studied in comparison
with the toothpaste comprising nano-HAP, on human teeth extracted for
orthodontic reasons. Further, this study aims to assess the remineralization
capability of these pastes, using AFM-based approaches to explore the surface
morphology and roughness of surface enamel ultrastructure.

RESULTS AND DISCUSSION

The surface morphology and roughness changes in enamel structure
because of demineralization-remineralization procedures were characterized at
nanoscale resolution by atomic force microscopy before and after applying
the treatment with the toothpastes, P1 and P2. Therefore, the goal of this work
was to optimize AFM approach in tapping mode to characterize the enamel
ultrastructure, by AFM images, like 2D and 3D topographies, as well as
phase and amplitude images. These AFM images are also used to determine
the hydroxyapatite nanoparticle size and surface roughness at the nanoscale
in environmental conditions. They are associated with the treatment of artificially
demineralized enamel with toothpastes and compared with the natural
enamel ultrastructure.

For this investigation, six healthy human third molars were extracted,
for orthodontic reasons, and used to prepare 24 enamel slices, divided into
4 groups, each with n = 6 slices; one control group of natural enamel, which
did not receive toothpaste treatment. The 18 enamel slices were artificially
demineralized, using orthophosphoric acid 37.5%. They were divided into 3
groups: a group (n = 6) of demineralized samples, which were deposited into
artificial saliva or physiologic serum, and 12 slices that formed two experimental
groups, and each group had n = 6 demineralized enamel slices; they were
treated with toothpaste, namely test group P1 treated with toothpaste P1 and
test group P2, treated with toothpaste P2.

AFM images are given in Figures 1 to 4 for the healthy and untreated
enamel (Figure 1), for artificially demineralized enamel (Figure 2), remineralized
enamel treated for 10 days, with P1 toothpaste (named P1 enamel slice,
Figure 3) and treated with P2 toothpaste (called P2 enamel surface, Figure 4).
AFM 2D and 3D topographic images, as well as phase and amplitude images,
are displayed for scanned area of 1 ym x 1 ym.
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Figure 1. AFM images of healthy, untreated (original) enamel: 2D topography
image (A), phase image (B), amplitude image (C), and 3D topography image (D),
for scanned area of 1 ym x 1 ym, and the histogram (E) on image (A): Gaussian

distribution (full line) of biological hydroxyapatite, HAP, nanoparticles diameter

on tooth enamel surface (A); average diameter is 40 + 3 nm.

The ultrastructure of healthy, original enamel slice investigated by
AFM is shown in Figure 1. From 2D topography image (A), phase (B) and
amplitude (C) image, as well as from 3D height reconstruction image (D), a
stable morphology is observed showing the biological HAP nanoparticles of
globular shape, rather well arranged on enamel surface with an average size
of 40 nm, which is proved by the particle size distribution histogram given in
Figure 1E.

The demineralization process is usually used during the dental
treatment, in order to expose the fresh biological HAP NPs on the enamel
surface for the accurate adhesion of the restorative material to the enamel
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surface. In our study, the artificially demineralized enamel is used for a potential
restoration of dental enamel with synthetic hydroxyapatite nanoparticles,
from toothpastes.
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Figure 2. AFM images of artificially demineralized enamel: 2D topography image
(A), phase image (B), amplitude image (C), and 3D topography image (D),
for scanned area of 1 ym x 1 ym, and the histogram (E) on image (A):
Gaussian distribution (full line) of HAP nanoparticles diameter
on tooth enamel surface (A); average diameter is 75 + 6 nm.

The ultrastructure of demineralized enamel slice is shown in Figure 2,
proving a different morphology of biological HAP nanoparticles on enamel
surface.

Substantial changes in the morphology of the demineralized fresh
enamel with orthophosphoric acid are observed (Figure 2A-D) with an average
particle size of 75 nm (Figure 2E). Interestingly, the AFM phase image (Figure
2B) evidenced the presence of 2 phases: one dark brown (showing HAP
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particles), and the other one yellowish brown (proving the protein subunits), in
total agreement with the fact that the HAP NPs assemblies are covered and
protected with a layer of protein subunits. This situation is also shown in
Figure 1B, but the presence of protein amount is reduced on the healthy enamel
surface due to a natural surface erosion. The AFM 3D image (Figure 2D)
confirms the globular shape of fresh biological HAP nanoparticles.
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Figure 3. AFM images of remineralized enamel treated for 10 days with P1 toothpaste:
2D topography image (A), phase image (B), amplitude image (C), and 3D topography
image (D), for scanned area of 1 ym x 1 ym, and the histogram (E) on image (A):
Gaussian distribution (full line) of HAP nanoparticles diameter on remineralized
tooth enamel surface (A); average diameter is 30 £ 4 nm.

This average size of biological HAP nanoparticles (of about 75 nm) is
bigger when compared with the average size of HAP nanoparticles (around
40 nm) arranged on the healthy enamel surface (Figure 1). This finding
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demonstrates that the biological HAP nanoparticles on the healthy enamel
surface are smaller than the ones existing inside the enamel due to the
surface erosions during life time.

The AFM images of P1 remineralized enamel surface, treated for 10
days with P1 toothpaste, are presented in Figure 3A-D. These images illustrate
the surface morphology of enamel surface confirming the globular aspect of
HAP nanoparticles, which are homogeneous distributed on enamel surface,
showing an average diameter of 30 nm as evidenced in Figure 3E. This result
is in agreement with the composition of P1 toothpaste, which comprises a
low crystallinity synthetic HAP, having small HAP nanoparticles of average
diameter of about 30 nm, as previously was demonstrated, both in AFM and
TEM images [38]. These results can be associated with the formation of a
coating layer of synthetic HAP nanoparticles well spread on enamel surface,
and thus, reducing the depths and various lesions on the enamel surface
created due to demineralizing process.

The AFM images of P2 remineralized enamel surface, treated for 10
days with P2 toothpaste, are given in Figure 4A-D. These AFM images exposed
the synthetic ms-HAP nanoparticles, as very well packed on the enamel surface
(Figure 4B, C), having ms-HAP nanoparticles with mean diameter of about
40 nm (Figure 4E) on the remineralized tooth enamel surface (Figure 4A).

It is meaningful to remark that the P2 toothpaste comprises a low
crystallinity multi-substituted HAP nanoparticles, HAP-Mg-Zn-Si, of average
diameter of about 40 nm, as previously was demonstrated, both in AFM and
SEM images, coupled with XRD and SEM-EDX, showing its chemical
composition and crystallinity [39].

The topographic features of the ms-HAP nanoparticles deposited on
P2 enamel surface are presented in Figure 4A, D. These particles are spherical
smoothed ms-HAP particles with mean diameter of about 40 nm, coinciding
as size with that of biological HAP on natural, enamel. This resemblance
might increase the repair potential of toothpaste P2 leading to an enhanced
remineralization of tooth enamel in comparison with toothpaste P1.

In order to explore the structural differences [40] among enamel
samples by using AFM, the surface roughness values: arithmetical roughness,
Ra, and root mean square roughness, Rrus = Rq, with their standard deviations
(calculated from minimum three different investigated scanned areas) for
untreated, demineralized and remineralized enamel surfaces with the two
toothpastes, P1 and P2, are presented in Figure 5.
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Figure 4. AFM images of remineralized enamel treated for 10 days with P2 toothpaste:
2D topography image (A), phase image (B), amplitude image (C), and 3D topography
image (D), for scanned area of 1 ym x 1 ym, and the histogram (E) on image (A):

Gaussian distribution (full line) of HAP nanoparticles diameter on remineralized
tooth enamel surface (A); average diameter is 40 £ 2 nm.

Examining the surface nano-roughness (Figures 5A and 5B) it can be
appreciated that the values for Ra and Rq have the same pattern. Enamel
samples 3 and 4 have both roughness values closer (in the error range) to
original enamel sample 1 demonstrating an efficient restoration of surface enamel
by the coating with a protective synthetic hydroxyapatite layer, deposited on
the enamel surface, treated with the toothpastes P1 and P2, while sample 2
have an increased roughness due to the demineralization process.
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Figure 5. Surface roughness on enamel samples, (A) Ra and (B) Rq (Rrws), for:
natural enamel (1), artificially demineralized enamel (2), and demineralized enamel
surface treated with toothpaste P1 (3), and treated with toothpaste P2 (4),
at 10 days of enamel treatment.

The uniformity of the HAP nanoparticles on the natural enamel surface
gives low values of surface roughness values: Rrus of about 14 nm and Ra
approximately 12 nm. The roughness of the enamel nanostructure was
significantly changed after phosphoric acid erosion (sample 2), with an Ra of
about 50 nm and Rrus of 62 nm. Similar results are comparable to the ones
reported in literature for enamel roughness after phosphoric acid etching [41].

This study disclosed that the toothpastes P1 and P2 are rather similar
in their action on enamel surface, promoting the remineralization of enamel
surface in 10 days. However, toothpaste P2 generated a stable morphological
coating layer on enamel surface as judged by AFM. These results revealed
that the toothpaste P2 might be more active than toothpaste P1, taking into
account the contribution of substituting elements: Mg, Zn and Si on bone and
enamel repair and restoration [41, 42]. These toothpastes might be used in
dental oral care to protect and mineralized the enamel surface.

Clearly, AFM approach is a great technique for exploring the surface
morphology and surface roughness of dental enamel and thus, is suitable for
assessing the real efficacy of toothpastes in the ongoing remineralizing and
restoring action on the dental surface.
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CONCLUSIONS

Both toothpastes containing stoichiometric synthetic hydroxyapatite,
P1, and multi-substituted hydroxyapatite, P2, were developed and used to
treat artificially demineralized enamel surface. The remineralization efficacy
of these toothpastes was determined on artificially demineralized enamel.
The P2 toothpaste proved to be the best of the two, leading to stable
morphological modifications of the dental enamel surface. In the ten treatment
days, the demineralized enamel lesions were remineralized completely as
shown by AFM investigations, of structural-morphology and surface roughness.
Judging from the AFM results, these toothpastes can be used as potential
agents for remineralization of enamel surface.

This in vitro comparative study demonstrates that both toothpastes P1
and P2 may promote surface enamel repair by the formation of a protective
hydroxyapatite (HAP or ms-HAP) coating on the demineralized enamel surface.
These synthetic ceramic nanoparticles formed a regularly arrangement within
the superficial smooth coating layer on the enamel surface, after the course of
treatment, assuring a low surface roughness close to that of the natural enamel,
providing further evidence of the toothpaste’s efficacy.

FUTURE DIRECTIONS

The biomimetic approach to enamel remineralization will be extended
in our Scientific Research Center of Physical Chemistry at Babes-Bolyai
University of Cluj-Napoca, under the leadership of Professor Maria Tomoaia-
Cotisel, the Director of this Center. Therefore, through the use of plant extracts,
with anti-inflammatory and anti-microbial effect, in biomimetic toothpastes,
an enhanced remineralization of enamel subsurface lesions might be
achieved with a better protection of the enamel against dental caries. For this
purpose, the atomic force microscopy, AFM, from this Research Center will
be further used in operating tapping and contact modes. Consequently, a
major aim of contemporary dentistry will be fulfilled regarding the management
of non-cavitated caries, by involving innovative biomimetic remineralization
systems to restore the teeth strength and esthetic appearance increasing the
dental resistance to future acid challenge.
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EXPERIMENTAL SECTION
Materials

The stoichiometric hydroxyapatite, HAP, and multi-substituted
hydroxyapatite, HAP-1.34wt%Zn-2.5 wt% Mg-2.9 wt% Si, of low crystallinity
have been synthesized employing a wet chemical precipitation process at
low temperature, as described elsewhere [39], [42-44]. Orthophosphoric acid
(85 wt. % in H.O) was purchased from Sigma-Aldrich.

Toothpastes preparation

For the preparation of the toothpastes the following Sigma-Aldrich
chemicals were purchased and used as such, without further purification:
sorbitol (298%), glycerin (299.0%), sodium dodecyl sulfate, (299.0%), silicon
dioxide (nanopowder, 10-20 nm particle size, 99.5% trace metals basis), and
xanthan gum from Xanthomonas campestris (yellow powder).

Toothpastes were prepared by mixing the following ingredients in the
proportions shown in brackets (weight percent, wt%): distilled water (64.4),
glycerin (24.2), sorbitol (3.1), silicon dioxide (3.7), hydroxyapatite (4.0),
xanthan gum (0.3), sodium dodecyl sulphate (0.3). In the case of toothpaste
P1, stoichiometric hydroxyapatite was used, and in the case of toothpaste
P2, the multi-substituted hydroxyapatite (HAP-1.34 wt% Zn - 2.5 wt% Mg-2.9
wt% Si) was used. The prepared toothpastes were used to remineralize the
artificially demineralized dental enamel.

Protocol for obtaining enamel slices

This study used 6 healthy human third molars that had been extracted
for orthodontic reasons.

A total of 24 slices of 1.5 mm thick enamel longitudinal samples were
collected and distributed into 2 sets; one control group, with n = 6 slices, of
natural enamel, which did not receive toothpaste treatment and a group of
18 enamel slices, which were artificially demineralized, for 90 seconds, using
orthophosphoric acid 37.5%. They were divided into 3 groups: a group (n =
6) demineralized enamel samples, which were deposited into artificial saliva
(Mission Pharmacal Company, San Antonio, USA) and 12 slices that formed
two experimental groups, and each group had n = 6 demineralized enamel
slices; they were treated with toothpaste, namely test group P1 treated with
toothpaste P1 and test group P2, treated with toothpaste P2.
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Brushing the demineralized teeth (from test groups) for 3 minutes
twice a day with each toothpaste is performed each day, for 10 days, to
selected artificially demineralized enamel surfaces. All enamel samples were
examined in the AFM laboratory from Scientific Research Center in Physical
Chemistry, at Babes-Bolyai University of Cluj-Napoca.

AFM approach was carried out employing a JSPM 4210 Scanning
Probe Microscope, Jeol, Japan. We assessed the surface morphology and
roughness in accordance with our prior work [45-52]. The AFM images were
obtained on scanned area of 1 ym x 1 um in tapping mode, employing NSC
15 Hard cantilevers manufactured by Micromesh Co, Estonia and processed
in the standard manner using the specific soft Win SPM2.0 Processing, Jeol,
Japan. The resonance frequency of the cantilever is about 325 kHz and the
force constant is around of 40 N/m.

Statistical data

Nano-roughness Ra and Rrus = Rq were determined by using AFM
3D images and calculated with the specific AFM soft from at least three
independent scanned areas for each enamel specimen and expressed as mean
* standard deviation. The mean diameter of nanoparticles of hydroxyapatites
on enamel surface was determined from at least three independent calculated
histograms, each obtained on three different scanned areas of 1 ym x 1 pym,
and on each enamel specimen.
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