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ARTICLE INFO ABSTRACT

Keywords: The objective of this research is to study the feasibility using nanomaterials to prevent and/or repair wear of
Chewing teeth. Canine teeth have thin enamel prone to dental wear, causing pain, tooth loss, and infection. This research
Dog tooth developed a new teeth repair agent based on the tribochemically active nanoparticles. The presence and prop-
Enamel . . . . . . .

Nenomaterials erties of synthesized repair agents were evaluated after applying the repair agents by rubbing (simulated
Coatings chewing) between extracted dog teeth. Polyether modified alpha-zirconium phosphate («-ZrP) nanoparticles
Tooth wear form a strong and durable protective layer on a canine tooth’s enamel surface through chewing. The effectiveness

of this protective film generation was enhanced by adding hydroxyapatite (HAp) nanoparticles into the repair
agent. This protective film is up to 2 pm thick and has a hardness comparable to the enamel substrate. These
results show that by chewing with the repair agent, the teeth are protected. The tomography result shows this
repair agent also has the potential to mend cracks on the enamel surface. This research reports a novel approach
to protect the wear of teeth. Nanoparticles promoted the generation of a protective film in situ during the
chewing process. This nanomaterial can be the base of novel dental protective devices such as chewing toys or
gums that preventing or reversing tooth wear and reducing the stress and cost of dental restoration operations.

1. Introduction

Tooth enamel is the hardest and most dense structure in the
mammalian body. It serves to protect the interior of the tooth from the
normal flora of the oral cavity and other harmful substances [1,2].
Although it is the hardest tissue in humans and animals [3-6], it can
suffer damage from mechanical forces [7-12] and acidic solutions
[13-16]. In dogs, the enamel layer is significantly thinner than in
humans [17] and more prone to excessive wear and damage. This type of
wear can result in dentin and pulp exposure causing significant oral
pain, tooth loss, or periarticular and pulpal infections [18,19], leading to
deterioration in quality of life and, in extreme cases, to be life threat-
ening [13,20,21].

Recently, remineralization of damaged tooth enamel was presented
as an alternative method to traditional dental operations [22-24]. These
researchers utilized the bio-mineralization process that naturally

presented in the dental environment [25-27]. Precursors to the nano-
particle hydroxyapatite were used to form the hard enamel tissue in
vitro or in vivo [23,27]. Some examples of the precursors are casein
phosphopeptide-stabilized amorphous calcium phosphate [28-30];
amelogenin with fluoride [31], and polydopamine with hydroxyapatite
(HAP) [23]. Unlike traditional dental treatments, this method repaired
teeth with materials that were almost identical to the teeth themselves.
However, like the natural biomineralization process, using the remi-
neralization method required significant time (>24 h) to take effect
[22,23,27]. This is a major limitation to the clinical application of this
approach.

It has been reported that functionalized nanoparticles, when used as
additives in a lubricant, could generate a protective film on a pair of
rubbing surfaces. [32-36]. Subjecting these particles to frictional forces
generate a film on the surface called tribofilm [33,37-40]. This film is
harder than the original substrate surface and likely can protect the
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surface from future damage. Our recent research found that a-zirconium
phosphate (a-ZrP) and sodium yttrium fluoride (NaYF4) were effective
additives to form the tribofilm [40-43]. The a-ZrP nanoparticles have a
unique layered structure which is held together via Van der Waals forces
[44,45]. Under shear, chemical reactions between particle and surface
are triggered, forming a protective layer on the surface [40,42]. This
process may be attributed to the mechanical mixing during the sliding
[46]. To date, repairing or preventing surface wear of teeth using the
concept of tribofilms has not been reported [37,40], albeit the tribofilm
in other biotribology systems such as hip-joint replacement was well
studied [47]. This new method was inspired by the effectiveness and
rapidity of tribochemical interactions between rubbing surfaces. This
interaction can form a protective film more rapidly compared to current
alternate remineralization methods.

2. Materials and methods
2.1. Repair material synthesis

The o-ZrP nanoparticles and HAP nanoparticles were synthesized
using hydrothermal methods. For a-ZrP, 50 mL food grade 12 M phos-
phoric acid (Sigma Aldrich, St. Louis, USA) and 5 g zirconyl chloride
octahydrate (ZrOCl, - 8H0, Sigma Aldrich, St. Louis, USA) was mixed
under constant stirring conditions. The mixture was then sealed in a
polytetrafluoroethylene (PTFE) lined autoclave and moved to a 200°C
oven for 24 h. The precursor of HAP was prepared with the following
procedure: 12 mL 0.25 M calcium nitrate (Sigma Aldrich, St. Louis, USA)
solution (Ca(NO3),) was added dropwise into 20 mL 0.15 M disodium
hydrogen phosphate (NagHPO4, Sigma Aldrich, St. Louis, USA) solution
under constant stirring at 50-60°C. The pH of this mixture was adjusted
to 8-10 with ammonium hydroxide (Sigma Aldrich, St. Louis, USA). This
mixture was put in a PTFE lined autoclave and placed in a 160°C oven
for 12 h. After the hydrothermal reactions, the products were washed
with deionized (DI) water and retrieved by centrifugation three times.
The washed nanoparticles were dried in a vacuum furnace at 70°C for
12 h. The synthesized a-ZrP was intercalated with polyether amine M-
600 (Huntsman Corporation, Houston, TX, USA). The synthesized 1
mmol a-ZrP was first dispersed in 5 mL of DI water with an ultrasonic
bath for 1 h, then 5 mL 0.4 M M-600 solution was added into the
dispersion dropwise.

The repair agents, as pastes, were developed as a mixture of the HAP
nanoparticles and M-600 amine intercalated o-ZrP. Particles of a-ZrP
can form a tribofilm when being rubbed. The M-600 amine intercalation
improves its performance in aqueous environment, and HAP nano-
particle added as a filler material. The synthesized dispersion of inter-
calated a-ZrP was first mixed with the HAP nanoparticles. The amount of
HAP nanoparticles used in mass ratios to a-ZrP before intercalation was
0:1,0.25:1,0.5:1 and 1:1 (the produced repair agents were labeled as SO,
$2.5, S5 and S10). The products were centrifuged for 10 min. After the
centrifuge process, the supernatants were removed by tilting the tubes,
and the precipitates were retrieved. These precipitates were used in the
tribo-mastication process described in the following sections.

2.2. Pin and disc tooth preparation

Dog canine teeth were used to create both “disc” teeth and “pin”
teeth for the experiment. All dog canine teeth were procured from
postmortem extractions from dogs used in unrelated studies. Before the
experiment, all the teeth were washed in hydrogen peroxide (H20) and
DI water. Any residual soft tissue (dental gum) was removed with a small
knife.

To make the disc teeth, each canine tooth was first sealed in epoxy
resin with the chewing contact surface exposed. Then, the enamel of this
surface was carefully shaved flat, ground smooth with sandpaper and
polished with a 3 pm grit diamond paste. No dentin was exposed during
this process. This polishing process created one flat surface on each tooth
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to simulate mechanically worn or damaged enamel and created a
reference surface for film thickness measurement. This process was
repeated for five times to make 5 flat surfaces on five “disc” teeth Five
teeth, each with one flat disc areas were created. The “pin” teeth were
untreated dog canine teeth.

2.3. Experimental procedure

To simulate the chewing and grinding motion of teeth, a rubbing
process was used. This process was conducted on a pin-on-disc trib-
ometer (CSM Instruments, Needham, Massachusetts). The set-up of this
rubbing mastication experiment is illustrated in Fig. 1. In every rubbing
mastication experiment, two freshly prepared dog canine teeth were
used, one configured as a pin, and the other as the disc. The normal force
on the pin was 1 Newton (N). This force generates an approximate
pressure of 100 MPa on the contact area, which is similar to the pressure
a tooth experiences when chewing on hard food such as bones [48]. The
“pin” tooth was moved with a sinusoidal reciprocal motion on the disc
tooth with an amplitude of 2 mm and a maximum speed of 1 cm/s.
Approximately 0.005 mL of repair agent paste was placed between the
teeth before the rubbing-mastication process started. Because the repair
agent is a paste containing water, this simulated “chewing” was analog
to a wear test with water-based lubricant. However, it differs from a
wear test because the material was added to the surface instead of
removed from the surface. The motion was terminated after 100 cycles.
This number of cycles was chosen to demonstrate that the protective
film can form in a short chewing session when the repair agent was used
clinically. After the process, samples were washed with DI water and air-
dried. The repair agents (SO, S2.5, S5, and S10) were tested with this
rubbing-mastication process before interferometry and atomic force
microscopy (AFM) observation. Each set of tests with each material were
carried out on a new pair of teeth and repeated five times at adjacent
new locations. In total, five pairs were used, which included four repair
agents. The disc tooth was used for surface characterization in order to
quantify the repair outcome.

2.4. Characterization

After rubbing experiments, surfaces were examined using interfer-
ometry, atomic force microscope, and Raman spectroscopic techniques.
After the rubbing-mastication process, the effect of each repair agent on
all “disc” samples were characterized. The formed film morphology and
microstructure were characterized by an interferometer (Zygo NewView
600, Zygo Corp, Berwyn, PA) and atomic force microscopy (AFM, Nano-
R2, Pacific Nanotechnology, Santa Clara, CA) using close-contact mode.
The interferometer mapped the topographic information of samples

Load

Force sensor

Fig. 1. The rubbing-mastication process. Two canine teeth were used in this
setup, one as the “disc” (bottom) and one as the “pin” (top). The “disc” tooth
was sealed in epoxy (dashed block) with surface enamel polished. The “pin”
tooth was pressed down and rubbed against the “disc” tooth with a reciprocal
motion. The grey area indicates the location of accumulation of the repair
agents during rubbing.
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optically. A heightmap was generated for each sample based on the
monochromatic light interference. This heightmap provides an accurate
measurement of the protective film thickness. The AFM also generated a
heightmap for each sample with a tiny probe. That prob. interacts with
the surface-force of samples. The heightmap and a phase map were
generated by tracing that interaction. The Raman spectrum result of the
repair film was collected with an iHR550 Spectrometer (HORIBA Sci-
entific, Edison, NJ) with a 532 nm laser. The photon of the laser can
inelastically scatter by chemical groups inside the surface layer of a
sample. The wavelength of the scattered photons was detected with a
digital controlled spectroscope. Two spectrums were collected, one from
the repair film, the other from the polished tooth surface. Data collected
from those instruments were plotted with python. All method described
above are non-destructive and requires no further treatment of the
samples.

2.5. Scratch test

To test if the newly created protective film was resistant to removal
and to evaluate the mechanical strength of the protective film, a simple
scratch test was preformed on the tooth sample (S5) that had visible film
formed. The repair agent S5 was chosen because it generated the best
thick protective film. The same tribometer with a steel needle was used
to perform this scratch test. The needle was pressed against the tooth
disc sample with 1 N force and scratched across the formed repair film
and across exposed enamel manually.

2.6. Micro tomography

To examine the durability of repair film coverage on teeth, the “pin”
teeth were analyzed with Synchrotron micro X-ray CT (p-XCT). For this
experiment, a new rubbing-mastication experiment was conducted. In
this test, the tooth repair agent S5 was used with new “pin” and “disc”
tooth samples. The S5 agent was chosen for the same reason as for the
scratch test. The p-XCT experiments were performed on the the Beam
line 8.3.2 instrument at Lawrence Berkeley National Laboratory. All
samples were imaged with a LuAG:Ce scintillator. Tomographic recon-
struction was conducted using Xi-CAM with a tomopy tomography
plugin.

The imaging of the coatings from all experimental films and controls
was accomplished using the dual energy k-edge technique [49-51].
Before the test, the illuminating x-ray energy was calibrated to the x-ray
absorption edge of the Zr with a pure a-ZrP nanoparticle sample. As
illustrated in Fig. 2, the x-ray absorption by Zr element jumps around 18
KeV. Two illuminating energies were used to take two separate
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Fig. 2. The x-ray mass attenuation coefficient for Zr. The data used in this plot

was collected from the National Institute of Standards and Technology data-
base (NIST).
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tomographic images of the same sample: 18.2 KeV and 17.8 KeV. From
Fig. 2, when the sample was illuminated with 17.8 KeV, the Zr element
will be brighter than when illuminated with 18.2 KeV. Thus, a simple
subtraction between the two data sets can reveal the distribution of the
Zr element, which demonstrates the distribution of the repair film. The
data collected from these experiments were then rendered with Avizo
software (Thermo Fisher Scientific, Waltham, MA).

3. Results
3.1. Interferometry

Repair films were formed by the rubbing-mastication process for all
repair agents. The interferometer topographic image is shown in Fig. 3.
These figures show that the polishing process does provide a good
reference surface under the film. Simulated chewing with the different
repair agents generated protective films with different coverage and
thickness ranging from 100 nm to 1 pm (orange to red range in Fig. 3).
The coefficient of friction measured from those tests was 0.2. Where no
repair material was present the baseline height of the enamel is yellow
and where 100 nm to 1 pm of enamel was removed by polishing the
color is green. The repair agent SO resulted a continuous but thin film,
while the repair agent S1 resulted in a lumpy but thick film. The repair
agents S2.5 and S5 produced a film with better film coverage and film
thickness compare to both SO and S10. Compare to protective film
formed with S2.5, the protective film formed by S5 was more contin-
uous. Therefore, we concluded that the repair agent that produced the
best result in terms of coverage and thickness was S5.

3.2. Atomic force microscopy (AFM)

The AFM analysis revealed the micro-structure of the intercalated
a-ZrP repair films. Here the result from repair agent SO which was pure
intercalated a-ZrP and the repair agent S5 which have the best perfor-
mance were shown (Fig. 4). In Fig. 4, the AFM height and phase map of
the repair films in Fig. 3a and c are shown. The repair film generated
with SO contained many flaky particles on the surface with a size around
100 nm (Fig. 4a, b). The repair film generated with S5 showed a surface
consisting of granular particles with a size around 50 nm (Fig. 4b, c).

3.3. Ramen spectroscopy

Raman analysis showed only two peaks for both tooth enamel and
the repair films (Fig. 5). This figure plots the light intensity versus the
light wavelength change due to Raman shift. This Raman shift was
caused by the absorption and emission of photons by the chemical
structure of the repair agents. In Fig. 5, two peaks were observed, one on
the protective films and one on the enamel, both of them resulted from
the —PO4 group [45]. No additional chemicals were detected from the
Raman spectrum, meaning that there are no other phospho- related
chemical groups present on the sample surfaces.

3.4. Scratch test

In the scratch test, the generated films’ scratch resistance was equal
to or higher than the enamel of the tooth itself (Fig. 6). The scratches
from the steel needle caused a loss of materials from both the tooth
surface and the repair film surface. However, the repair film was not
removed or exfoliated back to the depth of the sample’s surface despite
the scratching. Compared to the deep groove scratched onto the un-
protected enamel surface, this repair film showed good hardness and
wear resistance. This indicated the tribofime is sufficiently durable to
protect the tooth surface.
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Fig. 3. The interferometer image of the enamel surface after the rubbing-mastication process with repair agent, SO(a), S2.5(b), S5(c) and S10 (d).
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Fig. 4. The AFM height (a,c) and phase (b,d) image of the repair film generated with SO (a,b) and S5(c,d). The unit of the color bars in a,c was nm, in b,d it was mV.

3.5. Synchrotron micro X-ray computed tomography

The appearance of a crack on the tip of one of the “pin” teeth allowed
characterization of the depth of penetration of the repair material into
the enamel instead of only on the surface using micro X-ray CT. In Fig. 7,
the density distribution of the Zr element was overlaid on the recon-
structed tooth image. This “pin” tooth was used in the rubbing-
mastication process with the S5 agent. On the contact surface, a film
was formed that wrapped around the tip of the tooth. In addition to that,
the Zr element was detected inside the cracks to a depth of about 2 pm.

4. Discussion

Tribomastication with all repair agents resulted in a protective film
being added to the enamel. The lowest concentration of a-ZrP produced
the thinnest film, which also appeared as flakes on the surface of the
enamel. The highest concentration of a-ZrP produced the thickest film
but the distribution was very uneven. A pilot assessment of whether the
film could be scratched off revealed that this film was resistant to
scratching and that the generation of this film prevented wear on the
tooth. The thickness and coverage of this repair film was controlled by
manipulating the amount of HAP nanoparticles. With increased amounts
of HAP, the thickness of the generated repair film was increased. With
repair agent SO, the film thickness was only around 100 nm, but
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Fig. 7. The 3D rendering of the “pin” tooth after the rubbing-mastication
process with repair agent S5. The distribution of the Zr element calculated
from the dual energy k-edge technique was rendered as a golden color. a) the
tip of the tooth. b) the cross-sectional rendering showing the repair agent had
entered the surface crack. Scale bar length is 2 pm.

increased to 2 pm when the HAP:ZrP mass ratio was increased to 1:1 in
the case of S10. The coverage of the repair film was also changed by this
mass ratio. In the case of SO, a continuous film was produced and the
sample S2.5 and S5 generated repair films that almost fully covered the
wear track. Furthermore, when the ratio of a-ZrP and HAP increased to
1:2 in mass ratio, the repair film did not form at all. The addition of too
much HAP nanoparticles caused the material to lose its rubbing-film
forming properties. Because of this, we concluded that the S5 is a
good compromise between film coverage and film thickness.

The AFM result provided some insight to the mechanism of the
protective film generation. The particle size observed under AFM images
(100 nm) were smaller than the a-ZrP size in the repair agent (1 pm)
[43]. This means the generation of a protective film was not a direct
deposition of the a-ZrP particles. Because the intercalation process
decreased the Van der Waals force between the a-ZrP layers [41], they
can be more readily exfoliated by the shear force during the rubbing-

mastication process. These exfoliated functionalized 2-dimensional
sheets thus became the building blocks of the repair film. The inclu-
sion of HAP nanoparticles not only changed the micro-structure of the
resulting repair film, but instead of a flaky aggregation of particles, a
more regular cellular like structure was formed. This cellular structure
consisted of grains with almost identical sizes, very likely to be the HAP
nanoparticles. The HAP nanoparticles survived the rubbing-mastication
process and were “glued” together by the “sticky” M600 attached o-ZrP.
This further explained why the inclusion of HAP nanoparticles increased
the thickness of the film but decreased the coverage. The HAP nano-
particles therefore cannot form a repair film without the intercalated
a-ZrP. Thus, the higher concentration of HAP decreased the possibility of
intercalated o-ZrP contacting the tooth surface. In addition to that, the
Raman spectra showed that the generated film did not introduce any
foreign inorganic functional groups on the surface of the teeth. The
tribo-chemical process was known to chemically alter the phosphate
group [33]. Because this process occurred in an aqueous environment,
the influence of frictional heat is unlikely.

Based on these results, we propose the following repair film forming
mechanism for this tooth repair agent. For the pure intercalated o-ZrP,
the nanoparticles were exfoliated and broken down by the rubbing-
mechanical force. Then, the polymer chains attached to the exfoliated
nanoparticles reattached those exfoliated layers under shear. When
polymer chains were ground together by the mechanical force, the
polymerization process occurred [52-54]. This mechanochemical
polymerization process appears to be the driving force for the growth of
the repair film. When HAP nanoparticles are introduced, the polymer
chain further interacts with the HAP crystals and “glues” the HAP
crystals onto the tooth surface, forming a thick coherent film. This
cohesiveness of the formed protective film also provides one explanation
for its good strength. The micro-CT results further indicated that this
repair mechanism may work in the enamel surface cracks as well as on
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the enamel surface.

The approach reported here has potential clinical applications. In
particular, the ability to form a protective coating under mastication
condition makes it a good candidate for alleviation of occlusal surface
damage. We will continue to investigate in this in near future.

5. Conclusions

In this research, a simple one-step procedure to reduce wear and
repair teeth was developed. The formation of a protective film was made
possible through mechanical rubbing (chewing) of materials consisting
of nanoparticles, polymers, and biomaterials for mineralization. After
rubbing (simulated mastication) between two teeth, the tooth repair
agent formed a film with a thickness up to 2 pm. The formed repair film
has a hardness comparable to the enamel surface. In addition to surface
repair, this new agent can enter cracks on the enamel surface. The for-
mation of such protective films may be attributed to the affinity between
the polyether and HAP with the tooth enamel. Other polyether modified
nanoparticles may also have the potential to form a protective film on
the enamel surface. The future work will focus on exploring the in vivo
performance of the repairing method. Efforts will be made on evaluating
the durability of the protective film in real life condations..

This research presents a new concept and method to prevent enamel
wear or repair teeth through chewing.
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