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Background: Dentin hypersensitivity is a common negative oral condition that can be treated
with dentifrice containing hydroxyapatite (HA). The study evaluated the effect of nano-HA
dentifrice on plugging the dentinal tubules for an anti-sensitivity reaction compared to
a dentifrice containing common-sized particles. Also, the adsorption capacity of different particle
sizes of HA mixed in a dentifrice and which is the optimal particle size was considered.
Methods: Fourty premolar dentine discs and fourty molar dentine discs were randomly
divided into 4 groups: distilled water group, ordinary dentifrice group and 80, 300 nm HA
dentifrice group. Each dentin disc was brushed with a dentifrice twice daily at 7600 rpm
under 100 g force for 2 mins for 7 consecutive days and divided into two parts, half of the
dentin disc was detected by the scanning electron microscope (SEM) and energy dispersive
spectrometer (EDS), the other half was brushed with distilled water and observed by SEM.
One milliliter dentifrice solution (80 nm HA dentifrice, 300 nm HA dentifrice, ordinary
dentifrice) was added to 50 ml potassium dichromate solution for 1, 14, and 28 d. The
residual Chromium (Cr®") concentration in the supernatant was measured by the diphenyl-
carbon phthalocyanine hydrazine method. The elemental constitution in the precipitate was
detected by EDS. The Kruskal-Wallis test was used to analyze surface mineralization and
different plugging rates of dentinal tubules. The absorption capacity of dentifrices were also
evaluated by the Kruskal-Wallis test.

Results: The plugging rate in the HA dentifrice group was higher than that in the ordinary
dentifrice group, and the 80 nm HA dentifrice group showed the best result. The atomic
percentages of Ca and P of 80 nm dentifrice group on the surface of dentinal tubules were the
highest. The 80 nm HA dentifrice group showed the best adsorption and stable effect of Cr®",
followed by the 300 nm HA dentifrice group. The 300 nm HA dentifrice and the ordinary
dentifrice showed desorption phenomenon.

Conclusions: The dentifrice containing HA, especially the 80 nm HA dentifrice, exerts
good dentinal tubule occlusion and surface mineralization effect. This dentifrice was also
a good adsorbent of Cr®".

Keywords: dentin hypersensitivity, nano-hydroxyapatite, dentifrice, heavy metal ion,

chromium ion

Introduction

Dentin hypersensitivity (DH) refers to transient and severe pain caused by external
stimuli such as heat, tactile, osmotic, or chemical stimulation, which cannot be
diagnosed as arising from other dental defects or diseases.' ™ In recent years, the
prevalence of dentin hypersensitivity has increased significantly. In a large European
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study, 42% of the patients reported suffered from DH.*
Prevalence of DH in Italian adults is up to 45%.> A study
found that 33.9% of young adults aged 24.08 years were
diagnosed as DH, which suggests that DH tends to be in
rejuvenation and needs to attract attention.®

Currently, in terms of the research and development of
oral care products, different active ingredients such as
ﬂuoride,7’8

phosphate,'® strontium acetate,'" arginine,

calcium carbonate—

12,13

calcium oxalate,g
and hydro-
xyapatite (HA) can be added to a dentifrice to make
a relieving DH dentifrice to block the open dentinal
tubules which can reduce or inhibit the flow of tubule
fluid and avoid stimulation of the pulp nerve endings.
Among these ingredients, HA is the main inorganic com-
ponent of dental hard tissue, which has excellent charac-
teristics such as good biocompatibility, non-toxicity, and
harmlessness.'*'> It can play a role in natural repair of
open dentinal tubules, and it has become a research hot-
spot for active ingredients added in an anti-sensitivity
dentifrice."

Environmental pollution such as heavy metal pollution is
a major problem faced by many countries and it needs to be
solved urgently.”“g Chromium (Cr) with strong irritation
and corrosiveness also has carcinogenic, reproductive toxic
and mutagenic effects.”*?' Chromium (VI) (Cr®") has higher
toxicity and membrane penetration ability, and is more harm-
ful to the human body. Therefore, Cr°" is an important index
for water pollution control. HA is an excellent adsorbent that
has strong adsorption capacity, and it has a good adsorption
effect on removing heavy metal ions from contaminated
water or soil. > ?® Previous studies have shown that the 600
nm HA dentifrice causes good occlusion of dentinal tubules
and adsorption of Cr®*

With the advance of nanotechnology, nano-hydroxyapatite
(nano-HA) has emerged as a promising material and its use as
a dentifricea nano-HA dentifrice could be interesting. Nano-
HA possesses many excellent properties and new functions,
and it also exerts many unique effects; thus, opening the way
for search and manufacture of new materials with special
functions.

To date, the application of nano-HA in oral care pro-
ducts has been mainly reported for achieving results such

28.29 and whiten-

as remineralization of early enamel caries,
ing and antibacterial effect.***' However, there are few
reports regarding the anti-sensitivity effect of nano-HA.
Studies in which nano-HA is added to a dentifrice and
used as a carrier to treat dentin hypersensitivity are mostly

clinical research.’*> In addition, previous studies mainly

focused on whether a single-particle size HA dentifrice
could block the dentinal tubules, and there is a lack of
a comparative study for assessing the anti-sensitivity effect
of a dentifrice containing different particle sizes of HA.
Nano-HA are widely used in the area of heavy metal ion
adsorbent.”> However, studies assessing the adsorption
effect of a nano-HA dentifrice on heavy metal ions have
been rarely reported.

Therefore, based on the excellent properties of nano-
HA, we hypothesized that nano-HA dentifrice has better
ability on plugging dentinal tubules and adsorption effect
of Cr®". The stability level and the relationship between
adsorption and HA particle size was also assessed.

Materials and methods

Ethics statement

The protocol was approved by the Academic and Medical
Ethics Committee of Stomatological Hospital of Southern
Medical University (approval number: 2011014).

Preparation of dentin discs

Fifty premolars and fifty molars extracted due to orthodon-
tic treatment or periodontal disease were collected after
obtaining written informed consent in the Department of
Oral and Maxillofacial Surgery, Stomatological Hospital of
Southern Medical University. The sample collection criteria
were presence of a complete crown, absence of caries,
absence of a crack, and no repair therapy. The soft tissue
around the tooth was removed and scrubbed clean, and then
it was stored in 10% neutral formaldehyde solution.

The preparation of dentin discs was performed accord-
ing to a previous paper.>’ Occlusal enamel layer was
removed by turbine drill cooled with cold water. Dentine
discs were obtained by cutting parallel to the occlusal
surface at about 1.6 mm below the occlusal dentino-
enamel junction. The occlusal side of samples was
stepwisely polished with silicon carbide abrasive papers
to form about 1.5 mm thickness of homogeneous, flat, and
smooth surface. Dentine discs were etched with 10% citric
acid for 2 mins to clear the smear layer for exposing the
dentinal tubules, thus preparing dentine discs suitable for
studying DH.

Preparation of artificial saliva

Artificial saliva was prepared as follows:** NaCl (0.4 g),
KCI (0.4 g), NaH,PO, (0.1 g), Na,S-2H,0 (0.005 g), Urea
(1 g), CaCl,-2H,0O (0.795 g), deionized water (1000 ml).
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The pH value of the solution was adjusted to 6.8 (37°C)
using 0.01% HCI and 0.05% NaOH.

Preparation of a dentifrice

The calcium carbonate dentifrice and the HA/calcium car-
bonate dentifrice containing 3% (w/w) of HA with particle
sizes of 300 and 80 nm were made by the Foshan
Engineering Center for Oral Care Products (Guangdong,
China) according to national standards (GB/T 8372-2017
Dentifrice).

Analysis of dentinal tubule occlusion

Ten dentin discs were randomly selected from 50 premolar
dentin discs as untreated group for the energy dispersive
spectrometer (EDS) test. The remaining 40 dentin discs
were divided into the following 4 groups: the blank group
treated with distilled water, the control group treated with
a calcium carbonate dentifrice, and the experimental
groups 1 and 2 treated with an 80 nm HA/calcium carbo-
nate dentifrice and a 300 nm HA/calcium carbonate denti-
frice, respectively.

50 molar dentine discs were divided into similar groups
and parallel experiments were carried out.

The experimental method was based on a previous
literature.”” The dentin discs were fixed and brushed with
a 0.2 g dentifrice sample immersed in distilled water using
an electric toothbrush (Oral B, USA) twice a day for 2
mins, for 7 days. The dentin slices were then divided into
two parts; eight dentin discs were randomly selected from
one half of the discs for air drying, glutaraldehyde fixation,
gold spraying, and then analyzed by scanning electron
microscope (SEM, S-3700N, Hitachi, Japan) under the
condition of accelerating voltage of 10 kV and resolution
of 3 nm. EDS was also used to detect and analyze the
elements on the surface of dentin discs.

The other half of the dentin discs were subjected to
mechanical brushing with distilled water twice a day for 2
mins, for 7 days. Eight dentin discs were then randomly
selected for SEM detection.

All dentin discs were immersed in fresh artificial saliva
and stored in a 37°C constant temperature box during the
process. The entire experimental operation process was
carried out by the same operator.

Cr®* adsorption effect of the dentifrice

The samples in this study were divided into the following
three groups: the blank group treated with a common
calcium carbonate dentifrice, the experimental group 1

treated with an 80 nm HA/calcium carbonate dentifrice,
and the experimental group 2 treated with a 300 nm HA/
calcium carbonate dentifrice.

Potassium dichromate powder (K,Cr,O-) was prepared
in a 100 pg/ml Cr®" solution. The dentifrice was made into
dentifrice suspensions with concentrations of 0.025, 0.050,
0.100, 0.200, 0.300, 0.400, 0.500, 0.600, 0.700, 0.800,
0.900, and 1.000 g/100 mL.

Twelve copies of 50 mL Cr®" solution were considered as
one group, and there were a total of three groups. One
milliliter of dentifrice suspension of each concentration was
added to the Cr°" solution, stirred for 3 hrs, kept standing for
24 hrs, and centrifuged. The supernatant was absorbed, the
absorbance value was measured by a 752N UV spectrophot-
ometer, the concentration of residual heavy metal ions was
determined, and the removal rate was calculated.

Stability analysis of Cr®* adsorption effect
of the HA dentifrice

The reaction system was configured according to the
method described above, and the suspension was kept
standing for 14 and 28 d. The residual heavy metal ion
concentration was measured, and the stability of heavy
metal ion adsorption capacity by 80 and 300 nm HA
dentifrices was compared.

EDS analysis of Cr®" solution precipitates
The Cr®" solution sediment after centrifugation was dried to
a powder form in a 120°C constant temperature drying oven,
and EDS was used to test the powder elemental composition.

Result analysis

The dentinal tubule plugging rate (PR) calculated on the
basis of the method used by Ahmed et al*>*®
the following formula (1):

according to

PR =(7D*xN — 4S) /zD*xN, (1)

where N is the total number of dentinal tubules in the SEM
image, S is the total area of the open area of dentinal
tubules, and D is the mean diameter of dentinal tubules
in the untreated group.

The mass concentration of Cr6+ in aqueous solution
was calculated as follows:

P =[(T—To)-B]/K x V, 2

where P is the concentration of Cr®" in the reaction system,
T is the absorbance of the sample, T, is the absorbance of
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distilled water, B is the regression equation intercept, K is the
slope of the regression equation, and V is the volume of the
reaction system.

The Cr®" removal rates by the dentifrice suspensions
were calculated as follows:

T =(CxV;—P x V)/CxVy, 3

where 7'is the removal rate, P is Cr®" concentration in the
water sample, V'is the volume of the reaction system, V7 is
the volume of the unreacted Cr®" solution, and C is the
initial concentration of Cr®" solution.

Statistical analysis

The SPSS 23.0 (IBM, USA) package was used for statistical
analyses. The Kruskal-Wallis test was used to analyze surface
mineralization and different plugging rates of dentinal tubules
treated with an ordinary dentifrice and a HA dentifrice. The
absorption capacity of dentifrices was also evaluated by the
Kruskal-Wallis test. The test level was set at P=0.05.

Results

SEM observation of the occlusion effect of
dentinal tubules treated with a dentifrice
for 7 days (Figure )

The blank group: the dentinal tubules were empty, blockage
was not identified, and the boundary between the sediment and
intertubular dentin was clear. The control group: most of the
dentinal tubules were empty, a few dentinal tubules were
found to have a few plugs that were blocky and were across
the dentinal tubules, and the boundary between the sediment
and intertubular dentin was clear. The 80 nm HA dentifrice
group: the diameter of dentin tubules was reduced. Almost all
dentinal tubules were blocked by dentifrice materials, the
dentifrice materials were subtle and close-grained, and the
boundary between the sediment and intertubular dentin was
blurred. The 300 nm HA dentifrice group: the dentinal tubules
were blocked with a dentifrice to 86.72%~96.80%. Some
dentinal tubules still had voids and the blockage was not tight.

SEM observation of the occlusion effect of
dentinal tubules after mechanical brushing

with distilled water for 7 days (Figure 2)

The blank group: the dentinal tubules were still empty and
blockage was not identified. The control group: almost all
dentinal tubules were empty and a few plugs had adhered
to the dentinal tubule wall. The plug was coarsely granular
and the boundary between the sediment and intertubular

dentin was clear. The 80 nm HA dentifrice group: the plug
showed different degrees of loss, but it was still dense. The
300 nm HA dentifrice group: the plug showed different
degrees of loss, some dentinal tubules were empty, and the
sediment particles had adhered to the wall of dentin
tubules or had blocked the dentinal tubules loosely.

Comeparison of the plugging rates of
dentinal tubules treated with a dentifrice
for 7 days

The results in the molar group are shown in Figure 3, and
the differences among the three groups were statistically
significant (y*=59.430, P=0.000). It was considered that
different kinds of dentifrices (the 80 nm HA dentifrice, the
300 nm HA dentifrice, and the ordinary dentifrice) exerted
different blocking effects on dentinal tubules. According
to the average rank, we concluded that the plugging rates
in the HA dentifrice groups were significantly higher than
those in the ordinary dentifrice group; in addition, we
found that the 80 nm HA dentifrice group showed better
results than the 300 nm HA dentifrice group. The premolar
group showed the same results as the molar group
(*=57.147, P=0.000).

Comeparison of the plugging rates of
dentinal tubules after mechanical brushing

with distilled water for 7 days

The results in the molar group are shown in Figure 4. After
7 days of washing with distilled water, the plugging rates
of the 80 nm HA dentifrice, the 300 nm HA dentifrice, and
the ordinary dentifrice were statistically significantly dif-
ferent (y°=52.585, P=0.000). According to the average
rank, the plugging rates in the 80 nm and 300 nm HA
dentifrice groups were significantly higher than that in the
ordinary dentifrice group. Although the plugging rate in
the 80 nm HA dentifrice group was decreased to some
extent, the plugging effect was still more than 90%, and
this group showed a better continuous plugging effect than
the 300 nm HA dentifrice group. The premolar group
showed the same results as the molar group (y*=56.314,
P=0.000).

Comparison of surface mineralization of

dentinal tubules treated with a dentifrice
Ca and P elements, which are the main components that reflect
the degree of mineralization, were statistically analyzed. The
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Distilled water [&

Ordinary dentifrice

80 nm HA dentifrice

300 nm HA dentifrice

Premolar

Figure | Dentinal tubule occlusion of dentine discs after treatment with a dentifrice for 7 days (SEM, 5000%).

test results for the atomic percentage of Ca and P in molar
group are shown in Figure 5. It suggests that there were
statistically significant differences in remineralization among
groups (Ca: y*=33.244, P=0.000; P: y*=33.518, P=0.000). As
observed in Figure 6, similar results were obtained in the
premolar group (Ca: y*=33.637, P=0.000; P: y*=33.855,
P=0.000). On the basis of the mean rank, it was further
inferred that the order of dentine mineralization degree was
as follows: the 80 HA dentifrice group > the 300 HA dentifrice

group > the ordinary dentifrice group > the distilled water
group.

Comparison of Cr®* removal from water
Under the condition of constant concentration of Cr®" solution,
the concentration of residual Cr®" in the solution decreased
gradually with an increase in the concentration of dentifrice
suspension added. The removal rate of Cr®" was highest in the
80 nm HA dentifrice group, and it was up to 49.29%, which
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Distilled water

Ordinary dentifrice

80 nm HA dentifrice |

300 nm HA dentifrice [

Premolar

Figure 2 Dentinal tubule occlusion treated by mechanical brushing with distilled water for 7 days (SEM, 5000x%).

was followed by 44.72% in the 300 nm HA dentifrice group
and 34.36% in the ordinary dentifrice group (Figure 7A).
Figure 7B shows that the adsorption of Cr®" in the 80
nm HA dentifrice group did not change significantly over
time. The adsorption curves at 14 and 28 days fluctuated
around the adsorption curve at 1 day, with a small range.
Whether 14 or 28 days, in the concentration area of
0.025-0.7 g/100 mL, desorption phenomenon was noted;
and Cr®" removal by the 300 nm HA dentifrice decreased

gradually over time. However, the adsorption capacity in the
concentration area of 0.8—1 g/100 mL did not change sig-
nificantly compared with that in the standing 1 day group and
the removal rate fluctuated around 44.72% (Figure 7C).

Cr®" removal by the ordinary dentifrice was unstable,
and it increased over time at a low concentration
(0.025-0.5 g/100 mL). However, at a high concentration
(0.7-1 g/100 mL),
(Figure 7D).

there was no obvious change
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Figure 3 The plugging rates of dentinal tubules treated with a dentifrice for 7 days (Molar group: %*=59.430, P=0.000; Premolar group: ¥*=57.147, P=0.000; *P<0.05).
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Figure 5 Atomic percentages of calcium and phosphorus in dentin in the molar group (Ca: 3*=33.244, P=0.000; P: x*=33.518, P=0.000; *P<0.05).
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Figure 6 Atomic percentages of calcium and phosphorus in dentin in the premolar group (Ca: 3*=33.637, P=0.000; P: x*=33.855, P=0.000; *P<0.05).
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Figure 7 Adsorption capacity of a dentifrice. (A) Adsorption capacity of a dentifrice for Cr®* at | day. (B) Adsorption of Cr®* by the 80 nm HA dentifrice at I, 14, and 28
days. (C) Adsorption of Cré* by the 300 nm HA dentifrice at |, 14, and 28 days. (D) Adsorption of Cré* by an ordinary dentifrice at |, 14, and 28 days.

EDS analysis of a dentifrice before and

after sorption of Cr®*

The existence of chromium in the precipitates from denti-
frice sorption was detected by EDS (Figure 8), which
further confirmed that Cr®" in water was adsorbed and
precipitated by a dentifrice.

Discussion
Characteristics of HA and principle of
plugging dentinal tubules

HA is a major component of human bones and teeth.*’~*
Artificial HA is widely recognized as a non-toxic and safe
biological material that has a crystal structure similar to natural
bone minerals and human teeth, and it shows good potential
for natural sealing of dentinal tubules and anti-dentin sensitiv-
ity. On the other hand, natural HA in living organisms mainly
exists in the form of nanocrystals. Compared with micrometer

grade HA, nano-HA has better biological properties and phy-
sicochemical properties. It is more similar to natural HA in
human body in terms of morphology, crystal structure synth-
esis and crystal degree, and better biocompatibility and
bioactivity.**** Because of the quantum size effect, surface
effect, and macroscopic quantum tunneling effect, nano-HA
has many unique properties, such as a large surface area, many
active sites, high surface reaction activity, and strong adsorp-
tion ability.*"** This opens up a new way for the study of anti-
sensitivity.

A perfect anti-sensitivity dentifrice should not only
reduce the fluid flow in dentinal tubules, but it should
also meet the challenge of saliva flushing and various
complex conditions in the oral environment, and it should
play the role of a persistent plug of dentinal tubules.*
Therefore, it is necessary to evaluate whether the denti-
frice plays the function of plugging dentinal tubules in
a simulated oral environment. During the process of the
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Figure 8 EDS spectra before and after dentifrice adsorbed Cr®

*. The horizontal axis represents the value of the voltage (keV) at which different elements can be excited.

The findings comparing between before/after diagrams for each group showed that there was chromium in the powder which was further confirmed that the HA dentifrice

could adsorb Cr®*.

whole experiment, after brushing, dentin discs were stored
in artificial saliva, which simulated the main minerals of
saliva. It also simulated the temperature of the oral envir-
onment (37°C), pH value (6.8), and replaced fresh artifi-
cial saliva every day to maintain all concentrations of
mineral ions in the solution to achieve a similar effect as
the oral environment to the greatest possible extent. In this
study, it was found that a dentifrice containing different
particle sizes of HA exerted a good plugging effect in both
the premolar group and the molar group. The plugging rate
was significantly higher than that in the ordinary dentifrice
group, with a plugging rate as high as 90.31-98.81%. This
could be due to the fact that HA is the main inorganic
component of dental hard tissue and about 70% of the
minerals in dentin are HA crystals. Also, the crystal struc-
ture of HA particles is the same as that of HA in dentin,
which has good biocompatibility and bioactivity.***
Homogeneous attraction characteristics and binding force
with some kind of crystalline form or substance may play
the biological role of natural restoration of dentin while
blocking the dentinal tubules.

The blocking effect of the 80 nm HA dentifrice on dentinal
tubules was better than that of the 300 nm HA dentifrice,

which was in line with our hypothesis. The good plugging
effect of the nanoscale HA dentifrice may have resulted from
the fact that the nanometer size of nano-HA relative to the
dentinal tubule diameter (about 2.99—3.50 um) is very small
and it can easily enter the dentinal tubules, while the micron
grade HA particle size is bigger and entry into the dentinal
tubules is difficult. Further, 25% of the volume of dentinal
tubules is occupied by free liquids, whose components and
properties are similar to those of body fluids. The micron HA
crystal has a large size and a small total contact surface area
with the solution; therefore, degradation is difficult and
a relatively high concentration of calcium-rich and phosphate-
rich environment is hard to produce. When it is precipitated
out in the form of ions and partially deposited on the surface of
dentin, the concentrations of calcium and phosphorus in saliva
drop rapidly and revert to the unsaturated state; thus delaying
the continuous entry of calcium and phosphorus into the sur-
face of dentin and making it difficult to carry out chemical
deposition in tubules. Secondly, nano-HA has a good adhesion
force on the dentine surface. Due to the “nano effect”, the
number of nanoparticles per unit mass surface area is signifi-
cantly greater than the number of micron particles. The num-
ber of atomics on the surface and the ratio of the total number
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of atoms increases sharply with a decrease in the particle size,
which makes the atoms more focused on the surface of nano-
particles. Thus, the number of atoms increases on the surface
of nano-HA, which makes the coordination number insuffi-
cient, and the surface of atoms has high surface chemical
activity and easily binds with protein atoms in dentin
tubules.*® Nano-HA can form a stable suspension in the liquid-
phase dispersion system; therefore, it can contact the surface
of dentin in large quantities and play a deposition role. At the
same time, nano-HA has strong remineralization ability due to

its nanomaterial properties.*”**

Continuous plugging effect of the HA

dentifrice
Studies that
a toothbrush has a strong abrasion effect on the teeth.*>->

have proved mechanical brushing by
HA is self soluble in an aqueous solution,”' and the salivary
components can wash and dissolve the precipitates or miner-
alized products on the surface of dentin.’*>* A highly effica-
cious anti-sensitivity dentifrice should be able to resist all
kinds of adverse external environments, should have a good
continuous closure effect on the dentinal tubules, and should
exert a long-lasting anti-sensitivity effect.

After 7 days of mechanical scrubbing with distilled water,
we found that the surface sediments were lost to varying
degrees in the HA dentifrice group, and the loss rate in the
300 nm HA dentifrice group was higher than that in the 80 nm
HA dentifrice group. In the 80 nm HA dentifrice group, the
plugging was tight and it caused continuous relief and anti-
sensitivity effect. Individual dentinal tubules in the 300 nm
HA dentifrice group were empty and the plugs were partially
loose. In the ordinary dentifrice group, the dentinal tubules
were almost empty. This may be due to the fact that the
plugging effect of the HA dentifrice on dentin tubules was
not only manifested as surface sealing, but also because of the
fact that emboli in the dentin tubules were deep enough to
resist the daily brushing behavior. The solubility of 300 nm
HA in a solution is low”" and calcium and phosphorus ions can
be released at the same time of dissolution, which changes the
unsaturated state of calcium and phosphorus ions in the solu-
tion into a saturated state. Subsequently, calcium ions combine
with the free radicals of proteins in the dentin to promote the
remineralization of the exposed dentin. Then, calcium ions
combine with free radicals of proteins in the dentin to facilitate
the remineralization of the exposed dentin.

Previous studies have shown that the Gibbs free energy
of nano-HA has the largest negative value (—5.17 kJ/mol)

compared with a variety of calcium phosphate salts, which
ensures its stronger ability to maintain the supersaturated
essential state in artificial saliva and increase the migration
ability of Ca**.** Mechanical brushing for 7 days did not
form the boundary between the precipitates and intertubu-
lar dentin in the HA dentifrice group became clear, which
also showed that the HA dentifrice group showed further
mineralization along with blocking of the dentinal
tubules.*

The HA dentifrice promotes dentin

mineralization

The results of this study showed that all the experimental
groups showed different degrees of mineralization than
those before the experiment. EDS showed that after brush-
ing with a dentifrice for 7 days, calcium and phosphorus
elements increased to different degrees. The HA dentifrice
groups showed better mineralization effect than the ordin-
ary dentifrice group and the distilled water group, and the
80 nm HA dentifrice group showed the highest degree of
mineralization.

The results of the present study showed that the per-
centages of calcium and phosphorus on the dentin surface
in the distilled water group were higher than those in the
untreated group. The mineral in salivary deposit on dent-
inal tubules is one of the most important reasons.>*

Adsorption ability and principle of Cr (VI)
with the HA dentifrice

According to the Ministry of Environmental Protection,
fourteen key provinces of China make up the biggest share
of the country’s heavy metal discharges, including Cr
(74%).% Tts more common oxidation states are tri valent
and hexa valent.>® Cr®" with a high degree of toxicity,
which have toxicity for living organism and harmful for
human health, can damage multiple organs with small
exposures.”’ Various physical and chemical treatment
methods containing adsorption, ion exchange, chemical
precipitation, and biological method have been used
worldwide for removing heavy metals from polluted
solution.”® *® Compared with the above methods, adsorp-
tion has been widely used in the removal of heavy metals
in polluted water because of its high efficiency, high
selectivity, high cation adsorption capacity, and low
cost.°! HA is good at ion exchange. HA has been proven
to be efficient for heavy metal cations removal from aqu-
eous solution on account of its high adsorption capacity,
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low solubility and high stability under oxidizing and redu-
cing conditions, and less residue production.®* Nano-
HA belongs to hexagonal crystal system. Nano-HA is
significantly different in performance from the traditional
micrometer grade HA of the same composition due to its
excellent micro-structure, and special physical and chemi-
cal properties. Recent years, nano materials have become
an adsorbent research hotspot in the field of wastewater
treatment, owing to their high specific surface area, slow
bio-degradation, excellent bio-compatibility, and good
mechanical stability.®?

Dentifrice suspensions had different adsorption abil-
ities for chromium ion solution, and among them, the 80
nm HA dentifrice group showed the best adsorption effect,
followed by the 300 nm HA dentifrice group. The absorp-
tivity in the ordinary dentifrice group for chromium ion
solution was 34.36% (171.8 mg/g), which may be the
basic component of an ordinary dentifrice that has parti-
cular adsorption ability for chromium ions.

Adsorption capacity of the 80 nm dentifrice for heavy
metal ions was better than that of the 300 nm HA dentifrice,
which may be due to nano-HA with the surface effect of
nanoparticles and then the ratio of surface atomic number
and total number of atoms increased sharply. As the number
of surface atoms increased, the insufficient coordination
number of surface atoms led to a large number of suspended
bonds, which increased the surface area and caused extre-
mely high surface chemical activity.* Therefore, the contact
area between nano-HA and heavy metal ions increased and
serious unsaturation of surface atomic coordination number
also increased the binding ability of heavy metal ions.

On the basis of the results, we further calculated that
the adsorption capacity of the 80 nm HA dentifrice was
about 22.85 mg/g, which was not prominently outstanding
compared with the 300 nm HA dentifrice. It is worth
considering that since the chromium ion adsorption capa-
city of the micron grade HA dentifrice was not different
from that of the nano-HA dentifrice and current studies
have reported that nanoparticles have potential toxic

effects on cells,%>%°

therefore, in practical application,
we should not blindly tout the nanomaterials. This also
reduces the technical requirements and decreases the cost
of the production process; thus, ensuring promotion of
products.

Interestingly, previous studies have suggested that the
removal effect of HA particles on Cr®" in wastewater was
23.54 mg/g. However, the results of the present study

indicated that the adsorption capacity of the 80 and 300

"
Cr®

223.6-246.45 mg/g. Even after ignoring the adsorption

nm HA dentifrices for was as high as
rate of the dentifrice, the adsorption efficiency of the HA
dentifrice was still as high as 51.8-74.65 mg/g, which was
far higher than that of HA particles. This suggests that HA
may have a synergistic effect with the original dentifrice
ingredients in the adsorption of Cr®".

By comparing the adsorption capacity of dentifrice
solutions on Cr°" at 1, 14, and 28 days, the results indi-
cated that 80 nm HA dentifrice is a good Cr®" adsorption
material and a green adsorbent while 300 nm HA denti-
frice and the blank dentifrice was not stable on Cr®"
adsorption.

Limitations of the study

In this study, the plugging stability was measured for only
one week, but its further persistence without additional
toothpaste use is uncertain. Also, some factors that may
interfere with the plugging ability such as salivary flow,
mastication force, acid challenge, etc are not discussed in
this study. In the future, we will focus on these aspects on
further study.

Although the present study found that the HA dentifrice
had a strong adsorption effect on Cr®", there are many kinds
of wastewater in the environment and most of them exist in
mixed form. Therefore, it remains to be studied whether the
HA dentifrice can adsorb and remove other heavy metal
jons such as Cu®", Zn**, Pb?*', Cd*', Ni**, Cr*". Whether
the adsorption capacity of heavy metal ions in mixed form is
mutually affected still needs to be discussed.

Conclusion

The HA dentifrice had better plugging and mineralization
effects on the dentinal tubules, especially the 80 nm HA
dentifrice. The 80 and 300 nm HA dentifrices had strong
adsorption ability for Cr®" in simulated wastewater. The
adsorption efficiency of the 80 nm HA dentifrice was the
highest and it increased with an increase in the concentra-
tion of the dentifrice suspension. The adsorption effect of
the 80 nm HA dentifrice on Cr®" was stable. The adsorp-
tion effects of the 300 nm HA dentifrice and the ordinary
dentifrice on Cr®" were unstable, and they included deso-
rption or increase in the adsorption rate over time.
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