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Abstract

This pH cycling study aimed to investigate the effects of L-Ascorbic acid 2-phosphate (AA2P) salts of Mg, Zn, Mn, Sr, and
Ba on the surface microhardness, compressive strength, diametral tensile strength (DTS), and solubility of root canal dentin.
186 cylindrical dentin specimens from 93 teeth were fortified with optimal concentrations of AA2P salts of Mg (0.18 mM),
Zn (5.3 uM), Min (2.2x 1078 M), Sr (1.8 uM), and Ba (1.9 uM). Saline was used as the control group. These dentin specimens
underwent a 3-day cycling process simulating dentin caries formation through repeated sequences of demineralization and
remineralization. Surface microhardness at 100 and 500 um depths (n=10/subgroup), scanning electron microscopy (n =3/
group), compressive strength (n=10/group), DTS (n=6/group), and solubility (n=>5/group) tests were performed to ana-
lyze the dentin specimens. Data were analyzed using Kolmogorov—Smirnov, one-way ANOVA, and Post Hoc Tukey tests
(» <0.05). The control group had significantly lower microhardness at both depths (p <0.001), reduced DTS (p=0.001),
decreased compressive strength (p <0.001), and higher weight loss (p <0.001) than all other groups. The Sr group had the
highest compressive strength and microhardness among all the groups. The microhardness was significantly higher for the
500 um depth than the 100 um depth (p <0.001), but the difference in microhardness between depths across groups was not
significant (p=0.211). All fortifying solutions provided some protection against artificial caries lesions. Therefore, these
elements might have penetrated and reinforced the demineralized dentin against acid dissolution.
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Introduction mineral content of over 90% [2, 3]. Dental caries is a preva-

lent pathological change of dentin driven by the disruption
Dentin, a hard and slightly compressible oral tissue, contains  of the demineralization-remineralization balance by acido-
approximately 70% inorganic elements, 20% organic ele-  genic bacteria [4—6]. Root dentin is particularly susceptible
ments, and 10% water [1]. It is characterized by long, thin  to caries development, with the rate of mineral loss being
tubules surrounded by inorganic peritubular dentin with a  twice as fast as in enamel [7]. Although highly treated at
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early stages, caries can penetrate into deep tissues of the
teeth, requiring a root canal to then restore the tooth [8]. Pre-
vious research demonstrated that carious dentin has reduced
crystallinity and lower mineral content [9], with changes
in magnesium levels indicating early demineralization and
loss of the peritubular dentin matrix [10]. Clinically, cari-
ous dentin is softer than healthy dentin and exhibits lower
tensile strength due to mineral loss in intertubular dentin
[11-13]. Additionally, carious dentin shows histopathologi-
cal changes that may lower bonding efficacy [14—16].

Evidence to date indicates that inorganic trace mineral
levels affect dentin structure and mechanical properties, and
ionic doping may drive such changes in dentin’s hydroxyapa-
tite crystalline matrix [Ca,y(PO,)s(OH),] [17-19]. To spe-
cifically investigate the impact of cation displacement, we
focused on utilizing a large and safe anionic counterion,
L-ascorbic acid-2-phosphate (AA2P). This choice was made
because AA2P possesses a significantly low tendency for
replacement due to its large size and is widely recognized
for its biosafety, stability in aqueous solutions, and exten-
sive applications in the food, pharmaceutical, and cosmetic
industries [20, 21].

Despite sparse studies, findings suggest that trace ele-
ments such as strontium (Sr), barium (Ba), zinc (Zn), mag-
nesium (Mg), and manganese (Mn) can significantly impact
dentinal hydroxyapatite quality and reduce the occurrence of
caries [17, 18, 22, 23]. Mg and Zn improve dentin minerali-
zation [17, 24, 25], and Sr possesses antimicrobial properties
and shows great potential in anti-caries treatment along with
Ba[23, 26]. However, the role of Mn depends on the amount
used and may either propagate or reduce caries [18, 27-30].
This provides support for the proposed study as well as a
future method to control the physical properties of carious
dentin with a fortified root canal irrigant.

The mineralization quality of dentin plays a significant
role in determining its mechanical properties, with micro-
hardness being a key indicator. Microhardness is considered
crucial in assessing the initial signs of dentin caries and can
indirectly detect changes in composition and surface struc-
ture, reflecting mineral gain or loss in dental hard tissues
[11, 13,31, 32]. Another commonly used method to evaluate
mechanical response is the diametral tensile strength (DTS)
test, which provides reproducible results and assesses the
tensile strength of friable materials [33, 34]. Compressive
strength, determined through a similar methodology as DTS
but with different specimen orientations, is also important
for characterizing mechanical properties, particularly in
terms of tooth restoration and treatment longevity [35].

Previous studies on the mechanical properties of
hydroxyapatite as a result of ionic doping have been done on
synthetic hydroxyapatite instead of natural biological mate-
rials, and studies on natural materials mainly focused on
bone and enamel [36—42]. In comparison, studies on dentin
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have been very limited [17-19, 43]. The present study aimed
to evaluate the in vitro remineralization effect of five fortify-
ing solutions (0.1 mol/L AA2P salts of Mg, Zn, Mn, Sr, and
Ba, containing a large non-exchangeable anionic counterion
of AA2P) on human premolar dentin caries. Surface micro-
hardness, compressive strength, DTS, and solubility tests
were conducted to evaluate the mechanical properties and
demineralization resistance. Scanning electron microscopy
(SEM) was performed to better understand the morphologi-
cal changes on the dentin surface caused by the fortifying
solutions. The null hypothesis was that no significant dif-
ferences would be found between the saline and any of the
tested fortifying solutions.

Materials and methods

Ethical considerations, inclusion and exclusion
criteria

The Institutional Review Board approved the study proto-
col at Rutgers School of Dental Medicine (reference num-
ber 2021001753). 93 caries-free single-rooted premolars
extracted for orthodontic purposes were included in this
study. Teeth were collected from patients of both sexes
between 20 and 40 years of age. Patients with a smoking
history, a low-fat or vegetarian diet, or who were pregnant
or lactating, were excluded from this study. Teeth were
excluded from this study if they were preserved in antibac-
terial or fixative solutions, had cracks and defects (confirmed
by using a stereomicroscope), or had previous root canal
procedures or pathology. To disinfect the teeth, they were
stored in 0.5% chloramine T at 4 °C for up to 15 days before
use followed by storage in distilled water until tested.

Specimen size analysis

G*Power 3.1.9.2 (Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany) detected the total specimen size based
on an effect size of 0.59 and an alpha-type error of 0.05
to achieve a power of 0.90. For evaluation of compressive
strength, 10 specimens were used in each group (saline,
AAZ2P salts of Mg, Zn, Mn, Sr, and Ba) (n=10/group). For
the evaluation of microhardness, 20 specimens were used in
each group (n=20/group). Each group was further subdi-
vided into two subgroups according to the indentation depth
(um): 100 and 500 (n = 10/subgroup).

For SEM evaluation, the specimen size was determined
by using the results of a pilot study. By comparing the means
and standard deviations for the six groups for color intensity
(control: 0.00+0.00; Mg: 9.9 +2.12; Zn: 7.35+1.34; Ba:
5.55+1.34; Sr: 6.2+0.85; and Mn: 6.1 +0.71), we deter-
mined that the minimum number of samples in each group
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was 2. The specimen size was increased by 30% to improve
the validity of the study. Considering an alpha-type error of
0.05 and a power of 80% (effect size =1.1), the final speci-
men size was estimated to be 3 per group for the unit of
intensity test (G % Power 3.1.9.2; Heinrich-Heine-Universitét
Diisseldorf, Diisseldorf, Germany).

For the evaluation of solubility and DTS, the specimen
size was also determined using the results of a pilot study.
By comparing the means and standard deviations for the
six groups for weight loss (control: 32.51 +3.06%; Mg:
12.61 +£5.67%; Zn: 12.55+3.82%; Ba: 18.96 +3.44%; Sr:
18.16 +4.21%; and Mn: 16.48 +4.55%) and DTS (control:
40.60+3.37 Mpa; Mg: 57.60+15.21 Mpa; Zn: 53.98+9.94
Mpa; Ba: 61.96 +4.47 Mpa; Sr: 59.99+1.91 Mpa; and Mn:
55.80+11.56 Mpa), we determined that the minimum
number of samples in each group was 4. The specimen
size was increased by 20% to improve the validity of the
study. Considering an alpha-type error of 0.05 and a power
of 90%, the final specimen size was estimated to be 5 per
group for solubility and 6 per group for DTS tests (G s Power
3.1.9.2; Heinrich-Heine-Universitit Diisseldorf, Diisseldorf,
Germany).

Specimen preparation

Routine access openings were prepared, and the working
lengths were established 1 mm short of the apex. Accord-
ing to a previously described protocol [44], all of the canals
were prepared up to file #35 with Protaper nickel-titanium
rotary instruments (Dentsply-Maillefer, Ballaigues, Switzer-
land) and irrigated with 1% NaOCI while instrumenting the
canals. Following root canal preparation, the canals were
irrigated with 5 ml of 17% EDTA for 1 min and flushed with
5 ml of saline solution. 93 dentin discs with 6 mm thickness
were obtained from the mid-root region using a low-speed
Isomet diamond saw (Buehler, Lake Bluff, NY) under water
cooling. To obtain a standardized flat surface, the dentin
specimens were wet-ground with a 320-grit and polished
with a 600-grit under continuous water irrigation. Two cylin-
drical specimens (4 X 6 mm) were then instrumented from
each dentin disc using a 6 mm trephine bur (Trephine Drills
Kit, China) [45]. A flow chart of the study design is shown
in Fig. 1.

Cationic exchange

AA2P salts of the desired metals (optimal concentration
based on their ability to exchange 20% of the initial amount
in dentin: Mg (0.18 mM), Zn (5.3 uM), Mn (2.2 X 1078 M),
Sr (1.8 uM), and Ba (1.9 uM)) were prepared by the fol-
lowing method: 3.22 g of AA2P trisodium salt was dis-
solved in 30 mL of water. The solution was then passed
through a column packed with 100 mL of a strongly acidic

cationic exchange resin (a gel-type polystyrene resin having
a sulfonic acid group as an ion-exchange group; Amberlite
IR-120B, H +type), and the column was eluted with water
to collect 150 mL of an effluent. The effluent was passed
through a column packed with 120 mL of a weakly basic
anionic exchange resin (a macroporous-type acrylic resin
having a tertiary amine group as the ion-exchange group;
Amberlite IRA-35) to obtain L-ascorbic acid only. The
column was further developed with 150 mL of one of five
metal chloride solutions (0.1 mol/L AA2P salts of Mg, Zn,
Mn, Sr, and Ba) to obtain a fraction containing new cationic
L-ascorbic acid 2 phosphates with Mg, Zn, Mn, Sr, or Ba
[46] (Fig. 2).

The prepared dentin specimens were randomly divided
into six groups according to the solution used. The canal of
each section was covered with an adhesive wax at the lower
surface of the dentin specimen. Dentin specimens were
then irrigated with one of five intervening solutions (AA2P
salts of Mg (0.18 mM), Zn (5.3 pM), Mn (2.2 X 104 M), Sr
(1.8 uM), and Ba (1.9 uM)) for five minutes, with the saline
solution used as the control group, as previously described
[47]. The root canals were then flushed with 10 mL of dis-
tilled water immediately after each treatment to remove
excess solution [43].

pH cycling

Fortified dentin specimens were subjected to a pH cycling
procedure with repeated sequences of de/remineralization
[48]. Artificial caries were formed in the dentin specimens
by a 1-h immersion in 2.5 mL of demineralizing solu-
tion (1.5 mM CacCl,, 0.9 mM KH,PO,, 50 mM acetate
buffer, pH 4.8) (Sigma-Aldrich, St Louis, MO). All lesions
were then immersed in 2.5 mL of remineralizing solu-
tion (1.5 mM CaCl,, 0.9 mM KH,PO,, 20 mM HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], pH
7.0) (Sigma-Aldrich, St Louis, MO) for 23 h. During each
solution change, the specimens were rinsed with deionized
water for 10 s. The pH cycling process was performed at
37°C for three days.

Microhardness measurements

A Micro Met 5100 durometer microhardness tester (Buehler
Ltd, Lake Bluff, IL) was used to measure the hardness of
the fortified dentin specimens after exposure to a caries-
inducing environment [49]. Each dentin specimen was fur-
ther divided into two sections. Three separate indentations
were made in each section at depths of 100 um and 500 um
from the pulp—dentin interface using a 300-g load with a
dwell time of 20 s for each measurement. The indentations
were then evaluated under an optical microscope (Richter-
Optica S850, China), and the average length of their two
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Fig. 1 Flowchart of the experimental design
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Fig.2 Flowchart detailing the steps taken to make the cationic exchange solutions

diagonal lengths was used to determine the hardness. The
average microhardness value of the indentations’ results was
considered representative of each depth in each specimen.

Scanning electron microscopy (SEM)

Three specimens from each group were examined by
SEM-EDS mode to observe the precipitation of metallic
components on the dentin surface [50]. All specimens were
sectioned at a depth of 500 pm (exposure surface to forti-
fying solutions) using a diamond-coated disk under water
cooling (Isomet 1000; Buehler). The specimens’ surfaces
were then polished and sputter-coated with 10 nm gold and
observed under an SEM (VEGA; TESCAN, Brno, Czech
Republic). EDS color dot map analysis was performed for
each specimen at 1000X to evaluate the distribution of trace
elements. The intensity of Mg, Zn, Mn, Sr, and Ba was
measured using ImageJ (US National Institute of Health,
Bethesda, MD) software. The color maps were converted to
binary, and their mean color intensity (0 to 255 scale) was
recorded as a unit of intensity (UI).

Diametral tensile strength (DTS)
The cylindrical specimens were positioned on a custom-

ized loading fixture to ensure that the 1.00-mm-diameter
loading pin aligned with the center axis of the dentin

cylinder. Additionally, flat platens were used at both ends
of the specimens to further ensure alignment with the test-
ing surface [45]. The specimens were then loaded hori-
zontally into a universal testing machine (MTS 810, Eden
Prairie, MN), receiving a uniaxial load perpendicular to
their long axes and parallel to the dentinal tubule orien-
tation. A 1.00-mm-diameter stainless steel plunger was
used to apply downward pressure on the dentin surface at
1.0 mm/min crosshead speed. The maximal load applied
to the plug at the time of dislodgement was recorded in
Newtons, and the DTS was calculated using the formula
o4 =2—F, where F is the force in Newtons, D is the diameter
of the cylinder, and h is the height in mm [51, 52].

Compressive strength

The procedure for compressive strength testing was the
same as for DTS testing except for the orientation of the
specimens in the universal testing machine (MTS 810,
Eden Prairie, MN). The loads were applied uniaxially, par-
allel to the long axes of the specimens, and perpendicular
to the dentinal tubule orientation until the specimens frac-
tured. To calculate the compressive strength (MPa), the
failure load (N) was divided by the area of the specimen
in contact with the load (ac = ”i )

72
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Solubility evaluations

Fortified dentin specimens were completely immersed in
30 ml of 0.1 M butyric acid buffered with synthetic tissue
fluid (pH 4.4) (Sigma—Aldrich, St Louis, MO) for 24 h at
37 °C and 100% humidity. After incubation, the specimens
were removed from the acidic solutions, rinsed with distilled
water to remove any residual acid, and dried. The weight of
the dentin slices was measured by a digital microbalance
(Optima High Precision Balance) before and after immer-
sion into butyric acid, and the difference in weight informed
us of dentin solubility [53].

Statistical analysis

Descriptive statistics were calculated for all outcomes. Nor-
mal distribution of the data was confirmed by the Kolmogo-
rov—Smirnov test. One-way ANOVA was used to compare
compressive strength, solubility, unit of intensity, and DTS
among the six groups. A general linear model was performed
to determine if the groups and depth affect the microhard-
ness. Tukey HSD was used for the post hoc tests. IBM SPSS
Statistics version 28.0 software (SPSS Inc., Chicago, IL) was
used for all data analysis. The significance level (2-sided)
was set to 0.05 for all tests.

A
b
=

60-1

401

Weight loss (%)
N
o
1

20

Results

There was a significant difference in solubility among the
groups (p <0.001). The control group had significantly
higher weight loss than all other groups (Fig. 3A). There
was no significant difference between the non-control groups
(Table 1).

There was a significant difference in DTS among the
groups (p=0.001). The control group had significantly lower
DTS than all other groups (Fig. 3B). There was no signifi-
cant difference between the non-control groups (Table 1).

There was a significant difference in compressive strength
among the groups (p <0.001). The control group had the
lowest compressive strength and the Sr group had the highest
compressive strength among all the groups (Fig. 3C). There
was no significant difference among the Mg, Zn, Ba, and Mn
groups, and between the Ba and Sr groups (Table 1).

In Table 2, the general linear model showed that the
groups (p <0.001) and depth (p <0.001) significantly
affected the microhardness. The control group had the
lowest and the Sr group had the highest microhardness
among all the groups. However, there was no significant
difference between the Sr, Ba, and Mn groups. The micro-
hardness for 500 um depth was significantly higher than
the one for 100 um depth. The general linear model also
showed that the interaction of groups and depth variables
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Fig.3 A Box plots of the means and standard deviations showing
the weight loss (%) for the six groups. B Box plots of the means and
standard deviations showing the DTS (Mpa) for the six groups. C
Box plots of the means and standard deviations show the compres-
sive strength (Mpa) for the six groups. D Box plots of the means
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Group
Error bars: 95% CI

)

T
Control Mg Zn Ba Sr  Mn
Group

and standard deviations showing the surface microhardness at 100
and 500 um depths for the six groups. E Mean and 95% confidence
interval of microhardness for the groups by depth. F Pixel intensity of
dentin specimens at 500 um depth. *The different superscript letters
in each column represent significant differences
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Table 1 Descriptive statistics

- Groups Mechanical properties
of DTS (Mpa), solubility (%),
compressive strength (Mpa), Diametral tensile strength Solubility Compressive strength Unit of intensity
and unit of intensity (UI) and
comparison results between the Control 40.99 +2.68* 32.18+2.75° 127.21 +15.46* 0.00+0.00°
groups Mg 56.93+11.93 12.73 +4.92° 148.97 +6.89° 9.76+1.52*
Zn 54.97+10.12° 12.88+3.39° 152.40+15.07° 7.1+1.04°
Ba 61.56+3.55" 19.03 +2.99% 157.96 + 18.22% 5.57+0.95°
Sr 60.01+2.70° 18.53+3.74% 174.01 +11.09° 6.03+0.67°
Mn 56.07+9.39° 16.69+3.97°  148.03+9.82° 6.57+0.95°

Different superscript letters indicate statistically significant differences between groups (p <0.001, ANOVA

and Tukey’s HSD)

Table 2 Descriptive statistics of microhardness (kgf/mm?) for the for-
tifying solutions and depth, and comparison results using a general
linear model

N  Mean Std. deviation p-value  Post hoc **
(Tukey HSD)

Groups

Control 20 4040 9.75 <0.001* a

Mg 20 47.65 11.11 b

Zn 20 48.30 9.96 be

Ba 20 5250 8.99 cd

Sr 20 5335 6.87 d

Mn 20 49.70 10.59 bed
Depth (um)

100 60 40.62 6.41 <0.001*

500 60 56.68 6.61
Groups*depth 0.211 See Fig. 3

*The mean difference is significant at the 0.05 level

**Same letter means that the mean difference is not significant
between the groups

was not significant (p =0.211, Table 2), which means that
the difference in microhardness between the two depths
was not significantly different across the groups (Fig. 3E).

For the 100 um depth, the microhardness was compared
among the groups (Table 3). The result was similar to the
combined data of 100 and 500 um depth. The groups sig-
nificantly affected the microhardness (p <0.001). The con-
trol group had the lowest and the Sr group had the highest
microhardness among all the groups. However, there was
no significant difference between the Sr and Ba groups.
For the 500 um depth, the group variable was also signifi-
cant (p <0.001). The control group had significantly lower
microhardness than all other groups. There was no signifi-
cant difference between the non-control groups (Fig. 3D).

There was a significant difference in the unit of intensity
among the groups for the SEM/EDS analyses (p <0.001).
The control group had the lowest intensity and the Mg
group had the highest intensity among all the groups

Table 3 Descriptive statistics of microhardness (kgf/mm?) for the
groups by the depth and comparison results for each depth separately
using one-way ANOVA

N  Mean Std. deviation p-value Post hoc **
(Tukey HSD)

100 um depth

Control 10 32.10 4.63 <0.001* a

Mg 10 38.10 3.18 b

Zn 10 4030 4.24 be

Ba 10 4500 4.42 cd

Sr 10 47.60 4.12 d

Mn 10 40.60 4.48 be
500 um depth

Control 10 48.70 5.10 <0.001* a

Mg 10 5720 6.93 b

Zn 10 5630 7.01 b

Ba 10 60.00 5.10 b

Sr 10 59.10 3.04 b

Mn 10 58.80 5.73 b

*The mean difference is significant at the 0.05 level

**Same letter means that the mean difference is not significant
between the groups

(Figs. 3F and 4a—e). There was no significant difference
among the Zn, Mn, Sr, and Ba groups (Table 1).

Discussion

In the present study, we used a pH cycling model to evalu-
ate the effect of different fortifying solutions on dentin car-
ies by assessing changes in surface microhardness, DTS,
compressive strength, and solubility, which may reflect the
mechanical properties and degree of dentin demineraliza-
tion. According to the results of this study, the null hypoth-
esis was rejected.

The optimal duration for irrigating the specimens with
each fortifying solution was determined based on our pre-
vious study measuring the physical properties of dentin
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Fig.4 A EDS dot map of dentin specimens at 1000x for (@) Mg; (b) Zn; (c¢) Mn; (d) Sr; and (e) Ba. B Histogram analysis of dentin specimens
for (a) Mg; (b) Zn; (c) Mn; (d) Sr; and (e) Ba. C SEM images of dentin specimens at 1000x for (a) Mg; (b) Zn; (c) Mn; (d) Sr; and (e) Ba

(e.g., surface microhardness) after treatment with Mg, Sr,
and Zn solutions [43]. Irrigation durations of 1, 2, 5, and
10 min were selected to align with the average time endo-
dontic irrigants are used [54-56], as we aim to develop
fortified irrigants for teeth in the future. The results dem-
onstrated a time-dependent effect of these elements on
dentinal properties, with a significant effect observed after
5-10 min. However, considering practical limitations in
irrigant use, 5 min was chosen as the final irrigation time
for the present study.

Dentin consists of many hydroxyapatite crystals with var-
ious cations and anions incorporated in its lattice, forming
apatites with improved biomechanical properties [17-19].
To ensure that our experiments were not confounded by
the substitution of anionic counterions, we considered the
use of salts that have the same anionic counterion in the
hydroxyapatite structure, such as hydroxide salts or phos-
phate ions. However, phosphates are insoluble and unsuit-
able for fortifying solutions/irrigants, while hydroxides are
excessively basic, posing challenges in neutralizing the solu-
tions and potentially leading to the formation of unwanted
by-products. Another option is to utilize salts whose ani-
onic counterions are very large and cannot be replaced in
the hydroxyapatite structure. AA2P was selected due to its
advantages over phosphates and hydroxides. In particular, as
the size of the anionic counterion increases, displacement
occurs solely through the exchange of the cation. As a result,
the concentration gradient created by this displacement will
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eventually reach equilibrium, ultimately enhancing the pen-
etration rate [57, 58].

Dentin specimens were treated with optimal concentra-
tions of AA2P salts of Mg (0.18 mM), Zn (5.3 uM), Mn
(2.2x 1078 M), Sr (1.8 uM), and Ba (1.9 uM)) for five min-
utes, with the saline solution used for the control group. The
molarities of the AA2P salts were determined by taking into
account the charge of the metal cation (+2) and the AA2P
anion (— 3), resulting in an adequate molar solution for each
metal. The cation and anion displacement ensured charge
neutralization throughout the process.

The concentrations were selected to be 20% of the amount
found in dentin to ensure uptake in dentin specimens while
staying within the limits of the concentration safely allowa-
ble in the body [59-62]. Previous studies have demonstrated
that increasing the concentration by 10-20% can improve
bone tissue efficiency [57, 63], but, there are limits to the
number of exchangeable surface elements, with a maximum
of 30% for some elements [53]. Thus, 20% was considered
an appropriate concentration for this study.

The present pH cycling model was previously suggested
as a reliable method to simulate the acid-mediated deminer-
alization process of root dentin and enamel surfaces [32, 48,
64, 65]. Dentin is more susceptible to caries than enamel due
to factors such as a higher critical pH, faster demineraliza-
tion, slower remineralization, and greater permeability to
acids [66]. To account for the structural and compositional
variations between enamel and dentin, the number of pH
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cycles was reduced from 10 to 3. Moreover, the immersion
time of the specimens in the demineralizing solution was
shortened from 6 to 1 h, while the remineralizing solution
exposure time was increased from 18 to 23 h [7, 48].

The degree of demineralization in artificial root caries
lesions is typically evaluated using polarized light micros-
copy and microradiography [48, 67, 68]. However, polarized
light microscopy provides only qualitative information, and
microradiography is a destructive and time-consuming tech-
nique [69—72]. In this study, surface microhardness testing
was selected because it reflects the initial signs of dentin
caries [11, 13, 31], and can indirectly reveal mineral gain
or loss in dental hard tissues by detecting changes in their
composition and surface structure [32].

DTS is commonly used to evaluate the mechanical
response of materials under diametrically applied stress
due to its relative simplicity and reproducible results [33].
Additionally, it is the most widely used test for assessing
the tensile strength of friable materials because it avoids
the difficulties inherent to the flexural tensile strength test
[34]. Compressive strength is also useful for characterizing
mechanical properties and follows a similar methodology
to DTS, except for the orientation of the specimens in the
universal testing machine [35].

In the present study, dentinal mechanical properties,
including surface microhardness, DTS, and compressive
strength, were significantly lower in the control group com-
pared to the Mg, Zn, Sr, Ba, and Mn groups. Lowered pH
levels, below the critical range of 6.2—6.4 [73], can result in
increased mineral content loss from dentin [74], which leads
to reduced tensile strength and hardness [11-13]. Previous
studies have also reported lower tensile strength in carious
dentin compared to sound dentin, and a positive correlation
between the tensile strength and hardness of carious dentin,
which could be attributed to the weakened demineralized
dentin matrix [12, 75].

The fortifying solutions used in this study, which con-
tained Mg, Zn, Sr, Ba, or Mn, showed promising results in
protecting against artificial caries lesions and improving the
mechanical properties of carious dentin. The compressive
strength and hardness varied significantly among the groups
(»<0.001), with the Sr group having the highest compres-
sive strength and hardness and the control group having
the lowest. This improvement in strength may be attributed
to the conversion of hydroxyapatite into Sr apatite, which
enhances acid resistance [76], and the remineralization of
dentin tissue through newly formed apatite [77].

The Sr, Mg, Zn, Mn, and Ba groups had significantly
higher DTS than the control group (p=0.001), but no signif-
icant differences were found between them. The protective
effect of fortifying solutions on carious dentin was attrib-
uted to the higher mechanical properties, which could be
related to the stabilizing effect of Mg on amorphous calcium

phosphate [78, 79] and the higher compressive strength,
toughness, hardness, and density of Mn-doped hydroxyapa-
tite compared to pure hydroxyapatite [28]. SEM analysis
further confirmed that the metallic components of the forti-
fying solutions penetrated through the dentin to strengthen
the tissue, with Mg exhibiting the highest penetration at the
500 um depth (Fig. 4a—e).

Zn and Ba solutions also protected the dentin lesions in
this study. These solutions significantly improved the surface
microhardness at depths of 100 pm and 500 um (p <0.001),
suggesting their ability to penetrate and strengthen the dem-
ineralized dentin against acid dissolution. Zn enhances the
bioactivity and remineralization of dentin tissue by increas-
ing Ca deposition and simulating protein phosphorylation
and previously showed promising potential to treat radicular
dentin with oxipatite, a zinc oxide-modified hydroxyapatite
[17, 80]. Ba promotes greater remineralization and fracture
healing in bone tissue, which may extend to dentin tissue as
observed in this study, given the physiological and mechani-
cal similarities between the two tissues [19, 42].

Solubility testing is a reliable and simple method for
evaluating the chemical stability and susceptibility to dem-
ineralization of dental hard tissues, making it well-suited for
investigating the effects of inorganic trace minerals on dentin
solubility [53]. The present study used butyric acid for solu-
bility testing to simulate the clinical conditions associated
with dental caries formation, as it is a reported by-product of
anaerobic bacterial metabolism [81-83]. Our results demon-
strated that Mg, Sr, Zn, Ba, and Sr solutions provided 2-2.5
times greater resistance to dentin solubility than the saline
solution. Mg increases the stability of dentin hydroxyapatite
[84], while Zn promotes dentinal tubule occlusion through
crystal precipitation that resists dental caries progression
[80]. Sr may assist in achieving a balance between dentin
demineralization and remineralization [17], whereas Mn and
Ba, known to be involved in osteoblast proliferation, differ-
entiation, and metabolism in bones [18, 42], may explain the
lower solubility of carious dentin under low pH conditions
in this study.

The limitations of this in vitro study include the absence
of salivary and microbial influences that are typically present
in natural caries lesions, as well as a relatively small speci-
men size. This study was also limited by the lack of a sound
dentin control group, which could have provided information
on whether the mineralizing treatments restored the baseline
mechanical properties of dentin. Moreover, the study results
only featured some of the properties that contribute to the
potential effectiveness of AA2P salts as caries prevention
agents. Future studies could explore the antibacterial activity
and biocompatibility of AA2P salts, as well as use advanced
characterization techniques such as atomic force microscopy
and transverse microradiography to evaluate dentin surface
roughness and mineral content, respectively.

@ Springer
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Future directions for this research could include identify-
ing the optimal combination of trace minerals and exposure
times to achieve the desired mechanical properties of dentin.
Furthermore, it would be interesting to investigate the effects
of AA2P salts on soft tissues, such as the pulp cells and other
cells in the vicinity, to assess their cytocompatibility and
biological impact on periapical tissues.

Conclusion

Within the limitations of this study, all of the AA2P salts
provided some protection against artificial caries lesions,
suggesting that Mg, Zn, Sr, Ba, and Mn could have pen-
etrated and strengthened the demineralized dentin against
acid dissolution.
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