Remineralizing effect of a new strontium-doped bioactive glass and fluoride

on demineralized enamel and dentine

Abstract

Obijective: To investigate the remineralizing effect of a strontium-doped bioactive glass (HX-

BGC) and fluoride on demineralized enamel and dentine.

Materials: Sixty demineralized human tooth specimens were allocated to four groups. Group
1 received 5% HX-BGC, Group 2 received 5% HX-BGC and 1,450 ppm fluoride, Group 3
received 1,450 ppm fluoride, and Group 4 received deionized water as negative control. The
specimens were subjected to pH cycling for 14 days. The surface morphology, lesion depths,
crystal characteristics and collagen matrix degradation of the specimens were assessed by
scanning electron microscopy (SEM), micro-computed tomography (mico-CT), X-ray

diffraction (XRD), and spectrophotometry with a hydroxyproline (HYP) assay, respectively.

Results: SEM images showed the enamel surface was smooth with regularly arranged enamel
rods in Groups 1 to 3. Granular grains were observed in both inter-tubular and intra-tubular
dentine in Groups 1 to 3. The mean lesion depths in enamel were 80.8 um, 50.6 um, 72.7 um
and 130.7 um in Groups 1 to 4, respectively (p<0.001), and those in dentine were 152.6 um,
140.9 um, 165.4 um and 214.1 um, respectively (p<0.001). The differences in mean mineral
loss in enamel and in dentine between the four study groups follow the same pattern as that of
the differences in lesion depth. XRD illustrated apatite formation in each group. There were

no significant differences in the HYP concentrations among the four groups (p=0.261).

Conclusion: Combined use of HX-BGC and fluoride can reduce mineral loss and promote
remineralization of demineralized enamel and dentine through the precipitation of newly

formed apatite.

Clinical significance: Adjunctive use of HX-BGC may enhance the remineralization effect of

fluoride in the management of early dental caries lesions.
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1. Introduction

Dental caries is a bacteria-mediated disease, which is an unfavourable outcome of a
continuous process with many cycles of demineralization and remineralization in dental hard
tissues, that can be viewed as an imbalance between biofilms and tooth minerals [1, 2]. Organic
acids, as by-products of fermentation of carbohydrates, produced by cariogenic bacteria can
diffuse into tooth subsurface and dissolve the minerals, causing demineralization. The
dissolution of minerals on the tooth surface lead to exposure of dentine collagen and the low
pH environment may activate the intrisinc matrix metalloproteinases (MMPs) which can cause
collagen degradation [3]. Remineralization is a natural repair process which mainly relies on
the deposition of calcium phosphate, primarily comes from saliva, to form a new layer on the
lesion surface [1]. Contemporary approaches in caries management aim to arrest and prevent
further development of caries [4]. Fluoride application is the usual method used to prevent
demineralization and enhance remineralization [5]. However, the use of fluoride-containing
products in treating and preventing dental caries can only reach a certain maximum effect.
Therefore, additional use of other agents in the remineralization therapy is warranted, such as
bioactive materials that can enhance remineralization in the presence of fluoride and act as a

complement to fluoride [6, 7] .

Bioactive glass, a novel bioactive marterial, has been introduced and has a wide range
of clinical applications in both medicine and dentistry [8]. One of the bioactive glasses, named
45S5 Bioglass, has been shown to have bone bonding ability and used for bone replacement in
the middle ear to treat conductive hearing loss [9]. More recently, it is used for treatment of
dentine hypersensitivity through blocking the dentinal tubules by its dissolution products
precipitating and adhering to the surface of dentine, thereby relieving the pain [9, 10]. Bioactive
glass is able to reduce dentine permeability and make the dentine surface more resistant to acids
[11]. In addition, a review concluded that bioactive glass can form an apatite-like layer on the
surface of enamel and dentine, and promote remineralization of carious lesions [12]. Strontium
has recently attracted some interest in caries management due to its similarity with calcium [13]
and cariostatic effect on dental caries [14]. Another study also reported that strontium can
inhibit the expression of MMPs [15]. A new bioactive glass (HX-BGC, SiO2-P20s-Na2O-SrO)
with the addition of strontium was developed and studied [16]. A study showed that in the
presence of HX-BGC, pH of the fluid was elevated and the growth of cariogenic bacteria was

inhibited [16]. An earlier study found that strontium could act synergistically with fluoride [17].



Therefore, the present study aimed to investigate the remineralizing effect of a strontium-doped
bioactive glass and fluoride on demineralized enamel and dentine. The null hypothesis was that
the combined application of HX-BGC and fluoride would not enhance the remineralization of

demineralized enamel and dentine.

2. Materials and methods
2.1  Preparation of specimens with artificial caries

This study was approved by the Institutional Review Board of the University of Hong
Kong (UW 19-471). Fifteen extracted human molars were selected from the collection of
extracted teeth of the Prince Philip Dental hospital, Hong Kong. These teeth were stored in a
0.5% thymol solution before use. The teeth were cut by a low-speed cutting machine (ISOMET
1000, Buehler, LakeBIuff, IL, USA) under running deionized water to produce 60 specimens
(4 specimens from each tooth) with a thickness of 2 mm in which there were both enamel and
dentine in each specimen. The surface of the specimen was polished using micro-fine 4000
grid sandpaper and washed in deionized water. Then a stereomicroscope was used to examine

the specimens to exclude those with cracks or defects.

The surfaces of each specimen were covered by an acid-resistant nail varnish, except
for a window approximately 2 mm x 2 mm in size (Fig.1). The tooth specimens were then
immersed in a demineralizing solution (2.2mM CaCl,, 2.2mM KH,PO,, 50mM acetic acid,
pH=4.4) at 37°C for 8 days to produce demineralized lesions in enamel and dentine. The lesions
were scanned by X-ray micro-CT (SkyScan1172; SkyScan, Antwerp, Belgium) and the depths
of lesions were measured by a NRecon reconstruction software (SkyScan, Antwerp, Belgium).
The specimens were stored in deionized water at 4°C and were subjected to different treatments

the next day.

2.2 Experimental treatment

The HX-BGC powder used in this study was provided by Dencare (Chongging) Oral
Care Co. Ltd. In Group 1, the 5% (0.0526g/ml) HX-BGC suspension was prepared by adding
0.263g HX-BGC powder into 5ml deionized water. In Group 2, 0.0145g NaF powder and
0.263g HX-BGC powder were added into 5ml deionized water to form a suspension of HX-
BGC with fluoride. In Group 3, the 1450 ppm fluoride solution was prepared by dissolving

0.0145g NaF powder in 5ml deionized water. The suspensions and solutions were made freshly



for one-day use and votexed for 20 seconds everytime before application. The four prepared
specimens from the same tooth, with demineralized lesions in enamel and dentine, were
randomly allocated into the four study groups (sample size = 15 in each group). In Group 1,
the 5% HX-BGC suspension was applied onto the surface of the specimens. In Group 2, the
specimens received an application of the 5% HX-BGC suspension with 1,450 ppm fluoride. In
Group 3, the specimens were treated with 1,450 ppm fluoride solution. Group 4 was the
negative control group in which deionized water was applied onto the surface of the specimens.
All treatments were applied onto the surface of the tooth specimens with a micro-brush
(Premium Plus International Ltd., Hong Kong) and waited for 2 minutes. Subsequently, the
applied agents were removed by gently rinsing the specimen under a gentle jet of deionized

water.

2.3  Assessment of the changes in the demineralized enamel and dentine
2.3.1 pH cycling

The pH cycling protocol used by Amaechi was employed to investigate the effect of
the study agents on the demineralized enamel and dentine [18]. Before the pH cycling, the
demineralized specimens were immersed in a remineralizing solution (1.5mM CaClz, 0.9mM
NaH2POa, 150mM KCI, pH=7.0) for 24 hours. Then they were pH cycled at room temperature.
First, the specimen was taken out from the remineralizing solution and the corresponding study
agent was applied onto the window of the specimen for 2 minutes according to its group
allocation. Afterwards, the specimen was rinsed with deionized distilled water to remove the
applied agent. This process, for all 60 specimens, took half an hour to complete, and then all
the specimens were immersed in the demineralizing solution (1.5mM CaClz, 0.9mM KH2POs4,
50mM acetic acid, pH=4.5) for 8 hours. After the 8h demineralization, the specimens were
rinsed with deionized distilled water and received application of the study agents as described
above. Then, the specimens went through a 15h immersion in the remineralizing solution. All
the specimens were pH-cycled through remineralization solution and demineralization solution

every day for 14 days.

2.3.2 Morphology of enamel and dentine surface

Four pH-cycled specimens from each group were fixed in 2.5% glutaraldehyde for one
night. They were placed in distilled water and cleaned ultrasonically three times, then followed
by dehydration with a series of ethanol solutions (75%, 80%, 95%, 100% ethanol). The

dehydrated specimens were critical-point dried as described in a previous study [19] in a
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desiccator (Leica EM CPD300, Leica Microsystems, Gemany) and sputter-coated with carbon.
The surface morphology of the specimens was observed under a scanning electron microscope
(SEM, Hitachi S-4800FEG Scanning Electron Microscope, Hitachi Ltd., Tokyo, Japan) at high-

vacuum mode after the above-mentioned procedure.

2.3.3 Lesion depth and mineral loss

Depths of the demineralized lesions in enamel and dentine were measured by micro-
CT (SkyScan1172; SkyScan, Antwerp, Belgium) scanning. The voltage and current settings
were 80kV and 100 pA, respectively. The image pixel size was set at 7.95 um (maximum
resolution) and the X-rays were cut-off by a 0.5 mm aluminium filter. Five specimens from
each group were scanned and reconstructed by using the NRecon reconstruction software
(SkyScan, Antwerp, Belgium). CT data analyzing software (SkyScan, Antwerp, Belgium) was
used to view and analyze the reconstructed three-dimensional images. Ten reconstructed cross-
sectional images from each specimen were randomly selected for the measurement of the lesion

depth and mineral loss.

2.3.4 Crystal characteristics

Characteristics of the surface of the mineral crystals (2 specimens per group without
any pretreatment) were assessed by an X-ray diffractometer (XRD, Rigaku SmartLab 9kW,
Tokyo, Japan) equipped with a CuKa lamp (A = 1.54056 A). The parameters for collecting data
were: 20 range = 20° to 60°, step size = 0.02° and scan speed = 0.6 s/step. Collection of the
diffraction data was performed twice so as to minimize error. A computer software, Jade 6
(MDI, California, United States), was used to analyze the XRD patterns. The diffraction
patterns were drawn by Origin 81 (OriginLab, Northampton, Massachusetts, USA).

2.4  Dentine collagen degradation

To assess the effect of the study agents on collagen degradation, a modified amino acid
hydroxyproline (HYP) assay was used [20]. In brief, enamel was removed from the specimens.
Four specimens from each group, with dentine only and a standardized size of 2x5x5 mm, were
pH cycled through the above-mentioned processes for 14 days. Afterwards, they were placed
individually in separate tubes and 100 puL of 4N NaOH was added to each tube. Next, the
specimens were autoclaved at 120°C for half an hour, followed by allowing the specimens to
return to room temperature for 20 min and addition of 100 uL of 4N HCI to each tube to

neutralize the pH. Then, a buffered Chloramine-T solution (0.05M) was added into each tube,
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mixed with the specimen, and oxidation at room temperature was allowed for 20 min.
Afterwards, Ehrlich’s solution (1M) was added and each tube was vortexed to ensure complete
mixing. Finally, the tubes were placed in a water bath at 65°C for 20 min. A HYP standard
solution containing 2-200 ug HYP was prepared. The absorbance of the solutions was read at
550 nm by a microplate reader (SpectraMax® M2, California, USA).

2.5  Statistical analysis

Data obtained from the measurements were assessed by using Shapiro-Wilk normality
test and one-way ANOVA was used to compare the lesion depths, mineral loss and
concentration of HYP in the specimens of the four study groups. All analyses were conducted
by using the statistical software IBM SPSS Statistics version 27. Statistical significance level
was set at 0.05.

3. Results

Figures 2 and 3 show the transverse and longitudinal section surface morphology of the
dentine lesions of the four groups. There were nearly no dentine collagen fibers exposed on the
completely occluded surface of the specimens in Group 2 (HX-BGC+F) (Fig. 2c). Large
granular structures in the inter-tubular areas were observed in the longitudinal section images
in Group 1 (HX-BGC) and in Group 2 (Fig. 3a, 3b, and 3c), while the image of Group 2 also
shows sparse spherical grains in the intra-tubular areas (Fig. 3d). Images of the specimen in
Group 3 (F) show a relatively rough dentine surface with partial exposure of collagen fibers
(Fig. 2e) and there was space in both the inter- and intra-tubular areas (Fig. 2f). The longitudinal
section images show large inter-fibrillar distances and there were granular grains in the inter-
tubular areas (Fig. 3e and f). In Group 4 (control), exposure of the reticular microstructure of
collagen fibers on the dentine surface shows partial dentine demineralization (Fig. 2g). The
collagen fibers were loose in both inter- and intra-tubular areas, as seen under higher
magnification (Fig. 2h). Likewise, images of the longitudinal section show the sparsely
distributed exposed collagen (Fig. 3g and 3h). No granular structure was observed in Group 4.
Figure 4 shows the transverse section surface of the enamel lesions in the four groups. In Group
4, the surface was not smooth and the enamel rods were thinner (Fig. 4g), and obvious crevice

and porosities among enamel rods appeared under higher magnification (Fig. 4h).



Figure 5 shows the micro-CT images of the enamel and dentine lesions after
demineralization for 8 days in the four study groups. The precipitations in Group 2 and Group
3 had formed a new layer on the surface of dentine, while no obvious layer appeared on the
enamel (Fig. 6). Mean depths and mineral loss of the lesions in enamel and dentine are shown
in Table 1. The mean (x SD) dentine lesion depths of Groups 1, 2 and 3 were 152.60 + 5.18
um, 140.88 + 12.82 um and 165.36 + 31.51 um, respectively. The mean lesion depths of these
three groups were significantly smaller (p<0.001) than that of Group 4 (control), which was
214.12 £11.08 um . The mean (= SD) enamel lesion depth of Group 2 (HX-BGC+F) was 50.60
+ 10.65 pum, which was significantly smaller (p<0.001) than those of Groups 1 and 3, which
were 80.84 + 2.43 um and 72.67 £ 12.73 um, respectively. The mean enamel lesion depth of
Group 4, at 130.66 + 12.31 um, was the largest (p<0.001). The mean mineral loss of dentine
in Groups 1 to 3 were 1.64 +0.09 g/cm?®, 1.54 + 0.11 g/cm? and 1.77 + 0.08 g/cm?, respectively,
while Group 4 had the largest mineral loss which was 2.12 + 0.08 g/cm? (p<0.001). Similarly,
the mineral loss of enamel in Group 4 was 3.44 + 0.07 g/cm?, significantly (p<0.001) larger
than that of Group 2, which was 2.94 + 0.21 g/cm?® (p=0.04).

Typical XRD patterns of the mineral crystals in the four groups are shown in Figure 7.
The pattern of scattered X-ray in Group 4, which corresponded to (002), (210), (211) and (300)
Bragg reflections, indicated that the precipitates deposited on the surface of enamel and dentine
were similar to apatite. The (300) reflection in Group 1 was 31.68° (20) and the lower 26 value

compared with that of Group 4 (31.78°) shows strontium incorporation in the apatite crystals.

The mean HYP concentrations, reflecting the amount of degraded collagen, of Groups
1 to 4 were 346.25 + 2.87 ug/mL, 344.25 + 24.39 pg/mL, 364.75 + 3.69 ug/mL and 345.50 +
19.63 ug/mL, respectively. There were no statistically significant differences (p=0.261) among

the four mean HYP concentrations.

4. Discussion

This study on the effect of HX-BGC on mineral contents of demineralized enamel and
dentine provides information about the structure and morphology of the treated dental tissues.
According to the results, HX-BGC and fluoride have a greater remineralizing effect on both
demineralized enamel and dentine than that of deionized water, and the combined application

of these two agents has a synergistic effect.



In the current study, an acidic solution was used to demineralize the tooth specimens
for 8 days to create the lesions. The pH cycling model used was a chemical model described in
a previous protocol paper [18] to mimic the oral situation for natural caries process. However,
this is rather different from the real situation due to the absence of bacteria in the
demineralization and remineralization processes. For specimen preparation, both prismatic and
aprismatic enamel were used in previous caries studies. The reason we choose to cut prisms
transversally is that lesion created in the surface of transversally-cut enamel are more
reproducible than lesions created in the anatomical surface [21]. The temperature setting for
pH cycling adopted in previous studies included both room temperature and 37°C [22].
Application of the study agents twice per day simulates brushing teeth with a toothpaste in the
morning and in the evening. For assessing collagen degradation, a modified hydroxyproline
assay was applied in this study to measure the amount of degraded collagen in the dentine.
Hydrochloric acid (HCI) is an inexpensive and easily available strong acid, and it can be a safer
alternative to perchloric acid (HCIO4) used in hydroxyproline assay without affecting the
amino acid measurement [20]. A previous study found that, in the fixation process, the minerals
of dentine can be dissolved by the formic acid produced by formaldehyde [23]. In the present
study, all specimens were fixed in 2.5% glutaraldehyde instead of formaldehyde for a night
before being observed under the SEM, which stablized the collagen and preserved the minerals

in the specimens.

Bioactive glass can remineralize dental hard tissues. The process involves release of
ions (Ca?*, POs%, etc.) from the bioactive glass network into the oral fluid and then the
supersaturated ions in the fluid precipitate on the dental hard tissues [12, 24]. The essential
conditions for remineralizing enamel and dentine include the followings. First, presence of
mineral residues on the demineralized enamel and dentine to serve as apatite formation nuclei
[25]. Second, abundant amount of calcium and phosphate ions in the surrounding environment
of the remineralizing agent [26]. Third, intact dentine collagen to serve as a scaffold for mineral
crystals to grow on [27]. The conditions in this study provided a favorable environment, which
favored the precipitation of calcium phosphate and other ions, promoted apatite formation on

the surface of demineralized enamel and dentine.



The SEM images in this study show the demineralized enamel had a porous surface
with absence of mineral deposition. This finding is consistent with that of a previous study
which showed a rough and porous morphology of the artificial enamel lesions [28]. Moreover,
previous studies found the demineralized enamel surfaces were covered by irregular mineral
depositions after remineralization with bioactive glass or modified bioactive glass [29, 30],

which is consistent with the finding of this study.

Mineral regain can be measured using different indicators, such as protein/mineral
composition [31] or mineral density and microhardness [32]. The micro-CT results in this study
show the use of HX-BGC and fluoride induced mineral precipitation on the surface of the
demineralized enamel and dentine. When the HX-BGC reacted with fluid, the pH of the
suspension increased and deposition of calcium and phosphate occurred to form new apatite in

the nucleation sites on the demineralized enamel and dentine surfaces [33].

According to our previous study on the effect of HX-BGC and fluoride on apatite
crystallization, strontium can be incorporated into the crystal lattice of hydroxyapatite due to
its chemical similarity to calcium [34, 35]. Strontium has an ionic radius larger than calcium
(Ca?*: 0.94A, Sr?*: 1.16A) [36] which explains the lower 26 value of the peak in the spectrum
of Group 1 in this study. Moderate amount of strontium can up-regulate osteoblast activity that
favors bone formation. Thus, attention should be paid to the incorporation of an optimal level
of strontium into bioactive glass [34]. The shift to higher 26 value in this study is likely due to
fluoride ion, which has a radius smaller than hydroxyl ion [37]. Fluoride release from bioactive
glass will increase in the presence of strontium [38]. Having strontium and fluoride
incorporated into the apatite crystal lattice can enhance the bioactivity and chemical stability
of the newly formed apatite [35].

An intact dentine collagen structure plays a key role in remineralization because it can
serve as a nucleation center [27]. The organic matrix of dentine primarily consists of type |
collagen, which has HYP as a major component and plays a key role in stabilizing the dentine
collagen. A modified HYP assay was used in this study for direct evaluation of collagen after
dentine degradation. Research suggests that MMPs in dentine or in saliva have an important
effect on the degradation of dentine collagen [39]. MMPs are endogenous dentinal proteases
(secreted as inactive zymogens) and the activation of these intrisinc proteases can induce

breakdown of the proteins within the dentine matrix through hydrolysis and proteolysis [40],
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resulting in a decrease of HYP [41]. Activation of MMP-2, MMP-8 and MMP-9 which can be
initiated by a pH fall is the main reason for collagen degradation [3]. It should be noted that
strontium can down-regulate the expression level of MMP-2 and MMP-9 and thus can inhibit
the process of collagen degradation [15]. Moreover, strontium has been reported to increase
the level of type I collagen [42] and promote synthesis of HYP [43], but it can stimulate the
formation of collagen at specific concentrations (1 and 2.5mM) only [44]. In this study, the
concentration of strontium from HX-BGC should be at a low level which cannot meet the
requirement for inhibiting MMPs expression. Despite this, relatively intact collagen network

was observed in all the groups except control under SEM.

The chemical model used in this study and the methods used for analysis have their
limitations. First, biological factors should be added to the pH-cycling procedure to mimic the
real situation in the oral cavity. Second, lack of XRD images after 8-day demineralization does
not allow the comparison on apatite characteristics before and after pH cycling. Further
experiments should include additional assessments, such as nuclear magnetic resonance (NMR)
spectroscopy, to confirm the exact apatite types formed in remineralization process. Further
laboratory studies should apply a proper biological model to investigate the remineralizing
effect of HX-BGC and clinical trials should be conducted to provide evidence for supporting

its clinical application.

5. Conclusion

The new strontium-doped bioactive glass (HX-BGC) can reduce mineral loss and
promote remineralization of demineralized enamel and dentine through the precipitation of
newly formed apatite. Moreover, strontium-doped bioactive glass and fluoride have a

sygnergistic effect on demineralized dental hard tissues.
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Table 1. Mean lesion depths (um) and mineral loss (g/cm?) of the dentine and enamel in four

groups
Dentine Enamel
Groups Lesion depth Mineral loss Lesion depth Mineral loss
(um) (g/cm®) (um) (g/cm?)
HX-BGC (1) 152.60 £5.18 1.64 +£0.09 80.84 +£2.43 3.15+0.18
HX-BGC+F (2) 140.88 £ 12.82 1.54+0.11 50.60 + 10.65 2.94+0.21
F () 165.36 + 31.51 1.77 £0.08 72.67+12.73 3.09+0.23
Water (4) 21412 + 11.08 2.12+0.08 130.66 + 12.31 3.44 +0.07
p value p<0.001 p<0.001 p<0.001 p=0.005
Multiple 1), (2, G)<@) (1), <B)<(4) (<), (A)<(4) (2)<(4)
comparison
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Figure 1. The flowchart of the experimental procedure
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Figure 2. SEM images of the transverse surface of artificial dentine lesion. (a) 8000x
magnification view of group HX-BGC showing granular particles in the inter-tubular area; (b)
20000x magnification view of group HX-BGC showing relatively intact collagen fibres; (c)
8000x magnification view of group HX-BGC + F showing no dentinal tubules exposure; (d)
20000x magnification view of group HX-BGC + F showing no exposure of dentine collagen;
(e) 8000x magnification view of group F showing a relatively rough surface with partial
exposure of collagen fibers; (f) 20000x magnification view of group F showing intact collagen
fibres; (g) 8000x magnification view of group Water showing exposure of dentine collagen
fibres in the inter- and intra-tubular areas; (h) 20000x magnification view of group Water
showing loose intra-tubular collagen fibres.
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Figure 3. SEM images of the cross-sectional (longitudinal) surface of artificial dentine lesion.
(@), (b) 4000x and 8000x magnification view of group HX-BGC showing granular structures
on the surface; (c), (d) 4000x and 8000x magnification view of group HX-BGC + F showing
large irregular particles on the cross-sectional surface and partially occluded dentine tubules;
(e), (f) 4000x and 8000x% magnification view of group F showing granular grains on the cross-
sectional surface; (g), (h) 4000x and 8000x magnification view of group Water showing loose
collagen fibres and no particles on the cross-sectional surface.
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Figure 4. SEM images of the transverse surface of artificial enamel lesions. (a), (b) 1000x and
8000x magnification view of group HX-BGC showing regularly arranged enamel rods; (c), (d)
1000x and 8000x magnification view of group HX-BGC+ F showing tightly packed enamel
rods; (e), (f) 1000x and 8000 magnification view of group F showing regularly packed enamel
rods; (g), (h) 1000x and 8000x magnification view of group Water showing thinner enamel
rods with obvious crevices.
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Figure 5. Micro-CT images of dentine and enamel lesions in the four groups after

demineralization for 8 days
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Figure 6. Micro-CT images of dentine and enamel lesions in the four groups after pH cycling

and treatment.
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Figure 7. Typical XRD patterns of the four groups.
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