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Abstract: Certain dentin hypersensitivity treatment materials include oxalic acid to coat dentin
surfaces with minerals, while certain organic acids possess a remineralization effect. Herein, an
organic acid that inhibits the demineralization and coating of root surfaces was evaluated. Specimens
were produced using five non-carious extracted bovines. Four different acids were used: oxalic acid
(OA), malonic acid (MA), polyacrylic acid (PA), and succinic acid (SA). Each acid was applied to
the root surface and washed using distilled water or a remineralization solution, and the surface
was observed using scanning electron microscopy (SEM). All the surfaces of each specimen, barring
the polished surface, were covered with wax and immersed in an automatic pH cycling system
for two weeks. Dentin demineralization was analyzed using transverse microradiography (TMR)
before and after pH cycling. SEM analysis demonstrated that the three acid groups demineralized
the dentin surface, whereas the OA group generated crystals covering the dentin surface, even in a
distilled water environment. TMR analysis revealed that the OA groups showed significantly lower
integrated mineral loss compared with the other groups, even in the distilled water environment. The
results suggest that OA generates insoluble calcium oxalate crystals on the dentin and suppresses
demineralization even under low saliva conditions.

Keywords: oxalic acid; polyacrylic acid; root caries; hypersensitivity; automatic pH cycle

1. Introduction

Untreated dental caries are an acute disease in human healthcare [1–3]; yet the per-
centage of people over the age of 80 with 20 or more permanent teeth is increasing. The
maintenance of 20 or more teeth amongst the elderly is associated with healthy aging [4].
Moreover, we expect to witness an increase in the number of remaining healthy teeth in
the elderly population in the future. However, preserving these healthy teeth is one of the
most critical issues in society presently. In terms of the remaining healthy teeth, gingival
recession exposes root surfaces, thereby increasing the risk of root surface caries and dentin
hypersensitivity amongst the elderly. Additionally, several older adults suffer from chronic
systemic diseases and are prone to xerostomia, which is caused due to the side effects of
medications, including antihypertensive drugs.

Moreover, oral cancer and the associated radiation therapy can result in a decrease
in salivary secretion, even in the elderly [5,6]. Furthermore, a dry mouth reduces the
effectiveness of saliva in cleaning the oral cavity and increases the risk of infections, such
as root caries and periodontal disease, by increasing the number of oral bacteria [7,8].
Therefore, the prevention of root surface caries amongst the elderly is a significant issue in
oral healthcare. A daily treatment that includes the application of 5000 ppm fluoride, silver
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diamine fluoride, or high-concentration fluoride is recommended for the prevention of root
surface caries in the elderly [9]. For aesthetic reasons, silver diamine fluoride has not been
widely used on permanent teeth in the past; however, its efficacy has been re-evaluated in
the recent years [10]. As indicated in the guidelines of ADA, it is also used to prevent root
surface caries and erosion [9].

Fluoride varnishes, which are used to prevent root surface caries, are employed in
dentin hypersensitivity treatments [11]. Fluoride promotes remineralization; however, its
substrates, such as calcium and phosphorus, are supplied naturally by the saliva, which aids
in remineralization. Therefore, quantitative and qualitative changes in the saliva exacerbate
the risk of dental caries and periodontal disease in the elderly and irradiated patients [12].
Therefore, the supply of phosphorus, calcium, and fluoride is essential for the prevention
of such dental illnesses. For this reason, fluoride varnishes containing fluoride, casein
phosphopeptide-amorphous calcium phosphate (CPP-ACP), and β-tri-calcium phosphate
(βTCP) have been applied in the past [13,14]. These materials can simultaneously supply
elements such as fluoride, phosphorus, and calcium to the dentin, albeit at a slow rate as the
varnish is water-resistant. Additionally, it has even been reported that high concentrations
of fluoride, phosphorus, and calcium play a significant role in the remineralization of
dentins [15].

Meanwhile, certain coating materials containing potassium oxalate are employed to
seal dentin tubules with calcium oxalate as a form of treatment for dentin hypersensitivity.
Such materials can lead to the rapid formation of a calcium oxalate layer on the root surface
using the calcium from the root dentin, which is beneficial for patients with dry mouths.
Dicarboxylic acids, such as oxalic and malonic acid, react with calcium to produce calcium
compounds [1]. The pH of 0.1 M oxalic acid is 1.26, and its high acidity causes calcium
phosphate (a component of teeth) to dissolve easily; however, it instantly reacts with
calcium to form calcium oxalate monohydrate. The solubility of calcium oxalate in water is
0.00067 g/100 mL (at 20 ◦C) [16], which is a minimal value. Potassium oxalate is used as a
dentin hypersensitivity suppressant owing to its ability to seal dentin tubules [11,17].

Polyacrylic acid is an organic polymeric acid that displays adhesive properties with
glass and calcium. It is commonly used in clinical dentistry as a glass ionomer cement
and tooth surface preparation material. In non-classical calcification, polyacrylic acid has
also been reported to be present in the cores of mesocrystals [18]. Unlike conventional
classical mineralization from a crystal core, non-classical mineralization is a type of biomin-
eralization mineralized from polymers as a core. Tay et al. reported that the non-classical
mineralization of dentin induces dense calcification and is also advantageous toward adhe-
sion [19]. Thus, carboxylic acids hold the potential to inhibit demineralization and enhance
remineralization.

Acid resistance of dentin hard tissues depends on their composition and structure.
Therefore, demineralization and remineralization of teeth also change depending on the pH
around the teeth. As the pH of the oral cavity changes continuously, as typified by Stefan’s
curve, studying the changes in dentin demineralization and remineralization requires
immersion in acids or remineralization solutions and a dynamic simulation of the intraoral
pH levels [20,21].

This study aimed to investigate the effects of carboxylic acids on the coating of dentin
surfaces and to inhibit demineralization.

2. Materials and Method
2.1. Specimen Preparation

The experimental procedure is outlined in Figure 1.
The fabrication of the bovine deciduous anterior teeth was as follows: epoxy resin

(Epofix, Struers, Tokyo, Japan) was poured into bovine-extracted mandibular premolars
(n = 5) pulp cavity and stored at 60 ◦C for 24 h to cure the epoxy resin. Each tooth was
longitudinally divided into a four-specimen block using a low-speed rotary cutting machine
(IsoMet, Buehler, Lake Bluff, IL, USA). Furthermore, to expose the fresh dentin, they were
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polished using a manual polisher (EcoMet3, Buehler, Tokyo, Japan) and water-resistant
polishing paper (#400–800, Buehler). The specimens were cut perpendicular to the tooth
axis into 300 µm-thick sections using a slow rotary cutter. Finally, to prepare single-section
specimens, all the surfaces except the exposed dentin surface were coated with a sticky wax.
Potassium oxalate monohydrate (Nacalai Tesque, Kyoto, Japan), polyacrylic acid 25,000
(FUJIFILM Wako Pure Chemicals, Osaka, Japan), and malonic acid (FUJIFILM Wako Pure
Chemicals, Osaka, Japan), each in 5% solution, were used as the material groups (oxalic
acid (OA), polyacrylic acid (PA), succinic acid (SA), and malonic acid (MA) (Figure 2));
deionized distilled water was used as a control (CO).
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The bovine tooth single-section samples were immersed in 500 µL of each solution
(CO, MA, PA, SA, and OA) for 5 min and then washed three times using 500 µL of deionized
distilled water. After the treatment, the groups washed using 500 µL of remineralization
solution were designated as (CO_RE, MA_RE, PA_RE, SA_RE, and OA_RE).

2.2. Automatic pH Cycling System

pH cycling was conducted following the methods established/used by Matsuda et al.,
2006 [20,22]. A Pharmed tube (Saint-Gobain, Tokyo, Japan) with an inner diameter of
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3.0 mm was connected to a 10-mL styrene stick bottle (As One, Tokyo, Japan). The micro-
tubing pump (MP-3N, Tokyo Rika Kikai, Tokyo, Japan) connected to the Pharmed tube
was controlled (On/Off) using a timer (Labclock, As One, Tokyo, Japan) and it was cycled
through the Styrol rod bottle to automatically generate a pH cycle (pH 4.5–6.8) in the vessel.

The demineralizing solution (pH 4.5) contained 0.2 M lactic acid, 3.0 mM calcium chlo-
ride (CaCl2), and 1.8 mM potassium dihydrogen phosphate (KH2PO4); the remineralization
solution (pH 6.8) comprised 0.02 M HEPES, 3.0 mM CaCl2, and 1.8 mM KH2PO4 [20]. The
contents were cycled through the Styrol rod bottle to automatically generate a pH cycle in
the vessel. The average time set for the pH to remain below 5.5 (demineralization time)
during each cycle was 18 min. The average time set for the pH to return to the initial pH
(recovery time) was 52 min. The number of cycles was six times a day (at 6, 9, 12, 15, 18,
and 21:00 h), with an interval of 120 min between each cycle. During this period, when
the apparatus was not operating, the specimens were immersed in the remineralization
solution. The cycle period was two weeks. Single-section specimens were inserted into a
sample pack (Eiken Chemical Co., Ltd., Tokyo, Japan) and placed in a styrene stick bottle
for pH cycling.

2.3. Scanning Electron Microscopy (SEM) Observation

The treated samples (CO, MA, PA, SA, OA, CO_RE, MA_RE, PA_RE, SA_RE, and
OA_RE) (n = 5) were observed on the dentin surface using SEM. Except for the polished
surfaces, the samples that did not undergo SEM observation (n = 5) were coated with a
sticky wax and then subjected to a 2-week pH cycle, followed by SEM observation. The
samples in absolute ethanol were mounted to an aluminum stub with uncoated carbon
tape. SEM was used to analyze the particle morphology and size distribution at 30 K and
3 K magnification using an S-4800 (Hitachi) scanning electron microscope at 5 kV.

2.4. Mineral Loss Analysis

The amount of demineralization was evaluated using transverse microradiogra-
phy (TMR). TMR images were obtained using a soft X-ray system (CSM-2, Softex Cor-
poration, Kanagawa, Japan) with an aluminum step-wedge (AL-013171, Nilaco, Japan
10 µm × 20 steps) and high-resolution photo plates (HRP-SN-2, Konica Minolta, Inc.,
Tokyo, Japan) before and after two weeks of pH cycling. The exposure was performed for
20 min at 14 kV and 4 mA with a focus-specimen distance of 44 mm. A pulp cavity wall
was used to superimpose the TMR images.

First, digitization was performed using a microscope camera (PCM-500, As One,
Tokyo, Japan) connected to an optical microscope (BX50, Olympus, Tokyo, Japan) and
a general-purpose image processing software (Adobe Photoshop CS5.1, Adobe Systems,
San Jose, CA, USA). Subsequently, digital images before and after the pH cycling were
superimposed using the image editing software (Adobe Photoshop Element) with the
pulp cavity wall as the reference; furthermore, the area from the superimposed chamber
wall with a width of 100 µm toward the depth was extracted as the analysis area. The
degree of darkening of the TMR images before and after the pH cycle was analyzed using
a general-purpose image analysis software (Image J, Bethesda, MD, USA). The obtained
density was analyzed according to the previous report [2] to calculate the mineral profiles
of each sample before and after the pH cycle. On the TMR images, the average density of
the areas with a width of 50 µm was measured at 0.67 µm increments. Additionally, the
integrated mineral loss (∆IML) was calculated from the mineral profiles obtained before
and after the pH cycling according to previously reported procedures [11,23]. From the
obtained mineral profiles, the integrated mineral loss (IML) (Vol %×µm) and lesion depth
(Ld) were determined were determined, and the difference between the IML (∆IML) and
Ld (∆Ld) values before and after pH cycling were calculated. The obtained values were
statistically analyzed at a significance level of 5% using one-way ANOVA and Tukey’s HSD
test for demineralization (p < 0.05).
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3. Results

SEM images before the pH cycling are shown in Figures 3 and 4, while those after the
pH cycling are shown in Figures 5 and 6.
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malonic acid group, the opening of the dentin tubules was exposed. In the PA and SA
groups, crystals remained around the tubules. Moreover, in the OA group, cubic crystals
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precipitated densely on the surface layer. The remineralization solution group exhibited
the same tendency and did not differ from the distilled water-treated group.

In all the groups, tubules in the dentin surface layer were sealed.
The TMR images before and after pH cycling are shown in Figure 7.
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The increase in ∆Ld after pH cycling is shown in Figure 9.
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The OA and OA_RE groups showed significantly less demineralization than that the
control group. The PA and PA_RE, and SU and SU_RE groups exhibited a trend toward
lower demineralization. No significant difference was observed between the groups rinsed
with the remineralization solution and deionized water; treatment with oxalic acid had a
demineralization inhibitory effect regardless of the surrounding environment.

4. Discussion

SEM observations revealed a crystalline structure on the surface of the oxalate-treated
dentin. Succinic acid and the polyacrylate-treated dentin exhibited residual calcification;
however, dentin tubules were observed. It has been reported in various studies that the
presence of oxalic acid on dentin surfaces causes calcification of the surface layer and
sealing of dentin tubules [24]. This effect is factored in during the preparation of various
hypersensitivity control materials [25]. Bonding amongst various dentin hypersensitivity
control materials can create an acid-resistant polymer film on the surface layer, while
certain high-concentration fluoride materials enhance remineralization. Oxalic acid is
characterized by forming a calcium phosphate layer on the root surface. The exposed root
surfaces having hypersensitivity symptoms are difficult to dry because: (1) it is difficult
to prevent moisture from penetrating the exposed roots and gingiva, and (2) air-drying
aggravates the aforementioned symptoms. Additionally, polymeric coatings have dentin-
adhesive properties and acid resistance; however, their adhesive properties are reduced
due to moisture [26], thereby making the application of polymeric coatings challenging.

High-concentration fluorides, used to treat hypersensitivity, have been widely ap-
plied as hypersensitivity control materials because they promote remineralization. Ac-
cording to the Journal of American Dental Association guidelines, high-concentration
fluorides are also indicated to be preventive materials for root surface caries [9], and the
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demineralization-inhibiting effect of such materials has been reported in previous in vitro
experiments [11,27]. However, several reports stated that even high concentrations of
fluoride do not show considerable demineralization-inhibiting effects in weakly acidic
artificial saliva [7]. Moreover, the environmental factors are expected to play a significant
role in the demineralization-inhibiting and remineralization effects of dentin [12].

In this experiment, dentin, treated with oxalic acid on the dentin surface, was washed
with a remineralization solution; however, the surface structures were not different from
those when washed with distilled water, suggesting that the surface layer was covered with
calcium structures from the dentin. Previous studies have shown that the surface structures
contain calcium oxalate [28], crystallizing at pH levels between 4.5 and 5.5 [29], which is
lower than the critical pH of dentin and closer to that of enamel. Thus, it can be concluded
that surface treatment with oxalic acid rapidly produces a highly acid-resistant layer on
the dentin surface. Certain studies have reported on the oxalic acid layer being thin; thus,
it has low abrasion resistance and is instantly removed [30]. However, this is unlikely to
occur in areas where brushing is difficult and plaque is likely to stick to the surface. The
crystal structure is considered to be that of calcium oxalate. The insoluble calcium oxalate
on the surface layer of the dentin may have inhibited the demineralization of dentin during
the pH cycle. In patients with xerostomia, saliva secretion is low; therefore, the effect of
washing away the oral bacteria is less, and remineralization by saliva is not expected. In
this respect, oxalic acid is advantageous in terms of creating a highly acid-resistant layer
based on the minerals in the dentin without the presence of saliva.

The pH cycle simulates the pH changes in the oral cavity and provides demineraliza-
tion stress on the dentin surface. Therefore, in the balance between the short demineraliza-
tion and long remineralization times, the highly acid-resistant calcium oxalate layer might
have inhibited the progression of demineralization in the early phase of the pH cycle and
reduced the amount of mineral leaching. The SEM images after two weeks of pH cycling
showed that the surface dentin tubules were in all groups, suggesting that the surface layer
was covered due to calcification caused by the remineralization after demineralization.

In the teeth and hard bone tissues, existing small biomolecules (e.g., citrate and succi-
nate) and biopolymers (e.g., chondroitin sulfate) have been observed to bind to collagen
fibers, which improve collagen biomineralization or collagen mineralization [31,32]. In
dentin, succinic acid has been reported to promote the remineralization of dentin [33]. SA
has been studied as a bioactive biomolecule that can be used for calcium mineral growth
control and hard tissue repair. In addition, it has been reported to chemisorb on crystal
surfaces through calcium atom coordination to control the calcium mineral growth and
morphology [17]. During the mineralization of collagen fibers, SA modification promotes
the infiltration or wetting of the calcium ions or amorphous calcium phosphate precursors,
thereby creating a high local supersaturation state with high concentrations of calcium
and phosphate around the collagen fibers, promoting hydroxyapatite (HAp) nucleation
and growth. Thus, SA may promote HAp crystal formation within the collagen fibers and
dentin and its intrafibrillar mineralization effect.

Polyacrylic acid nucleates and promotes the formation of mesocrystals in non-classical
calcification; furthermore, the presence of PA induces crystals with normalized crys-
tallinity [18]. Biomimetic mineralization has been developed through the binding of PA to
collagen fibrils. The PA-doped collagen can guide the scale and distribution of apatites [34].
A low-molecular weight PA is used to create metastable amorphous calcium phosphate
(ACP) nanoprecursors [35]. In dentin calcification, remineralization of phosphate-etched
human teeth using a Portland cement/phosphate-containing solution system was vali-
dated, and the results showed that a phosphate-containing solution with PA produced
stable amorphous calcium phosphate nanoprecursors; additionally, remineralization with
the mineral trioxide aggregate (MTA) cement was more effective than that with PA. It
has been reported that MTA cement remineralization is accelerated by PA [34]. Thus, SA
and PA have been reported to promote collagen-centered biomineralization, which in turn
promotes dentin remineralization. In the present study, no evident remineralization image
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was observed in the group rinsed using the remineralization solution; however, compared
with MA, an image showing the suppressed demineralization was observed, suggesting
that a longer remineralization environment may promote biomineralization.

Compared with the distilled water rinsing group, the demineralization suppression
effect tended to be stronger when oxalic acid was rinsed using the remineralization solution.
It is considered that washing with the remineralization solution might have caused further
calcification, thereby forming a thicker calcium oxalate layer, which might have enhanced
the demineralization-inhibitory effect. When the dentin was washed with the remineral-
ization solution, the solution was observed to turn cloudy due to the reaction with the
residual oxalic acid. The results showed an inhibitory effect on dentin demineralization and
suggested the possibility of a preventive effect on the root surface caries. Chemically, dentin
is 65–70% inorganic and 18% organic, shows low acid resistance, and its demineralization
proceeds approximately twice as fast as that of enamel [4]. Additionally, fluoride and other
ions can easily penetrate deep into the dentin because of the movement of the aqueous
solution through the dentin tubules [36]. Thus, the characteristics of the dentin differ from
that of the calcium phosphate.

As calcium oxalate calcifies even at low pH levels, the calcium oxalate formed on the
surface of dentins can be expected to inhibit demineralization owing to its acid resistance
and adhesive properties with calcium in clinical practices.

5. Conclusions

SEM observations and TMR analyses of oxalic acid, malonic acid, and polyacrylic acid
on the dentin suggest that oxalic acid generates insoluble calcium oxalate crystals on the
dentin, thereby suppressing demineralization even under low saliva conditions.

Author Contributions: Conceptualization, Y.M., H.O. and K.O.; methodology, Y.M., H.O., K.Y. and
K.O.; software, Y.M., H.O. and K.O.; validation, Y.M. and H.O.; formal analysis, Y.M. and H.O.;
investigation, Y.M., M.S. and H.O. resources, Y.M., K.O. and K.Y.; data curation, Y.M., K.O., S.I. and
Y.Y.; writing—original draft preparation, Y.M., writing—review and editing, Y.M., K.O., S.I., and Y.Y.;
visualization, Y.M., K.O. and K.Y.; supervision, Y.M., K.O., K.Y., T.S. and Y.Y. project administration,
Y.M.; funding acquisition, Y.M., K.O., S.I., T.S. and Y.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported in part by a Grant-in-Aid for Scientific Research from the Japan
Society for the Promotion of Science, Scientific Research (No. C-22K09995, C-20K09962, A-20H00552,
C-19K10136, B-18H02979, C-17K11712).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marcenes, W.; Kassebaum, N.J.; Bernabé, E.; Flaxman, A.; Naghavi, M.; Lopez, A.; Murray, C.J. Global burden of oral conditions

in 1990–2010: A systematic analysis. J. Dent. Res. 2013, 92, 592–597. [CrossRef] [PubMed]
2. Frencken, J.E.; Sharma, P.; Stenhouse, L.; Green, D.; Laverty, D.; Dietrich, T. Global epidemiology of dental caries and severe

periodontitis—A comprehensive review. J. Clin. Periodontol. 2017, 44, S94–S105. [CrossRef] [PubMed]
3. Kassebaum, N.J.; Smith, A.G.C.; Bernabé, E.; Fleming, T.D.; Reynolds, A.E.; Vos, T.; Murray, C.J.L.; Marcenes, W.; Abyu, G.Y.;

Alsharif, U.; et al. Global, Regional, and National Prevalence, Incidence, and Disability-Adjusted Life Years for Oral Conditions
for 195 Countries, 1990–2015: A Systematic Analysis for the Global Burden of Diseases, Injuries, and Risk Factors. J. Dent. Res.
2017, 96, 380–387. [CrossRef]

4. Kuriyama, S.; Nakaya, N.; Ohmori-Matsuda, K.; Shimazu, T.; Kikuchi, N.; Kakizaki, M.; Sone, T.; Sato, F.; Nagai, M.;
Sugawara, Y.; et al. The Ohsaki Cohort 2006 Study: Design of study and profile of participants at baseline. J. Epidemiol. 2010, 20,
253–258. [CrossRef] [PubMed]

5. Vissink, A.; Jansma, J.; Spijkervet, F.K.; Burlage, F.R.; Coppes, R.P. Oral sequelae of head and neck radiotherapy. Crit. Rev. Oral
Biol. Med. 2003, 14, 199–212. [CrossRef]

http://doi.org/10.1177/0022034513490168
http://www.ncbi.nlm.nih.gov/pubmed/23720570
http://doi.org/10.1111/jcpe.12677
http://www.ncbi.nlm.nih.gov/pubmed/28266116
http://doi.org/10.1177/0022034517693566
http://doi.org/10.2188/jea.JE20090093
http://www.ncbi.nlm.nih.gov/pubmed/20410670
http://doi.org/10.1177/154411130301400305


Materials 2023, 16, 1454 11 of 12

6. Hahnel, S.; Behr, M.; Handel, G.; Bürgers, R. Saliva substitutes for the treatment of radiation-induced xerostomia—A review.
Support. Care Cancer 2009, 17, 1331–1343. [CrossRef]

7. Zandim-Barcelos, D.L.; Kielbassa, A.M.; Sampaio, J.E.; Tschoppe, P. Saliva substitutes in combination with high-fluoride gel on
dentin remineralization. Clin. Oral. Investig. 2015, 19, 289–297. [CrossRef]

8. Su, N.; Marek, C.L.; Ching, V.; Grushka, M. Caries prevention for patients with dry mouth. J. Can. Dent. Assoc. 2011, 77, b85.
9. Slayton, R.L.; Urquhart, O.; Araujo, M.W.B.; Fontana, M.; Guzmán-Armstrong, S.; Nascimento, M.M.; Nový, B.B.; Tinanoff, N.;

Weyant, R.J.; Wolff, M.S.; et al. Evidence-based clinical practice guideline on nonrestorative treatments for carious lesions: A
report from the American Dental Association. J. Am. Dent. Assoc. 2018, 149, 837–849.e819. [CrossRef]

10. Mitchell, C.; Gross, A.J.; Milgrom, P.; Mancl, L.; Prince, D.B. Silver diamine fluoride treatment of active root caries lesions in older
adults: A case series. J. Dent. 2021, 105, 103561. [CrossRef]

11. Zandim, D.L.; Tschoppe, P.; Sampaio, J.E.C.; Kielbassa, A.M. Effect of saliva substitutes in combination with fluorides on
remineralization of subsurface dentin lesions. Support. Care Cancer 2011, 19, 1143–1149. [CrossRef]

12. Sleibi, A.; Tappuni, A.R.; Baysan, A. Reversal of Root Caries with Casein Phosphopeptide-Amorphous Calcium Phosphate and
Fluoride Varnish in Xerostomia. Caries Res. 2021, 55, 475–484. [CrossRef]

13. Cai, J.; Burrow, M.F.; Manton, D.J.; Hardiman, R.; Palamara, J.E.A. Remineralising effects of fluoride varnishes containing calcium
phosphate on artificial root caries lesions with adjunctive application of proanthocyanidin. Dent. Mater. 2021, 37, 143–157.
[CrossRef]

14. McComas, W.H., Jr.; Rieman, W., III. The Solubility of Calcium Oxalate Monohydrate in Pure Water and Various Neutral Salt
Solutions at 25◦. J. Am. Chem. Soc. 1942, 64, 2946–2947. [CrossRef]

15. Saori, M.; Saori, T.; Yasuhiro, M.; Naoki, H.; Hidehiko, S.; Masamitsu, K. Caries Prevention after Surface Reaction-Type Prereacted
Glass Ionomer Filler-Containing Coating Resin Removal from Root Surfaces. J. Nanosci. Nano-Technol. 2016, 16, 12996–13000.
[CrossRef]

16. Lynch, M.C.; Perfekt, R.; McGuire, J.A.; Milleman, J.; Gallob, J.; Amini, P.; Milleman, K. Potassium oxalate mouthrinse reduces
dentinal hypersensitivity: A randomized controlled clinical study. J. Am. Dent. Assoc. 2018, 149, 608–618. [CrossRef]

17. Matsuda, Y.; Altankhishig, B.; Okuyama, K.; Yamamoto, H.; Naito, K.; Hayashi, M.; Sano, H.; Sidhu, S.K.; Saito, T. Inhibition of
Demineralization of Dentin by Fluoride-Containing Hydrogel Desensitizers: An In Vitro Study. J. Funct. Biomater. 2022, 13, 246.
[CrossRef]

18. Oaki, Y.; Kotachi, A.; Miura, T.; Imai, H. Bridged nanocrystals in biominerals and their biomimetics: Classical yet modern crystal
growth on the nanoscale. Adv. Funct. Mater. 2006, 16, 1633–1639. [CrossRef]

19. Niu, L.N.; Zhang, W.; Pashley, D.H.; Breschi, L.; Mao, J.; Chen, J.H.; Tay, F.R. Biomimetic remineralization of dentin. Dent. Mater.
2014, 30, 77–96. [CrossRef]

20. Matsuda, Y.; Komatsu, H.; Murata, Y.; Tanaka, T.; Sano, H. A Newly Designed Automatic pH-cycling System to Simulate Daily
pH Fluctuations. Dent. Mater. J. 2006, 25, 280–285. [CrossRef]

21. Herkströter, F.M.; Witjes, M.; Arends, J. Demineralization of human dentine compared with enamel in a pH-cycling apparatus
with a constant composition during de- and remineralization periods. Caries Res. 1991, 25, 317–322. [CrossRef]

22. Matsuda, Y.; Murata, Y.; Tanaka, T.; Komatsu, H.; Sano, H. Development of new software as a convenient analysis method for
dental microradiography. Dent. Mater. J. 2007, 26, 414–421. [CrossRef]

23. Matsuda, Y.; Komatsu, H.; Murata, Y.; Tanaka, T.; Sano, H. Effect of the Width of Grooves on Caries Progression Using an
Automatic pH-cycling System. Jpn. J. Conserv. Dent. 2005, 48, 828–834. (In Japanese)

24. Varoni, E.M.; Zuccheri, T.; Carletta, A.; Palazzo, B.; Cochis, A.; Colonna, M.; Rimondini, L. In vitro efficacy of a novel potassium
oxalate hydrogel for dentin hypersensitivity. Eur. J. Oral Sci. 2017, 125, 151–159. [CrossRef]

25. Zeola, L.F.; Soares, P.V.; Cunha-Cruz, J. Prevalence of dentin hypersensitivity: Systematic review and meta-analysis. J. Dent. 2019,
81, 1–6. [CrossRef]

26. Shimazu, K.; Karibe, H.; Ogata, K. Effect of artificial saliva contamination on adhesion of dental restorative materials. Dent. Mater.
J. 2014, 33, 545–550. [CrossRef]

27. Göstemeyer, G.; Woike, H.; Paris, S.; Schwendicke, F.; Schlafer, S. Root Caries Preventive Effect of Varnishes Containing Fluoride
or Fluoride + Chlorhexidine/Cetylpyridinium Chloride In Vitro. Microorganisms 2021, 9, 737. [CrossRef]

28. Suge, T.; Kawasaki, A.; Ishikawa, K.; Matsuo, T.; Ebisu, S. Comparison of the occluding ability of dentinal tubules with different
morphology between calcium phosphate precipitation method and potassium oxalate treatment. Dent. Mater. J. 2005, 24, 522–529.
[CrossRef]

29. Werner, H.; Bapat, S.; Schobesberger, M.; Segets, D.; Schwaminger, S.P. Calcium Oxalate Crystallization: Influence of pH, Energy
Input, and Supersaturation Ratio on the Synthesis of Artificial Kidney Stones. ACS Omega 2021, 6, 26566–26574. [CrossRef]

30. Oshima, M.; Hamba, H.; Sadr, A.; Nikaido, T.; Tagami, J. Effect of polymer-based desensitizer with sodium fluoride on prevention
of root dentin demineralization. Am. J. Dent. 2015, 28, 123–127.

31. Shao, C.; Zhao, R.; Jiang, S.; Yao, S.; Wu, Z.; Jin, B.; Yang, Y.; Pan, H.; Tang, R. Citrate Improves Collagen Mineralization via
Interface Wetting: A Physicochemical Understanding of Biomineralization Control. Adv. Mater. 2018, 30, 1704876. [CrossRef]

32. He, H.; Shao, C.; Mu, Z.; Mao, C.; Sun, J.; Chen, C.; Tang, R.; Gu, X. Promotion effect of immobilized chondroitin sulfate on
intrafibrillar mineralization of collagen. Carbohydr. Polym. 2020, 229, 115547. [CrossRef]

http://doi.org/10.1007/s00520-009-0671-x
http://doi.org/10.1007/s00784-014-1264-8
http://doi.org/10.1016/j.adaj.2018.07.002
http://doi.org/10.1016/j.jdent.2020.103561
http://doi.org/10.1007/s00520-010-0924-8
http://doi.org/10.1159/000516176
http://doi.org/10.1016/j.dental.2020.10.021
http://doi.org/10.1021/ja01264a060
http://doi.org/10.1166/jnn.2016.13653
http://doi.org/10.1016/j.adaj.2018.02.027
http://doi.org/10.3390/jfb13040246
http://doi.org/10.1002/adfm.200600262
http://doi.org/10.1016/j.dental.2013.07.013
http://doi.org/10.4012/dmj.25.280
http://doi.org/10.1159/000261385
http://doi.org/10.4012/dmj.26.414
http://doi.org/10.1111/eos.12334
http://doi.org/10.1016/j.jdent.2018.12.015
http://doi.org/10.4012/dmj.2014-007
http://doi.org/10.3390/microorganisms9040737
http://doi.org/10.4012/dmj.24.522
http://doi.org/10.1021/acsomega.1c03938
http://doi.org/10.1002/adma.201704876
http://doi.org/10.1016/j.carbpol.2019.115547


Materials 2023, 16, 1454 12 of 12

33. Jin, W.; Jin, Y.; Duan, P.; Wu, H.; Zhang, L.; Du, Q.; Pan, H.; Tang, R.; Shao, C. Promotion of collagen mineralization and dentin
repair by succinates. J. Mater. Chem. B 2022, 10, 5826–5834. [CrossRef]

34. Tay, F.R.; Pashley, D.H. Guided tissue remineralisation of partially demineralised human dentine. Biomaterials 2008, 29, 1127–1137.
[CrossRef]

35. Liou, S.-C.; Chen, S.-Y.; Liu, D.-M. Manipulation of nanoneedle and nanosphere apatite/poly(acrylic acid) nanocomposites. J.
Biomed. Mater. Res. Part B Appl. Biomater. 2005, 73, 117–122. [CrossRef]

36. Pashley, D.H. Dynamics of the Pulpo-Dentin Complex. Crit. Rev. Oral Biol. Med. 1996, 7, 104–133. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1039/D2TB01005D
http://doi.org/10.1016/j.biomaterials.2007.11.001
http://doi.org/10.1002/jbm.b.30193
http://doi.org/10.1177/10454411960070020101

	Introduction 
	Materials and Method 
	Specimen Preparation 
	Automatic pH Cycling System 
	Scanning Electron Microscopy (SEM) Observation 
	Mineral Loss Analysis 

	Results 
	Discussion 
	Conclusions 
	References

