Rapid Formation of Calcium Phosphates for Prevention of Dental Caries and Hypersensitivity
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Short Abstract: (50 words maximum) 
Methods to study the calcium phosphate formation for replacing lost tooth mineral are presented. The approach involves rapid formation of calcium phosphate gel (Fig. 1) and amorphous calcium phosphate which hydrolyzes to the tooth mineral, apatite (Fig. 2). This process can remineralize the tooth to prevent dental caries and sensitivity. 
Long Abstract: (150 words minimum, 400 words maximum)
About 97 % of tooth enamel is calcium phosphate crystals, the apatite1. Dissolution or loss of enamel apatite causes dental caries and dentin sensitivity2. To prevent and heal these problems, calcium phosphate mineral can be deposited back where it is lost2-5 by applications of high concentrations of calcium and phosphate solutions. These solutions form readily on and in the tooth surface the calcium phosphate gel and amorphous calcium phosphate (ACP). ACP compounds have the highest rates of formation and dissolution among all the calcium phosphates under physiological conditions, and can readily hydrolyze to tooth mineral in situ 1, 6, 7. Methods to study these unique chemical processes and their dental applications are demonstrated. 
When a high concentration calcium chloride solution (1.5 mol/L) mixes with a high concentration dipotassium phosphate solution (1 mol/L) at high pH (pH=9.3), calcium phosphate gel forms initially (Fig. 1), which then aggregates as ACP, and ultimately hydrolyzes to apatite (Fig. 2). The chemical reactions are as following8:
3 CaCl2 + 2 K2HPO4 + y H2O  (Ca3 (PO4)2yH2O (gel) + 4 KCl + 2 HCl           (1)
(Ca3 (PO4)2yH2O (gel)   Ca3 (PO4)23H2O (ACP)                                              (2)
5 Ca3 (PO4)23H2O (ACP)  3 Ca5 (PO4)3(OH) (apatite) + H3PO4                        (3)
The formation of calcium phosphate gel, as shown in Equation (1), is studied by the increase in viscoelasticity caused by gelation (Fig. 1). The precipitation and transformation kinetics in solution are followed by the decreases in the pH during the addition of calcium or phosphate solution to the mixtures (Fig. 3, 4). The in situ reaction of calcium and phosphate solution is observed under the optical microscope (Fig. 5). The depositions of calcium phosphate on the etched dentin (Fig. 6) and in vivo tooth (Fig. 7) illustrate the clinical applications and the effectiveness of mineralization2. The calcium phosphate solids are analyzed by chemical analysis, optical and scanning microscopes, infrared spectroscopy, and x-ray powder diffraction (Fig. 2)1.
The protocols study the chemical processes of remineralizaion: gel formation, precipitation, and hydrolysis. They are simple, straight forward, and yield useful and needed information related to the entire mineralization mechanisms and effectiveness3-7. The clinical applications on the patient will be demonstrated.

Protocol Text: 
1) Gel formation
1.1)  Prepare a 1.5 mol/L calcium chloride solution and a 1 mol/L dipotassium phosphate solution. 
1.2)  Add 12.5 mL of 1.5 mol/L calcium chloride solution and 12.5 mL of 1 mol/L dipotassium phosphate solution simultaneously into the cup of the Controlled Stress Rheometer (CSR 10, Bohlin Instruments, East Brunswick, New Jersey) with the bob in place
1.3) Measure continuously the viscoelasticity at oscillation frequency of 1 Hz and stress sweep of 3 Pa (Fig. 1). 
2) Precipitation  
2.1)  Put 5 mL of 1.5 mol/L calcium chloride solution in a 10 mL beaker. Add 5 mL of 1 mol/L dipotassium phosphate solution to the above calcium solution at a rate of 0.5 mL/min while stirring with a magnet.
2.2) Measure the pH with an electrode as a function of time (Fig. 3).
2.3) Repeat 2.1) to 2.2) except adding 5 mL of 1.5 mol/L calcium chloride at rate of 0.5 mL/min
 to a 5 mL of 1 mol/L dipotassium phosphate solution in the beaker (Fig. 4). 
3) Hydrolysis
 3.1) Add 40 mL of 1.5 mol/L calcium chloride solution and 40 mL of 1 mol/L dipotassium phosphate solution simultaneously into a 100 mL beaker while stirring.
3.2) Take out 10 mL of reacting slurry at (5, 10, 30, 60, and 300) min, filtrate, wash with alcohol, and dry the sample.
3.3) Analyze the calcium and phosphate concentrations in the filtrate and the precipitate.
3.4) Determine the phase and crystallinity of the precipitate by infrared spectroscopy and x-ray powder diffraction (Fig. 2), and the particle size and morphology by scanning electron microscope.

4) In situ observation of precipitation under optical microscope. 
4.1)  Apply a thin layer of grease over a glass slide. 
4.2) Add one drop of 1 mol/L dipotassium phosphate solution on the greased slide first, and then add one drop of 1.5 mol/L calcium chloride solution on top of the above phosphate solution.  
4.3) Observe the calcium phosphate precipitation in the calcium solution and the phosphate solution along the interface of these two solutions (Fig. 5) under an optical microscope.
5)  Formation on the etched dentin
5.1) The cut dentin surface is etched with 50% citric acid for 2 min, rinsed with water and dried.
5.2) Dip a cotton-tip applicator into a 1.5 mol/L calcium chloride solution and apply to the etched dentin surface. 
5.3) Dip the other end of the Q-tip into a 1 mol/L dipotassium phosphate solution and apply to the dentin surface over the previous application. 
5.4) The mineralization of dentin surface is estimated by the deposition of calcium phosphate on the surface and obstruction of dentin tubules with scanning electron microscope (SEM) (Fig. 6).
6) Formation on the teeth 
5.1)  Clean the teeth.
5.2)  Dip a cotton-tip applicator into a 1.5 mol/L calcium chloride solution and apply to the tooth along the gum line. 
5.3) Dip the other end of the Q-tip into a 1 mol/L dipotassium phosphate solution and apply to the tooth over the previous application along the gum line. Calcium phosphate precipitates onto the tooth (Fig. 7).

Representative Results: Calcium phosphate gel forms simultaneously from high concentrations of multivalent ions, Ca2+, HPO42-, and PO43- as demonstrated by the high viscoelasticity of 104 Pa (Equation 1 & Fig. 1). The viscoelasticity decreases after 2.5 h indicating that gel aggregates as ACP slurry. The ACP then converts to apatite crystals (Fig. 2).
 When a 1.5 mol/L calcium chloride solution is added to a 1 mol/L dipotassium phosphate solution under stirring, or vice versa, the decreases in pH indicate the precipitation of calcium phosphate (Equations 1 & 2). Precipitation occurs faster when the calcium is added to phosphate (Fig. 3) than vise versa (Fig. 4). This indicates that rate of calcium phosphate formation increases at lower Ca/P ratio. This shows that the phosphate ion controls the precipitation kinetics.
The first precipitated solid is ACP which then hydrolyzes to hydroxyapatite (Fig. 2).
The diffusion and precipitation of calcium phosphate is demonstrated following Protocol Text 4. As the calcium and phosphate diffuse into each other, a birefringent crystal (dicalcium phosphate dehydrate, DCPD) grows in the top calcium solution and the amorphous phase (ACP) precipitates in the bottom phosphate solution along the interface (Fig. 5). This indicates that crystalline DCPD grows in a slightly acidic pH (pH=6.5) solution and ACP precipitates in a basic pH (pH=9.3) solution. 
When a 1.5 mol/L calcium chloride solution is applied to the etched dentin surface and then followed by the application of a 1 mol/L dipotassium phosphate solution, ACP precipitates and obstructs the dentin tubules (Fig. 6) and decrease the dentin permeability12.
A white deposition of calcium phosphate on the tooth is demonstrated in the clinical application following Protocol Text 6 (Fig. 7).
The above results demonstrate the formation of calcium phosphate, the mineralization, from the calcium and phosphate solutions in vitro (Fig. 1-5) and on the tooth (Fig. 6, 7). The decreases in dentin sensitivity and root caries with applications of materials containing calcium and phosphate have been reported in clinical studies and are attributed to remineralization9-11. 
Figures:  
Fig. 1 Gel formation and its conversion to slurry as followed by the viscoelasticity 
Fig. 2 X-ray powder diffraction patterns of precipitated ACP at 5 min and its hydrolysate, apatite at 300 minutes
Fig. 3 Precipitation with addition of a phosphate solution to a calcium solution: pH increases to 9.3 due to addition of phosphate and then decreases after 2 minutes due to ACP precipitation. 
Fig. 4 Precipitation with addition of a calcium solution to a phosphate solution: pH decreases due to ACP precipitation as calcium is added. 
Fig. 5 Passive diffusion and precipitation with a calcium solution on top of a phosphate solution: the birefringent crystals grow in the top and the ACP precipitate in the bottom along the interface.
Fig. 6 Two-step application of calcium and phosphate solutions on the etched dentin surface observed by SEM. The left picture is the etched dentin with open tubules before application and the left picture shows the tubules covered with ACP after the application.
Fig. 7 Two-step clinical application: the white ACP precipitates as the phosphate solution is applied over the calcium solution.
Discussion: 
The presented protocols enable a quick and simple analysis of the entire precipitation process in highly concentrated calcium phosphate solutions which include the steps of gel formation, precipitation, and hydrolysis. Each protocol focuses on particular aspects of the process. The methods are simple, sensitive, and yield useful and needed information related to the mechanisms and effectiveness (Fig. 6 & 7) of remineralization3-7. By varying the pH, concentrations, procedures, and additives, a wide range of clinical applications can be explored and the optimal conditions obtained. However, they are not designed for fundamental chemical studies. The existing methods with more precise control and measuring apparatus can yield accurate parameters involved in an individual step in the process, but are not relevant to overall remineralization in clinical conditions and applications.
These protocols are not limited to dental applications. With modifications, such as additions of other biological ions, lowering of the calcium and phosphate concentrations, they can be used for the study of bone research and pathological calcifications. 
As indicated above, the clinical applications in mouth are related directly to the in vitro protocols. The precipitating processes can be demonstrated in the month. 
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