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Abstract 17 

 18 

The time required by the available biomimetic remineralization protocols to regenerate 19 

calcified dentin collagen fibrins and enamel prism-like tissue on dentin is long and takes a few 20 

weeks. This study aimed to develop a novel electrophoresis-aided calcium and phosphate 21 

hydrogel system to shorten the time for the biomimetic remineralization on dentin. An acid-22 

etched human dentin slice was placed between 2 layers of freshly prepared agarose hydrogel 23 

which contained calcium chloride and disodium hydrogen phosphate, respectively. They were 24 

put in a polyether tube and electrophoresis was delivered by applying a constant direct current 25 

to the terminal of the 2 hydrogels for 12 hours. After the treatment, the precipitates formed on 26 

the dentin slices were characterized using Fourier transform infrared spectroscopy, X-ray 27 

diffraction, scanning electron microscopy, transmission electron microscopy and selected area 28 

electron diffraction. The results showed that the precipitates formed were hydroxyapatites. The 29 

demineralized dentin collagen matrix was remineralized with intrafibrillar and interfibrillar 30 

hydroxyapatites mimicking structure of calcified dentin collagen matrix. The precipitated 31 

hydroxyapatites were densely-packed needle-like crystals and occluded the exposed dentinal 32 

tubules. The morphology demonstrated enamel-like tissue precipitation on remineralized 33 

dentin surface. In conclusion, this study developed an electrophoresis-aided system to shorten 34 

the time for biomimetic mineralization of dentine by regenerating the natural dentin 35 

microstructure of calcified collage fibrils and formation of enamel prism-like tissue covering 36 

dentin surface  37 
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1.  INTRODUCTION 38 

Dentin comprises the main body of teeth, and its outer surface is covered by enamel 39 

and its inner surface forms a pulp cavity full of dental pulp soft tissue. Enamel, the exterior 40 

layer of teeth is the hardest and most highly mineralized human tissue. It loads the mastication 41 

stresses and protects the dentin-pulp complex. Tooth wear such as abrasion, attrition and dental 42 

erosion result from enamel loss and exposed dentin can give rise to dentin hypersensitivity. 43 

Although damaged dental hard tissue may be self-repaired by remineralization in the presence 44 

of saliva, the loss of dental hard tissue cannot be regenerated. Recently, the cell-free biomimetic 45 

mineralization strategy has being managed to regenerate tooth-like microstructure in vitro. It 46 

has provided the potentials of repairing the tooth defects by self-healing, and it is much more 47 

desirable for dentistry clinic. 48 

 49 

Enamel is composed of 96% inorganic mineral of hydroxyapatite (HA) crystals.  HA 50 

crystals assemble into prism structure, and these prisms are tightly packed in an organized 51 

pattern to form a special enamel microstructure. Each prism is approximately 4 μm to 8 μm in 52 

diameter and is made up of HA crystals bundled in parallel with each other, with each crystal 53 

having a cross-section of 25 nm to100 nm and a variable length of 100 nm to 100 μm or more 54 

along the c-axis. Various methods have been proposed to regenerate enamel-like prism 55 

structure, such as hydrothermal methods,1 extremely acid calcium phosphate paste containing 56 

hydrogen peroxide and phosphoric acid,2 surfactants,3, 4 ethylenediaminetetraacetic acid 57 

(EDTA),5 nano-HA and glutamic acid,6 amelogenin,7-9 gelatin,10 polyethylene oxide and 58 

polyacrylamide.11 All these mentioned methods regenerated enamel-like tissue on 59 

demineralized enamel surface but not on dentin surface. 60 

 61 

Structurally, the basic microstructure of dentin comprises calcified collagen matrix. It 62 

contains approximately 70% by weight inorganic mineral of HA, 20% organic matrix and 10% 63 

water. The main organic substance of dentin is type I collagen, which self-assembles into fibrils 64 

to form the collagen matrix scaffolds. The inorganic mineral HA crystals can be classified as 65 

intrafibrillar and interfibrillar crystallites. Intrafibrillar crystallites are deposited with their c-66 

axis aligned in parallel to the collagen fibrils and thus are oriented along the collagen fibrils. 67 
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Interfibrillar crystallites are deposited between the collagen fibers and hence they are also 68 

referred as extrafibrillar crystallites. Calcified collagen fibrils, especially the intrafibrillar 69 

mineralization of collagen fibrils, are believed to be responsible for the biomechanical 70 

properties of dentin and protecting collagen fibers from degradation.12, 13 Thus, it is the essential 71 

to form intrafibrillar HA for remineralization of dentin collagen matrix to regenerate the dentin 72 

microstructure of calcified collagen fibrins. 73 

 74 

Remineralization of dentin collagen fibrils is more complicated and difficult than 75 

remineralization of enamel.14 The role of collagen matrix in apatite mineralization still remains 76 

a topic of debate. However, more evidence supports the notion that dentinal collagen matrix is 77 

ineffective for intrafibrillar mineralization. Non-collagenous proteins play an important role in 78 

initiating and regulating HA nucleation and growth to induce collagen mineralization, 79 

especially intrafibrillar mineralization.15-17 Several methods without using non-collagenous 80 

protein analogues such as those using casein phosphopeptide-amorphous calcium phosphate, 81 

colloidal nano-β-tricalcium phosphate and bioactive glass particles, polydopamine, and 82 

agarose gel, didn’t demonstrated the success in reproducing the structural hierarchy of apatite 83 

deposition within the collagen matrices.18-22  84 

 85 

On the contrary, the biomimic of non-collagenous protein strategy such as using 86 

polyacrylic acid and polyvinylphosphonic acid, sodium trimetaphosphate, tripolyphosphate, 87 

oligopeptides inspired by non-collagenous proteins, polymer-induced liquid mineral precursors 88 

(PILP), and poly(amido amine) dendrimer, have demonstrated intrafibrillar mineralization.23-89 

28 However, none has declared forming enamel-like tissue on remineralized dentin surface. 90 

 91 

It is noteworthy that the rate of precipitate growth is very slow in the aforementioned 92 

methods, which limits their clinical application. Tay et al reported that mineralization in a 5 93 

µm demineralized region started at 2 weeks, and complete remineralization was achieved at 8 94 

weeks.14 Busch reported that the rate of enamel-like tissue regeneration was approximately 500 95 

nm/day with the gelatin hydrogel model.10 96 

 97 
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In gist, regeneration of tooth-like tissue by biomimetic mineralization are challenging 98 

because remineralization of dentin collagen fibrils to duplicate the calcified collagen fibrils 99 

hierarchical structure is more difficult than remineralization of enamel. Moreover, the time of 100 

the mineralization is very long. There is no study so far reported regeneration of enamel-like 101 

tissue on remineralized dentin surface. 102 

 103 

Electrophoresis can transport ions more rapidly than diffusion in a gel or solution. It also 104 

enables ion migration in a specific direction. Electrophoresis has been used to accelerate HA 105 

formation in hydrogels to synthesize hybrid materials.29, 30 We created a calcium and phosphate 106 

agarose hydrogel system to remineralize dentin and enamel in the absence of non-collagenous 107 

protein analogues.22, 31 In the present study, we aimed to shorten the time by electrophoresis to 108 

remineralize the demineralized dentin and to cover the dentin surface with regenerated enamel-109 

like tissue in an agarose hydrogel system. 110 

 111 

2.  MATERIALS AND METHODS 112 

2.1.  Dentin slice preparation 113 

 This study was approved by The University of Hong Kong/Hospital Authority Hong 114 

Kong West Cluster Institutional Review Board (IRB UW10-210). Patients who required 115 

extraction of their sound molars invited to donate their extracted molars. The soft tissue 116 

attached to the molars was removed by a scalpel. The molars were disinfected with 3% sodium 117 

hypochlorite and rinsed with phosphate-buffered saline. Dentin slices of 2 mm thickness were 118 

prepared perpendicular to the longitudinal axis of the tooth using a low-speed diamond saw 119 

(IsoMet Low Speed Saw, Buehler, Lake Bluff, Illinois, USA). Silicon carbide papers were used 120 

for polishing.  They were ultrasonically cleaned and stored at 4ºC in deionized water. 121 

 122 

2.2.  Agarose gels preparation 123 

 The CaCl2 agarose gel was prepared by mixing agarose powder (Regular Agarose G-124 

10, BIOWEST, Nuaillé, France) (1.0 g) in 100 mL of 0.13 M CaCl2 solution (CaCl2･2H2O, 125 

Sigma-Aldrich, St. Louis, MO, USA). The Na2HPO4 agarose gel with 500 ppm fluoride was 126 

prepared by mixing agarose powder (1.0 g) in 100 mL of 0.26 M Na2HPO4 (Sigma-Aldrich, St. 127 
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Louis, MO, USA) solution containing 500 ppm fluoride (Sigma-Aldrich, St. Louis, MO, USA). 128 

The pH value was adjusted to 6.5 using 0.1 M NaOH and 0.1 M HCl. The mixtures were 129 

allowed to swell for 30 min and then heated to 100ºC to completely dissolve the agarose. 130 

 131 

2.3.  Remineralization in agarose gel aided by electrophoresis 132 

 The dentin slices were etched with 37% H3PO4 solution for 30 s to create demineralized 133 

dentin surface with exposed collagen matrix. The electrophoresis device consists of a two-way 134 

horizontal polyether tube, 2 plastic cells and 2 graphite electrodes (DYY-10C Electrophoresis, 135 

Liuyi Instrument Factory, Beijing, China) (Figure 1). The CaCl2 agarose gel and the Na2HPO4 136 

agarose gel are put into the two sides of the tube separated by the etched dentine slice. The tube 137 

was then connected to the plastic cells. Electrodes were set into the bottom of the cells, which 138 

were filled with 0.9% NaCl solution to enhance the electrical conductivity. The electric current 139 

was maintained constant at 20 mA during electrophoresis. The gels and NaCl solution were 140 

refreshed every 2 hours which was defined as a cycle of mineralisation. The dentin slice was 141 

cleaned ultrasonically for 2 min after each cycle. The sample was taken out after 2, 4 and 6 142 

cycles for assessment and characterization. 143 

 144 

2.4.  Characterizing the dentine slices after remineralization 145 

2.4.1.  XRD and FTIR evaluation of the composition and structure of the remineralized 146 

dentin surface 147 

The composition of precipitates formed on the etched dentin slice after 6 cycles of 148 

mineralization was evaluated by X-ray diffraction (XRD) (X'Pert Pro, Philips Almelo, 149 

Netherlands), and diffuse-reflection Fourier transform infrared spectroscopy (DR-FTIR) 150 

(Nicolet 8700, Thermo Scientific Instrument Co, Friars Drive Hudson, NH, USA). For 151 

comparison, dentin slice without acid-etching and acid-etched dentin slice without 152 

electrophoresis were studied as control. 153 

 154 

2.4.2.  SEM evaluation of the morphology and location of the precipitated HA crystals 155 

 The dentin slices were dehydrated with a series of ethanol and dried in a critical-point 156 

evaporator before sputter-coated with gold for SEM analysis. The morphology and site of the 157 
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precipitates were evaluated by field emission scanning electron microscopy (FE-SEM, Sirion 158 

200, FEI Co, Hillsboro, OR, USA, or S4800, Hitachi High Technologies America, Inc., Dallas, 159 

USA). 160 

 161 

2.4.3.  TEM evaluation of intrafibrillar mineralization formation 162 

 The surface of the dentin slice after 4 cycles of mineralization and acid-etched dentin 163 

slice without remineralization was scratched using a probe and the crumbs collected were 164 

smeared onto a copper grid for analysis with transmission electron microscopy (TEM) (Tecnai 165 

G2 20, FEI Co., Hillsboro, OR, USA). Bright-field and selected area electron diffraction 166 

(SAED) modes were used with no staining preparation. 167 

 168 

3.  RESULTS 169 

3.1.  XRD and FTIR evaluation of the composition and structure of the remineralized 170 

dentin surface 171 

 XRD spectra confirmed that the precipitates on the dentin slices were HA. Spectrum (a) 172 

in Figure 2 shows XRD patterns of the crystals grown on the dentin surface after 6 cycles of 173 

mineralization in the agarose hydrogel microenvironment aided by electrophoresis. The 174 

diffraction peaks (002) at 2θ=25.8, (211) at 2θ=31.9, (112) at 2θ=32.3, and (300) at 2θ=33.0 175 

corresponded well to the expected peaks for HA. The ratio of the diffraction intensity of the c-176 

axis (002) reflection to the diffraction intensity of the a-axis (300) reflection in the slice treated 177 

with electrophoresis was considerably greater than that of the slice without acid-etching 178 

(spectrum b). The result suggested that the HA precipitates were oriented along its c-axis. 179 

Distinct diffraction peaks around 2θ = 31.9 to 33.0 could be identified in the spectrum 180 

indicating the good crystallinity of the HA. These diffraction peaks were difficult to identify in 181 

spectrum of acid-etched or untreated dentin specimens. These findings were consistent with 182 

the observations in the SEM as shown in Figure 5. 183 

 184 

 The FTIR analysis demonstrated compositional change on the dentin surface after 185 

mineralization (Figure 3). The FTIR spectrum of the acid-etched dentin surface (c – blue line) 186 
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was characterized by the peaks corresponding to collagen and few HA peaks were observed 187 

before mineralization. The peaks at approximately 1633 cm-1 and 1528 cm-1 represented amide 188 

I and amide II contributed by dentin collagen matrix, respectively. In contrast, the FTIR 189 

spectrum of the remineralized dentin surface was characterized predominantly by HA peaks 190 

(a- red line). Few collagen peaks were visible. A distinct −PO4 band in the FTIR spectra of the 191 

remineralized slices showed remarkable P−O splitting asymmetric stretching (υ3) at 1050 (υ3−1) 192 

cm−1 and 1110 (υ3−2) cm−1, and P−O splitting bending (υ4) at 604 (υ4−1) cm−1 and 569 (υ4−2) 193 

cm−1. The intensities of the amide peaks corresponding to amide I and amide II were 194 

significantly reduced.  195 

 196 

  Regarding the FTIR spectrum of the dentin surface without acid-etching (b- black line), 197 

the –PO4 band peaks was present in relative weak and vague appearance comparing to the 198 

remineralized samples. It suggested that the size of HA crystal was smaller, and the crystallinity 199 

was lower than of the precipitate HA. The observation was also corresponded well to the XRD 200 

spectrum. The intensities of the amide peaks were reduced in the spectrum of the dentin 201 

exposed to the mineralization system. The intensity of the PO4 band was enhanced compared 202 

with the spectrum of acid-etched dentin. These differences indicated that more HA were 203 

deposited on the collagen fiber surface after electrophoresis. 204 

 205 

3.2.  SEM evaluation of the morphology and location of the precipitated HA crystals 206 

3.2.1  Enamel-like tissue forming on dentin surface 207 

 SEM evaluation of the acid-etching dentin slice surface showed that the dentin collagen 208 

fibers were demineralized and the collagen matrix was exposed (Figure 4a). The dentinal 209 

tubules on the dentine surface became patent after acid-etching. The diameter of the dentinal 210 

tubule in the demineralized dentin was enlarged (Figure 4b). The zone of demineralization was 211 

approximately 5 μm in depth. In contrast, needle-shaped HA crystals were observed on the 212 

remineralized dentin slices. The needle-shaped HA crystals grew with time from the dentin 213 

surface and the wall of dentinal tubule, and they gradually covered the dentinal tubules. The 214 

needle-shaped HA crystals were densely packed together after 6 cycles of mineralization. They 215 

completely covered the underlining dentin tissue and the dentinal tubules (Figure 4 c to h). The 216 
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densely packed HA crystals shared the same orientation with their crystallographic c axis 217 

parallel to each other; and they were perpendicular to the dentin surface to form enamel-like 218 

structure (Figure 4 i and j). 219 

 220 

 Viewing from the transverse sections of the remineralized dentin slices, the dentinal 221 

tubules were gradually occluded by the precipitated HA crystals (d, f, h in Figure 4 and a, b in 222 

Figure 5). The dentinal tubules were occluded by the densely packed HA crystals after 6 cycles 223 

of mineralization. The precipitated HA crystals grew and became densely packed together to 224 

form bulk material. Some walls of the dentinal tubules were torn away during the process of 225 

preparing the transverse section samples. 226 

 227 

 Dentin collagen fibers are normally embedded and protected by HA (Figure 6 a). The 228 

HA can be removed and the dentin collagen fibers be exposed after acid-etching (Figure 6b). 229 

In this study, the demineralized dentin collagen matrix was remineralized and there was 230 

regeneration of the dentin microstructure of the calcified dentin collagen matrix after 2 cycles 231 

of mineralization (Figure 6 c) and resembling the natural dentin. Furthermore, the 232 

demineralized dentin collagen matrix was remineralized with intrafibrillar and interfibrillar HA 233 

formation (Figure 6 d, e and f). In some areas, the collagen fibers were remineralized with 234 

nano-HA particles precipitating along the collagen fibers to form a “string of beads” 235 

appearance, which corroborated intrafibrillar mineralization (Black arrow in Figure 6 d and f). 236 

The intrafibrillar mineralization was confirmed with the subsequent TEM examination.  237 

 238 

 Interfibrillar HA crystals were also formed with substantial mineralization. The spaces 239 

between the collagen fibrils were occupied by nano-crystals embedded between the collagen 240 

fibrils. A “corn-on-the-cob” appearance was found in some regions and finally making the 241 

collagen fibrils difficult to identify with the formation of interfibrillar HA (White arrow in 242 

Figure 6 d, e and f). A tight junction was observed at the interface between the precipitates in 243 

the dentinal tubules and the wall of the dentinal tubules (Figure 7). The precipitated HA 244 

particles were densely packed and adhered to the surface of the dentinal tubules.  245 

 246 
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3.3.  TEM evaluation of intrafibrillar mineralization formation 247 

 The TEM bright-field micrographs showed remineralized dentin collagen fibrils after 248 

6 cycles of mineralization (Figure 8a). The fibrils showed dark contrast, some discrete electron-249 

dense islands, and some areas where the collagen fibrils were difficult to distinguish. The 250 

samples were not stained with phosphotungstic acid or any other electron-dense substance and 251 

these observations suggest the collagen fibrils were highly mineralized. Intrafibrillar 252 

mineralization of the collagen fibrils as well as interfibrillar mineralization of the matrix 253 

adjacent to the fibrils was found in the electron-dense images (Figure 8 b). SAED pattern of 254 

the precipitates revealed discrete string-like patterns that were characteristic of HA (Figure 8 255 

c) The EDS spectrum shows presence of calcium, phosphate, and oxygen in the remineralized 256 

collagen fibrils (Figure 8 d). In contrast, the TEM micrograph of dentin collagen fibrin in 257 

demineralized dentin was hazy and indistinct (Figure 8e). There is no arch or ring image in 258 

SAED pattern (Figure 8 f).  259 

 260 

4.  DISCUSSION 261 

4.1  The contribution of electric field to the regeneration of tooth-like tissue structure in 262 

the agarose hydrogel model  263 

 Collagen fibrils are the basic building blocks of mineralized dentin. It is therefore 264 

essential to understand its role in biomineralization. However, the function of collagen in the 265 

mechanism of hard tissues biomineralization remains unclear. Studies reported that the 266 

collagen matrix can serve as a scaffold for crystal deposition although it does not have the 267 

capacity to induce matrix-specific mineral formation from metastable calcium phosphate 268 

solutions.32, 33 As a result, much attention has been paid to the non-collagenous proteins 269 

(NCPs), which have a high affinity for calcium ions and collagen fibrils. Moreover, NCPs are 270 

responsible for regulating the nucleation and growth of the mineral phase in mineralized hard 271 

tissues. Many studies have focused on investigating the promoting effects of biomimetic 272 

analogs of NCPs on crystal nucleation and crystal growth.14, 16, 24, 34, 35 Several in vitro studies 273 

have demonstrated that ordered mineralization of apatite inside collagen fibrils is impossible 274 

without biomimetic analog additives.36, 37 On the other hand, some in vitro studies showed that 275 
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type I collagen can initiate and orientate the growth of carbonated apatite mineral in the absence 276 

of any other extracellular matrix molecules from vertebrate calcified tissues. Furthermore, 277 

collagen matrix can influence the structural characteristics at the atomic scale and control the 278 

size and the three-dimensional distribution of apatite at larger length scales.37, 38 In this study, 279 

a novel electrophoresis-aided biomineralization system is successfully developed t to induce 280 

dentin matrix remineralization without biomimetic NCP analogs. Results of SEM showed that 281 

the precipitated particles were regularly and homogenously distributed along the collagen 282 

fibrils in a “string of beads” structure in the dentin collagen matrix. This observation suggested 283 

the intrafibrillar mineralization of the dentin collagen matrix. Intrafibrillar mineralization could 284 

also be identified with TEM. 285 

 286 

 Furthermore, there was substantial mineral growth exhibiting a ‘‘corn-on-the-cob’’ 287 

appearance due to the connections between the remineralized collagen fibrils. This pattern 288 

suggested interfibrillar mineralization. It is suggested that the intrafibrillar mineralization 289 

might act as apatite seed crystallites to facilitate the growth of nano-crystals along the collagen 290 

fibril, resulting in ongoing mineral buildup on the exterior and the formation of interfibrillar 291 

mineralization. The HA nano-crystals grew and became connected to the mineralized 292 

intrafibrillar collagen fibrils. Our previous study showed agarose gel loaded with calcium and 293 

phosphate ions alone was not able to induce interfibrillar mineralization.7 The function of the 294 

electric current in inducing the formation of interfibrillar mineralization is important in this 295 

electrophoresis-aided biomineralization system. 296 

 297 

 There are several advantages of the electrophoresis-aided biomineralization system. 298 

Firstly, hard tissue mineralization naturally occurs under a unique gel-like organic matrix. To 299 

mimic the gel-like microenvironment, a hydrogel-based biomimetic mineralization model 300 

using agarose gel loaded with calcium and phosphate ions was developed. The mode of crystal 301 

growth is different than that in aqueous solutions in the gel-like micro-environment. The 302 

physio-chemical nature of the gel-like micro-environment is more realistically mimics the 303 

unique mineralized tissue matrix environment than that of the aqueous solutions.  304 

 305 
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 Numerous pores with diameter in the range of nanometer to micrometer are present in 306 

hydrogel. The porous structure of hydrogel allows diffusion of the crystallization solution in 307 

and out of the scaffold; and the pores act as the compartmentalized areas to regulate the 308 

nucleation and growth of the mineral phase in mineralizing process. The property of agarose 309 

hydrogel also make it favorable as biomimetic mineralization templates.39 The restricted space 310 

in the gel network may entail a uniform and controllable size and structure on the precipitated 311 

HA. Our pervious study demonstrated that nanoscale, complex amorphous calcium phosphate 312 

precursors could be formed in the agarose hydrogel.40 Kamitakahara et al. reported that the size 313 

of the HA granules could be controlled by the concentration of the hydrogel.41 314 

 315 

 Secondly, applying an electric field has a critical role in promoting the 316 

bioremineralization. The current accelerates the speed of migration of the calcium and 317 

phosphate ions in the agarose hydrogel. Moreover it can impose a specific direction of ions 318 

migration. Calcium and phosphate can be directed to flow easily in hydrogel.29, 30, 41 In this 319 

electrophoresis-aided biomineralization system, the rate of mineral deposition on dentine slice 320 

is faster than that with traditional diffusion system. A ‘cloud’ of white suspension was formed 321 

in the agarose hydrogel after the current was applied (Figure 9).  It became larger and denser 322 

with time, and reached its maximum size after 2 hours. In this study, the hydrogel was refreshed 323 

every 2 hours which was defined as a cycle of mineralisation. 324 

 325 

  Watanabe and Akashi found that electrophoresis could be used to precipitate HA in an 326 

agarose gel to obtain a HA/agarose composite, and complete mineral formation was achieved 327 

in only 30 minutes when the electrophoresis was performed at 100 volts. They also 328 

demonstrated the precipitation of HA was accelerated by electrophoresis. The linear velocity 329 

of mineralizing areas was shown to be approximately 15 times greater than that of simple 330 

diffusion.29 The electric current in the hydrogel enhanced movement of calcium and phosphate 331 

ions or mineral precursors to ‘get in touch with’ the collagen matrix. Therefore it not only 332 

facilitates intrafibrillar and interfibrillar mineralization, but also remineralization of peritubular 333 

and intertubular dentin collagen matrix. This may be the reason for inducing intrafibrillar and 334 

interfibrillar mineralization without adding NCPs or NCP analogs. In this study, the results 335 
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corroborates that electrophoresis fosters the induction of intrafibrillar and interfibrillar 336 

mineralization and to accelerating the speed of remineralization. Furthermore, precipitation of 337 

HA was uneven on the dentin surface and the rate of precipitation varied in at different areas 338 

of the dentin slice. This might be due to variation of the electric resistance in different areas of 339 

the dentin slice, and thus the electric current varied at different areas of the slice. As a result, 340 

the concentration of calcium and phosphate were not the same at different areas of the slice. 341 

Pilot study was performed in this electrophoresis-aided calcium and phosphate hydrogel 342 

system and the results showed that 20 mA is adequate for the electrophoresis. Increasing the 343 

amount of electric current applied in the system had no significant change in both the rate of 344 

HA precipitation and morphology of the precipitates.  345 

 346 

4.2  The ideal self-healing strategy for dentin   347 

 Dentine hypersensitivity is becoming more prevalent among patients and erosive wear 348 

is now an important clinical condition for clinician to manage.42,43 This study provides an 349 

alternative strategy through biomimetic mineralization for clinical management of non-carious 350 

tooth loss with exposure of dentin. Exposing dentin of a tooth to acidic food and beverage 351 

causes dentin demineralization. The loss of HA would expose the dentin organic matrix (which 352 

composed mainly of type I collagen) to the oral environment and therefore results in breakdown 353 

of the collagen fibrils. As above mentioned, calcified collagen fibrils, especially the 354 

intrafibrillar mineralization of collagen fibrils, are responsible for the biomechanical properties 355 

of dentin and protecting collagen fibers from degradation.42,13 Thus, through remineralizing the 356 

collagen fibrils to regenerate the dentin microstructure, this strategy  should have great 357 

significance in clinical management. In this study, demineralized collagen matrix was 358 

remineralized with the formation of intrafibrillar and interfibrillar HA crystallites, resulting in 359 

the duplication of the dentin microstructure containing calcified collagen fibrils. 360 

 361 

 Exposing dentin to the oral environment often causes dentin hypersensitivity. 362 

Numerous pores which are openings of dentinal tubules are found on dentin surface. Local 363 

environment changes, such as temperature, pressure, osmolality, and chemical agents, cause 364 

movement of fluids in the dentinal tubules. This would stimulate the underlying nerves 365 
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surrounding the odontoblasts in dental pulp and give rise to pain, as postulated in the 366 

hydrodynamic theory. A common strategy to manage dentin hypersensitivity is to occlude the 367 

openings of dentinal tubules using dentin bonding agents, desensitizing toothpastes, laser 368 

therapy and even dental restoration.43 However, these treatments have their considerable 369 

limitations.44 Using this novel electrophoresis-aided biomineralization system, the HA 370 

precipitates almost completely occluded the dentinal tubules. In addition, the HA precipitates 371 

grew from the walls of the dentinal tubules and probably firmly adhere to the dentinal tubules. 372 

The precipitates also have the similar crystal structure to that of the natural tooth, and 373 

conceivably a similar coefficient of expansion. This is a favorable factor that contributes to its 374 

longevity of adhesion of the HA precipitate to dentin. 375 

 376 

 Natural dentin is covered by a layer of enamel or cementum which provides protection 377 

of the dentin-pulp complex from external stimuli or assaults. In this study, we successfully 378 

regenerated a layer of enamel-like tissue that grew from the remineralized dentin collagen 379 

matrix. There are few studies in the literature reporting the regeneration of enamel-like tissue 380 

from remineralized dentin collagen matrix. Through this mineralizing protocol, we are able to 381 

regenerate dentin microstructure of calcified collagen matrix, occlude the dentinal tubules, and 382 

create a layer of enamel-like tissue to cover the remineralized dentin surface. Furthermore, this 383 

novel electrophoresis-aided biomineralization system make use of electric current to shorten 384 

the time required for the HA precipitation. Further studies can be conducted to utilize this 385 

strategy for clinical management of dentin hypersensitivity. 386 

 387 

5. CONCLUSION 388 

  A novel system utilizing electrophoresis to facilitate biomineralization system was 389 

successfully developed. This electrophoresis-aided biomineralization system contains calcium 390 

and phosphate-loaded agarose hydrogels without the addition of biomimetic NCP analogs. The 391 

system can induce remineralization of the dentin collagen matrix by formation of intrafibrillar 392 

and interfibrillar HA crystallites to generate dentin microstructure of calcified collagen fibrils. 393 

The HA crystals formed occludes the dentinal tubules. This novel electrophoresis-aided 394 
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biomineralization system regenerates enamel-like tissue on the dentin surface, and thus can be 395 

a good strategy to treat dentin defects and manage dentin hypersensitivity. 396 
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Figure 1. Schematic diagram of the electrophoresis aided calcium and phosphate 487 

hydrogel system 488 

 489 

 490 
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Figure 2. XRD spectrum of the precipitates on dentin after 6 cycles of mineralization 492 

Precipitates from (a – red line) electrophoresis, (b – black line) dentin without acid-etching, 493 

and (c – blue line) acid-etched dentin. 494 

 495 

 496 

  497 



22 
 

Figure 3. FTIR spectrum of the precipitates on dentin after 6 cycles of mineralization 498 

Precipitates from (a – red line) electrophoresis, (b – black line) dentin without acid-etching, 499 

and (c – blue line) acid-etched dentin. 500 

 501 

 502 
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Figure 4. SEM micrographs of the remineralized dentin slices 504 

(a, b) are dentin structures after acid-etching with 37% H3PO4 for 30s. (c, d), (e, f) and (g, h) 505 

are the samples of remineralization after 2, 4 and 6 mineralizing cycles, respectively. (b), (d), 506 

(f) and (h) are the cross-sectional views of the samples of (a), (c), (e) and (g) respectively. (i) 507 

- enamel after acid-etching with 37% H3PO4 for 30s showing the HA crystals with their c axis 508 

parallel to each other. (j) - the magnification of (g) showing the precipitated HA crystals 509 

orientation similar to (i). The micrographs showed needle-shaped HA crystals grew from the 510 

dentin surface and the wall of dentinal tubule, and gradually covered the dentinal surface and 511 

tubules to form enamel-like tissue. 512 
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Figure 5. Dentin remineralization with occlusion of dentinal tubules 516 

(a) and (b) - cross sections of the dentin slices after 2 and 6 mineralization cycles, respectively. 517 

(c) - magnified area of (b). (d) - natural dentinal tubule structure for comparison. Part of the 518 

wall of the dentinal tubules was torn away during preparation of the transverse section 519 

samples, and this suggested that the precipitated HA adhered firmly to the dentin structure 520 

(Figure 5 b). 521 
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Figure 6. Dentin slices in cross-sections 523 

(a) - natural dentin (b) – demineralized dentin collagen matrix after acid-etching. (c) - 524 

remineralized dentin collagen matrix after 2 cycles of remineralization. (d), (e) and (f) -525 

remineralized collagen matrix showing the formation of intrafibrillar and interfibrillar HA in high 526 

magnification. The demineralized dentin collagen matrix was remineralized with the formation 527 

of intrafibrillar (black arrow) and interfibrillar HA (white arrow) to regenerate dentin 528 

microstructure. 529 
 530 
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Figure 7. SEM micrographs showing interface between precipitates and the wall of the 533 

dentinal tubules of a remineralized dentin slice 534 

(a) - remineralized dentin in cross-section. (b) – a magnified region of (a). (c) - the 535 
rectangular area of (b). (d) - the oval area of (b). The five-point star indicates remineralized 536 
dentin collagen matrix, the triangle star indicates precipitates in the dentinal tubules, and 537 
quadrangular star indicates precipitates on remineralized dentin collagen matrix surface. The 538 
interface of the HA precipitates and the underlying remineralized dentin was hardly 539 
distinguished (b, d), suggesting tight and strong binding of the precipitated HA crystals to 540 
dentin. 541 
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Figure 8. TEM micrographs of unstained remineralized dentin collagen fibrils 545 

(a) - TEM bright-field micrograph of remineralized dentin collagen fibrils. (b) – magnified view 546 

of (a). (c) - SAED pattern of remineralized dentin collagen fibrils. (d) EDS spectra of 547 

remineralized dentin collagen fibrils. (e) TEM bright-field micrograph on demineralized dentin 548 

collagen fibrils of acid-etched dentin. (f) - SAED pattern of the demineralized dentin collagen 549 

fibrils. 550 
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Figure 9. Deposits formed on the dentin slice with time 554 
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Figure10. The schematic diagram of the natural tooth structure and the regeneration of 556 

enamel prism-like tissue on demineralized dentin 557 
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