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Abstract

Failure of dental composite restorations is primarily due to recurrent decay at the tooth–composite 

interface. At this interface, the adhesive and its bond with dentin is the barrier between the restored 

tooth and the oral environment. In vivo degradation of the bond formed at the adhesive/dentin (a/d) 

interface follows a cascade of events leading to weakening of the composite restoration. Here, a 

peptide-based approach is developed to mineralize deficient dentin matrices at the a/d interface. 

Peptides that have an inherent capacity to self-assemble on dentin and to induce calcium–

phosphate remineralization are anchored at the interface. Distribution of adhesive, collagen, and 

mineral is analyzed using micro-Raman spectroscopy and fluorescence microscopy. The analysis 

demonstrates remineralization of the deficient dentin matrices achieved throughout the interface 

with homogeneous distribution of mineral. The peptide-based remineralization demonstrated here 

can be an enabling technology to design integrated biomaterial–tissue interfaces.
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1. Introduction

Resin-based composite is the most popular material for direct restorative dentistry, but the 

clinical lifetime of composite restorations may be limited to 5.7 years[1–3] and patients at 

highest risk for decay are particularly vulnerable to early failure.[1,4] The primary reason 

composite restorations fail is recurrent caries, i.e., carious lesions on the margins of existing 

restorations.[5] The margins between the composite material and tooth structure are marked 

by deficiencies and discrepancies. These marginal defects are clear evidence that there is not 

an effective seal at the composite/tooth interface.

The viscous composite material is not bonded directly to the tooth—a low-viscosity 

adhesive is used to connect the composite to the tooth (enamel and dentin). Adhesive 

bonding to enamel has been successful, but a variety of factors lead to failure of the bond 

between adhesive and dentin. These factors include endogenous enzymes, e.g., matrix 

metalloproteinases that degrade exposed demineralized dentin; bacterial and salivary 

enzymes degrade the adhesive; chemical as well as enzymatic hydrolysis degrades the 

adhesive/dentin (a/d) bond.[6] Bacteria penetrate the degraded interface, cariogenic plaque 

accumulates within the exposed, demineralized dentin, and decay is unavoidable, as 

demonstrated by clinical studies.[7–10]

The fundamental processes involved in bonding an adhesive to dentin are removal of the 

mineral phase without altering the collagen and filling the voids left by the mineral with 

adhesive that undergoes complete in situ polymerization. The demineralized dentin collagen 

that is infiltrated and reinforced by adhesive is known as the hybrid layer. The hybrid layer 

has been called the weakest link in the adhesive–dentin bond.[7] Indeed, failure of the a/d 

bond occurs via fracture through the resin tags as well as through the hybrid layer.[11,12] The 
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relationship of the a/d bond to the hybrid layer is shown in Scheme 1. As noted in this 

figure, adhesive infiltration decreases toward the dentin matrix portion of the hybrid layer.

Establishing and maintaining the integrity of the a/d bond has been a formidable challenge. 

Failure of this bond has been a major contributor to the limited clinical lifetime of composite 

restorations. Peptide-mediated remineralization of deficient dentin matrices within the a/d 

interface offers promise as a viable solution to this problem. The remineralized matrices 

could provide critical integrity to the a/d interface; they could offer interfacial integration. 

The remineralized matrices could reinforce the a/d interfacial bond and the ability of this 

bond to act as a barrier between the repaired tooth and the oral environment.

Proteins that mediate biomineralization events offer a guide for understanding how to 

manipulate the deposition of calcium phosphate compounds to treat mineralized tissues. 

They contribute to regulation of the balance between ionic saturation and mineral 

precipitation by providing spatial and temporal control of ion transport to the mineralization 

front.[13–16] They can also template the nucleation and growth processes by acting as 

heterogeneous nucleation sites or by specific interactions with the crystal surface. For 

example, dentin matrix protein (DMP) 1 plays an important role in mineralized tissue 

formation by initiation of nucleation through stabilization of calcium and phosphate ions in 

solution.[17] These prenucleation clusters may result in formation of amorphous calcium 

phosphate following crystal growth in the intrafibrillar gap zones of collagen 

molecules.[18–20] Similarly, amelogenin, a protein found in developing tooth enamel, 

regulates initiation and growth of hydroxyapatite crystals during mineralization of 

enamel.[21–23]

Although several proteins are related to biomineralization, utilization of these proteins in 

tissue repair can be daunting due to the complexity of events and the number of proteins that 

are involved in the process.[24,25] The relatively shorter peptide sequences that mimic the 

role of natural proteins may allow for better control. Our group has been investigating 

biocombinatorially selected peptides that have specific affinities to minerals.[16,26,27] We 

have identified peptides that are specific to hydroxyapatite mineral and demonstrated that 

these peptides mediate amorphous calcium phosphate mineralization.[16] We also 

demonstrated that hydroxyapatite specific peptides when coupled with another peptide 

having gel forming property result in biological-like apatite formation in the peptide-

hydrogel matrix.[16,28] Using hydroxyapatite specific peptides, we next designed amelogenin 

protein-derived peptides that promote rapid nucleation of calcium/phosphate to remineralize 

artificial root caries in vitro.[15] Recently, DMP-derived peptides that bind to collagen were 

demonstrated to promote remineralization of human dentin.[29] A collagen/calcium dual-

affinitive peptide having a high affinity for dentin collagen matrix was shown to seal dentin 

tubules.[30]

We have fused hydroxyapatite binding peptide (HABP) to N-terminus of a green 

fluorescence protein variant (GFPuv) to produce GFPuv–HABP chimeric protein. GFPuv–

HABP has been characterized and demonstrated as a fluorescence probe to mark 

biomineralized materials and tissues.[31] GFPuv–HABP has also been incorporated into 

binary blend fibers to obtain bioactive shape memory fibers.[32]
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Given that these peptides, which are biocombinatorially selected or computationally derived 

from natural proteins, recognize and bind to different biominerals, in this work we explored 

the inherent capability of a peptide-based approach to design an integrated material–tissue 

interface. An engineered hydroxyapatite specific peptide was utilized to remineralize 

deficient dentin matrices by self-anchoring the peptide to the a/d interface (Scheme 1). Our 

results demonstrate, for the first time, that a peptide-mediated approach resulted in extensive 

remineralization throughout the a/d interface, a major step toward preventing recurrent decay 

at the margins of composite restorations.

2. Experimental Section

2.1. Materials

2,2-Bis[4-(2-hydroxy-3-methacryloxypropoxy)phenyl]propane (BisGMA) and 2-

hydroxyethyl methacrylate (HEMA) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA) and used without further purification as comonomers. Camphorquinone (CQ), ethyl-4-

(dimethylamino)benzoate (EDMAB), and diphenyliodonium hexafluorophosphate (DPIHP) 

were obtained from Sigma-Aldrich (St. Louis, MO). All other chemicals were reagent grade 

and used without further purification.

2.2. Preparation of Adhesive/Dentin Specimens

The a/d interface specimens were prepared using published protocols.[7,33] Three extracted 

unerupted human third molars, stored at 4 °C in 0.9% w/v NaCl containing 0.002% sodium 

azide, were used. The occlusal 1/3 of the crown was sectioned perpendicular to the long axis 

of a molar. The exposed dentin surface was etched for 60 s with 35% phosphoric acid, rinsed 

with water and excess superficial water was removed. The protocol was not identical to 

clinical treatment. Particularly, challenging experimental conditions were chosen for this 

model system as the shorter etching time would likely lead to modest demineralization. With 

the longer etching time, extensive demineralization of the dentin was achieved. The adhesive 

formulation, which is a mimic of commercial dentin adhesives, consisted of HEMA and 

BisGMA 45/55 wt% and three-component photoinitiator system, i.e., CQ (0.5 mol%), 

EDMAB (0.5 mol%), and DPIHP (1.0 mass%). Additionally, adhesive composition 

contained 20 mass% ethanol.[34–36] Consecutive coats of adhesive were applied, 

polymerized by visible light and the specimens were dark-cured for 48 h. The treated dentin 

surfaces were sectioned perpendicular and parallel to the bonded surface. The resultant a/d 

interface specimens were characterized using micro-Raman spectroscopy (μRS). The 

specimens were remineralized using the protocol described in Section 2.3.

2.3. Remineralization Studies

HABP coupled to GFP was absorbed on the a/d interface. The HABP with a sequence of 

CMLPHHGAC was previously selected using phage display protocols. By using a GFP 

derivative (GFPuv) as a tag, HABP was engineered as a bifunctional fluorescent probe. The 

remineralization reaction was initiated by an alkaline phosphatase (AP, Thermo Scientific) at 

a final concentration of 1.4 × 10−6 g mL−1. In this reaction, AP hydrolyzes the organic 

phosphate compound to PO4
−3. The mineralization solution (2×) was prepared using 48 × 

10−3 M CaCl2 and 28.8 × 10−3 M β-glycerophosphate in 50 × 10−3 M Tris-HCl buffer. The 

Ye et al. Page 4

Macromol Mater Eng. Author manuscript; available in PMC 2017 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tooth sample was incubated with 400 × 10−6 M GFP–HABP protein, mineralization solution 

and AP for 24 h at 37 °C with continuous shaking at 100 rpm. Following the completion of 

the reaction, the samples were washed with sterile water for 1 h, dried, and examined using 

fluorescent microscopy and μRS.

2.4. Characterization of Specimen

The a/d interface specimens were imaged using μRS to determine the distribution of 

adhesive, collagen, and mineral based on the representative molecular groups. A LabRAM 

ARAMIS Raman spectrometer (LabRAM HORIBA Jobin Yvon, Edison, NY) was used with 

an HeNe laser (λ = 633 nm, a laser power of 17 mW) as an excitation source. The 

instrument parameters were: 200 μm confocal hole, 150 μm wide entrance slit, 600 g mm−1 

grating, and 100× objective Olympus lens. The samples were mounted on a computer-

controlled, high-precision x–y stage, and Raman spectra were acquired over a range of 700–

1800 cm−1. Processing of the Raman spectral data was performed using LabSPEC 5 

software (HORIBA Jobin Yvon, Edison, NJ).

Following initial μRS analysis, the exposed a/d interface was treated for 20 s with 5% 

NaOCl followed by 5 N HCl for 30 min. After this treatment, the a/d specimens were 

functionalized by GFP–HABP by simply dipping into protein suspension allowing HABP to 

self-anchor. The excess protein was removed by washing. Remineralized samples were 

monitored using a fluorescence microscope equipped with a 4× objective on a plate reader 

(Cytation3, BioTek, Winooski, VT, USA). The remineralized samples were also analyzed 

using μRS.

3. Results and Discussion

The prepared specimens were composed of dentin bonded with adhesive. These specimens 

were cut, as described above, to provide a/d interface samples that were treated with HABP. 

The peptide was coupled with a GFP–HABP to facilitate our ability to monitor the peptide 

during fluorescent microscopic imaging of the samples. The peptide has an inherent capacity 

to self-assemble on dentin and to induce remineralization of defective dentin matrices at the 

a/d interface. Micro-Raman spectroscopic imaging was used to analyze the molecular 

structure and to determine the distribution of adhesive, collagen and mineral across the a/d 

interface before and after remineralization.

The HABP peptide was selected biocombinatorially using a phage display library and the 

peptide demonstrated distinctive ability to induce mineralization with morphological 

control.[16] In previous studies, we demonstrated that the HABP peptides genetically 

engineered to couple with GFPuv eased the monitoring of the selective binding abilities of 

peptide on different biomineral and calcium phosphate coated implant materials.[31,37] Here 

the peptides coupled with GFP were anchored at the a/d interface by simply dipping the 

prepared specimens into the protein solution. Samples were washed extensively to remove 

excessive protein on the specimens. Remineralization is initiated using enzyme-based assay 

mimicking biological systems by incorporating alkaline phosphatase enzyme. Here enzyme-

based mineralization offers control of the kinetics by controlling the phosphate ion release 

from the organic phosphate source cleaved by alkaline phosphatase.[18] Figure 1 shows the 
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prepared a/d specimens prior to and after etching (Figure 1a–c). The fluorescence protein 

assembly on the samples (Figure 1d) provided to monitor the homogeneous protein coverage 

and remineralization of the samples (Figure 1e–h).

The molecular structure of the a/d interface specimens was determined using confocal 

micro-Raman microspectroscopy. The Raman spectrum provides a “fingerprint” of the 

molecules present within the a/d interface. The technique can be used for both qualitative 

and quantitative determination. For example, the representative Raman spectrum of dentin 

(Scheme 1) reveals features associated with the mineral and collagen matrix. The Raman 

spectral features at 962 and 1070 cm−1 are associated with dentin mineral phosphate (PO4
−3) 

and carbonate (CO3
−2), respectively. Spectral features associated with dentin collagen matrix 

are 1671 cm−1 (amide I) and 1464 cm−1 (CH2).

The 2D Raman XY imaging provided a distinctive representation of the distribution of 

adhesive (colored as green) and mineral (colored as red) across the a/d interface (Figure 2a). 

The spectra in the 2D Raman XY image were collected from points on the specimen, which 

are separated by 1 μm. The series of line mapping spectra (Figure 2b) were acquired at 1 μm 

intervals across the original a/d interface. Based on both visual and spectroscopic 

examination, the spectra from position −5 to 5 μm were acquired from pure adhesive. 

Vibrational bands associated with the adhesive and collagen components of dentin are noted 

in the spectra at position 5–15 μm. The relative increase in the intensity of the 962 cm−1 

band (P–O symmetric stretch) at ≈15 μm suggests that this spectrum represents the bottom 

of the demineralized dentin; this conclusion is supported by our previous publications.[38,39] 

Following the initial μRS analysis, the exposed a/d interface was treated with NaOCl 

followed by HCl demineralization. The extent of dentin demineralization was determined by 

analyzing the relative intensities of the spectral features associated with mineral and 

collagen (Figure 3a,b). Following treatment of the specimens with HCl, spectral features 

associated with the mineral (e.g., PO4
−2 at 962 cm−1) were absent while the spectral features 

associated with collagen 1671 cm−1 (amide I) and 1464 cm−1 (CH2) were detectable. Raman 

XY imaging confirmed the presence of adhesive (Figure 3a).

Spectral analysis of the specimen following peptide-mediated remineralization demonstrated 

a major increase in the intensity of the peak at 962 cm−1. This increase confirms the 

presence of the P–O group at the a/d interface (Figure 3c,d). Raman XY imaging confirms 

the distribution of mineral achieved throughout the a/d interface. Since μRS is 

nondestructive, the specimens were also imaged using fluorescent microscopy. Both 

adhesive and dentin have the fluorescent property following the remineralization reaction 

(Figure 2e,f), confirming GFP–HABP as integral components of the integrated adhesive/

dentin interface. These complementary analyses provide clear evidence of peptide-mediated 

remineralization of deficient dentin matrices at the a/d interface.

4. Conclusions

Recurrent decay at the composite/tooth margin is the primary reason for failure of composite 

restorations. At these vulnerable margins, the adhesive and its bond to dentin can be the 

barrier between the repaired tooth and the surrounding oral environment. A failed adhesive/
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dentin bond means that there are crevices at the composite/tooth margin, pathogens can 

infiltrate these crevices and undermine the composite restoration. The lack of a durable 

adhesive/dentin bond is considered one of the major problems with the use of composites in 

direct restorative dentistry. We addressed this problem using an engineered hydroxyapatite 

specific peptide to remineralize deficient dentin matrices. The peptide, anchored at the 

interface, induced remineralization to provide an integrated adhesive/dentin interfacial bond. 

Our results show, for the first time, a peptide-mediated approach to improve deficiencies at 

the adhesive/dentin interface. This enabling technology could be applicable to a wide range 

of interfacial structures, e.g., biomaterial–tissue interfaces, where integration of dissimilar 

materials is required to restore form and function to tissues damaged by disease, age, or 

trauma.
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Figure 1. 
Representative visible images to show the enlarged region from the adhesive/dentine 

interface. a,b) Original a/d interface. c) Additional etched a/d interface. d) Remineralization 

of the specimen by GFP-HABP. e,f) GFP-HABPs surface coverage by FM analysis. g) 

Extensively washed adhesive/dentin-specimen to remove excessive unbound protein. h) 

Mineralization a/d interface after remineralization.
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Figure 2. 
a) Representative Raman XY imaging of the original a/d interface. b) The treated a/d 

interface specimens were analyzed using μRS and the absence of spectral features associated 

the mineral (PO4
−2 at 962 cm−1) indicates ≈10 μm demineralization.
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Figure 3. 
a) Representative Raman XY imaging and b) the spectral analysis of the a/d interface 

following the additional etch. c) Raman XY imaging and d) the spectral analysis of the a/d 

interface after remineralization. The spectral features associated the mineral (PO4
−2 at 962 

cm−1) show up after the remineralization following the addition etch.
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Scheme 1. 
a) Adhesive/dentin interface - adapted with permission[40] and Raman spectrum of adhesive 

and b) Raman spectrum of dentin.
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