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Abstract

Mammalian teeth primarily consist of two distinct calcified tissues, enamel and dentin, that are
intricately integrated by a complex and critical structure, the dentin-enamel junction (DEJ). Loss
of enamel exposes the underlying dentin, increasing the risk of several irreversible dental diseases.
This paper highlights the significance of utilizing the functional domains of a major enamel matrix
protein, amelogenin, intrinsic to tooth enamel and the DEJ interface, to rationally design smaller
bioinspired peptides for regeneration of tooth microstructures. Using this strategy, we designed a
synthetic peptide, P26, that demonstrates a remarkable dual mineralization potential to restore
incipient enamel decay and mineralization defects localized in peripheral dentin below the DEJ.
As a proof of principle, we demonstrate that interaction between P26 and collagen prompts
peptide self-assembly, followed by mineralization of collagen fibrils /in vitro. P26-mediated
nucleation of hydroxyapatite (HAP) crystals on demineralized dentin /n situ significantly
facilitates the recovery of mineral density and effectively restores the biomechanical properties of
dentin to near-native levels, suggesting that P26-based therapy has promising applications for
treating diverse mineralized tissue defects in the tooth.
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Peptide assembles as spherical nanoparticles aligned closely along the collagen fibrils in vitro

Amelogenin is a prime candidate for the design of bioinspired, self-assembling peptide (P26) with
a distinctive dual biomimetic remineralization in enamel and dentin. P26 assembled into discrete
nanoparticles along collagen fibrils to promote functional remineralization in dentin lesions.
Densely- packed HAP crystals occluded the open tubules, sheathed the exposed collagen fibrils
and enhanced mineral recovery to restore the biological and biomechanical properties of
demineralized dentin.
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1. INTRODUCTION

The biological formation of nanocomposites in mineralized dental tissues such as enamel
and dentin rely on a coordinated series of highly complex macromolecular, cellular and
matrix-mineral interactions that are particularly challenging to mimic. Understanding the
fundamental principles of biomineralization and the organo-mineral spatial interactions at
their interfaces can therefore offer valuable insights into designing bioinspired materials for
the restoration of damaged dental tissues.
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The structure of the mammalian tooth is designed to provide a certain damage tolerance. In
enamel, this is achieved by the hierarchical architectural design of hydroxyapatite (HAP)
crystals (30 nm thick and 60 nm wide) exhibiting a preferred c-axial orientation, packed
within rods (4-8 pm diameter) that are separated by interrod structures.? This confers
biological advantages of extreme hardness and wear resistance to the tooth. On the other
hand, the brittleness of enamel requires the presence of underlying dentin to dissipate and
transmit the occlusal forces. Structurally, dentin is permeated by arrays of small, parallel
dentinal tubules (~1 pm diameter peripherally) in a mineralized collagenous matrix.3 It
constitutes the bulk of the mineralized tissue in the tooth and is vital for the tooth’s overall
high-compression elastic modulus, shear modulus and tensile strength. The vital interface
between the two distinct calcified tissues, the dentin-enamel junction (DEJ), provides a
crack-arrest barrier mechanism that diminishes stress concentration at the crack tip,°
thereby contributing to the fracture toughness of dentin.

In humans, damage to the exterior layer of protective enamel can occur either through the
development of carious lesions or through non-carious cervical lesions (NCCLs) due to
attrition, abrasion, abfraction or dental erosion. These processes expose the dentin at the
DEJ, jeopardizing the integrity of the tooth and the inner vascularized dentin-pulp complex.
Successful restoration of NCCLs is becoming an increasingly important determinant of the
long-term health of the tooth. Such lesions are invariably affected by their location, the
nature of occlusal loading, and tensile or compressive stress distribution patterns, which are
reflected particularly in the cervical areas of the tooth.87

While the biological and functional design principles of dental tissues enable them to
respond to complex stresses as a single unit, traditionally enamel®-16 and dentinl’-1° have
been addressed as separate entities in attempts at their biomimetics. An important novelty of
the present study thus lies in rationally designing a single bioinspired peptide with dual
biomimetic mineralization potential for enamel and dentin repair. Harnessing of peptides
designed in this manner have the potential to restore incipient enamel decay, reinforcing the
tooth against loss of mineral density, tensile strength and mechanical properties as it restores
the circumpulpal dentin near to its native state.

The selection of the major enamel matrix protein; amelogenin, as an archetype for
biomineralization has been well established through several in vitro?%21 and animal studies.
22-26 Amelogenin in enamel and non-collagenous matrix proteins (NCPs) in dentin
influence the organization and growth of HAP crystals during the biomineralization
processes. Proteomic analysis of the DEJ interface in human molars has revealed high
biological activity, predominantly rich in collagen (Type I) and enamel-specific proteins
such as amelogenin and ameloblastin.2”28 Hence, interactions between amelogenin and
collagen fibrils at the DEJ reinforce the functional continuity of the 3D hierarchical micro-
scalloped interface. Recent studies have indicated that collagen fibrils guide the assembly of
amelogenin into organized linear chains and that interactions between the two major
extracellular matrix proteins direct oriented mineral growth, prompting collagen
mineralization.2® The close interactions between these two major macromolecules therefore
deserve attention for their potential applications in dental hard tissue regeneration.
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Successful repair of demineralized dentin requires a complete spatial and hierarchical
relationship between mineral ions, collagen scaffold and the organic NCPs to effectively
induce inter- and intrafibrillar collagen mineralization.3? Diverse strategies have been
implemented to promote surface remineralization of dentin, including fluoride-based
products,3! amorphous calcium-phosphate (ACP)-releasing resins32 and bioactive glasses.
33,34 However, these approaches have failed to promote the mineralization of exposed
collagen fibrils, as seen in intact dentin, which is vital to restoring the biomechanical
properties of the tissue. Innovative remineralization systems have been employed to mimic
the activity of the NCPs in promoting collagen mineralization, such as polymers (PILP),3%:36
biomimetic analogs37—39, polyelectrolyte-directed mineralization??, agarose gels#142and
dendrimers.43:44

We have recently shown that an amelogenin peptide P26 12 includes the apatite-binding and
self-assembly regions, important functional domains that promote the regrowth of multi-
layered oriented HAP nanostructures on the surface of demineralized enamel, integrating
them with the underlying tissue and enhancing mechanical functionl®. Here, we demonstrate
that P26 is uniquely suited for dual enamel-dentin remineralization and repair while co-
assembling with collagen fibrils. The aims of this study were to repair superficial dentin
below the DEJ using P26 and to examine numerous facets of dentin biomineralization
through /n vitro, in situ and functional studies.

We implemented a new generation of peptide-mediated biological strategy for the restoration
of superficial dentin by a) promoting collagen mineralization, b) reinforcing HAP mineral
density in demineralized dentin, c) increasing tensile strength and d) restoring dentin
hardness and modulus to withstand functional challenges in the oral cavity.

2. MATERIALS AND METHODS
2.1. Peptide synthesis.

Peptides P26 12 and Leucine-Rich Amelogenin Peptide (LRAP)1! were synthesized
commercially at ~95.13% purity (CHEMPEPTIDE Limited). Both peptides were
phosphorylated at the N-terminal Ser which is equivalent to the Ser16 on full-length
amelogenin. High-performance liquid chromatography and mass spectrometry were used for
peptide purification and mass determination by the company prior to shipment. For
sequences of P26 and LRAP see references 11 and 12.

2.2. Characterization of secondary structures by circular dichroism.

Samples of P26 (0.2 mg/ mL), Type | collagen (1 mg/mL) and P26-collagen mix were
dissolved in HEPES buffer (10mM) t pH 7.15 and incubated for 30 min at RT. Circular
Dichroism (CD) spectra were collected in high-transparency quartz cuvettes (250 pL) with a
path length of 1 mm and band width of 2 nm at 25 °C in the far UV spectral range (190-260
nm) using a JASCO J-815 circular dichroic spectrometer. Conformational changes in the
secondary structure of the peptide induced by collagen were investigated at physiological pH
by subtracting the spectra of collagen alone.*> All the CD spectra collected were normalized
to mean residual ellipticity (MRE) values.
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2.3. Collagen self-assembly.

Purified Type I collagen solution (3 mg/mL) (Gibco, Life Technologies) from rat tendon
dissolved in 0.1 M acetic acid (pH 3) was kept at 4 °C. A final concentration of 1 mg/ mL
collagen was obtained in 1X PBS buffer (pH 7.8) in 100 pL solution. The initial pH recorded
was ~5.5-6 and was gradually increased to pH 7 by adding 200 MM NaOH in small
increments (0.5-1 pL). A droplet (30 L) of this solution was placed on an inert
polyethylene substrate in a closed chamber and a 400-mesh carbon coated Transmission
Electron Microscopy (TEM) grid (Ted Pella, Inc.) was placed on top of the droplet. The
solution was incubated for 3 h at room temperature (RT). After the incubation, the collagen-
coated grids were taken out of the chamber, washed with double distilled water (DDW),
blotted with a filter paper and air-dried. To analyze self-assembled collagen fibers under
TEM (100 kV, JEOL 4500), the grids were stained with 2% uranyl acetate solution for 5
min, washed and air-dried again.

2.4. Self-assembly of peptide (P26) in the presence of collagen.

Peptide P26 (0.2 mg/mL) was dissolved in DDW and the pH adjusted to 7.2 using NaOH
solution according to a previous protocol.1# Following the protocol for imaging self-
assembly of collagen fibrils,* a droplet of the peptide solution was placed on an inert
polyethylene substrate in a closed chamber and the collagen coated TEM grid (unstained)
was placed on top of this droplet. The sample was incubated for 3 h at RT in a closed
chamber, rinsed, blotted, air-dried and stained with 2% uranyl acetate solution for 5 min for
TEM analysis.

2.5. Collagen-P26 mediated apatite mineralization in vitro.

A mineralizing solution was prepared with and without peptide to get a final concentration
adjusted to pH 7 in DDW (1.67 mM CaCl,.2H,0, 1 mM NayHPQOy, 1.25 mM NaOH and 0.2
mg /mL P26, respectively).29 Droplets of the mineralization solution (30 uL) were placed in
the humidity chamber and the collagen-coated carbon grids were placed on top and
incubated for 1 h and 2.5 h. After incubation, the TEM grids were washed with deionized
water, air-dried and characterized by TEM (200 kV, JEOL 4500). Selected-Area Electron
Diffraction (SAED) of the mineralized collagen fibrils was performed to identify the
presence of mineral phases at 30000x magnification. For each group (with and without P26),
3 TEM grids were analyzed.

2.6. Remineralization of demineralized dentin discs with and without P26.

Caries-free human third molars extracted using standard procedures (Herman Ostrow School
of Dentistry, USC) were used in this study. Remnant soft tissues were removed using a
scalpel and the teeth were rinsed in 70% ethanol to get rid of gross debris. Molars were
sectioned transversally into 2 mm thick discs at the mid-coronal region of the tooth. A
window of sound dentin measuring 2 x 2 mm was delineated by applying two coats of acid-
resistant nail varnish on the tooth surfaces. To mimic carious lesions, the samples were
immersed in a demineralizing solution buffer (2 mM CaCl,-2H,0, 2 mM KH,PO,4, 50 mM
sodium acetate, and 0.05 M acetic acid) at pH 4.6 for 3 days at 37 °C.
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Demineralized dentin discs were dried, divided into P26 treated and control groups (/=6
each), and placed in clean glass vials. Dentin discs for the P26-treated group were immersed
in 100 pL (0.5 mg/mL) of P26 solution and were left undisturbed at RT overnight. All the
discs were then placed in 5 mL of artificial saliva solution (1.2 mM CaCl,-2H,0, 50 mM
HEPES buffer, 0.72 mM KH,POy4, 16 mM KCI, 4.5 mM NH4CI, 0.2 mM MgCl,-6H,0, and
1 ppm NaF) at pH 7.0 and incubated in a water bath at 37 °C for 10 days. Artificial saliva
solution was changed every 24 h to prevent the chance of potential contamination and to
replenish the ions in the solution. Peptide was re-applied on the samples in the P26-treated
group on Day 5 of the remineralization cycle. Control discs were remineralized in artificial
saliva without any pretreatment with peptide.

2.7. Nano-SEM sample preparation for dentin discs.

Remineralized dentin discs were prepared for SEM analysis to study the morphology,
composition and location of the CaP precipitates. To preserve the surface details of dentin
specimens and prevent the collapse of collagen fibrils, the dentin discs were dehydrated with
increasing concentrations of ethanol (10-100% in 10% increments), chemically dried using
HMDS (hexamethyldisilazane) and sputter-coated with a Platinum Palladium mixture at a
weight% ratio of 80/20 for 45 s to be viewed under Field Emission Scanning Electron
Microscopy (FESEM, FEI Nova Nano SEM 450). Element analysis and mineral content was
determined using an energy-dispersive X-ray microanalysis detector coupled to the SEM
(JEOL 7001 SEM-EDX). A 360 um? area was analyzed from each disc with an acquisition
time of 200 s at 10 kV (n7=3).

2.8. Evaluation of gain in mineral density of partially demineralized dentin after P26
treatment using micro-CT (u-CT).

Molar teeth were sectioned as 1.2 = 0.2 mm thick dentin discs obtained 1.5mm above the
Cemento-Enamel Junction (CEJ). Hydrated dentin discs were randomly divided into two
groups: P26-treated and control (7=10). Mineralization experiments were performed as
described in section 2.6. Micro-CT system was calibrated using 250 g/cm?3 and 750 g/cm?3
HAP phantoms (Micro Photonics Allentown, PA, USA) against the attenuation coefficient of
the phantoms. A p-CT scanner (SkyScan 1174 p-CT, Micro Photonics Allentown, PA, USA)
operating at 52 kV, 790 mA, 0.5 mm aluminum beam filter was used. A voxel size resolution
of 9.6 um was selected following optimization experiments that were conducted at varying
resolutions in order to achieve the lowest noise to signal ratio. Each dentin disc (from both
groups) was scanned thrice corresponding to normal, demineralized and remineralized
dentin. The projection dataset obtained through 3D reconstruction using NRecon (software,
version 1.6.9.8; SkyScan Bruker) was viewed on Amira 6.5.0 (Thermo Fisher Scientific).
Representative samples were selected to obtain images of normal, demineralized, P26-
treated and control dentin. 3D reconstructed images were sectioned axially and viewed using
the heatmap setting. The projection dataset was then further analyzed using CTAn (Software
Version 1.6.9.8; SkyScan Bruker) to record quantitative measurements of Bone Mineral
Density (BMD or MD). Paired sample t-tests were carried out in Microsoft Excel between
demineralized dentin MD and remineralized dentin MD in both the P26-treated and control
groups. The significance level was set at 0.05.
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2.9. Evaluation of increase in tensile strength in dentin after P26 treatment.

Transverse dentin sections (0.7 £ 0.2 mm thickness, and 1.4 mm above the CEJ) were
obtained using a low-speed diamond saw under constant water cooling (BUEHLER IsoMet
1000) (Figure S2a, b, Supporting Information). Transverse sections were further prepared
into hour-glass shaped test specimens using a dental handpiece ensuring copious irrigation.
For each sample, an effective test site area of 1 mm?2 was chosen. Tensile strength test
specimens were then divided into 4 groups: normal dentin, demineralized dentin, P26-
treated demineralized dentin, and control (/7=~10-15 per group). All the surfaces other than
the test site area were covered with two coats of acid resistant nail varnish. Demineralization
and remineralization of the test specimens were carried out as described in section 2.6. Prior
to tensile strength testing, varnish coating on the samples was carefully mechanically
removed and the samples were immaobilized on the grips of a Ciucchi’s jig (Figure S2c,
Supporting Information) using cyanoacrylate glue (Scotch, USA). Hydrated test specimens
were then tested under tension using a Universal Testing Machine (Instron 5965 operating at
0.5 mm/min) until fracture. The maximum load calculated by the machine in Newtons (N)
was then converted to tensile strength in megapascals (MPa) by calculating the force/unit
cross-sectional area at the test site. Data were gathered only from those test specimens that
fractured in the desired test site. Statistical tests were carried out either in Microsoft Excel
2018 (parametric tests) or using online calculators (non-parametric tests).

2.10. Mechanical properties of remineralized dentin.

Nano-indentation was used to determine the elastic modulus and nano-hardness of the dentin
discs treated with the peptide compared with those of the control. Four different groups
(healthy dentin, demineralized dentin, control and P26 -treated dentin) were measured (o
0.05; 7=3). Berkovich diamond indentation tip was used to make 25 indentations on each
tooth sample. A continuous stiffness measurement (CSM) was used to measure the hardness
(strength) and the elastic modulus (stiffness) at a constant strain rate of 0.05 s~tand
measuring depth up to 2 um. The distance between the indentations was maintained at 50
um to prevent interference of residual stresses from adjacent indents. Fused silica was used
as the standard calibration material. All the statistical analyses were carried out using
software (Origin 8.0, Origin Lab, Northampton, MA and Microsoft Office Excel 2007).

3. RESULTS

3.1. P26 interacts with collagen fibrils in vitro and promotes mineralization.

Circular dichroism spectroscopy (CD) was used to investigate conformational changes in
P26 with the addition of collagen at physiological pH (Figure 1a, b). At pH 7.15, the
collagen (1 mg/ mL in HEPES buffer) showed a strong minimum negative peak at 208 nm
and a strong positive maximum at 226 nm at 25 °C, which are characteristic of a triple
helical protein conformation.*6 P26 displayed a characteristic random-coil conformation
with a sharp negative ellipticity with a minimum at 200 nm.

Upon addition of collagen (1 mg/ mL) to P26 (0.2 mg/ mL), the negative minimum peak
shifted left to 198 nm with a weak positive maximum at 227 nm (Figure 1a). The data was
normalized®® and subtracted from collagen background alone, and the structural changes to
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P26 induced by collagen revealed a significant decrease in the negative peak intensity and a
shift to the left of the spectrum to 198 nm, implying collagen induced changes in the
secondary structure of the peptide upon interaction (Figure 1b). The low amplitude in P26
after incubating with collagen may be due to peptide assembly with the collagen fibrils,
reducing the spectrum of the peptide.

Building on these findings, the self-assembly of collagen fibrils was carried out at room
temperature (RT) and pH 7 on the surface of 400-mesh TEM grids. TEM analysis of
negatively-stained Type | collagen fibrils revealed a characteristic 67 nm axial periodicity
(D-period) and “gap— overlap” structure (Figure 1c, d). The fibrils had a diameter of ~185
nm. Peptide assembly experiments in the presence of collagen fibrils resulted in distinct
homogenous spherical particles distributed densely on the surface of the TEM grid (Figure
le, f). Peptide assemblies associated with collagen fibrils were seen as linearly dispersed
nanospheres, either isolated or in aggregates, aligned closely along the surface of collagen
fibrils (Figure 1f). The majority of the spherical assemblies fell into one of two groups: those
with a diameter of 27+4.9 nm and those with a diameter of 50+15.2 nm.

To investigate peptide-mediated collagen mineralization events, the collagen fibrils were
incubated with or without P26 in metastable calcium phosphate solution for different time
intervals. After 1 h, the control samples (without P26) showed very few randomly distributed
mineral deposits around the collagen fibrils on the TEM grid surface (Figure 2a, b). In
contrast, after 1h of mineralization in the presence of P26 (0.2 mg/mL) (Figure 2c, d),
swollen collagen fibrils with apparent increased diameter were seen suggesting ACP
nanoparticle infiltration.4” As shown by the yellow arrows in Figure 2d a few amorphous
minerals lying on or in close proximity to collagen fibrils were also observed.

After 2.5 h of mineralization, the control sample (Figure 3a, b) showed a slight increase in
mineral density on the collagen fibrils but the mineral particles were too large to penetrate
the fibrils (Figure 3b). Progression of collagen mineralization in the presence of P26 (Figure
3c, d) gradually transformed collagen’s structure into smooth, electron-dense fibrils with
SAED showing arcs characteristic to HAP (inset in Figure 3d). The multitude of
mineralizing specks seen after 1 h of incubation with P26 gradually transformed to ribbon-
like forming crystals (red arrow) scattered densely in the background (Figure 3d), suggesting
acceleration of HAP nucleation by P26. There was also evidence of extrafibrillar
mineralization on the surface of collagen fibrils, as shown by the larger apatitic mineral
deposits (yellow arrows) aligned closely on the fibril surface.

3.2. P26 promotes remineralization of dentin discs in situ.

To study P26-mediated remineralization of dentin /n situ, we carefully sectioned sound
human molars bucco-lingually in the mid-coronal region just below the DEJ in the upper
one-third of the circumpulpal dentin. Normal dentin had tubular structure surrounded by a
cuff of hyper-mineralized peritubular dentin. Intertubular dentin, being less mineral-dense,
appeared dull in comparison. Following graded ethanol dehydration and chemical fixation,
the collagen networks in the dentin specimens were apparent (Figure 4).
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After 3 days of demineralization at pH 4.6 and at 37 °C, the surface appearance of sound
dentinal tubules (1-1.5 um diameter) was significantly altered. The dentinal tubules widened
to nearly twice their normal diameter (~3 pm diameter) and the distinction between
peritubular and intertubular dentin was lost (Figure 44, b). The zone of dentin
demineralization spanned a depth of approximately 50-80 pm and the partially
demineralized collagen fibrils appeared smooth and devoid of minerals (Figure 4b). SEM
images of the control dentin discs (without P26) after 10 days showed no discernible
changes in tubule diameter or collagen architecture and remained similar in appearance to
demineralized dentin. The tubules remained open with no evidence of remineralization on
the surface of the collagen fibrils (Figure 4c, d). In contrast, dentin discs treated in P26 for
10 days remineralized, showing a dense HAP coating occluding the open-tubules on the
surface and around the periphery of the tubules (yellow arrows) (Figure 4e—h). Application
of P26 peptide also led to the deposition of multiple electron-dense mineral deposits in the
intertubular dentin matrix over the collagen fibers, indicative of collagen mineralization (red
arrows shown in Figure 4f).

Carious attack can lead to tooth surface loss and subsequent exposure of the dentin organic
matrix, causing degradation of the collagen fibrils. Cross-sectional evaluation of control
dentin specimens (remineralized with artificial saliva) (Figure 5a, b) revealed mineral-
depleted collagen fibrils inside the exposed dentinal tubules (red arrows in Figure 5b). In
contrast to the control, P26-treated dentin (Figure 5c, d) revealed remineralization of the
exposed collagen fibrils inside the dentinal tubules with a distinct “string of beads’
appearance of the collagen fibrils (red arrows in Figure 5d) suggestive of intrafibrillar
collagen mineralization. These data corroborated with our observation of the in vitro
experiments. Regrowth of several needle-like HAP crystals could be seen around the
periphery of the tubules (yellow arrows in Figure 5d) that contributed to the restoration of
the mineral density of demineralized dentin.

XRD spectra of newly deposited mineral crystals on the remineralized discs displayed sharp
peaks at 26= 25.9° (002), 31.8° (211), 32.8° (300) and 39.8° (310) (Figure 5e),8 consistent
with the peaks of HAP. Distinct diffraction peaks at approximately 26= 31.8°-32.8° could
be identified in the spectra, signifying good crystallinity of HAP in the peptide-mediated
mineralized dentin discs. A 10 min sonication of the dentin discs indicated a well-sealed
intact HAP coating firmly adherent to the occluded tubules. These peaks were not
identifiable in the untreated control dentin specimens, consistent with the SEM data showing
a lack of newly formed crystals at the end of the mineralization cycle. EDX analysis showed
similarities in the elemental composition of normal and peptide-treated dentin (Figure 5f).
The ratios of calcium to phosphate (by weight) in normal, demineralized and P26-treated
dentin were 1.90+0.03, 1.57+0.05 and 1.87+0.014 respectively (/7=3). Higher variability of
elemental composition in acid-treated discs could be due to non-uniform demineralization
across the various dentin samples.
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3.3. P26 promotes gain in mineral density of treated dentin.

Micro-CT was used for the evaluation of quantitative gain in mineral density (MD) through
the determination of the BMD following P26 treatment of partially demineralized dentin
(Figure 6).

Following 10 days of remineralization in artificial saliva, samples in the control group did
not record any statistically significant increase in MD (p= 0.1010; /7=7). The mean MD after
demineralization (1.08+0.18 g/cm3) remained unchanged when remineralization was carried
out without the peptide (Figure 6a—c).

The mean mineral density (MD) of hydrated, sound dentin in the P26-treated group at the
beginning of the experiment was 1.52+0.06 g/cm?3 (/7=10) and it declined to 1.05+0.13 g/cm3
following 3 days of acid-mediated demineralization. In contrast to the control, all P26-
treated samples recorded a MD gain ranging between 6.83%-14.43% (Figure 6d—f)
Statistical analysis with paired sample #test revealed that the MD gain after P26 treatment
was statistically significant (p < 0.001; 7=10). The mean MD at the end of 10 days of
remineralization with P26 was 1.16+0.13 g/cm3.

3.4. P26 promotes increase in tensile strength of treated dentin.

As shown in Figure 7a, the mean tensile strength (TS) values of sound (64.61+13.26 MPa;
n=15) dentin pulled perpendicular to the long axis of tubules were consistent with the results
reported in the literature.*? There was a 76% drop in 7S of dentin following 3 days of acid
demineralization, reducing the average value to 15.50+6.90 MPa (/7=10). Following 10 days
of remineralization in artificial saliva (AS), a partial recovery of 75to 34.40+19.94 (7=10)
was observed only in the P26-treated samples .Statistical analysis using Student’s ~test
indicated that the difference in TS values between demineralized and P26-treated dentin
samples was significant (0=0.0163).The control samples (/7=10), which were remineralized
in AS only, did not show any statistically significant change in TS (p=0.5179) when
compared to demineralized dentin.

3.5. P26 promotes an increase in hardness and modulus of repaired superficial dentin.

Restoration of hardness and modulus was calculated using nanoindentations on the surfaces
of hydrated dentin specimens to record actual loss of stiffness and nanohardness (Figure 7b,
c). The modulus and hardness for sound dentin were 20.8+5.08 GPa and 0.65+0.2 GPa
respectively (7=3). After 3 days of demineralization in acidic buffer (pH 4.6), the modulus
and hardness of dentin reduced to 6.5+2.97 GPa and 0.27+0.13 GPa respectively,
representing a ~69% decrease in modulus and 58% decrease in the hardness of the
demineralized specimens (/7=3). Following 10 days of remineralization, no significant
increase was observed in the control samples (p > 0.5). On the other hand, when the
demineralized samples were treated with P26 (0.5 mg/ mL) overnight, the average elastic
modulus and hardness increased substantially (o< 0.01) to 22.5+8.6 GPa and 0.65+0.30
GPa respectively as confirmed by Student’s #test. Variability in the mechanical properties of
repaired dentin was minor and could potentially be due to the intrinsic variability in the
mineral composition of dentin
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4. DISCUSSION

We report that the amelogenin-inspired peptide P26 not only promotes biomimetic growth of
enamel /n sittA2 but is also effective in promoting collagen mineralization in vitro and dentin
remineralization /n situ. Our present findings have potential clinical significance in dentistry
for the repair of lesions where both enamel and dentin are affected (i.e. non-carious cervical
lesions). Application of short peptides has practical, financial and clinical advantages over
the use of full-length protein to engineer specific material properties.

The robust interface between dentin and enamel (DEJ) is critical to preventing the shearing
of tooth enamel during everyday functions like mastication. Dentin formation precedes
enamel formation and is first indicated by the appearance of distinct, large-diameter collagen
fibrils (0.1-0.2 pm diameter) called Von-Korff’s fibrils that fan out just below the inner
enamel epithelium. Interestingly, the type I collagen fibrils in mantle dentin and the incipient
enamel crystals at the DEJ share a similar crystallographic orientation. This correlation has
been substantiated by animal model studies in which knocking out enamel®? and dentinal
matrix proteins®! resulted in the delamination of enamel and defects in the mineralization
events at the DEJ.

This multifaceted communication between the two tissues has inspired the biomimetic
design of synthetic materials to restore lost tooth structure. In this study we designed a series
of experiments to interrogate the interaction of collagen fibrils with synthetic amelogenin
peptide (P26) assemblies leading up to the bioinspired repair of outer demineralized dentin
on an /n situtooth model. As revealed through the CD and TEM data analysis, the close
proximity and arrangement of distinct spherical assemblies of P26 along the collagen fibril
axis is indicative of interaction between the two. This may specifically be based on structural
recognition by P26 of collagen triple helices, or weak molecular interactions such as
electrostatic interactions between the two macromolecules. For example, P26 is an acidic
phosphorylated peptide rich in negatively charged residues, namely aspartic acid (Asp) and
glutamic acid (Glu), which could potentially interact with the positively charged sites on the
collagen surface.52 Previous studies have shown that collagen fibrils can facilitate the
assembly of full-length amelogenin into nanospheres, similar to our findings with P26, along
with fused filamentous amelogenin assemblies.2

It is widely acknowledged that collagen alone cannot mineralize and it utilizes highly
phosphorylated NCPs, such as dentin phosphophoryn (p-DPP) and dentin matrix protein 1
(p-DMP1), to promote the infiltration of stabilized amorphous minerals into collagen
compartments.30 Further studies have provided insight into the size exclusion characteristics
of type I collagen wherein molecules, peptides smaller than a 6 kDa and amorphous
calcium-phosphate particles could freely diffuse into the water-filled collagen compartments
to initiate nucleation of HAP crystals.53 This would imply that mineralization in collagenous
tissues like dentin and bone can be mediated through more than one mechanism, via the role
of NCPs, precursor mineral phases, size exclusion, polyelectrolyte- directed mineralization
systems, 30405455
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In the case of P26-collagen mediated remineralization, it is likely that the hydrophilic
phosphorylated P26 (~3.14 kDa) promoted nucleation of small homogeneously sized apatite
crystallites!? in the gap and overlap regions of adjacent fibrils. Depending on the P26-
mediated size of the crystallites, they would either migrate into the intrafibrillar spaces or
aggregate on the surfaces.>® Another proposed mechanism of P26-collagen-mediated
mineralization could be elucidated by the small size of the peptide monomers (< 6 kDa),
which allow the molecules to readily diffuse into the water-filled compartments of collagen
fibrils. Here, P26 monomers could act as a sequestration biomimetic analogue (i.e. NCP’s)
due to a highly charged C-terminus capable of actively recruiting calcium ions and
promoting apatite nucleation.>” The high affinity to calcium and apatite crystals is supported
in the present HAP binding experiments (Figure S1, Supporting Information).

Demineralization of dentin in the oral cavity at pH less than 5 could activate the MMPs and
cysteine cathepsins in the dentin matrix, leading to denaturation of the collagen fibers and
extracellular matrix degradation.>® Repair of exposed dentin poses a more complex
challenge than enamel remineralization due to the lack of residual mineral crystals and
apatite seed crystals, which act as nucleation templates, in a mineral-depleted collagenous
matrix. One of the most essential parameters determining the role of non-collagenous
proteins in mineralization is to bind to specific components of collagen, accrue calcium ions
in the vicinity,> and “fossilize’ the activated MMPs within the dentin matrix, thereby
bringing down their proteolytic activity. Biomimetic analogues such as P26 could be used
effectively to promote nucleation over the remnant apatite seeds to enhance dentin
remineralization.

Repeated application of P26 on the surface of demineralized dentin resulted in the formation
of small HAP crystals that grew around the walls of the dentinal tubules and gradually
occluded the tubules (Figures 4, 5). The small size of the peptide allowed it to penetrate
dentinal tubules to dynamically promote apatite crystallization, resulting in the occlusion of
the open tubules. Mineralization of dentinal tubules is clinically significant in the context of
addressing dentin hypersensitivity as it blocks access to the exposed nerves. This can help
alleviate clinical symptoms of tooth hypersensitivity. Collectively, the SEM and XRD results
also suggested that P26 can be versatile in controlling the deposition and orientation of
mineral deposits on different HAP-containing tissues (enamel and dentin). Effective
infiltration of HAP along the surface of the collagen fibrils was marked by the “beaded” or
“swollen” appearance of remineralized collagen fibers as seen on the dentin discs. The
observed gain in mineral density and mechanical function of P26-treated dentin was
confirmed in parallel functional studies.

The collagen fibrils in dentin experience tensile residual strain/stress as they act as tensed
strings during masticatory forces, while the embedded HAP minerals in mineralized
collagen function as compression fillers that stiffen the fibers.89 Ultimate Tensile Strength
(UTS) tests of mineralized, demineralized and carious dentin have established that collagen
matrix and mineral phases (around and within the collagen fibrils) contribute to the total
strength of dentin.#® While we confirmed surface collagen fibril mineralization through 7n
vitroand in situ experiments, it would take additional experiments to give direct evidence of
its mechanism. Interfibrillar mineral concentration3® and intrafibrillar collagen
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mineralization6! are two important indicators of improved mechanical function in collagen-
rich mineralized tissues, with the latter playing a critical role in increasing the elastic
stiffness of demineralized dentin. In this study, supporting UTS and p-CT data on normal,
demineralized and treated dentin discs were indicative of enhanced mineral density and
mineral-reinforced collagen fibers after peptide application. The important role of P26 in
promoting dentin remineralization was determined by increased mineral density and
micromechanical behavior as evidenced by a 2.22-fold increase in the tensile strength (34.40
MPa; p < 0.05), a significant gain in MD (1.16+0.13 g/cm3; p< 0.001), and effective
restoration of hardness and modulus of the tissue to near native levels, with an overall
reduction in the demineralized lesion depth. Such notable biological and functional recovery
suggests the strong potential of amelogenin-inspired biomimetic mineralizing strategies for
application in restorative dentistry in cases where the repair of dentin and enamel are needed
simultaneously.

5. CONCLUSION

Close communication between enamel matrix protein amelogenin and collagen at the dentin-
enamel interface is critical to preserve the continuity of this vital junction. Hence,
amelogenin serves as a model protein to design smaller bio-peptides that can mimic such
close interactions for the repair of peripheral dentin. The present study explored the potential
of using amelogenin-peptide P26 that is uniquely suited for the remineralization of enamel
and dentin tissue defects simultaneously. P26 peptide mediated organized HAP crystal
growth and facilitated collagen mineralization which in turn led to a significant gain in
mineral density of demineralized dentin, resulting in repaired dentin with improved
biomechanical properties. Whether the principal mechanism of P26 in promoting collagen
mineralization is size exclusion criteria, controlled apatitic growth, combination of both or
an alternative mechanism, remains to be determined. Ultimately, a systematic examination
of the multidimensional interactions between organic macromolecules and mineral ions at
the DEJ can provide a valuable foundation for the development of improved synthetic
biomaterials associated with functionality.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Collagen-P26 interaction and assembly. (a) Circular dichroism (CD) spectra of collagen, P26
and collagen/P26 mixture after incubation at 25 C and at pH 7.15. (b) The normalized
secondary structural changes in P26 after mixing with collagen compared to P26 alone. (c)
and (d) Negatively stained TEM images of collagen self-assembly to fibrils in PBS after
incubation at 25 C for 2 h at low and high magnification respectively. (e) and (f) Negatively
stained TEM images of P26-collagen self-assembly in PBS after incubation at 25 C for 2 h
at low and high magnification respectively. The insets in d and f are the Fourier Transform
data showing the d¢tspacing of collagen fibrils (~67 nm). Peptide P26 assembly can be seen
as dispersed nanospheres aligned closely along the collagen fibril (yellow arrows in f).
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Figure 2.
Collagen-P26 mineralization after 1 hour. Unstained TEM images of collagen mineralization

in vitrofor 1 h in the control sample (no P26) at (a) low and its corresponding (b) high
resolution of yellow square in (a). There are very few amorphous particles seen on the grid
surface. TEM images of collagen mineralization /n vitrofor 1 h in the presence of P26 at (c)
low and its corresponding (d) high resolution of yellow square in (c). Some of the fibrils in
grid space (d) appear swollen with the precipitation of amorphous minerals on the surface
(yellow arrows).
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Figure 3.
Collagen-P26 mineralization after 2.5 hours. Unstained TEM images of collagen

mineralization /n vitro for 2.5 h in the control sample (no P26) at (a) low and its
corresponding (b) high resolution of yellow square in (a). There are randomly scattered
larger-sized mineral aggregates seen on the grid surface. TEM images of collagen
mineralization /n vitrofor 2.5 h in the presence of P26 at (c) low and its corresponding (d)
high resolution of yellow square in (c). Electron-dense fibrils can be seen on the grid surface
along with formation of mineral deposits (yellow arrows in d). Selected-area electron
diffraction data of fibril taken from (d) in inset indicates the presence of mature apatite
crystals on collagen fibril. Yellow box in (d) indicates the area where SAED was recorded.
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Figure 4.
SEM images of demineralized dentin surface before and after remineralization. (a, b) 3-day

demineralized dentin, (c, d) control and (e-h) P26-treated dentin discs after incubation in
artificial saliva in pH 7.0 at 37 °C. Images (b, d, f, h) are the high resolution corresponding
magnified images of (a, ¢, e and g) respectively. (b) is a high-resolution SEM image of
demineralized, mineral-depleted, collagen fibrils of intertubular dentin, giving a smooth
ribbon-like appearance (red arrow). (c, d) There is no HAP crystallization on the surface of
dentin in the control dentin discs and the tubules remain open. (e, f). After P26 application,
the surface of dentinal tubule is completely occluded by a dense layer of HAP mineral
precipitate (yellow arrows) and the exposed collagen fibrils are embedded in electron-dense
mineralized areas (red arrows in f). (g, h) Cross-sections of the dentin discs show penetration
of mineral ions up to 15 pm into the subsurface adhering firmly to the walls of the dentinal
tubules (yellow arrows). DT- dentinal tubule.
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Figureb5.
Cross-sectional SEM images of dentin after remineralization. (a, b) control and (c, d) P26-

treated dentin discs after 10 days of incubation in artificial saliva in pH 7.0 at 37 °C. Images
(b, d) are the corresponding magnified images showing a single dentinal tubule of (a, c) in
the yellow squares respectively. Figure (b) depicts the lack of mineralization of collagen
fibers inside a dentinal tubule in the control. (d) After P26 application there is a marked
depth of mineral deposition inside the tubule up to 15 pm from the surface. Newly formed
crystals can be seen growing along the walls of the tubules (yellow arrows) and the diameter
of the individual collagen fibers increases with time, giving a ‘beaded string-like’
appearance due to HAP precipitation (red arrows). (¢) XRD spectra of (i) sound dentin, (ii)
demineralized and (iii) remineralized dentin surfaces after P26 application. Distinct peaks
for peptide-treated dentin discs indicate improved crystallinity of HAP when compared to ii.
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(f) EDX data showing Ca/P weight ratio (weight %) on the surfaces of healthy,
demineralized and P26-treated dentin (7=3).
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Figure 6.
Micro-CT analysis of demineralized dentin before and after remineralization. Heatmap

images of transverse dentin discs showing (a) demineralized and (b) control dentin
(turquoise), surrounded by tooth enamel at ends (red). Experimentally obtained MD values
of sound enamel and dentin were used for calibration of heatmap color scale. There is no
discernible change in lesion depth in the control sample following 10 days of incubation in
artificial saliva. (c) Individual data points representing MD (mineral density) sample wise
for normal, demineralized and control dentin (/=7). There is no change in MD between the
demineralized and control groups. (d, €) Heatmap images of transverse dentin discs showing
(d) demineralized and P26-treated dentin. There is a visible decrease in lesion depth in the
peptide treated sample following 10 days of incubation in artificial saliva. (f) Individual data
points representing MD values sample wise for normal, demineralized and P26-treated
dentin (7=10). The gain in MD after peptide application is statistically significant (v <
0.001). Note: (n/s: non-significant difference).
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Figure7.

Mechanical Properties of remineralized dentin. (a) Mean tensile strength (TS) of normal
(rm=15), demineralized (/7=10), control (7=10) and P26-treated (/7=10) dentin samples. The
increase in the TS of dentin samples after P26 application is statistically significant (p <
0.05). The whiskers were drawn down to the 10t percentile and up to the 90™". Points below
and above the whiskers were drawn as individual points. Nanoindentation tests showing
mean (b) elastic modulus and (c) nano-hardness of the intact dentin, demineralized dentin,
and the samples with (P26-treated) and without (control) after 10 days of remineralization (7
=3 per group). Student’s #test was applied to identify differences in the hardness and elastic
modulus between demineralized and repaired dentin (p < 0.05).
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