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A B S T R A C T

Interfacial failure at the resin-dentin interface is a significant disadvantage of resin-based dental restoration. In this study, we created bio-inspired bio-nano complexes
using the enamel protein amelotin (AMTN) or AMTN with an engineered collagen-binding site (AMTN-Col) to coat hydroxyapatite nanoparticles (HANP). The
resulting nano-bio complexes, AMTN-HANP and AMTN-Col–HANP, were evaluated for their ability to promote collagen mineralization. Our study comprises three
separate phases.

In phase I, developing a method for functionalizing HANP with AMTN/AMTN-Col was explored. HANP were synthesized and characterized using TEM, SAED-TEM,
XRD and ATR-FTIR. The nanoparticles were functionalized with AMTN or AMTN-Col. The successful coating of the nanoparticles with the proteins was confirmed
using a TEM image of immunogold-labelled samples.

In phase II of the study, the mineralization potential of the synthesized bio-nano complexes was studied using model systems consisting of simulated body fluid
(SBF), polymerized collagen gels, and dentin disks prepared from human extracted molars. Mineral formation in SBF was recorded with a light scattering assay using a
microplate reader on 8 replicates of each sample per study time point. Statistical analysis was performed using one-way ANOVA and the Tukey test. Significance was
assigned at P < 0.01. The extent of mineral formation on collagen gel and remineralization of demineralized dentin was studied with SEM. Accelerated mineral
formation collagen mineralization of bio-nano complexes treated samples were observed in all model systems.

In phase III of the study, the clinical utilization of AMTN/AMTN-Col coated HANP in bio-integration and enhancing the bond strength of a resin-based dental
restoration and the dentin interface was investigated. The bio-nano complexes were applied as a pretreatment on dentin disks prepared from human extracted molars
prior to the composite resin restoration. The micro-shear bond strength test was done on 8 samples per treatment group (a total of 32 samples). Statistical analysis on
shear bond strength was performed using one-way ANOVA and the Tukey test. Significance was assigned at P < 0.01. Shear bond strength values indicated that
pretreatment of dentin with the bio-nano complexes before adhesive application significantly improved shear bond strength.
Conclusion: We have shown that AMTN based bio-nano complexes promote mineral formation on collagenous interfaces. Our findings can be the basis of new bio-
inspired, bio-nano materials that may improve dental restoration longevity by enhancing the stability and integrity of the dentin-composite resin interface.
1. Introduction

Collagen is the most abundant protein in the human body and is the
building block of mineralized tissues, such as bone and teeth. Mineral-
ized tissues usually develop within an organic matrix, such as collagen,
that accommodates mineral crystals [1–3]. Dentin organic matrix is
mainly made of type I collagen that serves as a structural matrix that
accommodates carbonated apatite minerals. Demineralization of enamel
or dentin caused by acidogenic activities of oral microorganisms can
result in dental caries. Untreated caries in permanent and deciduous
teeth are among the most prevalent chronic diseases worldwide [4].

Despite the advancements in preventive and restorative dentistry
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during the past decades, a considerable number of restorative treatments
in a dental office include replacing failed fillings due to recurrent caries.
The placement and replacement of dental fillings impose a substantial
economic burden [5–8]. Secondary caries, defined as the development of
lesions at the interface of tooth tissue and filling materials, are the pri-
mary reason for most typical direct restoration failures [9,10].

Furthermore, post-restoration dentin hypersensitivity (DH) with
composite fillings is a common issue [11]. Therefore, restorative mate-
rials that can facilitate remineralization of dentin at the interface of
restoration and native dentin tissue are of considerable interest since they
may lead toward a more integrated interface, improved bond stability,
prevent restorative failures, and prevent postoperative hypersensitivity
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Fig. 1. (A) Coomassie blue-stained 15% SDS/polyacrylamide gel of recombi-
nant human AMTN and AMTN-Col expressed in E. Coli bacteria and affinity
purified. (B) The amino acid sequence of AMTN and AMTN-Col.
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[12,13].
Many non-collagenous proteins, such as phosphorylated proteins,

proteoglycans, and glycoproteins, play an essential role in regulating and
controlling mineral formation [14–16].

Amelotin (AMTN) is an enamel protein secreted specifically during
the maturation stage of enamel formation [17]. Previous studies in our
lab have shown that overexpression of AMTN in a transgenic mouse
model led to disorganized but highly compact enamel [18]. In contrast,
the AMTN knockout mouse showed hypo-mineralized enamel [19]. We
have also demonstrated that AMTN has a high affinity to hydroxyapatite
(HA) [20]. HA, the most stable calcium phosphate mineral, makes up the
bulk of human bone and tooth structure. It is also one of the most
biocompatible materials used in mineralized tissue regeneration
[21–23]. HA crystals in enamel, dentin, and bone are in the nanometer
range, with enamel crystals being 10 to 100 times larger than those in
dentin and bone [24]. Recent studies have shown AMTN promotes
mineral formation in mouse osteogenic cells (MC3T3-E1) in vitro after 10
days. Further, collagen membranes, with or without recombinant human
AMTN, were shown to promote bone healing in rat calvaria defects in
about 8 weeks. Danesi et al. have shown AMTN can promote nanoscale
uniaxial growth of hydroxyapatite along Amelogening nanoribbons.
While these studies brought a profound understanding of AMTN's role as
the promoter of mineralization and further confirmed the protein's ability
in promoting mineralization in different settings, the clinical translation
is vague, particularly for interfacial biomineralization where the chal-
lenges are unique. For example, long mineralization time would not be
feasible in non-cell-mediated remineralization of dentin. The low density
of the mineral formation evident in the abovementioned studies could be
another concern. Therefore, this study was designed to address these
issues by engineering AMTN into a bio-nano complex that can promote
mineralization in a clinically reasonable time frame and shed light on the
potential for clinical application.

In this study, we have used a bio-inspired approach to harness the
maximum ability of AMTN in promoting mineral formation by
mimicking the AMTN native microenvironment. In the native tissue,
AMTN is secreted into a matrix made of nano-sized HA. Therefore, we
have coated the protein on HANP to simulate the native microenviron-
ment. Furthermore, we have engineered a collagen-binding peptide
derived from DMP-1 at the C terminus of the protein [25]. We studied the
effect of the collagen-binding peptide on the mineral-promoting property
of the protein. This peptide will be of interest in future collagen bio-
mineralization studies.

In this study, we investigated the following 3main objectives. First, to
develop a method to functionalize the HANP with AMTN/AMTN-Col.
Second, to study the mineralization potential of the synthesized bio-
nano complexes using model systems consisting of simulated body
fluid (SBF), polymerized collagen gels, and dentin disks prepared from
human extracted molars, and third to investigate the clinical utilization
of AMTN/AMTN-Col coated HANP in bio-integration and enhancing the
bond strength at resin-dentin restoration.

We hypothesized that AMTN/AMTN-Col–coated HANP promotes
mineral formation on collagen-based matrices and may improve resin-
dentin bond strength.

2. Methods and materials

2.1. Recombinant human protein production

N-terminally 6 � His–tagged recombinant human AMTN and modi-
fied AMTN with an engineered collagen-binding site (AMTN-Col) at the
C-terminus was used in this study. The collagen-binding site with a
specific affinity to N-telopeptide regions of type I collagen is made of nine
amino acids (DSESSEEDR) and was derived from dentin matrix protein 1
(DMP1) [25]. The proteins were expressed in Escherichia coli (pET-15b
expression system, Novagen, Merck, Darmstadt, Germany), purified on a
Ni-NTA agarose column (Qiagen, Valencia, CA, USA), and eluted with
2

imidazole (Fig. 1). The eluted protein was then dialyzed four times
against 10 mM Tris (pH 7.4) and was sterilized by filtration (0.22 μm
Millex-GV Filter, Millipore Sigma.
2.2. Synthesis procedure of HANP

HANP was prepared as described previously [26]. Briefly, 100 mL of
CaCl2 (0.01 mol/L) and 100 mL of (NH4)2HPO4 (0.006 mol/L) solutions
were mixed, and the pH was adjusted to between 3.0 and 3.5 with 0.1 M
HCl solution. Next, 100 mL of 20% glucose solution in water was mixed
with 1.5 g of NaOH, and the pH was adjusted to 12.0 to 12.5 with 1 M
NaOH. The mixed solution of CaCl2 and (NH4)2HPO4 was added drop by
drop into the alkaline glucose solution with stirring, leading to the instant
formation of HANP. The HANP suspension was centrifuged at 4000�g for
10 min to make a pellet of the synthesized material. The HANP pellet was
then washed five times with deionized distilled water and centrifuged at
4000�g for 10 min to remove unreacted material. The pellet was then
placed in a dry incubator at 37 �C for 1 week to dry completely. Dried
HANP was ground using a mortar and pestle to obtain a very fine ho-
mogenous powder. To image HANP with a transmission electron mi-
croscope (TEM), a 1 wt% HANP solution in 100% ethanol was prepared
and sonicated (Branson 2510, Thermo Fisher Scientific Inc., MA, USA))
for 4 h to form a homogenous suspension. 1 μL of HANP suspension was
placed on a carbon-coated TEM grid, air-dried at room temperature and
imaged with TEM and TEM-selected area electron diffraction (SAED)
(TEM, FEI Tecnai 20, OR, USA). Attenuated total reflection–Fourier
transform infrared spectroscopy (ATR-FTIR) (Nicolet iS50 FTIR, Thermo
Fisher Scientific Inc., MA, USA) was performed at a 4 cm–1 resolution the
wavenumber range of 4000 cm�1 to 400 cm–with 16 co-added scans for
samples and background. The crystallinity of the synthesized HANP was
studied using an x-ray powder diffraction (XRD) (XRD system whose
primary components are a PW 1830 HT generator, a PW 1050 goniom-
eter, PW3710 control electronics, and X-Pert system software, Philips,
Amsterdam, Netherlands) operated with a Cu tube (wavelength Kα1 ¼
1.540562), at 40 kV and 30 mA with a step size of 0.02� from 20 to 55 2θ
range. All the characterizations were done in triplicates.
2.3. Coating of HANP with AMTN/AMTN-Col and immunogold labelling

To coat HANP with AMTN/AMTN-Col, a solution of AMTN/AMTN-
Col in 10 mM Tris at pH 7.4 and a solution of 1 wt% HANP in 100%
ethanol was prepared. In a routine experiment, a 1 wt% HANP solution
was prepared by mixing 0.01 gr of HANP and 1 mL of 100% ethanol. The
mixture was then sonicated for 4 h in an ultrasonic bath (Branson 2510,
Thermo Fisher Scientific Inc., MA, USA). To make the nano-bio com-
plexes, 10 μg of AMTN/AMTN-Col in 10 mM Tris solution and 1 μL of 1
wt% HANP solution was mixed.

Immunogold labelling was performed by loading nickel grids with
AMTN/AMTN-Col–coated HANP. This was done by placing 2 μL of the
protein-coated HANP suspension directly on carbon-coated nickel grids
(ElectronMicroscopy Sciences, PA, USA). Six replicates of each treatment
group were made, 3 for the study group and 3 for the reference. Subse-
quently, the loaded grids were used in a standard immunogold-labelling
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procedure [27]. Briefly, grids were air-dried, fixed with 4% para-
formaldehyde and 1% glutaraldehyde for 30 min at room temperature,
and blocked with 4% bovine serum albumin for 1 h at room temperature.
The blocked samples were incubated with a solution containing a 1:10
dilution of primary anti-AMTN antibody in phosphate-buffered saline
(PBS) (experimental groups) or PBS only (reference group) overnight at
4 �C. The following day, samples were incubated with secondary 15
nm–diameter gold particle–conjugated goat anti-rabbit IgG (H&L
EM-grade 15 nm, Electron Microscopy Sciences, PA, USA) for 1 h at room
temperature; samples were then washed four times each with PBS for 10
min, washed two times with distilled deionized water, and air-dried. To
remove unreacted materials, samples were washed four times for 10 min
each with PBS between all the steps mentioned above. Once the samples
dried, they were imaged with TEM. In this study, the reference samples
were only treated with the secondary antibody to investigate for
nonspecific binding of the secondary antibody to the sample.
2.4. In vitro mineralization assay

A modified simulated body fluid (SBF) buffer was prepared as
described [28]. The buffer contained 15 mM Kþ (KCl 99.5% AnaLaR,
BDH Inc., Toronto, Canada), 0.8 mM Mg2þ (MgCl2� 6H2O, Sigma), 10
mM HCO3

� (NaHCO3, Sigma), 3 mM Ca2þ (CaCl2� 2H2O analytical re-
agent AnaLaR), 1.8 mM phosphate (Na2HPO4, Sigma S7907), 50 mM
HEPES (biotechnology grade, Bioshop Canada Inc., Burlington, Canada),
and 140 mM Naþ (NaCl reagent grade, Bioshop Canada Inc., Burlington,
Canada; NaHCO3, Sigma). After adjusting the pH to 7.4 with 1 N NaOH,
the buffer was filtered (0.22 μm Millex-GV Filter, Millipore Sigma,
Darmstadt, Germany). Biomineralization kinetics was studied using a
microplate reader according to a protocol previously developed in our lab
[20]. Briefly, 0.05 μg/μL of AMTN/AMTN-Col, AMTN/AMTN-Col–-
coated HANP, or an equal volume of 10 mM Tris or HANP in Tris was
incubated with the SBF. The buffer was added to wells of a sterile non-
–tissue culture 96-well polystyrene plate (200 μL per well), with 8 rep-
licates of each treatment group per time point, and incubated at 37 �C in a
humidified incubator. The turbidity of the solution was measured, and
the extent of turbidity was equated with mineral formation. The light--
scattering measurements were performed in a microplate reader (Mul-
tiskan FC, Thermo Fisher Scientific Inc., MA, USA) at 540 nm after 30
min, 72 h, and 120 h of incubation. Using one-way analysis of variance
(ANOVA) and the Tukey test, significance was assigned at P < 0.01. At
the end of the experiment, the liquid inside each well was aspirated; wells
were washed with deionized water and air-dried in a fume hood. Half of
the dried samples were coated with 3 nm of titanium and imaged with
scanning electron microscopy SEM (FlexSEM 1000, Hitachi, Japan). The
other half were imaged with TEM.
2.5. Collagen mineralization

A total of 1 mL of a type I collagen solution (3 mg/mL; TeloCol,
Advanced BioMatrix, Carlsbad, CA, USA) was mixed with an ice-cold
proprietary neutralizing solution at a volume ratio of 1:9 as recom-
mended by the manufacturer. A total of 9 collagen gel was made (3
replicates for each treatment group). Briefly, 100 μL of the mixed solution
was placed on glass coverslips and placed in a humidified incubator at 37
�C for 3 h to complete polymerization. The polymerized collagen gel was
treated with a volume of AMTN/AMTN-Col–coated HANP that contained
10 μg of protein (typically around 5 μL of the protein-coated HANP so-
lution) or an equal volume of HANP in 10 mM Tris as reference. Samples
were placed in a 37 �C incubator until the treatment solution was fully
absorbed into the collagen gel. Treated samples were incubated in SBF
for 30 min and 24 h, dehydrated using an increasing concentration of
ethanol, and then imaged and characterized by SEM, ATR-FTIR, and
XRD.
3

2.6. Dentin demineralization

Third molars extracted from humans were collected under a protocol
approved by the Health Sciences Research Ethics Board of the University
of Toronto (Reference #34892). Caries-free, 0.5-mm thick coronal dentin
slices were prepared using a low-speed diamond saw using water as a
coolant. Six dentin sections were collected in an area excluding superfi-
cial enamel and away from the pulp chamber. These dentin disks were
divided into 2 groups with 3 samples each and demineralized with 0.5 M
EDTA for 3 and 4 days. To confirm complete mineral removal, demin-
eralized dentin sections were embedded in optimal cutting temperature
(OCT) compound (Tissue-Plus™ O.C.T. Compound, Thermo Fisher Sci-
entific Inc., MA, USA) and were sectioned using a cryostat (Leica
Microsystems CM1850, Germany). These sections were then stained for
mineral using the von Kossa staining protocol [29]. Briefly, dentin sec-
tions were rinsed with several changes of distilled water, followed by
incubation with 1% silver nitrate for 30 min under UV light. Dentin
sections were then rinsed with several changes of distilled water.
Unreacted material was removed by washing with a 5% sodium thio-
sulfate solution for 5 min, followed by rinsing with several changes of
distilled water. Finally, the dentin sections were dehydrated with graded
ethanol and cleared in xylene. Coverslips were placed on the sections
with the aid of mounting media. These samples were then imaged using a
light microscope.

2.7. Dentin remineralization

A total of 18 dentin disks were made, totally demineralized with 0.5
M EDTA, and washed several times, followed by immersion in water for 4
days to remove the EDTA. Dentin specimens were blotted using Kim-
wipes. Dentin disks were then divided into 3 groups with 6 samples in
each group. Each group was treated with a volume of AMTN/AMTN-
Col–coated HANP containing 10 μg of protein (in a routine experiment,
this would be around 5 μL of the protein-coated protein HANP solution)
or an equal volume of HANP in 10 mM Tris as reference. Samples were
placed in a 37 �C incubator until the treatment solution was fully
absorbed. Treated samples were incubated with SBF for 30 min and 24 h.
Three samples in each treatment group dried using an increasing con-
centration of ethanol and were characterized by SEM, ATR-FTIR, and
XRD. The other 3 samples were sonicated for 2 min before dehydration
and the SEM sample preparation procedure.

2.8. Micro-shear bond strength test

Dentin sections were prepared as described above and demineralized
for 15 s with 35% phosphoric acid gel (Universal Etchant Etching Gel, 3
M, USA), followed by rinsing with running water for 15 s. Excess water
was removed using Kimwipes. Then, dentin specimens were either
treated with AMTN/AMTN-Col–coated HANP or HANP alone or did not
receive any treatment. Treated samples were placed in a 37 �C incubator
for 2 h. Once there was no liquid visible on the surface of the treated
samples, they were rinsed with 1 mL of distilled water for about 10 s to
remove non-diffused reagents. All specimens were then bonded as fol-
lows. Briefly, two coats of adhesive (Adper Adhesive, 3 M, USA) were
applied with a micro-brush (Disposable micro applicator, Shintop, China)
and gently agitated using the micro-brush tip for 15 s. The adhesive was
air-dried gently to be thinned for 5 s, followed by light activation for 20 s
at a 1-mm distance using a third-generation light-emitting diode (LED)
with a power of 1200 mW/cm2 (LED- YS-B Orthodontics Led Curing
Light, Smart Curing Light, China). Subsequently, dentin specimens
received a composite resin restoration (Filtek Supreme Ultra Flowable A4
shade, 3 M, USA), using a matrix of perforated pasta (Furadinho, Pasti-
fício Santa Am�alia, Machado, Minas Gerais, Brazil) with the height of 1
mm. The composite was then light-activated using an LED source for 20 s.
To remove the pasta matrix, it was softened by immersion in SBF for 2 h.
This was done to avoid applying extra tension to the post while removing
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the pasta mould. Eight composite posts were made for each experimental
group, a total of 32 samples. All dentin specimens were stored in SBF for
5 days following composite resin bonding. A micro-shear bond (μSB) test
was performed using a universal testing machine (Instron 4301, MA,
USA) with a wire loop [30].

A shear force was applied to each specimen at a crosshead speed of
0.5 mm/min with a thin wire (0.2 mm aesthetic ligature Cr–Ni wire,
Morelli, Brazil) that was looped around the resin cylinder until failure
occurred. Bond strength values were obtained by dividing the failure
force by the surface area of the composite posts. Statistical analysis on
shear bond strength was performed using one-way ANOVA and the
Tukey test. Significance was assigned at P < 0.01.

2.9. Statistical analysis

All statistical analysis was performed using Graph Pad Prism 8.4.2
(GraphPad Software, La Jolla, CA, USA). Statistical analysis on in vitro
mineralization assay and shear bond strength was performed using one-
way ANOVA and the Tukey test. Significance was assigned at P < 0.01
(***P < 0.001, ****P < 0.0001).

3. Results

3.1. HANP characterization

TEM images of synthesized HANP showed that they were rod-shaped,
between 100 and 150 nm long and between 20 and 70 nmwide (Fig. 2A).
Clear ring-dot patterns in the TEM-SAED confirmed the high crystallinity
of these synthesized particles (Fig. 2B). XRD results indicated that the
diffractions from (002), (211), (202), (310), (222), (213), and (004)
planes of the synthesized HANP were located at 26.05�, 31.95�, 34.01�,
39.68�, 47.56�, 49.45�, and 53.18�, respectively, which was in accor-
dance with the standard data of the Joint Committee on Powder
Diffraction Standards (JCPDS) Card No. 09–0432 [26]. Hence, it
confirmed that the synthesized material was composed of HANPs
(Fig. 2C). ATR-FTIR spectra displayed a peak at 1035 cm�1, which is
associated with the stretching vibrations of P––O. Peaks at 1094 cm�1,
567 cm�1, and 605 cm�1 are the bending vibrations of P–O in PO4

3�. The
broad absorption centered at 3328 cm�1 is due to the stretching and
bending vibrations of absorbed water. Additionally, the weak bands at
1422 cm�1 and 1456 cm�1 are attributed to CO3

�2, which is likely due to
adsorbed CO2 from the air during the characterization (Fig. 2D) (22).
Fig. 2. HANP characterization. (A) TEM image. (B) SAE
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3.2. Immunogold labelling

TEM images of immunogold-labelled samples were acquired to
investigate the effectiveness of the coating procedure. Gold nanoparticles
presented as dark black dots in TEM images showed successful conju-
gation of AMTN/AMTN-Col on HANP (Fig. 3A and B). In contrast, control
samples that had only been processed with the secondary gold antibody
(Fig. 3C and D) did not show any gold nanoparticles. Accordingly, this
confirms that the secondary antibody did not bind non-specifically to the
HANP or to the grid. These results confirmed the successful coating of
HANP with AMTN/AMTN-Col.
3.3. In vitro mineralization assay

The AMTN/AMTN-Col–coated HANP and proper reference, HANP in
tris buffer, AMTN, AMTN-Col, and tris buffer only, were incubated in
modified SBF to investigate the kinetics of mineral formation, as
described earlier. Experimental groups containing AMTN/AMTN-Col–-
coated HANP showed significantly higher light-scattering values in as
low as 30 min compared to all other groups indicated by the higher
turbidity (Fig. 4). Wells containing AMTN/AMTN-Col or HANP solely
also showed turbidity, albeit to a significantly lower density. Further-
more, results presented in Fig. 4 suggested enhanced mineral promoting
ability of the protein once coated on HANP evidenced by the mineral
density formed in the presence of the bio-nano complexes to the one
produced in the presence of AMTN/AMTN-Col solely. Wells that did not
contain the proteins or HANP remained clear during the study, demon-
strating that the values obtained from light scattering were only associ-
ated with the mineral formation and not the nonspecific precipitation of
SBF. SEM images of the samples also showed the needle-shaped crystals
of these precipitates compared to the amorphous form of sparse de-
positions in protein-free, and HANP only controls (Supplementary ma-
terial Figure S1). These findings further confirmed the enhanced
mineralization potential of AMTN/AMTN-Col once coated on HANP.
3.4. Collagen mineralization

To study the mineral-promoting capacity of AMTN/AMTN-Col–-
coated HANP on collagen, we used polymerized collagen gel as a model
system. Mineral formation on the polymerized collagen treated with
AMTN/AMTN-Col–coated HANP was visible even to the naked eye as a
dense white ring on the collagen localized to the treatment area in as
little as 30 min. In contrast, the HANP treated collagen gel showed a
D pattern. (C) XRD pattern. (D) ATR-FTIR spectra.



Fig. 3. TEM image of immunogold-labelled samples. (A, B) AMTN/AMTN-Col coated HANP treated with primary AMTN antibody, and secondary gold antibody (C, D)
AMTN/AMTN-Col coated HANP treated with only secondary gold antibody (Control).

Fig. 4. Light-scattering plots of mineralization buffer–containing 0.05 μg/μL of
AMTN/AMTN-Col, AMTN/AMTN-Col–coated HANP, or an equal volume of 10
mM Tris or HANP in Tris was incubated with SBF as labelled. Data are presented
as mean � standard deviation. * Indicates significantly different from other
groups at every time point (***P < 0.001, size ¼ 8 per group).
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faded white ring (Fig. 5A), indicating a higher density of mineral for-
mation in bio-nano complexes treated samples. SEM of these samples also
confirmed a significantly denser mineral formation on samples treated
with AMTN/AMTN-Col–coated HANP. Moreover, collagen treated with
HANP suspension alone showed several cracks after 1 day of SBF incu-
bation within the mineral layer, suggesting mineral layer detachments
from the collagen gel. However, the mineral layer in AMTN/AMTN-
Col–coated HANP samples seemed to be a homogeneous integrated layer
with the collagen scaffold underneath (Fig. 5B). ATR-FTIR spectra
showed a decrease in amide bond I and II peaks and an increase in
phosphate peaks for all samples after 30 min and 24 h of SBF incubation
compared to untreated collagen (Supplementary material Figure S2A).
XRD spectra showed peaks associated with 002, 210, 211, and 222
diffraction planes in AMTN/AMTN-Col–coated HANP samples, whereas,
in HANP only-treated samples, only the 211 band was present. Since the
XRD signals solely depend on the absorbent's crystalline phase, these
results further suggested that AMTN/AMTN-Col–coated HANP-treated
specimens resulted in more crystalline mineral formation (Supplemen-
tary material Figure S2B).
5

3.5. Dentin mineralization

Human molar dentin slices were demineralized, as confirmed by von
Kossa staining (Supplementary material S3). SEM images of samples
treated with AMTN/AMTN-Col–coated HANP showed a larger and more
homogeneous sheet of mineral formed on dentin and inside dentinal
tubules compared to specimens treated with HANP alone (Fig. 6). Similar
to collagen remineralization results, ATR-FTIR spectra of remineralized
dentin showed a decrease in amide bond I and II peaks and an increase in
phosphate peaks for all treatment groups after 30 min and 1 day of SBF
incubation compared to nontreated dentin specimens (Supplementary
material Figure S4A). This observation further confirmed mineral for-
mation on demineralized dentin. XRD spectra showed peaks associated
with 002, 210, and 211 diffraction planes in AMTN/AMTN-Col–coated
HANP samples, whereas, in the HANP-treated sample, the 002 peak was
the only peak present. XRD results indicated that AMTN/AMTN-Col–-
coated HANP-treated samples resulted in more crystalline mineral for-
mation (Supplementary material Figure S4B). The occurrence of
excessive cracks in HANP only–treated specimens was found similar to
the findings in Section 3.4. The loose attachment of the mineral sheet to
the matrix underneath in the HANP only–treated samples was further
confirmed by SEM images of the sonicated specimens, where disruption
of the mineral layer homogeneity and its partial detachment was visible.
In contrast, specimens treated with AMTN/AMTN-Col–coated HANP did
not show any significant morphological changes after sonication (Fig. 6).
3.6. Micro-shear bond strength

Using a previously employed μSB strength test [30,31], the mean μSB
strength values were compared among all groups. Mean μSB strength
values were significantly higher in the group treated with AMT-
N/AMTN-Col–coated HANP compared to HANP only–treated samples
and to untreated samples (P < 0.01) (Fig. 7A). The failure modes in both
AMTN-coated HANP-treated samples and AMTN-Col–coated
HANP-treated samples suggest cohesive fracture within the adhesive
and/or the composite layer (Fig. 7B). In contrast, dentinal tubules were
visible in nontreated samples (Fig. 7B), indicating adhesive fracture be-
tween the adhesive and the dentin. In HANP-treated samples, residual



Fig. 5. (A) Image of collagen type I treated with AMTN-coated HANP, AMTN-Col–coated HANP, and HANP alone (reference) and incubated in SBF for 24 h. Ar-
rowheads indicate visible mineral formation in AMTN-coated HANP, AMTN-Col–coated treated group compared to HANP only treated group. (B) SEM images of
collagen treated with HANP, AMTN-coated HANP, and AMTN-Col–coated HANP incubated with SBF for 30 min and 24 h. The arrowhead points toward the cracks
where collagen fibers are visible underneath. Indicating a possible detachment of the mineral layer from the collagen gel in HANP only treated samples.
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adhesive (shown by asterisks in Fig. 7B) was visible, indicating a mixed
fracture that was predominately adhesive failure between the adhesive
and the dentin.

4. Discussion

In the current study, AMTN/AMTN-Col–coated HANP promoted
mineral formation in SBF and were effective in promoting the minerali-
zation of both collagen and dentin models. It was also shown that these
bio-nano complexes have the potential to enhance dentin-resin μSBS
significantly and may, therefore, have potential in developing future
clinical applications in restorative dentistry. Therefore, our initial hy-
pothesis that AMTN/AMTN-Col–coated HANP promotes mineral forma-
tion on collagen-based matrices and may improve resin-dentin bond
strength is accepted.

Synthetic HA is widely used in tissue regeneration due to its high
biocompatibility and similar

crystallinity to the minerals in native mineralized tissue [21–24].
Additionally, the native microenvironment where AMTN is expressed
during the maturation stage of enamel formation is made of HANP
crystals that make up the enamel rods and prisms. Therefore, in this
study, we coated AMTN and AMTN-Col onto HANP to harness the
maximum mineralization potential of AMTN and AMTN-Col by
mimicking their native microenvironment.

The affinity of AMTN to HA is comparable to that of amelogenin, the
most abundant enamel protein [20,32]. AMTN binding to HAmay induce
conformational changes to the protein structure, which may affect AMTN
function. Previous experiments have shown that AMTN expression co-
incides with the expression of proteases, such as KLK4, in enamel. The
potential structural changes of AMTN as a result of binding to HA might
reduce its susceptibility to cleavage. Similar effects have been reported
for certain salivary proteins that resist proteolytic cleavage due to strong
6

binding to HA [33,34]. In addition to such changes in susceptibility to
proteolytic cleavage, binding to HAmay also alter the mineral-promoting
activity of AMTN. Therefore, we investigated SBF mineralization in the
presence of the bio-nano complexes with proper controls to determine
whether AMTN/AMTN-Col–coating on HANP enhances the protein's
mineral-promoting activity. The kinetics of mineral formation was
studied using a monochromator-based UV/Vis microplate reader. This is
a conclusive yet straightforward technique to study the kinetics and
extent of mineral formation. We found that the measured turbidity as a
result of mineral formation was almost two times higher and much faster
in the presence of AMTN/AMTN-Col–coated HANP as compared with
AMTN/AMTN-Col or HANP alone (Fig. 4). These results further
confirmed the enhanced mineral-promoting effect of AMTN/AMTN-Col
once coated on HANP. Our results also coincide with previous studies
that have shown that AMTN promotes mineral formation from a super-
saturated calcium phosphate solution [20] and also induces phase
transformation of amorphous calcium phosphate to HA crystals in vitro
[35]. It should be highlighted that AMTN is an enamel-specific protein
and does not have any known collagen-binding sites. Here, we have in-
tegrated the DMP1 collagen-binding site into the C-terminus of AMTN
[25]. While future experiments are required to assess the affinity of this
engineered collagen-binding site to HA, we did not find any synergetic
effect between the collagen-binding site and the mineralization capacity
of AMTN.

Next, we investigated the mineralization of collagen in vitro. A fully
protected collagen, either by the resin or by the mineral, at the dentin-
restoration interface is critical in preventing restoration failure. Several
studies have shown that collagen hydrolysis at the hybrid layer has a
detrimental impact on the longevity of the restoration regardless of the
bonding system [36]. Sinceminerals can protect collagen from hydrolysis
[37], we have used polymerized collagen as a model system to study the
mineral-promoting properties of AMTN/AMTN-Col–coated HANP. As



Fig. 6. SEM micrographs of totally demineralized dentin treated with AMTN/AMTN-Col–coated HANP or HANP alone, incubated with SBF for 30 min and 1 day,
before and after sonication. The image inserts show a higher magnification of the same sample. Cracks are visible in HANP only treated samples after 24 h of SBF
incubation. In sonicated samples, the mineral layer is mostly removed from the dentin in the HANP treated specimens, and dentinal tubules are exposed. In contrast, in
the AMTN/AMTN-Col–coated HANP, the mineral layer remained intact.

Fig. 7. (A).μSB strength for all experimental groups with 8 samples each
experimental group (NS stands for non-significant) Statistical analysis was
performed using one-way ANOVA and the Tukey test (***P < 0.001, ****P <

0.0001). (B) SEM micrographs of dentin-resin fracture sites after μSB tests. The
asterisk in the HANP-treated sample shows an area with residual adhesive.
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indicated in the Results section, samples treated with AMTN/AMTN--
Col–coated HANP have shown signs of mineral formation visible to the
naked eye in as low as 30 min of incubation in SBF (Fig. 5). The time is
significantly lower than that observed in previous studies using
non-collagenous protein for collagen mineralization [38–40]. It should
be noted that measuring the effect of non-collagenous protein on collagen
mineralization should be examined cautiously due to the difference in
methods and materials used for studying this effect. Moving on to a more
complex and clinically relevant model system, we investigated mineral
7

formation in the presence of our bio-nano complexes on demineralized
dentin sections. It has been described in several studies that dentin
demineralization, either by cariogenic bacteria or during the etching step
of the adhesive bonding process, activates two distinct enzymatic
degradation pathways involving endogenous matrix metalloproteinases
and cysteine cathepsins. The activation of these enzymes results in the
auto-degradation of the denuded collagen [41,42]. In our model system,
we expect these endogenous matrix metalloproteinases and cysteine ca-
thepsins to be present in both EDTA and phosphoric acid demineralized
dentin. However, their presence is more pronounced when the dentin is
demineralized with phosphoric acid [43,44]. However, our findings did
not show any synergistic effect between the presence of these enzymes
and proteins on the mineral-promoting effect of the bio-nano complexes.

Dentin mineralization results coincided with in vitro collagen miner-
alization, with the highest degree of mineralization in the presence of the
bio-nano complexes (Fig. 6). Interestingly, we had also found that the
mineral layer formed in the presence of HANP alone did not integrate and
was separated from dentin when a gentle, vibratory force was applied by
sonication. There were no significant changes in the homogeneity of the
mineral in the AMTN/AMTN-Col–coated HANP-treated group after
sonication (Fig. 6). A similar method has previously been used to
investigate the adhesive layer bond strength to the dentin at the dentin-
resin interface using different bonding conditions [45]. Furthermore, all
treated groups have shown occlusion of dentinal tubules. However,
dentinal tubules remained occluded after sonication in only those sam-
ples treated with the bio-nano complexes. The occlusion of dentinal tu-
bules is generally considered the most effective therapy for DH. Previous
studies have used various agents to occlude the dentinal tubules with
minerals. It was suggested that occluding dentinal tubules with minerals
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could reduce DH significantly by the reduction in permeability and fluid
flow through dentin [46,47]. To justify the potential clinical implications
of our nano-biomolecules, AMTN/AMTN-Col–coated HANP was used as
a pretreatment in bonding a restorative resin to dentin. Choosing the
proper test to evaluate mechanical properties at the bonded interfaces is
an ongoing debate [48]. In this study, we chose the μSBS test due to
sample handling limitations as a result of the small size of the dentin
disks. Furthermore, to avoid the application of any stress to the com-
posite post and the bonded interface caused by the mould removal, we
have used a perforated pasta as a mould to standardize the surface area of
the composite posts across all the specimens [31]. The pasta was softened
and mostly disintegrated after incubation in SBF.

Our results showed that when dentin was pretreated with AMTN/
AMTN-Col–coated HANP, μSB strength values increased significantly.
The SEM images suggest cohesive fracture in samples treated with nano-
bio complexes and adhesive fracture in the specimens that were treated
with HANP alone or that were untreated (Fig. 7). These findings may
further indicate a more robust dentin-resin interface in the presence of
the nano-bio complexes. To further characterize the mode of these
fractures, we are considering fractography in the future.

Since odontoblasts cannot repair caries-infected dentin, restorative
strategies aim to replace the infected dental tissue with materials that
withstand mechanical pressure, similar to native dental tissue, while
preserving tooth morphology. However, a robust and fully integrated
hybrid layer is required to improve restoration longevity. Therefore,
previous studies have used biomodification, such as enzyme inhibitors,
collagen cross-linking, and biomimetic remineralization strategies, to
preserve the collagen at the hybrid layer [36]. However, in our study, we
have placed a biomineralizing agent at the interface of the
dentin-restoration material that can mineralize this interface, protect the
collagen, and close the gap even after the placement of the restoration.
Comparing our results to similar studies, we found that the dentin-resin
μSB strength value was similar to that of enamel in the specimens treated
with the bio-nano complexes [49,50]. The bond to enamel is stronger
than the bond strength to dentin due to the higher inorganic content of
enamel compared to dentin [51]. In contrast, nontreated samples or those
treated with HANP alone had a μSB value equal to that of the dentin-resin
bond. This may further indicate mineralization of the dentin-resin
interface in the presence of the bio-nano complexes, which led to a
stronger bond similar to that of the enamel-resin bond. Further
well-designed clinical studies are required to determine the potential for
any clinical applications, which may also require investigating the
bio-nano complexes toxicity effects on cells.

5. Conclusion

In conclusion, we have developed and characterized HANP coated
with AMTN/AMTN-Col based on the high affinity of the proteins to HA.
These bio-nano complexes have shown enhanced potential in mineral-
izing collagen, both in collagen and in dentin. Furthermore, we have
demonstrated enhanced μSB strength in the dentin-resin bond following
pretreatment with these bio-nano complexes. These findings may have
direct implications for developing therapeutic strategies for deep
dentinal caries and DH prevention.
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