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Abstract

Natural biominerals are formed through metastable amorphous precursor phases via a bottom-up,
nanoparticle-mediated mineralization mechanism. Using an acid-etched human dentin model to
create a layer of completely-demineralized collagen matrix, a bio-inspired mineralization scheme
has been developed based on the use of dual biomimetic analogs. These analogs help to sequester
fluidic amorphous calcium phosphate nanoprecursors and function as templates for guiding
homogeneous apatite nucleation within the collagen fibrils. By adopting this scheme for
remineralizing adhesive resin-bonded, completely-demineralized dentin, we have been able to
redeposit intrafibrillar and extrafibrillar apatites in completely-demineralized collagen matrices that
are imperfectly infiltrated by resins. This study utilizes a spectrum of completely- and partially-
demineralized dentin collagen matrices to further validate the necessity for using a biomimetic
analog-containing medium for remineralizing resin-infiltrated partially-demineralized collagen
matrices in which remnant seed crystallites are present. In control specimens in which biomimetic
analogs are absent from the remineralization medium, remineralization could only be seen in
partially-demineralized collagen matrices probably by epitaxial growth via atop-down crystallization
approach. Conversely, in the presence of biomimetic analogs in the remineralization medium,
intrafibrillar remineralization of completely-demineralized collagen matrices via a bottom-up
crystallization mechanism can additionally be identified. The latter is characterized by the transition
of intrafibrillar minerals from an inchoate state of continuously-braided microfibrillar electron-dense
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amorphous strands to discrete nanocrystals, and ultimately into larger crystalline platelets within the
collagen fibrils. Biomimetic remineralization via dual biomimetic analogs has the potential to be
translated into a functional delivery system for salvaging failing resin-dentin bonds.
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1. Introduction

Dental caries is a transmittable infectious disease which represents pathologic destruction of
hard and soft dental tissues by oral microorganisms. It affects individuals of all age, culture
and socioeconomic background and is a major problem in dentistry despite significant advances
in the development of preventive strategies over the past few decades [1]. Acids produced by
cariogenic microorganisms diffuse through calcified dental tissues and result in dissolution of
the apatite crystallites. Dental caries may be initiated from either the crown enamel or the root
cementum and eventually progresses to the underlying dentin. Bacteria produce lactic acid
until the local pH reaches about 4.5-5.0 at which time they cease to form any more lactic acid.
The lactic acid tends to preferentially dissolve some, but not all, interfibrillar crystallites,
creating a zone of partially demineralized dentin. The process also activates endogenous
collagenolytic enzymes known as matrix metalloproteinases (MMPs) that break down the
demineralized collagen matrix. Dentin contains approximately 70 wt% mineral phase, 20 wt
% organic phase and 10 wt% water [2]. Type | collagen constitutes 90 wt% of the dentin organic
phase and the remaining 10% is composed of noncollagenous proteins (NCPs) [3]. If
demineralization by bacterial acids is not halted or reversed by re-deposition of minerals
derived from salivary secretions, a cavity forms that requires replacement with a dental filling
[1]. Contemporary management of caries has progressed historically from extraction of the
caries-involved tooth to the use of minimally-invasive techniques that maximize the
conservation of tooth structures. Filling of carious teeth with tooth-colored resin composites
that are coupled to the dentin substrate via the use of dentin adhesives is the current treatment
of choice.

Dentin adhesives rely on micromechanical entanglement of resin polymers within partially or
completely-demineralized collagen matrices for retention of the resin composite fillings.
Infiltration of resins into the demineralized dentin creates a so-called interdiffusion zone.
Demineralization of dentin substrates for the sake of micromechanical retention may be
accomplished by a separate phosphoric acid-etching step in the so-called etch-and-rinse
adhesives or by utilizing acidic resin monomers with carboxylic acid or phosphoric acid
functional groups in the so-called self-etching adhesives. When 37% phosphoric acid is used,
the pH of the etched surface can fall below pH 1.0. At such low pHSs, apatite crystallites are
dissolved from both interfibrillar and intrafibrillar compartments, leaving the type I collagen
completely demineralized. Conversely, when milder formers of self-etching adhesives are
used, zones of partially demineralized dentin that contain seed apatite crystallites are produced.
Resin-dentin bonds created by contemporary dentin adhesives are susceptible to degradation
in vivo after aging [4—6] by endogenous MMPs that are bound to the demineralized collagen
fibrils [7]. A potential strategy to improve the durability of these bonds is to replace the residual
water trapped within the non-resin encapsulated demineralized collagen fibrils by new apatitic
minerals. The newly formed apatitic minerals probably fossilize the MMPs and prevent the
collagen fibrils from enzymatic degradation. This protection concept is based on the rationale
that natural mineralized dentin that is protected by intrafibrillar and extrafibrillar apatite
crystallites do not undergo degradation over time [8]. Since collagen matrix does not initiate
mineralization on its own [9], noncollagenous extracellular matrix proteins are required for
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regulating bone and dentin mineralization and for controlling the dimension, order and
hierarchy of apatite deposition within mineralized hard tissues [10]. As the therapeutic use of
native or recombinant ECM proteins for in-situ biomineralization is not yet economically
viable, research scientists have resorted to the use of polyelectrolyte and poly(amino) acid
macromolecules to mimic the functional domains of these naturally occurring proteins [11].

Most of the techniques involved in the synthesis of nanomaterials and nanodevices may be
classified as bottom-up and top-down approaches [12]. Bottom-up approaches start with one
or more defined molecular species, which undergo certain processes that result in a higher-
ordered and highly-organized structure. Examples of bottom-up approaches include self-
assembly and molecular patterning. Top-down approaches begin with a bulk material that
incorporates nanoscale details, such as nanolithography and etching techniques. In the top-
down approach, biomaterials are generated by stripping down a complex entity into its
component parts, such as paring of a virus particle down to its capsid to form a viral cage. In
terms of crystallization, creating smaller crystals from larger crystals in partially demineralized
dentin by the aforementioned bacterial acids and self-etching primers represents examples of
the top-down approach.

A nanotechnology-inspired, biomimetic mineralization technique that generates calcium and
phosphate ions with a high pH has recently been developed [13]. This biomimetic
mineralization scheme uses two polyanionic analogs to mimic the dual functions of dentin
matrix proteins [14] in sequestering and stabilizing amorphous nanoprecursors that are
generated from prenucleation clusters [15-17], and acting as template molecules [18,19] for
guiding the bottom-up assembly [20] of intrafibrillar apatite crystallites within the collagen
fibrils. The aforementioned biomimetic mineralization scheme has been adopted for
remineralization of imperfect, water permeable resin-dentin interfaces created by etch-and-
rinse dentin adhesives that utilize an aggressive phosphoric acid etchant to create a zone of
completely-demineralized dentin on top of a mineralized dentin base [21,22]. The results
derived from this completely-demineralized, resin-infiltrated dentin model led to the
conclusion that intrafibrillar remineralization of water-rich, resin-sparse collagen matrices can
not occur in the presence of a remineralization medium that is devoid of biomimetic analogs.
The idea of dentin remineralization is certainly not new; the dental literature abounds with
studies on a plethora of filling materials that are capable of remineralizing partially-
demineralized dentin. An obvious difference between completely- and partially-demineralized
dentin is the presence of remnant apatite seed crystallites in the latter that can act as centers
for heterogeneous nucleation. Thus, remineralization of a partially-demineralized collagen
matrix is thermodynamically more favorable than homogeneous nucleation within a
completely-demineralized collagen matrix. Part of the success reported with the use of
contemporary calcium- and phosphate-releasing remineralizing materials may be related to the
remineralization of the collagen matrix via epitaxial growth of calcium phosphate salts on
remnant seed crystallites [23]. Epitaxial growth may be regarded as a top-down approach
according to the classical crystallization theory, via ion-by-ion addition to pre-existing seed
crystallites [14]. Conversely, the bottom-up mineralization approach is based on the
nonclassical theory of crystallization which involves the use of biomimetic analogs for
generating metastable amorphous mineral precursors and mesocrystals. As a partially-
demineralized collagen matrix invariably exhibits a gradient of demineralization from the
surface to the base of the matrix, it is unknown if the aforementioned biomimetic analogs are
required for remineralizing partially-demineralized collagen matrices. Intrafibrillar
remineralization, in particular, has been surmised to be responsible for restoring the mechanical
properties of dentin [24].

Unlike etch-and-rinse adhesives, self-etching adhesives contain polymerizable, methacrylate-
based acidic resin monomers that simultaneously etch and infiltrate the dentin substrate. They
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vary widely in their aggressiveness and may create completely- or partially-demineralized
collagen matrices of variable thickness [25]. The use of hydrophilic self-etching adhesives of
variable aggressiveness provides the opportunity for designing a phenomenological model
consisting of a spectrum of completely- and partially-demineralized collagen matrices for
validating the necessity of using a biomimetic analog-containing medium for remineralization
of partially-demineralized dentin. Thus, the objective of this work was to examine the
ultrastructural characteristics of completely-demineralized vs partially-demineralized resin-
infiltrated dentin collagen matrices (i.e. interdiffusion zones) that had been subjected to
biomimetic remineralization. Understanding the ultrastructural differences between top-down
and bottom-up approaches in their ability to remineralize partially-demineralized resin-
infiltrated dentin sets the stage for the development of the current biomimetic remineralization
strategy as a functional delivery system for remineralizing partially-demineralized, resin-
bonded caries-affected dentin.

2. Materials and methods

2.1 Dentin bonding

Twenty-four extracted non-carious human third molars were used for the study. The teeth were
collected after the parents’ informed consents were obtained under a protocol reviewed and
approved by the Human Assurance Committee of the Medical College of Georgia. A flat dentin
surface was prepared perpendicular to the longitudinal axis of each tooth using a low-speed
Isomet diamond saw (Buehler Ltd., Lake Bluff, IL, USA) under water-cooling. The occlusal
dentin surface was polished with a 320-grit silicon carbide paper under running water to create
a bonding surface that was devoid of enamel. The specimens were randomly divided into three
groups (8 teeth each): I) Adper Prompt (3M ESPE, St. Paul, MN, USA), the most aggressive
self-etching adhesive; I1) Adper Scotchbond SE (3M ESPE), a moderately aggressive self-
etching adhesive; and I11) Adper Easy Bond (3M ESPE), the mildest of the three self-etching
adhesives. After the application of these adhesives to dentin according to the manufacturers’
instructions, they were polymerized using a quartz-tungsten-halogen light-curing unit with an
output intensity of 600 mW/cm?. This was followed by incremental placement of two 2-mm
thick layers of a resin composite that was light-cured separately for 40 sec each. The bonded
teeth were stored at 100% relative humidity for 24 h. Each tooth was sectioned occluso-
gingivally into 0.3-mm thick slabs, each containing the resin-dentin interface.

2.2 Remineralization medium

White Portland cement (Lehigh Cement Company, Allentown, Pennsylvania, USA) was mixed
with deionized water in a water-to-powder ratio of 0.35:1, placed in flexible silicone molds
and allowed to set and aged at 100% relative humidity for one week before use. A simulated
body fluid (SBF) was prepared by dissolving 136.8 mM NacCl, 4.2 mM NaHCO3, 3.0 mM KCl,
1.0 mM KyHPO,4-3H,0, 1.5 mM MgCl,-6H,0, 2.5 mM CaCl, and 0.5 mM NaySOy in
deionized water and adding 3.08 mM sodium azide to prevent bacterial growth. This SBF also
served as the control remineralization medium which contained no biomimetic analog. For the
biomimetic remineralization medium, 500 pg/mL of polyacrylic acid (Mw = 1,800; Sigma-
Aldrich, St. Louis, Illinois, USA) and 200 pg/mL of polyvinylphosphonic acid (Mw = 24,000;
Sigma-Aldrich), were added to the SBF as dual biomimetic analogs. All solutions were
buffered to pH 7.4 with 0.1 M Tris Base or 0.1 M HCI.

2.3 Biomimetic remineralization

Each control and experimental specimen slab was placed over a set Portland cement block
(ca. 1 g) inside a glass scintillation vial. The latter was filled with 15 mL of SBF containing
the two biomimetic analogs. Each glass vial was capped to prevent evaporation of the solution
and stored in an incubator at 37°C. The remineralization medium was changed every month,
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with its pH (after inclusion of Portland cement blocks) monitored weekly so that it was above
9.25. Thisensured that apatite was formed instead of octacalcium phosphate [26]. Experimental
and control specimens were retrieved after 1-4 months (four slabs per month) for ultrastructural
examination of the extent of remineralization. Baseline specimens were examined before
immersion for examination of the interdiffusion zone and for the presence of water-rich, resin-
sparse regions using a silver nitrate tracer protocol [27].

2.4 Transmission electron microscopy

3. Results

Following retrieval, the control and experimental specimen slabs were fixed in Karnovsky’s
fixative, rinsed in cacodylate buffer, post-fixed in 1% osmium tetroxide. After fixation, each
slab was rinsed three times with sodium cacodylate buffer. The slab was dehydrated in an
ascending ethanol series (50—100%), immersed in propylene oxide as a transitional medium
and embedded in epoxy resin [28]. For each monthly examination period, non-demineralized,
90 nm thick sections were prepared and examined without further staining using a JEM-1230
TEM (JEOL, Tokyo, Japan) at 110 kV.

3.1. Baseline Specimens

Baseline specimens were prepared from adhesive-bonded dentin slices that had not been
subjected to remineralization. The three self-etching adhesives possessed different
aggressiveness (i.e. pHs), as revealed by the different thickness and demineralization
characteristic within the interdiffusion zones (Fig. 1). Adper Prompt, the most aggressive
adhesive, created a 5 pm thick completely-demineralized interdiffusion zone (Fig. 1A). Adper
Scotchbond SE, the moderately aggressiveness adhesive, created a 2 pm thick interdiffusion
zone with a partially-demineralized basal region and a fully-demineralized surface region (Fig
1C). Adper Easy Bond, the mildest of the three self-etching adhesives created a 0.5 pm thick
interdiffusion zone (Fig 1E). The basal 0.3 um of this interdiffusion zone was partially-
demineralized. Although the surface 0.2 pm of the interdiffusion zone appeared completely-
demineralized at this magnification, very fine remnant apatite crystallites could be identified
at high magnifications (not shown). Application of a silver nitrate tracer solution to those
interdiffusion zones revealed water-rich, resin-sparse regions that contained electron-dense
silver deposits (Figs. 1B, 1D, 1F). Additional water channels extended from the surface of the
interdiffusion zones into the adhesive layers (Figs. 1D, 1F). They represent water derived from
the originally water-filled dentinal tubules of the dentin substrate that was evaporated by the
heat generated during polymerization of the adhesives and were trapped within the adhesive
layers. Identification of those water-rich regions explained why resin-infiltrated demineralized
collagen matrices are remineralizable after they have been filled with hydrophilic dental
adhesive resins.

3.2. Control Specimens

Control specimens were prepared from bonded dentin slices after they had been immersed for
4 months in the control simulated body fluid medium. The completely-demineralized
interdiffusion zone in Adper Prompt did not remineralize in the absence of biomimetic analogs
[22]. For Adper Scotchbond SE and Adper Easy Bond, the thickness and density of the
partially-demineralized regions within the interdiffusion zones increased after remineralization
(Figs. 3A, 3B, 4A, 4B). Similar to Adper Prompt, the fully-demineralized, superficial part of
the interdiffusion zone created by Adper Scotchbond SE did not remineralize in the absence
of biomimetic analogs due to the depletion of remnant extrafibrillar and intrafibrillar seed
crystallites (Figs. 3A, 3B). For Adper Easy Bond, the mildest adhesive, extrafibrillar
remineralization along the periphery of the tufted collagen fibrils could be seen along the
surface of the interdiffusion zone (Fig. 4B).
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3.3. Experimental Specimens

Experimental specimens were prepared from bonded dentin slices that had been immersed in
the biomimetic remineralization medium for 1-4 months. An early stage of remineralization
that was seen in Adper Prompt is depicted in Fig. 2A. Remineralization occurred along the
base of the originally completely-demineralized interdiffusion zone. As the spaces between
the collagen fibrils were occupied by resin, remineralization was predominantly identified
within the fibrils (i.e. intrafibrillar remineralization). In this “inchoate state”, remineralization
appeared as continuous, braided electron-dense extensions that followed the microfibrillar
arrangement of collagen fibrils (Fig. 2B). Figure 2C showed a more mature stage of
remineralization in Adper Prompt in which the entire interdiffusion zone was remineralized.
Transformation of the continuous, braided mineral phase into discrete intrafibrillar platelets
could be seen within a single collagen fibril (Figs. 2D-2F).

For Adper Scotchbond SE, the fully-demineralized surface part of the interdiffusion zone was
remineralized at an early stage (Fig. 3C). The mode of remineralization was intrafibrillar in
nature and consisted of the electron-dense braided mineral phase (Fig. 3C). In some collagen
fibrils, the continuity of the electron-dense mineral phase was interrupted by the appearance
of short, non-overlapping mineral platelets that still retained the rope-like microfibrillar
architecture [29] of the collagen fibrils (Fig. 3D). Unlike the baseline and control specimens
(Figs. 1C, 3A), the entire interdiffusion zone was found to be occupied by minerals in
experiment specimens with a more advanced stage of remineralization (Fig. 3E). Although
remnant fibrils with the electron-dense braided mineral phase could still be seen, the surface
part of the interdiffusion zone was predominantly filled with platelet-shaped minerals at this
stage of remineralization (Fig. 3F).

For Adper Easy Bond, difference between the control and experimental specimens was most
notable during the early stage of biomimetic remineralization. The extrafibrillar
remineralization that was observed on the tufted fibrils along the surface of the interdiffusion
zone in the control specimens (Fig. 4B) was replaced by intrafibrillar remineralization of
similar tufted fibrils in the experimental specimens (Fig. 4C). In those experimental specimens,
the characteristic electron-dense braided mineral phase could be seen within the fibrils, with
occasional appearance of amorphous, electron-dense globular bodies adjacent to the braided
fibrils (Fig. 4D). With a more mature stage of biomimetic remineralization, the braided fibrils
were transformed into a denser conglomerate of mineral platelets that could be more easily
identified along the surface tufted collagen fibrils (Fig. 4E). A high magnification view of the
subsurface of the remineralized interdiffusion zone revealed collagen fibrils packed with
mineral platelets that were much smaller than the adjacent platelets derived from the original
partially-demineralized dentin (Fig. 4F). These miniature mineral platelets probably represent
an intermediate stage of transformation of the “inchoate” braided mineral phase to the final
“mature” platelet phase.

4. Discussion

The results obtained from the control specimens confirmed that remineralization of completely-
demineralized dentin does not occur when biomimetic analogs are absent from a
remineralization medium. Conversely, the increase in thickness and density of the partially-
demineralized regions in control specimens prepared with Adper Scotchbond SE and Adper
Easy Bond (Figs. 3A, 3B, 4A, 4B) indirectly indicated that remineralization of partially-
demineralized dentin can occur in the absence of biomimetic analogs. This is probably due to
the epitaxial growth over remnant seed crystallites which act as templates for mineral
deposition [30], with the orientation of newly formed mineral lattice determined by the lattice
of the underlying crystal. This process is quite common in the formation of calculus [31] and
remineralization of enamel [32,33]. Such a top-down mechanism of crystal growth is probably
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thermodynamically more favorable based on the classical crystallization theory. Crystallization
proceeds via the one-step route of simply overcoming the free energy required for crystal
growth (AGgrowtn), Without the need to overcome simultaneously the activation-energy barrier
for nucleation (AGnycleation)- Thus, remineralization occurs without the need for the alternative
kinetically-driven protein/polymer-modulated pathway for lowering the Gibbs free energy via
sequential steps of phase transformations, as depicted by the nonclassical crystallization theory
[15,34]. Although noncollagenous proteins may be associated with the remaining minerals in
partially-demineralized dentin [35], we did not observe additional intrafibrillar
remineralization of the completely-demineralized regions of the interdiffusion zones created
by these two adhesives, contrary to the results suggested by Saito et al. [36]. However, it is
possible that some of these noncollagenous proteins may participate in the top-down
remineralization process by inhibiting the dimensions of the apatite crystallites during the
process of epitaxial growth [37].

In this study, we could only speculate the occurrence of epitaxial crystal growth based on the
increase in thickness and density of the partially-demineralized regions of the interdiffusion
zones. This is due to our inability to distinguish newly precipitated mineral phase from the
existing mineral core with the use of conventional TEM. Direct evidence of epitaxial crystal
growth requires the use of high resolution-TEM (HR-TEM) that permits examining the
orientation of lattice fringes in those crystals and to identify possible interfacial dislocations
and lattice mismatch between the precipitating phase and the existing crystal core [38,39].
Another method which we have recently adopted in our laboratory is to induce heteroepitaxial
growth on apatite seed crystallites. This may be achieved by or substituting the calcium ions
in the apatite hexagonal P63/m lattice with lead or strontium [40,41], the phosphate ions with
vanadate [42] by incorporating inorganic salts containing these replacement ions in the
remineralization media. This will enable us to detect evidence of epitaxial growth derived from
a top-down remineralization approach using energy dispersive X-ray microanalysis in
conjunction with a conventional TEM.

The aforementioned top-down remineralization mechanism is applicable only, on a
nanoscopical scale, to those parts of a collagen fibril that contain seed crystallites. This is
exemplified by the high magnification TEM image in Fig. 4B. Extrafibrillar crystallites were
attached only to the some parts of the collagen fibril surface, while other locations along the
same fibril were completely devoid of extrafibrillar mineral platelets. This mode of
remineralization differed drastically from results achieved with the bottom-up approach when
the dual biomimetic analogs were included in the remineralization medium. Intrafibrillar
remineralization in the form of the electron-dense braided mineral phase was the first sign of
bottom-up remineralization to be appeared in the apatite-depleted regions of all three adhesives.
This “inchoate” state of mineralization, depicted at high magnification in Fig. 4D, has the
unique characteristic of recapitulating the microfibrillar subunits of a collagen fibril [43,44]
and is schematically represented by Fig. A of Scheme 1. Similar features were also observed
in the recent study by Deshpande and Beniash [45] after non-resin-infiltrated, reconstituted,
single collagen fibrils were remineralized in the presence of poly(L-aspartic acid). Although
the nature of the two studies was different, important conclusions may be drawn when the
findings from the elegant work by Deshpande and Beniash were compared with our present
results.

In the Deshpande and Beniash study, the authors reported using selected area electron
diffraction that the minerals that were formed within two hours were initially amorphous. The
amorphous nature of this mineral phase gradually decreased and became exclusively crystalline
after 16 hours. In the present study, the initially continuous nature of the braided mineral phase
became discrete nanocrystals that still captured the microfibrillar arrangement of the collagen
fibrils. We interpreted these findings as complementary manifestations of the same
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phenomenon. The only difference is that in the Deshpande and Beniash study, the authors
examined whole remineralized collagen fibrils without sectioning; in the present study,
sections through the remineralized fibrils were examined, thereby enabling a clearer depiction
of the internal structure of the transformed crystalline phase. Although we had performed
selected area electron diffraction on these remineralized phases (not shown), our distinction
between the amorphous and crystalline nature of these mineral phases was less clear cut due
to the three dimensional, closely approximated nature of a natural collagen matrix. In the
Deshpande and Beniash study, the collagen fibrils were in direct contact with the poly(aspartic
acid)-containing solution. Thus, amorphous calcium phosphate (ACP) nanoprecursor phases
required minimal diffusion distances to reach the collagen fibrils. In the present study, the
collagen matrices were encapsulated by hydrophilic adhesive resins. Although the latter
permits the ingress of water via diffusion channels (Figs. 1B, 1D, 1F), they were considerably
more tortuous. The water-rich, resin-sparse channels between the collagen fibrils were also
occupied by water-sorbed, space-filling glycosaminoglycans [46] that could have prolonged
the time required for the fluidic ACP nanoprecursors to reach the collagen fibrils. Collectively,
these issues account for the longer time required for the remineralization of resin-bonded dentin
(months) when compared to the much shorter time (hours) required for the remineralization of
a single layer of widely separated, reconstituted collagen fibrils that were prepared from
purified, glycosaminoglycans-depleted collagen solutions.

The fact that these nanoprecursors can penetrate the hydrophilic resin polymer matrix that
occupied the extrafibrillar spaces around the collagen fibrils was indicative of the fluidic nature
of these nanoprecursors. The liquid-like ACP nanoprecursors described above has been
referred by Gower and her colleagues [16,47] as polymer induced liquid precursors, based on
their initial work on polyanionic acid stabilized amorphous calcium carbonate phases. Similar
to poly(aspartic acid), polyacrylic acid, one of the two biomimetic analogs employed in the
present study, has the ability to sequester the ACP phases into droplets that are smaller than
the wavelength of light, so that they appeared transparent to the naked eye [48]. The layer of
low molecular weight polyacrylic acid around the amorphous calcium phosphate probably
functions as a surfactant [48], permitting liquid-liquid phase separation of the ACP
nanoprecursors from the aqueous remineralization medium [16]. Penetration and coalescence
of individual nanodroplets results in a continuous phase of amorphous calcium salts within the
collagen fibril [16]. Examples of these amorphous fluid phases, approximately 50 nm in
diameter, are illustrated in Figs. 2B and 4D. The amorphous structure depicted in Fig. 2B is
particularly interesting as it presented with an appendage that appeared to be in contact with a
collagen fibril that was infiltrated with the electron-dense continuous, braided mineral phase.
These features are schematically represented in Figs. B of Scheme 1. Although observation of
these amorphous structures in the present study may be incidental, we have been able to observe
large quantities of larger amorphous, electron-dense droplets that congregated around the
periphery of the collagen fibrils when much high concentrations of polyvinylphosphonic acid
than the concentration employed in the present study were directly applied to acid-etched dentin
prior to adhesive application (Supplemental Material — S1 and S2). Usually, these transient,
metastable amorphous droplets are difficult to detect unless special techniques such as dynamic
light scattering [49] or cryo-scanning electron microscopy [50] are employed. A possible
reason why these droplets could be identified in our studies may be due to their entanglement
within the polymer network of a resin matrix. This is similar to the results by Liou et al. when
the polyacrylic acid stabilized apatitic nanospheres were dispersed within the polyacrylic acid
matrix of a nanocomposite [48]. More recent studies suggested that these fluidic
nanoprecursors may be the result of the aggregation of even smaller (0.6-1.1 nm) amorphous
prenucleation ionic clusters [17,51]. Such works are based on the more thoroughly studied
calcium carbonate systems and the existence of prenucleation calcium phosphate clusters has
yet to be identified. Nevertheless, based on the nonclassical crystallization theory, both
prenucleation clusters and polymer-stabilized amorphous nanoprecursors may be the first two
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steps [17] in a kinetically-driven cascade targeted at minimizing the activation-energy barriers
in a crystallization event [52].

The observation that intrafibrillar remineralization occurred in our present systems indicated
that the internal environment of those remineralized fibrils were occupied by water instead of
resin. Remineralization of the collagen fibrils would require that the free water within the
collagen fibrils and loosely-bound water within the collagen molecules be replaced by liquid-
like ACP nanoprecursors (Fig. C1 of Scheme 1). A recent magnetic response microscopy study
showed that there was a reduction in the mobility of water molecules, as indicated by a reduction
in the water proton transverse (T5) relaxation times, as water in the collagen fibrils was replaced
by amorphous calcium phosphate precursors [53]. Thus mineralization of collagen fibrils may
be perceived as a dehydration process.

Template-directed transformation of the coalesced amorphous precursor phase into
polycrystalline phases [17,18] could be identified along different parts of the same collagen
fibrils in the present study (Figs. 2D, 2E). This is schematically represented by Figs. C2, D1
and D2 in Scheme 1. Polyvinylphosphonic acid (PVVPA), the other analog present in the
biomimetic remineralization medium, is a polyanion that mimics phosphoproteins such as
DMP-1, phosphophoryn or bone sialoprotein [37]. Unlike phosphoprotein molecules that bind
to specific sites along the collagen molecules, PVPA is conjectured to bind nonspecifically to
the collagen molecules (Gu et al., unpublished results). Similar to natural phosphoproteins,
they may act as templates that trigger transformation of the coalesced amorphous precursors
into nanocrystalline domains inside the amorphous structures [54]. Stabilized by the templating
molecules, these nanocrystalline domains undergo subsequent growth into oriented single
crystals [17]. This protein/polymer-dependent bottom-up assembly of nanocrystalline domains
into single crystals has been referred to as mesoscopic transformation [15,52]. In the present
study, this sequence of events is exemplified by the conversion of the continuous braided
mineral phase into discrete, nonoverlapping nanocrystals (Fig. 3D), and ultimately into larger
overlapping platelets or needles (Figs. 2E, 2F), depending upon the plane of sectioning (Fig.
D2 of Scheme 1).

It is not possible to provide direct evidence of mesoscopic transformation based on electron
microscopy observations alone. However, indirect evidence may be obtained by comparing
the configuration of the continuous braided mineral phase versus the post transformation
overlapping platelet phase identified from the TEM images. The microfibril model proposed
by Smith considered packing of a bundle of five intertwining triple helical collagen molecules
into microfibrillar subunits within a collagen fibril [55,56]. According to Holmes et al. [57],
a cross-section of 100 nm diameter collagen fibril would contain approximately 3900 collagen
molecules. This is equivalent to 780 microfibrils in a 100 nm diameter collagen fibril. Indeed,
a longitudinal section through a collagen fibril that was infiltrated the continuous braided
mineral phase (Fig. 4D) appeared to support the presence of a large number of microfibrils
within the collagen fibril. However, irrespective of the plane of sectioning (Figs. 3D,4F), the
number of transformed nanocrystalline phases that were sequentially produced within a 100
nm diameter fibril was less than ten in number. These nanocrystalline phases, in turn, were
much smaller in dimensions when compared to the more mature platelets observed in Figs. 2F
and 4F. The only way to account for this reduction in the number of electron-dense strands to
the number of platelets seen in the mature remineralized fibrils is the initial condensation of
the amorphous mineral phase into metastable nanocrystalline phases, followed by their
mesoscopic transformation into larger crystallites. These observations appear to support the
cascade of events proposed by the mechanism of bottom-up, template-directed, particle-based
assembly of metastable nanocomponents into single crystalline structures [17,18]. A
hypothetical depiction of this transition from nanocrystalline phase into larger crystalline
platelets is depicted in Fig. E of Scheme 1.
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4. Conclusion

Biomimetic remineralization research has advanced considerably over the last decade. From
earlier studies that demonstrated predominantly extrafibrillar remineralization [58,59] to the
more recent studies that verified that reconstituted collagen scaffolds or individual fibrils
[45,47] are capable of intrafibrillar remineralization, the progress has been nothing short of
phenomenal. The discovery of a cascade of metastable phases such as liquid-like amorphous
precursors and mesocrystals has further advanced our knowledge on how biomineralization
may be biomimetically recapitulated based on the non-classical theory of crystallization.

Calcium and phosphate releasing materials have been available for almost three decades for
remineralizing the apatite minerals lost due to the carious process. The majority of these studies
were based on the deposition of newly formed calcium phosphate phases over remnant seed
crystallites, in compliance with the principles of the classical theory of crystallization. The
question exists whether existing systems can remineralize those parts of a collagen matrix that
are devoid of seed crystallites. In this study, it was found that in the absence biomimetic analogs
in a remineralization medium, remineralization only occurred in partially-demineralized
collagen matrices probably by epitaxial growth. Conversely, in the presence of biomimetic
analogs in the remineralization medium, intrafibrillar remineralization of completely-
demineralized collagen matrices can additionally be identified. The success of the current
proof-of-concept, laterally-diffusing remineralization protocol warrants the development of a
clinically-applicable delivery system by incorporating these biomimetic analogs into the steps
involved in the application of these adhesives and filling materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TEM images of specimens that had not been subjected to biomimetic remineralization. These
images provided baseline information on the depth of demineralization and extent of apatite
dissolution in human dentin bonded with the three self-etch adhesives. Generic abbreviations
- A: unfilled adhesive; FA: filled adhesive; D: dentin; T: dentinal tubule; Between open arrows:
zone of demineralized dentin that was simultaneously infiltrated by the self-etch adhesive to
produce an interdiffusion zone. A. Adper Prompt, the most aggressive adhesive, created a 5
Am thick layer of completely-emineralized dentin. B. Adper Prompt-bonded dentin that had
been immersed in a silver nitrate tracer solution. The electron dense silver deposits (open
arrowhead) revealed water-rich, resin-sparse regions within the interdiffusion zone. C. Adper
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Scotchbond SE, a moderately aggressiveness adhesive, created a 2 Am thick interdiffusion
zone. A thin, partially-demineralized region (between open arrowheads) could be identified
along the base of the interdiffusion zone. D. The corresponding silver impregnated section of
Adper Scotchbond SE showing water-rich, resin-sparse regions (open arrowhead) within the
interdiffusion zone. Some of the water channels (pointers) extended vertically from the dentin
surface into the filled adhesive. E. Adper Easy Bond, the mildest of the three self-etch
adhesives, created a 500 nm thick interdiffusion zone with a clearly discernible 300 nm thick
partially-demineralized region along its base (between open arrowheads). Although the surface
200 nm part of the interdiffusion zone appeared completely-demineralized at this
magnification, very fine remnant apatites could be identified at higher magnification. F. The
corresponding silver impregnated section of Adper Easy Bond showing water channels (open
arrowhead) within the interdiffusion zone and in the filled adhesive (pointer).
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Figure 2.

TEM images of experimental Adper Prompt specimens that had undergone biomimetic
remineralization. The completely-demineralized resin infiltrated collagen matrices of the
control specimens did not remineralize in the absence of biomimetic analogs (not shown). A:
adhesive; D: dentin; T: dentinal tubule. A. A representative example of a specimen that
exhibited features of an early stage of biomimetic remineralization. Partial remineralization
(asterisk) occurred along the base of the original zone of completely-demineralized dentin
(between open arrows). B. A high magnification view of Fig. 2A. Intrafibrillar remineralization
could be seen in the form of an electron-dense, continuous ribbon-like mineral phase (pointer)
that extended along the longitudinal axis of the collagen fibrils, accentuating the braided
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microfibrillar architecture of those remineralized fibrils. An electron-dense, amorphous
droplet-like structure could be seen with an appendage extending into a remineralized collagen
fibril (arrow). Individual intrafibrillar mineral platelets could not be identified at this stage.
Extrafibrillar remineralization was minimal as the spaces between the collagen fibrils were
filled with adhesive resins, and appeared in the form of needle-shaped crystallites (open
arrowheads). C. A representative example of a specimen that exhibited features of a more
mature stage of biomimetic remineralization. Intrafibrillar remineralization could be seen
almost within the entire width of the original demineralized collagen matrix (between open
arrows). D. A moderately high magnification view of Fig. 2C showing transformation of the
continuous braided mineral phase (arrows) into discrete platelets (open arrowheads) within the
same collagen fibrils. A transverse section through a remineralized fibril (pointer) clearly
showed that it was fully filled with intrafibrillar minerals. E. A high magnification view, taken
from a different specimen, illustrating the transition of the continuous braided mineral phase
(arrow) into discrete platelets (open arrowhead) within a remineralized collagen fibril. This is
the first time such a transformation has ever been demonstrated in situ within the same fibril
(see also Fig. 3D). F. In this high magnification view, the remineralized fibril at the bottom
still retained some of the continuous braided mineral phase (arrows), while the mineral phase
within the fibril at the top had been transformed completely into discrete platelets (open
arrowheads).
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Figure 3.

TEM images of control (A-B) and experimental (C—F) dentin specimens bonded with Adper
Scotchbond SE. FA: filled adhesive; D: dentin; T: dentinal tubule; Between open arrows: the
original 2Am thick, partially demineralized interdiffusion zone. A. A control specimen that
was retrieved after immersion in the Ca* and PO43 -containing simulated body fluid (SBF)
for the entire experimental period. There was an increase in the thickness and density of the
partially-demineralized region within the interdiffusion zone, probably due to epitaxial growth
over remnant seed crystallites (see Fig. 1C). However, in the absence of biomimetic analogs,
there was no remineralization of the surface, completely-demineralized part of the
interdiffusion zone (between open arrowheads). The surface collagen fibrils (arrow) were
electron lucent (i.e. devoid of minerals). B. A high magnification view of the location marked
by the asterisk in Fig. 3A. Remineralization was predominantly extrafibrillar along the surface
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of the collagen fibrils (between open arrowheads). Intrafibrillar remineralization could not be
recognized, probably due to depletion of remnant intrafibrillar seed crystallites from this
location. C. An experimental specimen that exhibited features of an early stage of biomimetic
remineralization. Unlike the control specimen (Fig. 3A), the surface part of the interdiffusion
zone (between open arrowheads) was remineralized when biomimetic analogs are included in
the SBF. The mode of remineralization was intrafibrillar in nature and consisted of the electron
dense braided mineral phase that at this stage appeared completely different from the mineral
phase present in the underlying interdiffusion zone (asterisk). D. A high magnification view
of the electron dense braided mineral phase in Fig. 3C. In some collagen fibrils, the continuous
electron dense phase had been transformed into discrete nanocrystals that followed the braided
appearance of the microfibrillar strands (open arrowhead). E. An experimental specimen that
exhibited features of a more mature stage of biomimetic remineralization. Minerals were
present within the entire interdiffusion zone. Remnant braided mineral phases (arrows) could
still be identified along the superficial part of the interdiffusion zone. F. A high magnification
view of the superficial part of the interdiffusion zone showing the presence of mineral platelets
(arrows) within a region that was completely-demineralized in the baseline (Fig. 1C) and
control specimens (Fig. 3A). Remnants of the nanocrystals (open arrowheads) could be
identified within this region.
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Figure 4.

TEM images of control (A-B) and experimental (C—F) dentin specimens bonded with Adper
Easy Bond. FA: filled adhesive; D: dentin; T: dentinal tubule; Between open arrows: the
original 0.5 Am thick, partially demineralized interdiffusion zone. A. In the absence of
biomimetic analogs, remineralization of the interdiffusion zone probably occurred via epitaxial
growth over remnant intrafibrillar and extrafibrillar seed crystallites. Some of the tufted
collagen fibrils along the surface of the interdiffusion zone (arrows) also appeared to have
remineralized. B. A high magnification view of those surface collagen fibrils in the control
specimen showing that remineralization was extrafibrillar in nature, along the some parts
surface of the collagen fibril (between open arrowheads), while other parts of the same fibril
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were not remineralized. C. An experimental specimen that exhibited features of an early stage
of biomimetic remineralization. Collagen fibrils within the entire interdiffusion zone contained
the electron dense braided mineral phase, masking the existing apatite platelets from the
original partially demineralized part of the interdiffusion zone. The electron-dense braided
mineral phase was more easily observed from the tufted surface collagen fibrils (arrows). A
collagen fibril that was sectioned transversely (between open arrowheads) clearly indicated
that the entire fibril was filled with intrafibrillar minerals. D. A high magnification view of the
remineralized, tufted collagen fibrils similar to those shown in Fig. 4C indicated that the
electron-dense braided mineral phase remained continuous at this stage (open arrowhead). This
electron-dense mineral phase followed the helical arrangement of the microfibrils (white dotted
line). The electron-dense, amorphous structure (arrow) adjacent to the remineralized fibrils
could represent a fluidic amorphous calcium phosphate nanoprecursor droplet (see Fig. 2B).
E. An experimental specimen that exhibited features of a more mature stage of biomimetic
remineralization. At this magnification, the bulk of the interdiffusion zone and the tufted
surface collagen fibrils (arrows) were filled with mineral platelets. The electron-dense braided
mineral phase could no longer be observed. F. A high magnification view taken from the
location marked by the asterisk in Fig. 4E. Interpretation of the micrograph was complicated
by the superimposition of remineralized minerals over existing minerals. A longitudinal section
through a collagen fibril (between arrowheads) showed that it was filled with miniature mineral
platelets that were much smaller than some of the adjacent platelets (arrows). Those miniature
mineral platelets probably represented the transformed platelet phase from the continuous
electron-dense braided mineral phase (see Fig. 3D).
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Scheme 1.

A schematic summarizing the features of biomimetic intrafibrillar remineralization observed
in the completely-demineralized resin-infiltrated collagen matrices created in human dentin.
A. Demineralized collagen fibril. B. Rope-like microfibril infiltrated with fluidic amorphous
calcium phosphate droplets generated by the biomimetic remineralization system. C1. A view
of a microfibril at the molecular level. Amorphous calcium phosphate infiltrating the spaces
around the collagen molecules via capillary action. C2. Coalescence of the amorphous calcium
phosphate in the microfibril. D1, D2. Transformation of continuous braided amorphous
precursor into nanocrystals and their assembly into metastable mesocrystals. E. Hypothetical
fusion of mesocrystals into larger, single crystalline platelets.
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