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Abstract

Purpose of Review To present an overview of the ongoing research on enamel and dentin remineralization and to describe
particle-mediated and biomimetic approaches. The importance of restoring tissue functionality as the ultimate goal of
remineralization is emphasized.

Recent Findings Calcium-releasing particles and adjuvants to increase fluoride uptake by enamel are described in the literature.
In order to recover the prismatic structure in mineral-depleted enamel, amelogenin-derived peptides and amelogenin analogues
have been proposed as templates for apatite deposition. In dentin, mineral deposition per se is not enough to recover the
mechanical properties, and the use of biomimetic analogs is necessary to guide apatite formation into the collagen intrafibrillar
spaces.

Summary The use of biomimetic analogues associated with ion-releasing materials seems a promising approach for both enamel
and dentin remineralization. Clinical translational protocols are still premature and have, so far, only been explored experimen-
tally in vitro, with good outcomes particularly on structural and functional repair of artificial dentin carious lesions.

Keywords Dentin remineralization - Enamel remineralization - Functional remineralization - Biomimetic remineralization -

Biomimetic analogues - Fluoride

Introduction

Over the years, clinical and scientific evidence have shown the
benefits of minimally invasive dentistry [1, 2¢¢]. One of the
cornerstones of this concept is the possibility of remineralizing
initial enamel lesions or the caries-affected dentin. The use of
fluoride varnishes was shown to remineralize white spot le-
sions (WSL) in clinical studies [3, 4]. However, it is a consen-
sus that fluoride therapy is effective in the first 10-30 pum of
the lesion [5, 6], and alternatives must be developed to allow
for remineralization of deeper areas. Though successful
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remineralization of dentin has frequently been claimed, evi-
dence of a mechanical reinforcement of collagen by reincor-
poration of apatite mineral is lacking, leading to the conclu-
sion that there is currently no commercial product available
for dentin caries repair through remineralization.

The majority of the ongoing research on enamel and dentin
remineralization focus on (1) increasing the availability of
calcium ions to foster apatite precipitation in deeper areas of
the demineralized tissue, and (2) the use of biomimetic ana-
logues for ion transport and to guide mineral deposition in
order to restore the tissues original organization and function-
ality. This text presents an overview of the recent literature on
the subject.

Enamel

Calcium-Releasing Particles

A higher availability of calcium than what is found in saliva
may favor the ionic gradient towards remineralization. Also,

an increased calcium concentration in the biofilm was associ-
ated with higher fluoride retention and reduced enamel
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demineralization [7, 8]. There are several commercially avail-
able products developed to deliver high calcium concentra-
tions for enamel remineralization. Casein phosphopeptide-
stabilized amorphous calcium phosphate (CPP-ACP)
(Recaldent™) has been available for nearly two decades. In
spite the large number of studies, there is no consensus among
researchers that the use of gels or toothpastes containing CPP-
ACP is more efficient than fluoride [9, 10].

Bioactive glasses (sodium-calcium-phosphosilicate, com-
mercial examples NovaMin™, BioMinTM) have been the
subject of a recent systematic review [11]. According to the
authors, in vitro remineralization of WSL with ion-releasing
glasses is more efficient than with fluoride or CPP-ACP.
However, a toothpaste containing 927 ppm of fluoride and
5% of bioactive glass particles did not show better
remineralization results in comparison with a toothpaste con-
taining only fluoride in situ [12].

Experimental resin-based composites containing amor-
phous calcium phosphate (ACP) or dicalcium phosphate
dihydrate (DCPD) were shown to remineralize artificial enam-
el caries in vitro [13, 14]. This “proof of concept” demon-
strates the potential of these materials to prevent or postpone
caries lesion development around orthodontic brackets, for
instance. Mineral recovery at deeper regions of the lesion is
more efficient than with fluoride-releasing materials [14, 15],
possibly due to the fact that lesion pores are not obliterated by
CaF, deposits. The limitation of this strategy, however, is that
ion release is reduced overtime (usually around 2—3 months),
and the addition of ion-releasing particles to resin-based ma-
terials significantly reduce their mechanical properties [16].

Toothpastes containing hydroxyapatite (HA) nanoparticles
were shown to improve remineralization [17, 18] and reduce
tooth hypersensitivity [19]. However, studies comparing com-
mercially available toothpastes containing CPP-ACP, HA or
bioactive glass, and fluoride show conflicting results regard-
ing their efficiency in remineralizing enamel subsurface le-
sions in relation with those containing only fluoride [20, 21].

Adjuvants to Fluoride Therapies

Some of the current technologies have the purpose of optimiz-
ing fluoride uptake by enamel. (3-Tricalcium phosphate (3-
TCP) particles functionalized with carboxylic acids (to pre-
vent premature interactions with calcium) and surfactants (to
increase hydrophilicity) were developed with the purpose of
acting synergistically with fluoride, increasing fluoride-based
mineral nucleation [22]. Metaphosphates, M,(POs), (where
M is a monovalent metal) are a subgroup of inorganic con-
densed phosphates showing cyclic anions [23]. Sodium
trimetaphosphate (TMP) and hexametaphosphate (HMP)
added to fluoride gels, varnishes, and toothpastes were shown
to increase the effect of topical fluoride on enamel in vitro
[24-26] and in situ [27-29]. Their negatively charged sites
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can bind to the enamel surface and also to Ca®* and Ca-F
complexes. In acidic conditions, these cations would be re-
leased and form electrically neutral species (CaHPO,® and
HF°) capable of diffusing into the enamel much more effi-
ciently than ionic species [25]. Additionally, the presence of
metaphosphates was shown to reduce the formation of loosely
bound CaF, deposits as well as firmly bound fluoride
(fluorapatite-like mineral) on the enamel surface, and the
opened surface pores contribute for the diffusion process
[27, 28].

Biomimetic Approaches

During odontogenesis, ameloblasts secrete proteins of the
enamel extracellular matrix responsible for guiding the depo-
sition of hydroxyapatite in its characteristic prismatic struc-
ture. Approximately 90% of these proteins are amelogenins,
which present a negatively charged structure that interact with
calcium ions and control the orientation of the growing crys-
tals [30, 31]. In the maturation stage, enamel mineral content
increases while the enamel matrix is degraded by proteolytic
enzymes [32]. As a result, while remineralization of initial
caries lesions (i.e., increase in mineral content) is possible to
a certain extent, biomimetic template analogues of the natural
proteins involved in biomineralization are necessary to guide
hydroxyapatite deposition and promote regeneration of enam-
el [33]. Different molecules are being tested as amelogenin
analogues, all of them presenting multiple negatively charged
side chains along its backbone. These molecules can bind to
the enamel surface and also attract calcium ions for apatite
nucleation [34].

Extracellular enamel matrix proteins (mostly amelogenins)
obtained from immature porcine teeth dispersed in propylene
glycol alginate have been used in regenerative periodontal
therapy for the past 20 years (Emdogain, Straumann, Basel,
Switzerland) [35]. Recently, a mixture of this enamel matrix
derivative (EMD) and an agarose hydrogel containing CaCl,
was tested on demineralized human enamel. After 96 h in a
fluoride containing (500 ppm) phosphate solution, the enamel
treated with EMD presented a microstructure similar to that of
natural enamel (not observed in the control samples without
EMD); however, mechanical properties were not completely
recovered [36].

The amelogenin structure and its role in enamel formation
has been extensively investigated over the years [32].
Researchers have been trying to reproduce some of the fea-
tures developing amelogenin-derived peptides with similar
amino acid sequences. For example, the use of a peptide con-
taining five (Glutamine-Proline—X) repeats (“X” representing
a different amino acid in each sequence) resulted in enamel
remineralization similar to the use of 1000 ppm NaF in vitro
[30] and in a rat caries model [37]. A porcine leucine-rich
amelogenin peptide (LRAP) applied to bovine enamel
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presenting artificial caries lesions showed a 34% reduction in
lesion depth (control 8%), 48% mineral gain (control 24%),
and 55% increase in enamel nanohardness (control 23%) after
10 days in remineralizing solution [38]. Dentin phosphopro-
tein (DPP) is an important non-collagenous component of the
dentin extracellular matrix involved in dentin biomineraliza-
tion, constituted by several repeats of aspartate-serine-serine
(DSS) sequences. The peptide 8DSS (eight DSS sequences)
was tested on enamel lesions both in vitro [34] and in a rat
enamel caries model [33] with results similar to the use of
1000 ppm NaF.

Self-assembling peptides have gained attention in the field
of bioengineering due to their property of transitioning from
low-viscosity oligomers to hierarchically organized fibers
forming tridimensional biomimetic scaffolds when exposed
to specific triggers. An anionic peptide, P-4, was designed
to penetrate the demineralized enamel and rapidly undergo
gelation in pH below 8.0. The pH reduction as well as the
presence of Ca®* ions neutralize parts of its negative charges,
changing the interaction between adjacent side chains and
triggering self-assembling. This 3D scaffold would mimic
the role of enamel matrix proteins as a template for hydroxy-
apatite deposition within the lesion. The distance between
adjacent calcium-binding sites was shown to favor hydroxy-
apatite nucleation [39, 40¢]. Though commercially available
since 2012 (Curodont Repair, Credentis, Windisch,
Switzerland), clinical data are scant. Nevertheless, the avail-
able information show positive results [41, 42]. The overall
performance of P-4 in vitro is also satisfactory [43, 44] and
suggests that the effect of the peptide scaffold inhibiting min-
eral loss would be more significant than the actual
remineralization [39]. However, an in vitro study comparing
P-4, fluoride solutions (10,000 ppm and 43,350 ppm), and a
fluid resin (Icon, DMG, Hamburg, Germany) revealed that
only P;;-4 failed to prevent further mineral loss of enamel
lesions. It has been speculated that severe pH changes could
lead to flocculation and inactivation of the gel [45].

Poly(amidoamines) (PAMAM) are synthetic dendrimers
(highly branched polymers) with properties that can be tai-
lored according to their surface groups. When carboxyl-
terminated PAMAM dendrimers are immersed in calcium so-
lution, the interaction of their carboxylic groups with the cal-
cium ions trigger their self-assembling into microribbons,
mimicking the amelogenin behavior [46]. Its application re-
sulted in well-oriented apatite deposition on acid-etched
enamel surfaces after 3 weeks in artificial saliva, with three
times thicker layer compared with the control [31].

Dentin

Dentin is a more complex material compared with enamel
with regards to its composition as the matrix of the

mineralized tissue is proteinaceous by almost 50% in volume
and comprised of collagen fibrils. In evolution, the ability of a
collagenous tissue to bear weight and to resist deformation has
been associated with the appearance of post-translationally
modified proteins, mainly through phosphorylation, that
allowed for transport of calcium phosphate inside the lumen
of collagen fibrils and the formation of intrafibrillar mineral
[47]. The weight-bearing properties of dentin and bone largely
derive from intrafibrillar mineralization [48], and evidence has
been provided by many on the importance of incorporating
mineral inside collagen fibrils to remineralize and restore the
functionality of the tissue [49-52].

Remineralization Versus Functional Remineralization

An inherent challenge in evaluating a material’s ability to
remineralize dentin lies in the fact that an increase in mineral
content after treatment is not necessarily associated with im-
proved physical properties like elastic modulus, hardness, and
strength [52]. Apatite mineral in dentin needs to be bound to
the collagenous matrix or ideally be incorporated into the col-
lagen fibrils to mechanically reinforce the tissue [53].
Remineralization that leads to improved tissue mechanics is
called functional remineralization (FR). Therefore, it is critical
to evaluate remineralized dentin specimens either by a high-
resolution imaging method, e.g., TEM, to identify
intrafibrillar mineral or by mechanical testing of the stiffness,
hardness, and strength in order to determine if the method was
successful and that remineralization was indeed functional.
The vast majority of remineralization studies published in
the literature did not provide such functional analysis and
instead relied primarily on the analysis of mineral content
examined by dental X-ray, transmicroradiography (TMR), or
micro-computed tomography (LCT) [54, 55]. As those studies
do not provide information about the effect on the recovery of
physical properties with attempted remineralization proce-
dure, a proper decision about treatment success cannot be
made. Furthermore, dentin is a hydrated tissue, and its prop-
erties alter significantly when dehydrated [56, 57].
Dehydration effect become particularly severe when
demineralized or carious dentin is examined as the
demineralized collagen matrix collapses with the removal of
water. The “floating” collagen layer, as known from adhesive
dentistry, has a much lower stiffness compared with the col-
lapsed collagen layer after drying [57]. Hardness measure-
ments should therefore be performed under fully hydrated
conditions.

Remineralization of Dentin Using Products Designed
for Enamel

The ability to deliver fluoride to tooth structures has been
critical in the prevention and reduction of dental caries, clearly
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demonstrating an efficacy for protection and repair of caries-
affected enamel, as discussed above. Historically, the benefi-
cial aspects of fluoride exposure to tooth structures have been
extended to dentin assuming that similar mechanisms applied
in enamel with regards to solubility and mineral formation
[58, 59]. While recent studies and literature reviews confirmed
that fluoride release into demineralized dentin and dentin car-
ies promotes mineral formation, they also raised concerns that
the mineral formed in dentin may not be functionally bound to
the organic matrix and may not reinforce collagen fibrils [60,
61]. The hypothesis that fluoride release from glass ionomer
cements (GIC) restores dentin properties has been rejected
almost a decade ago [62]. While mineral formation in dentin
lesions was observed with GIC application, electron micros-
copy could not identify intrafibrillar mineralization, and
changes in hardness were insignificant [62]. It has been shown
that exposure of carious dentin to saturated calcium phosphate
solutions in vitro will enhance the mineral profile of the lesion
over time as shown by X-ray analysis [54, 58]. However, these
studies did not analyze tissue functionality. Several studies
suggest instead that remineralization induced from saturated
solution leads to precipitation of apatite nanocrystals on the
lesion surface or the surface of collagen fibrils in the matrix in
addition to mineral in the dentin tubules [51]. Such mineral
contributes little to the mechanics of dentin and is not
functional.

Calcium Silicate Cements

Calcium silicate cements (CSCs) are traditionally used as
endodontic sealants and largely in non-weight-bearing appli-
cations due to the slower setting behavior compared with GIC.
The main advantage of CSC with regards to mineralization is
the alkaline environment that they create with initial pH in the
range of 10 to 11, resulting in high supersaturation leading to
calcium phosphate and apatite precipitation [55]. In vitro and
clinical studies have shown increased mineral formation in
dentin when CSCs were applied to artificial and natural caries
lesions, which was largely associated with intratubular and
superficial mineral deposition [61, 63]. Such mineral on the
lesion surface appeared to be beneficial towards the mechan-
ical and chemical integrity of the dentin-cement interface [61].
Recent studies using mineral trioxide aggregate (MTA) or
modified MTA products (for example, Biodentine'™) demon-
strated that cements without process-directing agents do not
induce intrafibrillar mineral in collagen, differently from ex-
perimental groups of modified CSCs supplemented with
process-directing agents, in which the formation of
intrafibrillar mineral was shown by TEM analysis and hard-
ness testing [60, 64].

The use of Bioglass® (BG) has also been reported to pro-
mote remineralization of dentin. However, while these studies
demonstrate mineral formation in the presence of BG, such
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mineral predominantly occluded dentin tubules. While it may
be beneficial for treating dentin hypersensitivity, proof of me-
chanical reinforcement of affected dentin after the application
of BG has not been provided [65].

Process-Directing Agents for Dentin Remineralization

Phosphorylation of proteins in the extracellular matrices was
critical to the evolution of dentin and bone and ultimately
allowed for locally restricted mineralization of collagen fibrils
in intrafibrillar and extrafibrillar spaces [66]. A method that
has been able to mimic this process in vitro was developed by
Laurie Gower and collaborators, termed the polymer-induced
liquid precursor (PILP) approach for collagen mineralization
[67]. The PILP method relies on the presence of process-
directing agents that stabilize saturated calcium phosphate so-
lutions by forming nanodroplets rich in these ions. When in
contact with collagen fibrils, nanodroplets release ions into
collagen fibrils and promote formation of amorphous calcium
phosphate which gradually turns into oriented apatite crystals
similar to mineral in natural bone and dentin [68]. A number
of process-directing agents have been identified and have been
tested on collagen or on demineralized dentin, e.g., polyaspar-
tic acid (pAsp), polyacrylic acid combined with
tripolyphosphate, osteopontin, phosvitin, and cationic poly-
amide among others [51, 52, 60, 69-73].

While the PILP method has been developed over 15 years
ago, there is, so far, no commercial product on the market that
applies a process-directing agent to dentinal caries, and only a
limited number of studies have reported on a translational
approach for the PILP method in dentistry. There are attempts
of incorporating process-directing agents into dental adhe-
sives to promote the remineralization of acidic self-etching
primers and aid in reducing the incidence of nanoleakage
and secondary caries [74, 75]. For applications towards the
remineralization of deep caries and the repair of dentin, the
incorporation of pAsp and other agents into glass ionomer
cements have been investigated with some indication of func-
tional remineralization of artificial lesions in dentin [76¢].

Conclusions

Based on the available literature, it is evident that most bio-
mimetic approaches for enamel remineralization are still in
their laboratory stage. The only commercial product shows
contradictory results in vitro, and the clinical evidence is
low. Ion-releasing fillers in enamel only have in situ results.
Probably, the best approach is to combine both.

Analysis of dentin mineral content is not a good indicator
of treatment success when evaluating dentin remineralization.
Clinical translational approaches that include process-
directing agents for intrafibrillar collagen mineralization are
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still premature and have so far only been explored experimen-
tally in vitro, with good outcomes on structural and functional
repair of artificial dentin carious lesions by remineralization.
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