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Abstract: The natural remineralization of enamel is of major importance for oral health. In principle,
early erosions (demineralization) induced by acidic beverages and foods as well as initial caries
lesions can be covered and remineralized by the deposition of calcium phosphate, i.e., tooth mineral.
This remineralization effect is characterized by the presence of calcium and phosphate ions in saliva
that form hydroxyapatite on the enamel surface. Although it is apparently a simple crystallization, it
turns out that remineralization under in vivo conditions is actually a very complex process. Calcium
phosphate can form a number of solid phases of which hydroxyapatite is only one. Precipitation
involves the formation of metastable phases like amorphous calcium phosphate that convert into
biological apatite in a number of steps. Nanoscopic clusters of calcium phosphate that can attach on
the enamel surface are also present in saliva. Thus, remineralization under strictly controlled in vitro
conditions (e.g., pH, ion concentrations, no additives) is already complex, but it becomes even more
complicated under the actual conditions in the oral cavity. Here, biomolecules are present in saliva,
which interact with the forming calcium phosphate mineral. For instance, there are salivary proteins
which have the function of inhibiting crystallization to avoid overshooting remineralization. Finally,
the presence of bacteria and an extracellular matrix in plaque and the presence of proteins in the
pellicle have strong influences on the precipitation on the enamel surface. The current knowledge on
the remineralization of the enamel is reviewed from a chemical perspective with a special focus on
the underlying crystallization phenomena and the effects of biological compounds that are present in
saliva, pellicle, and plaque. Basically, the remineralization of enamel follows the same principles as
calculus formation. Notably, both processes are far too complex to be understood on a microscopic
basis under in vivo conditions, given the complicated process of mineral formation in the presence of
a plethora of foreign ions and biomolecules.
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1. Introduction and Scope

Human teeth consist of an outer highly mineralized part, the enamel. The enamel con-
tains apatite microrods in a distinct arrangement to accomplish high mechanical strength
and fracture toughness. Below the enamel lies the dentin, a composite of calcium phos-
phate nanoparticles and collagen with a high similarity to bone mineral [1]. Chemically, the
biomineral in enamel and dentin is a so-called biological apatite, based on the calcium phos-
phate mineral hydroxyapatite, Ca5(PO4)3OH, with some ionic substitutions [2,3]. Tooth
enamel is subject to a continuous demineralization–remineralization process. Deminer-
alization is caused by acidic attacks, e.g., from food and beverages [4]. Remineralization
is caused by saliva and restores the enamel. Ideally, enamel remineralization and dem-
ineralization are in a life-long balance, but acidic attacks from bacteria (caries) lead to the
irreversible loss of tooth mineral [5,6].
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Remineralization is often referred to as “crystallization”, but it shall be noted here that,
strictly speaking, this denotes the formation of a crystalline phase with the internal long-
range order of its constituents (translation symmetry). However, since calcium phosphate
is frequently deposited, first as an X-ray amorphous solid and not as a crystal, the term
crystallization is not appropriate. The more general term “precipitation” is more suitable,
but for the sake of readability, we will not follow a rigorous nomenclature here when we
are discussing the remineralization of enamel.

In the following, we discuss the natural remineralization of enamel by saliva in detail.
Although it precedes any remineralization, we will not discuss the enamel demineralization
processes, i.e., erosion and caries. The major physicochemical aspects of calcium phosphate
dissolution were summarized by Wang and Nancollas [7]. The chemical aspects of caries
were reviewed by Robinson et al. [5].

Remineralization denotes the deposition of calcium phosphate onto the enamel surface
by saliva. It occurs via saliva after the demineralization of teeth and is a major mecha-
nism to ensure the integrity and hardness of the enamel over a person’s lifetime. Thus,
tooth remineralization is important for regenerating eroded enamel surfaces, but is also
a promising option to treat initial caries lesions. It can also remineralize dental develop-
mental disorders like molar incisor hypomineralization (MIH) [8]. However, we will not
consider the remineralization of dentin in this essay. Due to the high content of the organic
matrix (mainly collagen) in dentin and the much smaller apatite crystals therein [3,9], the
remineralization of dentin occurs in a different way compared to the highly mineralized
enamel [10]. It holds much promise to regenerate caries lesions that have progressed
into dentin.

Here, we present and critically discuss the current knowledge on enamel remineraliza-
tion, starting with well-defined model systems and moving on to the complex situation in
the oral cavity.

2. Crystallization of Calcium Phosphate In Vitro in the Absence of Other Compounds

Crystallization is usually kinetically hindered as demanded by classical nucleation
theory [7]. This means that a supersaturated solution may not crystallize in the absence
of seed crystals, i.e., it is metastable. This also applies to the remineralization of the tooth
surface, which may be further prevented by the presence of coordinating agents that reduce
the effective ion concentrations and can coat the surface of a crystallization nucleus [7].
It was established decades ago by Nancollas and others, with the concept of constant-
composition methods (CC), that strictly controlled conditions (mainly ion concentrations,
supersaturation, pH, temperature [11]) are necessary to correctly follow and interpret the
crystallization of calcium phosphate [7,12,13].

The crystallization of calcium phosphate as biomineral in enamel is especially complex
because there are a multitude of known calcium phosphate phases, each with its specific
solubility and crystallization kinetics. Basically, phosphoric acid (H3PO4) dissociates in
aqueous solution into orthophosphate (PO4

3−), hydrogenphosphate (HPO4
2−), and dihy-

drogenphosphate (H2PO4
−) ions. Each of these ions is present in a specific fraction of the

total phosphate concentration in water, depending on the pH. At neutral pH, the main
species in the solution are hydrogenphosphate and dihydrogenphosphate. Orthophosphate
is present only at a strongly basic pH (above 10 to 11). Consequently, a number of solid cal-
cium orthophosphates, calcium hydrogenphosphates, and calcium dihydrogenphosphates
are known, respectively, each with a pH-dependent solubility and crystallization kinetics
(see, e.g., refs. [2,3,9,14] for overviews on calcium phosphate chemistry).

Not all known calcium phosphate phases are actually present in human hard tissue,
i.e., bone and teeth. Besides amorphous calcium phosphate Cax(PO4)y(H2O)z (ACP), which
is generally difficult to detect because it is X-ray amorphous, dicalcium phosphate dihy-
drate CaHPO4·2 H2O (DCPD), octacalcium phosphate Ca8H2(PO4)6·5 H2O (OCP), and
tricalcium phosphate Ca3(PO4)2 (TCP) have been found, also in pathologic crystallizations
like calculus. The most prominent calcium phosphate in human bone and teeth is hydroxya-
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patite (HAP) in the form of a calcium-deficient hydroxyapatite Ca5-x(PO4)3-2x(HPO4)2x(OH)
(CDHA) with ionic substitutions, also frequently denoted as bioapatite [7].

Crystallization is always preceded by nucleation, either in a homogeneous solution
(described by classical nucleation theory) or on a heterogeneous surface. This is due to
the fact that the initially formed nuclei (the very first crystals or clusters) have a very
high specific surface area that prevents their formation. After a critical size has been
reached, the formed nuclei start to grow by attracting ions from the solution [7]. This
can be accelerated by heterogeneous nucleation, i.e., either by adding seed crystals or by
presenting a surface (like enamel) where ions can assemble more easily than in solution.
Alternative models involve cluster formation in solution and self-assembly into larger
aggregates, termed mesocrystals [15], that are of considerable interest in biomineralization.
The major parameters that influence the nucleation and crystal growth of calcium phosphate
are the supersaturation, the pH, the ionic strength, the temperature, the ratio of calcium to
phosphate, and the presence and concentration of additives [7].

Usually, biological apatite contains incorporated foreign ions of which carbonate is
the most prominent. This has a considerable effect on acid solubility, including erosion
and caries [16]. It was therefore already proposed in the 1970s that carbonated apatite is a
better model for enamel than sintered hydroxyapatite [17]. Alternatives are enamel from
animals (usually bovine) and from humans (extracted teeth). Such substrates have been
treated by demineralization solutions (pH 4.5) to form artificial erosions and caries lesions,
and treated with remineralization solutions (pH 7.0). In general, such solutions contain
calcium salts, phosphate salts, and other ions and buffers [18,19]. Notably, the surface of
a growing crystal is usually different from its interior, i.e., the bulk phase. For instance,
calcium phosphate nanoparticles [20] and enamel [21] both have surface compositions that
are different from their interior.

The basic building blocks of crystallizing calcium phosphate have been identified as
Ca9(PO4)6, the so-called “Posner’s clusters”. They have a diameter of about 0.9 nm and are
believed to be the primary stages of calcium phosphate nucleation at normal conditions (pH
around neutral, supersaturation not too high) [22–24]. Unfortunately, the direct observation
of nuclei in homogeneous solution is difficult to near-impossible because of their small
size. Cryo-electron microscopy [25] and small-angle scattering (SAXS and SANS) [26] are
suitable methods to address homogeneous nucleation.

In vitro studies have shown that calcium phosphate often crystallizes in a number
of steps, usually in the sequence ACP to DCPD to OCP to CDHA [7]. These solid phases
can change during immersion in water until the final stage of apatite is reached [7]. It is
important to note that there is more than one known type of ACP [7,14]. It depends on
the external conditions how fast ACP is converted into one of the crystalline phases [7].
Notably, transient phases are much less frequently observed in vivo, possibly due to their
low local concentration and their short lifetime during biological crystallization [7].

Heterogeneous nucleation and crystallization are easier to follow, currently, since
the advent of atomic force microscopy (AFM) [27]. The attachment of ions and clusters
and crystal growth on steps and kinks can be observed during demineralization and
remineralization [28,29], also in situ [30]. Considerable evidence has been accumulated that
small spherical clusters (Posner’s clusters) are indeed formed and then deposited on the
surface. Onuma has shown via in situ AFM during the crystallization of calcium phosphate
from simulated body fluid (SBF) that the adsorbing species are calcium phosphate clusters
and not ions [31]. Another option is crystallization below Langmuir films [22]. In these
experiments, the control of the external parameters, like pH and ion concentrations, is
difficult, and they are usually not kept constant. For instance, in an experiment on rat
enamel under non-stationary conditions, the initial demineralization at a low pH (about
2) was followed by local remineralization as the pH increased to about 5.5 during the
dissolution of enamel during about 24 h. It is very difficult to interpret results in terms of
crystallization mechanisms if they were obtained under non-stationary conditions [32].
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We see that the crystallization of calcium phosphate from aqueous solution is already
very complex in well-defined in vitro systems where only defined ion concentrations are
present. The considerable variety of known calcium phosphate phases of which each has
obtained its own thermodynamic and kinetic peculiarities when it comes to crystallization
is responsible for this fact. Although the basic solubility data are well known for their
calcium phosphate phases [7], this alone is not sufficient to understand crystallization.
Furthermore, ion concentrations usually change during the experiment, even if they are
controlled as much as possible by constant-composition methods. Therefore, it is very
difficult to assess the basic processes that take place during in situ studies and almost
impossible to assess them via a mere analysis of the crystallization product at the end of
the process [7].

Furthermore, the deposited solid calcium phosphate phases are changing over time
via recrystallization and dissolution–reprecipitation processes. This can also lead to the
inclusion of impurities like foreign inorganic ions into the final apatite crystal [7]. A high
supersaturation leads to rapid nucleation and precipitation under changing conditions
(like pH) with ill-defined products. Therefore, crystallization under controlled conditions
at moderate supersaturation is preferable to understand the fundamental processes [12].
It is also closer to the conditions of biological crystallization. Figure 1 summarizes the
mechanisms of enamel remineralization in the absence of additives.
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Figure 1. Summary of the current knowledge on the remineralization of enamel in the absence of
additives. Calcium and phosphate ions from the solution form initial crystals on the enamel surface
via heterogeneous nucleation. Left: A typical pathway is the initial deposition of amorphous calcium
phosphate (ACP), followed by its transformation to dicalcium phosphate dihydrate (DCPD), then to
octacalcium phosphate (OCP), which eventually forms calcium-deficient hydroxyapatite (CDHA)
with a crystal structure and composition close to tooth mineral. Right: An alternative pathway is
the homogeneous nucleation of calcium phosphate particles (Posner’s clusters) that deposit on the
enamel surface.

In summary, the crystallization of calcium phosphate in the absence of foreign ions or
biomolecules is a complex process that is not yet fully understood.

3. Crystallization of Calcium Phosphate In Vitro in the Presence of Other Compounds

The pathway of crystallization is much more complex if additives are present. These
can be inorganic ions, organic molecules, or biomacromolecules. Considerable experimental
data have been assembled by in vitro studies where calcium phosphate was precipitated in
the presence of additives [7]. For instance, magnesium ions (Mg2+) and zinc ions (Zn2+)
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inhibit the growth of hydroxyapatite [33]. However, this inhibition is specific for individual
calcium phosphate phases, e.g., Mg2+ inhibits the growth of OCP and HAP whereas DCPD
is not influenced [34]. The carbonate ion is usually an inhibitor for hydroxyapatite crystal
growth [35]. Simulated body fluid (SBF) with a physiological pH of 7.25 was introduced
by Kokubo et al. and contains the inorganic ions of human blood plasma together with an
organic buffer. It is supersaturated with respect to apatite crystallization and often used as
a model system for the mineralization of materials, including enamel [36,37].

Saliva is the liquid from which calcium phosphate crystallizes on a tooth. The composi-
tion of saliva strongly varies from person to person, from gland to gland, and also from time
to time [21]. Typical ion concentrations in whole resting saliva are 0.86 ± 0.46 mM calcium,
7 ± 4 mM phosphate, 0.05 ppm fluoride (estimated), 4.4 ± 2.3 mM carbonate at a pH of
7.07 ± 0.46, and an ion strength of 44.6 ± 11.6 mM [38]. Larsen and Pearce demonstrated
that human saliva is supersaturated with respect to hydroxyapatite above pH 5.3, with
respect to OCP above pH 6, and is almost in equilibrium with respect to DCPD. Only above
pH 7.3, saliva is supersaturated with respect to calcium carbonate [38]. The critical pH for
remineralization/demineralization is about 5.5, i.e., enamel should remineralize above this
pH [39]. It will demineralize below pH 4.3 to 4.5 even in the presence of high amounts of
fluoride [38].

Thus, a higher level of complexity is reached when the deposition of calcium phosphate
from saliva is considered. Here, we have a broad variety of additives that all may (or may
not) interact with the calcium phosphate when it deposits on the enamel surface. Notably,
the full composition of saliva is not known besides basic information such as the pH or
some ion concentrations (like calcium or phosphate). The presence of organic molecules,
e.g., proteins from food or from saliva secretion, and their concentration, are not known
in detail.

Biomolecules control the remineralization, sometimes by forming a complex with
calcium [40]. Thus, they regulate the on-growth of hydroxyapatite on enamel which, if
uncontrolled, could grow beyond the desired size of a tooth [39]. In an early study by
ultrafiltration, Gron showed that between 45 and 85% of calcium in saliva was present
in ionized form, i.e., as Ca2+ (aq). The remainder was bound by biomacromolecules
(8 to 43%) or present as complex with phosphate or carbonate. In contrast, phosphate
was almost exclusively present in ionized form with only a few percent complexed with
calcium. Notably, there were considerable variations between the different types of saliva
investigated: a lower degree of calcium complexation was found in resting parotid saliva
compared to simulated secreted saliva [41].

About 2000 proteins and peptides have been identified in saliva [42]. Salivary peptides
are short proteins that constitute a considerable part of human saliva and account for about
30% of all biomolecules in saliva. They have been genetically conserved by evolution over
millions of years and can be traced back several hundred million years in some cases. They
can be divided into four major classes, i.e., cystatins (CST), histatins (HTN), statherin (STATH),
and proline-rich phosphoproteins (PRP) [40]. They rapidly attach to the tooth surface as part
of the pellicle [43,44]. Specialized proteins, mainly the phosphoproteins statherin and PRPs,
prevent the crystallization of calcium phosphate on the tooth surface [45,46].

An enamel pellicle protein whose effect on apatite crystallization has been extensively
studied is statherin (43 amino acids). One of its functions is the inhibition of apatite growth
from saliva by binding calcium ions and blocking crystal surfaces [47], also shown by
molecular dynamics simulations [48]. Interestingly, it can also change its conformation
after adsorption onto apatite, indicating that the interaction between minerals and proteins
is more dynamic than often assumed [49]. Adding further to this complexity, cooperative
effects of the proteins enamelin and amelogenin during calcium phosphate nucleation have
also been reported [50].

Ionta et al. compared the effect of different formulations of artificial saliva on the
remineralization on acid-eroded bovine enamel. All saliva formulations led to reminer-
alization, with the protein mucin and the polyelectrolyte carboxymethylcellulose (CMC)
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not affecting the remineralization. All five of the tested saliva formulations increased the
surface hardness as assessed by the Knoop test from about 180 to about 215 after 2 h, in
contrast to the control (deionized water) that did not increase the hardness. A limitation
of this study is that the initial hardness before acid erosion was not reported; therefore, it
cannot be assessed whether the remineralized surface had the same quality as the initial
enamel surface [51].

Baumann et al. have shown in a comprehensive in vitro study on human teeth that
saliva can protect enamel to some degree against erosion and also cause remineralization,
but repeated acid challenges lead to the continuous decrease in its surface hardness and
its release of calcium ions. This was ascribed to the formation of calcium depositions
during remineralization and also to protein adsorption, which prevents acidic attack. The
combination of calcium ions and proteins in saliva was concluded to be responsible for the
protective effect of saliva [52].

Synthetic macromolecules like polyelectrolytes have been extensively studied as model
compounds for biomacromolecules like proteins during the crystallization of calcium
minerals. Notably, they can have both inhibiting effects by blocking crystal faces [53,54] and
also nucleating effects by adsorbing on surfaces to induce heterogeneous nucleation [55].
This interplay is well known from biomineralization where specialized proteins direct the
nucleation and growth of biominerals like calcium carbonate in mollusks [27] and also
in dentin and enamel [56,57]. Figure 2 summarizes the interaction of calcium phosphate
crystals and nuclei with inorganic and biological additives.
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Figure 2. Schematic representation of the interaction between deposited calcium phosphate crystals
(left) and nuclei (right) with foreign compounds. Besides inorganic ions, biomolecules like proteins
play decisive roles in the nucleation and growth of calcium phosphate crystals. Only a selection of
inorganic ions is shown here; more are present that can influence the crystallization process. Special
cases are the hydronium cation, H3O+, and the hydroxide anion, OH−, whose concentrations are
given by the pH value.

In summary, the crystallization of calcium phosphate is strongly affected by the pres-
ence of additives, including biomolecules like proteins, but the mechanisms of interaction
are only poorly understood.
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4. The Role of Pellicle

The pellicle is a dense layer of peptides and proteins that rapidly forms on the tooth’s
surface within a few minutes [58]. The thickness of the pellicle is several tens to hundreds of
nanometers [44]. It consists mainly of proteins, fatty acids, and carbohydrates in a complex
mixture [44]. More than 1000 different peptides and proteins have been identified in the
pellicle [44]. To some extent, the pellicle layer protects the enamel from acidic attack by this
continuous protein layer [43]. Some of the pellicle proteins are even antibacterial and can
prevent bacterial colonization [43]. Thus, we must realize that all remineralization strategies
will have to work across the pellicle unless it is temporarily removed, e.g., immediately
after tooth brushing.

It has been shown that the pellicle contains calcium-binding proteins, but that calcium
can still diffuse easily inside the pellicle [59]. Thus, remineralization takes place at the
interface of pellicle and enamel, although the presence of proteins will influence the quality
of the deposited mineral. The high local presence of different proteins and ions will
influence the remineralization by a number of related effects. In any case, the pellicle
constitutes a natural diffusion barrier against remineralization.

In summary, the remineralization of enamel occurs at the interface between enamel
and pellicle as the pellicle is rapidly formed, even after tooth brushing.

5. The Role of Plaque

On the pellicle surface, bacteria attach within hours to begin with the formation of a
dental biofilm (plaque) which has considerable resistance against mechanical and antibiotic
attacks [60–62]. It is also the major cause of gingivitis, periodontitis, caries, and calculus
formation that all frequently lead to tooth loss [60–62].

If left undisturbed, e.g., not removed by brushing the teeth in interdental regions, the
initial bacterial colony matures within a couple of days to a fully developed biofilm [60]
with a thickness of several micrometers [63]. Tenuta et al. measured the ion concentrations
in plaque during a dental in situ study with human participants. Interestingly, the concen-
trations of calcium and phosphate in the biofilm were of the same order as in the saliva
after overnight fasting (1 to 2.6 mM for calcium, 10 to 11 mM for phosphate, pH 6.5 to 7.5)
but changed strongly after sugar challenge (3 to 4 mM for calcium, 8 mM for phosphate, pH
5.3 to 6.3). After 24, the ion concentrations had returned to their pre-challenge values [64].
Obviously, the acid-induced demineralization of enamel led to the temporary capture
of the released ions in the plaque. This is actually a positive effect, given the need for
subsequent remineralization that relies on the same ions. Unfortunately, these are the
same ions that were previously released by demineralization. Reynolds et al. showed that
casein–phosphopeptide-ACP (CPP-ACP) administered by chewing gum can significantly
increase the concentrations of calcium and phosphate inside plaque and lead to enhanced
local remineralization [65].

A dental in situ study with subsurface lesions in the enamel showed that the presence
of plaque led to a lower degree of mineralization. This may either be due to decreased
remineralization or increased demineralization or a combination of both. In any case, it
demonstrates that plaque has an adverse effect on enamel mineralization [66]. Figure 3
depicts the remineralization of the enamel in the oral cavity in the presence of pellicle
and plaque.

In summary, the plaque forms an additional barrier against remineralization on top
of the pellicle, but it may prevent the ions needed for remineralization from leaving
into saliva.
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Figure 3. Schematic representation of the remineralization of the enamel in the oral cavity. The enamel
surface is usually covered by pellicle (a protein layer) and plaque (a biofilm formed by bacteria).
For remineralization, calcium and phosphate ions have to migrate through these layers to reach
the enamel surface. Notably, plaque contains these ions as well, acting as a temporary reservoir for
remineralization.

6. The Role of Calculus

The formation of dental calculus is a pathological deposition of mineral on the tooth
surface. This is caused by mature biofilms in the form of plaque. The presence of calculus
can be a starting point for the development of periodontal diseases such as gingivitis
and periodontitis [60,67]. A mature biofilm can be mineralized by the local deposition of
mineral, induced by bacteria, leading to calculus formation [60]. Major reasons are the
production of phosphate ions by alkaline phosphatase and a local increase in the pH that
causes the precipitation of calcium phosphate [60]. Notably, calculus mineralization occurs
by a similar mechanism as the remineralization of enamel, but the formation of calculus
leads to a pathological mineralization where the plaque itself becomes mineralized [68,69].
Chemically, the minerals in supragingival calculus (i.e., on enamel but not below gingiva)
are DCPD, OCP, hydroxyapatite, and whitlockite (a magnesium-containing b-tricalcium
phosphate, b-TCP) with a typical total mineral content of 20–50%. Interestingly, the inner
and oldest part of calculus consists of hydroxyapatite, the intermediate part of OCP, and
the outer (youngest) part of DCPD [67]. This indicates that this crystallization follows
the same sequence of recrystallization as found in enamel remineralization. Actually, this
similarity was already pointed out by Nancollas and Johnsson as early as 1994 [70]. They
also demonstrated via thermodynamic consideration (solubility equilibria) that the low
pH in plaque together with the higher ion concentrations compared to saliva favors the
precipitation of calcium hydrogenphosphates like DCPD and OCP [70]. The presence of
foreign ions and biomolecules will influence calculus formation in the same complicated
way as the mineral formation on enamel.

In summary, the formation of calculus follows the same mechanism as the remineral-
ization of enamel, with the main difference being that it occurs inside the biofilm and not
on the surface of enamel.

7. Enhancing the Remineralization of Enamel

So far, we have concentrated on mineralization under natural conditions. We will
now briefly introduce the current concepts from preventive dentistry to enhance reminer-
alization. The most important concepts are the topical application of fluoride [39] and
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the application of calcium phosphate particles [71,72], usually in toothpastes. For more
extensive reviews on remineralization strategies in oral care, additional references are
given below.

Remineralization is important to repair demineralized teeth. Two major aspects are
of primary interest. White spot lesions (WSL) are early stages of caries, characterized
by the sub-surface demineralization of enamel caused by the bacteria in plaque [43]. In
contrast, enamel erosion starts with the surface dissolution of tooth mineral and is caused
by acidic beverages and food [43]. Philip has extensively reviewed the current enamel
remineralization systems, covering natural remineralization, fluoride-induced remineral-
ization, and non-fluoride strategies [73]. Basically, the remineralization of caries lesions,
including white-spot lesions, is difficult or impossible to achieve by natural remineraliza-
tion and must be enhanced by suitable agents. Besides fluoride, a number of alternatives
have emerged in the last decades, including mineralizing peptides and proteins, CPP-ACP,
various types of calcium phosphate particles, and natural products. In many cases, there
are diverging results on whether these agents are able to repair erosions and caries lesions
in a sustainable way in vivo. Many proposed systems have only been studied in vitro [74].
Nevertheless, it is underscored that remineralization is a most desirable alternative to the
restorative treatment of caries [73], although it occurs only to a low extent under natural
conditions [43]. Tang et al. published a comprehensive review on biomimetic approaches
for hard tissue regeneration, including enamel regeneration. They highlighted the potential
of peptide- and protein-based mineralization agents [75].

The classical agent for remineralization is fluoride. Fluoride induces remineralization
due to its high affinity toward calcium phosphate without being incorporated into the
enamel itself [76]. This has been shown experimentally [77–79] and theoretically by molec-
ular dynamics simulations [80,81]. Multiple exposures to fluoride are likely to enhance this
small effect during the many pH changes a tooth experiences each day [39]. As fluoride just
promotes the crystallization of calcium phosphate, it can be considered as a catalyst. In turn,
fluoride is only efficient if sufficient amounts of calcium and phosphate ions are present, as
emphasized by Cochrane et al. [82]. In 2019, ten Cate and Buzalaf published a personal
account where they discussed the fluoride mode of action as it has evolved over the past
100 years [39]. In terms of remineralization, they described the consensus that fluoride is
inducing the remineralization of enamel by enhancing the crystallization of apatite. This
was shown in the 1970s by in vitro pH cycling studies [18] and later by in vivo studies
(also denoted as in situ studies in dentistry) [18]. Local accumulations of calcium fluoride,
CaF2, were proposed as a temporary reservoir for fluoride ions [83]. These were included
in the general model summarized by ten Cate and Buzalaf on enamel remineralization in
the presence of fluoride [39]. However, Larsen and Pearce found that all the studied types
of saliva were undersaturated with respect to calcium fluoride, explaining why this solid
compound is only temporarily present on the tooth surface. It may therefore act as a local
reservoir for fluoride after topical administration for a few hours [38]. Nevertheless, the
absence of an acid-insoluble layer of fluoridated apatite has been demonstrated, based on
physicochemical considerations and experimental evidence [76].

Enhanced remineralization was possible by adsorption of apatite nanocrystals after
acidic erosion of enamel with phosphoric acid [84], also confirmed by pH cycling on bovine
teeth in the presence of apatite micro- and nanoparticles [85]. In pH cycling experiments,
the sequential effects of nanoparticle dissolution and calcium phosphate reprecipitation
cannot be separated, making the interpretation of the results difficult. However, dental in
situ studies use the natural environment of the oral cavity and are therefore closer to the
natural situation (see, e.g., [86,87]). The effects of a number of formulations based on ACP
and CPP-ACP have been reviewed by Cochrane et al. They pointed out that the delivery of
the remineralizing ions (calcium and phosphate) into the plaque is important to induce a
local remineralization of caries lesions [82]. The consumption of sugar-free chewing gum
reduced the incidence of caries, probably due to the increased salivary flow, although it is
not clear whether this effect was actually related to remineralization [88]. Chewing gum
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supplemented with CPP-ACP increased the remineralization of subsurface lesions in a
dental in situ experiment, both in the presence of plaque and without it [66].

Calcium-binding peptides derived from salivary proteins like statherin have shown a
remineralizing effect in vitro, but the effectq in vivo compared to the control was small [89].
It shall be noted that prolonged remineralization in the presence of a peptide, e.g., for
14 days at 37 ◦C, is far from the in vivo situation and that the results are difficult to compare
with the processes that actually occur in a person [90]. The protein amelogenin that occurs
in enamel has been advocated as a potential remineralizing agent, following a biomimetic
approach [91–93].

In summary, there are strategies in dental care to enhance the remineralization after
erosion and caries, but the underlying mechanisms are often unknown, underscoring the
complexities of remineralization.

8. Nature and Quality of the Remineralized Enamel

Enamel has a special microstructure that leads to its strength and toughness [94].
Apatite microrods are assembled into a prismatic structure. The incorporation of a small
amount of biomolecules (proteins like amelogenin, ameloblastin, and collagen) of the order
of one percent strongly contributes to the fracture toughness and hardness of enamel [93,95].

General methods to assess the nature of the formed remineralized enamel are light and
electron microscopy (showing the surface topography), X-ray powder diffraction (giving
the nature of the crystalline phase), and elemental analysis (see ref. [76] for a discussion
of the available methods). The remineralization of caries lesions after the application of
toothpastes was also studied by measuring the electrical conductivity (Electrical Caries
Monitor) and by quantitative light-induced fluorescence. Although the remineralization
can be quantitatively assessed by these methods, it is difficult to relate the measured
parameters with the microscopic crystallization phenomena that occur on the enamel
surface [96]. Micro-computed tomography (µCT) is another method that is sensitive to
mineral depositions, but the limited spatial resolution (µm range) and the insensitivity
to individual crystals and their chemical nature make the interpretation of such images
difficult [97].

The most important property of the enamel to be restored by remineralization is
arguably its mechanical strength as expressed by hardness and wear resistance. The
complex nature of the remineralization of the enamel leads to mostly unstructured deposits
of calcium phosphate on the enamel surface [21,98]. After erosion with citric acid, the
remineralization in artificial saliva needs about 6 h [98]. As neither the microstructure
nor the organic matrix are recovered during remineralization, it is no surprise that the
original mechanical properties of the enamel are not fully restored. This was confirmed
by remineralization studies where the Vickers hardness was measured on bovine enamel
before demineralization, after demineralization, and after several weeks of remineralization
with various dental formulations (varnishes, CPP-ACP, glass ionomer cements). The initial
Vickers hardness number was 329; after demineralization, it decreased to 145–149, and after
remineralization for up to six weeks, it had recovered to 268–303, i.e., it never reached the
original hardness. The same was found for the surface roughness, which always remained
higher than the initial value [99].

In a comprehensive nanomechanical and morphological study, the remineralization
of human teeth by CPP-ACP (12 h) was studied by Zheng et al. They demonstrated
this remineralization by scanning electron microscopy (SEM) images where the gaps
between the enamel prisms were filled by newly formed mineral. They also showed by
nanoindentation that neither hardness nor Young’s modulus reached their original values
after remineralization. Most notably, the scratch resistance of the remineralized enamel
was inferior to the original tooth: the wear volume after scratching with a normal load of
10 mN increased from 5 µm3 to 80 µm3 after erosion and was only partially restored to 45
µm3 after remineralization [100].
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In another comprehensive study on human enamel remineralization, Arsecularatne
and Hoffman showed by focused ion beam (FIB), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM) in combination with wear tests that the
remineralized enamel surface is vulnerable to mechanical stress. The remineralized layer
had a thickness of a few micrometers. The wear rate was about 4–15 times higher than that
of the original enamel [101].

This underlines the fact that the delicate enamel microstructure is only insufficiently
restored by remineralization, even under “pure” in vitro conditions. It is highly probable
that the remineralization is compromised even more by the presence of biomolecules and
bacteria that will interfere with an ordered mineral deposition. This incomplete restoration
of the original enamel structure makes the remineralized layer sensitive to acidic attacks
(erosion) and to mechanical stress. As shown by electron microscopy, the thickness of the
remineralized layer [101] is of the order of the softened enamel layer after an acidic attack,
i.e., a few micrometers [4].

Clearly, the remineralization of enamel is a very complex process that depends on
many parameters. In a laudable effort, Ilie et al. have presented a numerical model that
describes demineralization and remineralization of enamel, including the effect of plaque.
As many parameters are necessary to describe these processes and quantitative data to test
the model are missing, it is a semiquantitative approach that still requires much refining
before it can quantitatively describe enamel remineralization [102].

In summary, the remineralized surface of enamel is a few micrometers thick but is
inferior to natural enamel in terms of mechanical strength and chemical resistance.

9. Conclusions

The remineralization of enamel is basically the crystallization of tooth mineral (calcium
deficient hydroxyapatite) from supersaturated saliva. It occurs in a number of steps via
metastable calcium phosphate phases like amorphous calcium phosphate (ACP), dicalcium
phosphate dihydrate (DCPD), and octacalcium phosphate (OCP). This has been shown by
in vitro studies under constant compositions (pH, ion concentrations, supersaturation). An
alternative mechanism is the deposition of calcium phosphate nuclei (“Posner’s clusters”)
that form in solution via homogeneous nucleation.

It has been conclusively shown by such in vitro crystallization studies under well-
defined conditions that additives can influence nucleation and crystal growth of calcium
phosphate even at low concentrations. Generally, these effects are additive but sometimes
different from the sum of the individual components. Thus, it is conceivable that rem-
ineralization can only be explained phenomenologically, as it is impossible to elucidate
and quantify the basic processes on the length scale of a growing crystal. Many studies
have been devoted to heterogeneous nucleation on natural and synthetic tooth surfaces,
although there are indications that the homogeneous nucleation in saliva (Posner’s clusters)
may play an important role. It is noteworthy that remineralization and calculus formation
are based on the same processes, but lead to different outcomes, beneficial in the first case
and pathological in the second.

Over the last two decades, remineralization approaches have shifted to biologically
inspired approaches, focusing on biomolecules like peptides and proteins. This is a remark-
able change, considering that before, mostly crystallization pathways of calcium phosphate
under defined conditions were studied. It remains to be seen whether such approaches
based on biomolecules will actually find their way into dental care. As a purely inorganic
approach with less complexity, calcium phosphate particles can enhance remineralization
and are routinely applied in various toothpastes. In any case, it is exciting how far we
have entered the area of artificial biomineralization, after starting from purely inorganic
crystallization about 60 years ago.

Nevertheless, the situation remains complicated. Many biomimetic approaches that
are based on peptide and protein approaches suffer from ill-defined conditions. The rich
expertise from the controlled crystallization approaches (constant composition method
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with strict thermodynamic treatment) as pioneered by Nancollas is usually not consid-
ered, i.e., the crystallization conditions are not stationary and not well-defined. To-
gether with the complex environment in the mouth, this renders many experimental
results difficult to interpret and makes the elucidation of evidence-based remineralization
mechanisms complex.

After all, the in vivo situation in the oral cavity is very complex and only certain
aspects under well-defined conditions can be replicated by in vitro experiments. Besides
the presence of biomolecules and bacteria, there are a number of other effects that are poorly
understood. These comprise, first, the temperature, which is not constant but fluctuates
during eating, drinking, etc. Second, mechanical effects, e.g., during grinding, probably
affect the deposited calcium phosphate phases to different extents as they all have a different
hardness and toughness. Third, the composition of the crystallization medium (saliva) is
variable with respect to the pH and ion concentrations as well as the salivary flow. Fourth,
the microbial activity on the mouth is not stationary, but affected, e.g., by food intake, in turn
leading to changes in saliva and local pH. Fifth, the dietary intake of food and beverages is
variable and will certainly affect the supersaturation of saliva, the crystallization kinetics,
and the microbial activity. Most of these effects vary between individuals. Consequently,
the results of in vitro studies under controlled conditions are insufficient for matching
the situation in a given individual. Ideally, the effects of all these parameters should be
elucidated to cover the full spectrum of individual remineralization conditions. Although
this may never be possible for the high number of involved parameters, it is important
to correlate idealized in vitro studies with “real-world” in vivo results. In situ studies in
dentistry represent an important bridge between in vitro and in vivo conditions.

10. Outlook

Perhaps we must reluctantly admit that the remineralization of enamel involves too
many unknown parameters to be quantitatively understood, let alone to be predicted by a
quantitative model. We must realize that only isolated aspects of the whole process can be
reproduced in the laboratory and investigated in detail. Consequently, most studies are
empirical in nature. The situation is even more problematic for dentin remineralization
because enamel is at least “just an inorganic mineral” whereas dentin is a nanostructured
composite of a biomineral and organic matrix.

Given this admittedly unsatisfactory conclusion, should we stop to develop new
agents that enhance remineralization? Certainly not! Remineralization strategies to treat
erosion and caries are promising alternatives to conventional restorative treatments that
deserve our attention and efforts, even in an empirically driven way. After all, despite
the involved complexity, natural tooth remineralization occurs daily on our teeth with
good efficiency and keeps them intact for decades, although its exact mechanism is still far
beyond our understanding.
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