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Abstract: The purpose of this scoping review was to identify gaps in the literature and summarize
findings from studies examining the use of silicon-, silica-, and silicate-based toothpastes for the
remineralization and repair of mineralized tooth tissues. A 10-year literature search was conducted
using PubMed and Scopus, adhering to PRISMA 2020 guidelines. A total of 331 studies were initially
identified, with 56 full-text review articles. After selecting the manuscripts, 27 studies were
qualitatively analyzed by four reviewers, focusing on the results of both in vivo and in vitro
methods. The findings suggest that toothpastes containing silicon, silica, and silicate demonstrate
promising results for remineralization and enamel repair, with evidence of mineral layer formation
and/or deep enamel surface remineralization under various conditions. Additionally, the use of
these toothpastes can lead to the obliteration of dentinal tubules within a few days. The results
collectively support the efficacy of these toothpastes in enamel repair. Most of the clinical studies
focused on dentine hypersensitivity, followed by white spot lesions. In conclusion, silicon-, silica-,
and silicate-based toothpastes (bioactive-Si-toothpastes) can be considered effective based mostly
on laboratory studies. There remains a need for more in vivo research studies on enamel and dentin
mineral repair. Existing studies provide strong evidence that these technologies can reduce dentin
hypersensitivity and promote enamel-dentin repair.

Keywords: silicon; silica; silicate; bioactive; toothpastes; dental caries; dentin hypersensitivity

1. Introduction

The mechanisms underlying the remineralization of dental hard tissues are now increasingly
well-understood. It is also noteworthy recognized the importance of fluoride in this process
particularly when fluoride in its ionic form is available in toothpastes and other dental products [1,2].
Fluoride-containing toothpastes have been regarded as one of the most important strategies for
dental caries prevention and for the caries decline in many countries. Therefore, fluoride-based
strategies remain the standard for caries prevention [2].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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However, dental caries persists as a major public health problem in many parts of the world,
and new approaches for remineralization of dental hard tissues have been proposed in the last decade
[3-8]. These technologies can be divided into two major groups: a) the non-fluoride remineralization
technologies (biomimetic enamel regenerative formulations) that claim to achieve deeper
remineralization of lesions; and b) the group of products that enhance fluoride efficacy known as F-
boosters [9].

A straightforward simply strategy to enhance fluoride efficacy and its bioavailability in the oral
cavity would be to just add more fluoride into oral care products. However, this approach can raise
concerns about the potential risk for dental fluorosis as some children are exposed to multiple sources
of fluoride. Moreover, a higher amount of fluoride in the oral mouth might not be efficacious for
controlling erosive tooth wear and other oral complex conditions such as MIH (molar incisors
hypomineralization) associated with hypersensitivity [10-12]. In this manner, non-fluoride
remineralization technologies and F-boosters can be interesting approaches for consumers that avoid
F- toothpastes and for those who prefer low F- in oral care products [2,9].

The incorporation of ions into the hydroxyapatite (HA) structure directly influences its physical,
chemical, and physiological properties and, consequently the tissue mineralization process. In
general terms, demineralization is the removal of mineral ions from hydroxyapatite crystals of hard
tissues (e.g.,: enamel, dentin, cementum, and bone). Remineralization is the opposite process and can
be enhanced by substituting ionic species in the sites of the hydroxyapatite molecule [13]. The
presence of substitute ions, either incorporated within the apatite lattice or only adsorbed on the
surface, can modify the solubility of a dentin/enamel structure. These substitute ions could be anions
such as fluoride and silicon.

Remineralization process can occur within the demineralized tooth structure as a natural repair
event. Basically, remineralization is a net mineral gain since calcium (Ca?*) and phosphate (PO+*) ions
are deposited into the crystal voids of the demineralized tooth structure [1,9]. The incorporation of
Ca? and PO#*- ions into the crystal lattice can be enhanced by the presence of free fluoride (F-) ions
in the oral environment. This process can result in an apatite that is significantly more resistant to a
subsequent acid challenge [14].

While studies on remineralization modulated by fluoride ions are already well studied, there
are still gaps regarding the mechanisms of remineralization orchestrated by silicon. Each ionic
grouping of apatite, namely calcium, phosphate, and hydroxyl, can be replaced by another ionic
grouping of the same or different valence. In bones, the sites of hydroxyl (OH) and phosphate (PO4)
of hydroxyapatite (HA) are noted as A and B, respectively. Hence, fluoride ions (F-) can substitute
hydroxyls in site A to form Cai0(PO4)s(OH)22xF2«, whereas (SiOs)* operates in site B. This substitution
in site B will produce Cai0(POs4)e-x(SiO4)x(OH)2:x chemical structures [15,16].

Contrary to fluorine, silicon is a relatively inactive chemical element. However, both cannot be
found in their isolated pure form in nature and both of them can form bioactive molecules. Silicon is
a half-metallic element that reacts with oxygen to form silicon dioxide at high temperatures (5iOz2). In
this form, the (SiO4)* anions are versatile tetrahedral molecules that can be connected in different
ways and may become bioactive. This natural form of silicon dioxide is also known as “silica” and
can be found in different crystalline or amorphous forms. Silicates occur when silicon dioxide is
bound to other elements (e.g.,: calcium, aluminum, iron, and magnesium) and can be defined as salts
[17]. All forms (silicon ion, silica, and silicate) can be of great importance in dental products.

Toothpastes are regarded as one of the most complex healthcare products to produce [18]. It is
a mixture of abrasives suspended in an aqueous humectant phase to form a hydrocolloid material
that active ingredients will be incorporated. Furthermore, this material will form a slurry in the oral
cavity, a mixture of saliva and denser solids from toothpastes. On one hand, saliva will facilitate the
dispersion of ingredients in the oral cavity. On the other hand, saliva will dilute all toothpaste
ingredients including the bioactive ones. Finally, the bioactive ingredients must be stable in different
pH environments.

The aims of this scoping revision were to identify gaps in the literature and summarize findings
from several studies related to silicon-, silica- and silicate- toothpastes that can be used for tooth
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remineralization and repair of mineralized tissues such as dental caries, molar incisor
hypomineralization (MIH), and erosive tooth wear. It is also relevant to update information on this
topic because there are many technologies claiming enamel-dentin repair. However, it appears that
few clinical trials were carried out to provide robust evidence about the magnitude of the efficacy of
these bioactive ingredients.

1.1. Enamel Regeneration or Repair: Background and Definitions

The term “regenerative dentistry” has several definitions that can overlap concepts and goals and
raise some confusion. Regenerative dentistry and tissue engineering have been exploring at least
three domains that aim to act as scaffolds to promote cell growth and differentiation for tissue
regeneration/healing: stem cells, bioactive molecules, and biomaterials [19]. However, a direct
approach to hard tissues brings into question whether this concept is suitable. Certainly, it is
appropriate for bones and dentin, but for dental enamel, some additional thoughts are worth the
effort.

Dental enamel is the only cell-free tissue in the human body, organized in a complex multilevel
structure [20]. As a result, dental enamel cannot be biologically repaired or regenerated, and simply
recovering the lost minerals may not be sufficient. The challenge lies in recreating the hierarchical
structure on the surface of the damaged enamel, mimicking its original structure [21]. As for dentin,
the concept of “healing” of the damaged tissue must include the organic portion. This challenging
scenario is an open opportunity for a biomimetic approach within a broad perspective of the
regenerative dentistry field.

Biomimetics in Dentistry was first proposed by Professor Stephen Mann in 1997: “...biomimetics
concepts can be useful for the fabrication of biomaterial implants with controlled porosity and microstructure”
[22]. The original idea was related to dental materials and was later expanded to other oral care
products. Nevertheless, for both dental materials and toothpastes, the challenges continue: mature
enamel, conversely, to dentin and bone, is acellular and does not resorb or remodel. Therefore, a true
enamel regeneration cannot occur in vivo [23]; and considering many toothpastes that claim a full
regeneration of enamel, the appropriate terminology for their beneficial effect is probably “enamel
repair”. To justify the choice of the term “repair” instead of “regeneration”, one must bear in mind that
these concepts are commonly used in soft tissues healing processes. A healing repair event takes place
when, eventually the outcome of a previous damaged skin/mucosa is a restored tissue with some
failures or even scars. Whereas a regenerative healing process brings the idea of a complete
restoration of the whole tissue architecture, function, and esthetics [24]. Transposing these definitions
to hard tissue is of utmost importance to avoid some conflicting concepts.

It is relevant to point out that the concept of enamel regeneration is preserved when cell-based
strategies, tissue engineering laboratory techniques, and similar methods are proposed. However,
the focus of this review is the ion-based remineralization and repair of the enamel and dentin by the
regular use of toothpastes.

There are more definitions that can raise confusion and need to be clarified, particularly for
remineralization (e.g.: functional remineralization, biomineralization, and biomimetic
remineralization).

Functional remineralization (FR) stands for remineralization that leads to improved tissue
mechanics and functionality [25]. This is a close concept to enamel repair.

Biomineralization of hard tissues (enamel, dentin, and bone) involves the deposition of apatite
mineral crystals within an organic matrix. Bone and teeth are regarded as biomaterials with unique
biomechanical properties that are crucial to their function [26]. Hence, biomineralization is a complex
series of events regulated by cells expressing matrix proteins that act as crystallization promoters or
inhibitors [27,28]. As a result, the use of a bioactive agent for dental remineralization is not necessarily
a biomineralization process.

Biomimetic mineralization (BIMIN) is another technique developed to stimulate the guided
formation of a layer of fluorapatite that resembles enamel. This is done on a mineral substrate and
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has the potential to enhance the remineralization of superficial enamel and exposed demineralized
dentin [29].

Bioactive remineralization: it is a general term related to the net mineral gain of a demineralized
dentin surface and the following clinical benefits promoted by bioactive agents: acid resistance
(carious and erosive challenges), abrasion resistance (mechanical/masticatory wear), and surface
impermeability (microleakage and hypersensitivity) [30].

1.2. Silicon, Silica, and Silicate Toothpastes

In Dentistry, silicon and silica are best known as hydrated silica SiO2-nH20 (silicon dioxide with
a variable amount of water) which is used as abrasive component of many brands of toothpastes. It
is the abrasive of choice in clear gel formulations [18]. However, silicon, silica and silicate can push
forward and act as bioactive agents or compose a bioactive material for enamel/dentin
remineralization or repair. Since the 1980s a bioactive material has been explained as one that “elicits
a specific biological response at the interface of the material that results in the formation of a bond between
tissues and the material” [30-32].

Bioactive glasses (BGs or BAG), also known as bioglasses are a quaternary oxide system of SiO>—
CaO-Na20-P:0:s. It is regarded as the first inorganic material with the ability to bond with living
bone tissue and form a stable and tightly bound interface. In addition to bone regeneration, this
material is highly versatile. It can deliver pharmaceutical compounds and be useful in many hard
tissues engineering challenging conditions. Bioactive glass can mineralize dentine tubules to relieve
tooth sensitivity. [32,33].

In the oral cavity, once interacting with saliva, bioglass particles trigger a complex phenomenon
termed bioactivity. As a result, this ionic-rich bioglass environment fosters the creation of
hydroxyapatite layers and calcium phosphate compounds (Cas(PO4)2) within the tooth structure [34].
The formation of a crystalline hydroxyl carbonate apatite (HCA) layer is regarded as strong evidence
of bioactivity in bones and other hard tissues [35]. Basically, a proposed mechanism of action of
bioglass for remineralizing dental enamel relies on the following steps, as described by Dai and co-
workers [36]: a) the aqueous oral environment stimulates sodium bioglass ions exchange with
hydrogen ions (H*); b) calcium ions (Ca?) in the particles as well as phosphate ions (PO+*") are
released from the biomaterial; c) a localized pH rise will allow the precipitates of calcium and
phosphate ions, together with the ions from saliva, to form a calcium phosphate (Ca-P) layer on the
hard tissue (lesion surface); d) The silica network from bioactive glass can react with hydroxyl ions
(OH") from aqueous solution and form soluble silanol compounds; e) experimental observations
indicate that the increase in Ca and P content would induce a decrease in silicon content. Finally, the
newly formed layer displays good resistance to abrasion and transforms to a hydroxyapatite layer,
which is structurally like those of original enamel and dentine [36-39]. It is important to keep in mind
that this cycle has a continuum. Hence, it further increases calcium and phosphate ion concentrations
and leads to the precipitation of calcium phosphate on the silica-rich layer [38].

Bioglass® 4555 was the first commercial bioglass. Later, other formulations were developed:
Class A and Class B, with and without sodium. Novamin® is a calcium-sodium—phosphatesilicate
glass also described as amorphous sodium calcium phosphosilicate (SCPS) that has the ability of a
consistently release calcium ions. To increase remineralization performance, a bioglass combined
with fluoride and high phosphate content was developed: BiominF® [39]. This product seems to form
a more stable and resistant layer. Fluoride is particularly relevant in improving the bioactivity for
enamel protection by the formation of the more acid-resistant fluorapatite, rather than
hydroxyapatite [39]. In addition, fluoride-bioglass may enhance the remineralization of dentin and
decrease the risk of dentin-matrix degradation. A further beneficial effect of bioglass is the
antimicrobial activity of this material.

Conversely to other technologies that operate in an alkaline milieu, REFIX dental regeneration
technology is an acidified bioactive complex produced mainly from compounds containing silica and
phosphates [7,12]. Upon contact with the oral environment, they ionize, and these particles bind to
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the tooth structure, capturing calcium particles available in the oral environment. The interaction of
these elements forms layers of hydroxyapatite enriched with silicon. REFIX technology has proven
to be effective in tooth remineralization/regeneration, depositing minerals in areas deficient in
mineral structures. This action reduces tooth sensitivity, prevents dental caries and erosive tooth
wear [40].

The evidence supporting the efficacy of these technologies for enamel repair and reducing
dentin hypersensitivity is increasing. For instance, a recent clinical study comparing NOVAMIN
(Sensodyne Repair & Protect GlaxoSmithKline, Philadelphia, PA, USA) and REFIX Technology
(Regenerador Sentitive, DentalClean, Londrina, PR, Brazil) showed that both products reduced the
tooth hypersensitivity reported by the volunteers [41]. Similar results were also observed in pilot
study performed with participants that report dentin hypersensitivity (DH) caused by root surface
exposure or periodontal treatment [42].

NR5™ technology is known for its combination of two compounds — sodium phosphate and
calcium silicate. When they encounter the tooth surface during brushing, the combination of these
compounds fosters the formation of a new mineral layer of hydroxyapatite, depositing minerals in
areas lacking mineral structures. This action reduces tooth sensitivity and prevents tooth decay and
erosion [43]. The producers of the NR5™ technology claim that, when the REGENERATE Advanced
Toothpaste is used in combination with the serum, it boosts the toothpaste’s effectiveness, enhancing
the power of enamel regeneration [4,44].

1.3. Rationale for the Review — Guiding Question

Silica is an impressive, versatile compound that can be modified for many purposes in
toothpastes. Recently, a modified silica surface produced a promising mucoadhesive compound that
may increase the retention of toothpaste particles in the oral cavity [4].

Until now, there have been few publications concerning the effect of bioactive silicon on tooth
enamel. Silicon and silica, along with calcium, phosphates, and fluoride induce the remineralization
of demineralized tooth enamel and dentine in vitro [4,39-43].

Therefore, this issue needs updated information regarding the positive points and potential
limitations regarding the silicon-, silica-, and silicate-toothpastes aiming for dental remineralization
and other therapeutic uses. Thus, the guiding question of the review can be summarized as: “Is there
supporting evidence about silicon-, silica-, and silicate-toothpastes efficacy for remineralization and/or enamel
repair of teeth?”

2. Material and Methods

This scoping review was performed following the 2020 PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines for the Scoping Reviews Checklist [48]. This
review was registered with the OSF Registries (registration DOL
https://doi.org/10.17605/OSF.IO/U2B8D, accessed on August 12th,2024).

A literature research of papers published in the last 10 years was carried out on PubMed and
Scopus (July 21st,2024), using the following search strategy:

“silicon” OR “silica” OR “silicate”

AND

“toothpaste” OR “dental gel”

AND

“bioactive” OR “biomimetics”

AND

“teeth”.

It is important to point out that only articles shedding light on bioactive
toothpastes/dentifrices/gels were included. Articles presenting results about hydroxyapatites in these
products were excluded unless a combination with silicon, silica, and/or silicate was present. The
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primary target was enamel-dentin repair. Additionally, relevant literature was hand-searched and
included if the criteria for testing these silicon/silica/silicate technologies for enamel/dentin repair
were tested for: “dental caries”; “molar incisor hypomineralization”; “dentine hypersensitivity”;
“dental erosion”.

All types of studies were included (reviews, systematic reviews and meta-analyses). However,
the final reading focused on the therapeutic potential of these technologies in two major categories:
A: “in vitro” or “laboratory studies” and B: “in vivo” studies, or general clinical studies, or clinical
trials.

A total of 331 studies were imported from screening (148 from PubMed and 183 from Scopus).
After the removal of articles related to dental materials and implants or other issues (169) and
duplicates (106 studies). F.C.S. and F.V. screened 56 articles (title and abstract). The final number of
studies retrieved from the query was 27 (Figure 1). Twelve articles had their full text read by N.L.S.F.
and A.F.B.O. in group A (in vitro studies). A.C.C.G. and G.B.M read 15 full-text articles in group B (in
vivo, clinical trials).

Identification of studies via databases and registers

Records removed before

c Records identified from*: screening:

'% Databases Duplicate records removed

Q Medline (148) N (106)

!".é Scopus (183) Records marked as ineligible

o Registers (0) by automation tools (n =N/A)

2 TOTAL: 331 Records removed for other
reasons (n = N/A)

l

Records screened (225) —®| Records excluded* (169)

l

Reports sought for retrieval (56) |—— » Reports not retrieved (0)

'

Reports assessed for eligibility

Screening

(56) —®| Reports excluded:

Out of the focus of the review
(20)
Adds no value (9)
TOTAL: 29

o Studies included in review

8| [ @

E Reports of included studies

= (0)

—

Figure 1. PRISMA 2020 flow diagram.
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3. Results

Qualitative and quantitative analyses were carried out considering the therapeutic potential of
silicon, silica and silicates in toothpastes. Technical and methodological strengths and weaknesses
were also explored. However, there are significant methodological differences that need to be
considered. From 12 in vitro experiments half of them used human enamel or dentin specimens, the
other half used bovine blocks for pH cycling and subsequently characterization by different
techniques (e.g.,: Scanning Electron Microscopy-SEM imaging, EDX elemental analysis, surface
microhardness and roughness). The technologies investigated included also non silicon-, silica-
toothpastes, such as: arginine sodium monofluorophosphate and casein phosphopeptide-amorphous
calcium phosphate (CCP-ACP).

Among the in vivo clinical studies (n=15), 11 were randomized clinical trial (RCT). Only two of
these RCTs were testing the effect on white spot lesions whereas the others aimed the reduction of
pain due to dentin hypersensitivity.

Table 1. and Table 2 present the overall characteristics and details about the in vitro and in vivo
studies with these technologies.
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Table 1. Characteristics of the included articles (in vitro studies).

Outcome Sample Size Material(s) or
Author (Year) Title Study aim (SS), Follow-Up Technology Active agent(s) Primary results
Measurement .
(FU) (ies) Used
. Hydroxyapatite, CPP- Biorepair and Regenerate significantly
P £f T 1 h
reven‘flve effects To eva.uate the SS: 70 human ACP, CPP-ACPF, zinc  reduced dentin weight loss, showing
of different  preventive effects . . . . . .
dentin Remin Pro, MI Paste  hydroxyapatite, greater resistance to acid erosion

protective agents  of different

Poggio et al. Percent weight  specimens; FU: Plus, Tooth Mousse,  calcium silicate, =~ compared to other agents. Remin Pro and

denti tecti t
(2017) erc?;orirx; in (I:rllodifntli;eeiizli loss, SEM imaging 32 minutes total Biorepair, Biorepair sodium phosphate, = MI Paste Plus showed results similar to
Vit;‘o caused by soft immersionin  Plus, Regenerate sodium the control group, while Tooth Mousse
investication drinkys Coca-Cola monofluorophosphate  and Biorepair Plus increased dentin
& (1450 ppm fluoride) demineralization
To Evaluate the .
e Scanning Electron
inhibitory effects
. . Microscopy (SEM)
Inhibition effects of different 50 Human . .. . All toothpaste groups showed a
. and Energy Toothpaste with Arginine, Sodium . S . .
of different toothpastes on . . enamel blocks .. . statistically significant increase in Ca and
. L. Dispersive _ Arginine, Fluoride, Monofluorophosphate
Altanetal.  toothpasteson demineralisation (n=10 per group) . P compared to the control group (p <
(2019) demineralisation  of incioi Spectroscopy CPP-ACP, and  (Fluoride), CPP-ACP, i .
pient . : - N 0.05). CPP-ACP showed the highest
. i (EDX) with weight Bioactive Glass Bioactive Glass . ) .
of incipient enamel lesions 5 days pH . . increase in Ca and P. NovaMin increased
. . percentage of . (NovaMin) (NovaMin) C
enamel lesions using a . cycling Na and Si significantly
toothbrush mineral changes
. (Ca, P, Na, Si)
simulator
Biomimeti Characterize the Th f d
1om1rT1e ' ‘arac crize e € sur ac.e an REFIX technology remineralized and
Mechanism of  mineral content  cross-sectional . .
. . repaired the surface enamel effectively.
Action of and surface ~ micromorphology Bovine enamel
Fluoridated d - d
uotidate and cross \Were assesse blocks Fluoride sodium, Enamel with the toothpaste formed a
. Toothpaste sectional using scanning _ . N .
Vilhena et al. .. (n=5) tetrasodium silicon-enriched mineral layer on the
(2020) Containing morphology of electron REFIX technology rophosphate enamel
Proprietary  enamel and dentinmicroscopy (SEM). 7 davs of pH PYTOpRosp surface
REFIX tissues treated The ele- c;’dingp '
Technology  with a 14,5 0 ppm methal analyses The results were also consistent in the
on the fluoride- (weight%) were

. . .. . . dentin, where the
Remineralization containing determined with
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and Repair of  toothpaste with an energy- dentinal tubules were progressively
Demineralized REFIX technology. dispersive X-ray occluded until there was complete
Dental Tissues: spectros- occlusion after
An in vitro Study copy (EDS). 7 days.
Mean and
percentage
I i h f surf ium fluori
Effects of 1450- nve.stlgat.edf e of surface .Sodl.um uoride,
m Fluoride remineralization hardness recovery Tricalcium phosphate
piontamm potential of 1450 (% SHR) were (B-TCP), The
& ppm, fluoride- calculated. Surface . REFIX, NR-5, Sodium Monofuoro- enamel subsurface was more effectively
Toothpastes .. Bovine enamel . . . 1 o
. . containing enamel roughness Candida phosphate, remineralized when treated with Bianco
Associated with blocks . . . L. e
toothpastes (Ra) Professional, Oligopeptide-104, Pro Clinical, Elmex Sensitive,
Tomaz etal. Boosters on the .. (n=8/ per group) . .
containing was also Colgate Total 12 Calcium and Refix. The surface roughness was
(2020) Enamel ) ; . . . . . .
. . different active evaluated. The pH, Daily Repair, glycerophosphate, higher when the demineralized third was
Remineralization . .. . 7 days of pH . .. . ..
remineralization Y%weight of . Bianco Pro Clinical, Triclosan, Arginine, treated
and Surface . cycling .\ . . .
agents after particles, zeta Elmex Sensitive Tetrasodium with Refix, and NR-5 and after the
Roughness after . . . . .
. . cariogenic potential, and pyrophosphate, cariogenic challenge.
Cariogenic . . . . s
challenge with pH polydispersity Calcium silicate and
Challenge . . .
cycling. index of toothpaste sodium phosphate
slurries were also
evaluated.
1
In Vitro Enamel Toeva l,late tbe silica, calcium sodium
Remineralization effect of in-office hosphosilicate
. bleaching on Surface . p p. . CS and CS+NR-5 showed superior
Efficacy of . Toothpaste with (Novamin), sodium . L.
. - enamel surface =~ Microhardness e remineralization compared to NM. All
Calcium Silicate- 40 human  Novamin Bioactive monofluorophosphate . . .
. and compare the (Knoop Hardness ) . remineralization agents increased
El- Sodium . premolars (n=10) Glass (NM), NR-5 Calcium Silicate-
efficacy of Number (KHN), -, . hardness and decreased surface
Damanhouryet  Phosphate- . . (CS) and additional ~Sodium Phosphate }
. Calcium Silicate- Surface . . . roughness after bleaching, but NM had a
al. (2021) Fluoride Salts . 7dayspH  treatment with NR- with Sodium Lo .
versus NovaMin Sodium Roughness, cyclin 5 boosting serum Monofluorophosphate significantly higher surface roughness.
Phosphate- SEM/EDX yeums & PROSPAA™, g and CS+NR-5 were more effective in

Bioactive Glass,
Following Tooth

Whitening NovaMin

bioactive glass

Fluoride (CS) and Elemental Analysis

(CS+NR-5), hydrated silica (NR-5)

restoring hardness and smoothness.



https://doi.org/10.20944/preprints202408.1436.v1

d0i:10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024

10

(NM) in
remineralizing
bleached enamel

The surface and

This in vitro study cross-sectional . .
. . . Fluoride sodium,
Resistance aimed to micromorphology . ..
) . . triclosan, arginine,
against Erosive  characterize the = were assessed . .
. ) . tetrasodium Enamel treated with the product
Challenge of ~ superficialand  using scanning .
pyrophosphate  containing REFIX technology presented a
Dental subsurface electron .
. Bovine enamel smoother surface morphology compared
Enamel Treated  morphology of - microscope (SEM). blocks Sodium to the other treatments. The higher resis
Fernandes et with 1,450-PPM  dental enamel The elemental NR-5, REFIX, . &
. . . (n=5/ per group) . monofuorophosphate,  tance to the erosive challenge can be
al. Fluoride treated with analyses (weight Novamin. . o . o . .
. calcium silicate and  attributed to a silicon-enriched mineral
(2021) Toothpastes fluoridated gels percent- .
y y 6 days of pH sodium phosphate layer
Containing containing age) were . .
. ) . g . cycling formed on the enamel induced by the
Different different bio-  determined with .
e . Calcium REFIX-based toothpaste.
Biomimetic mimetic an energy- .
. . sodium
Compounds  compounds after dispersive X-ray .
_ phosphosilicate 5%
erosive challenge.  spectroscopy
(EDS).
To compare the
. P . The Regenerate demonstrated the highest
. efficacy of a . . Sodium . . )
Effect of Calcium . . Calcium silicate, dentinal tubule occlusion and calcium
. . calcium silicate-, . monofluorophosphate .\ . . .
Silicate, Sodium . sodium phosphate, . deposition, significantly reducing dentin
sodium . (1450 ppm fluoride), . .
Phosphate, and fluoride (Regenerate i . permeability. Novamin also showed
. phosphate-, and . calcium silicate, . . .
Fluoride on fluoride-based Dye Percolation Advanced); trisodium phosphate effective tubule occlusion but with less
Dentinal Tubule (DP%) test, SEM  SS: 78 human Bioactive Glass prosphiate, calcium deposition compared to
Rahman et al. . (CSSPF)toothpaste ", .. . hydrated silica . .
Occlusion and . . microphotographs, dentin discs; FU: (NovaMin - . Regenerate. Signal Sensitive Expert,
(2021) e in promoting . (Regenerate); Sodium . . . )
Permeability in . EDS elemental 7 days Sensodyne Repair using potassium nitrate, showed effective
. dentinal tubule . monofluorophosphate . .
Comparison to . analysis and Protect); tubule occlusion and permeability
. occlusion and ) i (Sensodyne); . )
Desensitizing ) . Potassium Nitrate . . reduction, but was less effective overall
reducing dentin . .. Potassium nitrate,
Toothpaste: An o (Signal Sensitive . . compared to both Regenerate and
. permeability Sodium fluoride . .
In Vitro Study . Expert) . Sensodyne in terms of calcium
against other (Signal) o\ .
. deposition and tubule occlusion.
commercial



https://doi.org/10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024

d0i:10.20944/preprints202408.1436.v1

11

desensitizing
toothpastes

At characterizing
the mineral

content and filler The surface

morphology was

particle . Elemental
assessed using . , .
. ) morphology of a . . analysis of the toothpaste’s formulation
Silicon-enriched . scanning electron Bovine enamel .
. fluoridated . . . demonstrated the presence of Si (silicon),
hydroxyapatite microscopy (SEM). blocks Fluoride sodium, .
. . toothpaste . Na (sodium), P (phosphorus), and
Vilhena et al. formed induced .. The elemental (n=5) tetrasodium .
containing REFIX REFIX technology F (fluorine), among others. We also
(2021) by REFIX-based analyses pyrophosphate .
technology and detected a mineral layer that had formed
toothpaste on the . were performed 7 days of pH
| surf the mineral ) li on the treated enamel surface; the layer
enamel surface using an energy- cyclin, . . .
content and the NG an 2 yeime had a consistent uniform thickness of ~14
dispersive X-ray
morphology of the pm.
spectrometer
enamel surface
(EDS).
treated
with this product.
Surface
microhardness
Fluoride sodium,
recovery tricl .
riclosan, arginine
Efectiveness of (%SMHR) and the osar, ,g ’
fuoride To evaluate the fUorescence tetrasodium
. efcacy of fuoride- . pyrophosphate The Refix to recover the surface
containing . recovery (AFRE) Bovine enamel . . ..
containing . . microhardness with a signifcantly lower
toothpastes ... with quantitative blocks .
. . toothpastes with e Sodium mean of AFRE.
Fernandes et associated with . light-induced (n=12/ per REFIX, NR-5, .
. diferent monofuorophosphate, Only Refix was able to
al. diferent . fuores- group) and NOVAMIN. . 1 . . .
. technologies to calcium silicate and  promote the formation of a mineralized
(2022) technologies to . ] cence. The cross- ) .
. . remineralize . sodium phosphate  layer on the surface of enamel enriched
remineralize . . sectional 6 days of pH o
artifcial caries . . with silicon on the surface.
enamel after pH = = micromorphology cycling .
. . lesions in enamel. Calcium
cycling: an in of the enamel .
. sodium
vitro study surface was also .
) phosphosilicate 5%
assessed using

scanning electron
micros-



https://doi.org/10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024

d0i:10.20944/preprints202408.1436.v1

12

copy. Elemental
analyses
(weight%) were
determined with
an energy-
dispersive X-ray
spectrometer
(EDS).

To evaluate and

Regenerative
Biomineralization ~ “°MPare the
Potential of .surfall.ce .
Commercially ~"emineraization _ $5:32 human SAP P11-4
Available potential of SAP  Laser-induced enamel (CURODONT™
Remineralizing P11-4 (Sélf_ breakdown samples (16 PROTECT), CSSP S,AP Pl,l‘_4’ Both SAP P11-4 and CSSP significantly
Agents as a asse'mbhng spectroscopy intact, 16 (REGENERATE™ calcmm' silicate, increased Ca and P levels in
Moras et al. Preventive peptide) and (LIBS) to demineralized) Enamel Science™ sodium demineralized enamel. No significant
CSSP (calcium measure phosphate, . . . - .
(2023) Treatment - ) Advanced ) difference in remineralization potential
A hf silicate plus changes in Ca fluoride
pproach for ) 30 days pH Toothpaste and was observed between the two agents on
Tooth Erosion — sodium and P levels cycling Serum) intact and demineralized enamel.
An In Vitro phosphate) on
Laser-Induced intact and
Breakdown demineralized
Spectroscopy enamel
Analysis
Regenerative and To characterize SEM imaging, . . s ., Sodium Fluoride (1450  The treatment formed a mineralized
. . . ’ SS: 5 bovine  Fluoride-silicon-rich . ) .
. Protective Effects the regenerative Energy-Dispersive ) ppm), Silicon-rich layer on enamel and dentin surfaces.
Vilhena et al. . . enamel and 5 toothpaste with )
on Dental Tissues and protective X-ray . . ) compounds, Calcium After 5 days, the enamel had a 4-5 um
(2023) ) bovine dentin  calcium booster - . .
of a Fluoride— effects of a Spectroscopy Carbonate, Tricalcium layer and dentin had a 7 um layer. The

Silicon-Rich

fluoride-silicon-

(EDS), Elemental blocks;

REFIX technology

Phosphate

calcium and silicon signals increased



https://doi.org/10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024

d0i:10.20944/preprints202408.1436.v1

13

Toothpaste

Calcium Booster:
An In Vitro
Study

rich toothpaste
Associated with a combined with a %)
calcium booster
on dental tissues

FU: Immediate
and after 5 days

analysis (weight

after immediate treatment, showing
significant remineralization and
occlusion of dentin tubules.

Chemical and

Investigate dentin

Atomic force

microscopy
(AFM),

scanning electron
microscopy (SEM) 12 human dentin

Fluoride sodium,

Ultrastructural chemical and
. . and energy- blocks (n=3 per . s
Athanasiadou Characterization ultrastructural . . REFIX, REFIX + tetrasodium All evaluated dentifrices led to successful
. dispersive X-ray group) . .
etal. of Dentin changes upon t Booster and pyrophosphate formation of hydroxyapatite and
. Spectrosco . . . .
(2024) Treated with exposure to p Py Novamin increased dentin stiffness.
. . ) .. (EDX), 14 days of )
Remineralizing  remineralizing . . Calcium
o s transmission toothbrushing
Dentifrices dentifrices.
electron
microscopy (TEM)
and selected area
electron diffraction
(SAED).
Table 2. Characteristics of included articles (in vivo studies).
Sample Size (SS), Ttt;t;(rjllil“)(i(::s)
Author(Year) Title Study design Study aim Outcome Measurement  Follow-Up(FU) Usegy Active agent(s) Primary results
Assessment of Pain
Intensity in Patients
w1thDer}t%n. The dinical evaluation of The pa}n react19nof exposed SS: 92 teeth with NUPRO® . In-office use 'ofprofesa.onal
Hypersensitivity . . dentine was induced by . Calcium prophylactic paste with
. the effectiveness in . . hypersensitivity Sensodyne® . .
After Application of S e . tactileand dehydrating : Sodium NovaMin formula
Chalas(2015) . Longitudinalstudy eliminating dentin - . . Prophylaxis Paste, e . .
Prophylaxis Paste e stimuli, asking patients . . Phosphosilicate noticeably reduces dentin
. hypersensitivity after a . . FU: baseline and Dentsply(NovaMin e
Based on Calcium . LT to assess the severity of pain (CSPS) hypersensitivity 1week
. single application after 1 week Formula) .
Sodium on the VAS scale after application
Phosphosilicate

Formula



https://doi.org/10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024

d0i:10.20944/preprints202408.1436.v1

14
Agj?;j;??;id Sodium fluoride
Investicating the Vitryxx® (NaF and < and Calcium The apparent absence of a
Esf;fect & 5% Sodium  positive treatment effectfor
of Partidle Size of The hypersens1t.1v1ty. was oo 1ag subjects CSPS) Phosphosilicate the .
Calcium Sodium To compare the efficacy in measured by tactile stimulus (CSPS) CSPS-containing
s Randomizedclinical P icacy (Yeapleprobe) and . NovaMin® (NaF or dentifrices compared to
Zang (2016) Phosphosilicate . dentinhypersensitivity . N FU: baseline and . .
trial . evaporative (air)stimulus SMFP and 5%  Sodium mono the regular fluoride
(CSPS) on the relief . N after 1, 2, 4 and Lo, .
) (Schiff Sensitivity Scale, CSPS) fluorophosphate dentifrice is inconsistent
Efficacy of CSPS- . 8 weeks . .
containin visual analogue scale) (SMFP) and with other previously
Dentifrices fo% the Regular fluoride CSspPs reported efficacystudies
Reliefof Dentin toothpaste for CSPSdentifrices
Fluori
Hypersensitivity uoride
Potassi
Toothpaste with5% oassium
otassium nitrate Nitrate
Clinical efficacy of The patients” dentin SS: 160 subjects P The four desensitizing
fourinterventions in To compare theefficac hypersensitivity scores for NovaMin Calcium kinds of toothpaste
Maiji (2016) the reduction of Randomizedclinical in red C}z?on of dent?nyl tactile,thermal, and FU: baseline,after tooth s‘iz (calcium Sodium containing different active
a dentinal trial h v ersensitivi a evaporative stimuli were 2 weeks P; di r: v Phosphosilicate agents were effective in
hypersensitivity: A P vity recorded on a visual analog and after 1 and 2 u (CSPS) relieving dentinal
phosphosilicate) e
2-month study scale months hypersensitivity.
. Strontium
Toothpaste with chloride



https://doi.org/10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024 d0i:10.20944/preprints202408.1436.v1

15

4. Discussion

The lack of consensus on terminologies related to these Si-based technologies for remineralizing
dental hard tissues was a survey problem since hydrated silica is a common component of many
toothpastes. As a result, the search query used for this scoping review eventually selected studies
testing abrasives. In addition, remineralization is frequent surveyed issue of research related to
bioactive materials for repairing or regenerating bones and teeth.

A similar commercial and academic terminology may be useful to encompass technologies using
silicon (Si), silica (SiO2) and silicate (Si20s)2nn in toothpastes. This could facilitate communication and
differentiate these products from regular hydrated silica. This approach is very important since the
borderline between biomimetic products and F-boosters is increasingly blurred [9]. Accordingly, a
parallel outcome of this scoping review is the proposal for using the term “bioactive Si-toothpaste” for
biomimetic or F-boosters technologies for enamel repair that use silicon (5i), silica (SiO2) and silicate
(5i205)2nn in toothpastes.

The major technologies investigated in the 27 articles selected for this review were: Novamin®,
BiominF®, REFIX Technology and NR5™technology (with and without serum booster).

In vitro study articles evaluating NOVAMIN and REFIX technologies followed similar
methodologies, involving the preparation of bovine enamel blocks, demineralization to create caries-
like lesions, pH cycling with treatment based on different toothpastes, and subsequent analysis with
surface microhardness, scanning electron microscopy, and EDS [4].

However, if we take a closer look at the methodological aspects, some differences are worth
highlighting. While some researchers [45,46] used human teeth, others [4,12,40,47] used bovine teeth.
This may influence the comparability of the results due to differences in the composition and
structure of human and bovine teeth. However, the polishing and sample preparation procedures
are similar between the articles using bovine teeth, ensuring a uniform surface for the tests.

Most of the articles used demineralization methods with acetate solutions to simulate caries
lesions and pH cycling, ensuring controlled conditions for evaluating the effects of the dentifrices
tested. However, some studies used brushing methods associated with pH cycling, which varied
between manual brushing [45] and electric brushing [12,40], which may impact the effectiveness of
the remineralization and protection effects observed.

For sample analysis and characterization, scanning electron microscopy (SEM) and EDS are the
most common methods, allowing a detailed comparison of the morphology and chemical
composition of the samples after treatment. However, quantitative methods such as surface
microhardness and enamel surface roughness [4,46] are important and deserve to be highlighted, as
they provide more robust evidence on the clinical applicability of these composites.

Methodological differences are crucial for interpreting the results of each study, as they directly
influence conclusions about the effectiveness of the technologies evaluated and the comparison of
data [46]. When it comes to methodological rigor, we must consider certain aspects, such as clarity
and detail of the methodology, control of variables, reproducibility, data analysis and interpretation,
validity, and reliability of the methods used. Thus, the studies [4,12,40,47], demonstrate greater
methodological rigor due to the following points: preparation and polishing of detailed samples,
which ensures uniformity of the specimens; standardized procedures for demineralization and pH
cycling, ensuring controlled conditions for the creation of caries lesions; use of electric brushing
[12,40], as it reduces variability and improves the reproducibility of results; SEM and EDS analyses,
offering a detailed characterization of the morphology and chemical composition of dental tissues
after treatments [47].

The main differences found in the results of the studies evaluated are related to the effectiveness
of the different toothpastes in remineralizing enamel and forming new “layers” of minerals. Each
study observed variations, depending on the compounds tested, in the presence of elements such as
silicon and fluoride, as well as in the hardness and roughness properties of the enamel and dentin
surfaces after treatment.
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REFIX technology induces the formation of a mineralized layer on both enamel and dentin. On
enamel, this layer is approximately 6 um thick and forms on the surface after pH cycling. In dentin,
after brushing with the same toothpaste, a mineralized layer is formed, only less thick, up to 3 pm.
After 7 days of treatment, partial obliteration of the dentinal tubules is observed [40].

In terms of erosion prevention, enamel samples treated with REFIX exhibit a smoother surface
and resistance to subsequent erosive challenges. Elemental mapping analyses with EDS indicate that
there are no significant changes in the chemical elements present on the surface after the erosive
challenge, confirming the robustness of the layer formed [47].

NOVAMIN technology, in turn, induces the formation of a mineralized layer both on the dentin
surface and inside the dentin tubules. The mechanism of action suggested for this dentifrice is
through the release of calcium and phosphate when in contact with saliva, promoting
remineralization and obliteration of the dentinal tubules [45].

However, the results presented in the studies show that NOVAMIN technology was less
effective in forming a new mineral layer on the surface enamel compared to REFIX. In addition, there
was a significant reduction in the percentage weight of calcium in NOVAMIN-treated samples after
erosive challenges, indicating a lower resistance and stability of the mineral content.

In short, depending on what the study sets out to analyze, REFIX stands out in terms of enamel
surface remineralization and erosion prevention. However, when applied to dentin, both
technologies promote obliteration of the dentinal tubules, which can help control tooth sensitivity.
However, the mineral deposition provided by REFIX forms a thicker and more resistant layer over
time.

All in vitro studies support that a net mineral gain is achieved and an enamel repair is also
observed depending on the technique used. These in vitro investigations support the beneficial effect
of these bioactive-Si-toothpastes is related to the potential control of dental caries lesions, erosive
tooth wear [4,7,12,40,43,45-50].

The clinical efficacy of various bioactive Si-toothpastes toothpastes has been extensively studied,
with a particular emphasis on formulations containing sodium calcium phosphosilicate (SCPS) and
related technologies. Clinical studies have consistently demonstrated the ability of SCPS to occlude
dentinal tubules, thereby alleviating pain associated with dentin hypersensitivity (DH). For instance,
Chatas et al. (2015) [51] and Zang et al. (2016)[52] observed significant pain reduction with smaller
SCPS particles, which exhibited greater efficiency in tubule occlusion. Similarly, Sufi et al. (2016) [53]
reported a marked reduction in DH with the use of toothpastes containing 5% SCPS. Hall et al. (2017)
[54] further confirmed the superiority of SCPS over arginine/calcium carbonate in long-term
treatments, although a work performed later found no significant differences when comparing
smaller SCPS particles (2.5%) to arginine/carbonate formulations [55].

Studies by Patel et al. (2019) [16] and Bhowmik et al. (2021) [56] have also highlighted the efficacy
of bioglass-containing toothpastes in reducing DH, particularly the remineralizing effect of BioMin-
F compared to popular brands like Colgate Sensitive Pro-Relief and Sensodyne Rapid Action [57]. In
a clinical comparison of four different interventions for DH reduction, Majji & Murthy (2016) [58]
concluded that SCPS-based pastes were the most effective, a finding consistent with other
investigation that demonstrated significant DH reduction using a toothpaste containing REFIX
technology [12].

Additionally, Seong et al. (2020) [10] conducted a randomized controlled trial evaluating a
toothpaste with calcium silicate and sodium phosphate, finding a significant pain reduction
compared to a control group using only fluoridated toothpaste. Gallob et al. (2017) [59] also
supported the efficacy of experimental toothpastes containing silica, silicate, and silicon in reducing
DH.

In the treatment of white spot lesions, few clinical studies explored bioglass-based technologies,
showing that these formulations not only alleviate DH but also promote the remineralization of
enamel, particularly in orthodontic patients [60,61]. A further study demonstrated that combining
NovaMin® with a fluoridated toothpaste significantly improved the remineralization of white lesions,


https://doi.org/10.20944/preprints202408.1436.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024 d0i:10.20944/preprints202408.1436.v1

17

highlighting the potential of sodium monofluorophosphate (SMFP) to enhance fluoride therapy’s
efficacy [62].

Surprisingly, this review retrieved no clinical studies about these bioactive Si-toothpastes for
DH associated with molar incisor hypomineralization (MIH). MIH is a developmental enamel defect
primarily diagnosed in childhood and adolescence, which can lead to compromised function of the
affected teeth [63]. Characterized by increased porosity and dentin tubule exposure [64], this defect
can result in post-eruptive fractures, dentin hypersensitivity, and pain. These conditions can
significantly impact patients’ oral health-related quality of life (OHRQoL) [65,66], including
difficulties with mastication, particularly when consuming hot or cold foods and beverages [67].
Moreover, MIH can lead to psychosocial challenges such as decreased self-esteem, embarrassment
when smiling, and difficulties with socialization [68].

Given these challenges, silica-, silicate-, and silicon-based technologies have shown promise in
dental remineralization and the reduction of dentin hypersensitivity through dentin tubule
obliteration. Therefore, these materials can alleviate pain, reduce dentin hypersensitivity, and, in
turn, a negative impact on OHRQoL.

In vitro and in vivo studies are currently underway to evaluate the efficacy of these
remineralizing agents in teeth with MIH, particularly in children. These studies aim to assess the
potential of toothpastes containing these technologies as adjuncts in the treatment and management
of dentin hypersensitivity and their impact on the oral health-related quality of life of these patients.

5. Conclusions

In conclusion, clinical studies support the effectiveness of SCPS, bioglass, and innovative
technologies like REFIX in occluding dentinal tubules and remineralizing enamel, offering long-
lasting relief from DH. The choice of treatment should be tailored to the patient’s specific needs and
the properties of the desensitizing agent used. Finally, it can be also concluded that there is a
consistent support of evidence confirming the beneficial effects of using silicon-, silica-, and silicate-
toothpastes for enamel repair and remineralization. The mechanisms of action may differ between
the available technologies using silicon-, silica-, and silicate-bioactive materials (bioactive-Si-
materials). However, there is also a lack of long-lasting clinical studies exploring this issue. Most of
the clinical studies confirm the effectiveness of these products for dentin hypersensitivity (DH). Other
oral health conditions can also benefit from these technologies. The combination of silicon and
derivates with other strategies will probably be the next frontier for new bioactive-Si-toothpastes on
the market.
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