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revisao de escopo

Samantha Jéssica Lopes Sousa'*, Patricia Ferronato Aradjo?, Fernanda Santoro Nogueiral, Ana
Paula Dias Ribeiro?, Fernanda Cristina Pimentel Garcia!

RESUMO

O objetivo desta revisdo de escopo foi apresentar as técnicas e estratégias de sucesso ja publicadas para a
remineralizacdo biomimética da dentina humana. Foram incluidos estudos cujo objetivo principal era
apresentar alguma estratégia bem-sucedida da remineralizacéo biomimética da dentina. N&o houve restri¢do
de tempo, idioma ou idade dos participantes. Os estudos foram recuperados via CENTRAL (Cochrane),
LILACS, PubMed/MEDLINE, SciELO, SCOPUS e Web of Science. Pesquisas de literatura cinzenta no
Google Scholar e OpenGrey também foram realizadas para encontrar referéncias adicionais. Com base nos
objetivos principais da pesquisa, os artigos foram classificados por técnica de acordo com a metodologia
utilizada para a pesquisa. Cento e quarenta e cinco artigos, publicados entre 2003 e 2019, foram incluidos
na scoping review final. Protocolos que imitam a mineraliza¢do natural da dentina buscam repor os minerais
perdidos nos tecidos dentarios. A remineralizagdo biomimética propde diferentes formas de substituir o
colageno desmineralizado na dentina utilizando materiais inorganicos como minerais naturais, com o
objetivo principal de otimizar a longevidade clinica das restauragdes e melhorar o tratamento odontolégico.

Palavras-chave: Materiais Biomiméticos; Materiais Dentérios; Odontologia; Remineralizacdo Dentéria;
Biomineralizacéo.

ABSTRACT

The purpose of this scoping review was to present the published successful techniques and strategies for
biomimetic remineralization of human dentin. Studies whose primary objective was to present the strategy
of successful dentin biomimetic remineralization were included. No language, participant age, or time
restrictions were set. Stud-ies were retrieved via CENTRAL, LILACS, PubMed/MEDLINE, SciELO,
SCOPUS and Web of Science. Gray literature searches on Google Scholar and OpenGrey were also
conducted to find additional references. Based on the main research objectives, articles were classified by
technique according to the methodology used for the research. One hundred forty-five articles, published
be-tween 2003 and 2019, were included in the final scoping review. Protocols that imitate dentin's natural
mineralization seek to restore lost minerals in dental tissues. Biomimetic remineralization proposes
different ways to replace demineralized collagen in dentin by using inorganic materials like natural
minerals, with the primary purpose of optimizing the clinical longevity of restorations and improving dental
treatment.
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INTRODUCTION

Consistent with current health science trends to seek regenerative therapies which
mimic the body's innate biological processes, several strategies have been developed to
recover lost dental tissue. The mineral replacement in type | collagen is critical for
stabilizing the mechanical properties of calcified tissues such as dentin. In dentin, nearly
90% of the organic content is composed of type | collagen, whereas non-collagenous
proteins account for 10% of its content (ZURICK et al., 2013). These non-collagenous
proteins play a key role in the mineralization process, as their components are highly
anionic, phosphorylated and multifunctional (VEIS & DORVEE, 2013).

However, the remineralization of dentin appears more challenging than of enamel
because of the greater scarcity of apatite particles in dentin (BERTASSONI et al., 2009).
Different strategies have been applied to the remineralization of dentin, and a recent
systematic review has presented some techniques used (CAO et al., 2015).
Biomineralization is a biological process based on a matrix particle-mediated, non-
classical and organic crystallization (CAO et al., 2014). Extracellular matrix proteins
execute an essential function in apatite nucleation growth and control for the process of
dentin remineralization (NUDELMAN et al., 2013). Some materials have been proposed
for restoring demineralized dentin by inducing remineralization.

A common classification used for remineralization techniques on biomaterials is
called “top-down” or “bottom-up” strategies. The top-down approach involves free
particles of biomaterials responsible for incorporating minerals over crystallites in
collagen, at a nanoscale level (BRAGA & FRONZA, 2020). In this group, the ions
involving calcium, phosphate, and sodium are incorporated into gels or in recently
developed materials. However, for these techniques, there is a need to deposit the non-
collagenous protein analogs (NCPs) already mentioned for growth using already existing
primers, since there will be no spontaneous nucleation.

The bottom-up approach uses matrix protein biomimetic analogs to stabilize
nanoprecursors, starting from organized materials forming a template or scaffold
(BRAGA & FRONZA, 2020; CAO et al., 2015). It is considered a “non-classical”
pathway technique and is based on the importance of the dentin's intrafibrillary mineral
zones (CAO et al., 2015). The term "biomimetic" usually refers to the use of analogues

to guide mineral deposition, therefore, mimicking the biological process. "Top-down"
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approaches, for instance, are usually not considered biomimetic. The bottom-up approach
plays a fundamental role in biomechanics by making use of the partially or totally
dissolved minerals in these areas to create large gaps. In these situations, in the presence
of NCP analogs, the free calcium and phosphate ions assemble in the groups considered
pre-enucleation and are added to the amorphous calcium phosphate (ACPS)
nanoprecursors recruited by the NCPs. They then fill the intrafibrillary gaps, stimulating
the growth of regular apatites in the mineralization process. this strategy includes
biomimetic analogs and results in the primordial formation of amorphous ACP
nanoprecursors.

Partial caries removal in procedures with minimal intervention are used clinically
to save the tooth structure and prevent damage to the pulp. The infected dentin is removed
and the partially demineralized dentin is sealed with materials that enhance
remineralization. The glass ionomer cement has been known to be used for this purpose.
Furthermore, studies have demonstrated potential bioactive cements and adhesives which
promote dentin repair through other strategies including ion release Ca-P, biomimetic
remineralization tissue-guided, and others (HERNANDEZ; COBB; SWIFT, 2014).

Protocols that imitate the natural mineralization of dentin seek to restore minerals
in dental tissues that are lost mainly because of caries. Biomimetic remineralization
proposes different ways to replace demineralized collagen in dentin by using inorganic
materials similar to natural minerals (CAO et al., 2015; NIU et al., 2014).

Thus, preventive and operative dentistry researchers have sought to discover
methods to induce there mineralization of hypomineralized human dental tissues,
especially dentin (BRAGA & FRONZA, 2020). Therefore, the purpose of this scoping
review was to present all the published successful techniques and strategies for

biomimetic remineralization of human dentin.

MATERIAL AND METHODS

Protocol and registration

The reporting of this scoping review adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)
Checklist (TRICCO et al., 2018).
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The scoping review protocol was registered at the International Prospective
Register of Systematic Reviews in association with the systematic review of registration
number CRD42016049821. The scoping review final protocol was registered
prospectively with the Open Science Framework on 21 December 2020
(https://osf.io/5¢c3vm/).

Eligibility criteria

Studies in which the primary objective was to present any successful biomimetic
remineralization strategy for dentin were included. No language or time restrictions were
set.

Acrticles were excluded for the following reasons: (1) articles that did not address
a remineralizing technique based on processes that mimic natural biomineralization; (2)
articles that were not research studies, including letters, conference abstracts, personal
opinions, book chapters, theses, congress proceedings, case reports or case Series.

The “PCC” mnemonic (population, concept and context) was used as a guide to

construct a clear and meaningful title and strategy search for this review.

Information sources

Electronic searching in databases, namely, CENTRAL, LILACS,
PubMed/MEDLINE, SciELO, SCOPUS and Web of Science, identified relevant studies.
Non peer-reviewed literature searches with Google Scholar and OpenGrey were also
conducted to find additional references. No language, time or other restrictions were set.

After obtaining all references, duplicates were excluded by using softwares
programs EndNote Web®, Thomson Reuters, USA and Rayyan®, QCRI, Qatar. All the
electronic database searches were conducted for the last time on January 1st, 2020.

Search

Studies were identified by using a search strategy adapted for each electronic
database with the aid of a health sciences librarian: Cochrane Central Register of
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Controlled Trials (CENTRAL), LILACS, PubMed (MEDLINE), SciELO, SCOPUS and
Web of Science.

A non peer-reviewed literature search was performed using Google Scholar and
OpenGrey by screening the title and abstracts for the first 150 hits (filtered by
“relevance”). In addition, a hand search was performed on the reference lists of the
selected articles for any additional references that might have been omitted in the

electronic search.

Selection of sources evidence

The study selection was conducted in three phases. In phase 1, two investigators
(S.J. L. S. and P. F. A.) independently screened the titles of potentially relevant studies
and selected articles that appeared to meet the inclusion criteria. In phase 2, the same
reviewers independently read the abstracts of all previously selected articles. In phase 3,
the two investigators independently read the full text of all selected articles and excluded
studies that did not meet the inclusion criteria.

Any disagreements in any of the three phases were resolved by discussion and
agreement between the two reviewers. If a consensus could not be reached, a third author
(F. S. N.) was involved in making a final decision.

Data charting process and data items

The first investigator (S. J. L. S.) collected the following data from the selected
articles: study characteristics (author(s), year, country, and type of study), design
(approach or protocol tested) and results characteristics (objectives, main results and
conclusions). The second author (P. F. A.) checked all retrieved information for analysis.
If the required data were not complete, attempts were made to contact the authors to

retrieve any pertinent missing information.

Synthesis of results

Based on the main research objectives, articles were classified by their strategies

according to the methodology used for research. Authors and year of publication were
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used to categorize the included studies. The methodological characteristics were analyzed
and grouped according to similarity. All findings in this review are based on published
research, as listed in the references.

RESULTS

Selection of sources of evidence

In phase 1 of the study selection, 3,944 citations were identified across six elec-
tronic databases. The non peer-reviewed literature results added 196 references; 44,700
citations were identified with Google Scholar, but only 150 citations were considered for
analysis (filtered by “relevance”) with 46 results identified by OpenGrey. After the
duplicated articles were removed, 3,009 citations remained. In the first phase, 2,728 ar-
ticles were excluded by title. A thorough screening of 281 abstracts was conducted, and
146 references were excluded in phase 2. The hand search from the reference lists of the
identified studies yielded 10 additional studies. Finally, 145 studies satisfied the in-
clusion criteria and remained in phase 3 after full-text reading and were selected for this
review.

Seven authors were contacted to send some relevant information about their study.
Two authors responded with some information after contact by email and Re-searchGate.
Another five authors did not respond. Figure 1 details the process of iden-tification,
inclusion and exclusion of studies.

Figure 1 — Flow diagram of literature search and selection criteria.
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and the risk of bias analysis were not foreseen, as it is a scoping review. The types of
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studies included were diverse, including In-vitro, Ex-vivo, and In-vivo studies. Due to

the heterogeneity of the included studies, studies were grouped by material similarity.
Characteristics of sources of evidence

Searches identified studies from 2003 to 2020. Figure 2 shows the global overview
of the countries included in this scoping review. Table 1 summarizes the characteristics
of the strategies of the included studies. The data were grouped into products using
chemical elements from dentin remineralization, products derived from acids, and other

diverse compounds.

Figure 2 — Publications included originating from countries
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Source: Authors created by MapChart.net

Table 1 — Strategic characteristics of all the included studies, grouped by chemical elements,

acids and other compounds.
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Product References N=Total
Chemical elements
Calcium 1,5,7,9, 17,18, 19, 33, 35, 36, 39, 53
41, 44, 48, 49, 50, 52, 53, 59, 61, 68,
69, 70, 71, 74, 76, 77, 81, 82, 86, 90,
91, 92, 93, 95, 97, 98, 100, 101, 102,
103, 107, 110, 111, 115, 116, 118,
119, 123, 130, 131, 139, 141
Silica 5,9, 17, 18, 29, 35, 39, 41, 65, 68, 69, 33
74,76, 77, 81, 82, 92, 93, 97, 98, 100,
101, 102, 103, 107, 110, 111, 115,
116, 118, 119, 139, 141
Phosphate 1,14, 17, 18, 19, 26, 33, 36, 44, 46, 36
47, 48, 49, 50, 52, 53, 59, 61, 70, 71,
81, 86, 90, 92, 93, 95, 98, 100, 107,
109, 122, 123, 130, 132, 139, 142
Sodium 1,12, 13, 16, 26, 44, 46, 47, 48, 49, 17
81, 90, 92, 93, 98, 107, 142
Hydroxide 7 1
Chloride 2, 16, 26, 57 4
Tin 16 1
Zinc 80, 90, 91, 92, 93, 121, 122, 123 8
Zirconium 74, 115 2
Aluminum 41 1
Fluoride 10, 12, 13, 16, 22, 36, 37, 44,55, 84, 12
85, 108
Carbonate 2,29, 50 3
Niobium 14 1
Copper 64 1
Amina/Ammonia 2,10, 16, 22, 50, 84, 85 7
Potassium 22 1
lodide 22 1
Silver 22, 84, 85 3
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Nitride 32

Boron 32
Lithium 57
Tantalum 43
Acids
PAA (PolyAcrylic Acid) 1,41, 48, 49, 50, 68, 76, 77, 81, 82,

83, 98, 109, 114, 118, 119, 126, 128

PVPA (Polyvinylphosphonic 50, 68, 69, 76, 82, 83, 118, 119
Acid)

pAsp (Polyaspartic Acid) 11, 21, 87, 90, 105, 107, 109, 120,
131

L-Glu (Glutamic Acid) 114

EDTA 40, 124

(Ethylenediaminetetraacetic

Acid)

Citric Acid 40

Other compounds

Hydroxyapatite 17,18, 44,52, 71,123
(calcium/phosphate)

Glass lonomer 7,9, 11, 56, 88, 110

Bioactive glass 14, 15, 30, 31, 34, 38, 52, 60, 64, 110,
125, 129, 133, 143, 145

PILP (polymer-induced 21, 87, 105, 108, 109, 120
liquid-precursor)

Chitosan 8, 16, 54, 106, 137, 138, 140

Biomimetic analogs and/or 2,10, 12, 13, 25, 51, 59, 68, 76, 80,
synthetic peptides 94,112, 127

EMD/DMP (Enamel Matrix 10, 25, 80, 94, 127
Derivates or Dentin Matrix

Protein)

CPP/ACP 3,4,8,12, 13, 23, 26, 36, 55, 63, 70,
72,75, 96, 99, 106, 126, 130, 131,
132

Chlorhexidine 23, 58, 66, 67, 70, 122
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Natural extract 2,6,19, 20, 22, 27, 36, 37,58, 63, 77, 17
78,79, 104, 113, 117, 136

PAMAM (Polyamidoamine 42,45, 62, 73, 75, 128, 132, 134, 135, 11

dendrimer) 144,145

Agarose 24, 53, 86, 140 4
Methacrylate 32,41, 45,59, 72 5
Glutaraldehyde 28 1

Source: Authors

Results of individual sources of evidence

Each strategy used with different products and the strategic sources used are
described in Table 2.

Table 2 — Strategic characteristic of all the included studies described by authors

Code Author Year Strategy
1 Abunaet al. 2016 Experimental calcium
phosphate-based adhesive,
PAA, STMP.
2 Abunawareg et al. 2017 Natural extract (riboflavin),
UV, EDC-HCI
3 Ackermann et al. 2019 aCa-polyP-MP-dentifrice
4 Adebayo, Burrow & Tyas 2010 CPP-ACP
5 Aggarwal & Bhasin 2018 Calcium silicate materials
(CSM) after acid etching
6 Aguiar et al. 2014 PAC, Natural extract
7 Al-Abdi, Paris & 2017 Glass Hybrid
Schwendicke
8 Annisa et al. 2019 p-Chi, CMC/ACP
9 Atmeh et al. 2015 Calcium-silicate cement,
cement
Biodentine(TM) and Glass
lonomer
10 Bachli et al. 2019 DMP/EMD, AMF
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Code Author Year Strategy

11 Bacino et al. 2019 PILP, pAsp, RMGI

12 Barbosa-Martins et al. 2018a NaF, MP™ e CR™

13 Barbosa-Martins et al. 2018b NaF, CPP-ACP, New
peptide

14 Bauer et al. 2016 NPG

15 Bauer et al. 2019 Bioactive glass

16 Beltrame et al. 2018 PBS, AMF/NaF/SnCI2, Chi,
p-Chi

17 Besinis, Van Noort & Martin 2014 Silica and hydroxyapatite
nanoparticles

18 Besinis, Van Noort & Martin 2012 Silica and hydroxyapatite
nanoparticles

19 Bortolotto et al. 2017 Riboflavin, Calcium-
phosphate based product

20 Boteon et al. 2017 PAC, Natural extract

21 Burwell et al. 2012 PILP, pAsp

22 Cai et al. 2019 PAC, Natural extract,

Fluoride based treatment,
Silver diamine fluoride

23 Cai et al. 2017 Chlorhexidine, ACP

24 Cao & Li 2016 Agarose

25 Cao et al. 2014b DMP1-derived peptides

26 Cao et al. 2013 CPP-ACP, STMP

27 Castellan et al. 2011 PAC, Natural extract

28 Chen et al. 2016 Glutaraldehyde

29 Chiang et al. 2014 CCMS-HP

30 De Caluwé et al. 2017 Bioactive glass

31 De Morais et al. 2018 Bioactive glass

32 Degrazia et al. 2018 Methacrylate-based adhesive
containing boron nitride
nanotubes

33 Dickens, Flaim & Takagi 2003 Calcium-phosphate cement
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Code Author Year Strategy

34 D’Onoftio et al. 2016 Bioactive glass

35 Dreger et al. 2012 MTA, Portland cement

36 Epasinghe, Yiu & Burrow 2016 PAC, Natural extract,
Fluoride, CPP-ACP

37 Epasinghe et al. 2017 PAC, Natural extract,
Fluoride

38 Forsback, Areva & Salonen 2004 Bioactive glass, SBF

39 Gandolfi et al. 2009 Calcium-silicate cements

40 Gandolfi et al. 2019 EDTA, Citric Acid, SBF

41 Gandolfi et al. 2011 Calcium-silicate cement,
Portland cement

42 Gao et al. 2017 PAMAM

43 Garcia et al. 2018 Tantalum oxide

44 Gavrila et al. 2016 Artificial saliva, Fluoride,
Hydroxiapatite particles

45 Ge et al. 2017 PAMAM, DMADDM

46 Gongcalves et al. 2018a STMP

47 Gongalves et al. 2018b STMP

48 Gu et al. 2011a Portland cement, PAA,
STMP

49 Gu et al. 2010 Portland cement, PAA,
STMP

50 Gu et al. 2011b Portland cement, PVPA,
PAA

51 Guentsch et al. 2019 Experimental biomimetic
mineralization kit (BIMIN)

52 Gupta et al. 2017 Bioactive glass,
Hydroxyapatite
nanoparticles

53 Han et al. 2017 Agarose gel

54 Huang et al. 2019 p-Chi

55 lafisco et al. 2018 Fluoride, ACP

56 lijima et al. 2019 S-PRG
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Code Author Year Strategy

57 Ishimoto et al. 2015 Lithium chloride
Islam et al. 2012 Hesperidin, Chlorhexidine, Natural
extract
59 Ito et al. 2012 Phosvitin and CEMET (4-
METCa salt)
60 Jang et al. 2018 Bioactive glass
61 Jayasree et al. 2017 Tetracalcium phosphate
cement
62 Jia et al. 2014 PAMAM
63 Jose, Sanjeev & Sekar 2016 CPP-ACP, Natural extract
64 Jun et al. 2018 Bioactive glass, Copper
65 Jung et al. 2019 Bioactive glass, Silica
nanoparticles
66 Kim et al. 2011 Chlorhexidine
67 Kim et al. 2012 Chlorhexidine
68 Kim et al. 2010a Portland cement, PAA,
PVPA
69 Kim et al. 2010b Portland cement, PVPA
70 Kovtun et al. 2012 ACP, Chlorhexidine
71 Kutsch, Chaiyabutr & 2013 Hydroxyapatite
Milicich nanoparticles
72 Lietal. 2014 DMADDM, ACP
73 Lietal. 2013 PAMAM
74 Lietal. 2017 Tricalcium silicate,
zirconium oxide
75 Liang et al. 2019 ACP, PAMAM
76 Lin et al. 2016 Portland cement, PVPA,
PAA
77 Liu et al. 2014 PAC, Natural extract
78 Liu et al. 2012 PAC, Natural
ext[90][90]ract
79 Liu et al. 2011a PAC, Natural extract
80 Liu et al. 2013 DMP1-derived peptides

570



Code Author Year Strategy

81 Liu et al. 2011b PAA, Portland cement,
STMP

82 Liu et al. 2011c Portland cement, PAA,
PVPA

83 Mai et al. 2009 PVPA, PAA

84 Mei et al. 2017 SDF

85 Mei et al. 2014 SDF

86 Ning et al. 2012 Agarose gel, Calcium,
Phosphate

87 Nurrohman et al. 2016 PILP, pAsp

88 Okuyama et al. 2016 S-PRG

89 Osorio et al. 2014a Zinc

90 Osorio et al. 2016a Zinc, Portland cement, pAsp,
STMP

91 Osorio et al. 2016b Zinc-loaded nanoparticles,

Calcium-loaded
nanoparticles

92 Osorio et al. 2018 Zinc, Silica, Calcium,
Sodium, Phosphate

93 Osorio et al. 2014b Zinc, Calcium-silicate
cement
94 Padovano et al. 2015 DMP1-derived peptides
95 Peters et al. 2010 Calcium-phosphate cement
96 Poggio et al. 2013 CPP-ACP
97 Pratiwi, Meidyawati & 2017 MTA
Djauharie
98 Qi et al. 2012 MTA, PAA, STPP
99 Rahiotis & Vougiouklakis 2007 CPP-ACP
100 Revankar et al. 2017 MTA, Calcium phosphate
cement
101 Reyes-Carmona, Felippe & 2009 MTA, Portland cement
Felippe
102 Reyes-Carmona, Felippe & 2010 MTA, Portland cement
Felippe
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Code Author Year Strategy

103 Reyes-Carmona et al. 2010 MTA

104 Rubel et al. 2016 PAC, Natural extract

105 Saeki et al. 2017 PILP, p-Asp

106 Santoso et al. 2019 ACP, p-Chi

107 Sauro et al. 2015 STMP, pAsp, Calcium-
silicate cement

108 Saxena et al. 2018 Fluoride-dopped PILP

109 Saxena et al. 2019 PAA, pAsp, TPP, PILP

110 Schwendicke et al. 2019 Bioactive glass, Fluoride,
Glass ionomer, MTA,
Calcium-silicate cement

111 Seo et al. 2013 MTA

112 Sfeir et al. 2014 DPP-inspired peptides

113 Shi, Li & Wang 2015 Natural extract

114 Sun et al. 2014 PAA, L-Glu

115 Suprastiwi, Putranto & 2019 Biodentine™, Calcium-

Mabharti silicate cement, Zirconium

116 Taddei, Prati & Gandolfi 2017 Calcium-silicate cement

117 Tang et al. 2013 PAC, Natural extract

118 Tay & Pashley 2009 Portland cement, PVPA,
PAA

119 Tay & Pashley 2008 Portland cement, PVPA,
PAA

120 Thula-Mata et al. 2011 PILP, pAsp

121 Toledano et al. 2015 Zinc

122 Toledano et al. 2020 Chlorhexidine, Phosphate,
Zinc

123 Toledano et al. 2018 EDTA

124 Toledano et al. 2014 Hydroxyapatite, Zinc

125 Vollenweider et al. 2007 Bioactive glass

126 Wang et al. 2013 CPP-ACP, PAA
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Code Author Year Strategy

127 Wang et al. 2011a DMP1-derived peptides,
synthetic peptides

128 Wang et al. 2015 PAMAM, PAA

129 Wang et al. 2011b Bioactive glass

130 Weir et al. 2017 ACP, TTCP

131 Wu et al. 2017 ACP, pAsp

132 Xiao et al. 2017 BMC, PAMAM, ACP

133 Xie et al. 2008 Bioactive glass

134 Xie et al. 2015 PAMAM

135 Xieet al. 2016 PAMAM

136 Xie, Bedran-Russo & Wu 2008 PAC, Natural extract

137 Xu et al. 2011 p-Chi

138 Xun et al. 2014 p-Chi

139 Yoo et al. 2016 MTA

140 Zaharia et al. 2017 Agarose, p-Chi

141 Zanini et al. 2012 Biodentine™, Calcium
silicate cement

142 Zhang et al. 2012 STMP

143 Zhang et al. 2019 Bioactive glass, Aminoacids

144 Zhou et al. 2014 PAMAM

145 Zhou et al. 2012 Polydopamine

Abbreviations: 4-METCa: Salt calcium salt of 4-methacryloxyethyl trimellitate, aCa-polyP-MP:
Amorphous Ca-polyP microparticles, ACP: Amorphous calcium phosphate, AMF: Amine
fluoride, BMC: Bioactive multifunctional composite, CCMS-HP: Silica mesoporous with
phosphoric acid, CMC/ACP: Carboxymethyl chitosan/amorphous calcium phosphate, CPP-ACP:
Casein phospho-peptide-amorphous calcium phosphate, CR: Curodont Repair™, DMADDM:
Dimethylamino-dodecyl methacrylate, DMP: Dentin matrix protein, DPP: Dentin
phosphophoryn, EDC-HCI: car-bodiimide hydrochloride, EDTA: Ethylenediaminetetraacetic
acid, EMD: enamel matrix deriva-tives; L-Glu: L-Glutamic acid, MP: Mi Paste™, MTA: Mineral
trioxide aggregate, NaF: Sodium flu-oride, NCPs: Non-collagenous proteins, NPG: Niobium—
phosphate bioactive glass, PA: Phosphoric acid,PAA: Polyacrylic acid, PAC: Proanthocyanidin,
PAMAM: Poly(amidoamine) dendrimer, pAsp: Poly-aspartic acid, PBS: Phosphate-buffered
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saline, P-chi: Phosphorylated chitosan, PILP: Polymer-Induced Liquid-Precursor, PVPA:
Polyvinylphosphonic acid, RMGI: Resin modified glass ionomer, SBF: Simulated body fluid,
SDF: Silver diamine fluoride, S-PRG: Surface reaction-type pre-reacted glass-ionomer, STMP:
sodium trimetaphosphate, STPP: sodium tripolyphosphate, TCS: Tricalcium silicate, TPP:
Tripolyphosphate, TTCP: Tetracalcium phosphate, ZrO2: Zirconium oxide.

Synthesis of results

All 145 studies were analyzed, and the data extracted. In-vitro, In-vivo, and Ex-
vivo studies were included. Materials can be classified according to method, activity, or
composition, according to Supplemetary Table S4. Several studies are currently looking
at strategies to turn restorative materials into remineralizing antimicrobial and antifouling
without compromising mechanical and adhesive properties. Sometimes these strategies

even increase the adhesive properties.

DISCUSSION

Current techniques for dentin remineralization involve chemical processes based
on the original tissue formation (CAO et al., 2020). Therefore, we found that the literature
pointed to the development of biomaterials that seek to achieve this objective of mineral
replacement through different strategies, and so this review listed the chemical elements
involved in each of these biomaterials.

About 90% of the organic matrix of dentin is formed by type I collagen, and caries,
acid challenges or other factors can expose this collagen in the oral environment. The
action of enzymes, such as endometalloproteinases, can degrade it, after being exposed
(CAO etal., 2020). This type of collagen is important for biomineralization, as it attracts
amorphous calcium phosphate (ACP) nanoprecursors. This review identified several
recent studies that used type | collagen as a framework for attracting ACPS mediated by
NCPs. This strategy has been exhaustively studied and is explained by the interfibrillar
and intrafibrillar remineralization of dentin from the attraction of ACP nanoprecursors
and the apatite nucleation of collagen fibrils (NIU et al., 2014). Likewise, casein
phosphopeptide - amorphous calcium phosphate (CPP / ACP) has been used and reported

as a potential remineralization inducer from the same chemical perspective.
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The collagen matrix serves as a deposition of minerals. However, it does not
provide clustering mechanisms for hydroxyapatite. There are non-collagenous proteins
(NCPs) for this mediation, which correspond to only 10% of the dentin organic
composition. NCPs, such as dentin matrix protein (DMP1) and dentin phosphoryn (DPP,
DMP2), have an affinity for calcium and collagen and regulate the nucleation and growth
of minerals (NUDELMAN et al., 2013) Different proteins can act as nucleating or mineral
inhibitors. Therefore, other strategies involve the study of this part of dentin for the dentin
remineralization process. Much research is currently focused on the development of
biomimetic analogs of these NCPs, since the purification process of these natural NCPs
is difficult and unfeasible on a large scale. Acids such as polyacrylic acid (PAA) and
polyvinylphosphonic acid (PVPA) can be used as analogs of these proteins in the
biomimetic dentin mineralization process (CAO et al., 2020). Other acids, such as citric
acid, polyaspartic acid (pAsp), polycarboxylic acid, glutamic acid (L-Glu), and even
ethylenediaminetetraacetic acid (EDTA) have been proposed as analogs for this same
clinical situation in the studies identified in this review.

Using EDTA, dentin's biomimetic remineralization occurs in the preservation of
dentin collagen and the maintenance of an exposed layer, free of minerals in dentin. This
mechanism has also been proposed in the use of NCP analogs for remineralization. In this
same method, strategies using 37% phosphoric acid (PA) using the same methodology
have been identified, mainly to mimic the demineralization/remineralization processes of
natural physiological imbalance processes, as with dental caries. Phosphoric acid mimics
dentin etching for bonding procedures. Dental caries can be mimicked by acids such as
lactic acid in pH cycling models.

The combination of acids with a function analogous to NCPs and other materials
containing elements also present in the dentinal matrix, such as phosphorus, calcium, and
sodium, has also been investigated. The current strategies recommend using materials
with known remineralizing potential, such as MTA or Portland cement, and other
hydraulic cements with different trade names, but based on the same chemical structure
containing phosphate, calcium, and sodium. These cements also include silica, resulting
in the formation of a more stable aggregated polymer for the remineralization process
(BERTASSONI et al. 2009). Therefore, together with materials such as cements
containing this composition, these acids more easily stabilize the rescued ACP

nanoprecursors. These are small enough to penetrate the intermineralized and damaged
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collagen interfibrillary and intrafibrillary spaces, imitating the formation of a regularly
ordered apatite. However, each acidic chemical attack increases the surface energy and
subsequent chemical bonding of ACP nanoprecursors, and some of them are still being
elucidated and evaluated in these studies.

The phosphorylated collagenous matrix will serve as a model or niche for
attracting the ACP nanoprecursors responsible for the regular apatite nucleation of the
remineralization process. This dentin collagen is important because it is phosphorylated
so that it can promote remineralization. In addition to the acids already mentioned and
the cements that act together, other materials such as chitosan (Chi), peptides and
oligopeptides with a phosphate group, PAMAM dendrimer, phosphate solutions and
protein analogs have also demonstrated effective results with this same mechanism.
Studies included in this review indicated strategies using bioactive glasses, agarose, zinc,
chlorhexidine, methacrylate, glutaraldehyde, synthetic peptides, and natural extracts
(obtained from grapes, green tea and others).

Strategies involving fluoride with the potential to aid in dentin remineralization
have also been extensively studied, and this review identified methods using its free form,
ions, gels, varnishes, or materials such as glass ionomer. More recent studies also point
to new strategies using several chemical precursors such as tin, aluminum, carbonate,
niobium, copper, amine or ammonia, potassium and iodide, silver, nitride, boron, lithium
and tantalum, grouped in this review according to their composition by chemical elements
of commercially available materials, in Table 1. However, these studies are sparse, and
their action mechanisms are still not completely elucidated, despite the positive results
obtained for dentin remineralization.

The included articles document the growth of studies in this promising area for
the development of new dental materials. However, some limitations are the impossibility
of grouping the studies due to the heterogeneity of the articles included, and the
impossibility of performing statistical analysis with quantitative synthesis. Even though
the biomimetic approaches have demonstrated a potential for promoting dentin
remineralization, more studies are required to confirm other desirable properties of
remineralizing action, such as materials with antifouling, antibacterial, biocompatibility
characteristics for better performance, clinical applicability, and increased dentin-resin
bond strength.
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For future studies, clinical trials with more extended observation periods and a
high degree of scientific evidence would be advisable to confirm the data collected in this
scoping review. More research is suggested, mainly with clinical application
methodology and In-vivo monitoring since most of the included studies have been In-
vitro. Understanding the dentin remineralization process in vivo allows considering other
parameters such as oral hygiene conditions and control of the patient's biofilm habits,
diet, age, and oral microbiota, which may influence the success of restorative treatment
depending on strategy. Therefore, despite the scientific challenges in these studies, the
main results showed the importance of the biomimetic dentin remineralization in
improving the bonding performance of adhesive restorations.

Biomimetic remineralization of dentin is a promising area for the development of
new dental materials. The remineralizing action can be enhanced in materials with anti-
fouling, antibacterial, and biocompatible characteristics, without compromising

mechanical and adhesive properties.
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