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Abbreviations

AFM Atomic force microscopy

ALP Alkaline phosphatase

BAG Bioactive glass

BF Bioactive microfiller

BG Bioglass

CS Calcium silicate

DMA Dynamic mechanical analysis

DT Dentinal tubules

FESEM Field emission scanning electron microscopy

FS Flexural strength

FT Fracture toughness

FWHM Full width at half maximum

GIC Glass ionomer cement

HAp Hydroxyapatite

HCA Hierarchical cluster analysis

HCPMM Aluminum-magnesium-carbonate hydroxide hydrates Portland cement

Hi Nano-hardness

HOPC Sodium-calcium-aluminum-magnesium silicate hydroxide Portland
cement

HPCTO Titanium oxide Portland cement

ID Intertubular dentin

MMP Matrix metalloproteinases

MSC Mesenchymal stem cells

MTA Mineral trioxide aggregate

OPC Ordinary Portland cement

PAA Polyacrylic acid

PD Peritubular dentin

Res Resin

SAED Selected area electron diffractions

SBF Simulated body fluid

SRa Nano-roughness

TCP Tricalcium phosphate

TCS Tricalcium silicate

TD Intratubular dentin

ZCs Zinc polycarboxylate cements

ZPCs Zinc phosphate cements



ABSTRACT

The objective was to state zinc contribution in the effectiveness of novel zinc-doped
dentin cements to achieve dentin remineralization, throughout a literature or narrative
exploratory review. Literature search was conducted using electronic databases, such as
PubMed, MEDLINE, DIMDI, Embase, Scopus and Web of Science. Both zinc-doping
silicate and hydroxyapatite-based cements provoked an increase of both bioactivity and
intrafibrillar mineralization of dentin. Zinc-doped hydroxyapatite-based cements
(oxipatite) also induced an increase in values of dentin nano-hardness, Young’s
modulus and dentin resistance to deformation. From Raman analyses, it was stated
higher intensity of phosphate peaks and crystallinity as markers of dentin calcification,
in the presence of zinc. Zinc-based salt formations produced low microleakage and
permeability values with hermetically sealed tubules at radicular dentin. Dentin treated
with oxipatite attained preferred crystal grain orientation with polycrystalline lattices.
Thereby, oxipatite mechanically reinforced dentin structure, by remineralization. Dentin
treated with oxipatite produced immature crystallites formations, accounting for high

hydroxyapatite solubility, instability and enhanced remineralizing activity.
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1. Introduction. Concept of cement.

Cement is a material that origins an adhesive or mechanical interlocking effect between
surfaces upon hardening (Zwemer, 1993). Cements are employed primarily for cavity
lining, luting applications or are specifically formulated as filling or restorative
materials (O’Brien, 1997). Other, more specialist products, are used for sealing root
canals as part of a course of endodontic treatment (McCabe and Walls, 2006). One of
the principal goals in radicular canal therapy is to reinforce the treated dentin, to
strengthen the dentin substrate, and to restore both chemical and mechanical
characteristics (Toledano et al., 2017b, 2018) with bioactive materials (Watson et al.,

2014).

2. Structure of the dentin and its peculiarities

Dentin is the main constituent of the tooth. It is formed by type I collagen (18%), an
inorganic reinforcing phase of nanocrystalline carbonated apatite (70%), and water
(12%). Tubules, radiating from the canal to the cementum, support the hierarchical
microstructure of dentin (Kinney et al., 2005). This structure of dentin is understood as
a cylindrical fiber reinforced compound, with the matrix as intertubular dentin plus the
supports, as the tubule lumens and the associated peritubular dentin cuff (Nalla et al.,
2003) (Figure S1). The composition of dentin is not the same across its anatomy, but it
changes from the cervical down to the apical zones in radicular dentin; it also changes
from the outer to the inner dentin (Verdelis et al., 1999). Therefore, root dentin can
performs distinctly depending on the kind of the sealing cement and the particular study
region. So, differences among dentin stages should be evaluated (Toledano-Osorio et

al., 2020a) (Figure S2).



Hence, the mechanical characteristics of radicular dentin were supposed to change with
the site of analysis (Xu et al., 2014), and this assertion has been confirmed later

(Toledano et al., 2019, 2020a).

3. Concept of bioactivity throughout the potential for dentin remineralization

The terms “biomineralizing” or “bioactive” have been overemployed in marketable
publicizing purposes (Vallittu et al., 2018). Calcium silicates (so-called mineral trioxide
aggregate, MTA) and glass polyalkenoate cements as those employed in endodontics
(Chen et al., 2013; Vallittu et al., 2018) represent restorative dental materials that can
release ions into the surrounding environment with a possible function in
biomineralization.

In order to biomimetically reinforce intact dentin, researchers have been trying to
biomineralize dentin beneath restorations (Sinclair-Hall, 1964; Vallittu et al., 2018).
Material’s bioactivity is defined as “the ability of a material to induce apatite formation
on its surface after immersion in a simulated body fluid (SBF) solution” (Kokubo and
Takadama, 2006). But the term bioactivity has several meanings depending on context.
In the widest meaning, “materials that are able to have a biological effect or be
biologically active, and form a bond between the tissues and the material, are called
bioactive materials” (Vallittu et al., 2018). In biomaterial science, with bioceramics and
bioactive glasses, “bioactivity of a material usually denotes that the material is capable
of forming hydroxyl apatite mineral on its surface: in vitro and in vivo” (Hench, 1998;
Vallittu et al., 2018). Two classes of different cement materials are going to be analyzed
in this manuscript. Their interactions with the peripulpal dentin, in particular assessing

their potential for biomineralization will be examined.



The use of bioactive materials with the capability to leach specific ions at the bonding

interface determines the concept of therapeutic restoration.

4. Silicate and hydroxyapatite-based cements for dentin remineralization.

Dentin protection and remineralization of endodontically treated teeth with a
considerable degree of coronal destruction and radicular affectation should be attained
by the new biomaterials (Gandolfi et al., 2010; Osorio et al., 2016). Glass-ionomer
cements, that are vulnerable to water sorption and leaching, are controversial to seal
canal root (Monticelli et al., 2007). The use of AH-Plus, acknowledged as “gold
standard” epoxy resins among endodontic materials, aimed to provide adhesion to the
radicular dentin surface is questioned because some plausible toxicity (Hakki et al.,
2013).

Silicate cement was originally used as restorative material in anterior teeth. Due to their
bioactivity and their relatively long working and setting times, calcium silicate cements
have been essentially applied for endodontic uses such as apexification, pulp capping or
perforated roots (Torabinejad and Chivian, 1999; Dammaschke et al., 2005; Camilleri
and Pitt Ford, 2006). This was supported on the creation of “the mineral infiltration
zone”, (Watson et al., 2014).

Hydroxyapatite, the most reported calcium phosphate cement available nowadays, may
be employed, in bulk modality, as a cement and/or as coating (Moursi et al., 2002). It
shows remarkable osteoconductive and bioactive properties. Therefore, it has been
extensively proposed as the biomaterial of election in some dentistry fields (Sakkers et
al., 1997; Mendelson et al., 2010). They include some endodontic treatments, such as
repair of mechanical bifurcation perforation, pulp capping, restoration of periapical

defects and apical barrier formation (Liu et al., 1997).



The calcium silicate cement (MTA) (Torabinejad et al., 1993) has been employed in
endodontics. However, such Portland-based materials have shown high solubility
(Fridland and Rosado, 2005), long setting time (Gandolfi et al., 2007), potential staining
of teeth (Parirokh and Torabinejad, 2010), reduced handling and a high cost (Islam et
al., 2006). Moreover, microleakage over time has been recently reported (De Bruyne et
al., 2005). On the other hand, calcium hydroxide [Ca (OH):] used as intracanal
medicament in regenerative endodontics, provokes root fracture (Kitikuson and
Srisuwan, 2016). To repair and promote regeneration of hard tissues, calcium
hydroxide powder in combination with HAp has been postulated (Al-Sanabani et al.,
2013). Nonetheless, HAp has scarce mechanical strength and fracture toughness. This

poses a shortcoming for its use in high-load areas (Al-Sanabani et al., 2013).

5. Advantages of Zn-doping the traditional canal sealers based on silicate and
hydroxyapatite cements.

Zinc is an essential trace element, ubiquitous in the body. It is present in saliva and the
teeth. Relatively large amounts of zinc are incorporated into teeth prior to eruption, and
zinc concentration increases after eruption (Lynch, 2011). Zinc has been widely used in
Dentistry for more than two hundred years with the only evidence of high clinical
success of zinc containing/releasing materials i.e, silver amalgam, zinc oxide and zinc
phosphate cements or setting calcium hydroxide. Currently, research about zinc in
Dentistry has been widely developed, from 2010 to 2020; about 200 manuscripts per
year have been published and all of them demonstrated zinc benefits. Between others,
zinc facilitates: 1) antibacterial and antibiofilm formation properties against cariogenic
and periodontal pathogens (Gu et al., 2012; Sanchez et al., 2019; Toledano-Osorio et al.,

2020b), 2) dentin demineralized collagen protection from MMPs through binding at the



collagen sensitive cleavage sites of MMPs (Osorio et al., 2011; Toledano et al., 2012),
3) demineralized collagen stabilization through crosslinking formation (Osorio et al.,
2014), 4) dentin protein phosphorylation and calcium deposition (Osorio et al., 2014),
5) dentin and enamel remineralization (Toledano et al., 2012, 2013; Mohammed et al.,
2015), 6) zinc-substituted apatite (scholzite) formation on dentin (Osorio et al., 2014),
7) acid resistant dentinal tubule occlusion by minerals precipitation (Gu et al., 2012;
Osorio et al., 2018), 8) osteoinductive and osteoconductive properties (Toledano et al.,
2020b). Therefore, zinc addition to dental cements is encouraged (Li et al., 2009;
O’Connor et al., 2020; Toledano et al., 2020a).

Zinc-doping of endodontic sealers may assure for the formation of new crystalline HAp
and non-crystalline amorphous-like apatite species (Toledano-Osorio et al., 2020a).
Zinc performs as a therapeutic agent for hard tissue regeneration. Zn-doped silicate and
Zn-substituted HAp cements have demonstrated enhanced bioactivity (Sauro et al.,
2013; Toledano-Osorio et al., 2020a).

MMPs are a family of zinc-dependent endopeptidases (Tjaderhane et al., 1998) that
fulfill a pivotal role in dentin remineralization (Osorio et al., 2011). Both organization
and the ensuing mineralization, i.e, modulation of the dentin matrix are determined by
MMPs 2, 8, 9 and 20. MMPs also play a role in collagen degradation at the dentin
interfaces (Tjidderhane et al., 1998; Boukpessi et al., 2008), comprising the lifespan of
dentin bonding (Carrilho et al., 2009; Breschi et al., 2010). MMPs are displayed as
inactive pro-enzymes. The catalytic domain is protected by a pro-domain that reacts
with the zinc ion in the catalytic pole via a cysteine residue. A wide variety of
functional groups (i.e. hydroxamates or sulphonamides) can interact straightly with the
zinc ion, providing appropriate targets for anti-MMP drugs (McCall et al., 2000; Osorio

etal., 2011).



5.1 Zn-doped calcium silicate cements for therapeutic restorations.
The improvement of novel bioactive/biomimetic ion-leaching restorative materials
poses one of the main objectives in research to increase the quality and the longevity of
the restorations (Tay and Pashley, 2008; Ryou et al., 2012; Profeta et al., 2012). Two
experimental calcium silicate-based micro-fillers (TCS) modified with B-tricalcium
phosphate (TCP) or B-TCP ZnO/polyacrylic acid (PAA) were proposed to promote
therapeutic remineralizing effect (Sauro et al., 2013). The remineralization and the
improvement of the mechanical performance of mineral-depleted collagen fibers
(Marshall et al., 1997; Bertassoni et al., 2009; Sauro et al., 2012), may have been
induced by the continuous delivery of phosphates (PO4+*-) and calcium (Ca**) ions. This
was particularly patent at the interface promoted by using the BZn-TCS filler. This
compound may have released polycarboxylated complexes (R—COO- species) by the
BZn-TCS filler. In presence of remnant calcium alongside the demineralized dentin,
remineralization may have been enhanced (Tay and Pashley, 2008). The fZn-TCS filler
also has a high ZnO-content (20 wt%); therefore, the contribution to collagen protection

and remineralization is evident (Sauro et al., 2013) (Figure 1).



FIGURE 1

Figure 1. Confocal images of a resin-dentin interface created with an experimental resin
adhesive doped with bioactive zinc-doped calcium microfiller (bf). Single projection that
permits to see how the polycaboxylate zinc-doped calcium silicate microfiller, after 3 months of
storage in saliva, was able to induce a clear deposition of minerals along the hybrid layer
(pointers) devoid of any micropermeability (a). 3D confocal projection that clearly shows the
presence of minerals deposited within the hybrid layer (pointers) and dentinal tubules (dt) by the
zinc doped bioglass microfillers (b). Confocal images (¢, d) of a resin-dentin interface created
with an experimental resin adhesive doped with polycaboxylate zinc-doped calcium silicate
microfiller (bf). It is possible to see a hybrid layer and dentinal tubules (dt) still porous and
micropermeable to fluorescein (pointer), at 24h of storage in saliva (c). At higher magnification,

a single projection shows even clearly the presence of dentinal tubules and a hybrid layer (dt)
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still porous and micropermeable to fluorescein (pointer), underneath a resin adhesive doped

with polycaboxylate zinc-doped calcium silicate microfiller (bf) (d).

The bioactivity and remineralization effects of the experimental resins may have been
enhanced by the combination of Zn?" ions with the PO4*- and Ca®" ions released by the
BTCP and calcium silicate-based micro-fillers. These materials also exert an
antibacterial action within the bonded-dentin interface, concerning an hydroxyl (OH-)
and Zn*" ions release, developing a further protective effect (Sipert et al., 2005; Swetha
et al., 2012). The MMP activity (pH dependent) related to the breakdown of dentin
collagen may have been interfered through the alkaline conditions caused by the OH-
release (Pashley et al., 2004).

As stated above, an ideal bioactive cement should be not only highly biocompatible, but
it needs to be bio-stimulating in order to induce a response for tissue regeneration
(Abdullah et al., 2002; Sauro et al., 2015; Innes et al., 2016). Indeed, clinicians
nowadays are struggling to get bioactive materials for direct and indirect pulp
protection, as well as for specific endodontic treatments (e.g. apicectomy/retrograde
obturations). These biomaterials could maintain the vitality of pulp tissue, facilitating
healing/repair of hard tissues (e.g. bone and dentin) (Kokubo and Takadama, 2006; Kim
et al., 2010). The most common cements used in clinic for such purposes are calcium
hydroxide and calcium silicate cements, as they can promote gain of minerals and
dentin bridge formation without pulp inflammation (Camilleri et al., 2005; Camilleri,
2013). However, these latter materials present several shortcomings concerning
mechanical performance, setting time and dissolution rate (Bogen and Kuttler, 2009;
Porter et al., 2010). For those reasons, several researchers have hypothesized that a
generation of innovative resin-modified bioactive cements should be implemented, to

represent an optimal strategy for getting the best of mechanical properties, stability and
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bioactivity. However, conventional resin-modified calcium silicate cements (e.g.
Theracal, Bisco, USA) are characterised by a reduction in protein expression and
cellular metabolism. Moreover, a greater cytotoxicity has been observed in comparison
to conventional calcium silicate cements (Hebling et al., 2009).

Some experimental light-curable resin-based cements formulated with conventional
(calcium silicate or Bioglass 45S5) and zinc-doped bioactive micro-fillers have also
been assessed. Mechanical properties such as fracture toughness (FT) and flexural
strength (FS), cell differentiation, biocompatibility and bioactivity were evaluated. In
addition, cytotoxicity of the tested materials by using specific assay, cell differentiation
and mineralization through gene expression assays (alkaline phosphatase (ALP) and
Runx-2) by human mesenchymal stem cells (MSCs) was besides analyzed (Sauro et al.,
2018). Four ion-releasing micro-fillers were organized and added into a resin-based
light-curing cement: 1) Bioglass 45S5 (BG); 2) zinc-doped bioglass (BG-Zn); 3) B-
TCP-modified calcium silicate (BCS); 4) zinc-doped BCS (BCS-Zn). At baseline, the
lowest FS and FT were obtained with BCS, while the other cements showed a decrease
in FS. Stable FT was obtained by the BCS-Zn cement, over time. The incorporation of
the tested bioactive micro-fillers did not influence biocompatibility of the experimental
combinations. The expression of the osteogenic genes Runx2 and ALP and the cellular
remineralization potential increased when zinc-doped fillers were included (Kim et al.,
2010).

The benefit of having zinc-doped micro-fillers in resin-based cements is that zinc ions
may trigger a sustained cationic polymerization in the polymer matrix (O’Donnell et al.,
2009). Moreover, calcium and zinc ions from the experimental fillers might have
reacted with the carboxylate groups of some specific acid such as polyacrylic acid; this

would have caused an increase of the mechanical properties of zinc-doped resin-based
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cements due to a two-step mechanism: i) primary hardening via zinc-polyacrylate
reaction; and ii) water sorption, inducing maturation of calcium-polyacrylate as a

second step after hardening (Kamitakahara et al., 2001).

5.2 Zinc-modified hydroxyapatite-based cements for endodontic purposes
Probably, the apical third of dentin is one of the regions more widely analyzed of the
canal root (Toledano-Osorio et al., 2020a). The strains at the apical third of the root is
proximately 3- and 6-fold greater than the strains at middle-root and cervical thirds,
respectively (Brosh et al., 2018). In our previous studies, it has been demonstrated that
the inner apical dentin attains the highest Young’s modulus that is associated to dentin
remineralization (Balooch et al., 2008; Bertassoni et al., 2012) (Figure 2) when oxipatite
(Zn-doped HAp) is used over time (Toledano et al., 2019), at intratubular, peritubular
and intertubular locations (Figure 3). This remineralizing effect (Toledano et al., 2017a)
has also been corroborated at the cervical third of the dentin, that showed a general
nanohardness increase (Toledano et al., 2020a). It has been, beforehand, assumed that
nanohardness improvement at dentin will only be obtained after functional or
intrafibrillar remineralization (Balooch et al., 2008; Bertassoni et al., 2012; Toledano et

al., 2018) (Figure S3).
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FIGURE 2
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Figure 2. Schematic representation of a vertical section at radicular dentin showing the inner
and outer areas of dentin, both limited by the root canal and the cementum. Arrows (1/!), Hi,
SRa, and HAp, are indicative of increase/decrease, nano-hardness, nano-roughness and
hydroxyapatite, respectively. The mild red color at the inner dentin represents a reinforced zone
at the expenses of an increase of the Young’s modulus, complex modulus and sealing ability,
and a decrease of the tan delta (8), as a result of a raise in functional remineralization. The
generalized presence of immature or amorphous HAp at both cervical and apical dentin is
related with crystal imperfections, small crystallite size and lattice distortion, low chemical
stability, high micro-strain and broadening. The higher presence of crystalline HAp at apical
dentin reflects the finding of greater crystalline size. These encodes outcomes proceed from
Toledano et al. (Toledano et al., 2019, 2020a) and Toledano-Osorio et al 2020 (Toledano-

Osorio et al., 2020a).
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FIGURE 3

180.0 nm

Figure 3. 10 x 10 um top-view and surface plot images of apical root dentin, inner zones, with
partially (a) or totally (b) remineralized dentinal tubules (asterisks) obtained by atomic force
microscopy (AFM) after applying oxipatite, at 12 m of storage time. Peritubular (PD) and
intertubular (ID) dentin mineralization is evidenced. Intratubular dentin (TD) appears occluding

the dentinal tubules.

At the inner region of root dentin, the highest collagen fibril width coincided with a
mineralization increase (Toledano et al., 2020a) (Figure 4). The lowest nanoroughness
and the highest intensity of the phosphate peaks (960 cm™) at Raman analyses, were
also determined at the same location, thus confirming significative presence of this
mineral (Figures 2, 5). A decrease in roughness is commonly associated with a
maturation of mineral, complying with intrafibrillar remineralization (Zurick et al.,
2013; Toledano et al., 2017b) (Figure S3). These values have become related to strong
diffraction rings after diffraction analysis (Figure 6) and to the highest calcification of
the dentin matrix (peak at 954 cm™') (Kunstar et al., 2012) due to both amorphous-like

apatite classes (peak at 956 cm™!) and stoichiometric hydroxyapatite (HAp) (963 cm™!)
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at Raman analyses (Figure 2). Amorphous phase formation is continuously followed by
a phase transition and stabilization of calcium phosphate within the remineralization
event. Amorphous Ca/P affords a local ion-rich environment which is advantageous for
in situ formation of pre-nucleation clusters (Liu et al., 2011b; Toledano et al., 2020a).
Equally, oxipatite helped for the highest maturity and organization of collagen, mainly
supported on collagen, pyridinium, proteoglycans, amide III and &-helices, at the apical
section of dentin (Toledano et al., 2020a) (Figure 5). The preferred grain orientation
from polycrystalline lattices combined with amorphous structures is produced after
treating apical dentin with oxipatite (Moshaverinia et al., 2008; Toledano-Osorio et al.,
2020a). Apical dentin treated with oxipatite also attains favorable texture. The
distribution of crystallographic orientation of a polycrystalline sample (texture)
determines changes in microstructure. Texture may, besides, influence crack resistance

(Liss et al., 2003), capital condition in endodontic treatment (Toledano et al., 2018).

FIGURE 4

Figure 4. 10 x 10 um top-view and surface plot images of root dentin, inner zones. Collagen
fibrils, the bandwidth of the collagen fibrils, and the wider bandwidth (faced arrows) with the
staggered pattern of collagen fibrils are shown (pointers) at the cervical (a), medial (b) and
apical (c¢) thirds of the root treated with oxipatite.
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Figure 5. 2D micro-Raman map of the phosphate peak (961 cm™) intensities (red color) at the
group of samples treated with oxipatite (a) of the inner zone at the apical third of radicular
dentin, after 12 m of storage. Color mapping from hierarchical cluster analysis (HCA) images
corresponding to dentin surfaces treated with oxipatite (b) in conditions similar to those
reflected in (a). Three levels of HCA clustering are shown. Areas of distinct colors have
differences in Raman spectral distribution and chemical composition. Each cluster,
corresponding to a different dentin remineralization stage, is assigned to a different color (red,
green, and blue), thus obtaining a false color-image of the substrate on the basis of similar
spectral features. Spectra from hierarchical cluster analysis (HCA) results of dentin surfaces

treated with oxipatite (¢) in conditions similar to those reflected in (a).
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FIGURE 6

Figure 6. Debye-Scherrer rings of the inner zone at the apical third of radicular dentin treated
with oxipatite, after 12 m of simulated body fluid solution storage. Pointer and double arrows
mean weak and strong diffraction rings, respectively. The reflections of different peaks are

expressed as numbers.

After Raman analysis, the most noticeable carbonate band at 1070 cm™' and carbonate
substitution for phosphate was obtained by zinc oxide-based HAp cements (Toledano et
al., 2020a) (Figures 5, 2). When carbonated apatite, as precursor of HAp, precipitates in
the presence of zinc an interchange between Zn?>" and Ca*" happens, by isomorphous
substitution, creating a substituted apatite complex (Mayer et al., 1994). Even at a very
low concentration, Zn can compete with Ca for binding, as binding constant of Zn is 8.7
and it is 6.8 for Ca. Based on the crystal structure theory, Son et al., 2011 (Son et al.,
2011) reported that if the radii of doped ions (Zn: 0.074 nm) are lower than Ca (0.099
nm), in HAp, it is likely to fill them in the free interstitial places of the crystal apatite.
The amorphous HAp is linked to crystal imperfections in nano crystalline materials,
small round crystallite size and lattice distortion with augmented microstrain. It is
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believed that zinc may have facilitated amorphous calcium phosphate stabilization, by
performing as crystal growth inhibitor (Timlin et al., 2000) and providing both
bioactivity and intrafibrillar mineralization (Toledano et al., 2015, 2020a) (Figure S3) at
the expenses of polyhedral apatite crystals (Toledano-Osorio et al., 2020a) (Figure 7).
Amorphous HAp has the greatest bioactivity, biodegradability and biocompatibility, in
comparison with the stoichiometric HAp. At the same time, a reduction of the full width
at half maximum (FWHM) of the phosphate peak at 960 cm’!, i.e., higher crystallinity,
at cervical dentin was determined and associated to an enhancement of mechanical
performance. Crystallinity, wider and shorter crystallites, and maturity of the formed

HAp are associated (Toledano-Osorio et al., 2020a).

FIGURE 7
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Figure 7. Bright-field of an assembly of polyhedral apatite crystals of apical root dentin, at the
inner zone treated with oxipatite, after 12 m storage (scale bar: 0.2 um) (a). The agglomerated
crystals of plate-like polygon crystallites characterized these basic phases of mineral formation.
Dark-field (b) of selected area electron diffractions (SAED) of the crystals shown at microscale.
They exhibit clear halo rings and diffraction d spacing values of submicron size crystals (nm™"),

indicating the presence of crystalline matter, whose pattern show relatively uniform reflections
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for all variants. They also confirm the presence of hexagonal apatite and a highly polycrystalline
structure.

In order to avoid crack generation and transmission through the dentin substrate, an
effective remineralizing approach would also involve the ability to absorb mechanical
shock waves. Cracks influence microleakage facilitating the penetration of acids and
fluids. Then, HAp becomes demineralized, generating fracture and recurrent caries
(Leal et al., 2017; Toledano et al., 2019). The lowest microleakage among groups has
been obtained by radicular dentin treated with oxipatite. This better sealing ability is
linked to new deposits of HAp that would obliterate pores, voids, and capillary channels
(Gandolfi et al., 2007; Toledano et al., 2019) (Figure S2). Minerals precipitation inside
tubules acts as a barrier that hinders bacterial penetration preventing pulp inflammation.
Dentin remineralization, in these circumstances, is complex because dentin possesses a
heterogenous structure (Mocquot et al., 2020a). Both the complex modulus and tan &
have been assessed in radicular dentin treated with oxipatite (Figures 2, 8). The
resistance of a material to dynamic deformation is measured by the complex modulus
(Ryou et al., 2013). Tan J reveals how well a material can get rid of the energy. The
lower tan o, the greater the quantity of energy presented in the structure for failure
and/or recoil (Gopalakrishnan and Zukoski, 2007). Oxipatite produced homogeneous
viscoelastic performance that became linked to any sign of energy concentration
(Agrawal et al., 2013). Both peritubular and intertubular dentin showed practically
similar tan 6 values, without signs and zones of energy concentration revealing tightly
bonded dentin interfaces and structures. It is speculated that a rise in mineralization may
have increased dentin cohesion, decreasing interfacial sliding and crack growing (Bajaj
et al., 2006) (Figure 3). Clinically, this mineralization was in vitro expressed through
low microleakage and permeability with high sealing ability after treating dentin with

oxipatite (Toledano et al., 2019) (Figure S2). A representative diagram as a summary
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can reflect the benefits and clinical advantages of both zinc-doped silicate and HAp-

based cements (Figure 9).

FIGURE 8

a b

Figure 8. 3-D contour map mode nano-DMA analysis of the complex modulus (a) and tan ¢ (b)
at the inner zone of the apical dentin treated with phosphoric acid plus oxipatite, obtained at 6
months storing in simulated body fluid solution. In the color scheme shown, the redder color
corresponds to higher values of the locally complex modulus and tan ¢ value moduli, potentially
associated to the presence of mineral precipitates. In a, the intertubular dentin was represented
by the blue color plateaus (arrows). Peritubular dentin was associated with the blue-green to
yellow color elevations (pointers). In b, the highest tan ¢ is potentially associated fo intratubular
mineral precipitation (pointers). The capacity for getting rid of the energy at peritubular dentin

is represented by the clear blue ring marks (arrows) at the mapping.
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FIGURE 9
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Figure 9. Infographic scheme representing both setting and advantages of using the proposed

Zn-doped cements.

6. Conclusions.

The continuous delivery of phosphates (PO4>-) and calcium (Ca®") ions facilitates the
remineralization and the recovery of the mechanical performance of mineral-depleted
collagen fibers when using zinc-doped silicate cements. The polycarboxylated
complexes (R—-COO- species) possibly released by the f-Zn-microfillers interact with
the residual calcium existent along the demineralized dentin. This potentiates the
bioactivity, enhancing the remineralization process perhaps due to the high ZnO-
content.

The inner root zone of radicular dentin became reinforced after sealing radicular canals
with oxipatite, a mixture of zinc oxide and HAp particles. This is attained by increasing

remineralization, Young’s modulus and resistance to dynamic deformation. As a result,
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sealing ability of these zinc-doped cements is enhanced. Such a specific concert is
associated to precipitation of Ca, P and Zn (both amorphous lattices and polycrystalline

minerals) within the demineralized organic matrix.

Acknowledgements

This work was supported by the Ministry of Economy and Competitiveness and
European Regional Development Fund [MAT2017-85999PMINECO/AEI/FEDER/UE].
The authors affirm that no actual or potential conflict of interest including any financial,
personal or other relationships with other people or organizations within three years of
beginning the submitted work that could inappropriately influence, or be perceived to

influence, their work. Any other potential conflict of interest is disclosed.

23



References
Abdullah, D., Ford, T.R.P., Papaioannou, S., Nicholson, J., McDonald, F., 2002. An

evaluation of accelerated Portland cement as a restorative material. Biomaterials
23,4001-4010. https://doi.org/10.1016/s0142-9612(02)00147-3

Agrawal, R., Nieto, A., Chen, H., Mora, M., Agarwal, A., 2013. Nanoscale damping
characteristics of boron nitride nanotubes and carbon nanotubes reinforced
polymer composites. ACS Appl. Mater. Interfaces 5, 12052-12057.
https://doi.org/10.1021/am4038678

Al-Sanabani, J.S., Madfa, A.A., Al-Sanabani, F.A., 2013. Application of calcium
phosphate materials in dentistry. Int. J. Biomater. 2013, 876132.
https://doi.org/10.1155/2013/876132

Bajaj, D., Sundaram, N., Nazari, A., Arola, D., 2006. Age, dehydration and fatigue
crack growth in dentin. Biomaterials 27, 2507-2517.
https://doi.org/10.1016/j.biomaterials.2005.11.035

Balooch, M., Habelitz, S., Kinney, J.H., Marshall, S.J., Marshall, G.W., 2008.
Mechanical properties of mineralized collagen fibrils as influenced by
demineralization. J. Struct. Biol. 162, 404-410.
https://doi.org/10.1016/j.jsb.2008.02.010

Bertassoni, L.E., Habelitz, S., Kinney, J.H., Marshall, S.J., Marshall, G.W., 2009.
Biomechanical perspective on the remineralization of dentin. Caries Res. 43,
70-77. https://doi.org/10.1159/000201593

Bertassoni, L.E., Stankoska, K., Swain, M.V., 2012. Insights into the structure and
composition of the peritubular dentin organic matrix and the lamina limitans.
Micron 1993 43, 229-236. https://doi.org/10.1016/j.micron.2011.08.003

Bogen, G., Kuttler, S., 2009. Mineral trioxide aggregate obturation: a review and case

series. J. Endod. 35, 777-790. https://doi.org/10.1016/j.joen.2009.03.006

24



Boukpessi, T., Menashi, S., Camoin, L., Tencate, J.M., Goldberg, M., Chaussain-Miller,
C., 2008. The effect of stromelysin-1 (MMP-3) on non-collagenous extracellular
matrix proteins of demineralized dentin and the adhesive properties of
restorative resins. Biomaterials 29, 4367-4373.
https://doi.org/10.1016/j.biomaterials.2008.07.035

Breschi, L., Mazzoni, A., Nato, F., Carrilho, M., Visintini, E., Tjdderhane, L., Ruggeri,
A., Tay, F.R., Dorigo, E.D.S., Pashley, D.H., 2010. Chlorhexidine stabilizes the
adhesive interface: a 2-year in vitro study. Dent. Mater. 26, 320-325.
https://doi.org/10.1016/j.dental.2009.11.153

Brosh, T., Metzger, Z., Pilo, R., 2018. Circumferential root strains generated during
lateral compaction with stainless steel vs. nickel-titanium finger spreaders. Eur.
J. Oral Sci. 126, 518-525. https://doi.org/10.1111/e0s.12569

Camilleri, J., 2013. Investigation of Biodentine as dentine replacement material. J. Dent.
41, 600-610. https://doi.org/10.1016/j.jdent.2013.05.003

Camilleri, J., Montesin, F.E., Di Silvio, L., Pitt Ford, T.R., 2005. The chemical
constitution and biocompatibility of accelerated Portland cement for endodontic
use. Int. Endod. J. 38, 834-842. https://doi.org/10.1111/1.1365-
2591.2005.01028.x

Camilleri, J., Pitt Ford, T.R., 2006. Mineral trioxide aggregate: a review of the
constituents and biological properties of the material. Int. Endod. J. 39, 747-754.
https://doi.org/10.1111/j.1365-2591.2006.01135.x

Carrilho, M.R., Tay, F.R., Donnelly, A.M., Agee, K.A., Tjdderhane, L., Mazzoni, A.,
Breschi, L., Foulger, S., Pashley, D.H., 2009. Host-derived loss of dentin matrix
stiffness associated with solubilization of collagen. J. Biomed. Mater. Res. B

Appl. Biomater. 90, 373—-380. https://doi.org/10.1002/jbm.b.31295

25



Chen, L., Shen, H., Suh, B.I., 2013. Bioactive dental restorative materials: a review.
Am. J. Dent. 26, 219-227.

Dammaschke, T., Gerth, H.U.V., Ziichner, H., Schéfer, E., 2005. Chemical and physical
surface and bulk material characterization of white ProRoot MTA and two
Portland cements. Dent. Mater. 21, 731-738.
https://doi.org/10.1016/j.dental.2005.01.019

De Bruyne, M. a. A., De Bruyne, R.J.E., Rosiers, L., De Moor, R.J.G., 2005.
Longitudinal study on microleakage of three root-end filling materials by the
fluid transport method and by capillary flow porometry. Int. Endod. J. 38, 129—
136. https://doi.org/10.1111/j.1365-2591.2004.00919.x

Fridland, M., Rosado, R., 2005. MTA solubility: a long term study. J. Endod. 31, 376—
379. https://doi.org/10.1097/01.don.0000140566.97319.3¢

Gandolfi, M.G., Ciapetti, G., Taddei, P., Perut, F., Tinti, A., Cardoso, M.V., Van
Meerbeek, B., Prati, C., 2010. Apatite formation on bioactive calcium-silicate
cements for dentistry affects surface topography and human marrow stromal
cells proliferation. Dent. Mater. 26, 974-992.
https://doi.org/10.1016/j.dental.2010.06.002

Gandolfi, M.G., Sauro, S., Mannocci, F., Watson, T.F., Zanna, S., Capoferri, M., Prati,
C., Mongiorgi, R., 2007. New tetrasilicate cements as retrograde filling material:
an in vitro study on fluid penetration. J. Endod. 33, 742-745.
https://doi.org/10.1016/j.joen.2007.02.008

Gopalakrishnan, V., Zukoski, C.F., 2007. Delayed flow in thermo-reversible colloidal

gels. J. Rheol. 51, 623-644. https://doi.org/10.1122/1.2736413

26



Gu, H., Fan, D., Gao, J., Zou, W., Peng, Z., Zhao, Z., Ling, J., LeGeros, R.Z., 2012.
Effect of ZnCI2 on plaque growth and biofilm vitality. Arch. Oral Biol. 57, 369—
375. https://doi.org/10.1016/j.archoralbio.2011.10.001

Hakki, S.S., Bozkurt, B.S., Ozcopur, B., Gandolfi, M.G., Prati, C., Belli, S., 2013. The
response of cementoblasts to calcium phosphate resin-based and calcium
silicate-based commercial sealers. Int. Endod. J. 46, 242-252.
https://doi.org/10.1111/j.1365-2591.2012.02122.x

Hebling, J., Lessa, F.C.R., Nogueira, I., Carvalho, R.M., Costa, C.A.S., 2009.
Cytotoxicity of resin-based light-cured liners. Am. J. Dent. 22, 137-142.

Hench, L.L., 1998. Bioceramics. J. Am. Ceram. Soc. 81, 1705-1728.
https://doi.org/10.1111/j.1151-2916.1998.tb02540.x

Innes, N.P.T., Frencken, J.E., Bjorndal, L., Maltz, M., Manton, D.J., Ricketts, D., Van
Landuyt, K., Banerjee, A., Campus, G., Doméjean, S., Fontana, M., Leal, S., Lo,
E., Machiulskiene, V., Schulte, A., Splieth, C., Zandona, A., Schwendicke, F.,
2016. Managing Carious Lesions: Consensus Recommendations on
Terminology. Adv. Dent. Res. 28, 49-57.
https://doi.org/10.1177/0022034516639276

Islam, I., Chng, H.K., Yap, A.U.J., 2006. X-ray diffraction analysis of mineral trioxide
aggregate and Portland cement. Int. Endod. J. 39, 220-225.
https://doi.org/10.1111/j.1365-2591.2006.01077.x

Kamitakahara, M., Kawashita, M., Kokubo, T., Nakamura, T., 2001. Effect of
polyacrylic acid on the apatite formation of a bioactive ceramic in a simulated
body fluid: fundamental examination of the possibility of obtaining bioactive
glass-ionomer cements for orthopaedic use. Biomaterials 22, 3191-3196.

https://doi.org/10.1016/s0142-9612(01)00071-0

27



Kim, Y.K., Mai, S., Mazzoni, A., Liu, Y., Tezvergil-Mutluay, A., Takahashi, K., Zhang,
K., Pashley, D.H., Tay, F.R., 2010. Biomimetic remineralization as a
progressive dehydration mechanism of collagen matrices--implications in the
aging of resin-dentin  bonds. Acta  Biomater. 6, 3729-3739.
https://doi.org/10.1016/j.actbi0.2010.03.021

Kinney, J.H., Nalla, R.K., Pople, J.A., Breunig, T.M., Ritchie, R.O., 2005. Age-related
transparent root dentin: mineral concentration, crystallite size, and mechanical
properties. Biomaterials 26, 3363-3376.
https://doi.org/10.1016/j.biomaterials.2004.09.004

Kitikuson, P., Srisuwan, T., 2016. Attachment Ability of Human Apical Papilla Cells to
Root Dentin Surfaces Treated with Either 3Mix or Calcium Hydroxide. J.
Endod. 42, 89-94. https://doi.org/10.1016/j.joen.2015.08.021

Kokubo, T., Takadama, H., 2006. How useful is SBF in predicting in vivo bone
bioactivity? Biomaterials 27, 2907-2915.
https://doi.org/10.1016/j.biomaterials.2006.01.017

Kunstar, A., Leijten, J., van Leuveren, S., Hilderink, J., Otto, C., van Blitterswijk, C.A.,
Karperien, M., van Apeldoorn, A.A., 2012. Recognizing different tissues in
human fetal femur cartilage by label-free Raman microspectroscopy. J. Biomed.
Opt. 17, 116012. https://doi.org/10.1117/1.JBO.17.11.116012

Leal, N.M.S., Silva, J.L., Benigno, M.I.LM., Bemerguy, E.A., Meira, J.B.C., Ballester,
R.Y., 2017. How mechanical stresses modulate enamel demineralization in non-
carious cervical lesions? J. Mech. Behav. Biomed. Mater. 66, 50-57.
https://doi.org/10.1016/j.jmbbm.2016.11.003

Li, X., Sogo, Y., Ito, A., Mutsuzaki, H., Ochiai, N., Kobayashi, T., Nakamura, S.,

Yamashita, K., LeGeros, R.Z., 2009. The optimum zinc content in set calcium

28



phosphate cement for promoting bone formation in vivo. Mater. Sci. Eng. C
Mater. Biol. Appl. 29, 969. https://doi.org/10.1016/j.msec.2008.08.021

Liss, K.-D., Bartels, A., Schreyer, A., Clemens, H., 2003. High-energy X-rays: a tool
for advanced bulk investigations in materials science and physics. Textures
Microstruct. 35, 219-252. https://doi.org/10.1080/07303300310001634952

Liu, C., Wang, W., Shen, W., Chen, T., Hu, L., Chen, Z., 1997. Evaluation of the
biocompatibility of a nonceramic hydroxyapatite. J. Endod. 23, 490-493.
https://doi.org/10.1016/S0099-2399(97)80307-X

Liu, Y., Tjaderhane, L., Breschi, L., Mazzoni, A., Li, N., Mao, J., Pashley, D.H., Tay,
F.R., 2011b. Limitations in bonding to dentin and experimental strategies to
prevent  bond degradation. J. Dent. Res. 90, 953-968.
https://doi.org/10.1177/0022034510391799

Lynch, R.J.M., 2011. Zinc in the mouth, its interactions with dental enamel and possible
effects on caries; a review of the literature. Int. Dent. J. 61 Suppl 3, 46-54.
https://doi.org/10.1111/5.1875-595X.2011.00049.x

Marshall, G.W., Marshall, S.J., Kinney, J.H., Balooch, M., 1997. The dentin substrate:
structure and properties related to bonding. J. Dent. 25, 441-458.
https://doi.org/10.1016/s0300-5712(96)00065-6

Mayer, 1., Apfelbaum, F., Featherstone, J.D., 1994. Zinc ions in synthetic carbonated
hydroxyapatites. Arch. Oral Biol. 39, 87-90. https://doi.org/10.1016/0003-
9969(94)90040-x

McCabe, J.F., Walls, A.W.G., 2006. Applied Dental Materials. Wiley-Blackwell

Science, Oxford.

29



McCall, K.A., Huang, C., Fierke, C.A., 2000. Function and mechanism of zinc
metalloenzymes. J. Nutr. 130, 1437S-46S.
https://doi.org/10.1093/jn/130.5.1437S

Mendelson, B.C., Jacobson, S.R., Lavoipierre, A.M., Huggins, R.J., 2010. The fate of
porous hydroxyapatite granules used in facial skeletal augmentation. Aesthetic
Plast. Surg. 34, 455—461. https://doi.org/10.1007/s00266-010-9473-2

Mocquot, C., Attik, N., Pradelle-Plasse, N., Grosgogeat, B., Colon, P., 2020a.
Bioactivity assessment of bioactive glasses for dental applications: A critical
review. Dent. Mater. 36, 1116-1143.
https://doi.org/10.1016/j.dental.2020.03.020

Mohammed, N.R., Lynch, R.J.M., Anderson, P., 2015. Inhibitory Effects of Zinc Ions
on Enamel Demineralisation Kinetics in vitro. Caries Res. 49, 600-605.
https://doi.org/10.1159/000441014

Monticelli, F., Sword, J., Martin, R.L., Schuster, G.S., Weller, R.N., Ferrari, M.,
Pashley, D.H., Tay, F.R., 2007. Sealing properties of two contemporary single-
cone obturation systems. Int. Endod. J. 40, 374-385.
https://doi.org/10.1111/j.1365-2591.2007.01231.x

Moshaverinia, A., Ansari, S., Moshaverinia, M., Roohpour, N., Darr, J.A., Rehman, I.,
2008. Effects of incorporation of hydroxyapatite and fluoroapatite
nanobioceramics into conventional glass ionomer cements (GIC). Acta
Biomater. 4, 432—440. https://doi.org/10.1016/j.actbi0.2007.07.011

Moursi, A.M., Winnard, A.V., Winnard, P.L., Lannutti, J.J., Seghi, R.R., 2002.
Enhanced osteoblast response to a polymethylmethacrylate-hydroxyapatite
composite.  Biomaterials 23, 133-144.  https://doi.org/10.1016/s0142-

9612(01)00088-6

30



Nalla, R.K., Kinney, J.H., Ritchie, R.O., 2003. Effect of orientation on the in vitro
fracture toughness of dentin: the role of toughening mechanisms. Biomaterials
24, 3955-3968. https://doi.org/10.1016/s0142-9612(03)00278-3

O’Brien, W.J., 1997. Dental Materials and Their Selection, 2nd ed. ed. Quintessence,
Chicago.

O’Connor, J.P., Kanjilal, D., Teitelbaum, M., Lin, S.S., Cottrell, J.A., 2020. Zinc as a
Therapeutic Agent in Bone Regeneration. Materials 13.
https://doi.org/10.3390/ma13102211

O’Donnell, J.N.R., Schumacher, G.E., Antonucci, J.M., Skrtic, D., 2009. Structure-
Composition-Property Relationships in Polymeric Amorphous Calcium
Phosphate-Based Dental Composites. Mater. (Basel) 2, 1929-1959.
https://doi.org/10.3390/ma2041929

Osorio, R., Osorio, E., Cabello, 1., Toledano, M., 2014. Zinc induces apatite and
scholzite formation during dentin remineralization. Caries Res. 48, 276-290.
https://doi.org/10.1159/000356873

Osorio, R., Sauro, S., Watson, T.F., Toledano, M., 2016. Polyaspartic acid enhances
dentine remineralization bonded with a zinc-doped Portland-based resin cement.
Int. Endod. J. 49, 874-883. https://doi.org/10.1111/iej.12518

Osorio, R., Toledano-Osorio, M., Osorio, E., Aguilera, F.S., Padilla-Mondéjar, S.,
Toledano, M., 2018. Zinc and silica are active components to efficiently treat in
vitro simulated eroded dentin. Clin. Oral Investig. 22, 2859-2870.
https://doi.org/10.1007/s00784-018-2372-7

Osorio, R., Yamauti, M., Osorio, E., Ruiz-Requena, M.E., Pashley, D.H., Tay, F.R.,

Toledano, M., 2011. Zinc reduces collagen degradation in demineralized human

31



dentin explants. J. Dent. 39, 148-153.

https://doi.org/10.1016/j.jdent.2010.11.005

Parirokh, M., Torabinejad, M., 2010. Mineral trioxide aggregate: a comprehensive

literature review--Part III: Clinical applications, drawbacks, and mechanism of

action. J. Endod. 36, 400—413. https://doi.org/10.1016/j.joen.2009.09.009

Pashley, D.H., Tay, F.R., Yiu, C., Hashimoto, M., Breschi, L., Carvalho, R.M., Ito, S.,

2004. Collagen degradation by host-derived enzymes during aging. J. Dent. Res.

83,216-221. https://doi.org/10.1177/154405910408300306

Porter, M.L., Berto, A., Primus, C.M., Watanabe, 1., 2010. Physical and chemical

properties of new-generation endodontic materials. J. Endod. 36, 524-528.

https://doi.org/10.1016/j.joen.2009.11.012

Profeta, A.C., Mannocci, F., Foxton, R.M., Thompson, 1., Watson, T.F., Sauro, S.,

Ryou,

2012. Bioactive effects of a calcium/sodium phosphosilicate on the resin-dentine
interface: a microtensile bond strength, scanning electron microscopy, and
confocal microscopy study. FEur. J. Oral Sci. 120, 353-362.
https://doi.org/10.1111/j.1600-0722.2012.00974.x

H., Pashley, D.H., Tay, F.R., Arola, D., 2013. A characterization of the
mechanical behavior of resin-infiltrated dentin using nanoscopic Dynamic
Mechanical Analysis. Dent. Mater. 29, 719-728.

https://doi.org/10.1016/j.dental.2013.03.022

Ryou, H., Romberg, E., Pashley, D.H., Tay, F.R., Arola, D., 2012. Nanoscopic dynamic

mechanical properties of intertubular and peritubular dentin. J. Mech. Behav.

Biomed. Mater. 7, 3—16. https://doi.org/10.1016/j.jmbbm.2011.08.010

Sakkers, R.J., Dalmeyer, R.A., Brand, R., Rozing, P.M., van Blitterswijk, C.A., 1997.

Assessment of bioactivity for orthopedic coatings in a gap-healing model. J.

32



Biomed. Mater. Res. 36, 265-273. https://doi.org/10.1002/(sic1)1097-

4636(199708)36:2<265::aid-jbm16>3.0.c0;2-f

Sanchez, M.C., Toledano-Osorio, M., Bueno, J., Figuero, E., Toledano, M., Medina-

Castillo, A.L., Osorio, R., Herrera, D., Sanz, M., 2019. Antibacterial effects of
polymeric PolymP-n Active nanoparticles. An in vitro biofilm study. Dent.

Mater. 35, 156—168. https://doi.org/10.1016/j.dental.2018.11.015

Sauro, S., Babbar, A., Gharibi, B., Feitosa, V.P., Carvalho, R.M., Azevedo Rodrigues,

L.K., Banerjee, A., Watson, T., 2018. Cellular differentiation, bioactive and

mechanical properties of experimental light-curing pulp protection materials.

Dent. Mater. 34, 868—878. https://doi.org/10.1016/j.dental.2018.02.008

Sauro, S., Osorio, R., Osorio, E., Watson, T.F., Toledano, M., 2013. Novel light-curable

materials containing experimental bioactive micro-fillers remineralise mineral-
depleted bonded-dentine interfaces. J. Biomater. Sci. Polym. Ed. 24, 940-956.

https://doi.org/10.1080/09205063.2012.727377

Sauro, S., Osorio, R., Watson, T.F., Toledano, M., 2015. Influence of phosphoproteins’

biomimetic analogs on remineralization of mineral-depleted resin-dentin
interfaces created with ion-releasing resin-based systems. Dent. Mater. 31, 759—

777. https://doi.org/10.1016/j.dental.2015.03.013

Sauro, S., Osorio, R., Watson, T.F., Toledano, M., 2012. Therapeutic effects of novel

resin bonding systems containing bioactive glasses on mineral-depleted areas
within the bonded-dentine interface. J. Mater. Sci. Mater. Med. 23, 1521-1532.

https://doi.org/10.1007/s10856-012-4606-6

Sinclair-Hall, A.H., 1964. Repair of bony and dentinal defects following implantation of

Polyvinyl ~ Alcohol sponge. J. Dent. Res. 43, 476—-494.

https://doi.org/10.1177/00220345640430040301

33



Sipert, C.R., Hussne, R.P., Nishiyama, C.K., Torres, S.A., 2005. In vitro antimicrobial
activity of Fill Canal, Sealapex, Mineral Trioxide Aggregate, Portland cement
and EndoRez. Int. Endod. J. 38, 539-543. https://doi.org/10.1111/1.1365-
2591.2005.00984.x

Son, J.-S., Kim, S.-G., Oh, J.-S., Appleford, M., Oh, S., Ong, J.L., Lee, K.-B., 2011.
Hydroxyapatite/polylactide biphasic combination scaffold loaded with
dexamethasone for bone regeneration. J. Biomed. Mater. Res. A 99, 638-647.
https://doi.org/10.1002/jbm.a.33223

Swetha, M., Sahithi, K., Moorthi, A., Saranya, N., Saravanan, S., Ramasamy, K.,
Srinivasan, N., Selvamurugan, N., 2012. Synthesis, characterization, and
antimicrobial activity of nano-hydroxyapatite-zinc for bone tissue engineering
applications. J. Nanosci. Nanotechnol. 12, 167-172.
https://doi.org/10.1166/jnn.2012.5142

Tay, F.R., Pashley, D.H., 2008. Guided tissue remineralisation of partially
demineralised human dentine. Biomaterials 29, 1127-1137.
https://doi.org/10.1016/j.biomaterials.2007.11.001

Timlin, J.A., Carden, A., Morris, M.D., Rajachar, R.M., Kohn, D.H., 2000. Raman
spectroscopic imaging markers for fatigue-related microdamage in bovine bone.
Anal. Chem. 72, 2229-2236. https://doi.org/10.1021/ac9913560

Tjaderhane, L., Larjava, H., Sorsa, T., Uitto, V.J., Larmas, M., Salo, T., 1998. The
activation and function of host matrix metalloproteinases in dentin matrix
breakdown in caries lesions. J. Dent. Res. 77, 1622-16209.
https://doi.org/10.1177/00220345980770081001

Toledano, M., Aguilera, F.S., Osorio, E., Cabello, 1., Toledano-Osorio, M., Osorio, R.,

2015. Self-etching zinc-doped adhesives improve the potential of caries-affected

34



dentin to be functionally remineralized. Biointerphases 10, 031002.
https://doi.org/10.1116/1.4926442

Toledano, M., Muiioz-Soto, E., Aguilera, F.S., Osorio, E., Gonzélez-Rodriguez, M.P.,
Pérez-Alvarez, M.C., Toledano-Osorio, M., Osorio, R., 2019. A zinc oxide-
modified hydroxyapatite-based cement favored sealing ability in endodontically
treated teeth. J. Dent. 88, 103162. https://doi.org/10.1016/j.jdent.2019.06.009

Toledano, M., Muinoz-Soto, E., Aguilera, F.S., Osorio, E., Pérez-Alvarez, M.C., Garcia-
Menocal, J.A., Toledano-Osorio, M., Osorio, R., 2020a. The mineralizing effect
of zinc oxide-modified hydroxyapatite-based sealer on radicular dentin. Clin.
Oral Investig. 24, 285-299. https://doi.org/10.1007/s00784-019-02938-5

Toledano, M., Osorio, R., Osorio, E., Medina-Castillo, A.L., Toledano-Osorio, M.,
Aguilera, F.S., 2017a. lons-modified nanoparticles affect functional
remineralization and energy dissipation through the resin-dentin interface. J.
Mech. Behav. Biomed. Mater. 68, 62-79.
https://doi.org/10.1016/j.jmbbm.2017.01.026

Toledano, M., Osorio, R., Pérez-Alvarez, M.-C., Osorio, E., Lynch, C.-D., Toledano-
Osorio, M., 2018. A zinc-doped endodontic cement facilitates functional
mineralization and stress dissipation at the dentin surface. Med. Oral Patol. Oral
Cirugia Bucal 23, e646—¢655. https://doi.org/10.4317/medoral.22751

Toledano, M., Pérez-Alvarez, M.C., Aguilera, F.S., Osorio, E., Cabello, I., Toledano-
Osorio, M., Osorio, R., 2017b. A zinc oxide-modified hydroxyapatite-based
cement facilitated new crystalline-stoichiometric and amorphous apatite
precipitation on dentine. Int. Endod. J. 50 Suppl 2, el09-el19.

https://doi.org/10.1111/iej.12807

35



Toledano, M., Sauro, S., Cabello, 1., Watson, T., Osorio, R., 2013. A Zn-doped etch-
and-rinse adhesive may improve the mechanical properties and the integrity at
the bonded-dentin interface. Dent. Mater. 29, 42-52.
https://doi.org/10.1016/j.dental.2013.04.024

Toledano, M., Toledano-Osorio, M., Osorio, R., Carrasco-Carmona, A., Gutiérrez-
Pérez, J.-L., Gutiérrez-Corrales, A., Serrera-Figallo, M.-A., Lynch, C.D., Torres-
Lagares, D., 2020b. Doxycycline and Zinc Loaded Silica-Nanofibrous Polymers
as  Biomaterials for Bone Regeneration. Polymers 12, 1201.
https://doi.org/10.3390/polym12051201

Toledano, M., Yamauti, M., Ruiz-Requena, M.E., Osorio, R., 2012. A ZnO-doped
adhesive reduced collagen degradation favouring dentine remineralization. J.
Dent. 40, 756-765. https://doi.org/10.1016/j.jdent.2012.05.007

Toledano-Osorio, M., Aguilera, F.S., Osorio, R., Mufioz-Soto, E., Pérez-Alvarez, M.C.,
Lopez-Lopez, M.T., Lynch, C.D., Toledano, M., 2020a. Hydroxyapatite-based
cements induce different apatite formation in radicular dentin. Dent. Mater. 36,
167—-178. https://doi.org/10.1016/j.dental.2019.11.023

Toledano-Osorio, M., Osorio, R., Aguilera, F.S., Medina-Castillo, A.L., Toledano, M.,
Osorio, E., Acosta, S., Chen, R., Aparicio, C., 2020b. Polymeric nanoparticles
protect the resin-dentin bonded interface from cariogenic biofilm degradation.
Acta Biomater. 111, 316-326. https://doi.org/10.1016/j.actbi0.2020.05.002

Torabinejad, M., Chivian, N., 1999. Clinical applications of mineral trioxide aggregate.
J. Endod. 25, 197-205. https://doi.org/10.1016/S0099-2399(99)80142-3

Torabinejad, M., Watson, T.F., Pitt Ford, T.R., 1993. Sealing ability of a mineral
trioxide aggregate when used as a root end filling material. J. Endod. 19, 591-

595. https://doi.org/10.1016/S0099-2399(06)80271-2

36



Uskokovi¢, V., Bertassoni, L.E., 2010. Nanotechnology in Dental Sciences: Moving
towards a Finer Way of Doing Dentistry. Mater. (Basel) 3, 1674—1691.
https://doi.org/10.3390/ma3031674

Vallittu, P.K., Boccaccini, A.R., Hupa, L., Watts, D.C., 2018. Bioactive dental
materials-Do they exist and what does bioactivity mean? Dent. Mater. 34, 693—
694. https://doi.org/10.1016/j.dental.2018.03.001

Verdelis, K., Eliades, G., Oviir, T., Margelos, J., 1999. Effect of chelating agents on the
molecular composition and extent of decalcification at cervical, middle and
apical root dentin locations. Endod. Dent. Traumatol. 15, 164-170.
https://doi.org/10.1111/j.1600-9657.1999.tb00795 .x

Watson, T.F., Atmeh, A.R., Sajini, S., Cook, R.J., Festy, F., 2014. Present and future of
glass-ionomers and calcium-silicate cements as bioactive materials in dentistry:
biophotonics-based interfacial analyses in health and disease. Dent. Mater. 30,
50-61. https://doi.org/10.1016/j.dental.2013.08.202

Xu, H., Zheng, Q., Shao, Y., Song, F., Zhang, L., Wang, Q., Huang, D., 2014. The
effects of ageing on the biomechanical properties of root dentine and fracture. J.
Dent. 42, 305-311. https://doi.org/10.1016/j.jdent.2013.11.025

Zurick, K.M., Qin, C., Bernards, M.T., 2013. Mineralization induction effects of
osteopontin, bone sialoprotein, and dentin phosphoprotein on a biomimetic
collagen substrate. J. Biomed. Mater. Res. A 101, 1571-158I1.
https://doi.org/10.1002/jbm.a.34462

Zwemer, T.J., 1993. Boucher’s Clinical Dental Terminology: A Glossary of Accepted
Terms in All Disciplines of Dentistry, 4th ed. Mosby, Incorporated, St. Louis,

Mo.

37



	pag inicio Rev Cementos Zn
	Manuscript R1.pdf

