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Abstract: This study reports physical and chemical changes that occur at early dentin remineralization stages.
Extracted human third molars were sectioned to obtain dentin discs. After polishing the dentin surfaces, three
groups were established: (1) untreated dentin (UD), (2) 37% phosphoric acid application for 15 s (partially
demineralized dentin—PDD), and (3) 10% phosphoric acid for 12 h at 25° C (totally demineralized dentin—
TDD). Five different remineralizing solutions were used: chlorhexidine (CHX), artificial saliva (AS), phosphate
solution (PS), ZnCl,, and ZnO. Wettability (contact angle), { potential and Raman spectroscopy analysis were
determined on dentin surfaces. Demineralization of dentin resulted in a higher contact angle. Wettability
decreased after immersion in all solutions. { potential analysis showed dissimilar performance ranging from
—6.21 mV (TDD + AS) up to 3.02 mV (PDD + PS). Raman analysis showed an increase in mineral components
after immersing the dentin specimens, in terms of crystallinity, mineral content, and concentration. This
confirmed the optimal incorporation and deposition of mineral on dentin collagen. Organic content reflected
scarce changes, except in TDD that appeared partially denatured. Pyridinium, as an expression of cross-linking,

appeared in all spectra except in specimens immersed in PS.
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INTRODUCTION

Dentin is a dynamic substrate with a complex organic
structure. It is a biological composite of a collagen matrix
filled with sub-micrometer to nanometer-sized calcium-
deficient, carbonate-rich apatite crystallites (=5 X 30 X
100 nm), dispersed between parallel, micrometer-sized, hy-
permineralized, collagen-poor, hollow cylinder dentinal tu-
bules containing peritubular dentin (Marshall et al., 1997;
Wege et al., 2003).

Accordingly, demineralization of dentin is the process
of removing mineral ions from the apatite latticework leav-
ing the collagen fibers without support except for the water
contained within the dentin (Bertassoni et al., 2011). Demin-
eralization of dentin, or dentin conditioning, is used as a
surface preparation step to improve adhesion for a variety
of procedures in restorative dentistry (Toledano et al., 2001).
The term remineralization of dentin refers to the process of
restoring the inorganic matrix, which is clinically applicable
for prevention strategies and therapy of dentin caries and
hypersensitivity (Xu et al., 2011; Toledano et al., 2013).

Dynamics involving dentin remineralization are com-
plex. This includes nucleation of minerals, control of post-
nucleation growth, and transformation of calcium phosphate
deposits to hydroxyapatite (HA) (Hao et al., 2009). Dentin
provides both structural and chemical frameworks and is an
organic matrix that comprises about 30% type I collagen
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fibrils and noncollagenous proteins, such as dentin matrix
protein and dentin phosphoproteins (Xu et al., 2011). Den-
tin acts as a scaffold for mineral deposition at specific sites
(He & George, 2004). In situ specific macromolecules are
necessary to function as crystal nucleators, which direct
crystal orientation, stabilize the mineral phase, and regulate
crystal size (Hao et al., 2009). Thus, nanometer-sized HA
develops within a primary template of collagen fibrils to
protect them from hydrolytic and enzymatic degradation
(Li et al., 2012).

Early stages of dentin remineralization have been scarcely
investigated. It has been demonstrated in type I collagen
from tendons (Nudelman et al., 2010) that prenucleation
clusters are stabilized first, forming loosely packed and
diffuse structures of apatite nanocrystals that slowly aggre-
gate and densify. At 10 min, which was the first time period
checked, Nudelman et al. (2010) showed the presence of
calcium phosphate aggregates 500 nm in size that consisted
of densely packed clusters of about 1 nm in size. After
30 min, rapid formation and growth of calcium phosphate
particles of 1,000 nm were detected. Concerning particles in
solution, Dey et al. (2010) described a subphase consisting
of a Tris-buffered solution (pH 7.4) containing only 2.5 mM
CaCl, and 1.0 mM K,HPO, after 1 h, which produced
diffraction-amorphous nanoparticles with diameters of 30—
80 nm in the bulk solution.

Alternatively, acidic conditioning may damage the struc-
tural integrity of collagen. To improve its original integrity,
cross-linking, and reinforcement techniques are commonly
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used (Daood et al., 2013). Biomimetic mineralization imi-
tates the natural process of mineralization, simulating the
natural formation process of mineral crystals on the surface
of organic and inorganic matrix without using harsh condi-
tions (Xu et al., 2011). Bertassoni et al. (2011) reported
some different approaches utilized by other authors, to
remineralize dentin. These techniques range from the use of
casein phosphopeptide-amorphous calcium phosphate (ACP)
proteins or bioactive glass particles to the application of
carboxylic acid-containing polyelectrolytes or colloidal nano-
beta-tricalcium phosphate. Some other chemical agents may
be considered including chlorhexidine (CHX) in solution
which produces digluconate anions that may result in grad-
ual precipitation in the presence of other mono- and diva-
lent cations in the substrate (Zerella et al., 2005). Recently,
Kim et al. (2011) stated that 1 min of 2% CHX application
promoted effective remineralization of demineralized den-
tin. Zinc, which may be considered as a competitive inhibi-
tor of matrix-metalloproteinases (MMPs) (Osorio et al.,
2011a), exerts a protective effect through binding at the
collagen-sensitive cleavage sites of MMPs, contributing to
dentin matrix organization and mineralization (Toledano
et al., 2012b).

Surface properties of dentin and their influence on the
effect of remineralization have been insufficiently investi-
gated (Xu et al., 2011). Removal of apatite crystals from
demineralized dentin exposes more of the collagen matrix,
decreasing the surface energy (Toledano et al., 2012a), with-
out promoting wetting because this procedure leads to a
hydrophobic surface. The substrate surface energy may be
evaluated, after demineralization and when remineralizing,
by contact angle (CA) measurements of a reference liquid on
the substrate’s surface (Toledano et al., 2001). On the other
hand, the electrostatic landscape of collagen fibrils makes
the collagen a possible nucleator (Silver & Landis, 2011).
Nucleation may be enhanced by the presence of interfaces
which allow the aggregation and densification of the liquid-
like prenucleation clusters (Veis & Dorvee, 2013). The elec-
trophoretic mobility of a liquid-borne particle is related to
the electrostatic potential at the shear boundary, which is the
imaginary plane at which ions adhere to the particle; this
electrostatic potential, the { potential, is important in sur-
face interactions, such as mineralization of teeth (Young et al.,
1997). Finally, detailed data about microstructure and chem-
ical analysis are essential to understand changes in dentin.
Raman spectroscopy is a nondestructive technique, whose
bands allow for semi-quantitative estimation of the organic
and inorganic composition of teeth (Pascon et al., 2012) and
demineralized or remineralized dentin (Wang & Yao, 2010).

The aim of this study was to investigate the physical and
chemical changes occurring at early stages of dentin reminer-
alization, when demineralized dentin specimens were im-
mersed for 30 min in different remineralizing solutions. Two
null hypothesis were established: (a) CA and { potential mea-
surements did not differ after immersing demineralized den-
tin samples in some remineralizing solutions and (b) changes
were not detectable by using confocal Raman spectroscopy.

MATERIALS AND METHODS

Specimens Preparation

Forty-five extracted noncarious human third molars were
obtained from young patients (20-26 years old) with in-
formed consent from donors, under a protocol approved by
the Institution Review Board. The teeth were stored in 0.1%
(w/v) thymol solution at 4°C and used within 1 week after
extraction. Teeth were sectioned at the cementum—enamel
junction to remove the roots, after organic debris/calculus
extraction. Mineralized dentin discs (0.75 = 0.08 mm thick
and 6.0 £ 0.01 mm diameter) were obtained from the
mid-coronal portion of each tooth using a diamond saw
under water cooling. Dentin discs were polished with SiC
abrasive papers from 800 to 4,000 grit (Struers LaboPol-4)
followed by final polishing steps performed using diamond
pastes (Buheler-MetaDi, Buheler Ltd., Lake Bluff, IL, USA)
1 um down to 0.25 um.

Specimens were assigned to three groups: (1) no treat-
ment (untreated dentin—UD), (2) partially demineralized
with 37% phosphoric acid for 15 s at 25°C (partially demin-
eralized dentin—PDD), and (3) totally demineralized with
liquid 10% phosphoric acid for 12 h at 25°C (totally demin-
eralized dentin—TDD), following the method described in
Carrilho et al. (2010). PDD and TDD were rinsed in deion-
ized water under constant stirring at 4°C for 72 h. Dentin
discs were dried over anhydrous calcium sulphate (8 h). The
dry mass of each dentin disc was measured with a microbal-
ance. Specimens were rehydrated in 0.9% NaCl containing
10 U/mL of penicillin G and 300 mg/mL of streptomycin
for 24 h (pH 7.0).

PDD and TDD were placed in Eppendorf tubes. Five
immersion solutions were utilized: (i) artificial saliva (AS)
containing 50 mM Hepes (Applichem, Darmstadt, Ger-
many), 5 mM CaCl,, 0.001 mM ZnCl,, 150 mM NaCl, 100
U/mL of penicillin, and 1,000 pug/mL of streptomycin
(pH 7.2); (ii) 40 mM CHX digluconate in AS (pH 7.4);
(iii) phosphate solution (PS) containing 50 mM Hepes,
1.5 mM CaCl,, 0.90 mM KH,PO,, 2 ppm sodium fluoride,
100 U/mL of penicillin, and 1,000 ug/mL of streptomycin;
(iv) 3.33 mg/mL of zinc chloride was added to the AS
(pH 7.0) (ZnClL,); (v) 10 wt% ZnO was added to AS (pH 7.0).
Specimens were incubated at 37°C for 30 min.

CA Measurements

Three specimens were randomly assigned to 13 equal groups
(UD, PDD, PDD + CHX, PDD + AS, PDD + PS, PDD +
ZnCl,, PDD + ZnO, TDD, TDD + CHX, TDD + AS, TDD +
PS, TDD + ZnCl,, PDD + ZnO). CA measurements were
undertaken on UD, PDD, and TDD once the specimens were
prepared. The rest of the samples were assessed after immer-
sion in solutions for 30 min, as pointed out above.

The captive bubble method was used to examine den-
tin wettability. The complete procedure was performed un-
der deionized water. This technique consisted of formation
of an air bubble in contact with the dentin surface, which
was immersed in MilliQ water at constant temperature



(22°C). A u-shaped steel needle subjected to a microposition-
ing system was employed, in order to place the bubble
against the sample. The bubble volumes were within the
range of 10-30 uL. CA values were acquired as described by
Montes Ruiz-Cabello et al. (2011). Each CA was the average
of ten measurements.

Two-way ANOVA and SNK or Student’s t-tests were
applied. Significance was considered at p < 0.05.

{ Potential Determination

The ¢ potential of UD (pH 6.1), PDD (pH 6.1), PDD +
CHX (pH 6.0), PDD + AS (pH 6.0), PDD + PS (pH 6.0),
PDD + ZnCl, (pH 6.0), PDD + ZnO, TDD (pH 6.2),
TDD + CHX (pH 6.1), TDD + AS (pH 6.2), TDD + PS
(pH 6.2), TDD + ZnCl, (pH 6.1) was measured by dynamic
light-scattering, by means of a Zetasizer nano ZS90 (Mal-
vern Instrument, Worcestershire, UK). This equipment mea-
sures the electrophoretic mobility of colloid particles in an
applied electric field. The laser light illuminates the moving
particles, and the velocities of these particles are calculated
based on Doppler frequency shifts of the scattered laser
light onto four photodiodes fixed at four different angles.
The measurements were automatically transformed by auto-
correlators to electrophoretic mobility histograms or ¢ po-
tential distributions. The Helmholtz—Smoluchowski formula
(Chun et al., 2003) was used to determine the { potential
deduced from the electrophoretic mobility based on the
assumption that the double electric layer thickness is small
compared with the colloid particle diameter.

Three dentin wafers, one per group, were subsequently
pulverized to powder with a steel grinder (Retsch MM400,
Biometa, Oviedo, Spain). Dentin powder was then vigor-
ously shaken in a tube agitator (Vortex Wifar, Ref 51075,
Velp Scientifica, Milan, Italy), for 5 min. Samples were
pipetted from the top 3 mL of the sedimented suspensions
from each dentin group, so that only the finest particles
would be obtained (Young et al.,, 1997), and were then
measured at 25°C with the Zetasizer nano sample cell system.

Two-way ANOVA and SNK or Student’s ¢-tests were
applied. Significance was considered at p < 0.05.

Confocal Raman Spectroscopy Evaluation

Surfaces (UD, PDD, PDD + CHX, PDD + AS, PDD + PS,
PDD + ZnCl,, PDD + ZnO, and TDD) were analyzed with
a computer-controlled confocal laser Raman apparatus
equipped with a Zeiss optical microscope with a 100X objec-
tive and CCD detector attached to a modular research spec-
trograph (JASCO/NRS-5100; JASCO Europe S.R.L., Milan,
Italy). A near-infrared diode laser spot size of <1 um oper-
ated at 785 nm was used to induce the Raman scattering
effect. The spectral coverage of this model ranged from 200
to 1,700 cm™". Calibration of the wavelength and intensity
was performed according to manufacturer’s specification
using a silicon standard and calibration system integrated
with the JASCO Spectra Analysis software.

The organic component of dentin was analyzed by
examining the following parameters.

Early Dentin Remineralization

Amide III, CH, and amide I: Peaks at 1,246/1,270, 1,450,
and 1,667 cm™!, assigned to amide III, CH, and amide I,
respectively, are sensitive to the molecular conformation of
the polypeptide chains (Xu & Wang, 2011).

Phenyl group: The peak at 1,003 cm™', which is as-
signed to the C—C bond in the phenyl group, was used for
normalization (Xu & Wang, 2011).

Pyridinium ring vibration: In the spectra, the peak
appearing at 1,032.7 cm™ 'was assigned to the C-C in the
pyridinium ring vibration that has a trivalent amino acid
cross-linking residue (Daood et al., 2013). The relative inten-
sity of this peak increases after the cross-linking formation.

The mineral component of dentin was analyzed exam-
ining the following parameters.

The apparent relative mineral concentration of each
sample was inferred from the visible ratio of intensities of
the peaks at 960 and 1,003 cm™! of HA and the aromatic
ring of phenylalanine (phenyl group) residues in collagen,
respectively.

Crystallinity was evaluated based on the full-width at
half-maximum of the phosphate band at 960 cm ™! (Schwartz
et al., 2012).

The apparent gradient in mineral content was assessed
as the relationship between the ratio of heights at 1,070 cm ™!
(carbonate) to 960 cm™' (phosphate) and the stretching
band of HA.

Two-way ANOVA and SNK or Student’s ¢-tests were
applied. Significance was considered at p < 0.05.

1

RESULTS

CA Measurements

Mean and standard deviation values for the CA attained in
each experimental group are displayed in Table 1. Multiple
ANOVA indicated that both dentins (F = 2,553.93; p <
0.001) and solutions (F = 302.353; p < 0.001) had a
statistically significant effect on the observed CA. At base-
line conditions, the UD showed the lowest CA. TDD sam-
ples attained the highest CA. When PDD samples were
immersed in AS wettability was similar to the control PDD.
Specimens immersed in CHX and PS attained the lowest
CA values within the PDD group showing that PS had the
highest wettability. When TDD specimens were immersed
in the different solutions, wettability increased (CA de-
creased) in all groups in comparison with the control TDD
group. TDD samples immersed in AS and CHX attained
lower CAs than ZnCl,, ZnO, and PS, which performed
similarly. In general, PDD specimens immersed in the dif-
ferent solutions were more wettable than the corresponding
samples of the TDD group.

{ Potential Measurements

Mean and standard deviation for the ¢ potential values
attained in each experimental group are displayed in Table 2.
Multiple ANOVA indicated that both degree of mineraliza-
tion (F = 580.49; p < 0.001) and solutions (F = 1,103.81;
p < 0.001) had a statistically significant effect on the ¢



Manuel Toledano et al.

Table 1. Mean and Standard Deviation of Observed Contact Angle (°) (CA) Measured with Deionized Water on Dentin Surfaces after the
Different Experimental Treatments.

30 Min Immersion

Untreated Dentin

PA—Partially

Demineralized Dentin

PA—Completely

Demineralized Dentin

ANOVA or
Student’ ¢-Test Results

No immersion
CHX solution
Artificial saliva
Phosphate solution
Cl,Zn solution
7ZnO solution
ANOVA results
Multiple R: 0.87

14.89 (1.09) 1

22.21 (1.44) 2a
18.88 (1.08) 1c
22.43 (1.39) 1a
16.91 (1.23) 1d
20.68 (1.13) 1b
19.87 (1.91) 1b

F = 44.05; p < 0.001

49.84 (2.03) 3a
25.56 (1.78) 2¢
25.78 (1.65) 2¢
29.21 (1.72) 2b
30.38 (1.82) 2b
29.53 (1.99) 2b

F = 403.64; p < 0.001

F =2,822.83; p < 0.001
t=185.71; p < 0.001
t= 4338 p < 0.001
t=610.92; p < 0.001

t = 368.46; p < 0.001

t = 219.60; p < 0.001

Main effects: F = 756.49; p < 0.001
Dentin: F = 2,553.93; p < 0.001
Solution: F = 302.353; p < 0.001
Interactions: F = 281.357; p < 0.001

Identical letters indicate no significant difference between solutions and numbers between dentin demineralization procedures after Student-Newman—
Keuls or Student’s -tests (p < 0.05). CHX, chlorhexidine; PA, phosphoric acid.

Table 2. Mean and Standard Deviation ¢ Potential (mV) of Dentin Powders after the Different Experimental Treatments, Measured in

HEPES Buffered Solution.

30 Min Immersion

Untreated Dentin

PA—Partially

Demineralized Dentin

PA—Completely

Demineralized Dentin

ANOVA or
Student’s t-Test Results

No immersion
CHX Solution
Artificial saliva
Phosphate solution
CHX solution
Cl,Zn solution
ZnO solution

—2.18 (0.26) 1

—2.29 (0.15) 1d
1.08 (0.12) 1b
~1.16 (0.13) 1¢
3.02 (0.12) 1a
1.08 (0.12) 1b
2.81 (0.31) 1a
2.50 (0.26) 1a

—0.98 (0.22) 2d
—0.32 (0.1) 2¢
—6.21 (0.30) 2e
0.18 (0.03) 2b
—0.32 (0.1) 2¢
—0.32 (0.05) 1c
0.06 (0.30) 2bc

F =33.99; p < 0.002
t=1.07; p < 0.3588
t=932.59 p < 0.001
t=2,174.02; p < 0.001
t=1.07; p < 0.3588
t=412.38 p < 0.001
t=322; p < 0.001

ANOVA results

Multiple R: 0.90
Main effects: F = 942.62; p < 0.001
Dentin: F = 580.49; p < 0.001
Solution: F = 1,103.81; p < 0.001
Interactions: F = 323.34; p < 0.001

F =559.45; p < 0.001 F=1,066.96; p < 0.001

Identical letters indicate no significant difference between solutions and numbers between dentin demineralization procedures after Student—-Newman—

Keuls or Student’s t-tests (p < 0.05). CHX, chlorhexidine; PA, phosphoric acid.

potential measurements. At baseline conditions, UD and
PDD showed similar { potential values, significantly higher
than TDD. ¢ potential values of dentin specimens within
the PDD group showed the following trend: PDD > PDD +
AS > PDD + CHX > PDD + PS > PDD + ZnCl, =
PDD + ZnO = PDD+ PS. { potential values of dentin
specimens within the TDD group showed the following
trend: TDD + AS > TDD > TDD + CHX = TDD +
ZnCl, > TDD + ZnO = TDD + PS.

Confocal Raman Spectroscopy

Typical Raman spectra of dentin specimens representing all
groups are shown in Figures 1-8.

The peaks at 1,246/1,270 (amide III), 1,450 (CH), and
1,667 (amide 1) cm™! became sharper after demineraliza-
tion (Figs. 2, 3). The shift of bands and the intensity of

peaks was recovered after immersion in the different solu-
tions (Figs. 4-8), resulting in stability of the collagen net-
work. Subsequently, amide I and amide III bands manifested
a downward shift after immersing the PDD specimens in PS
(Fig. 6). The amide III assigned band showed a triple peak
within the shift, in AS (Fig. 5), PS (Fig. 6), ZnCl, (Fig. 7),
and ZnO (Fig. 8), whereas the rest of the spectra displayed
reflected the standard peaks corresponding to NH and CN
bending regions. Signal at 1,003 cm™" (phenylalanine) pro-
duced a loss of intensity in CHX (Fig. 4), PS (Fig. 6), and Zn
solution (Figs. 7, 8) groups. A slight upward shift in the
phenyl peak was observed in PDD (Fig. 2), TDD (Fig. 3),
and AS (Fig. 5), where the band came out sharper and
accentuated, as evidence of normalization. The pyridinium,
as an expression of cross-linking, clearly appeared in all
spectra except PS (Fig. 6) that reflected a poor intensity
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Figure 1. Raman spectra attained from the untreated dentin sur-
face (UD).

peak at 1,032.7 cm ™. Peaks at 862-869 cm !, which corre-
spond to hydroxyproline and is associated with the stability
of collagen, were remarkable in PDD (Fig. 2), TDD (Fig. 3),
and AS (Fig. 5). On the contrary, specimens immersed in PS
(Fig. 6) and Zn solutions (Figs. 7, 8) showed the lowest loss
of shift intensity. CHX specimens produced a slight upward
shift (Fig. 4).

The apparent relative mineral concentration decreased
after partial demineralization of dentin, as the 960 ¢cm™!
(HA) peak decreased when compared with the peak at
1,003 cm™! (phenylalanine) (Fig. 2). This reduction was
much more evident after TDD (Fig. 3). PDD specimens
immersed in CHX solution showed (Fig. 4) a pattern of
apparent relative mineral concentration quite similar to UD
(Fig. 1), but different to the spectra obtained after analyzing
the samples immersed in AS (Fig. 5). This analysis demon-
strated a well-defined peak of phosphate and carbonate, but
the relative intensity of both phenylalanine and hydroxypro-
line was greater in AS (Fig. 5) than in UD (Fig. 1). Peaks of
phenylalanine and hydroxyproline diminished when PDD
were kept in PS, demonstrating a larger mineral concentra-
tion, as the relative intensity of phosphate and peak of
carbonate were high (Fig. 6), which overcame the intensity
reported by this mineral in AS (Fig. 5). When dentin speci-
mens were immersed in ZnCl, and ZnO (Figs. 7, 8), the
Raman shift corresponding to the HA band revealed a

Early Dentin Remineralization
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Figure 2. Raman spectra attained from partially demineralized
dentin (PDD).

characteristic relative intensity similar to UD (Fig. 1).
An intense loss of crystallinity was observed after deminer-
alization of dentin (Figs. 2, 3). An increase in full-width
at half-maximum of the phosphate band at 960 cm™!
was detected after immersion of PDD samples in all solu-
tions. Figure 5 describes the crystallinity data in AS. Simi-
lar to the crystallinity observations, an overall loss of
intensity for the majority of bands involved in the apparent
gradient in mineral content is displayed in the spectra
measured on demineralized dentin (Figs. 2, 3). A clear
phosphate (960 cm™!') and carbonate (1,070 cm™ ') stretch-
ing led to an increase in the apparent gradient in min-
eral content in all immersed specimens in remineralizing
solutions.

DiscussIiON

Dentin is a mineralized connective tissue. Dentin deminer-
alization can arise from an acid attack by bacteria or the
food source, and from acid etching for resin-dentin bond-
ing (Kim et al., 2011). In our study, a pronounced effect on
wettability, with CAs increasing dramatically, was deter-
mined from the UD to PDD samples and from PDD to
TDD (Table 1). Thus, the increased CA and differences
between TDD and PDD are believed to be a result of
differences in the intrinsic hydrophobicity of the surfaces,
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Figure 3. Raman spectra attained from totally demineralized den-
tin (TDD).

and are therefore suggestive of chemical differences and
inorganic content of both kinds of demineralized dentins.
Mineral crystallites remaining within the collagen after
demineralization (Bertassoni et al., 2010) might have con-
tributed to the decrease in the CA, as there exists a positive
correlation between mineral level and spreading capability
of a liquid (Panighi & G’Sell, 1992). That is, if the CA is low
wettability is high. This demineralizing effect could also be
studied after Raman spectroscopy observations. Figures 2
and 3 show a lack of crystallinity and a significant loss of
intensity at phosphate (PO;~) (960 cm™!) and carbonate
(CO37) (1,070 cm™') peaks, diminishing the apparent
gradient in mineral content, which is more pronounced in
TDD (Fig. 3) with a lower degree of spectral noise. Simi-
larly, the apparent relative mineral concentration also
dropped after the larger recession of the 960 cm ™' peak
(HA). Furthermore, by comparing the collagen spectra
collected from the PDD (Fig. 2) and the UD samples
(Fig. 1), it can be observed that the demineralized collagen
was not denatured as the spectra were similar. Wang and
Yao (2010) indicated that the I and III amide regions in the
spectra are known to be very sensitive to the collagen
conformation and secondary structure, which shall change
if collagen is denatured, as was reflected in the spectra from
the TDD samples (Fig. 3), in the bands 1,246/1,270 and
1,667 cm ™.
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Figure 4. Raman spectra attained from partially demineralized
dentin surfaces after 30 min of immersion in chlorhexidine (CHX)
digluconate solution (PDD + CHX).

UD (—2.18 mV) and PDD (—2.29 mV) samples showed
similar ¢ potential values (Table 2). Similarly, Saito et al.
(1998) also obtained equal interfacial tensions between par-
tially dephosphorylated dentin collagen (9.7 mol of P/mol
of collagen) and the intact dentin (19.5 mol of P/mol of
collagen). The ¢ potential and CA results indicate that TDD
samples are negatively charged (—0.98 mV), leading to a
weakly polar hydrophobic surface (Table 1) resulting in
poor remineralization ability (Xu et al., 2011). On the
contrary, PDD samples showed a higher negative charge
compared with the TDD samples. Xu et al. (2011) proposed
that with higher negative charge, the surface of demineral-
ized dentin can attract more calcium ions (positive charge)
and thereby enhance the nucleation ability of the surface
collagen of PDD; therefore, in TDD sample substrata, the
larger electrostatic potential status of particles was achieved,
which is directly related to their dispersion stability by
electrostatic repulsion. { potential can, therefore, be consid-
ered as a measure of colloidal stability. The higher the ¢
potential values, the higher electrostatic repulsion and there-
fore colloidal stability (Sadat-Shojai et al., 2010), protecting
the particles from aggregation, and resulting in a more
stable dispersion of these particles in the dilute solution
(Sadat-Shojai et al., 2010; Veis & Dorvee, 2013), in close
contact with the dentin substratum.
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Figure 5. Raman spectra attained from partially demineralized
dentin surfaces after 30 min of immersion in artificial saliva (AS)
solution (PDD + AS).

The interfacial free energy is an important factor in
regulation of mineralization (Xu et al., 2011). Due to its
inherent ability to be retained in dentin matrices (Carrilho
et al., 2010), it is generally accepted to apply 2% (~40 mM)
CHX to acid-etched dentin during resin-dentin bonds in an
attempt to increase the durability of interfaces by inhibiting
endogenous MMPs. CHX is a cationic compound that has
the ability to bind anionic molecules, such as the phosphate
present in the residual HA structure, that remains after
partial etching (Wang & Yao, 2010) (Fig. 2) or at the demin-
eralization dentin front. Phosphate exists in the calcium
carbonate complex of dentin; therefore, CHX can bind
phosphate, which in turn can lead to the release of small
amounts of calcium from dentin (Pascon et al., 2012).
Moreover, as CHX only binds electrostatically, between the
protonated amine groups of CHX and the mineral phos-
phates to demineralized dentin collagen (Kim et al., 2010), it
may slowly diffuse out of a collagen matrix via a competi-
tive desorption mechanism in the presence of other cations.
This binding of polyanions and cationic compounds might
lead to the deposition of a network of a cluster of ions,
molecules and/or particles, stable enough to exist but hav-
ing neither the size nor the structure sufficient to grow into
a crystal on its own, named pre-nucleation clusters. It is
important to point out that the initial cluster is presumed to

Early Dentin Remineralization

| 1 Il

1000
Raman Shift [cm-1]

0 1
w5 1200

Figure 6. Raman spectra attained from partially demineralized
dentin surfaces after 30 min of immersion in phosphate (PS)
solution (PDD + PS).

be disordered. The initial prenucleation cluster can be con-
sidered as a dense liquid phase, that is, a hydrated aggregate
composed of ions, molecules, and/or prenucleation clusters.
This has a defined interface that is more dense than the
surrounding solution but less dense than the crystal form
(Veis & Dorvee, 2013).

Specimens immersed in CHX attained one of the low-
est CA values within PDD and TDD groups. Complementa-
rily, wettability of TDD samples immersed in CHX was
lower than that obtained in other PDD samples (Table 1).
These CA measurements showed that the rate of water
entry into the demineralized dentin was enhanced by hold-
ing open the intermolecular spaces after partial demineral-
ization of the dentin with higher cross-linking densities (Li
et al., 2012) and was larger than in TDD samples.

The Raman results indicate that PDD matrices develop
a reduction of cross-links following 15 s of conditioning. It
was shown that after immersion for 30 min in all solutions,
except in PS (Fig. 6), an increase in the peak intensity at
1,030-1,033 cm™* was observed. This peak is assigned to
the C—C in a 3-hydroxypyridinium ring, which is associated
with a nonreducible cross-linking formation naturally oc-
curring in collagen (Xu & Wang, 2011). PDD samples im-
mersed in CHX solution showed that the pyridinium ring
was present at the same proportional peak intensity with
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Figure 7. Raman spectra attained from partially demineralized

dentin surfaces after 30 min of immersion in ZnCl, solution

(PDD + ZnCl,).

respect to the carbonate and phenyl peaks, as in UD sam-
ples (Fig. 1). Similarly, the intensity of peaks at 1,246/1,270
(amide III), 1,450 (CH), and 1,667 (amide I) cm™! were
recovered (Figs. 1, 4) after the partial demineralization
process (Fig. 2). This indicates that the molecular structure
of collagen is not noticeably altered (Xu & Wang, 2011) and
that further stabilization of intra and intermolecular cross-
links is provided (Daood et al., 2013) as an increase in the
amine reaction sites provided the formation of ionic com-
plexes with the collagen molecule. This provides substantial
stability of the collagen fibrillar network (Daood et al.,
2013). The amide II-band results from the NH in-plane
deformation coupled to CN-stretching, whereas the amide-I
band is associated with the stretching-vibration of the pep-
tide carbonyl group (Fawzy et al., 2012). On the other hand,
the protein-dependent spectral signal at 1,003 cm™! (phe-
nylalanine) decreased after immersing the PDD samples in
CHX, preceding the appearance of the phosphate stretching
peak at 960 cm ™. This indicates that nucleation is a multi-
step process involving both protein and mineral transition
(Wang & Yao, 2010) and suggests a temporally synchronized
process (Wang & Yao, 2010).

Raman spectral analysis showed an increase in the
apparent relative mineral concentration, revealing the
presence of new phosphate (960 cm™') and carbonate
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Figure 8. Raman spectra attained from partially demineralized

dentin surfaces after 30 min of immersion in ZnO solution (PDD +

7Zn0).

(1,070 cm™"') (Fig. 4) precipitation which partially disap-
peared after 15 s of dentin demineralization as observed
within the band of HA, the most intense peak of the
spectrum (Fig. 2). These mineral aggregates contributed to
development of crystallinity (Fig. 4), yielding spheroid crys-
tals of B-type carbonated HA that is typical of crystals
grown in the presence of high carbonate concentrations.
However, the process does not lead to the direct crystalliza-
tion of apatite, but to the nucleation of ACP [Ca,(PO,),]
(Seah et al., 2009). The ACP precursors (Dey et al., 2010)
octocalcium phosphate [CagH,(PO,)s-5H,0] and trical-
cium phosphate [Ca;(PO,),] phases have also been identi-
fied as precursors (Lussi & Linde, 1993).

The thermodynamic performance of this process and
the specificity of the nucleation are conditioned, in sum-
mary, by the presence of interfaces of all sorts, from hydro-
phobic surface layers to organic macromolecules and in the
structure of hydration layers around inorganic cations and
anions (Veis & Dorvee, 2013). Nevertheless, it must be
borne in mind that some remineralization processes may
occur mainly by growth of residual crystals in the PDD
tissue (Lussi & Linde, 1993). Additionally, CHX digluconate
has been identified as a zinc chelator (Mohammadi &
Abbott, 2009; Tallant et al., 2010) present in the current
solution as a component of AS, which could contribute to



new mineral formation (Toledano et al., 2012b). Whether
this procedure is by simple mineral precipitation between
the collagen fibril (extrafibrillar) or by functional remineral-
ization (intrafibrillar) should be ascertained.

The prenucleation clusters form loosely packed nega-
tively charged highly mobile diffuse structures. Positively
charged regions exist in a collagen fibril at the border of the
gap and overlap zones. The nanosized, positively charged
region can be used for mineral infiltration as well as charge—
charge attraction (Colfen, 2010; Nudelman et al., 2010),
resulting in higher energy (Daood et al., 2013). In this way,
the binding between some acidic noncollagenous proteins
(dentin matrix protein 1) and collagen are also driven by
electrostatic interactions. Variations produced in the min-
eral content from PDD to TDD substrates might have
changed both the surface-free energy and the ¢ potential of
dentin (Erickson, 1992) throughout the mineralization pro-
cess. Substrates (PDD and TDD) were characterized as
scarcely wettable, after demineralization. Once immersed in
CHX for 30 min, wettability significantly increased in both
etching procedures (Table 1) confirming the optimal incor-
poration or deposition of mineral into/on the collagen
fibrils, which made the apparent relative mineral concentra-
tion increase (Fig. 4).

When PDD was immersed in AS, CA values were
similar to those of the control. Clinically, saliva is readily
available to potentially remineralize. Calcium and phos-
phate of simulated saliva solutions can also influence dentin
remineralization (Hara et al., 2008). In the present study, no
phosphate-based component was included in the AS solu-
tion. The composition of this solution was previously
reported in MMPs-mediated collagen degradation studies
(Osorio et al., 2011a, 2011b). This lack of phosphate in our
study might have resulted in the absence of significance in
CA measurements performed on PDD samples, although
the role of phosphate ions in aiding nucleation of apatite on
a biological surface has been reported (Nicholson, 2002).
Additionally, Kawasaki et al. (1999) reported that the immo-
bilized phosphoproteins are thought to supply phosphate
for mineralization, being capable of modulating crystal
nucleation and growth, as well as binding to the collagenous
network (Baht et al., 2010). This residual phosphate
(960 cm™!) could be detected in Raman analysis (Fig. 2)
with a lower relative intensity than observed in UD samples
(Fig. 1). On the contrary, wettability significantly decreased
when TDD samples were immersed in AS. Remineralization
of dentin substrate may depend upon the quality and
quantity of the mineral and/or organic component remain-
ing in the structure (Clarkson et al., 1991). Raman analysis
(Fig. 5) showed both high crystallinity (narrow peak of the
phosphate band) and high apparent gradient of mineral
content (remarkable height of carbonate and phosphate
peaks related to the HA band).

Observing the Raman spectra of the N-H and C-N
peaks included in the 1,220-1,300 shift (Fig. 5), in junction
with PS (Fig. 6), ZnCl, (Fig. 7), and ZnO (Fig. 8) reflected a
change with respect to the position shown in UD (Fig. 1),
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PDD (Fig. 2), TDD (Fig. 3), and CHX (Fig. 4). This varia-
tion deserves further research.

Immersion of PDD samples in AS resulted in a signifi-
cant negative increase of { potential (—1.16). Immersing
TDD samples in AS resulted in a more negative value (—6.22)
(Table 2). Acidic noncollagenous proteins, as polyanionic
protein molecules, possess high calcium binding capacity
(Wallwork et al., 2002; Gu et al., 2010). The phosphorylated
collagen results in a highly negatively charged surface, repro-
ducing the assessed negative ¢ potential (Table 2) and acting
as a virtual sink for the binding of calcium (Linde et al.,
1989; Gu et al., 2010). Calcium ions present in the systems
probably interact in the adsorption process and further-
more act as ligands between negatively charged groups. The
adsorption of negatively charged molecules to dentin is based
on ion-exchange processes, and calcium ions play an impor-
tant role (Young et al., 1997). Electrostatic forces make possi-
ble the subsequent absorption of calcium ions onto the
surface of the phosphorylated collagen, which eventually
precipitate to form calcium phosphate clusters and grow
into apatite nuclei (Gu et al., 2010). Figure 5 shows a
well-defined peak of phosphate, demonstrating the precipi-
tation of these ions in a matrix where the organic content,
represented by phenylalanine and hydroxyproline, are pro-
portionally more augmented (Fig. 5). Hydroxyproline im-
parts stability and rigidity to the triple-helix coil within the
collagen molecule (Daood et al., 2013). TDD represents the
ideal substrate to test the remineralizing ability of the de-
mineralized collagen. Charge interactions become more pro-
nounced when hydrophobicity decreases (Young et al., 1997),
as CA significantly decreased after immersing the TDD
specimens in the different remineralization solutions. In
our study, the pH ranged from 6 to 6.24. It is well known
that, apart from the pH, both calcium and phosphate ions
play a major role in determining the ¢ potential. Calcium
ions make the ¢ potential more positive and phosphate ions
make it more negative (Young et al., 1997).

PDD specimens immersed in PS, showed the highest
values of wettability (Table 1) and positive ¢ potential
(Table 2). CAs increased and ¢ potential decreased, both
significantly, when dentin was completely demineralized
(TDD). The presence, the degree of saturation, and concen-
tration of phosphate are relevant factors that influence den-
tin remineralization (Hara et al., 2008). Mineral induction
by dentin collagen requires a minimum concentration of
phosphate ester on the collagen. Saito et al. (1998) indicated
that this value is greater than 2 mols per P/mol of collagen.
At this level of phosphorylation, 19 mol of Ca/mol of colla-
gen was found in the mineralizing medium. Around physio-
logical pH and ionic strength (Veis & Dorvee, 2013)
phosphate ions interact avidly with calcium ions. But, accord-
ing to the classical nucleation theory, at some critical concen-
tration of these ions their favorable interactions stabilize the
ion cluster (Veis & Dorvee, 2013). This increases the electro-
static equilibrium or ¢ potential (Table 2), which complies
with the thermodynamic performance of the crystalline phase
on the PDD surface. This is controlled by the magnitude of
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the energy barrier of cluster formation, thus including the
free energy of formation of a new surface (Veis & Dorvee,
2013). The { potential values were modulated by the degree
of dentin demineralization and the electrostatic interaction
attraction of the oppositely charged ions (mainly, calcium
and phosphate), and by the restrictions on the mobility of
the bound first-layer of water, which is different than the
stable layers of water (Veis & Dorvee, 2013).

Nucleation represents an activation energy barrier to
the formation of a solid phase from a supersaturated meta-
stable solution. In biological environments, the activation
energy for nucleation can be reduced by lowering of the
interfacial energy (Ito et al., 2012), which reproduces the CA
(Wege et al., 2003). The higher CA observed in TDD samples
may be explained by the lower content of remaining ions
characteristic of this substrate, after 12 h of demineralizing
process, as the more stable crystalline phase becomes more
favorable as more particles are added to the aggregate (Veis
& Dorvee, 2013) as in PDD samples. This scarce content of
remaining ions can be observed in Figure 3. High levels of
phosphate at physiological pH favored the nucleation of HA
precursors with lower calcium phosphate (Hara et al., 2008),
and even ACP (LeGeros et al., 1999), as observed in Figure 6.
This indicates a higher amount of consumed precursors as
the carbonate peak decreased. Our Raman spectra also show
a lower intensity of pyridinium peak, probably indicating
the presence of both a lower cross-linked collagen (Xu &
Wang, 2011) and a greater solid phase, as corroborated by
the high crystallinity pattern and the higher apparent rela-
tive mineral concentration that reflects the analysis. The am-
ide I and amide III shifts for cross-linked dentin specimens
were toward lower frequencies, denoting a declined cross-
linking of collagen that results after nucleation. Additionally,
the remineralizing potential was clearly measurable with
2 ppm sodium fluoride in the PS. This supports either the
theory of growth of residual mineral, or that fluoride acts as
a nucleating agent (Kawasaki et al., 1999; Ito et al., 2012).
The increase in fluoride concentration changed the mineral
saturation level favoring fluorapatite formation.

Immersion of demineralized dentin in both ZnCl, and
ZnO promoted a decrease in the CA values which was larger
in PDD samples. TDD resulted in the lowest wettable sub-
strate (Table 1). ZnO is an amphoteric oxide that has basic
properties. It is nearly insoluble in water and alcohol, but it
is soluble and degraded in acidic conditions. When placed
in dentin it preferentially demonstrates direct contact with
the demineralized dentin (Toledano et al., 2012b). Higher
solubility of ZnO when in contact with acid substrates, as in
some acidic noncollagenous proteins (dentin matrix pro-
teins), could also account for the effective release of zinc
ions (Toledano et al., 2012b). ZnCl, is highly acidic, soluble,
and hydrophilic. It rapidly diffuses throughout the sub-
strate, thereby over-demineralizing the underlying dentin
(Osorio et al., 2011b), probably producing an increase in
local ions available for further mineral growth. Immersion
of PDD specimens, not only in ZnCl, and ZnO, but in all
solutions, confirmed this effect as mineral crystallinity in-

creased. As shown by data plotted by the reduced full width
and extended height at half maximum of the phosphate
band at 960 cm™! (Figs. 7, 8). The more narrow the peak,
the more crystalline (Schwartz et al., 2012).

Zinc ions inhibit MMPs and reduce collagen degrada-
tion in demineralized dentin (Osorio et al., 2011c). Selectiv-
ity for a specific MMP may be a function of differences in
Zn/Ca ratios (McCall et al., 2000; Tezvergil-Mutluay et al.,
2010). Zinc promotes binding between collagen and other
oligomeric matrix proteins. Protein—protein interactions are
controlled by the presence of metallic cations and dictated
by zinc ions as the preferential ligand (Heinz et al., 2009).
Partial demineralization of a mineralized collagen matrix by
acids exposes the collagen scaffold to be remineralized, but
also activates the pro-forms of dentin MMPs. Effective
inhibitors of MMPs may protect the seed crystallite-sparse
collagen fibrils of the scaffold from degradation before they
can be re-mineralized (Liu et al., 2011). Zinc has a structural
role in proteins. In structural zinc sites, zinc ions mainly
stabilize tertiary structure of the protein. Four defined zinc-
binding sites have been found in collagen molecules at the
same locations as the collagenase cleavage sites (Rosenberg
et al., 1998). This stabilization was confirmed after studying
the shift of the molecular conformation from PDD (Fig. 2)
and after immersing this substrate into both Zn solutions
(Figs. 7, 8), quite similar to the spectra of UD (Fig. 1). The
appearance of a new peak in the amide III band, in junction
with AS (Fig. 5) and PS (Fig. 6) needs further research. As a
result, it seems that subtle conformational changes may
occur following zinc binding leading to the protection of
sensitive cleavage sites of metalloproteinases.

The high relative intensity of the peak corresponding to
the pyridinium ring, which appeared sharper and accentu-
ated, was associated with a nonreducible cross-linking
formation demonstrating that the first remineralization is
intra-fibrillar, due to the clear and well-defined spectra of
crystallinity (Fig. 7). This confirms that collagen is an active
scaffold for the formation of oriented crystalline HA inside
the fibrils (Colfen, 2010; Nudelman et al., 2010). Further-
more, hydroxyproline showed a noticeable band that corre-
sponds with the protective effect of Zn derivatives on stability
of the sub-fibrillar triple-helical structure of collagen (Car-
rilho et al., 2010; Fawzy et al., 2012), indicating tissue—
collagen concentration (Lamparter et al., 2002). Nevertheless,
the peak was relatively smooth indicating there was mineral
precipitation on the collagen web. Binding models exist that
predict the existence of a single binding site on a protein
molecule and indicate preferential high affinity for a specific
cationic species, whereas the existence of multiple binding
sites can accommodate different cations with different affin-
ities for the protein molecule (Heinz et al., 2009). Amino
acid side chains serving as zinc ligands in these structures
often create hydrogen bond contacts with other residues to
three-dimensionally orient the binding site configuration and
lower the entropy for binding of the metallic ion (McCall
et al., 2000). Zinc-bound water is a hydrogen bond donor
(McCall et al., 2000), and phosphoric acid-etched collagen



may act as a hydrogen bond acceptor. However, there is no
predilection of a particular binding model based on current
data; the data simply suggests that different divalent cations
have different affinity constants to collagen.

On the other hand, PDD attained the highest { poten-
tial values among solutions, in junction with PS, when Zn
compounds were used. TDD, when immersed in ZnO solu-
tion, showed an almost neutral value (0.06 mV) and ZnCl,
resulted in a negative value (X0.32 mV). Local variations in
the mass ratio between Ca®" and Zn** can alter the differen-
tial hydration free-energy of Zn*, as the latter is dependent
on its co-ordination geometry of zinc—water. We speculate
that zinc—water/protein interactions may have decreased the
hydration free-energy of Zn?* relative to the free energies of
other divalent cations such as calcium (Sakharov & Lim,
2005). This differential metallic ion-binding affinity hypoth-
esis is also indirectly supported by data available from other
proteins such as metallothioneins (Nations et al., 2008).

Present results may explain, in part, the high clinical
interest of engineering intervention in this early time point
of dentin remineralization. Analysis of the limited literature
available on dentin remineralization at 30 min of immers-
ing demineralized collagen in remineralizing solutions indi-
cates that further specific studies on the relationship between
the dentin micro-nanostructure and the physicochemical
properties of this treated substrate should be performed.
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