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Fluoride-releasing restorative materials are available for remineralization of enamel and root caries.
However, remineralization of dentin is more difficult than remineralization of enamel due to the paucity
of apatite seed crystallites along the lesion surface for heterogeneous crystal growth. Extracellular matrix
proteins play critical roles in controlling apatite nucleation/growth in collagenous tissues. This study
examined the remineralization efficacy of mineral trioxide aggregate (MTA) in phosphate-containing
simulated body fluid (SBF) by incorporating polyacrylic acid and sodium tripolyphosphate as biomimetic
analogs of matrix proteins for remineralizing caries-like dentin. Artificial caries-like dentin lesions incu-
bated in SBF were remineralized over a 6 week period using MTA alone or MTA containing biomimetic
analogs in the absence or presence of dentin adhesive application. Lesion depths and integrated mineral
loss were monitored with microcomputed tomography. The ultrastructure of baseline and remineralized
lesions was examined by transmission electron microscopy. Dentin remineralization was best achieved
using MTA containing biomimetic analogs regardless of whether an adhesive was applied; dentinal
tubules within the remineralized dentin were occluded by apatite. It is concluded that the version of
MTA employed in this study may be doped with biomimetic analogs for remineralization of unbonded
and bonded artificial caries-like lesions in the presence of SBF.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Minimally invasive treatment of deep dentin caries adjacent to
vital pulps has been used in attempts to preserve caries-affected
and even caries-infected dentin [1,2]. As caries is a dynamic pro-
cess caused by an imbalance between demineralization and remin-
eralization, fluoride-releasing restorative materials are used to
restore the imbalance [3,4]. Although fluoride is not considered a
common feature in naturally occurring biomineralization [5], its
beneficial effects on enamel remineralization cannot be overstated.
This applies especially to the improved dissolution resistance initi-
ated by epitaxial deposition of fluorapatite over remnant apatite
crystallites [6]. Nevertheless, remineralization of dentin with fluo-
ride is more difficult to achieve than remineralization of enamel
ia Inc. Published by Elsevier Ltd. A
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[7]. While there are numerous studies showing that dentin remin-
eralization is enhanced in the presence of fluoride [8,9], remineral-
ization was only observed on the surface of etched enamel, not on
the surface of etched dentin under the same remineralizing condi-
tions [10]. This may be attributed to the paucity of apatite seed
crystallites available for heterogeneous crystal growth [11].

Extracellular matrix proteins play critical roles in controlling
apatite nucleation and growth in collagenous tissues [12]. Poly-
carboxylic acid biomimetic analogs of matrix proteins participate
in recruitment of pre-nucleation clusters [13] to produce fluidic,
polymer-stabilized amorphous calcium phosphate nanoprecursors
[14]. These fluidic nanoprecursors infiltrate collagen fibrils and
transform into intrafibrillar apatite using the fibrils as biomineral-
ization templates [15]. Polyphosphates play an important role in
the biomineralization of apatite [16]. Using polyacrylic acid and so-
dium tripolyphosphate as dual biomimetic analogs of matrix pro-
teins, intrafibrillar apatite platelets were deposited in an ordered
manner within collagen fibrils [17,18]. These results suggest that
fluoride-free remineralization of the apatite-sparse surface of com-
pletely demineralized dentin may be achieved with biomimetic
ll rights reserved.
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analogs of matrix proteins to overcome the thermodynamic energy
barrier associated with homogeneous crystal nucleation [19].

Mineral trioxide aggregate (MTA) has found important applica-
tions in dentistry due to its biocompatibility and bioactive proper-
ties [20–22], among which is direct pulp capping [23]. The generic
label ‘‘MTA’’ has been adopted for the different versions of mineral
trioxide aggregate that are commercially available from different
countries of origin. As the calcium silicate-containing material
lacks phosphate, MTA becomes bioactive and produces apatite only
when it comes into contact with phosphate-containing fluids [24–
26]. Pulp-capping materials are often applied on caries-affected
dentin. As indirect and direct pulp capping involves contact of
restorative materials with phosphate-containing body fluids, cal-
cium silicate-containing materials may be potentially employed
for remineralization of dentinal caries in vital teeth. Although not
currently included in its repertoire of clinical applications [23], it
is envisaged that MTA may be modified for caries remineralization.
Biomimetic mineralization of caries-like lesions has recently been
reported with the use of Portland cement in the presence of poly-
acrylic acid and polyvinylphosphonic acid-containing simulated
body fluid (SBF) [27] or polyacrylic acid and sodium tripolyphos-
phate-containing SBF [28]. While these studies provide the proof-
of-concept that the procedure is an effective in vitro approach to
more optimal remineralization of the mineral-sparse surface of a
carious lesion, it is not possible to rely on dissolving biomimetic
analogs in body fluids in a clinical setting. This necessitates the
development of alternative approaches to translate the biomimetic
remineralization strategy into a clinical delivery system. Moreover,
Portland cement is not acceptable for clinical use due to its lack of
radiopacity or the inclusion of potentially cytotoxic mineral ele-
ments [29]. Thus, the purpose of the present study was to deter-
mine if biomimetic analogs may be incorporated in MTA, a
clinically acceptable, radiopaque Portland cement-based material
for remineralization of artificial caries-like dentin. Specifically, as
dentin remineralization with calcium phosphate resin cements is
adversely affected by dentin adhesive application [30], the effects
of dentin remineralization with biomimetic analogs-incorporated
MTA in the presence or absence of dentin bonding were evaluated.
The null hypothesis tested was that the dentin remineralization
efficacy of MTA in SBF is not affected by the incorporation of bio-
mimetic analogs or adhesive application.
Fig. 1. Schematics of the methods employed in microcomputed tomography of
artificial caries-like lesions. (A) Design of a specimen-specific positioning jig for
repeated scanning of an artificial caries-like lesion under water to prevent
dehydration during scanning. (B) Placement of a virtual line over the surface of a
stacked image derived from multiple virtual sections obtained from microcomput-
ed tomography for evaluation of the lesion depth and integrated mineral loss.
2. Materials and methods

2.1. Preparation of artificial dentin caries lesions

Forty non-carious human third molars were obtained under a
protocol approved by the Human Assurance Committee of the
Georgia Health Sciences University. A 1 mm thick disk devoid of
pulp exposure and remnant enamel over the surface of the exposed
occlusal dentin was prepared perpendicular to the longitudinal
axis of each tooth using a low-speed Isomet saw (Buehler, Lake
Bluff, IL) under water cooling. The surface for creating the caries-
like lesion was polished with 1200-grit silicon carbide paper to cre-
ate a smooth surface. The opposing surface, together with the en-
amel rim and 1 mm of peripheral dentin of the polished surface
(to serve as reference), was protected with varnish to limit the
areas available for demineralization. A 280 ± 20 lm thick layer of
partially demineralized dentin was created on the uncoated sur-
face by pH cycling [31]. The demineralizing solution consisted of
1.5 mM CaCl2, 0.9 mM KH2PO4, 50 mM acetic acid and 5 mM
NaN3 adjusted to pH 4.8. The remineralizing solution consisted of
1.5 mM CaCl2, 0.9 mM NaH2PO4, 0.13 M KCl and 5 mM NaN3 ad-
justed to pH 7.0 with HEPES buffer. Each specimen was immersed
in 10 ml of the demineralizing solution for 8 h followed by immer-
sion in 10 ml of the remineralizing solution for 16 h, with new
solutions used for each cycle. This procedure was performed for
14 days at ambient temperature.
2.2. Microcomputed tomography

After pH cycling, each disk was sectioned to create a 4 mm wide
slab containing the caries-like lesion. Each lesion was character-
ized non-destructively by microcomputed tomography using the
method reported by Liu et al. [27] to determine the lesion depth
and integrated mineral loss (DZ) across the entire 4 mm wide le-
sion. Briefly, the mineral profile of each artificial caries-like lesion
was scanned under water using a SkyScan 1174 scanner (Micro
Photonics, Allentown, PA, USA). A positioning jig was prepared
for each specimen from a sectioned pipette tip. Low-viscosity poly-
vinylsiloxane impression material was injected into a sectioned
pipette tip followed by insertion of a dentin slab to produce a slot-
ted mold in which the slab could be covered with water during
scanning (Fig. 1A). Precise fitting of the slab into the slotted mold
enabled it to be removed from the jig for mineralization and to
be reinserted into the same position for multiple microcomputed
tomography scans. A 1 mm thick aluminum filter was placed in
front of the detector to remove low-energy radiation from the
polychromatic X-ray source. Scanning was performed with a spa-
tial resolution of 6.28 lm. Projection images were collected at
50 kV and 800 lA using 360� rotation, with 3 s exposure time per
0.6� projection step. Signal-to-noise ratio was improved by averag-
ing of 30 frames. During the reconstruction phase using the NRec-
on software (Version 1.6.2), a 20% beam hardening correction was
employed to reduce ring artifacts. After image reconstruction, two-
dimensional (2-D) slices in the sagittal plane were acquired using
Data Viewer and saved in a 256 grayscale format. The same param-
eters were used when the same slab was re-scanned during subse-
quent months.

Sagittal virtual serial sections derived from each slab were used
to create a 2-D stacked image with CTAnalyzer. The stacked 2-D
image was imported into ImageJ (NIH, Bethesda, MD, USA) to pro-
duce an overall mineral profile within a standardized volume of
interest (VOI). A white vertical line was formed extending from
the radiopaque, non-demineralized part of the slab surface to the
radiolucent surface of the artificial carious lesion (Fig. 1B). This
virtual line served as the superimposition reference for mineral
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profiles obtained during different time periods and eliminated
streak artifacts that were created by a polychromatic X-ray source
when a high attenuation object is placed adjacent to the VOI [32]. A
rectangular area function was used to capture the grayscale atten-
uation value distribution across the sagittal plane of a selected area
within the stacked image. The VOI for all specimens consisted of a
4 mm long � 1 mm wide area within the sagittal plane. Length-
wise, the rectangular area commenced from 0.5 mm below the
non-demineralized slab surface and included only the artificial car-
ious lesion. Widthwise, the rectangular area extended from
0.2 mm external to the virtual reference line into the unaltered
mineralized tissue. The same scaling parameters were applied to
all stacked images that were subsequently obtained from each
specimen.

The length scale of the ordinate in the overall mineral profile
was expressed in micrometers. Mineral profiles were measured
from the lesion surface to the point where the relative mineral con-
tent was 95% of the underlying mineralized dentin base [33]. Gray-
scale attenuation values in the abscissa were expressed as the
relative mineral volume by normalizing the mineral density of
the unaltered dentin to 50 vol.% mineral density [34,35]. The lesion
depth (lm) and the integrated mineral loss (DZ) from the artificial
carious lesion (lm vol.%) were recorded as baseline data for evalu-
ating the remineralization efficacy.
2.3. Remineralization protocols

The caries-like lesions were distributed into four groups
(n = 10). Slab assignments were analyzed with one-way analysis
of variance (ANOVA) to ensure that there were no differences in
the baseline lesion depth and DZ values among the four groups.
An experimental pre-marketed version of white MTA (MTA Plus™,
Prevest Denpro, Jammu City, India) was used as the calcium and
hydroxyl ion-releasing source. This material has a finer particle
size than other commercially available versions (50% of the parti-
cles finer than 1 lm; C.M. Primus, unpublished results) and utilizes
a proprietary salt-free polymer gel in place of water as the mixing
vehicle to improve its washout resistance. The material was mixed
using a 3:1 powder-liquid ratio to achieve a putty-like consistency,
with a setting time of 1.2 h. The mixed material was placed into
4 � 8 � 2 mm silicone molds and allowed to set completely at
37 �C and 100% relative humidity before use.

To examine the effect of the first factor ‘‘protocol’’ on reminer-
alization efficacy, set MTA was used for two groups that were des-
ignated as ‘‘control’’. For the other two groups, designated as
‘‘biomimetic’’, the MTA was first mixed into a putty-like consis-
tency. A mixture of 3 wt.% polyacrylic acid powder (Mw = 1800;
Sigma–Aldrich, St. Louis, MO) and 8 wt.% sodium tripolyphosphate
powder (Mw = 367.8; Sigma–Aldrich) was used as biomimetic ana-
logs of dentin matrix proteins [18]. The powder was blended with
the mixed MTA and allowed to set under similar conditions.

To examine the effect of the second factor ‘‘adhesive applica-
tion’’ on remineralization efficacy, two groups were designated as
‘‘no adhesive’’, with the caries-like lesions remineralized as pre-
pared. For both the adhesive experimental group and its corre-
sponding control group, two coats of an acetone-based unfilled
adhesive (One-Step, Bisco Inc., Schaumburg, IL) were liberally ap-
plied to the artificial dentinal carious lesion, then light-polymer-
ized for 20 s. As the lesions were already partially demineralized,
no additional phosphoric acid etchant was employed prior to the
application of the two-step etch-and-rinse adhesive. Thus, evalua-
tion of the combined effects of ‘‘protocol’’ and ‘‘adhesive applica-
tion’’ resulted in an experimental design with four groups: (1)
control–adhesive, (2) control–no adhesive, (3) biomimetic–adhe-
sive and (4) biomimetic–no adhesive.
2.4. Remineralization of caries-like lesions

SBF (pH adjusted to 7.4) was prepared as the phosphate source
by dissolving 136.8 mM NaCl, 4.2 mM NaHCO3, 3.0 mM KCl,
1.0 mM K2HPO4�3H2O, 1.5 mM MgCl2�6H2O, 2.5 mM CaCl2 and
0.5 mM Na2SO4 in deionized water and adding 3.08 mM sodium
azide to prevent bacterial growth. For each caries-like lesion, the
set MTA block prepared for the designated group was placed on
the lesion surface to simulate placement of a capping material over
an unbonded or bonded lesion. Each dentin slab was placed inside
a glass scintillation vial with the surface of the partially deminer-
alized slab in contact with a set MTA block. The vial was filled with
10 ml of SBF and incubated at 37 �C, with changes in the SBF every
2 days. Each dentin slab was retrieved at designated time intervals
(2, 4 and 6 weeks), inserted in the positioning jig prepared specif-
ically for that specimen and scanned under water to prevent dehy-
dration shrinkage. After scanning, the dentin slab was returned to
the corresponding vial to continue remineralization.
2.5. Statistical analyses

Remineralization data obtained after 6 weeks were analyzed for
their normality (Shapiro–Wilk test) and equal variance (Levene
test) assumptions to determine the feasibility of using parametric
statistical methods. Accordingly, two-way ANOVA and Holm–Sidak
multiple comparisons were employed to examine the effects of
‘‘protocol’’ and ‘‘adhesive application’’, and the interaction of these
two factors, on lesion depth reduction. The overall remineralization
efficacy ((DZbaseline � DZ6 weeks)/DZbaseline � 100%) was analyzed
with Kruskal–Wallis ANOVA and Dunn’s multiple comparisons.
Statistical significance for all procedures was preset at a = 0.05.
2.6. Transmission electron microscopy (TEM)

After 6 weeks of remineralization, four representative speci-
mens from each group were fixed in Karnovsky’s fixative, post-
fixed with 1% osmium tetroxide, dehydrated in an ascending etha-
nol series (30–100%), transitioned through propylene oxide and
embedded in epoxy resin. Baseline lesions were similarly prepared.
Thick sections (180–200 nm) of the caries-like lesion including the
mineralized dentin base were prepared without additional demin-
eralization and examined unstained for evaluating the overall ef-
fect of remineralization. Resin blocks were then trimmed for thin
section preparation (90 nm). Examination was performed using a
JEM-1230 transmission electron microscope (JEOL, Tokyo, Japan)
at 110 kV. Selected area electron diffraction was used for charac-
terization of the remineralized mineral phase.
3. Results

There were no significant differences (p > 0.05) in the baseline
mineral profiles (designated by ‘‘a’’) among the four groups (Table
1). For lesion depth, remineralization was significantly affected by
‘‘protocol’’ (p < 0.001) and ‘‘adhesive application’’ (p < 0.001); the
interaction of those two factors was not significant (p = 0.489).
Reduction in lesion depths followed the order: biomimetic–no
adhesive ‘‘e’’ > biomimetic–adhesive ‘‘d’’ > control–no adhesive
‘‘c’’ > control–adhesive ‘‘b’’. Statistical analysis showed that the
overall remineralization efficacies of the control groups ‘‘b’’ and
‘‘c’’ were not significantly different but were significantly lower
(p < 0.05) than the biomimetic groups ‘‘d’’ and ‘‘e’’, which, in turn,
were not significantly different from each other. Representative
mineral profiles of baseline and remineralized lesions at 6 weeks
are shown in Fig. 2A. Changes in mineral profiles over the 6 week



Table 1
Changes in lesion depth and integrated mineral loss (DZ) from partially demineralized artificial caries-like lesions following remineralization with MTA in the presence or absence
of biomimetic analogs.

Parameter Time
period

‘‘b’’ Control�–adhesive
(n = 10)

‘‘c’’ Control�–no adhesive
(n = 10)

‘‘d’’ Biomimetic�–adhesive
(n = 10)

‘‘e’’ Biomimetic�–no adhesive
(n = 10)

Lesion depth
(lm)

‘‘a’’
Baseline*

286.0 ± 16.6x 279.1 ± 7.3x 280.4 ± 14.0x 288.5 ± 17.8x

2 weeks 272.2 ± 7.7 250.7 ± 16.2 165.1 ± 16.5 146.1 ± 10.2
4 weeks 253.9 ± 32.0 237.5 ± 20.8 143.0 ± 14.6 75.6 ± 14.6
6 weeks** 231.8 ± 36.7A,1 206.0 ± 10.7A,2 106.5 ± 14.1B,1 69.5 ± 30.1B,2

DZ (lm vol.%) ‘‘a’’
Baseline*

4923.5 ± 283.8Y 4908.2 ± 130.0Y 4943.3 ± 220.0Y 4732.4 ± 240.3Y

2 weeks 4647.4 ± 347.9 4526.4 ± 400.9 2565.0 ± 146.7 1631.1 ± 224.9
4 weeks 4555.5 ± 399.6 3779.6 ± 220.2 808.6 ± 138.2 358.7 ± 124.9
6 weeks 4354.7 ± 303.4 3563.7 ± 328.0 554.5 ± 164.8 213.4 ± 177.7

Remineralization efficacy at
6 weeks***

11.9 ± 7.2a 27.3 ± 7.4a 88.7 ± 3.5b 98.5 ± 0.6b

‘‘a’’, ‘‘b’’, ‘‘c’’, ‘‘d’’ and ‘‘e’’ correspond to the designations adopted for Figs. 2–4. Values are means ± standard deviations.
� Control: remineralization with MTA only in SBF.
� Biomimetic: remineralization with biomimetic analogs-containing MTA in SBF.
* For each parameter (lesion depth or DZ), values with the same upper letter superscript are not statistically significant (p > 0.05).
** The first letter superscript represents ‘‘control’’ vs. ‘‘biomimetic’’ remineralization; values with different superscript letters are statistically significant (p < 0.05). The
second numeral superscript represents ‘‘adhesive’’ vs. ‘‘no adhesive’’. Values with different numerical superscripts are statistically significant (p < 0.05).
*** Remineralization efficacy = ((DZbaseline � DZ6 weeks)/DZbaseline � 100%), where DZ represents the integrated mineral loss from the artificial caries-like dentin. Values with
different lower letter superscripts are statistically significant (p < 0.05).

Fig. 2. (A) Representative examples of the mineral profiles of the baseline artificial
caries-like lesion ‘‘a’’ and the four remineralized groups after 6 weeks ‘‘b–e’’. Lesion
depth and integrated mineral loss (DZ) are illustrated for ‘‘e’’. Apart from being the
most highly mineralized, ‘‘e’’ is different in that the surface of the lesion was more
heavily remineralized than the subsurface due to occlusion of the dentinal tubules
with mineral plugs (see Fig. 4E and F). (B) Changes in mineral profile from a
representative specimen in the biomimetic–no adhesive group ‘‘e’’ over a 6 week
remineralization period.
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period are illustrated by a representative specimen from the bio-
mimetic–no adhesive group ‘‘e’’ (Fig. 2B).

Representative images from unstained thick sections of baseline
and remineralized lesions are shown in Fig. 3. Fig. 3a represents a
baseline artificial caries-like lesion with an approximately 300 lm
thick zone of partially demineralized dentin that exhibited a gradi-
ent of increasing mineral density from the lesion surface to the
base of the lesion. Fig. 3b represents the results of remineralization
of an adhesive-bonded lesion for 6 weeks in the absence of biomi-
metic analogs (control–adhesive). There was little change in the
electron density of the lesion compared with the baseline, non-
remineralized lesion. Fig. 3c represents remineralization of an unb-
onded lesion for 6 weeks in the absence of biomimetic analogs
(control–no adhesive). Although there was an overall increase in
the mineral density of the subsurface part of the lesion, the lesion
surface remained poorly remineralized. Fig. 3d represents reminer-
alization of an adhesive-bonded lesion for 6 weeks in the presence
of mixed-in biomimetic analogs in the MTA (biomimetic–adhe-
sive). An increase in electron density of the surface part of the le-
sion can be seen, compared to the ‘‘control–adhesive’’ lesion in
Fig. 3b. The lack of complete remineralization of the surface part
of the lesion was due to filling of the interfibrillar spaces of that
part of the partially demineralized collagen matrix with polymer-
ized adhesive resin. Fig. 3e represents remineralization of an unb-
onded lesion for 6 weeks in the presence of mixed-in biomimetic
analogs in the MTA (biomimetic–no adhesive). The overall electron
density of the remineralized lesion was not visibly different from
that of the underlying dentin base.

Unstained thin section images of the surface of a baseline lesion
(Fig. 4A) and a lesion from the control–adhesive group ‘‘b’’ (Fig. 4B)
showed sparsely distributed minerals in the intertubular dentin
and dentinal tubules devoid of peritubular dentin. Surface remin-
eralization was better achieved in the control–no adhesive group
‘‘c’’ (Fig. 4C) in the form of needle-shaped crystallites (Fig. 5A).
Much denser surface remineralization was observed in the biomi-
metic–adhesive group ‘‘d’’, with dentinal tubules containing little
intratubular mineral deposits (Fig. 4D). Heavy remineralization of
the intertubular dentin was similarly seen in the biomimetic–no
adhesive group ‘‘e’’ (Fig. 4E). Dentinal tubules along the top 30–
40 lm of the lesion were occluded by apatite deposits (Fig. 4F).
Electron-dense mineral platelets could be identified from the
biomimetically remineralized lesion (Fig. 5B). Tubular occlusion
was confirmed from all specimens derived from this group. Vol-
ume renderings of a baseline lesion and a lesion remineralized



Fig. 3. TEM images of thick unstained sections prepared from representative examples of: ‘‘a’’ a baseline artificial caries-like lesion before remineralization; ‘‘b’’ an adhesive-
bonded lesion remineralized in MTA Plus™ and SBF (control–adhesive) after 6 weeks; ‘‘c’’ control remineralization of an unbonded lesion after 6 weeks (control–no adhesive);
‘‘d’’ an adhesive-bonded lesion remineralized in MTA Plus™ containing mixed-in biomimetic analogs and SBF (biomimetic–adhesive) after 6 weeks; ‘‘e’’ biomimetic
remineralization of an unbonded lesion after 6 weeks (biomimetic–no adhesive). The tear in the section was caused by incomplete epoxy resin infiltration.

Fig. 4. TEM images prepared from unstained thin sections of representative examples remineralized for 6 weeks illustrating the extent of remineralization along the lesion
surface. The lowercase letter at the top of each image corresponds to the group designation in Figs. 2 and 3. D: intertubular dentin; T: dentinal tubules from the surface of the
artificial caries-like lesion were devoid of peritubular dentin; A: dentin adhesive; E: epoxy resin. For the biomimetic–no adhesive group ‘‘e’’ (E), dentinal tubules within the
surface 50 lm of the remineralized lesion were occluded by minerals. Higher magnification of the region demarcated by the white box (F) shows heavy occlusion of dentinal
tubules (arrows) by apatite deposits, as indicated by selected area electron diffraction (inset).
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with the biomimetic–no adhesive protocol are illustrated as Quick-
time movies in the Appendix I.
4. Discussion

The results warrant rejection of the null hypothesis that the
dentin remineralization efficacy of MTA in SBF is not affected by
the incorporation of biomimetic analogs or adhesive application.
In the present study, unset MTA was not applied directly over
the caries-like lesions for three reasons: (i) the block could be re-
moved prior to microcomputed tomography scanning to prevent
generation of streak artifacts by highly radiopaque materials; (ii)
the procedure prevented tearing of non-remineralized collagen
matrices during ultramicrotomy as the diamond knife cut through
the MTA particles into the caries-like lesion; and (iii) it prevented
any tubular occlusion by MTA particles that could have blocked
subsequent observation of calcium phosphate deposits within the
tubular orifices by TEM.

We did not measure mineral content by transverse microradi-
ography [36] as MTA fractured from the dentin during the prepara-
tion of the thin slices. The method was also unsuitable for repeated
measurements. However, we adopted the procedure employed in
transverse microradiography by normalizing grayscale attenuation
values derived from microcomputed tomography to the mineral
density of unaltered dentin. As the attenuation values were not
converted into ‘‘exact’’ mineral densities based on phantom
calibrations [37,38], the data in the present study only represent
relative mineral volumes.

Although microcomputed tomography was employed in the
present study, it must be pointed out that other non-destructive
evaluation techniques are also available. Quantitative



Fig. 5. High magnification unstained TEM images of crystallites present from the lesion surface remineralized for 6 weeks from (A) control remineralization groups
(bar = 200 nm). The asterisk in Fig. 4C represents the location from which this image was taken. (B) Biomimetic remineralization groups (bar = 200 nm). The asterisk in Fig. 4F
represents the location from which this image was taken.
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light-induced fluorescence [39] and terahertz pulsed imaging [40],
while useful for detecting incipient enamel caries, have not been
optimally developed for evaluating carious dentin lesions.
Polarization-sensitive optical coherence tomography (PS-OCT) is
a promising non-destructive technique based on integrated
reflectivity measurements [41]. Nevertheless, the axial resolution
in PS-OCT is 16 lm in dentin compared with the 6.28 lm resolu-
tion obtained with the present scanner. In vitro PS-OCT evaluation
of demineralized dentin also requires compensation for dehydra-
tion shrinkage that alters reflectivity readings [42]. By contrast,
compensation is not required in the present study because the
scanning of the partially demineralized dentin slabs was
performed under water (Fig. 1A).

The overall improved remineralization efficacy associated with
the biomimetic remineralization protocol may be partially attrib-
uted to the release of biomimetic analogs from set MTA. Although
there is no reported method for spectrophotometric determination
of the release of the polycarboxylic acid analog, there was a contin-
uous release of the sodium tripolyphosphate analog from the set
MTA blocks during the 6 week period, as determined by spectro-
photometric estimation of the phosphate content with an ammo-
nium molybdate assay based on analysis of the colored
phosphomolybdate complex at 820 nm [43] (Appendix II). Accord-
ing to the non-classical crystallization theory [44], polycarboxylic
acid analogs are capable of stabilizing amorphous calcium phos-
phates (ACPs) as liquid-like nanoprecursors [14], enabling them
to self-assemble within the gap zones of collagen molecules and
transform into apatite crystallites. The original intention of incor-
porating polyphosphate as the second biomimetic analog was
based on our previous results that inclusion of phosphoprotein
analogs in a biomineralization medium produced the ordered
arrangement of intrafibrillar apatite platelets [17]. Nevertheless,
release of polyphosphate from set MTA may also contribute to
the improved remineralization efficacy in the biomimetic groups,
which has to be confirmed in future studies. Inclusion of polyphos-
phate in the MTA may serve as a supplementary phosphate source
when its availability is compromised beneath a restoration in non-
vital teeth. Ongoing work is being carried out by incorporating tri-
calcium phosphate nanoparticulate powder in the mixed MTA for
enhanced release of phosphate so that the biomimetic reminerali-
zation delivery system may be used in non-vital teeth. Pretreat-
ment of the dentin lesions with a phosphate-containing solution
or gel would be another option.

In the present study, no significant differences between the
‘‘adhesive’’ and ‘‘no adhesive’’ groups were apparent when their
overall remineralization efficacies were analyzed using nonpara-
metric statistical methods. We speculate that this may be caused
by the small dimensions of calcium phosphate nucleation clusters.
[13] As the CaP pre-nucleation clusters are �1 nm in diameter,
which is the approximate size of a Posner cluster (smallest struc-
tural unit of ACP), they can readily infiltrate the hydrophilic do-
mains [45] or water channels [46] present within a polymerized
hydrophilic adhesive.

It is pertinent to highlight that the remineralization kinetics ob-
served in the present study (6 weeks) is faster than those reported
in previous proof-of-concept studies when the biomimetic analogs
were dissolved in SBF (3 months) [27]. This may be attributed to
the close proximity of the biomimetic analogs with the artificial
caries-like lesions. Moreover, degradation of the demineralized
collagen matrices from the surface of the remineralized artificial
caries-like lesions by endogenous matrix metalloproteinases pres-
ent in dentin [28] was not observed in the present study as a result
of the improved remineralization kinetics. This phenomenon has
previously been observed using the proof-on-concept biomimetic
remineralization strategy [47] and mimics the tubular occlusion
observed in carious dentin [48]. As the experimental protocol in-
volved placement of set MTA over the dentin lesion, such a phe-
nomenon could not have been caused by the introduction of fine
MTA particles into the dentinal tubules but represents genuine
intratubular apatite deposits. Although tubular occlusion may
hamper complete remineralization of the lesion surface, it is bene-
ficial in reducing dentin hypersensitivity when the technique is
used on actively progressing caries wherein the dentinal tubules
are not completely occluded by whitlockite deposits.

It is of clinical relevance to examine if the MTA-based biomi-
metic remineralization protocol is applicable to genuine dentin
carious lesions. These lesions should be more difficult to reminer-
alize due to their variability in lesion depths and degrees of tubular
occlusion [49]. Moreover, unlike artificial caries-like lesions,
demineralization in genuine caries-affected dentin is often mani-
fested as sporadic islands of demineralization instead of a contin-
uous demineralization gradient from the lesion surface to the
lesion base [50]. Further work should also be performed to address
whether the mechanical properties of MTA are affected by the
incorporation of biomimetic analogs, and to identify the most opti-
mal means for delivery of these components to improve the kinet-
ics of dentin remineralization.
5. Conclusion

Within the limits of the present study, it is concluded that the
present version of MTA may be doped with biomimetic analogs
for remineralization of unbonded and adhesive-bonded artificial
caries-like lesions in the presence of SBF. Incorporation of biomi-
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metic analogs in modified MTA provides a potential delivery sys-
tem for realization of the goal of biomimetic remineralization of
dentin and widens the scope of MTA applications in dentistry.
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