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AbstrAct
Remineralization of demineralized dentin lesions 
adjacent to glass-ionomer cements (GICs) has 
been reported in the literature. This study tested 
the hypothesis that a strontium-based GIC can 
remineralize completely demineralized dentin by 
nucleation of new apatite crystallites within an 
apatite-free dentin matrix. Human dentin speci-
mens were acid-etched, bonded with Fuji IXGP, and 
immersed in a calcium-and-phosphate-containing 
1.5X simulated body fluid (SBF) for 1-4 months. 
Polyacrylic acid and polyvinylphosphonic acid 
biomimetic analogs were added to the SBFs to cre-
ate 2 additional remineralization media. Specimens 
were processed by transmission electron micros-
copy (TEM). No apatite deposition could be iden-
tified in the completely demineralized dentin in 
any of the specimens immersed in the 3 remineral-
ization media, despite TEM/EDX evidence of dif-
fusion of ions specific to the strontium-based GIC 
into the demineralized dentin. The hypothesis was 
rejected; mineral concentration alone is not a suf-
ficient endpoint for assessing the success of con-
temporary remineralization strategies.

KEY WOrDs: glass-ionomer cement, demineral-
ized dentin, remineralization, apatite, ion diffusion.

INtrODUctION

Glass-ionomer cements (GICs) have been widely used in restorative 
dentistry (Mount, 1998), due to their self-adhesive and fluoride-releas-

ing properties (Naasan and Watson, 1998). Indirect evidence of the ability 
of GICs to remineralize artificial caries lesions was based on the results of 
microradiography and micro-computed tomography (Creanor et al., 1998; 
Exterkate et al., 2005; Lee et al., 2008). The use of energy-dispersive x-ray 
microanalysis (EDS) (Massara et al., 2002) and electron probe microanaly-
sis (EPMS) (Kitasako et al., 2003; Ab-Ghani et al., 2007) further revealed 
changes in mineral profiles of specific elements across the GIC-tooth inter-
face. Despite evidence of ion exchange between GICs and dentin at a chemi-
cal level (Coutinho et al., 2007), there is no direct ultrastructural evidence of 
interfibrillar or intrafibrillar remineralization of the demineralized collagen 
matrix. Intrafibrillar remineralization, in particular, is crucial for restoring the 
mechanical properties of partially mineralized dentin to those of mineralized 
dentin (Kinney et al., 2003).

A recent report presented a successful strategy for in situ remineralization of 
phosphoric-acid-etched dentin in the presence of biomimetic analogs (Tay and 
Pashley, 2008). In that study, transmission electron microscopy (TEM) and elec-
tron diffraction were used to establish definitive evidence of interfibrillar and 
intrafibrillar apatite deposition within the collagen fibrils of the demineralized 
dentin matrix. These ultrastructural techniques were indispensible in discriminat-
ing the dimensions and ordered arrangement of apatite platelets in mineralized 
tissues (Traub et al., 1989). Incorporation of biomimetic analogs of non-collage-
nous proteins into the remineralization medium helped to stabilize amorphous 
calcium phosphate precursors in their nanoscale dimensions (Zhang and Webster, 
2009). The analogs further served as templates that guided the self-assembly of 
the stabilized nanoprecursors along specific sites of the collagen fibrils (Gajjeraman 
et al., 2007), their subsequent transformation into nanoapatites, and fusion into 
conventional apatite crystallites. These phenomena were thought to proceed via 
the non-classic crystallization pathways of “bottom-up” nanoparticle assembly 
and mesocrystalline transformation (Niederberger and Cölfen, 2006).

Fuji IXGP (GC International, Tokyo, Japan) is a strontium-based GIC devel-
oped for the Atraumatic Restorative Treatment of carious dentin (Massara et al., 
2002; Amaral et al., 2006). It has been demonstrated that ions specific to Fuji
IXGP penetrated deeply into caries-affected dentin (Ngo et al., 2006). Those 
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authors considered the presence of strontium and aluminum ions in 
the demineralized dentin matrix as evidence of a remineralization 
process. In this study, we challenged the ability of Fuji IXGP to 
remineralize completely demineralized dentin at an ultrastructural 
level by testing the hypothesis that the strontium-based GIC can 
successfully remineralize completely demineralized dentin by 
nucleation of new apatite crystallites within an apatite-free dentin 
matrix.

MAtErIALs & MEtHODs

specimen Preparation

Twenty-one non-carious human third molars were collected after 
donors’ informed consents were obtained under a protocol approved 
by the Human Assurance Committee of the Medical College of 
Georgia. For each tooth, a flat surface was created in mid-coronal 
dentin by means of a slow-speed Isomet diamond saw (Buehler 
Ltd, Lake Bluff, IL, USA) under water cooling. The surface was 
polished with 600-grit silicon carbide paper under running water. A 
second parallel cut was made at the cemento-enamel junction to 
create a dentin block that was devoid of pulpal tissues.

Placement of GIc

Each coronal dentin surface was etched with 32% phosphoric 
acid gel (Bisco Inc., Schaumburg, IL, USA) for 1 min to create 
a completely demineralized dentin layer on top of a mineralized 
dentin base. The etched surface was rinsed with de-ionized 
water and covered with moistened lint-free tissues to prevent 
desiccation of the demineralized collagen matrix.

Fuji IXGP capsules were triturated for 10 sec and dispensed over 
the acid-etched dentin to produce 5-mm-thick cores, resulting in 16 
GIC-bonded specimens. After initial setting, the exposed GICs 
were coated with nail varnish, leaving only the dentinal tubules 
along the pulpal side of the dentin blocks as pathways of commu-
nication between the remineralization media and the bonded dentin 
(Czarnecka et al., 2002). After storage at 37°C and 100% relative 
humidity for 24 hrs, the bonded specimens were immersed in the 
designated remineralization medium. One of the Fuji IXGP speci-
mens was not immersed in any of the 3 remineralization media, but 
was analyzed as a 24-hour baseline specimen.

remineralization Media

We prepared a 1.5X simulated body fluid (SBF; Kokubo and 
Takadama, 2006) by dissolving 205.2 mM NaCl, 6.3 mM NaHCO3, 
4.5 mM KCl, 1.5 mM K2HPO4·3H2O, 2.25 mM MgCl2·6H2O, 3.75 
mM CaCl2, and 0.75 mM Na2SO4 in de-ionized water and adding 
3.08 mM sodium azide to prevent bacterial growth. This 1.5X SBF 
served as the classic remineralization medium, which contained no 
biomimetic analog. Two additional biomimetic remineralization 
media were prepared. For the first medium, 200-800 µg/mL of 
polyvinylphosphonic acid (PVPA; Sigma-Aldrich, St. Louis, MO, 
USA) was added to the 1.5X SBF as the sole biomimetic analog. 
Polyacrylic acid (PAA), being a component of the GIC liquid, was 
not used in this medium. For the other medium, the 1.5X SBF was 
supplemented with 200-800 µg/mL of PVPA and 200-1,500 µg/mL 

of PAA (MW 1,800; Sigma-Aldrich) as dual biomimetic analogs. 
All solutions were buffered to pH 7.2 with 0.1 M Tris Base or 0.1 
M HCl.

remineralization of GIc-bonded Dentin

The GIC-bonded dentin specimens were randomly divided into 3 
groups (N = 5) according to the remineralization medium. Each 
specimen was placed in a glass scintillation vial that was filled with 
15 mL of the respective medium. The medium was changed every 
mo. Specimens were retrieved after 1-4 mos for ultrastructural 
examination of the extent of remineralization. Each specimen was 
sectioned occluso-gingivally into a 0.9-mm-thick slab containing 
the GIC-dentin interface after 1, 2, 3, or 4 mos. The exposed GIC-
dentin interface of the intact specimen was protected with nail 
varnish after being sectioned. The assembly was returned to the vial 
for continuous remineralization prior to being re-sectioned at the 
second, third, and fourth mos.

Portland cement-based biomimetic  
remineralization control

The remaining 5 teeth were subjected to a biomimetic remineraliza-
tion scheme that was slightly modified from the one reported previ-
ously (Tay and Pashley, 2008). Briefly, white Portland cement was 
mixed at a water-to-powder ratio of 0.35:1, and placed on top of an 
unetched dentin disk with a piece of Saran wrap placed between the 
dentin surface and the cement to obtain an impression of the dentin 
disk. After the mixture set, the Saran wrap was removed. The dentin 
surface was etched with 32% phosphoric acid for 60 sec. The set 
cement block was placed over the acid-etched dentin, and the 
assembly was immersed in 15 mL of the aforementioned second 
biomimetic remineralization medium (1.5X SBF with dual bio-
mimetic analogs PAA and PVPA). Monthly sectioning of the 
specimen slabs followed the manner described for the GIC speci-
mens, with the exception that the Portland cement-dentin assem-
blies were stabilized with sewing threads prior to being sectioned. 
The exposed interfaces were protected with varnish.

transmission Electron Microscopy

The specimen slabs were prepared for TEM according to a previ-
ously reported protocol (Tay and Pashley, 2008). Briefly, the speci-
mens were dehydrated in ethanol (70-100%), immersed in propylene 
oxide, and embedded in epoxy resin. Non-demineralized, 90- to 
110-nm-thick sections were prepared and examined unstained in a 
JEM-1230 TEM (JEOL, Tokyo, Japan) operated at 110 kV. Selected 
area electron diffractions (SAEDs) were performed at specific loca-
tions of the TEM sections, with centered dark-field imaging.

Elemental Distribution

Representative 4-month-old specimens from the 3 GIC reminer-
alization groups were examined by TEM-EDS in a Tecnai 
G2-20 TEM equipped with a scanning transmission attachment 
(FEI Co., Hillsboro, OR, USA). Line scans were performed for 
the distribution of calcium, phosphorus, strontium, aluminum, 
and fluorine across the GIC-dentin interfaces.
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characteristics and the 
rope-like subfibrillar archi-
tecture of the collagen fibrils 
(Figs. 2A, 2D). Although 
interfibrillar spaces and the 
terminal branches of den-
tinal tubules were highlighted 
by an apparent negative stain-
ing effect (Figs. 2C, 2E), 
intrafibrillar and interfibril-
lar mineral crystallites were 
absent throughout the colla-
gen matrix.

Elemental distributions 
across the GIC-dentin inter-
face from a representative 
specimen that had been 
immersed in 1.5X SBF for 4 
mos are shown in Fig. 3. Fuji 
IXGP-specific elements (alu-
minum and strontium) and 
fluorine were present in the 
demineralized dentin layer. 
These elements had intensity 
levels similar to or slight 
lower than those present in 
the GIC material. Compared 
with mineralized dentin, cal-
cium and phosphorus inten-
sity levels were lower in the 
demineralized dentin layer. 
Similar results were seen in 
specimens retrieved from the 
other 2 remineralization 
media (not shown).

For the Portland cement 
control, specimens that were 
immersed in PAA- and 
PVPA-containing remineral-
ization medium exhibited 

foci of remineralization within the demineralized dentin matrix 
at 2 mos (Fig. 4A). Coalescence of these foci resulted in heavier, 
but incomplete, remineralization along the entire thickness of 
the matrix at 3 (Fig. 4C) and 4 mos (Fig. 4D). There was clear 
evidence of intrafibrillar remineralization within the collagen 
fibrils (Figs. 4B,4E).

DIscUssION

In the present study, we used a model consisting of an 8- to 12-µm-
thick layer of completely demineralized dentin to evaluate the sta-
tus of remineralization. This model is different from the more 
conventionally used artificial caries model that consists of 200- to 
300-µm-thick layers of partially demineralized dentin (ten Cate, 
2001). Both models have inherent flaws, in that they do not simu-
late the tubular occlusion characteristics of caries-affected dentin 
(Zavgorodniy et al., 2008). From a thickness perspective, the

rEsULts

The baseline specimen revealed an 8- to 12-µm-thick layer of com-
pletely demineralized dentin created by 60 sec of phosphoric-acid-
etching. The GIC adapted well to the apatite-depleted dentin 
surface (Fig. 1A). Apatite re-deposition was not apparent within the 
demineralized dentin matrices of any of the 1- to 4-month-old GIC-
restored specimens, regardless of their medium type and immersion 
times. Nevertheless, a zone of electron-dense grains (Ed) containing 
demineralized dentin was identified adjacent to the mineralized den-
tin base after the specimens were immersed in the 3 remineralization 
media (Figs. 1B-1D, 2B). Diffuse SAED patterns derived from the 
Ed-containing demineralized dentin (Fig. 1E) indicated the absence 
of crystalline phases within these regions. By contrast, SAED ring 
patterns collected from the mineralized dentin base were character-
istic of polycrystalline apatite (Fig. 1F).

Higher-magnification views of the unstained, Ed- 
containing demineralized dentin revealed excellent banding 

Figure 1. Transmission electron micrographs (TEMs) and selected area electron diffraction (SAED) taken 
from unstained, non-demineralized sections of glass-ionomer cement (GIC)-dentin interfaces. (A) A 24-hour 
baseline specimen that had not been immersed in any of the 3 remineralization media. A layer of apatite-
depleted, completely demineralized dentin was produced by 60 sec of phosphoric-acid-etching. Desiccation 
artifacts could be seen within the GIC. (B) Low-magnification view of a representative specimen that had 
been immersed in a simulated body fluid (SBF) devoid of biomimetic analogs for 4 mos. The GIC formed 
tags (pointer) within the dentinal tubules. A zone of demineralized dentin containing electron-dense grains 
(Ed) was seen above the mineralized dentin base (asterisk). (C) A representative specimen that had been 
immersed in a polyvinylphosphonic acid (PVPA)-containing SBF for 4 mos. A basal Ed zone (asterisk) could 
be seen adjacent to the mineralized dentin base. (D) A representative specimen that had been immersed in 
a polyacrylic acid- and PVPA-containing SBF for 4 mos. The epoxy-resin-embedded GIC dislodged during 
sectioning, leaving a space (S) on top of the GIC remnants. Sectioning artifacts could be observed within the 
GIC glass particles. The Ed appeared diffuse throughout the demineralized dentin, although they were more 
concentrated around the periphery of dentinal tubules (asterisk). (E) A SAED pattern that is representative of 
the Ed-containing demineralized dentin. The diffuse electron diffraction pattern was indicative of the absence 
of crystalline phases within the demineralized dentin. (F) SAED collected from the mineralized dentin base 
revealed discrete rings indicative of the polycrystalline nature of the mineral phases. The indices confirmed 
the presence of apatites within the naturally mineralized dentin. Generic abbreviations: Ep, epoxy resin; G, 
GIC; Dd, demineralized dentin; Md, mineralized dentin.
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former model is less taxing, in 
that one is unlikely to be able to 
remineralize a thick caries lesion 
if one could not even remineral-
ize a demineralized dentin layer 
that is 1/20-1/30 its thickness. 
The former model is more chal-
lenging from a thermodynamic 
perspective, since it would have 
been easier to remineralize par-
tially demineralized dentin that 
contains remnant apatite seed 
crystallites (Liu et al., 1997) for 
epitaxial growth (i.e., heteroge-
neous nucleation). Conversely, 
remineralization of a completely 
demineralized collagen matrix 
via a homogeneous nucleation 
mechanism is more thermody-
namically and kinetically 
demanding (Wang and 
Nancollas, 2009). Nevertheless, 
the major reason for adopting the 
completely demineralized dentin 
model was to eliminate the 
ambiguity in differentiating par-
tially demineralized apatite seed 
crystallites from remineralized 
apatite crystallites. This proce-
dure is virtually impossible, even 
at the ultrastructural level, with-
out resorting to high-precision 
chemo-analytical techniques for 
bulk analysis of ion-substituted 
apatites (Pietak et al., 2007).

The Fuji IXGP adapted well to 
the completely demineralized 
dentin. Glass particles within the 
polyalkenoate matrices were 
enclosed within a hydrogel layer 
indicative of a GI reaction. It is 
generally accepted that GICs 
bond chemically to tooth sub-
strates through ionic bonds with 
calcium ions of apatite (Mount, 
1991; Lin et al., 1992). This chemical bonding was confirmed by 
x-ray photoelectron spectroscopy (Yoshida et al., 2000). The pres-
ent study provided evidence that GICs adapted well to apatite-
depleted dentin surfaces.

The collagen banding and rope-like subfibrillar features 
identified in unstained bright-field TEM micrographs of  
the aged-Fuji IXGP specimens represent an unusual self-gen-
erated negative staining phenomenon. Penetration of Fuji 
IXGP-specific mineral ions (aluminum or strontium) into the 
collagen matrix probably accounted for the negative staining 
of the collagen fibrils. Although salts of heavy metals such as 
molybdenum, tungsten, and uranium have been convention-
ally used as negative stains, the salts of certain lighter metals, 

such as sodium, magnesium, and aluminum, may also be 
used for similar purposes (Massover, 2008). Electron-dense 
grainy regions were universally identified, but were more 
prominently seen along the base of the demineralized dentin. 
Presumably, the collagen fibrils and terminal branches of the 
dentinal tubules at these locations were less collapsed than 
those that are more superficially located, facilitating better 
infiltration of the mineral ions.

In Fuji IXGP, conventional calcium glass powder is substituted 
by a strontium-based glass to enhance its radiopacity. Strontium is 
similar to calcium in both chemical and physical properties, so that 
it can replace calcium without disrupting the apatite structure. 
Moreover, strontium has been perceived to play a pivotal role in 

Figure 2. Ultrastructural characterization of the electron-dense grains (Ed)-containing zones in the demineralized 
dentin layers derived from specimens that had been immersed in the remineralization media. (A) A specimen 
that had been immersed in a PVPA-containing SBF for 4 mos. The electron-dense grainy materials were not 
exclusively found along the base of the demineralized dentin layer. A higher-magnification view of the junction 
between the fractured GIC (G) and the underlying demineralized dentin surface revealed an Ed-containing 
superficial region (asterisk). Although no additional staining was used, excellent banding characteristics of the 
demineralized dentin collagen matrix (Dd) could be observed. (B) An Ed-containing zone (asterisk) at the base 
of the demineralized dentin layer. The specimen had been immersed in a polyacrylic acid- and PVPA-containing 
SBF for 4 mos. T: dentinal tubule. (C) A high-magnification view of the Ed-containing regions depicted by the 
“asterisk” in Figs. 2A and 2B revealed a strong negative staining effect, in this bright-field micrograph, that was 
created in the absence of the use of an extrinsic negative stain. Banding could be identified within the collagen 
fibrils (arrow) even in the absence of extrinsic staining. No mineral crystallites could be identified around or 
within these fibrils. Open arrowheads: interfibrillar spaces between the collagen fibrils. (D) A high-magnification 
view of the area labeled with “Dd” in Fig. 2A. Dark interfibrillar spaces were present despite the absence of the 
larger, dark terminal tubular channels seen in Fig. 2C. Apart from banding of the collagen fibrils (multiple open 
arrowheads), the rope-like subfibrillar architecture of the collagen fibril (pointer) was highlighted by the negative 
staining. No intrafibrillar or interfibrillar crystallites could be identified in these fibrils. (E) A high-magnification 
view of the junction between the Ed-containing zone and the mineralized dentin base in Fig. 2B. Remnants of 
apatite platelets (open arrowheads) and needles (arrows) were present along the demineralization front. The 
Ed within the interfibrillar spaces and terminal tubular branches (pointer) appeared less electron-dense, due to 
the auto-contrast function of the microscope in the presence of the highly mineralized dentin base along the 
right side of the micrograph. The absence of apatite remineralization in the negatively stained collagen fibrils 
and the adjacent interfibrillar spaces is clearly evident. Generic abbreviations: Dd, demineralized dentin; Md, 
mineralized dentin.
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chemical bond formation with tooth apatite (Wilson et al., 1983). In 
the present study, diffusion of strontium, aluminum, and fluorine 
ions into the completely demineralized dentin matrix was consis-
tent with previously reported findings (Ngo et al., 2006) on par-
tially demineralized caries-affected dentin. Diffusion of GIC-specific 
ions into the demineralized dentin probably occurs as a result of the 
ion concentration gradient that exists between GICs and dentin 
(Ferrari and Davidson, 1997; Knight et al., 2007).

The contributions of non-collagenous proteins to dentin remin-
eralization had seldom been considered in classic remineralization 
studies, except by a few authors (Clarkson et al., 1998; Saito et al., 
2003). It is well-known in biomineralization that non-collagenous 
proteins or their biomimetic analogs are required for generating 
apatites of the dimensions and order that can fit into the gap zones 
of type I collagen fibrils. The results of this study indicated that, 
apart from the uptake of GIC-specific ions, there was no ultrastruc-
tural evidence of mineral deposition of a crystalline nature in the 
Fuji IXGP-bonded acid-etched, completely demineralized dentin, 
regardless of whether a classic (non-biomimetic) or a biomimetic 
remineralization strategy (single- or dual-biomimetic analogs) was 
utilized. Moreover, microradiography-demonstrated reduction of 
lesion size in “remineralized” artificial carious dentin (Ten Bosch 
and Angmar-Månsson, 1991) does not imply that the radiopaque 
mineral precipitates are small enough to permit carbonated apatite 
to form inside and around collagen fibrils in demineralized dentin. 
Indeed, the instrumentation and resolutions used in some combined 
microradiography/morphologic studies on dentin remineralization 
(Kawasaki et al., 1999) were insufficient to permit such an intricate 
relation to be determined.

Based on the results of the Portland cement-based biomi-
metic remineralization control, we have to reject the hypothesis 
that a strontium-based GIC can remineralize completely demin-
eralized dentin by nucleation of new apatite crystallites within 
an apatite-free dentin matrix. It is premature to extrapolate the 
results of the present study to caries-affected partially deminer-
alized dentin, since the latter contains remaining apatite crystals 
which may constitute centers for heterogeneous nucleation (thus 
requiring less thermodynamic drive) and remineralization 
(which possibly involves epitaxial growth mechanisms of 
remaining crystals). Nevertheless, this study raises the issue of 
the possibility of non-remineralization of a dentin caries lesion 
that may contain apatite-depleted collagen matrices along the 
surface of the lesion. The results of the present study support the 
challenge raised (Kinney et al., 2003) to classic remineralization 
studies, that the use of mineral uptake alone is not a sufficient 
endpoint for assessing the success of contemporary remineral-
ization strategies.
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Figure 3. TEM-EDS line scans of the distribution of calcium (Ca), phospho-
rus (P), aluminum (Al), strontium (Sr), and fluorine (F) across a representa-
tive GIC-dentin interface in a specimen that had been immersed in the 
SBF devoid of biomimetic analogs for 4 mos. The white dotted line in Fig. 
1B represents the generic location upon which elemental analyses were 
performed across the GIC-dentin interfaces. The changes in elemental pro-
files may be divided into 3 distinct zones, beginning at the left: (A) In 
the GIC restoration, strontium, aluminum, and fluorine intensity levels were 
higher than those in the sound dentin; (B) within the demineralized dentin 
layer, the 2 GIC-specific elements (strontium, aluminum) were similar to and 
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versely, calcium and phosphorus intensities were low within this demineral-
ized layer; and (C) within the mineralized dentin base, the intensity levels 
of the 2 GIC-specific elements and fluorine decreased to their lowest levels, 
while those of calcium and phosphorus increased to their maximum levels.
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