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Abstract
Objectives—Type I collagen alone cannot initiate tissue mineralization. Sodium trimetaphosphate
(STMP) is frequently employed as a chemical phosphorylating reagent in the food industry. This
study examined the feasibility of using STMP as a functional analog of matrix phosphoproteins for
biomimetic remineralization of resin-bonded dentin.

Methods—Equilibrium adsorption and desorption studies of STMP were performed using
demineralized dentin powder (DDP). Interaction between STMP and DDP was examined using
Fourier-transform infrared spectroscopy. Based on those results, a bio-inspired mineralization
scheme was developed for chemical phosphorylation of acid-etched dentin with STMP, followed by
infiltration of the STMP-treated collagen matrix with two etch-and-rinse adhesives. Resin-dentin
interfaces were remineralized in a Portland cement-simulated body fluid system, with or without the
use of polyacrylic acid (PAA) as a dual biomimetic analog. Remineralized resin-dentin interfaces
were examined unstained using transmission electron microscopy.

Results—Analysis of saturation binding curves revealed the presence of irreversible phosphate
group binding sites on the surface of the DDP. FT-IR provided additional evidence of chemical
interaction between STMP and DDP, with increased in the peak intensities of the P=O and P–O–C

*Co-corresponding author: 1. Dr. Jun-qi Ling: Guanghua School of Stomatology, Sun Yat-sen University, 510080 Guangzhou/PR. China.
Tel: +8620-83862558; Fax: +8620-83870412; lingjq@mail.sysu.edu.cn, 2. Dr. Franklin Tay: School of Dentistry, Medical College of
Georgia, Augusta, Georgia, USA. Tel: (706) 7212031; Fax: (706) 7216252; ftay@mcg.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Dent Mater. Author manuscript; available in PMC 2011 November 1.

Published in final edited form as:
Dent Mater. 2010 November ; 26(11): 1077–1089. doi:10.1016/j.dental.2010.07.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stretching modes. Those peaks returned to their original intensities after alkaline phosphatase
treatment. Evidence of intrafibrillar apatite formation could be seen in incompletely resin-infiltrated,
STMP-phosphorylated collagen matrices only when PAA was present in the SBF.

Significance—These results reinforce the importance of PAA for sequestration of amorphous
calcium phosphate nanoprecursors in the biomimetic remineralization scheme. They also highlight
the role of STMP as a templating analog of dentin matrix phosphoproteins for inducing intrafibrillar
remineralization of apatite nanocrystals within the collagen matrix of incompletely resin-infiltrated
dentin.
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1. Introduction
Dental caries is a chronic infection in which hard tooth structures (enamel, dentin and
cementum) are progressively broken down by bacteria, producing dental cavities. Tooth-
colored resin-based composites have found increasing popularity for restoring dental cavities.
The use of acid etching prior to the application of resin adhesives is a prerequisite for enhancing
the mechanical retention of resin composites. However, exposed collagen fibrils remain within
the bonded interface as a result of the discrepancy between the depths of acid demineralization
and resin infiltration [1]. These naked collagen fibrils are prone to hydrolysis after water
sorption [2]. Activation of endogenous matrix metalloproteinases (MMP) further results in
breakdown of incompletely resin-infiltrated collagen matrices [3] and degradation of resin-
dentin bonds [2,4].

As one of the most intriguing processes in nature [5], biomineralization is essential for the
formation of hard tissues like bone and teeth. Dentin is a mineralized collagenous tissue formed
by matrix-mediated mechanisms [6]. Collagen fibrils encapsulated by apatites in natural
mineralized dentin do not degrade over time [7]. As contemporary tissue engineering
technologies are not yet capable of creating artificial dentin, remineralization of incompletely
resin-infiltrated dentin collagen matrices appears to be the logical approach for extending the
longevity of resin-dentin bonds. Type I collagen, accounting for 90% of the total protein content
in the organic matrix of dentin [8], provides the framework and spatial constraint for ordered
crystal deposition [9]. However, in the absence of apatite seed crystallites, collagen by itself
does not possess the thermodynamic and kinetic mechanisms for induction of apatite nucleation
[10,11]. Acidic noncollagenous proteins (NCPs) promote nucleation and post-nucleation
growth of apatite crystallites within and around the gap zones of collagen fibrils [12] and are
essential for regulation of matrix mineralization [5,13].

Immobilization of protein molecules on intact collagen substrates promotes apatite nucleation
because such molecules possess multiple polyanionic functional groups that act as favored sites
for homogeneous nucleation [14]. The inductive effect of phosphoproteins on the formation
of hydroxyapatite is a well known example [15]. Phosphophoryn, the major NCP present in
dentin, has been shown to bind calcium ions with high affinity after its highly phosphorylated
post-translational modification [11,16]. Grafting of molecules containing phosphate groups to
polymeric biomaterials with limited or no mineralizing tendency has been reported as a
successful procedure for converting those substrates into mineralized moieties [17,18]. Binding
of biomimetic molecules containing multiple phosphate groups to collagen fibrils produces
phosphorylated and negatively charged surfaces that attract calcium ions by electrostatic
interaction. The phosphorylated collagen serves as a scaffold for homogeneous nucleation of
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apatite crystallites [19]. This biomimetic process may, in part, recapitulate the function of
phosphate groups in naturally-occurring phosphoproteins.

Trimetaphosphate (P3m) derived from volcanic eruptions has a cyclic structure that contains
three phosphorus atoms in a six-membered ring. It plays an important functional link in
prebiotic chemistry due to its purported roles as a phosphorylation reagent for bioorganic
compounds and a coupling reagent for oligomerization of amino acids and nucleosides
[20-22]. Among its various salt forms, sodium trimetaphosphate (STMP, Na3P3O9;Fig.1a) is
commonly used in the food industry as a chemical phosphorylation reagent [23-25]. At alkaline
pH, STMP can chemically react with the hydroxyl groups on proteins, thereby introducing
phosphate functional groups to protein molecules [26]. Although there are ample examples of
the application of STMP as an effective phosphorylation agent for edible plant proteins in the
food industry, few studies have been conducted on its use on type I collagen, the major
structural protein in bone and dentin. As a result, there is very limited understanding of the
interactions between STMP and collagen and particularly its adsorption characteristics. A
recent study that utilized STMP as a chemical phosphorylation agent for bovine collagen
demonstrated extrafibrillar deposition of large spherical hydroxyapatite clusters around STMP-
phosphorylated collagen matrices after the latter were incubated in a simulated body fluid
(SBF) [26]. In that study, there was no sequestering mechanism, such as the use of polyaspartic
acid or polyacrylic acid, for rendering the formation of apatite in a nanoscale [27,28]. The
apatite clusters created in that study were large and could not fit inside collagen fibrils [26].
More importantly, in the absence of an amorphous calcium phosphate sequestering mechanism,
the exact role played by STMP in inducing homogeneous nucleation of apatite within collagen
fibrils (i.e. intrafibrillar mineralization) is unknown. While the binding of large apatite
spherical clusters via STMP to collagen [26] may produce composite materials for filling of
bone defects which can eventually be resorbed and replaced by new bone generated by
osteocytes, those materials can not be used as a restorative material to replace dentin, as the
latter is a non-regenerable substrate produced by terminally-differentiated odontoblasts. Thus,
the use of STMP as a chemical phosphorylation agent for inducing in-situ mineralization of
collagen fibrils appears to be a more pragmatic approach. However, in the absence of adjunctive
polycarboxylic acid analogs as sequestering agents, the use of STMP alone as a collagen
phosphorylaton agent has limited potential for in-situ remineralization of dentin in which the
occurrence of intrafibrillar mineralization is perceived to be responsible for its biomechanical
properties [29]. As the concentration of STMP employed for phosphorylating collagen has not
been optimized in the previous study [26], examining the interaction between collagen and
STMP and determining its optimal binding concentration will bring to fruition the more
efficient use of STMP as a chemical phosphorylation agent for remineralization of dentin
collagen matrices in the presence of additional biomimetic analogs with sequestering function.

Accordingly, equilibrium adsorption studies were first performed in the present study to
identify the maximum STMP adsorption capacity on demineralized dentin collagen matrices.
The STMP-phosphorylated demineralized dentin powder (DDP) at alkaline pH was also
analyzed using Fourier transform-infrared spectroscopy (FT-IR). These data allow us to
identify certain characteristics of the collagen matrix that are indicative of neo-
phosphorylation. Both polyaspartic acid and polyacrylic acid (PAA) as carboxylic acid-
containing polyelectrolytes have been employed as analogs of acidic NCPs such as dentin
matrix protein 1 (DMP1) [30] for stabilizing and controlling the dimensions of amorphous
phases in calcium carbonate and calcium phosphate precipitation systems [31]. Based on our
previous studies on biomimetic remineralization using polyvinylphosphonic acid (PVPA) and
PAA as dual analogs of NCPs [32-34], we used resin-dentin slab as a model for the design of
a nanotechnology-inspired scheme for remineralizing incompletely resin-infiltrated
demineralized dentin based on chemical phosphorylation of collagen with STMP and
stabilization of amorphous nanoprecursors with PAA. Thus, the objective of this study was to
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test the hypothesis that STMP is capable of binding irreversibly to collagen fibrils, producing
the condition that favors homogeneous mineral induction and intrafibrillar remineralization in
the presence of PAA-stabilized amorphous calcium phosphate nanophases.

2. Materials and methods
2.1 Preparation of DDP

One hundred and fifty extracted human third molars were obtained from anonymous subjects
following their signed consent under a protocol approved by the Human Assurance Committee
of the Medical College of Georgia. The teeth ground free of enamel, cementum and pulpal soft
tissues were reduced to a fine powder by freezing the dentin in liquid nitrogen and triturating
it in a stainless steel mixer mill at -120°C (Model MM301, Retsch, Newtown, PA, USA) for
10 min at 30 Hz. The dentin powder thus formed was sieved through multiple screens to exclude
aggregates coarser than 38 μm in size. This fine powder was then completely demineralized
in 0.2 M formic acid/sodium formate (pH = 2.96) containing MMP inhibitors at 4°C to prevent
collagen degradation, with the end point of demineralization confirmed by using digital
radiography. Thereafter, the DDP aliquots were filtered, washed three times with deionized
water and lyophilized.

2.2 Adsorption of STMP on DDP
Equilibrium adsorption experiments were performed by contacting 50 mg of DDP with 1 mL
of 82.7 mM STMP solution (Sigma-Aldrich, St. Louis, MO, USA) for 1 min, 5 min, 1 hr or 3
hr. Twelve different STMP solutions ranging from 0 (blank) to 30,000 mg/L (i.e. 3 mass%)
were tested. Phosphorylation using STMP is pH-dependent [25]; more peptides are expected
to be chemically phosphorylated at higher pH values. However, as collagen may be denatured
at higher pH values, the STMP solution was adjusted to a pH of 9.5 using 5 M NaOH, enabling
the highly cross linked dentin collagen fibrils to be phosphorylated under alkaline condition
without denaturation.

After gentle agitation of the STMP-dentin powder mixtures at 37 °C for a designated time
period, the reaction mixtures were centrifuged to retrieve the supernatant. The concentration
of free STMP in each supernatant was deduced by measuring the corresponding phosphorous
content [35]. Briefly, ammonium molybdate was used to react with phosphate to form a
phosphomolybdate colored complex after 2 hr of incubation at 37°C. The latter was analyzed
at 820 nm with a UV-VIS spectrophotometer. The concentration of unreacted STMP (R) in the
supernatant was calculated using a linear regression equation derived from known STMP
concentrations. The amount of bound STMP (B) was calculated by subtracting R from the
initial STMP concentration.

Adsorption isotherms were derived based on the relationship between the STMP adsorbed per
unit mass of dried demineralized dentin powder (mg/g) and the STMP concentration at
equilibrium. The best fit isotherm model was established by statistically computing the R2

values for the Langmuir and Freundlich isotherm models. The adsorption data were also
analyzed by nonlinear regression curve-fitting (GraphPad, San Diego, CA, USA) by comparing
a one-site versus a two-site specific binding model using the F-test. The two-site model was
accepted if the fit was significantly better (p < 0.05) than that of the one-site model. Otherwise,
the one-site model was accepted when it was not significantly different from the two-site model
(p > 0.05). All measurements were repeated two to four times and the results were calculated
as mean values from the parallel samples.
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2.3 Desorption
Five different desorbents (water, 95% ethanol, 95% acetone, 130 mM NaCl and 500 mM NaCl)
were examined. For each desorbent, the twelve STMP concentrations described previously
were allowed to adsorb on DDP in a water-to-powder ratio of 1:0.05 for 3 hr, respectively. The
DDP were then briefly washed with deionized water and re-suspended in 1 mL of the respective
desorbent at 37 °C under mild agitation for 30 min or 24 hr. Subsequently, the supernatant was
collected to determine the amount of STMP desorbed by analysis of the phosphorus content
[35].

2.4 FT-IR
A Nicolet 6700 FT-IR spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA) with
a germanium attenuated total reflection (ATR) setup was used to collect FT-IR spectra from
the powder before (control) and after 3 h immersion in the 2.5% STMP solution at pH 9.5.
Infrared spectra were collected between 675-4000 cm-1 at 4 cm-1 resolution using 32 scans.
To further examine if true chemical phosphorylation had occurred, the STMP-bound collagen
was treated with 0.13 μg/mL alkaline phosphatase (Sigma-Aldrich) for 6 hr at 37°C. After
rinsed three times in deionized water, the enzyme treated STMP-sorbed DDP was re-subjected
to FT-IR analysis.

2.5 Dentin bonding and STMP pre-treatment
Twenty additional third molars were collected abiding by the aforementioned human assurance
protocol. A mid-coronal flat dentin surface was prepared perpendicular to the longitudinal axis
of each tooth using an Isomet diamond saw (Buehler Ltd, Lake Bluff, IL, USA) under water-
cooling. The occlusal dentin surface was polished with a 320-grit silicon carbide paper under
running water to create an enamel-free bonding surface. Each dentin surface was etched with
37% phosphoric acid (Bisco Inc. Schaumburg, IL, USA) for 15 sec to create a 5-8 μm thick
zone of completely demineralized dentin on top of a mineralized dentin base. After rinsing
with deionized water, a STMP solution with optimal concentration derived from the adsorption
results was applied to the etched dentin for 5 min using mild agitation.

Two etch-and-rinse dentin adhesives were used (N=10): One-Step (Bisco Inc), an acetone-
based unfilled adhesive, and XP Bond (Dentsply De Trey, Konstanz, Germany), a tertiary
butanol-based filled adhesive. Each adhesive was applied to the STMP-primed dentin and light-
polymerized for 20 sec. This was followed by incremental placement of two 2-mm thick layers
of a resin composite. The bonded teeth were stored at 100% relative humidity for 24 h to enable
the bonds to mature. Each tooth was then sectioned occluso-gingivally into 1 mm thick slabs
containing the resin-dentin interface. Two central slabs from each tooth were selected for the
study, one slab for the control group and the other slab for the experimental group.

2.6 Remineralization medium
White Portland cement (Lehigh Cement Company, Allentown, Pennsylvania, USA) was mixed
with deionized water in a water-to-powder ratio of 0.35:1, placed in flexible silicone molds
and incubated at 100% relative humidity for one week before use. The SBF was prepared 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 [36] and adding 3.08
mM sodium azide to prevent bacterial growth. This SBF served as the control remineralization
medium, which contained no biomimetic analog. For the biomimetic remineralization medium,
500 μg/mL of PAA (Mw = 1,800; Sigma-Aldrich, St. Louis, Illinois, USA) was added to the
SBF as a biomimetic analog.
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2.7 Biomimetic remineralization
Each 1 mm thick slab of resin-bonded dentin was placed on top of a set Portland cement block
(ca. 1 g) inside a glass scintillation vial. The latter was filled with 15 mL of SBF for the control
or 15 mL of the biomimetic remineralization medium for the experimental specimens. Each
capped vial was incubated at 37 °C. The media were changed every month, with their pH
monitored weekly so that they were above 9.5. This ensured that the collagen fibrils were
chemically phosphorylated in the presence of STMP under alkaline conditions [22], and that
apatite was formed instead of octacalcium phosphate [37]. Experimental and control specimens
were retrieved after 1-4 months for ultrastructural examination of the extent of
remineralization.

2.8 Transmission electron microscopy (TEM)
The specimen slices were dehydrated in an ascending series of ethanol (50-100%), immersed
in propylene oxide as a transitional fluid and embedded in epoxy resin [32]. Non-
demineralized, epoxy resin-embedded 90 nm thick sections were prepared and examined
without further staining using a JEM-1230 transmission electron microscope (JEOL, Tokyo,
Japan) operated at 110 kV.

3. Results
3.1 Adsorption isotherms and modeling

Figure 1b represents the adsorption isotherms of STMP on DDP after 1 min, 5 min, 1 hr and
3 hr. For each time period, there was an increase in the amount of sorbed STMP with the
0-30,000 mg/L range. The amount of sorbed STMP increased with the time of contact with
DDP, although more than 90% of the STMP was adsorbed to the DDP within the first 5 min.
Non-linear curve fitting of the resulting plots suggested that the one-site specific binding model
was preferred (p < 0.05) over the two-site specific binding model. Table I shows the best-fit
parameters generated from nonlinear regression of the experimental data using the one-site
specific binding model. Figure 2 shows linear plots of the adsorption data with sorbate
concentrations, based on the Langmuir (Fig. 2a) and Freundlich adsorption models (Fig. 2b).
A summary of the isotherm constants and correlation for the Langmuir and Freundlich
isotherms is presented in Table II. Both the R2 values obtained for the Langmuir and Freundlich
expressions were highly significant (p < 0.01).

3.2 Desorption isotherms
Desorption isotherms of STMP in the presence of different solvents are shown in Fig.3. These
isotherms were compared with the maximum adsorption isotherm of STMP at 3 hr. Organic
solvents (i.e. 95% ethanol and 95% acetone) were ineffective in displacing STMP from the
STMP-sorbed DDP. When different concentrations (0 to 0.5 M) of aqueous NaCl solutions
were used as desorbents, only partial desorption was observed up to 24 hr. Moreover,
desorption of STMP from demineralized dentin collagen was unaltered by the presence of
0.13-0.5 M NaCl when compared to the desorption characteristics of STMP in deionized water
(Fig.3). With increasing STMP concentration, the percentage of desorbed STMP decreased,
resulting in a higher amount of bound STMP.

3.3 FT-IR
Figure 4 represents the IR spectra generated from DDP before and after immersion in an
alkaline 2.5 mass% STMP solution (pH = 9.5) for 3 hr. Prior to STMP treatment, the completely
demineralized dentin collagen matrix (Fig.4, spectrum DDP) revealed characteristic collagen
related bands amide I, II and III at 1200-1700 cm-1 [38]. Since the DDP was tested under
hydrated condition, the amide A and B bands located at 2900-3400 cm-1 were overlapped with

Gu et al. Page 6

Dent Mater. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the broad water sorption band (2500-3700 cm-1) representing the υ1υ3OH stretching mode of
adsorbed water molecules [39]. As a result, a faint amide B band was seen in the spectrum
DDP in Fig.4. The FT-IR profile of DDP after 3 hr immersion in 2.5 mass% STMP at pH 9.5
is depicted in spectrum S-DDP. When compared with the baseline DDP spectrum, no change
in the amide peaks was observed. However, the intensities of the peaks related to the P=O and
P–O–C stretching modes at 1080, 1030, 1010 and 976 cm-1 increased after STMP treatment
(Fig.4, spectrum S-DDP) [40-42], and subsequently returned to their original intensities after
alkaline phosphatase treatment (Fig.4, spectrum A-S-DDP). These changes were not apparent
when the STMP solution was not adjusted to an alkaline pH prior to reaction (not shown).

3.4 TEM
3.4.1 Control specimens—Control specimens retrieved after 4 months exhibited no
remineralization within the adhesive resin-infiltrated demineralized collagen matrix (Fig. 5a),
despite the presence of 0.3-0.5 μm diameter electron-dense clusters within the resin composite
and collagen matrices. A high magnification view of the electron-dense clusters revealed that
they were deposits of mineral aggregates (Fig. 5b).

3.4.2 Experimental Specimens—At an early stage of remineralization, electron-dense
globular droplets were identified in the resin-infiltrated demineralized collagen matrices (Fig.
6a). They were predominantly located adjacent to the dentin bonding surface with a few
scattered within the interior of resin-infiltrated demineralized dentin. Figure 6b shows an
intermediate stage of remineralization in which very fine electron-dense strands could be
discerned through the entire interdiffusion zone. With a more mature stage of biomimetic
remineralization, electron-dense collagen fibrils could be seen within the demineralized dentin
(Figs 6c and 6d). As the spaces between the collagen fibrils were occupied by resin,
remineralization was predominantly identified within the fibrils (i.e. intrafibrillar
remineralization).

Figures 7 and 8 are high magnification images representative of the resin-infiltrated
demineralized collagen matrices after 1-4 months immersion in the PAA-supplemented
remineralization medium. Figure 7a represents a high magnification view of the junction
between the adhesive and the dentin surface depicted in Fig. 6a, showing the presence of various
sizes of electron-dense, globular droplets within the demineralized dentin at an early stage of
remineralization. The larger droplets appeared to be formed by the fusion of multiple smaller
droplets (Fig. 7a). Moreover, some electron-dense microfibrillar strands could be identified
within the demineralized collagen fibrils, with the occasional appearance of amorphous,
electron-dense globular droplets adjacent to the braided fibrils (Fig. 7a). At this stage,
remineralization appeared as continuous, braided electron-dense extensions following the
microfibrillar arrangement of collagen fibrils (Fig. 7b). Diffuse selected area electron
diffraction patterns derived from the electron-dense strands (Fig. 7b, inset) indicated the
absence of crystalline phases within these regions. With a more mature stage of biomimetic
remineralization, transformation of the continuous, braided mineral phase into discrete, non-
overlapping mineral platelets could be seen within a single collagen fibril (Figs.7c, 8b and 8c).
These non-overlapping mineral platelets were ultimately converted to larger overlapping
platelets or needles (Figs.7d and 8d), representing an advanced stage of remineralization. These
apatite nanocrystals were oriented along the longitudinal axes of the microfibrils, enabling the
rope-like subfibrillar architecture [43] of the collagen fibrils to be discerned (Figs.7c, 7d, and
8b-8d). Diffuse selected area electron diffraction ring patterns collected from these mineral
platelets were characteristic of polycrystalline apatite (Fig. 8d, inset).
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4. Discussion
4.1 Adsorption characteristics of STMP

The Langmuir [44] and Freundlich [45] sorption models were employed to examine the
relationship between sorbed (qe) and aqueous STMP concentrations (Ce) at equilibrium. The
adsorption equilibrium isotherms shown in Fig.1 were transformed into the linear forms of the
Freundlich and Langmuir isotherms (Eqs. (1) and (2)) and analyzed using linear regression
analyses. The linear plots yielding giving an R2 value closest to unity were deemed to provide
the best fit.

The linearized form of the Langmuir expression is represented by Eq.(1):

Eq.(1)

where q0 and KL are the Langmuir constants. The capacity of STMP in binding to dentin
collagen matrices was determined by plotting Ce/qe against Ce using the above equation. As
shown in Fig.2a, the Langmuir isotherm appears to provide an acceptable model of the sorption
characteristics. This model describes sorption onto specific homogeneous sites within a
sorbent, and predicts the existence of monolayer coverage of the sorbate (STMP) at the outer
surface of the sorbent (collagen). Once the sorbate molecule occupies a site, no further
adsorption can take place at that site. The Langmuir equation is based on the assumption of a
structurally homogeneous sorbent (collagen) where all sorption sites are identical and
energetically equivalent and there is no interaction between molecules adsorbed on neighboring
sites.

Freundlich isotherm is the result of overlapping patterns of several Langmuir-type adsorption
curves occurring at different sites on a complex sorbent surface. The same set of equilibrium
data were further analyzed using the linearized form of the Freundlich equation:

Eq.2

where KF and nF are the Freundlich constants. As shown in Fig.2b, the plot of ln qe versus ln
Ce was linear, indicating a good correlation with respect to the Freundlich isotherm. This model
assumes that there are many types of sites acting simultaneously, each with a different free
energy of sorption, and that there is a large amount of available sites [46].

Based on the coefficients of determination (Table II), the R2 values obtained using the
Freundlich model and the Langmuir model were both highly significant. Thus, the sorption
equilibrium isotherms for STMP were further analyzed by non-linear curve fitting analysis.
The results suggested that STMP binding is more compliant with the classical Langmuir-type
binding model (i.e. one-site specific binding model), as represented by the Eq.(3).

Eq.(3)

where X is the concentration of free STMP in equilibrium, Bmax is the maximum binding
capacity and Kd is the dissociation constant (i.e. the reciprocal of the association constant Ka)
[47]. Excellent curve fitting were obtained (Fig.1) and represented by the R2 values in Table
II. That is, STMP appears to bind to type I collagen and result in localization of the initial
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apatite crystallites on specific sites along the collagen fibrils. As the adsorption isotherm data
suggests that sorption of STMP onto DDP reaches equilibrium at 2.5 mass% STMP, this
concentration was employed for the rest of the study.

4.2 Irreversible binding of STMP
Results from the present study indicated that the STMP was irreversibly bound to dentin
collagen and that little STMP was eluted when 95% ethanol or 95% acetone was used as
desorbents, both of which represent common solvents employed in dentin adhesives. This may
probably be ascribed to the insolubility of STMP in ethanol and acetone. The effects of 0.13
M and 0.5 M NaCl on STMP desorption provided the first evidence on its chemical interaction
with demineralized dentin collagen. If the sorption of STMP is the result of electrostatic
interaction, desorption would have increased with increasing salt concentration that competes
with the STMP molecules for electrostatic binding sites. However, the amount of STMP
debinding from the STMP-sorbed collagen was independent of the NaCl concentration. As
ionic interactions are weakened by increasing ionic strength [48], it may be concluded that
electrostatic binding is not the main interaction between STMP and dentin collagen.
Conversely, binding is likely to be a result of covalent bonding between STMP and the collagen
molecules.

4.3 Mechanism of binding of STMP to demineralized dentin collagen
Dentin contains numerous NCPs, among which dentin matrix protein 1 (DMP 1) has been
shown to bind specifically to fibrillar collagen with high affinity [49]. Although the
aforementioned isotherm models provide a possible explanation of irreversible binding of
STMP to demineralized dentin collagen, it does not explicitly incorporate a mechanism for
collagen phosphorylation within the peptide chains. The FT-IR results of the present study
provides direct vibrational evidence that chemical phosphorylation of the dentin collagen
occurs following the use of STMP under alkaline condition, possibly via phosphoesterification
of the hydroxyl amino acids in the collagen molecules. It has been shown that the STMP is
hydrolyzed into sodium tripolyphosphate (STP) in alkaline solutions [50]. The mechanism is
assumed to proceed by opening of the STMP six-membered ring by the hydroxyl group of
sodium hydroxide (NaOH). The STP, which has three phosphate groups, would subsequently
create covalent bonding between the phosphate groups and hydroxyl group-containing amino
acids on the side chains of the collagen molecules [51]. It has been previously reported that
the free hydroxyl groups in the protein molecules exhibit high reactivity only under alkaline
conditions of pH > 9 [51]. As a high pH value may result in denaturation of collagen [52] while
a lower pH value may not be sufficient for initiating the phosphorylation reaction, control of
pH is critical during collagen phosphorylation with STMP. Based on our FT-IR results, no
changes could be discerned from the collagen amide peaks after chemical phosphorylation
(Fig.4). In particular, the amide I band (C=O stretching vibration) at 1600-1700 cm-1, which
is sensitive to the molecular conformation of the polypeptide chains [53], remained unaltered.
The resultmay be explained by the fact the dentin collagen is highly cross-linked, thus
minimizing its denaturation under moderately alkaline conditions. This permits amino acids
containing OH groups in their side chains (serine, threonine and tyrosine) to be chemically
phosphorylated to form phosphoester bonds through the attachment of phosphate groups to the
oxygen of seryl, threonyl and tyrosyl residues [23]. The STMP immobilized on the collagen
surface after chemical phosphorylation may serve as templates for the attraction of amorphous
calcium phosphate nanoprecursors that are initially presented as sequestered, PAA-stabilized
liquid-like droplets [31].
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4.4 Biomimetic remineralization of STMP phosphorylated demineralized dentin
Based on the STMP adsorption data, a 5-min STMP application time was adopted for chemical
phosphorylation of acid-etched dentin in the present remineralization scheme. The results
obtained from the control specimens demonstrated that intrafibrillar remineralization of STMP
pre-treated demineralized dentin did not occur when PAA was absent from the remineralization
medium. However, calcium phosphate deposits about 0.3 to 0.5 μm in diameter were identified
within the voids of composite resins as well as the phosphorylated dentin collagen matrices
after aging. This finding is consistent with the result of a recent investigation [26], on the
formation of calcium phosphate microspheres (about 1 μm in diameter) on the surface STMP-
phosphorylated collagen after its immersion in SBF. These calcium phosphate deposits are
large in size and are unlikely to fit into the gap zones of collagen fibrils with a diameter of
about 100 nm. By contrast, when the STMP pre-treated specimens were incubated in PAA-
supplemented SBF in the present study, apatite nanocrystals were observed and intrafibrillar
remineralization was successfully achieved within incompletely resin-infiltrated collagen
matrices. Addition of PAA to the Portland cement/SBF system has been shown to be essential
for the stabilization of the amorphous calcium phosphate (ACP) precursors released by the
interaction between set Portland cement and SBF to a nanoscale in our previous study [54].
Presumably, the low molecular weight PAA functions as a surfactant [55], permitting liquid-
liquid phase separation of the ACP nanoprecursors from the aqueous remineralization medium
[56], thereby sequestering the ACP phases into liquid nanodroplets. This sequestration step
can prevent the nanoprecursors from aggregation and precipitation [55], rendering them small
enough to penetrate a demineralized collagen matrix followed by their transformation into
apatite nanocrystals during the course of biomineralizaiton. More recent studies suggested that
these fluidic nanoprecursors may be the result of the aggregation of even smaller (0.6-1.1 nm)
amorphous prenucleation ionic clusters [57,58]. This finding highlights the role of PAA in the
nanotechnology-inspired biomimetic remineralization scheme.

Bone and/or dentin-specific NCPs, as polyanionic protein molecules, are believed to bind to
the collagen substrate at specific sites such as gap regions and pores of the fibrillar assembly
[59,60]. The bound proteins present anionic charge sites and thus possess high calcium binding
capacity [61,62]. Considerable evidence suggests an active regulatory role for NCPs during
biomineralization process [63]. As a biomimetic analog of NCPs, the phosphate groups of
STMP anions presumably adsorb to the collagen surface and form covalent bonds with the
latter under an alkaline pH. The phosphorylated collagen results in a highly negative charged
surface, acting as a virtual sink for the binding of calcium ions [64]. The latter may subsequently
be absorbed onto the surface of the phosphorylated collagen by electrostatic forces, and
eventually precipitate to form calcium phosphate clusters. These clusters will grow until they
coalesce with adjacent clusters into apatitic nuclei. It has been suggested that phosphorylation
may change the conformation of the protein [65], exposing anionic domains on the collagen
surface that can interact with calcium on the apatite surface. Thus, bound STMP may also
function as a template for apatite nucleation within the collagen fibril.

Lowenstam and Weiner [66] previously that carbonated apatite in mineralized tissues is formed
via an ACP precursor phase. A growing body of evidence has accumulated in recent years
indicating that large single-crystal biominerals are not formed from their ion constituents but
from amorphous precursor phases [67,68]. Consistent with previous findings, we have been
able to observe electron-dense, globular droplets congregating around the periphery of collagen
fibrils at an early stage of bioremineralization (Fig.7a) followed by transformation into
continuous braided mineral phase (Fig.7b) and discrete nanocrystal platelets (Figs.7c, 7d,
8b-8d) within the collagen fibrils over time. It is conceived that these processes are integrated
during the biomineralization of apatite crystallites [57].
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Collectively, our results indicate that the STMP molecules can bind to demineralized collagen
fibrils following direct application, thereby guiding the deposition of PAA-stabilized ACP
nanoprecursors within the dentin collagen fibrils. In the present study, the STMP solution
applied to the acid-etched dentin surface was at its original pH (pH = 5.69) without an addition
of NaOH. Based on our previous finding, the pH value of the present Portland cement/SBF
system rises rapidly to its maximum pH (about pH 11) within the first 24 hours [69]. Thus, it
is reasonable to assume that after application of the adhesive resin, the STMP molecules
embedded in the resin-collagen complex are transformed into STP via alkaline hydrolysis
[50]. During tooth development, the most abundant of the NCPs in dentin, phosphophoryn, is
deposited directly at the advancing mineralization front of dentin [70]. Conversely, in the
present study, STMP was applied on the acid-etched dentin surface under diffusional control.
This challenging issue should be considered in future designs of biomimetic delivery systems
for remineralizing caries-affected dentin which may be more than 100 μm thick [71].

5. Conclusions
Adsorption isotherms of STMP onto DDP were consistent with both Langmuir and Freundlich
models. Non-linear curve fitting also demonstrated that the one-site specific binding model fit
the adsorption equilibrium data well in the examined concentration range. The desorption
efficiency obtained with NaCl (0.13 or 0.5 M) as desorbents was low and comparable to that
obtained using water, indicating sorption of STMP on DDP may be primarily attributed to
covalent bonding between the STMP and collagen molecules. Based on the TEM results,
formation of apatite crystallites within the collagen fibrils appears to be critically dependent
on the addition of STMP and PAA in the biomimetic process. In particular, STMP may provide
the interfacial linkage between mineral crystallites and collagen fibrils, and serves as a
biomimetic analog for the formation of mineralized collagen fibrils. The phosphate groups of
STMPs immobilized on the collagen fibrils are thought to contribute as binding sites for
calcium ions, and play a direct role in the process of apatite nucleation onto collagen. Once
apatite is nucleated, it can grow spontaneously from PAA-stabilized ACP nanoprecursors in
the simulated body environment until the nucleus becomes a single apatite platelet.
Collectively, STMP functions as an initiator for apatite nucleation in vitro and generates
calcium phosphate deposits with a morphology that mimics the crystals found at the
mineralization front of bone and dentin. These results provide new insights into basic
mechanisms of collagen mineralization, and can lead to the development of a clinically-
applicable delivery system by incorporating both biomimetic analogs (i.e. STMP and PAA)
into the steps involved in the application of the adhesives and filling materials. Moreover,
understanding the sorption mechanisms involved and molecular recognition for STMP would
allow future applications to other collagen matrices such as bone collagen or reconstituted
collagen scaffolds by understanding the amino acid residues in dentin collagen that are
responsible for STMP-collagen affinity.
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Fig.1.
a. Chemical structure of sodium trimetaphosphate. b. Adsorption isotherms produced by the
binding of sodium trimetaphosphate (STMP) to demineralized dentin powder (DDP) at 1 min,
5 min, 1 hr and 3 hr at 37 °C, and the corresponding non-linear curve fitting of the experimental
data.
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Fig.2.
The Langmuir (a) and Freundlich (b) plots of data in adsorption isotherms of sodium
trimetaphosphate (STMP) onto demineralized dentin powder (DDP).
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Fig.3.
Desorption isotherms of STMP from STMP-sorbed demineralized dentin powder (DDP) in the
presence of organic media (95% ethanol, 95% acetone), and at different NaCl concentrations
(0 M, 0.13M, and 0.5 M) at 37°C. The NaCl serves as an ionic species for competitive
electrostatic binding. a. 30 min; b. 24 hours.
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Fig.4.
FT-IR spectra of demineralized dentin powder (spectrum DDP), followed by chemical
phosphorylation with 2.5% sodium trimetaphosphate (spectrum S-DDP) and
dephosphorylation with alkaline phosphatase (spectrum A-S-DDP).
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Fig.5.
a. Representative TEM images taken from 4-month sodium trimetaphosphate pre-treated
control specimen. No remineralization could be identified within the 5 μm thick zone of resin-
infiltrated demineralized dentin (between open arrows). Only 0.3-0.5 μm diameter electron-
dense clusters (open arrowheads) were seen within the resin composite layer (C) adjacent to
the unfilled dentin adhesive (A), and along the dentin surface. The latter probably represent
mineral deposits that were formed within voids in the composite filling (open arrowhead), and
those (arrows) that were formed along the adhesive-dentin interface after aging. T: resin-filled
dentinal tubule, a characteristic feature of normal dentin; D: mineralized dentin. b. A high
magnification view of the electron-dense mineral cluster that was found between the dentin
adhesive (A) and the resin-infiltrated demineralized dentin (R).
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Fig.6.
Unstained, low magnification TEM images taken from different sodium trimetaphosphate pre-
treated experimental specimens showing the sequence of events that led to the intrafibrillar
remineralization of the incompletely resin-infiltrated demineralized dentin zone (between open
arrows) during the 4-month immersion in polyacrylic acid-supplemented remineralization
media. Figures a-c were bonded with unfilled One-Step adhesive (A) and fig. d was bonded
using the filled XP Bond adhesive (FA). Similar remineralization results were seen for both
adhesives. High magnification views of these experimental specimens are illustrated in Figs.
7 and 8. a. An early stage of the bottom-up remineralization process in which electron-dense
globular phases (arrows) were seen in the resin-infiltrated demineralized dentin. A definitive
demineralization front (pointer) was created by the phosphoric acid etchant that was employed
to create micromechanical retention for dentin bonding. b. An intermediate stage of the bottom-
up remineralization process in which very fine electron-dense strands could be identified within
the collagen fibrils on the dentin surface (open arrowhead) and the interior (asterisk) of the
resin-infiltrated demineralized dentin. c. An advanced stage of the bottom-up remineralization
process in which electron-dense collagen fibrils (i.e. intrafibrillar remineralization) could be
observed within the zone of resin-infiltrated demineralized dentin (arrows). d. An advanced
stage of remineralization observed in a specimen bonded with the filled adhesive (FA) with a
similar manifestation of intrafibrillar remineralization of the collagen fibrils (arrows). C: resin
composite; T: dentinal tubules.

Gu et al. Page 21

Dent Mater. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig.7.
Unstained, high magnification TEM images of the experimental specimens showing the
sequence of events in the remineralization process. The junction between the adhesive (A) and
the surface of the resin-infiltrated demineralized dentin (R) is depicted. a. An early stage of
remineralization corresponding to the low magnification image depicted in Fig. 6a. The larger
electron-dense globular phases (black arrow) appeared to be formed by the coalescence of
smaller electron-dense globular phases (open arrowhead). They probably represent fluid
amorphous calcium phosphate nanoprecursors droplets that had permeated the porous
hydrophilic resin matrix. Fine electron-dense microfibrillar strands, not yet fully attaining the
dimensions of the collagen fibrils (pointers) could be seen along the surface of the resin-
infiltrated demineralized dentin. b. Another early stage of remineralization showing the
electron-dense, braided microfibrillar strands within the 80-100 nm diameter collagen fibrils
(open arrowheads). Selected area electron diffraction (inset) of these microfibrillar strands
indicated that the minerals were in an amorphous form at this stage. They probably represent
the original water-filled, non-resin-infiltrated spaces within the collagen fibrils that were filled
with solidified, coalesced amorphous calcium phosphate as the fluid droplets (Fig. 7a)
permeated those microfibrillar spaces. c. An intermediate stage of the bottom-up
remineralization process corresponding to the low magnification image depicted in Fig. 6b.
The continuous, braided, electron-dense microfibrillar strands observed in Fig. 7b had
segregated into individual non-overlapping nanocrystals within the collagen fibrils (between
open arrowheads). d. An advanced stage of the biomimetic process in which large, probably
overlapping intrafibrillar platelets could be identified within the collagen fibrils (arrows).
Interfibrillar remineralization was minimal as the spaces between the collagen fibrils were
filled with the dentin adhesive.
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Fig.8.
Unstained, high magnification TEM images of the experimental specimens showing the
sequence of events in the remineralization process within the interior of resin-infiltrated
demineralized dentin (R). a. An intermediate stage of remineralization corresponding to the
low magnification image depicted in Fig. 6b in which the collagen fibrils were filled with
electron-dense nanocrystals (open arrowheads). These nanocrystals were much smaller in
dimensions than those present in the natural mineralized dentin (D). b. A higher magnification
view of those intrafibrillar nanocrystals within a 70 nm diameter collagen fibril (between open
arrowheads). c. An intermediate stage of the bottom-up biomineralization process in which
non-overlapping intrafibrillar platelets, larger than those depicted in Fig. 8b, were found within
the collagen fibrils (open arrowheads) along the orientation of the pleated microfibrils. d. An
advanced stage of the remineralization process in which overlapping crystallite platelets could
be seen within the collagen fibrils (arrow). Selected area electron diffraction (inset) of those
crystallites revealed lattice spacings that were characteristic of apatite.
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Table II

Curve fitting parameters from the experimental STMP sorption data based on the one-site specific binding
model*

Contact time 1 min 5 min 1 hr 3 hr

Bmax 206.40 (8.40) 195.90 (9.76) 177.90 (7.28) 194.70 (5.70)

Kd 43791 (2661) 31042 (2582) 24482 (1825) 25483 (1338)

R2 0.9996 0.9989 0.9989 0.9995

*
The one-site specific binding model is represented by the general equation Y = Bmax*X/(Kd + X), where Bmax represents the maximum number

of binding sites, and Kd represents the sorbent concentration that binds to half the receptor sites in the sorbate at equilibrium.
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