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a b s t r a c t

Objectives: The aim of this work was the preparation of a new fluoride-releasing dental

material characterized by a release of fluoride relatively constant over time without any

initial toxic burst effect. This type of delivery is obtained by a matrix controlled elution and

elicits the beneficial effect of a low amount of fluoride on human dental pulp stem cells

(hDPSCs) towards mature phenotype.

Methods: The modified hydrotalcite intercalated with fluoride ions (LDH-F), used as filler,

was prepared via ion exchange procedure and characterized by X-ray diffraction and FT-IR

spectroscopy. The LDH-F inorganic particles (0.7, 5, 10, 20 wt.%) were mixed with a photo-

activated Bis-GMA/TEGDMA (45/55 wt/wt) matrix and novel visible-light cured composites

were prepared. The dynamic thermo-mechanical properties were determined by dynamic

mechanical analyzer. The release of fluoride ions in physiological solution was determined

using a ionometer. Total DNA content was measured by a PicoGreen dsDNA quantification

kit to assess the proliferation rate of hDPSCs. Alkaline phosphatase activity (ALP) was

measured in presence of fluoride resins.

Results: Incorporation of even small mass fractions (e.g. 0.7 and 5 wt.%) of the fluoride LDH in

Bis-GMA/TEGDMA dental resin significantly improved the mechanical properties of the

pristine resin, in particular at 37 8C. The observed reinforcement increases on increasing the

filler concentration. The release of fluoride ions resulted very slow, lasting months. ALP

activity gradually increased for 28 days in hDPSCs cell grown, demonstrating that low

concentrations of fluoride contributed to the cell differentiation.

Conclusions: The prepared composites containing different amount of hydrotalcite filler

showed improved mechanical properties, slow fluoride release and promoted hDPSCs cell

proliferation and cell differentiation.
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1. Introduction

The rapid increase of interest in the field of bio-hybrid materials

that exhibit improved structural and functional properties is
more and more attracting researchers from life science,
materials science, and nanoscience. Concomitant results offer
valuable opportunities for applications that involve disciplines
dealing with engineering, biotechnology, medicine and phar-
macy, agriculture, nanotechnology, and others.

Nano-structured modification of both thermoplastic and
thermosetting polymers, using inorganic fillers dispersed at
nanoscale, has opened up new perspectives for multifunc-
tional materials. By choosing the appropriate synthetic
polymer or resin as well as the specific fillers, unprecedented

morphological control down to the nanoscale is obtained. The
potential for new multifunctional materials lies in the
versatility of both the polymer and the inorganic chemistry
that can be exploited in the materials synthesis.1–7

Great attention has recently emerged around the compo-
sites in which layered fillers are dispersed at a nanometric
level in a polymeric matrix. Such composites possess unusual
properties, very different from their microscale counterparts.
In particular Layered Double Hydroxide (LDHs), or hydro-
talcite-like compounds, have attracted considerable attention
in the recent decade for their applications in many fields.8–11

LDHs consist of flat two-dimensional network composed of
different hydroxy layers of bivalent and trivalent metal ions.
Isomorphic substitution of some bivalent metal ions of LDHs
with trivalent ions gives rise to positive residual charges in the
framework which is counterbalanced with anions and water
molecules located interstitially. These compounds, also
known as ‘‘anionic clays’’, have the general formula [M(II)(1!x)-

)M(III)x(OH)2](Ax/n) mH2O], where M(II) is a divalent cation such
as Mg, Ni, Zn, Cu or Co and M(III) is a trivalent cation such as Al,
Cr, Fe or Ga with An! an anion of charge n such as (CO3)2!, Cl!,
NO3

! or organic anion.
One of the still open problems in polymer resins for dental

applications is the micro leakage between the sealant and
tooth surface causing bacterial invasion and secondary caries.
Several types of resin, both filled and unfilled, have been
employed as a pit and fissure sealants.12 Over the years,
several researches have been conducted on sealant materials
and methods to improve their properties like retention,
marginal integrity, etc., but today there is a need of materials
for remineralization. Calcium and phosphate ions from saliva
or other sources (dentifrices, chewing gums, beverages,
remineralizing solutions and restorative materials), and
fluoride from topical or systemic sources, have the potential

to re-mineralize the carious lesions or minimize caries
development.

The anti-cariogenic property of the fluoride is well
documented and involves various mechanisms including
the reduction of the demineralization, the enhancement of
the remineralization, the interference of pellicle and plaque
formation and the inhibition of microbial growth and
metabolism.13–20

The beneficial effects of the fluoride arise from its
incorporation in tooth mineral as fluoroapatite leading to
the decreased solubility of the tooth enamel.21

In addition, fluoride can affect dentinogenesis through the
modulation of proliferation and differentiation of Dental Pulp
Stem Cells (DPSCs), self-renewable multipotent stromal cells
of the pulp, fundamental for dental tissue regeneration.

However, this last effect of fluoride is dose-dependent. Only
low concentrations of fluoride can positively affect the
differentiation of normal human DPCs (hDPSCs) in vitro,
while high fluoride concentration has inhibitory effects on the
same cells.22

This cell biological response to different fluoride amounts
is of importance to thoroughly investigate the influence of
fluoride-releasing restorative dental materials (F-RM) on pulp
stem cells.

Indeed, the first attempts to produce F-RM, which could act
as a fluoride reservoir increasing the fluoride level in saliva,

plaque and dental hard tissues, were prompted by the concept
that fluoride-release from the materials exerted useful effects
in the clinical practice reducing the incidence of dental caries
not only by inhibiting microbial growth, but also improving
tooth regeneration and reconstruction capacity.

But recently, it was demonstrated that F-RM could be toxic
for hDPSCs and that the differences in cytotoxicity between
the tested F-RM were related to the amount of fluoride
released.23–25 It appears, therefore, that it should pay more
attention to improve F-RM characteristics in an attempt to
control the release of fluoride avoiding, in particular, the initial

burst release characterized by high, potentially toxic, fluoride
concentrations.

Release of fluoride is under the influence of some internal
variables such as material formulation, filler, and fluoride
content.

In this paper we present the formulation, preparation and
characterization of novel visible-light cured composites based
on photo-activated Bis-GMA/TEGDMA matrix, containing a
filler based on an hydrotalcite-like compound intercalated
with fluoride ions. We have obtained a dental resin with
improved physical and biological properties and, in addition,
able to release low amount of fluoride in a controlled and

tunable way for a long period of time.
In contrast to the conventional and resin-modified glass-

ionomers, our F-RM show to have no initial toxic fluoride
‘burst’ effect and levels of fluoride release remain relatively
constant over time. This type of delivery is obtained by a
matrix-controlled elution and elicits the beneficial effects of
low amount of fluoride on hDPSC differentiation.

This study represents a first successful attempt to prepare a
fluoride-releasing material based on a commercial dental
resin. A forthcoming paper will deal with the degree of
conversion and polymerization shrinkage of the prepared

composite resins.

2. Materials and methods

2.1. Preparation of fluoride layered double hydroxide
(LDH-F)

The intercalation of the fluoride anions in the LDH was
performed by equilibrating, at room temperature, under
stirring and under nitrogen flow for 48 h, 500 mg of LDH in
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the nitrate form [Mg0.65Al0.35(OH)2](NO3)0.35"0.68H2O (LDH-
NO3), with 10 ml of a CO2-free aqueous solution 0.25 mol/
dm3 of fluoride sodium salt, NaF, (F!/NO3

! molar ra-
tio = 1.3).26,27 The obtained white solid was separated by

centrifugation, washed three times with CO2-free deionized
water and finally dried at rt over a saturated NaCl solution (75%
of relative humidity, RH). The final product (sample LDH-F) has
the formula [Mg0.65 Al0.35(OH)2](F)0.35"0.8H2O.

2.2. Dispersion of LDH-F into dental matrix

The LDH-F (with mass fraction of 0.7, 5, 10 and 20%) was added
into a commercial light-activated restorative material (RK)
provided by Kerr s.r.l. (Italy), which consisted of bisphenol-A
glycidyl dimethacrylate (Bis-GMA), tri-ethylene glycol

dimethacrylate (TEGDMA), camphorquinone (CQ), ethoxy-
lated bisphenol A dimethacrylate (EBPADMA) and glass fillers.
Specimen disks 20 mm in diameter and 1 mm thick, were
fabricated using steel molds. The composite obtained were
then cured by photo-polymerization using a visible light
curing unit (Optilux 380, distributed through KERR, USA;
irradiated diameter: 11 mm) with an irradiation time of 120 s.
During the experiment, the light intensity was maintained at
550 mW/cm2. The samples are coded RK-Fx, where x is
the percentage by weight of the inorganic solid LDH-F in the
resin RK.

2.3. Characterization and evaluation

2.3.1. X-ray powder diffraction (XRPD)
XRPD patterns were recorded, in reflection, with an automatic
Bruker diffractometer (equipped with a continuous scan
attachment and a proportional counter), using the nickel
filtered Cu Ka radiation (l = 1.54050 Å) and operating at 40 kV
and 40 mA, step scan 0.058 of 2u and 3 s of counting time.

2.3.2. Fourier transform infrared analysis (FT-IR)
Infrared absorption spectra were obtained by a Bruker

spectrophotometer, model Vertex 70, with a resolution of
4 cm!1 (32 scans collected).

2.3.3. Dynamic-mechanical analysis
Dynamic-mechanical properties of the samples were per-
formed in triplicate with a dynamic mechanical thermo-
analyzer (TA instrument-DMA 2980). The samples were tested
by applying a variable flexural deformation in dual cantilever
mode. The displacement amplitude was set to 0.1%, whereas
the measurements were performed at the frequency of 1 Hz.
The range of temperature was !50 to 150 8C, scanning rate of

3 8C/min.

2.3.4. Fluoride release study
Weighed disks were put in contact with a fixed volume of
50 ml of a physiological saline solution (NaCl 0.90% w/v) under
stirring at 37 8C. After specific time intervals (after an hour for
the first six hours, then every 12 h) the measurement of the
fluoride concentration (ppm) of each solution was carried out
using a ionometer (Thermo Orion Mod 720 Aplus). The
measurements were made in triplicate and averaged the
values.

2.3.5. Primary cell culture
Human dental pulp stem cells (hDPSCs) were isolated as
described previously.28,29 Briefly, human impacted third
molars from 10 adults (18–22 years of age) were collected at

Federico II University Dental Hospital (Naples, Italy). The
experimental protocol was approved by the Hospital’s
Institutional Review Board (accession number 7413), and the
patients provided informed consent. The teeth were cracked
open to remove the pulp tissues gently with forceps. The pulp
tissues were then minced and digested in a solution of 3 mg/
ml collagenase type I and 4 mg/ml dispase (Sigma–Aldrich,
Italy) for 30 min at 37 8C. The digested mixtures were passed
through a 70-mm cell strainer (Falcon, Italy) to obtain single-
cell suspensions. Cells were seeded onto six-well plates and
cultured with a-minimum essential medium (a-MEM) supple-

mented with 15% FBS, 2 mM L-glutamine, 100 mM L-ascorbic
acid-2-phospate, 100 U/ml penicillin-G, 100 mg/ml streptomy-
cin, and 0.25 mg/ml fungizone (Hyclone, Italy) and maintained
in 5% CO2 at 37 8C. Colony formation units of fibroblastic cells
were normally observed within 1–2 weeks after cell seeding
and were passaged at 1:3 ratio when they reached #80%
confluence changing medium every 2 days. Heterogeneous
populations of hDPSCs were frozen and stored in liquid
nitrogen at passages 0–2. Before incubation with cells, all the
RK-Fx resins were gas sterilized using ethylene oxide. Second
passage hDPSCs were seeded at a concentration of

1 $ 104 cells/well directly onto RK-Fx resins (14 mm in diame-
ter) placed in 24-well plates (Falcon). The non-adherent cells
were removed by washing three times in medium at 24 h.

2.3.6. hDPSC proliferation assay
To assess the proliferation rate of the cells, total DNA content
(n = 3) was measured by a PicoGreen dsDNA quantification kit
(Molecular Probes, Italy). Cells were seeded at a density of
4 $ 103 cells/well in a 96-well plate, and after 24-h incubation,
medium was replaced with fluoride-medium (fluoride final
concentrations of 0.5, 1.0, 2.0 and 5.0 ppm) for a further 48 h.
Then cells were washed twice with a sterile phosphate buffer

saline (PBS) solution and transferred into 1.5-ml microtubes
containing 1 ml of ultrapure water (Eppendorf, Italy). Samples
were incubated for 1 h at 37 8C in a water bath, subjected to a
freeze-thaw cycle and sonicated for 15 min before DNA
quantification. Then 100 ml of PicoGreen working solution
was added to 100 ml of supernatants of the samples. Triplicates
were made for each sample or standard. The plate was
incubated for 10 min in the dark and fluorescence was
measured on a microplate reader (Fluostar Optima, bMG Lab
technologies) using an excitation wavelength of 490 nm and
an emission of 520 nm. A standard curve was created and

sample DNA values were read off from the standard graph.

2.3.7. Alkaline phosphatase activity
Alkaline phosphatase activity is a typical marker for early
odontoblastic differentiation. To examine whether the fluo-
ride release by the different resins-induced ALP activity in
hDPCs, ALP activity was assessed as reported by Wang et al.30

Briefly, hDPCs were cultured on RK-Fx disks (RK-F0.7 and RK-
F10, 14 mm diameter) for 1, 7, 14 and 28 days. Then, the cells
were scraped into cold PBS, sonicated in an ice bath and
centrifuged at 1500 $ g for 15 min. ALP activity was measured
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in the supernatant using p-nitrophenyl phosphate as a
phosphatase substrate and alkaline phosphatase supplied
by the kit as a standard. The absorbance was measured at
405 nm and the amount of ALP in the cells was normalized

against total protein content.

2.3.8. Assessment of extracellular matrix mineralization
hDPSC cells were seeded on fluoride-releasing resins (RK-F0.7
and RK-F10) at a density of 1 $ 105 cells/well and cultured for
14 days. Calcified extracellular matrix (ECM) was observed by
alizarin red S staining (Sigma–Aldrich). After culture, the wells
were washed three times with PBS (pH 7.4) and fixed in a 4%
para formaldehyde solution for 20 min. Cells were stained
with a 20 mg/ml alizarin red S solution in 0.1% NH4OH at pH 4.2
for 20 min at room temperature. To quantify matrix minerali-

zation, alizarin red S was solubilized in 100 mmol/l cetylpyr-
idinium chloride for 1 h, and the absorbance of the solution
was measured at 570 nm. Mean absorbance values were
obtained from 3 independent experiments.

2.4. Statistical analysis

All data were reported as mean with standard deviation (n = 3).
Statistical analysis was evaluated by a Student’s t-test for
differences among groups and a value of P < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. Structural analysis of fluoride hydrotalcite (LDH-F)

Structural information was obtained by X-ray analysis (XRPD)
and FT-IR absorption spectroscopy. Fig. 1(a) shows the
diffraction patterns of the pristine hydrotalcite in nitrate
form (LDH-NO3) and the intercalated fluoride form (LDH-F). As
a result of the NO3/F exchange, the X-ray reflection due to the
interlayer distance (d003 = 0.902 nm) and positioned at 2u = 9.98
(LDH-NO3) moves at much higher angles, 2u = 11.688, corre-
sponding to an interlayer distance of 0.757 nm (LDH-F). The
decrease of the interlayer distance was due to the intercalation
of the fluoride anion with smaller dimension than the nitrate

anion.31 The second and third patterns of LDH-F spectra
correspond to the higher harmonics of the interlayer distance.
All the peaks are sharp, and this indicates an ordered
accommodation of the inorganic anion within the interlayer

regions. Moreover, the X-ray reflections of the nitrate form are
absent, and this indicates that the nitrate ions left out of the
exchange were solubilized in the interlayer region of the
fluoride intercalate.

Fig. 1(b) shows the FT-IR absorbance spectra for the LDH-F
sample. The intercalation of fluoride ions into LDH is
represented by the characteristic band at frequency
1385 cm!1.31,32 Adsorption bands around 550 and 680 cm!1

can be attributed to the Mg–OH and Al–OH translation modes,
respectively.33 The adsorption band around 3460 cm!1 can be
attributed to the OH group stretching due to the presence of

hydroxyl groups of LDH, co-intercalated water molecules, or
both.34

3.2. Incorporation of LDH-F into the dental resin

3.2.1. Structural investigation
The incorporation and dispersion of the inorganic solid into
the dental resin was investigated by X-ray analysis. The
diffractograms of the LDH-F, the pure resin and the compo-
sites with LDH-F are displayed in Fig. 2. The broad pattern in
Fig. 2(b) is attributed to the reflection of amorphus RK, while

the diffraction spectra of RK/LDH-F composites (Fig. 2(c)–(f))
show characteristic reflections of LDH-F powders at 2u = 11.688
and 23.6 besides the broad reflection of pristine RK, increas-
ingly evident starting from the sample at 5% of concentration
(RK-F5). In particular the basal peak at 11.688 of 2u is absent at
low concentration; it appears in the sample RK-F5 and then
increases on increasing the inorganic concentration. This
suggests that the clay is delaminated and well dispersed up to
5% of concentration, whereas at higher concentrations large
clay tactoids are present in the sample. The X-ray data
therefore indicate a morphology with micro-domains of LDH-F
at concentrations higher than 5%.

3.2.2. Mechanical properties
The mechanical properties were investigated in a wide range
of temperatures by performing a dynamic mechanical analy-
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Fig. 1 – (a): XRD patterns of LDH-NO3 and LDH-F, (b): FT-IR spectra of LDH-F.
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sis, able to detect either the elastic modulus and the tan d in
the investigated range of temperature. Fig. 3 shows the elastic
modulus for the pristine resin and the resin containing 5, 10
and 20 wt.% of LDH-F. The study of the mechanical properties
in a wide temperature range demonstrated that the values of
the elastic modulus of the resins containing the fluoride
inorganic solid (RK-Fx) increased compared with the resin RK.

This increase, which was evident after the glass transition
temperature, was observed at different temperatures and for
different compositions.

The comparison of the storage moduli at three different
temperatures (0 8C, 37 8C, 50 8C) and the values of the glass
transition temperatures are reported in Fig. 4(a and b). We
observed that the storage moduli of the composite resins are
consistently higher than the pristine resin and the increase is
particularly relevant at 37 8C, the body temperature. The
observed reinforcement increases on increasing the filler
concentration. As expected, as shown in many composite
systems, the deformation at breaking of the composite resin

was found slightly lower than the pristine resin. However,
since the stress is increasingly higher in the composites, the
toughness remained almost unchanged.

3.2.3. Release properties
One of the main goal of this study, beside to improve the
physical properties, is to obtain a resin able to release fluoride

ions, in controlled and tuneable way according to the external
environment to which the resin is exposed.

The resin was suspended in physiological saline solution
and the release of the active ingredient was monitored over
time.

A significant phenomenon was observed which constitutes
a further advantage of the system: the anchorage of the active
molecule to the inorganic lamellar compound allows slower
release. This makes the system much more efficient. Fig. 5,
shows the release of fluoride ions (in ppm) at different initial
concentrations from the RK-F0.7, RK-F5, RK-F10 and RK-F20
samples.
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Fig. 2 – XRD patterns of: LDH-F (a), RK resin (b), RK-F0.7 (c), RK-F5 (d), RK-F10 (e) and RK-F20 (f).

Fig. 3 – Storage modulus (MPa) versus temperature (8C) of: RK, RK-F5, RK-F10 and RK-F20.
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We observed a rapid release at the beginning of the
experiment, followed by a release linearly depending on the
time (days). The first step is independent of the initial
concentration, as expected for a glassy rigid polymeric matrix,
in which the diffusive phenomena are only dependent on the
frozen free volume. The second part of the release curve is
linear with the release time. It inversely depends on
concentration, in the sense that the higher the concentration
the lower the released part of fluoride ions. This result reflects

the strong influence of the morphology in the case of
composites with lamellar clays. When the clay lamellae,
where the fluoride ions are anchored, are delaminated and
well dispersed in the resin, the fluoride ions, less shielded by
the lamellae, are more available to be de-touched from the
clay and diffuse trough the resin. Increasing the clay
concentration, big tactoids are formed and the fluoride ions
are less available to be reached by the counter ions, detach and
diffuse in the resin. Fluctuations between the different
concentrations higher that 5%, are possibly due to morphology
fluctuations during the composite preparation. This result
indicates the possibility to have a tunable and controlled

release of fluoride from RK resins.
It is worth observing that the extrapolated release can

occur up to one year, with a ppm concentration released each
day that is far from the possible adverse fluoride effect.

3.2.4. Cell proliferation and ALP activity
Human DPSCs can differentiate into various tissues, such as
odontoblasts, adipocytes, chondrocytes, and osteoblasts.28,35

In addition, hDPSCs are effective in mineralized tissue
formation.36–38

It has been hypothesized that the failure of dental
restorations is dependent on the degree to which the pulpal
cell populations can survive, as well as the ability of these cells
to detect and respond to injury to initiate an appropriate repair

response.39,40 Thus, it is fundamental to use restorative dental
materials and procedures congruent with the natural regen-
erative activity of teeth and with the induction of odontoblast
phenotype in hDPSC.

The first sparks to produce active fluoride-releasing
materials, with definite interactions with the human DPSC,
originated from the fact that materials capable of releasing
fluoride can exert useful effects in terms of DPSC differentia-
tion in odontoblasts. However, it has been demonstrated that
the level of fluoride release was in direct correlation with
cytotoxic activity of F-RM on human DPSCs, while low levels of
released fluoride correlated to low cytotoxic effect on human

DPSCs.41

To assess whether fluoride concentration affected the
proliferation of hDPSC, we seeded growth-arrested cells (in
FBS-deprived basal medium for 24 h) in 0.2% FBS and then
measured cell proliferation by DNA assay using a fluorimetric
dsDNA quantification kit. Fig. 6(a) demonstrated that cytotoxic
concentration of fluoride was ranging between 3 and 5 ppm, a
value did not present in the conditioned supernatant of
fluoride release resins (RK-F0.7 and RK-F10) for all the points
evaluated. Parallel experiments using the supernatants
conditioned with RK-F0.7 or RK-F10 demonstrated that all

the supernatants tested did not show any significant inhibi-
tion of proliferation on hDPSC. Conditioned supernatants
from tissue culture polystyrene and RK were used as control
(data not shown).

As showed in the previous paragraph there was no
substantial difference of fluoride release from RK-F0.7 and
RK-F5, so we report only the results obtained on RK-F0.7 and
RK-F10.

Alkaline phosphatase activity (ALP), an early marker of
odontogenic differentiation of pulp cells, was measured in
cells cultured on fluoride-releasing restorative materials (RK-

Fig. 5 – Release profiles of fluoride ions from RK-F0.7, RK-
F5, RK-F10 and RK-F20 samples in physiological solution
as a function of time (day).
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F0.7 and RK-F10). Cells cultured on polystyrene (CTL) and on
restorative material without fluoride (RK) were used as
control. Fig. 6(b) shows that the ALP activity gradually
increased for 28 days in cells grown on RK-F0.7 or RK-F10
compared to cells cultured onto tissue culture polystyrene and
RK. Thus, the release of low amounts of fluoride from RK-F0.7
or RK-F10 was able to modulate positively hDPSCs differenti-
ation.

3.3. Extracellular matrix mineralization

Mineralization of hDPSC was obtained via alizarin red S
staining. As shown in Fig. 7, we observed no remarkable
differences in calcified extracellular matrix (ECM) mineraliza-
tion in cells plated on RK-F0.7 and RK-F10, as was expected
based on the results of the ALP assay, compared to cells plated
on RK.

These results suggest that both resins exhibit equivalent
biologic activity as scaffolds supporting hDPSCs, despite
different levels of fluoride released.

4. Conclusion

The present study investigated the effects of a modified
hydrotalcite (LDH-F) dispersed into a commercial light-
activated restorative material on mechanical properties,
fluoride release and hDPSCs cell proliferation. Good results
make LDH-F a promising filler for dental resin.
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