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A B S T R A C T

Objectives: Fluoride-containing orthodontic cements are used to combat white spot lesions (WSLs) in enamel.
However, the fluoride (F) ion releases from these cements are relatively low and short-term. The objectives of
this study were to develop a novel rechargeable orthodontic cement with nanoparticles of calcium fluoride
(nCaF2) to provide long-term and high levels of F release, and to investigate F recharge and physical and cy-
totoxic properties.
Methods: The nCaF2 with a mean particle size of 58 nm were synthesized using a spray-drying method.
Pyromellitic glycerol dimethacrylate (PMGDM), ethoxylated bisphenol A dimethacrylate (EBPADMA), 2-hy-
droxyethyl methacrylate (HEMA) and bisphenol A glycidyl dimethacrylate (BisGMA) were used to prepare the
cements (denoted PE and PEHB resins). A resin-modified glass ionomer (RMGI) served as control. Enamel shear
bond strength (SBS), cytotoxicity, and F ion recharge and re-release were evaluated.
Results: nCaF2 cements had good SBS and excellent biocompatibility that were comparable to RMGI (p > 0.1).
After a recharge for 1min, the F re-release from PEHB+30%nCaF2 cement was 80% higher than RMGI
(p < 0.05). Increasing nCaF2 content from 20% to 30% greatly increased the F ion re-release (p < 0.05). The F
ion re-release of nCaF2 cements did not decrease with increasing the number of recharge and re-release cycles
(p > 0.1).
Conclusions: A novel F ion-rechargeable orthodontic cement containing nCaF2 was developed with clinically
acceptable enamel SBS, good biocompatibility, and sustained F ion recharge and re-release that were 1.8 folds
that of a commercial RMGI.
Clinical Significance: Novel rechargeable nCaF2 orthodontic cement is promising to provide the needed long-term
and high levels of F ion releases to inhibit WSLs in orthodontics.

1. Introduction

Orthodontic treatments are becoming increasingly popular due to
growing desire for esthetics. However, white spot lesions (WSLs) are a
common drawback in fixed orthodontic treatments [1]. WSLs are de-
fined as subsurface enamel porosities from carious demineralization

and clinically characterized by chalky areas adjacent to orthodontic
appliances [1]. WSLs occur in up to 97% of all orthodontic populations
and decrease their quality of life by compromising the esthetics [2].
Constant endeavors have been made to develop interventions that could
prevent WSLs during orthodontic treatment [3].

To combat tooth structure demineralization, fluoride (F) is a widely
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recognized anti-caries agent. The correlations between caries inhibition
and F ions in saliva and drinking water have been identified by previous
investigations [4,5]. F ions reduce caries by acting as a glycolytic en-
zyme inhibitor and transmembrane proton carrier which inhibit the
cariogenic bacterial metabolism [6]. Furthermore, F ions could de-
crease the enamel solubility by forming fluoroapatite (FAP) and protect
the demineralized enamel by promoting remineralization [7,8].

Several F-containing products have been developed to prevent en-
amel demineralization, including dentifrice, rinse, varnish and com-
posite [9–13]. A common problem for these products is that the release
of F ions is short-term [14]. A cochrane review found that, among the
many types of F therapies, the periodic application of F-containing
varnish is the only effective F-based therapy to prevent WSLs during
fixed brace treatment [15]. This review also suggested that F-based
treatments which do not need patient compliance are more promising
in preventing WSLs [15]. Indeed, the patient compliance required by
the periodic F-based treatments often leads to unsatisfactory effects
[16].

Therefore, it is highly desirable to develop novel antibacterial and
remineralizing orthodontic cements that do not rely on patient com-
pliance to prevent WSLs [17]. Resin-modified glass-ionomer cements
(RMGIs) are used in orthodontic practice due to their acceptable shear
bond strength and the ability to release F ions [18]. However, the F ion
release from RMGIs is relatively short-term, with an initial burst fol-
lowed by a rapid decrease in F ion release [19]. Indeed, several clinical
trials identified that the concentration of F ions released from RMGIs
were too low to inhibit the biofilm metabolism in oral cavities in the
long-term [20,21]. Therefore, currently, there is a need to develop a
new orthodontic cement that can repeatedly be recharged to re-release
high levels of F ions to provide a sustained prevention of WSLs during
orthodontic treatments.

Regarding the ion recharge property, RMGIs were shown to be able
to act as a reservoir for topical fluoridation and then re-release the F
ions [22]. However, the re-release of F ions from RMGIs after the re-
charge lasted only 2–3 days, with a low level of F ion re-release [19].
Recently, novel composites and cements were synthesized using a ma-
trix resin that consisted of pyromellitic glycerol dimethacrylate
(PMGDM) and ethoxylated bisphenol A dimethacrylate (EBPADMA),
showing a strong recharge capability of calcium (Ca) and phosphate (P)
ions with re-releases lasting 14 days after one recharge [23,24]. The
PMGDM-EBPADMA resin can chelate with inorganic ions from solu-
tions thus achieving an effective ion recharge [25]. However, to date,
there has been no report on the use of the PMGDM-EBPADMA resin
together with nanoparticles of calcium fluoride for F ion recharge and
re-release.

Nanotechnology has revolutionized health care industry and its
application in dentistry has drawn great attention in past decades.
Nanoparticles are more effective to suppress bacterial adherence and
biofilm formation with stronger antibacterial property than traditional
particles [26–28]. The size-dependent effects also apply to reminer-
alization-promotion [26]. Recently, we synthesized nanoparticles of
calcium fluoride (nCaF2), and greatly improved the antibacterial and
remineralization capabilities of a RMGI by nCaF2 incorporation [29].
The addition of nCaF2 at a relatively low mass fraction resulted in a
high level of F ion release from the orthodontic cement, which was
mainly attributed to the small particle size and the resultant high sur-
face area of nCaF2 [29–31]. However, previous studies on nCaF2 did not
investigate the F ion recharge capability.

Therefore, the objectives of the present study were to develop a
novel nCaF2-containing orthodontic cement and investigate F ion re-
charge and re-release properties for the first time. The following hy-
potheses were tested: (1) The new rechargeable nCaF2 orthodontic ce-
ment would have an enamel-bracket shear bond strength comparable to
the commercial RMGI; (2) The nCaF2-containing cement would have
greater F ion recharge and re-release than the commercial RMGI; (3)
The level of ion recharge and re-release would increase with increasing

nCaF2 mass fraction; (4) The recharge and re-release of F ions from the
nCaF2 cement would be sustainable and not decrease with increasing
the number of recharge and re-release cycles.

2. Materials and methods

2.1. Synthesis of nCaF2

A spray-drying approach was used to prepare the nCaF2 as pre-
viously described [29–31]. A two-liquid nozzle (ViscoMist, Lechler, St.
Charles, IL, USA) was used to allow two different solutions to be fully
mixed at the time of atomization. In this study, calcium hydroxide [Ca
(OH)2] and ammonium fluoride (NH4F) were dissolved in distilled
water respectively, and were simultaneously fed to the nozzle at a
calcium/fluoride molar ratio of 1:2. Two solutions were sprayed into
the heated chamber of the spray-dryer to produce the nanopowder. The
reaction of Ca(OH)2 and NH4F lead to the formation of calcium fluoride
(CaF2), ammonia (NH3) and water (H2O). The NH3 and H2O vapor were
removed with air flow. The nanopowders were collected using an
electrostatic precipitator (MistBuster, Minneapolis, MN, USA). The na-
nopowders were confirmed to be nCaF2 by X-ray diffraction and had an
average particle size of 58 nm in previous studies [29,30]. In the pre-
sent study, the nCaF2 was examined using a transmission electron mi-
croscopy (TEM, 3010 HREM, JEOL, Peabody, MA, USA).

2.2. Fabrication of orthodontic cements

Two types of matrix resins were prepared to formulate the experi-
mental orthodontic cements. The first consisted of PMGDM (Hampford,
Stratford, CT, USA) and EBPADMA (Esstech, Essington, PA, USA) at a
mass ratio of 1:1, which was rendered light-curability with 0.2% (all
weight) camphorquinone (CQ; Sigma-Aldrich, St Louis, MO, USA) and
0.8% ethyl 4-N, Ndimethylaminobenzoate (4E; Sigma-Aldrich).
PMGDM is an acidic monomer that can chelate with inorganic ions
[25,32]. Recently, the combined use of PMGDM and EBPADMA has
been found to recharge calcium and phosphate ions [24]. Our pre-
liminary study observed a strong recharge and re-release ability of F
ions with this resin. This matrix resin is referred to as the PE resin.

To formulate the second matrix resin, 10% of 2-hydroxyethyl me-
thacrylate (HEMA) (Esstech) and 5% of bisphenol A glycidyl dimetha-
crylate (BisGMA) (Esstech) were added into the PE resin, yielding a
resin with 42% PMGDM, 42% EMPADMA, 10% HEMA, 5% BisGMA,
0.2% CQ and 0.8% 4E. The aim of adding HEMA and BisGMA was to
improve the cross-linkage of monomers and tooth-bonding ability of the
cement. The mass fractions of BisGMA and HEMA were determined
following a previous study in which the combined use of BisGMA and
HEMA successfully improved the bond strength [33]. The second ma-
trix resin is referred to as the PEHB resin.

The nCaF2 were incorporated into PE and PEHB at mass fractions of
0%, 20% and 30%. Mass fractions of nCaF2 higher than 30% were not
used because of the reductions in enamel bond strength in our pre-
liminary study.

A commercial RMGI (GC Ortho LC, Fuji, Aichi-ken, Japan) was used
as commercial control. GC is used as a bracket-bonding cement in or-
thodontic practice due to its acceptable enamel bonding strength and
ability to release F ions [18]. According to the manufacturer, GC con-
tained fluoroaluminosilicate glass, hydroxyethyl methacrylate and
polyalkenoic acid. Seven cements were tested:

(1) GC ortho LC (referred to as GC control)
(2) 40% PE resin + 0% nCaF2 + 60% glass (PE control)
(3) 40% PE resin + 20% nCaF2 + 40% glass (PE+ 20%nCaF2)
(4) 40% PE resin + 30% nCaF2 + 30% glass (PE+ 30%nCaF2)
(5) 40% PEHB resin + 0% nCaF2 + 60% glass (PEHB control)
(6) 40% PEHB resin + 20% nCaF2 + 40% glass (PEHB+20%nCaF2)
(7) 40% PEHB resin + 30% nCaF2 + 30% glass (PEHB+30%nCaF2)
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2.3. Enamel shear bond strength (SBS) testing

Human premolars that were extracted for orthodontic reasons were
collected with the informed consent of patients and the approval by
Institutional Review Board of the authors’ affiliations. The teeth were
stored in 0.1% thymol solution at 4 ℃. Eight-four teeth were randomly
divided into seven groups, with 12 teeth per group.

Each tooth was embedded vertically into a self-curing acrylic resin
(Lang Dental Manufacturing, Wheeling, IL, USA). The positions of
embedded teeth were adjusted to ensure the buccal axis of clinical
crowns would be parallel to the mechanical load in SBS test. The buccal
surface of each sample was etched with 37% phosphoric acid gel (3M
united, Monrovia, CA, USA) for 30 s, washed with distilled water and
was then thoroughly dried by an air stream until a chalky appearance
was observed. For GC control, a metal bracket (Shinye, Hangzhou,
China) was bonded to the buccal center of each sample using the GC
paste, following the manufacturer’s instructions. The bonding proce-
dures for the other six groups were the same as that for GC. A com-
pressive force of 200 g was applied to the bracket for 5 s with a force
gauge. After that, the specimen was photo-polymerized (VCL 401,
Demetron, CA, USA) from all four sides of the bracket for 10 s on each
side.

For each group, the 12 teeth were divided into two subgroups of six
teeth each. One subgroup was used to measure the initial SBS to en-
amel, and the other subgroup was used to investigate the enamel SBS
after a demineralization challenge. The demineralization challenge was
used to simulate the biofilm-induced acidic environment around the
brackets which could potentially degrade the bracket-tooth interface
and decrease the bonding strength [33,34]. The specimens used for the
initial SBS test were immersed in distilled water at 37 ℃ for 24 h, and
then subjected to the SBS test. The specimens of the other subgroup
were immersed in a demineralization solution of pH 4.0 for 30 days
before the SBS test. The demineralization solution was prepared by
buffering a sodium chloride solution (133mmol/L) to pH 4.0 with lactic
acid (50mmol/L) [29]. The pH 4.0 value was used because the cario-
genic bacteria could reduce the plaque pH to 4.0–4.5 after fermenting
carbohydrates and producing acids [35]. During the challenge time, the
solution was refreshed every three days and the pH was adjusted to 4.0.

To measure the enamel SBS, a chisel tester was connected to a
universal testing machine (MTS System Corporation, Eden prairie, MN,
USA). An occlusal-gingival load was applied to the bracket at a rate of
0.5 mm/min until the bracket was detached. The SBS was determined
as the load divided by the bracket-tooth interfacial area [29].

2.4. Initial F ion release from the virgin cements

A 133mmol/L sodium chloride solution was buffered to pH of 4.0
with 50mmol/L lactic acid to simulate the cariogenic low pH condition
(termed the lactic acid solution) [29]. The cement pastes of all seven
groups were placed into a rectangular mold of 2×2×12mm and
polymerized by a light curing unit (Demetron) for 1min. Each specimen
was placed in a vial and immersed by 16.5mL of lactic acid solution,
yielding a specimen volume/solution ratio of approximately 2.9 mm3/
mL, following previous studies [29,30]. The lactic acid solution was
refreshed daily. The F ions released from the specimens were measured
daily during the first 28 days and then every third day in the following
42 days. For each measurement, 0.5mL of sample solution was trans-
ferred into a test tube, and 0.5 mL of the Total Ionic Strength Adjust-
ment Buffer (TISAB, Thermo Scientific, Waltham, MA, USA) was added
to provide a constant background ionic strength [19]. The concentra-
tions of F ions were assessed using a selective electrode (Thermo Sci-
entific). The F ion release from the specimens during this 70-day period
was termed the “initial release” from the virgin cement specimens, to be
distinguished from the subsequent ion recharge and re-release.

To calculate the cumulative F ion release during the 70-day period,
the total F ion release of each specimen was calculated. The average

values of total releases from the six samples in each group were de-
termined as the cumulative F ion initial releases.

2.5. F ion recharge and re-release of cement specimens

After the 70-day initial release, the same specimens were immersed
in a fresh lactic acid solution for 1 day to determine the F ion release
baseline. Then, the specimens were recharged by immersion for 1min
in a sodium fluoride solution with F ion concentration of 5000 ppm,
following a previous study [36]. The sodium fluoride solution and its
concentration were used because of its favorable effectiveness in F ion
recharge [22,36]. The specimens were then rinsed with running dis-
tilled water for 1min to remove any loosely attached deposits on spe-
cimen surfaces. After the recharge, the specimen was immersed in
16.5 mL lactic acid solution to re-release the F ions. The F ion re-release
from the recharged specimens were measured daily for 7 days, during
which the lactic acid solution was changed daily. Each recharge and the
7-day re-release constituted one cycle of recharge and re-release. This
was repeated four times to investigate whether the F ion recharge and
re-release level would decrease with increasing the number of cycles.

2.6. Cytotoxicity test of orthodontic cements

Since several dental monomers and F ions were reported to poten-
tially have a low level of cytotoxicity [37], the cytotoxicity of GC
control, PE+20%nCaF2, PE+30%nCaF2, PEHB+20%nCaF2 and
PEHB+30%nCaF2 were tested. Each cement paste was placed into a
circular mold with a diameter of 8mm and a thickness of approximately
1mm, and photo-cured (Demetron) for 1min. The cement disks were
transferred into distilled water and stirred by a magnetic bar at a rate of
100 rpm for 1 h to release the initial burst of any uncured monomers,
following previous studies [29,38]. The cement disks were then ster-
ilized with ethylene oxide and degassed for seven days (Anprolene AN
74i, Andersen, Haw River, NC, USA). Then each disk was placed in a 48-
well plate and immersed by 500 μL of Dulbecco's Modified Eagle
Medium (DMEM, Gibco, Grand Island, NY, USA) containing 1% peni-
cillin/streptomycin (Invitrogen, Carlsbad, CA, USA). This had a ratio of
cement surface area/solution volume to be approximately 2.5 cm2/mL,
which was within the recommended range of the International Orga-
nization for Standardization (ISO) [39]. The cement disks were in-
cubated at 37 ℃, and the culture medium was replaced daily. The ex-
tracts of day 1, 4 and 7 were collected and stored at -20 ℃ for
cytotoxicity tests.

Human gingival fibroblasts (HGFs, ScienCell, San Diego, CA, USA)
were seeded into 96-well plates with a cell density of approximately
10,000/well. The cells were cultured with the extracts plus 10% fetal
calf serum (FCS, Gibco) at 37 ℃ for 24 h. The HGFs cultured with
DMEM (Gibco) containing 10% FCS (Gibco) and 1% penicillin/strep-
tomycin (Invitrogen) were used as the negative control. MTT assay was
conducted to determine the cell density at 492 nm spectro-
photometrically (SpectraMax M5, Molecular Devices, Sunnyvale, CA,
USA). The optical density ratio of the experimental group to the ne-
gative control was calculated as a measure of the cell viability.

2.7. Statistical analysis

SPSS 19.0 (SPSS Inc, Chicago, IL, USA) was used for the statistical
analyses. All results were expressed as mean ± standard deviation
(sd). Shapiro-Wilk analysis was adopted to test the normal distribution
of all data. One-way analyses of variance (ANOVA) and Fisher’s Least
Significant Difference (LSD) post-hoc test were performed to evaluate
the differences in F ion initial release, F ion re-release and cytotoxicity
between the groups. Two-way ANOVA was used to investigate whether
the demineralization challenge and type of matrix resin had effects on
the SBS of cements. The differences with p < 0.05 were considered to
be significant.
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3. Results

A representative TEM image of nCaF2 from spray-drying is shown in
Fig. 1A. The nCaF2 powder consisted of fine particles with sizes of
10–20 nm, along with larger particles having sizes of approximately
100 nm. The larger particles appeared to be the agglomeration of nu-
merous fine nanoparticles, which were formed in the spray-drying
chamber before the fine particles were fully dried. The mean particle
size was measured to be 58 nm.

The enamel bonding strengths of the cements are plotted in Fig. 1B.
Both the type of matrix resin and the demineralization challenge had
significant effects on the bond strength (p < 0.05); there was no sig-
nificant interaction between the type of matrix resin and the demi-
neralization challenge (p > 0.1). The initial SBS of GC control and

PEHB control were similar (p > 0.1), both of which were higher than
that of PE control (p < 0.05). The incorporation of 20% and 30%
nCaF2 into PE and PEHB resin had no adverse effects on the initial SBS
(p > 0.1). The SBS of all seven groups were reduced significantly after
the 30-day demineralization challenge (p < 0.05). For the SBS after
challenge, the value of GC control was similar to that of PEHB+20%
nCaF2 and PEHB+30%nCaF2 (p > 0.1). The addition of nCaF2 had no
adverse effects on the SBS after the demineralization challenge
(p > 0.1).

The initial releases of F ions from the virgin cements are shown in
Fig. 2. The F ion release of GC control was relatively high at day 1; its
release then decreased rapidly in the first week and gradually declined
to reach a lower long-term release rate. The release profiles of
PE+ 20%nCaF2, PE+30%nCaF2, PEHB+20%nCaF2 and
PEHB+30%nCaF2 were similar, with long-term release rates higher
than that of GC control (p < 0.05). For the long-term release,
PEHB+30%nCaF2 had the highest F ion release rate, which was ap-
proximately 60% higher than that of PE+20%nCaF2 (p < 0.05), and
110% higher than that of GC control (p < 0.05).

The cumulative F ion initial releases of orthodontic cements are
presented in Fig. 3. The release was significantly enhanced when the
mass fraction of nCaF2 was increased from 20% to 30% (p < 0.05).
PEHB+20%nCaF2 and PEHB+30%nCaF2 had higher releases than
their PE counterparts (p < 0.05).

The F ion recharge and re-release of the cements are plotted in
Fig. 4. In each recharge and re-release cycle, the re-release of GC con-
trol increased substantially right after the recharge (p < 0.05), but
then decreased rapidly to a baseline level within 3–4 days (p > 0.1).
However, the re-releases of PE+20%nCaF2, PE+30%nCaF2,
PEHB+20%nCaF2 and PEHB+30%nCaF2 were higher than their
baseline levels even at the 7th day (p < 0.05). PEHB+30%nCaF2 had

Fig. 1. CaF2 nanoparticles and enamel shear bond strengths of orthodontic
cements (mean± sd; n = 6). (A) Typical TEM images of CaF2 nanoparticles
(nCaF2). (B) The red and blue bars represent the specimens prior to and after
30-day demineralization challenge, respectively. The addition of 20% and 30%
nCaF2 had no significant effect (p> 0.1). The bonding strength of PEHB+20%
nCaF2 and PEHB+30%nCaF2 were similar to that of GC control both before and
after demineralization challenge (p> 0.1). The same letters indicate no sta-
tistical difference between the group (p> 0.1), while the different letters in-
dicate a significant difference (p<0.05). SBS: Shear bond strength. (For in-
terpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Fig. 2. Initial F ion release from orthodontic cements (mean± sd; n = 6). The
initial release indicates the 70-day F ion release in pH 4.0 lactic acid solution
before recharge. The release of GC control was particularly high at day 1
(p< 0.05), but then drastically decreased. At the first 7–10 days of initial re-
lease, the releases from PEHB resin-based nCaF2 cements were similar to that of
PE cements with the same nCaF2 contents (p> 0.1). At the steady phase, PEHB
+20%nCaF2 PEHB+30%nCaF2 had higher F ion release than their PE coun-
terparts (p< 0.05).
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the highest F ion re-release among all groups (p < 0.05).
The cumulative F ion re-release in the four cycles are displayed in

Fig. 5. The amount of F ions re-released from GC control was only 62%
and 55% of that from PE+30%nCaF2 and PEHB+30%nCaF2, re-
spectively (p < 0.05). Increasing the mass fraction of nCaF2 from 20%
to 30% greatly increased the re-release (p < 0.05). Both PEHB+20%

nCaF2 and PEHB+30%nCaF2 had higher levels of re-releases than
their PE counterparts (p < 0.05).

The viabilities of HGFs against eluents of orthodontic cements are
plotted in Fig. 6. The viabilities of HGFs cultured with the extracts of GC
control were similar to that of PEHB+20%nCaF2 and PEHB+30%
nCaF2 (p > 0.1), but slightly lower than that of PE+ 20%nCaF2 and
PE+30%nCaF2 for day 1 and 4 (p < 0.05). The cell viability of
PEHB+30%nCaF2 was 76.6%, 80.7% and 85.5% for day 1, 4 and 7,
respectively, all of which exceeded the 70% viability requirement of
ISO [39].

4. Discussion

The present study represents the first report on nCaF2 dental cement
showing high levels of F ion release and much greater recharge and re-
release than commercial RMGI control. The prevention of WSLs has
been a critical need in orthodontics that has not been met for decades.
Due to the favorable anti-caries effects of F ions, several F-releasing
orthodontic cements have been developed. Unfortunately, the releases
of F ions from these materials are short-lived, thus cannot effectively
protect the enamel from demineralization during the long course of
orthodontic treatment [15]. In this study, we developed novel F ion-
rechargeable orthodontic cements by incorporating nCaF2 into PE and
PEHB resin. The hypotheses were proven that incorporating the tailored
mass fractions of nCaF2 into PEHB resin yielded orthodontic cements
that had comparable enamel SBS to a commercial RMGI; the initial F
ion releases of the nCaF2 cements were higher and longer-lasting than
that of commercial RMGI; the recharge ability of the nCaF2 cements
was stronger with much higher levels of F ion re-release than that of
commercial RMGI control; and the recharge and re-release capability of
the nCaF2 cements was sustained and did not decrease with increasing
the number of recharge and re-release cycles.

The F ion release from GC control rapidly decreased to a relatively
low level after the initial burst in our study, consistent with previous
reports on RMGIs [19,40]. For GC, the F release was mainly attributed
to the acid-base setting reaction between fluoroaluminosilicate glass
powder and polyacid liquid, which liberated a large amount of F ions
after the material set [41,42]. This mechanism and the surface wash-off

Fig. 3. Cumulative initial F ion release from orthodontic cements (mean± sd; n
= 6). The amount of F ions released from GC control was similar with that of PE
+20%nCaF2 and PEHB+20nCaF2 (p> 0.1). Increasing the nCaF2 mass frac-
tion from 20% to 30% greatly improved the cumulative F ions release from
nCaF2 cements (p< 0.05). With the same nCaF2 content (20% and 30%), PEHB
resin-based nCaF2 cements had higher cumulative initial F ion release than that
of PE counterparts (p< 0.05).

Fig. 4. The recharge and re-release behaviors of orthodontic cements after the
70-day initial release (mean± sd; n = 6). The recharge and re-release cycles
were repeated for four times. The release at day 0 was the last day of the initial
release. The release at day 1 was determined to serve as the F ion release
baseline before the F ion recharge.

Fig. 5. Cumulative F ion re-release from orthodontic cements (mean± sd; n =
6). The re-release of F ions from GC control was lower than that of PE+20%
nCaF2 and PEHB+20nCaF2 (p< 0.05). Increasing the nCaF2 mass fraction from
20% to 30% greatly improved the cumulative F ions re-release (p<0.05). At
the same nCaF2 filler level, PEHB-nCaF2 cement had higher cumulative F ion re-
release than that of PE-nCaF2 cement (p< 0.05).
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effect are the main reasons accounting for the initial profound F ion
release from GC [22]. For nCaF2 cements, the F ion release was mainly
the result of diffusion of water-soluble F ions from the bulk material
into the solution [43,44]. This explains the substantial difference in the
F ion release between GC and the nCaF2 cements. After the initial burst,
the F ion release from GC also came from diffusion which was relatively
slow and gradually reached a lower long-term release rate [45]. The
particle size of nCaF2 in this study was approximately 58 nm [29],
which was much smaller than the glass particles in RMGIs ranging from
1 to 10 μm [46,47]. The smaller particle size of nCaF2 yielded a much
higher surface area, thereby providing more F ions leaving these sur-
faces [36]. This was likely the reason that the nCaF2 cements had higher
long-term release rate of F ion than that of GC.

The surface elution is the main mechanism for the initial rapid re-
leases of F ions from cements and composites, during which the surface
area of specimen and concentration gradient between specimen and
solution are critical to the ion release behavior [36,40]. Therefore, in
the first week of the initial release, the rates of F ion release were si-
milar between the cements with the same nCaF2 filler level. After the F
ions at the surface and the superficial part of the cements were released
into solution, a water diffusion process was required for the F ions to
migrate from the inner part to the surface, before being released [36].
Due to the favorable hydrophilicity, the addition of HEMA improved
the water sorption of cements thereby promoting the water diffusion
into resin and enhancing the ion release [48,49]. This was likely that
reason that the long-term release rate of PEHB-nCaF2 cement was
higher than that of the PE-nCaF2 cement. Therefore, the PEHB+30%
nCaF2 cement achieved the highest initial release, which was 48%
higher than that of GC control.

It was suggested that the materials with higher initial F ion release
would also have higher recharge capability [19]. However, PE+ 20%
nCaF2 and PEHB+20%nCaF2 had similar initial F ion release to GC
control, but much higher recharge and re-release of F ions than GC
control. This was likely caused by the different recharge mechanisms
between GC and the novel nCaF2 cements. For GC, the space-occupying
effect is the main recharge mechanism [19]. After the initial F ion re-
lease, the space in GC that was previously occupied by the released F
ions received the incoming of F ions from the recharge solution.
Therefore, higher initial F ion release from GC would produce more
spaces, thereby storing more F ions and leading to more F ion recharge
and re-release [19]. However, for nCaF2 cements, the recharge me-
chanisms are more complicated. Besides the space-occupying effect, the

carboxylate groups of PMGDM in the nCaF2 cements could chelate with
inorganic ions [25,32]. The chelation of F ions from recharge solution
could contribute to the superiority of the recharge and re-release be-
haviors of the nCaF2 cements. Moreover, the smaller particle size and
high surface area of nCaF2 provided more spaces in the cements after
the initial release than the tradition particles in RMGIs [29,46,47], thus
amplifying the space-occupying effect and resulting in more efficient
recharge and re-release.

In the present study, the specimens were immersed in a sodium
fluoride solution for 1min once every seven days to be recharged. This
method was used to mimic the use of F ion-containing mouth-rinses
only once per week to recharge the orthodontic cement, which would
be patient friendly. Sodium fluoride was selected because it was a
common ingredient in commercial mouth-rinses and has been shown to
be effective in recharging F ions [22]. We used a lactic acid solution of
pH 4.0 to test the re-release, which was to simulate the local cariogenic
acidic condition around the brackets [29]. It should be noted that the
plaque pH could decrease to 4.0 to 4.5 after the bacteria consume
carbohydrates in oral conditions [35]. This low pH would usually re-
turn to 5.5 or even higher due to the buffering effect of saliva in about
30min [50]. We previously found that the F ion release from nCaF2-
containing orthodontic cements was greatly enhanced when the pH
decreased from 5.5 to 4.0 [29]. Thus, the continuous immersion in the
pH 4.0 lactic acid solution in this study represented an accelerated
model of measuring the ion re-release when compared to the real oral
environment. Therefore, the re-release from nCaF2 cements after each
recharge would likely last even longer than a week orally where the
acid attacks are intermittent. Future studies are required to investigate
the F ion recharge and re-release behavior and anti-caries effect of
nCaF2 cements in vivo.

An adequate enamel SBS is a key requirement of orthodontic ce-
ments. In the present study, the initial SBS of PE control
(6.62 ± 1.12MPa) was significantly lower than that of GC control
(11.47 ± 1.54MPa). Therefore, we added BisGMA and HEMA into PE
resin to improve the SBS. BisGMA is a frequently used monomer in
cements and composites [51,52]. Due to its high molecular weight, the
addition of BisGMA into cements could decrease polymerization
shrinkage, accelerate polymerization and provide favorable mechanical
properties [51,52]. As a hydrophilic monomer, HEMA could improve
the hydrophilicity and flowability of orthodontic cement, thus facil-
itating its contact to tooth structure and promoting the formation of
cross-linked interlocks between the cement and tooth tissues [51,53].

Fig. 6. The cell viabilities of human gingival fibroblasts cultured with extracts of orthodontic cements. PEHB-nCaF2 cements had similar cell viability to GC control
for all three time points (p>0.1).
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The addition of BisGMA and HEMA into PE resin improved the initial
SBS of PEHB control and PEHB+30%nCaF2 to 12.25 ± 1.16MPa and
10.90 ± 0.98MPa respectively, which were comparable to that of GC
control.

A common concern for HEMA-containing cements is that the HEMA-
induced hydrolysis could degrade the bonded interface between the
bracket and tooth structures, thereby reducing the bond durability [54].
In the present study, a pH 4.0 lactic acid solution was used to immerse
the bracket-enamel bonded samples for 30 days to simulate an ac-
celerated demineralization challenge, based on following reasons. First,
lactic acid accounts for the majority of acids produced by the cariogenic
bacteria [55]. Second, the local pH of plaque in oral cavities could
reach 4.0 after the bacteria consume carbohydrates and produce or-
ganic acids [56], which is the reason for the wide use of pH 4.0 de-
mineralization solution as an accelerated laboratory testing model in
previous studies [34]. Third, the lactic acid immersion for 1 h is an
approximate estimate of the accumulated acid challenge times orally
per day [34,57]. Thus, the 30-day lactic acid challenge in the present
study was equivalent to 720 days of acid challenge in the oral en-
vironment, which approximated the average orthodontic treatment
time duration [58]. The SBS of PEHB-nCaF2 cements were comparable
to that of GC control after the 30-day demineralization challenge, in-
dicating that the nCaF2 cements had acceptable enamel SBS for clinical
applications. It should be noted that commercial RMGI products usually
included approximately 15–20% HEMA in the liquid phase, yielding the
mass fraction of HEMA to be approximately 5% after mixing with the
cement power [59]. The 10% HEMA in the PEHB resin also led the
HEMA content in the final nCaF2 cements to be 4% after mixing with
glass and nCaF2 in the present study. The similar HEMA contents in GC
control and nCaF2 cements could be part of the reasons for their similar
SBS before and after the demineralization challenge.

Another potential concern for dental resins is that the uncured and
released monomers could compromise the biocompatibility [60]. In the
present study, the cell viabilities of PEHB-nCaF2 cements were com-
parable to that of the clinically-used GC control, but slightly lower than
that of the PE counterparts at day 1 and 4. However, no difference was
detected among the five groups at day 7. This is consistent with a
previous study that reported that the release of uncured monomers was
drastically decreased after the initial burst, which occurred mainly in
the first 24 h after polymerization [60] In addition, it was reported that
the concentration of F ions released from resin was too low to decrease
the biocompatibility [61]. Consistent with this finding, the increment of
nCaF2 mass fraction in the cement from 20% to 30% had no adverse
effect on the cytotoxicity. The cell viability of PEHB+30%nCaF2
ranged from 76.6% to 85.5%, suggesting that the biocompatibility of
the nCaF2 cements would be acceptable according to the requirement of
ISO [39]. Future in vivo studies are required to evaluate the bio-
compatibility of the nCaF2 cements in an animal model.

There are two main limitations in the present study. First, although
we repeated four recharge/re-release cycles to test the sustainability of
F ion recharge and release, the 28-day duration was relatively short
when compared to the long course of orthodontic treatment. Future
studies should investigate the F ion rechargeability of PEHB-nCaF2 ce-
ment with many more recharge and re-release cycles. Second, we used a
sodium fluoride solution with an F ion concentration of 5000 ppm to
recharge the cement, following previous studies [22,36]. However,
most of the commercial mouth-rinses only contain 230 ppm or 900 ppm
F ions for daily and weekly use, respectively [62]. Thus, future studies
are required to investigate the recharge and re-release behavior of
PEHB-nCaF2 cement when recharged using commercial mouthwashes.

5. Conclusion

The present study developed the first rechargeable nCaF2 ortho-
dontic cement to provide long-term F ion release to inhibit enamel
WSLs during orthodontic treatments. The novel nCaF2 cements had

enamel SBS comparable to commercial RMGI, with clinically acceptable
biocompatibility. Increasing the mass fraction of nCaF2 enhanced the F
ion initial release, recharge and re-release of nCaF2 cements. The initial
F ion release of PEHB+30%nCaF2 cement was 48% higher than that of
a commercial RMGI. After each recharge for 1min, the nCaF2 cements
had continuous high levels of F ion re-release for at least 7 days. There
was no decrease in the recharge and re-release efficacy of nCaF2 ce-
ments with increasing the number of recharge and re-release cycles. In
each cycle, the amount of F ions released from PEHB+30%nCaF2 was
80% higher than that of commercial RMGI. Therefore, the combined
use of PEHB and nCaF2 yielded an orthodontic cement with high levels
of F ion recharge and re-release, as well as excellent SBS and bio-
compatibility. This new material is promising for orthodontic and other
dental applications to inhibit caries and protect tooth structures.

Declaration of Competing Interest

The authors declare no conflict of interest

Acknowledgements

We thank Drs. Abdulrahman Balhaddad, Bashayer Baras and
Laurence C. Chow for their assistance. This work was supported by
National Natural Science Foundation of China81801018 (JY),
University of Maryland School of Dentistry bridging fund (HX), and
University of Maryland seed grant (HX).

References

[1] M. Enaia, N. Bock, S. Ruf, White-spot lesions during multibracket appliance treat-
ment: a challenge for clinical excellence, Am. J. Orthod. Dentofacial Orthop. 140
(2011) e17–24.

[2] J.G. Boersma, M.H. van der Veen, M.D. Lagerweij, B. Bokhout, B. Prahl-Andersen,
Caries prevalence measured with QLF after treatment with fixed orthodontic ap-
pliances: influencing factors, Caries Res. 39 (2005) 41–47.

[3] G.C. Heymann, D. Grauer, A contemporary review of white spot lesions in ortho-
dontics, J. Esthet. Restor. Dent. 25 (2013) 85–95.

[4] C.M. Jones, H. Worthington, Water fluoridation, poverty and tooth decay in 12-
year-old children, J. Dent. 28 (2000) 389–393.

[5] H. Nazzal, M.S. Duggal, M.B. Kowash, J. Kang, K.J. Toumba, Comparison of residual
salivary fluoride retention using amine fluoride toothpastes in caries-free and
caries-prone children, Eur. Arch. Paediatr. Dent. 17 (2016) 165–169.

[6] X. Zheng, X. Cheng, L. Wang, W. Qiu, S. Wang, Y. Zhou, M. Li, Y. Li, L. Cheng, J. Li,
X. Zhou, X. Xu, Combinatorial effects of arginine and fluoride on oral bacteria, J.
Dent. Res. 94 (2015) 344–353.

[7] J.M. Ten Cate, In vitro studies on the effects of fluoride on de- and remineralization,
J. Dent. Res. 69 (1990) 614–619 discussion 634-616.

[8] J.D. Featherstone, R. Glena, M. Shariati, C.P. Shields, Dependence of in vitro de-
mineralization of apatite and remineralization of dental enamel on fluoride con-
centration, J. Dent. Res. 69 (1990) 620–625 discussion 634-626.

[9] M.S. Shinohara, M.F. De Goes, L.F. Schneider, J.L. Ferracane, P.N. Pereira, V. Di
Hipolito, T. Nikaido, Fluoride-containing adhesive: durability on dentin bonding,
Dent. Mater. 25 (2009) 1383–1391.

[10] A. Itthagarun, N.M. King, J.S. Wefel, F.R. Tay, D.H. Pashley, The effect of fluori-
dated and non-fluoridated rewetting agents on in vitro recurrent caries, J. Dent. 29
(2001) 255–273.

[11] S. Imazato, Antibacterial properties of resin composites and dentin bonding sys-
tems, Dent. Mater. 19 (2003) 449–457.

[12] H. Miyajima, T. Ishimoto, S. Ma, J. Chen, T. Nakano, S. Imazato, In vitro assessment
of a calcium-fluoroaluminosilicate glass-based desensitizer for the prevention of
root surface demineralization, Dent. Mater. J. 35 (2016) 399–407.

[13] C.D. Lynch, Summary of: a retrospective, practice-based, clinical evaluation of Fuji
IX restorations aged over five years placed in load-bearing cavities, Br. Dent. J. 215
(2013) 290–291.

[14] J.A. Cury, B.H. de Oliveira, A.P. dos Santos, L.M. Tenuta, Are fluoride releasing
dental materials clinically effective on caries control? Dent. Mater. 32 (2016)
323–333.

[15] P.E. Benson, N. Parkin, F. Dyer, D.T. Millett, S. Furness, P. Germain, Fluorides for
the prevention of early tooth decay (demineralised white lesions) during fixed brace
treatment, Cochrane Database Syst. Rev. (2013) CD003809.

[16] D. Hochli, M. Hersberger-Zurfluh, S.N. Papageorgiou, T. Eliades, Interventions for
orthodontically induced white spot lesions: a systematic review and meta-analysis,
Eur. J. Orthod. 39 (2017) 122–133.

[17] Y. Liu, L. Zhang, L.N. Niu, T. Yu, H.H.K. Xu, M.D. Weir, T.W. Oates, F.R. Tay,
J.H. Chen, Antibacterial and remineralizing orthodontic adhesive containing qua-
ternary ammonium resin monomer and amorphous calcium phosphate nano-
particles, J. Dent. 72 (2018) 53–63.

J. Yi, et al. Journal of Dentistry 90 (2019) 103214

7

http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0005
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0005
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0005
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0010
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0010
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0010
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0015
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0015
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0020
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0020
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0025
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0025
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0025
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0030
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0030
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0030
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0035
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0035
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0040
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0040
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0040
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0045
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0045
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0045
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0050
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0050
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0050
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0055
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0055
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0060
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0060
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0060
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0065
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0065
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0065
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0070
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0070
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0070
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0075
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0075
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0075
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0080
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0080
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0080
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0085
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0085
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0085
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0085


[18] T. Herion, J.L. Ferracane, D.A. Covell Jr., Three cements used for orthodontic
banding of porcelain molars, Angle Orthod. 77 (2007) 94–99.

[19] X. Xu, J.O. Burgess, Compressive strength, fluoride release and recharge of fluoride-
releasing materials, Biomaterials 24 (2003) 2451–2461.

[20] J.W. van Dijken, S. Kalfas, V. Litra, A. Oliveby, Fluoride and mutans streptococci
levels in plaque on aged restorations of resin-modified glass ionomer cement,
compomer and resin composite, Caries Res. 31 (1997) 379–383.

[21] P.E. Benson, J. Alexander-Abt, S. Cotter, F.M.V. Dyer, F. Fenesha, A. Patel,
C. Campbell, N. Crowley, D.T. Millett, Resin-modified glass ionomer cement vs
composite for orthodontic bonding: a multicenter, single-blind, randomized con-
trolled trial, Am. J. Orthod. Dentofacial Orthop. 155 (2019) 10–18.

[22] S.J. Ahn, S.J. Lee, D.Y. Lee, B.S. Lim, Effects of different fluoride recharging pro-
tocols on fluoride ion release from various orthodontic adhesives, J. Dent. 39
(2011) 196–201.

[23] L. Zhang, M.D. Weir, L.C. Chow, J.M. Antonucci, J. Chen, H.H. Xu, Novel re-
chargeable calcium phosphate dental nanocomposite, Dent. Mater. 32 (2016)
285–293.

[24] L. Zhang, M.D. Weir, G. Hack, A.F. Fouad, H.H. Xu, Rechargeable dental adhesive
with calcium phosphate nanoparticles for long-term ion release, J. Dent. 43 (2015)
1587–1595.

[25] S. Venz, B. Dickens, Modified surface-active monomers for adhesive bonding to
dentin, J. Dent. Res. 72 (1993) 582–586.

[26] M. Hannig, C. Hannig, Nanomaterials in preventive dentistry, Nat. Nanotechnol. 5
(2010) 565–569.

[27] J. Sun, E.J. Petersen, S.S. Watson, C.M. Sims, A. Kassman, S. Frukhtbeyn, D. Skrtic,
M.T. Ok, D.S. Jacobs, V. Reipa, Q. Ye, B.C. Nelson, Biophysical characterization of
functionalized titania nanoparticles and their application in dental adhesives, Acta
Biomater. 53 (2017) 585–597.

[28] Y.J. Cheng, D.N. Zeiger, J.A. Howarter, X. Zhang, N.J. Lin, J.M. Antonucci, S. Lin-
Gibson, In situ formation of silver nanoparticles in photocrosslinking polymers, J.
Biomed. Mater. Res. B Appl. Biomater. 97 (2011) 124–131.

[29] J. Yi, Q. Dai, M.D. Weir, M.A.S. Melo, C.D. Lynch, T.W. Oates, K. Zhang, Z. Zhao,
H.H.K. Xu, A nano-CaF2-containing orthodontic cement with antibacterial and re-
mineralization capabilities to combat enamel white spot lesions, J. Dent. (2019).

[30] H.H. Xu, J.L. Moreau, L. Sun, L.C. Chow, Strength and fluoride release character-
istics of a calcium fluoride based dental nanocomposite, Biomaterials 29 (2008)
4261–4267.

[31] H.H. Xu, J.L. Moreau, L. Sun, L.C. Chow, Novel CaF(2) nanocomposite with high
strength and fluoride ion release, J. Dent. Res. 89 (2010) 739–745.

[32] P.J. Milward, G.O. Adusei, C.D. Lynch, Improving some selected properties of
dental polyacid-modified composite resins, Dent. Mater. 27 (2011) 997–1002.

[33] L. Zhang, M.D. Weir, L.C. Chow, M.A. Reynolds, H.H. Xu, Rechargeable calcium
phosphate orthodontic cement with sustained ion release and re-release, Sci. Rep. 6
(2016) 36476.

[34] S.E. Langhorst, J.N. O’Donnell, D. Skrtic, In vitro remineralization of enamel by
polymeric amorphous calcium phosphate composite: quantitative microradio-
graphic study, Dent. Mater. 25 (2009) 884–891.

[35] J.D. Featherstone, The continuum of dental caries–evidence for a dynamic disease
process, J. Dent. Res. 83 (2004) C39–42 Spec No C.

[36] H.B. Davis, F. Gwinner, J.C. Mitchell, J.L. Ferracane, Ion release from, and fluoride
recharge of a composite with a fluoride-containing bioactive glass, Dent. Mater. 30
(2014) 1187–1194.

[37] E. Dursun, J.F. Nguyen, M.L. Tang, J.P. Attal, M. Sadoun, HEMA release and degree
of conversion from a resin-modified glass ionomer cement after various delays of
light activation, Dent. Mater. 32 (2016) 640–645.

[38] S. Imazato, A. Ehara, M. Torii, S. Ebisu, Antibacterial activity of dentine primer
containing MDPB after curing, J. Dent. 26 (1998) 267–271.

[39] ISO, Standard, 10993-5, Part 5: Tests for in Vitro Cytotoxicity, Biological Evaluation
of Medical Devices, ISO copyright office, Switzerland, 2009.

[40] W.D. Chan, L. Yang, W. Wan, A.S. Rizkalla, Fluoride release from dental cements
and composites: a mechanistic study, Dent. Mater. 22 (2006) 366–373.

[41] V. Cacciafesta, M.F. Sfondrini, P. Tagliani, C. Klersy, In-vitro fluoride release rates
from 9 orthodontic bonding adhesives, Am. J. Orthod. Dentofacial Orthop. 132

(2007) 656–662.
[42] C.J. McNeill, W.A. Wiltshire, C. Dawes, C.L. Lavelle, Fluoride release from new

light-cured orthodontic bonding agents, Am. J. Orthod. Dentofacial Orthop. 120
(2001) 392–397.

[43] A. Wiegand, W. Buchalla, T. Attin, Review on fluoride-releasing restorative mate-
rials–fluoride release and uptake characteristics, antibacterial activity and influence
on caries formation, Dent. Mater. 23 (2007) 343–362.

[44] R.L. dos Santos, M.M. Pithon, D.S. Vaitsman, M.T. Araujo, M.M. de Souza,
M.G. Nojima, Long-term fluoride release from resin-reinforced orthodontic cements
following recharge with fluoride solution, Braz. Dent. J. 21 (2010) 98–103.

[45] M.L. Swartz, R.W. Phillips, H.E. Clark, Long-term F release from glass ionomer
cements, J. Dent. Res. 63 (1984) 158–160.

[46] T. De Caluwe, C.W. Vercruysse, S. Fraeyman, R.M. Verbeeck, The influence of
particle size and fluorine content of aluminosilicate glass on the glass ionomer
cement properties, Dent. Mater. 30 (2014) 1029–1038.

[47] S. Najeeb, Z. Khurshid, M.S. Zafar, A.S. Khan, S. Zohaib, J.M. Marti, S. Sauro,
J.P. Matinlinna, I.U. Rehman, Modifications in glass ionomer cements: nano-sized
fillers and bioactive nanoceramics, Int. J. Mol. Sci. 17 (2016).

[48] M.A. Cebe, F. Cebe, M.F. Cengiz, A.R. Cetin, O.F. Arpag, B. Ozturk, Elution of
monomer from different bulk fill dental composite resins, Dent. Mater. 31 (2015)
e141–149.

[49] J.L. Ferracane, Hygroscopic and hydrolytic effects in dental polymer networks,
Dent. Mater. 22 (2006) 211–222.

[50] A. Millward, L. Shaw, E. Harrington, A.J. Smith, Continuous monitoring of salivary
flow rate and pH at the surface of the dentition following consumption of acidic
beverages, Caries Res. 31 (1997) 44–49.

[51] K.L. Van Landuyt, J. Snauwaert, J. De Munck, M. Peumans, Y. Yoshida, A. Poitevin,
E. Coutinho, K. Suzuki, P. Lambrechts, B. Van Meerbeek, Systematic review of the
chemical composition of contemporary dental adhesives, Biomaterials 28 (2007)
3757–3785.

[52] D.H. Pashley, F.R. Tay, R.M. Carvalho, F.A. Rueggeberg, K.A. Agee, M. Carrilho,
A. Donnelly, F. Garcia-Godoy, From dry bonding to water-wet bonding to ethanol-
wet bonding. A review of the interactions between dentin matrix and solvated resins
using a macromodel of the hybrid layer, Am. J. Dent. 20 (2007) 7–20.

[53] D. Skrtic, J.M. Antonucci, Dental composites based on amorphous calcium phos-
phate - resin composition/physicochemical properties study, J. Biomater. Appl. 21
(2007) 375–393.

[54] M. Takahashi, M. Nakajima, K. Hosaka, M. Ikeda, R.M. Foxton, J. Tagami, Long-
term evaluation of water sorption and ultimate tensile strength of HEMA-con-
taining/-free one-step self-etch adhesives, J. Dent. 39 (2011) 506–512.

[55] K. Liang, S. Xiao, M.D. Weir, C. Bao, H. Liu, L. Cheng, X. Zhou, J. Li, H.H.K. Xu, Poly
(amido amine) dendrimer and dental adhesive with calcium phosphate nano-
particles remineralized dentin in lactic acid, J. Biomed. Mater. Res. B Appl.
Biomater. 106 (2018) 2414–2424.

[56] D.M. Deng, J.M. ten Cate, Demineralization of dentin by Streptococcus mutans
biofilms grown in the constant depth film fermentor, Caries Res. 38 (2004) 54–61.

[57] K. Liang, M.D. Weir, X. Xie, L. Wang, M.A. Reynolds, J. Li, H.H. Xu, Dentin re-
mineralization in acid challenge environment via PAMAM and calcium phosphate
composite, Dent. Mater. 32 (2016) 1429–1440.

[58] J. Yi, J. Xiao, H. Li, Y. Li, X. Li, Z. Zhao, Effectiveness of adjunctive interventions for
accelerating orthodontic tooth movement: a systematic review of systematic re-
views, J. Oral Rehabil. 44 (2017) 636–654.

[59] G.J. Mount, C. Patel, O.F. Makinson, Resin modified glass-ionomers: strength, cure
depth and translucency, Aust. Dent. J. 47 (2002) 339–343.

[60] W. Geurtsen, Biocompatibility of resin-modified filling materials, Crit. Rev. Oral
Biol. Med. 11 (2000) 333–355.

[61] L. Stanislawski, X. Daniau, A. Lauti, M. Goldberg, Factors responsible for pulp cell
cytotoxicity induced by resin-modified glass ionomer cements, J. Biomed. Mater.
Res. 48 (1999) 277–288.

[62] V.C. Marinho, L.Y. Chong, H.V. Worthington, T. Walsh, Fluoride mouthrinses for
preventing dental caries in children and adolescents, Cochrane Database Syst. Rev.
7 (2016) CD002284.

J. Yi, et al. Journal of Dentistry 90 (2019) 103214

8

http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0090
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0090
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0095
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0095
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0100
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0100
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0100
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0105
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0105
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0105
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0105
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0110
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0110
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0110
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0115
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0115
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0115
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0120
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0120
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0120
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0125
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0125
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0130
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0130
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0135
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0135
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0135
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0135
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0140
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0140
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0140
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0145
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0145
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0145
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0150
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0150
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0150
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0155
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0155
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0160
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0160
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0165
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0165
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0165
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0170
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0170
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0170
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0175
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0175
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0180
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0180
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0180
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0185
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0185
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0185
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0190
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0190
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0195
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0195
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0200
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0200
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0205
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0205
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0205
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0210
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0210
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0210
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0215
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0215
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0215
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0220
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0220
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0220
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0225
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0225
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0230
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0230
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0230
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0235
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0235
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0235
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0240
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0240
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0240
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0245
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0245
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0250
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0250
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0250
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0255
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0255
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0255
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0255
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0260
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0260
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0260
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0260
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0265
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0265
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0265
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0270
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0270
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0270
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0275
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0275
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0275
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0275
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0280
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0280
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0285
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0285
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0285
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0290
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0290
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0290
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0295
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0295
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0300
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0300
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0305
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0305
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0305
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0310
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0310
http://refhub.elsevier.com/S0300-5712(19)30215-5/sbref0310

	Novel rechargeable nano-CaF2 orthodontic cement with high levels of long-term fluoride release
	Introduction
	Materials and methods
	Synthesis of nCaF2
	Fabrication of orthodontic cements
	Enamel shear bond strength (SBS) testing
	Initial F ion release from the virgin cements
	F ion recharge and re-release of cement specimens
	Cytotoxicity test of orthodontic cements
	Statistical analysis

	Results
	Discussion
	Conclusion
	mk:H1_13
	Acknowledgements
	References




