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Novel rechargeable calcium phosphate nanoparticle-
containing orthodontic cement

Xian-Ju Xie!?, Dan Xing2’3, Lin Wang2’4, Han Zhou?, Michael D Weir?, Yu-Xing Bai! and Hockin HK Xu?>°

White spot lesions (WSLs), due to enamel demineralization, occur frequently in orthodontic treatment. We recently developed a
novel rechargeable dental composite containing nanoparticles of amorphous calcium phosphate (NACP) with long-term calcium
(Ca) and phosphate (P) ion release and caries-inhibiting capability. The objectives of this study were to develop the first NACP-
rechargeable orthodontic cement and investigate the effects of recharge duration and frequency on the efficacy of ion re-release.
The rechargeable cement consisted of pyromellitic glycerol dimethacrylate (PMGDM) and ethoxylated bisphenol A dimethacrylate
(EBPADMA). NACP was mixed into the resin at 40% by mass. Specimens were tested for orthodontic bracket shear bond strength
(SBS) to enamel, Ca and P ion initial release, recharge and re-release. The new orthodontic cement exhibited an SBS similar to
commercial orthodontic cement without CaP release (P>0.1). Specimens after one recharge treatment (e.g., 1 min immersion in
recharge solution repeating three times in one day, referred to as “1 min 3 times”) exhibited a substantial and continuous
re-release of Ca and P ions for 14 days without further recharge. The ion re-release did not decrease with increasing the number

of recharge/re-release cycles (P>0.1). The ion re-release concentrations at 14 days versus various recharge treatments were as
follows: 1 min 3 times>3 min 2 times> 1 min 2 times>6 min 1 time>3 min 1 time> 1 min 1 time. In conclusion, although
previous studies have shown that NACP nanocomposite remineralized tooth lesions and inhibited caries, the present study
developed the first orthodontic cement with Ca and P ion recharge and long-term release capability. This NACP-rechargeable
orthodontic cement is a promising therapy to inhibit enamel demineralization and WSLs around orthodontic brackets.
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INTRODUCTION

White spot lesions (WSLs) have been reported as a prevailing and
challenging problem in fixed orthodontic therapy.! The irregular
surfaces of brackets, bands, wires and other attachments provide areas
for biofilm/plaque build-up that are difficult to clean.! These
conditions promote the colonization of cariogenic bacteria, which
produce acids to induce enamel demineralization and can lead to
WSLs.>7 Tt was reported that 50%-70% of patients with fixed
orthodontic therapy had WSLs,® and that it took only 1 month to
develop WSLs.!? Extensive efforts were made to improve the proper-
ties of dental materials, including the use of anti-bacterial agents,'!1>
reducing polymerization stresses,'®~1° enhancing adhesive systems,?0-22
and improving clinical operating methods.>>*>* Previous efforts also
included methods to combat WSLs in orthodontic treatment.?>27
However, these methods rely on patient compliance and are thus
unreliable.?”

Calcium phosphate (CaP) remineralization approaches may be
promising for WSL prevention and enamel remineralization.?3-30
Dental resins containing CaP particles were shown to release Ca and P
ions.’I=32 They act as a Ca and P ion reservoir in plaque and on the
tooth surfaces and can be released during an acidic cariogenic challenge
to prevent demineralization and facilitate remineralization.®!-33-34
However, traditional CaP composites used CaP particle sizes of
1-55 um and exhibited poor mechanical properties.’** Recently, a
novel nanocomposite was developed using nanoparticles of amor-
phous calcium phosphate (NACP) that had a mean particle size of
116 nm.*> The NACP nanocomposite released calcium and phosphate
ions similarly to traditional CaP composites, but with a twofold
increase in mechanical properties for load-bearing restorations.3>=3
The NACP composite could remineralize the enamel lesions, reaching
a remineralization efficacy that was fourfold that of a commercial
fluoride-releasing composite.’” Enamel mineral loss at the margins
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around the NACP nanocomposite was one-third that of control
composite.38 However, CaP composites exhibited Ca and P ion release
that lasted only a few months before being diminished.?!-3*

Recently, CaP-rechargeable dental resins were developed for the first
time.***0 NACP was mixed into a resin consisting of pyromellitic
glycerol dimethacrylate (PMGDM) and ethoxylated bisphenol A
dimethacrylate (EBPADMA).>* The specimens were immersed in a
pH 4 solution to exhaust Ca and P ion release. Then, the specimens
were recharged by immersing them in Ca and P solutions, which
could potentially be incorporated into an oral rinse solution.** The
recharged specimens were able to re-release high levels of Ca and P
ions continuously, without further recharge, for 7 days. After 7 days,
the specimens were given a second recharge, and they were able to re-
release for 7 more days. Ca and P ions could be repeatedly recharged
for re-release, with no decrease in ion re-release while increasing the
number of recharge/re-release cycles.>*® The novel Ca and P ion-
rechargeable resins promise to achieve long-term remineralization and
caries-inhibiting capabilities. However, the pilot studies only tested
one recharge method of 3min of immersion two times in one
day,>*0 without testing other recharge time durations or frequencies.
It would be desirable to shorten the immersion time from 3 to 1 min;
however, it is not clear if this would compromise the recharge efficacy.
Furthermore, to date, there has been no report on the development of
a Ca and P ion-rechargeable orthodontic cement to combat WSLs.

Therefore, the objectives of this study were to develop a CaP-
rechargeable orthodontic cement and to investigate the effect of
recharging time duration and frequency on the recharge/re-release
efficacy. The following hypotheses were tested: (1) a new orthodontic
cement could be developed to be CaP rechargeable, without decreasing
the enamel bond strength; (2) the re-release of Ca and P ions from the
orthodontic cement would be maintained over time and would not
decrease while increasing the number of recharge/re-release cycles; and
(3) the CaP recharge duration and frequency would significantly affect
the recharge efficacy of orthodontic cement.

MATERIALS AND METHODS

Development of CaP-rechargeable orthodontic cement

The resin consisted of 44.5% (m/m) of PMGDM (Hampford,
Stratford, CT, USA), 39.5% of EBPADMA (Sigma-Aldrich, St Louis,
MO, USA), 10% of 2-hydroxyethyl methacrylate (HEMA) (Esstech,
Essington, PA, USA), and 5% of bisphenol A glycidyl dimethacrylate
(Esstech, Essington, PA, USA), as described in a previous s'[udy.39
Then, 1% of phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
(Sigma-Aldrich, St Louis, MO, USA) was added for photopolymeriza-
tion.* PMGDM and EBPADMA were used because they had
cytotoxicity values similar to those of other dental dimethacrylates.*!
PMGDM is an acidic adhesive monomer*>™> and can chelate with
calcium ions from the recharging solution to facilitate ion recharge.®
HEMA was added to improve the flowability and hydrophilicity, as
reported in a previous study.** BisGMA was added because it could
improve the crosslink of monomers and enhance the bonding to tooth
structures.®> This resin is referred to as PEHB.

NACP [Ca3(POy),] were made via a spry-drying technique as
described previously.>>¥” Briefly, calcium carbonate and dicalcium
phosphate anhydrous were dissolved in an acetic acid solution. The
concentrations of Ca and P ions were 8 and 5.333 mmolL™},
respectively, yielding a Ca/P molar ratio of 1.5. The solution was
sprayed into a heated chamber to evaporate the water and volatile acid.
The dried NACP was collected using an electrostatic precipitator. The
NACP mean particle size was previously measured to be 116 nm.?
NACP was mixed with the PEHB resin at an NACP mass fraction of
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40% to form the CaP orthodontic cement (referred to as PEHB+
NACP). The 40% NACP filler level yielded a flowable paste, with high
levels of Ca and P ion release and good mechanical properties, as
shown in previous studies.’’-38

Transbond XT (3M, Monrovia, CA, USA) is used as an orthodontic
cement and served as a control (referred to as the TB control).
According to the manufacturer, the TB control consisted of silane-
treated quartz (70%-80% by weight), bisphenol A diglycidyl ether
dimethacrylate (10%-20%), bisphenol-A-bis (2-hydroxyethyl) dime-
thacrylate (5%—10%), silane-treated silica (<2%) and diphenyliodo-
nium hexafluorophosphate (<0.2%). Vitremer (3M, St Paul, MN,
USA) served as another control and was referred to as the VT control.
The VT control is a resin-modified glass ionomer cement (RMGI) that
consists of fluoroaluminosilicate glass and a light-sensitive, aqueous
polyalkenoic acid. Indications include class III, V and root-caries
restorations and class I and II lesions in the primary teeth. VT was
selected because RMGIs have been used as orthodontic cements.*
A powder/liquid mass ratio of 2.5/L was used for the VT control
according to the manufacturer.

Testing of orthodontic bracket SBS to enamel

Three cements (PEHB+NACP, TB control, VT control) were tested
using an enamel shear bond strength (SBS) method.*’ Sixty extracted
human first premolars were randomly divided into three groups of 20
teeth each. The criteria for tooth selection included intact buccal
enamel that had not been pre-treated with chemical agents, no visible
cracks and no enamel irregularities.*® All teeth were stored in 0.01%
thymol solution at 4 °C and used within 1 month after extraction. Each
tooth was embedded vertically in a self-curing acrylic resin (Lang
Dental, Wheeling, IL, USA), considering the buccal axis of the clinical
crown, such that their labial surfaces were parallel to the force during
the shear bond test.*” The coronal portion was submitted to prophylaxis
with oil-free pumice and rubber cups at a low speed for 10s.

For TB control, the buccal surfaces of teeth were etched for 30s
with 35% phosphoric acid (Scotchbond; 3M, St Paul, MN, USA),
washed and dried until they acquired a frosty white appearance.
Transbond XT primer (3M Unitek, Monrovia, CA, USA) was applied
to the etched surfaces in a thin, uniform coat. TB control cement paste
was applied to the base of the premolar metal orthodontic brackets
(Ormco Series 2000; Sybron Dental, Orange, CA, USA), which was
placed on the centre of the tooth surface. Excessive cement around the
bracket was removed. The cement was photocured with Optilux VCL
401 (Demetron Kerr, Danbury, CT, USA) for a total of 40 s on all four
sides (mesial, distal, occlusal and gingival) of the bracket, with 10 s on
each side.” For PEHB+NACP cement, the etching and bonding
procedures were the same as those used for the TB control.

For the VT control, according to the manufacturer and the
literature, RMGI can be used as an orthodontic cement without
etching the enamel.**>! Therefore, the bonding procedure consisted
of polishing the enamel surface for 10 s with flour pumice, followed by
rinsing with water for 10s. Then, the VT paste was applied to the
bracket base and the bracket was positioned and bonded to the
enamel.’%? The sample was then light cured for a total of 40s as
described above.>*>2

For each of the three groups (PEHB+NACP, TB control, VT
control), specimens were divided into two subgroups of 10 samples
each. A sodium chloride (NaCl) solution (133 mmol-L™1) was
prepared and buffered to pH 4 with 50 mmol-L~! lactic acid as a
cariogenic, low pH condition.’> One subgroup of each cement was
immersed in this solution for 1 day, and the other subgroup for
70 days. Thus, a 3x2 full factorial design was tested with three
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cements (PEHB+NACP, TB control, VT control) and two immersion
times (1 day, 70 days). Each subgroup of each cement was stored in
50 mL of NaCl solution in a sealed polyethylene container.>> For the
70-day subgroups, the solution was changed once every week. At the
end of the immersion period, the SBS was measured following
previous studies.’’* A chisel on a Universal Testing Machine
(MTS, Eden Prairie, MN, USA) was positioned on the upper part of
the bracket base and parallel to the bonded interface. A load was
applied at a displacement rate of 0.5 mm-min ~! until the bond failed.
The SBS=load at failure/bracket surface area, following the previous
studies.”

Each tested tooth surface was examined using a stereomicroscope
(Leica Zoom 2000; Leica, Wetzler, Germany). The adhesive remnant
index (ARI) was scored to assess the remaining cement on enamel
using the following criteria:*® 0=no cement remained on enamel;
1 =less than half of the cement remained on enamel; 2 =more than
half of the cement remained on enamel; and 3=all the cement
remained on enamel.

Measurement of initial Ca and P ion release from PEHB+NACP
orthodontic cement

The PEHB+NACP cement was tested for Ca and P ion release. The
NaCl solution at pH 4 was used to measure the ion release in
simulated cariogenic conditions.>> As in previous studies,>>* three
specimens of approximately 2 mm X2 mm X 12 mm were immersed
in 50mL of solution to yield a specimen volume/solution of
2.9 mm?>mL~ !, This was similar to a specimen volume per solution
of ~3.0mm>mL~! reported in a previous study.’> The concentra-
tions of Ca and P ions released from the specimens were measured at
1, 3,5, 7, 14, 21, 28, 35, 42, 49, 56, 63 and 70 days.’® At each time
period, an aliquot of 0.5 mL was removed and replaced with fresh
NaCl solution. The pH of the solution was monitored and adjusted to
pH 4 with 50 mmol-L ! lactic acid using a combination pH electrode
(Orion, Cambridge, MA, USA).3® The aliquots were analysed for their
Ca and P ion concentrations via a spectrophotometric method
(DMS-80 UV-visible; Varian, Palo Alto, CA, USA) using known
standards and calibration curves.® This represented the virgin ion
release from the cement and was termed “initial release” to differ-
entiate from the subsequent recharge and re-release.

Recharge of PEHB+NACP orthodontic cement

The procedures of recharge and re-release are illustrated in Figure 1.
First, PEHB+NACP cement specimens were immersed in the pH 4
solution for 70 days, as described above for the measurement of initial
ion release. The specimens were then removed from the solution and
ultrasonicated in distilled water for 30 min. These specimens were
denoted “after a 70-day release”, as indicated by the lower left arrow in
Figure 1. Then, these specimens were immersed in a fresh pH 4
solution for Ca and P ion measurement for 7 days, which confirmed
that indeed the ion release was exhausted and there was no further
release, as indicated by the lower middle arrow in Figure 1. Then,
these exhausted specimens were used for Ca/P ion recharge. The
calcium ion recharge solution consisted of 100 mmol-L™! of CaCl,
and 50 mmol-L~! of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer.3*>> The phosphate ion recharge solution
consisted of 60 mmol-L™! of K,HPO, and 50 mmol-L~! of HEPES
buffer. Solutions were adjusted to pH 7 using 1 mol-L~! of KOH.>4%
Three specimens of ~2mmX2mm X 12 mm were immersed into
5 mL of recharge solution and gently shaken using a mixing machine
(Analog Vortex Mixer; Fisher Scientific, Waltham, MA, USA) for 1, 2
or 3min as listed below. This immersion and shaking treatment
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Figure 1 |lllustration of Ca and P ion recharge and re-release. NACP-

containing cement specimens were first immersed in pH 4 solution for
70 days to exhaust the ion release, as indicated by the lower left arrow.
Then, the specimens were immersed in fresh pH 4 solution to confirm that
the ion release was indeed exhausted, as indicated by the lower middle
arrow. The exhausted specimens were recharged in a recharge solution. The
recharged specimens were tested for Ca and P ion re-release for 14 days, as
indicated by the lower right arrow. This constituted the first recharge/re-
release cycle. This was repeated for three cycles. Ca, calcium, NACP,
nanoparticles of amorphous calcium phosphate; P, phosphorus.

represented the movement in the mouth-rinsing process when CaP
mouth rinses could be used.?® Then, the specimens were rinsed with
distilled water to remove any loosely attached deposits on surfaces
such that only the ions recharged into the interior of the cement were
measured in the subsequent re-release test.

Several different recharge methods were tested. For example, for the
recharge using 1-min immersion and repetition three times in one day
(referred to as “1 min 3 times”), the aforementioned recharge process
was repeated three times at 09:00, 13:00 and 17:00 hours. Then,
starting on the next day, the specimens were tested for ion re-release
for 14 days continuously (without any recharge during those 14 days).
Nine recharge durations and frequencies were tested:

1. 1 min immersion, 1 time a day at 09:00 hours (referred to as
“l1 min 1 time”).

2. 1 min immersion, 2 times a day at 09:00 and 17:00 hours (referred
to as “1 min 2 times”).

3. 1 min immersion, 3 times a day at 09:00, 13:00 and 17:00 hours
(“1 min 3 times”).

4. 3 min immersion, 1 time a day at 09:00 hours (“3 min 1 time”).

5. 3 min immersion, 2 times a day at 09:00 and 17:00 hours (“3 min 2
times”).

6. 3 min immersion, 3 times a day at 09:00, 13:00 and 17:00 hours
(“3 min 3 times”).

7. 6 min immersion, 1 time a day at 09:00 hours (“6 min 1 time”).

8. 6 min immersion, 2 times a day at 09:00 and 17:00 pm (“6 min
2 times”).

9. 6 min immersion, 3 times a day at 09:00, 13:00 and 17:00 (“6 min
3 times”).



Dye-assisted recharge solution testing

As an initial screening test of the efficacy of the nine recharge
methods, rhodamine B fluorescent dye (Aldrich, Milwaukee, WI,
USA) was dissolved in the calcium recharge solution at a concentra-
tion of 1%.°® The exhausted specimens were immersed in this
recharge solution with rhodamine B fluorescent dye. After each of
the nine recharge treatments, each specimen was cut in the middle to
expose its 2 mm X 2 mm cross-section using a diamond saw (Isomet,
Buehler, Lake Bluff, IL, USA). Each cross-section was examined using
an epifluorescence microscope (Eclipse TE2000-S; Nikon, Melville,
NY, USA) to examine the dye penetration depth into the specimen.*®

Measurement of Ca and P ion re-release from recharged PEHB+
NACP cement
A preliminary dye-assisted recharge solution test showed that the
penetration depths in cement specimens were statistically the same for
these four recharge treatments: 1 min 3 times, 3 min 3 times, 6 min 2
times and 6 min 3 times. The 3 min 3 times, 6 min 2 times and 6 min
3 times treatments took longer to perform but exhibited the same
recharge efficacy as 1 min 3 times. Therefore, 1 min 3 times was
selected from these four treatments. The 3 min 3 times, 6 min 2 times
and 6 min 3 times treatments were not included in subsequent tests
owing to longer recharge times with no significant benefit.
Therefore, six recharge treatments were tested for Ca and P ion
re-release: (1) 1 min 1 time; (2) 1 min 2 times; (3) 1 min 3 times;
(4) 3min 1 time; (5) 3min 2 times; and (6) 6min 1 time.
The recharged specimens were immersed in 50 mL of pH 4 solution
to measure the Ca and P ion re-release using the method described
above, as indicated by the third arrow in the bottom of Figure 1. The
re-release was tested for 14 days continuously, named cycle 1. After
14 days of re-release, the specimens received the second recharge and
were then tested for re-release continuously for 14 days, named cycle
2. This was repeated for three cycles in the present study, as illustrated
in Figure 1.

Statistical analysis

The Kolmogorov—Smirnov test and Levene’s test were performed to
confirm the normality and equal variance of the data. The results of
SBS, recharge solution diffusion depth and Ca/P ion release/re-release
were analysed with two-way analyses of variance. Post hoc multiple
comparisons were performed using the Tukey’s honestly significant
difference test. The results of ARI were evaluated using the j* test.
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Figure 3
NACP, nanoparticles of amorphous calcium phosphate; P, phosphorus.
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Figure 2 Enamel shear bond strengths of orthodontic cements after
immersion in pH 4 solution for 1 day or 70 days. Different letters indicate
significant differences (P<0.05). Mean + standard deviation, n=10.
NACP, nanoparticles of amorphous calcium phosphate; TB, Transbond XT;
VT, Vitremer.

Statistical significances were preset at P<0.05 using the SPSS 14.0
software package (SPSS, Chicago, IL, USA).

RESULTS

The orthodontic SBSs to enamel after immersion for 1 or 70 days
is plotted in Figure 2 (mean =+ standard deviation; n=10). TB control
and PEHB+NACP cement had similar bond strengths (P>0.1). VT
control had relatively lower bond strengths (P<0.05). For each
material, there was no significant difference between 1 and 70 days
(P>0.1). The ARI scores are listed in Table 1. Most of the specimens
failed at the bracket—cement interface. VT control had lower ARI
scores (P<0.05). There was no significant difference between immer-
sion for 1 or 70 days for each cement (P>0.1).

The PEHB+NACP cement was tested for initial Ca and P ion
release, and the results are shown in Figure 3: (a) Ca ion release and
(b) P ion release (mean = standard deviation; n=6). The released ion
concentrations increased with time from 1 to 35 days; after 35 days,
the ion concentration increase was slowed, which indicated relatively
less ion release from 35 to 70 days.

Rhodamine B fluorescent images of dye penetration in PEHB
+NACP during recharge are shown in Figure 4a—4i. The outer red

b
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L L L L L Il L L Il L J
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Initial Ca and P ions release from the PEHB+NACP orthodontic cement. (a) Ca ion; (b) P ion. Mean +standard deviation; n=6. Ca, calcium;
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Table 1 ARI scores of orthodontic cements

ARI scores (n=10)*

Group Solution aging 0 1 2 3 SIGT
PEHB+NACP 1 day 2 3 5 0 A
TB control 1 day 1 2 6 1 A
VT control 1 day 3 6 1 0 B
PEHB+NACP 70 days 1 3 6 0 A
TB control 70 days 1 3 6 0 A
VT control 70 days 4 5 1 0 B

ARI, adhesive remnant index; NACP, nanoparticles of amorphous calcium phosphate; SIG, statistical significance; TB, Transbond XT; VT, Vitremer.

*ARI: 0=no adhesive left on the tooth surface; 1 =less than half of the adhesive was left on the tooth surface; 2 =half or more of the adhesive was left on the tooth;
3 =the entire adhesive was left on the tooth surface.
TDifferent letters (A, B) indicating significant differences in the ARI scores (P<0.05).
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Figure 4 Typical images of rhodamine B fluorescent dye penetration for different recharge groups. (@) 1 min 1 time; (b) 1 min 2 times; (c) 1 min 3 times;
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deviation, n=6). Dissimilar letters indicate values that differ from each other (P<0.05). NACP, nanoparticles of amorphous calcium phosphate.
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edge shows the external surface of the specimen, indicating the
~2mmx2mm cross-section of the bar. The thickness of the red
line indicates the dye penetration depth, which increased from 1 to
6 min of immersion duration. At each duration, the penetration depth
increased from 1 time to 3 times of recharge in a day. The quantitative
penetration depth is plotted in (J) (mean + standard deviation, n=6).
The 1 min 3 times, 3 min 3 times, 6 min 2 times and 6 min 3 times
treatments yielded no significant difference (P>0.1). When repeating
the recharge for 3 times a day, increasing the immersion duration
from 1 to 6 min produced no significant increase in penetration depth
(P>0.1)
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The PEHB+NACP recharge and re-release results are plotted in
Figure 5: (a) Ca and (b) P ion re-release (mean =+ standard deviation,
n=3). The recharged specimens were immersed in fresh pH 4
solution and the re-release was measured for 14 days, as one cycle.
Therefore, each recharge treatment (which was done in one day) was
tested for 14 days of continuous ion release. Three such recharge/re-
release cycles were plotted in Figure 5. For all groups, after each
recharge treatment, the ion release concentration increased rapidly in
the first week, and the release slowed or plateaued in the second week.
The ion re-release concentration at 14 days showed the order of 1 min
3 times>3 min 2 times>1min 2 times>6min 1 time>3 min 1

@® 1 min 3 times
B 3 min 2 times
A 1 min 2 times
3 6 min 1 time
& 3 min 1 time
© 1 min 1 time
1 1 1 1
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Figure 5 Re-release from the exhausted and recharged PEHB+NACP orthodontic cement after different recharge treatments. (a) Ca ion; (b) P ion.
Mean +standard deviation, n=3). Three recharge/re-release cycles were tested, and each re-release was measured for 14 days. The ion re-release
at 1 min 3 times was the greatest. There was no decrease in re-release when increasing the number of recharge/re-release cycles from 1 to 3 (P>0.1).
Ca, calcium; NACP, nanoparticles of amorphous calcium phosphate; P, phosphorus.
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Figure 6 The Ca and P ion re-release concentrations of different recharge
groups at 14 days of the third cycle. (a) Ca ion; (b) P ion. Mean =+ standard
deviation, n=3. In each plot, dissimilar letters indicate values that are
significantly different from each other (P<0.05).

time>1 min 1 time. There was no decrease in ion re-release from
recharge/re-release cycle 1 to cycle 3.

For the different recharge treatments, the Ca and P ion concentra-
tions at 14 days of the third recharge/re-release cycle are plotted in
Figure 6: (a) Ca and (b) P ion concentrations (mean + standard
deviation, n=3). The 1 min 3 times treatment had the highest re-
release ion concentrations, although it was not significantly different
from those of 3 min 2 times (P>0.1). However, the 1 min 3 times
treatment totalled only 3 min of immersion in recharge, whereas the
3 min 2 times treatment totalled 6 min of immersion in recharge. The
I min 3 times treatment exhibited significantly higher re-release
compared with the first four groups in Figure 6 (P<0.05).

DISCUSSION

An orthodontic cement containing NACP with Ca and P ion recharge
and re-release capabilities was developed for the first time. The
hypotheses were proven and showed that the new orthodontic cement
with CaP recharge did not compromise the enamel bond strength; the
re-release of Ca and P ions from the cement was maintained over time
and did not decrease while increasing the number of recharge/re-
release cycles; further, the recharge immersion time and frequency
significantly affected the recharge efficacy of the orthodontic cement.
This new orthodontic cement with CaP recharge capability was
promising to exhibit long-term Ca and P ion release to combat
enamel demineralization and inhibit WSLs during orthodontic
treatments.
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The recommended bond strengths of metal brackets to enamel were
~8 MPa or greater to provide adequate adhesion to enamel in
orthodontic treatments.”’ In the present study, the bond strength of
PEHB+NACP after 24 h of immersion was 13 MPa, similar to that of
the TB control and higher compared with that of the VT control.
A concern was whether the bond strength of PEHB+NACP would
decrease over time because of the release of Ca and P ions. After
70 days of immersion in pH 4 solution, which exhausted the Ca and P
ion release, there was no significant decrease in bond strength
compared with that at 1 day. The small particle size of NACP likely
contributed to the good enamel bond strength, as larger CaP particles
in resins could lead to poor mechanical properties for resins with ion
release.>* Further study is needed to investigate the enamel bond
strength of the PEHB+NACP orthodontic cement at times longer than
70 days, such as 1 year and 2 years.

PMGDM and EBPADMA are the major monomers used in the
PEHB resin. PMGDM is an acidic adhesive monomer that can
chemically chelate with Ca ions because of its carboxylate groups.*?
EBPADMA is a monomer that is used in dental composites and has a
relatively flexible structure, lower vinyl group concentration and lower
viscosity than BisGMA systems.** Both HEMA and BisGMA are
traditional monomers that are widely used in dental resins.*> BisGMA
contains ester linkages that connect bisphenol A segments to the
polymerizable vinyl segments.*>>® BisGMA has bisphenol A as the
core of its chemical structure, which makes it a stiff molecule that
produces a mechanically strong polymer. In addition, BisGMA has
two pendant hydroxyl groups that can form strong hydrogen bonds
with the hydroxyl groups on adjacent BisGMA molecules. Further-
more, the molecular weight of BisGMA is high, which promotes
excellent mechanical properties.*>>® However, BisGMA- and HEMA-
rich bonding agents may raise the concerns of moderate hydrolysis
and the potential degradation of the bonded interface.”*~%" Therefore,
the quantities of BisGMA and HEMA need to be controlled because
they may influence the bonding durability.°' The present study used
only small amounts of BisGMA and HEMA (5% and 10%, respec-
tively) to minimize any potential negative effect on the bonding
durability.

This PEHB resin composition yielded the best CaP rechargeability,
as shown previously in comparison with several other resin matrices.>’
In the present study, this resin yielded a new orthodontic cement with
sustained Ca and P ion release, which is promising to inhibit WSL in
orthodontic treatments. The rechargeability of PEHB+NACP ortho-
dontic cement likely depend on two mechanisms.>*=40 First, the
carboxylate groups of PMGDM can chelate with Ca ions in the
recharge solution. There likely exists a dynamic equilibrium between
the chelation of calcium ions to the PMGDM monomer and the
release of calcium ions from the monomer, which is dependent on the
local pH of the immersion solution. The solution for recharge
(simulating a mouth rinse) had a pH of 7. The PMGDM in the
cement may chelate with the calcium ions diffusing from the recharge
solution into the resin. After the recharging process, during the re-
release, the bond between PMGDM and calcium ions may be severed
in the pH 4 solution in which the re-release was measured, simulating
a local cariogenic pH from biofilm acids. The second factor that
contributed to the recharge may be its space-occupying effect. After
the initial Ca and P ion release, which exhausted the ion release, the
sites that were previously occupied by the Ca and P ions became
available for the incoming Ca and P ions from the recharge solution.

Rhodamine B fluorescent dye has been widely used in bonded
interface and microleakage studies.’®®> The deepest layer that the
diffusion of the recharge solution reached was ~ 100 pm as shown in



Figure 4j, no matter how long of the total recharge duration was. At
14 days of the third cycle, the 1 min 3 times treatment, with an
accumulative total recharge duration of 3 min, released Ca concentra-
tion of 0.43 mmol-L~! and P ion concentration of 0.30 mmol-L~ .
They were higher compared with those of the 6-min, 1-time treatment
(with a total recharge duration of 6 min), which yielded a Ca
concentration of 0.33mmol-L™! and P ion concentration of
0.22 mmol-L™!. These results indicate that a longer total recharge
duration does not always yield a greater ion release, and the recharge
efficacy is not directly proportional to the total recharge duration time.

Teenagers may have relatively poor compliance in hygiene and diet
controls, but they are the major group of orthodontic patients.
Therefore, the CaP recharge procedure for the PEHB+NACP ortho-
dontic cement should be user friendly and require minimal time to
perform. Two points should be made. First, the 1 min 3 times a day
treatment required a total of 3 min, which is shorter than 6 min 3
times, 6 min 2 times or 3 min 3 times. However, the 1 min, 3 times
treatment reached a similar degree of recharge and re-release. There-
fore, the 1 min 3 times treatment appeared to be the preferred
method. Although it required the 1-min immersion to be repeated
three times, this yielded a continuous release of Ca and P ions for at
least 7 days. Therefore, the patient could potentially use a mouth rinse
for 1 min each after breakfast, lunch and dinner on Sundays to
maintain a sustained high level of Ca and P ion release for the whole
week. Therefore, the patient only needs to recharge once a week
instead of once daily. Second, the re-release was measured with the
specimen immersion in a solution with pH 4 continuously as an
accelerated test. Clinically, the Stephan curve shows that the plaque
pH following glucose intake stays in the cariogenic area of pH 4.5 for
<30 min, and then the pH increases back to a safe pH of 6 or higher,
after the bacteria have completed their metabolization of glucose and
saliva has buffered the acid.®® Therefore, instead of being immersed in
a pH 4 solution for 24 h every day, the orthodontic cement in vivo
would likely exhibit a pH close to 4 for only a couple of hours per day,
thus preserving the ion reservoir in the cement from being quickly
exhausted. This means that after one recharge treatment, the PEHB
+NACP orthodontic cement could potentially re-release Ca and P ions
for much longer than 2 weeks, perhaps even allowing the patient to
undergo recharge treatment (1 min 3 times) only once per month.
Further study is needed to investigate the re-release of Ca and P ions
from the PEHB+NACP orthodontic cement under pH conditions
consistent with the Stephan curve’s trend of oral plaque pH, to
determine the re-release longevity after each recharge treatment.
Further study is also needed to evaluate the inhibition of WSL in
enamel using the PEHB+NACP orthodontic cement under simulated
conditions in vivo.

CONCLUSIONS

In this study, we developed the first orthodontic cement containing
NACP with Ca and P ion recharge and re-release capabilities. The new
orthodontic cement with Ca and P ion recharge/re-release had an
enamel bond strength similar to a commercial cement without CaP
release. The NACP orthodontic cement could be repeatedly recharged
to maintain the long-term release of Ca and P ions, and the ion release
did not decrease when increasing the number of recharge/re-release
cycles. The recharge method of 1 min of immersion three times a day
appeared to be optimal, yielding the substantial and continuous release
of ions for at least 1 week after just one recharge treatment. These
results, together with previous studies showing that Ca and P release
can effectively inhibit caries and remineralize tooth lesions, suggest
that the new rechargeable cement is promising to maintain long-term
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Ca and P ion release to inhibit enamel demineralization and to avoid
WSLs in orthodontic treatments.
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