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Neutral Sodium Fluoride Gel Uptake of Newly Placed
Nanodiamond-modified Glass lonomers

Riaan Muldera / Nadia MohamedP / Madelaine Frazenburge®

Purpose: Three commercial restorative glass-ionomer cements (GICs) were modified with 5% and 10 wt/wt% nanodi-
amond (ND) particles incorporated into the powder of the GICs. The aim of the study was to assess the percentage
of surface fluoride increase on different materials, following 2% neutral sodium fluoride gel application (2% NSF).

Materials and Methods: The commercial GICs were: FN, Fuji IX GP (GC); KU, Ketac Universal (3M Oral Care); and
RSC: Riva Self Cure (SDI). Grade 1 (Plasmachem) nanodiamond was used. Six specimens of each material were
prepared using precise powder:liquid ratios. After a 10-min setting time, the GICs were polished. The specimens
were randomly divided into two groups: control (group A) and test (group B). The samples were blot dried and group
B received the 2% NSF gel for 2 min. The excess was wiped off with gauze and both groups were analyzed with
SEM-EDS.

Results: Data analysis revealed that all the GICs and their respective ND modifications had a statistically signifi-
cant surface fluoride percentage increase (p < 0.0001) on the GICs in group B. The addition of ND10% w/w to FN
(p < 0.001) and RSC (p = 0.029) resulted in statistically significant increase of surface fluoride percentage. KU re-
mained consistent with no statistically significant increase noted between ND-modified KU and KU in group A or B.

Conclusion: The ability of GICs to absorb the 2% NSF gel immediately after finishing of the restoration statistically

significantly increases the fluoride percentage of the surface layer.
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lass-ionomer cements (GICs) have anti-cariogenic prop-
erties due to the release of fluoride, which also influ-
ences biofilm metabolism.1.30
Fluoride plays a role in reducing the demineralisation of
tooth structure.26 The effectiveness of GICs is therefore partly
related to the fluoride release.17:22,28 |nitially, after the place-
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ment of GICs, there is an increase in fluoride release over the
first 24 h.5 Although GICs serve as fluoride reservoirs,25 they
have the ability to replenish the fluoride potential from various
fluoride sources. The replenishment of fluoride is essential to
maintain a fluoride potential that can sustain a continuous
release for biofilm modification3° and dental tissue minerali-
sation.25 GIC and resin-modified glass ionomer materials pre-
viously exposed to high fluoride concentrations have shown
an enhanced fluoride release in deionised water.4.6
Nanodiamond (ND) particles have been identified by the
authors as a potential material for the modification of GICs
due to the presence of various functional groups. NDs are
formed by the detonation of an explosive mixture of carbon-
containing compounds, such as trinitrotoluene and hexogen
(1,3,5-trinitro-1,3,5-triazinane) in a gaseous environment.2:3
The resultant ND has an sp3-carbon diamond core and a
graphite outer layer presenting with an sp2-hybridized car-
bon.20 The grade 1 ND particles used in this study have
oxygen-containing2? functional groups, e.g. hydroxyl groups,
alkyls derived from sp3-carbon, carboxylic C=0 groups and
aromatic C=C groups.12 Due to these surface functional
groups, NDs have been explored in various biomedical ap-
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Table 1 Statistical significance of the change in the fluoride percentage from groups A to B

Difference in F%
Material F% before NaF (group A) F% after NaF (group B) (group B-group A)
FN 13.29 (0.42) 16.91 (1.07) 3.61 (0.67) A
FN5%ND 11.94 (0.14) 16.39 (0.53) 4.44 (0.40) A
FN10%ND 12.31 (0.69) 19.75 (0.07) 7.44 (0.74) A
KU 11.35 (0.35) 20.32 (0.88) 8.96 (0.79) A
KU5%ND 9.77 (0.62) 19.01 (0.37) 9.24 (0.53) A
KU10%ND 10.18 (0.76) 19.62 (0.87) 9.44 (0.32) A
RSC 11.71 (0.16) 16.32 (0.69) 4.6 (0.53) ~
RSC5%ND 10.85 (0.45) 14.85 (0.85) 4 (1.25) »
RSC10%ND 11.09 (0.45) 16.88 (0.72) 5.79 (1.13) A
Standard deviation represented in (). A indicates a statistically significant difference in the change of the fluoride percentage between groups A and B,
p < 0.0001.

plications for many years1? and have been successfully
studied for their application in medicine, such as for bio-
sensing electrodes32 and ND films.”

The aim of this study was to determine the percentage
of change in the surface fluoride of ND-modified GICs after
2% neutral sodium fluoride (2% NSF) gel application.

The null hypothesis was that the newly placed ND-modi-
fied GICs would have a higher surface fluoride percentage
compared with the commercial GICs.

MATERIALS AND METHODS

This in vitro study was approved by the ethics committee of
the University of the Western Cape (BM/15/7/37).

Study Design
Six disk-shaped specimens (3 mm in diameter and 1 mm
thick) were constructed from each material. Three commer-
cially available GICs — namely FN: Fuji IX GP hand-mix (GC;
Tokyo, Japan, batch: 1503231); KU: Ketac Universal hand-
mix; (3M Oral Care; St Paul, MN, USA, batch: 583514) and
RSC: Riva Self Cure hand-mix (SDI; Bayswater, Australia,
batch: 62657V) — were used in this study. The three GICs
were additionally modified with 5% and 10% w/w nanodia-
mond particles (>98% nanodiamond particles, grade GO1,
Cat.Nr PL-D-GO1; Plasmachem; Berlin, Germany) incorpo-
rated into the powder phase of the GICs as previously de-
scribed.14 The GICs were mixed in keeping with the
powder:liquid ratios as provided by the manufacturers.13
This was confirmed on a desktop chemical scale (Metler
AE240 analytical balance; Columbus, OH, USA) by first dis-
pensing the powder, followed by the liquid.

Six specimens per material were divided equally into two
groups. Group A served as the control and group B was the
test group, which was treated with 2% NSF gel.
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The powder:liquid ratios of the GICs were weighed
(Metler AE240 analytical balance) and mixed; then the GICs
were applied into Teflon molds. Cellulose acetate sheets
were placed on either surface of the mold with a glass slide
over the cellulose acetate sheet. The GICs were allowed to
bench set at 37°C for 10 min in a temperature-controlled
incubator (TOU50, MRC Laboratory instruments; Holon, Is-
rael).19 The surface of all the specimens was smoothed
with 2500-grit silicon carbide papers, followed by 4000-grit
(3M Oral Care) under deionised water. By polishing, £ 100 ym
of the surface was removed (accurate to the nearest micro-
meter). The application of the carbide paper simulated res-
toration polishing that would be performed by the clinician
in the clinical setting.11 Lastly, the specimens were polished
with diamond polishing paste (Eve Ernest Vetter; Keltern, Ger-
many) and blot dried with filter paper (Whitman no.1, Cat No
1001125; GE Healthcare UK; Buckinghamshire, UK). The
2% NSF gel (Topex Neutral pH Sodium fluoride gel, Sultan
Healthcare; Englewood, NJ, USA) was applied to the group
B samples for 2 min. The 2% NSF gel was removed with
gauze by wiping the samples twice from left to right while
stabilising the sample with tweezers.

SEM-EDS Microanalysis

Scanning electron microscopy (SEM) and Energy Dispersive
X-Ray Spectrometry (EDS) microanalysis (SEM-EDS) were
performed in group A (control) to establish the baseline per-
centage of fluoride and other elements as previously de-
scribed.14 The process was repeated for group B. Surface
elemental analysis was essential, since it has been shown
that there are varying ions of GICs. The results from the
SEM-EDS had to be representative of the GICs since the
‘glass particles’ have more ions than do the ‘'matrix’.15.21
The EDS spectra were collected from the central field of
view from each specimen as previously described.14 Im-
ages were obtained at 200X and 500X magnification.
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Table 2 Multiple comparison of the fluoride percentage difference between materials

Comparison Statistical significance before NaF Statistical significance after NaF
(group A) (group B)

FN vs KU p < 0.001* p < 0.001* (KU vs FN)

FN vs RSC p < 0.0001* p =0.856

FN vs FN5%ND p < 0.001* p =0.087

FN vs FN10%ND p = 0.002* p < 0.001* (FN 10%ND vs FN)

FN 10%ND vs FN 5%ND p =0.228 p < 0.001*

KU vs RSC p = 0.03* (RSC vs KU) p < 0.001*

KU vs KU5%ND p < 0.001* p < 0.0001*

KU vs KU10%ND p =0.001* p =0.035*

KU5%ND vs KU10%ND p=0.214 p > 0.066 (KULO%ND vs KU5%ND)

RSC vs RSC5%ND p < 0.001* p < 0.001*

RSC10%ND vs RSC p < 0.016* p = 0.029*

RSC10%ND vs RSC5%ND p =0.337 p < 0.001*

* indicates a statistically significant difference in the fluoride percentage between the materials per group.

Statistical Analysis

The SEM-EDS spectra from each material specimen were
used to determine the average fluoride percentage for that
specimen. No statistically significant outliers were present
in the data as assessed by box plots and the studentised
residuals. The residuals were studentised, since residuals
cannot always be used (as it is unsure if an observation is
an outlier or a variance is constant). Thus, the studentised
residuals were subsequently calculated by dividing the re-
sidual by an estimate of its standard deviation. The stan-
dard deviation for each residual was computed with the ob-
servation excluded and the result was less than 3.0. The
assessment of homogeneity of variances and covariances
was not required, since the group sizes were equal. The
data was assessed for normality using the Shapiro-Wilk test
(p > 0.05) and homogeneity of variances using Levene’s
test (p > 0.05). A one-way ANOVA and Tukey’s post-hoc
analysis or the one-way Welch’s ANOVA with a Games-Howell
post-hoc analysis was used for the analysis of the data,
based on the Shapiro-Wilk and Levene’s tests.

RESULTS

Surface Fluoride Percentage of Three Commercial
Materials before NaF Application (Group A)
The data from FN, KU and RSC had no statistically signifi-
cant outliers, the data were normally distributed (Shapiro-Wilk
test; p > 0.05) and homogeneity of variances (Levene’s test;
p > 0.05) was present.

Table 1 presents the results of the one-way ANOVA and
Tukey’s post-hoc analysis. The results revealed that the sur-

doi: 10.3290/j.0hpd.b871065

face fluoride percentage of FN in group A had the highest
fluoride percentage of 13.29% (£0.42), followed by RSC
11.71% (£0.16) and finally KU 11.35% (£0.35). The differ-
ences of surface fluoride percentages of the commercial
materials in group A were statistically significant
(p < 0.0001). Tukey’s post-hoc analysis (Table 2) revealed
that the largest difference in the surface fluoride percent-
age was between FN — which had a statistically significantly
larger percentage of surface fluoride — vs KU (p < 0.001)
and RSC (p < 0.0001).

Surface Fluoride Percentage of Three Commercial
Materials after NaF Application (group B)

One-way Welch’'s ANOVA was used for the analysis of group
B for the three commercial materials, since Levene’s test
showed no homogeneity of variances (p < 0.05; Table 2).
The data for the three commercial materials in group B
were normally distributed, as assessed by the Shapiro-Wilk
test (p > 0.05). The differences between KU and FN as well
as KU and RSC were statistically significant according to
Welch’s F test (p < 0.0001). Table 1 shows that of the ma-
terials from group B, KU had the highest surface fluoride
percentage after NaF treatment at 20.32 (£0.88)%, fol-
lowed by FN 16.91 (£1.07)% and RSC 16.32 (+0.69)%.
Games-Howell post-hoc analysis revealed that the differ-
ence between KU and RSC as well as KU and FN were sta-
tistically significant (p < 0.001). No statistically significant
difference (p = 0.856) was noted between FN and RSC.

Surface Fluoride Percentage of the ND-modified GICs

Data analysis revealed that the surface fluoride percentage
difference for the three commercial GICs as well as the
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5%ND and 10%ND modifications between group A and
group B was statistically significant (p < 0.0001), with a sur-
face fluoride increase on the surface of the GICs (Table 1).

In group B, after the application of the 2% NSF gel, the
addition of 10% w/w ND to FN resulted in FN10%ND having
a statistically significant (p < 0.001) increase of surface
fluoride percentage for FN. Additionally, RSC10%ND had a
statistically significantly greater surface fluoride percentage
than did RSC (p = 0.029). The results presented in Table 1
show that the modification of KU with both 5% and 10%ND
showed no statistically significant increase of surface fluor-
ide of the ND-modified KU materials when compared with
the commercial KU material in groups A and B. Therefore,
not only was there no statistically significant increase of
surface fluoride, but the total fluoride percentage was lower
than on the unmodified samples.

Table 1 demonstrates the increase of surface fluoride per-
centage between groups A and B with FN by 3.61 (0.67)%,
FN5%ND by 4.44 (0.40)% and FN10%ND by 7.44 (0.74)%.
The surface fluoride percentage in group B was statistically
significantly different between FN10%ND and FN (p < 0.001),
as well as between FN10%ND and FN5%ND (p < 0.001).
However, the difference between FN and FN5%ND (p =
0.087), was not statistically significant (Table 2).

Table 1 presents surface fluoride percentage increases
between groups A and B for KU by 8.96 (£0.79)%, KU5%ND
by 9.24 (£0.53)% and KU10%ND by 9.44 (+0.32)%. The KU
surface fluoride percentage increase of group B was statis-
tically significant compared to KU10%ND (p = 0.035), fol-
lowed by KUS%ND (p < 0.0001) (Table 2).

For RSC, the surface fluoride percentage increased for
RSC by 4.6% (£0.53), RSC5%ND by 4.00% (+1.25) and
RSC10%ND by 5.79 (+1.13)% (p < 0.001). RSC10%ND re-
sulted in a statistically significant increase in group B,
which was also greater than the fluoride increase of RSC
(p = 0.029), followed by RSC5%ND (p < 0.001) (Table 2).

DISCUSSION

Where the increased surface fluoride percentage of the
commercial GICs was concerned, the null hypothesis was
accepted for FNL0%ND and RSC10%ND and rejected for the
other ND-modified GICs.

The ND modifications of the commercial GICs resulted in
a decrease in fluoride percentage. This was due to the fact
that ND particles have a porous structure and the free fluor-
ide released during the acid-base reaction was absorbed
into the ND particles. The statistically significant increases
in the percentage of fluoride in the ND-modified GICs were
due to the porosity of the ND particles and the multiple
functional groups on their surface, which attract fluoride
ions from the 2% NSF gel. This in vitro study illustrated the
statistically significant increase of surface fluoride percent-
age following 2% NSF gel application immediately after fin-
ishing the GICs. As noted in a SEM study of GICs using
1.1% NSF gel, the use of a neutral sodium fluoride gel did
not change the surface roughness of Fuji IX,18 and no dam-
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age to the GIC surfaces was noted.® This was confirmed in
the present in vitro study (Fig 1). Upon further investigation
at higher magnification, it was clear how the 2% NSF gel in-
teracted with the surface of the matrix and filler particles. A
well-covered GIC surface was noted with a thin film of dried
2% NSF gel, which flaked off of the filler particles (Fig 2).
The addition of NDs to GICs may therefore be more impor-
tant considering that the fluoride ion is able to interact and
retain a greater percentage of fluoride in FN10%ND and
RSC10%ND. Kealey et al” illustrated that these PL-ND-GO1
ND particles exposed to fluoride did not show any physical
changes. The incorporation of the ND particles in the GIC
powder was easily achieved, since ND particles have a co-
herent scattering region size of 4 nm (Fig 3) with an aggre-
gate size of 5-15 nm31 (Fig 4). The interaction of fluoride
with ND was considered favourable, since fluoride has an
affinity for the graphite components of the ND particles®
and also interacts with the van der Waals forces. Therefore,
the GICs modified with NDs continuously recharge upon
fluoride exposure, retaining the recharge functionality of the
commercial GICs. The long-term fluoride release from GICs
is mitigated through the matured matrix.10.24 Although the
commercial GICs had a significant increase in fluoride on
the surface, the ND-modified GICs (with the exception of
KU) illustrated a statistically significant increase in fluoride
percentage. With this increased fluoride percentage demon-
strated by all the GICs and the ND-modified GICs, the gradi-
ent potential of fluoride available for release to the tooth
structure and the oral environment is an important clinical
application. The varying combination of ions (Table 3) influ-
ences the percentage of fluoride that can interact with the
ions in the GICs. The ND particles with their functional
group also interact with the aluminium, lanthanum, silica
and strontium of the commercial GICs (Table 3). These ele-
ments interact during the acid-base reaction and occupy
many bonding sites on the NDs. This is illustrated with the
first drop in the fluoride percentage of ND-modified GICs
compared to the commercial GICs in group A (Table 1,
Fig 5). lon release of aluminium, silica, sodium and stron-
tium into de-ionised water from the ND-modified GICs illus-
trated an increased release of ions to their respective com-
mercial materials.14 In a study where fluoride release was
determined with both TISAB Il and TISAB IV analysis, the
ND-modified GICs presented an increased fluoride release
compared to their respective commercial materials.1°
When comparing the ND-modification results between
groups A and B with the commercial materials in Table 1,
it becomes apparent that there is an ND threshold. The
FN, KU and RSC modified with ND-5% had a lower fluoride
percentage after 2% NSF exposure compared to their re-
spective ND-10% modifications, where it was clearly suffi-
cient to increase the fluoride percentage. With regard to
RSC vs RSC5%ND, the ND-modified material was below
the sufficiency threshold to increase the fluoride percent-
age to a lager extent than this commercial material. The
difference in fluoride percentage of KU and its ND-modifi-
cations between group A and B was the largest compared
to the other two commercial GICs (Table 1). KU was the
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Fig 1 Ketac Universal from group B at 200X magnification.

Fig 3 4-nm nanodiamond PL-D-GO1 particles.

only GIC that contained lanthanum. Lanthanum can have a
large affinity for fluoride.23 In this in vitro study, the GICs
completed the initial acid-base reaction; when the 2% NSF
gel interacts at a pH < 7.5 with lanthanum hydroxide, an
exceptionally high fluoride absorption value of up to
242,200 ppm can occur with the lanthanum.21 Fluoride
may exist in the form of free or complexed ions after the
acid-base reaction of the maturing GICs is complete. The
fluoride binds to the lanthanum hydroxide by exchanging
fluoride for hydroxides on the lanthanum molecule.16 The
increase of hydroxides raises the pH. At a pH > 8.7, the
ability of the lanthanum hydroxide to adsorb fluoride
sharply decreases, since the sites on the lanthanum are
already predominantly occupied by fluoride. However, with
its negative charge, fluoride does have a strong interaction

doi: 10.3290/j.0hpd.b871065
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Fig 4 5-15 nm nanodiamond PL-D-GO1 aggregate.

with aluminium and calcium ions as well, linked in the
polyalkenoate chains of the silica matrix of the mature res-
toration. This interaction is why fluoride has a slow and
continuous movement through the matured matrix.29 Ap-
plication of 2% NSF gel after finishing the GICs is advanta-
geous. Even after the GICs have matured, the fluoride will
be able to substitute the available terminal hydrogen (H)
or hydroxyl (OH) species on the surface of the ND particles
added to the GICs.8

Study Limitations

The effects of GIC modification with NDs on physical proper-
ties, ion release into de-ionised waterl4 and chemical inter-
action with tooth structurel® have been studied elsewhere,
but were beyond the scope of this article.
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Table 3 Elemental analysis of the surface elemental percentage of the commercial GICs of group A

Material Aluminium14  Calcium Fluoride Lanthanum  Phosphate Silical4 Sodium14  Strontium14
FN 11.181 0.223 13.294 0.000 3.104 10.183 0.906 3.854
KU 8.151 0.172 11.357 2.586 2.494 10.464 1.813 2.782
RSC 9.793 0.096 11.719 0.000 2.349 9.911 1.266 3.048
Fig 5 Percentage of fluoride before
and after NaF treatment (from groups
20 A to B).
18
16
14
12
10
2
= 8
6
4
2
0
N | FN KU
FN KU RSC ! 5o 5% 1w 10% i\'}i: q% sy Ii::: ”“ m'x 1“%
an w NuF \u; ND ND’ ND Jp ND D | xp | ND | qpy | ND
| | | | | | NaF | NaF NaF NaF NaF | NaF
B[FI]% 13.3 169 11.4 203 117 163 119 164 123 198 977 19 102 19.6 10.9 149 111 169

It would be clinically valuable to evaluate the release
and re-release of 2% NSF gel from the ND-modified GICs.
Since the graphite components have an affinity for fluor-
ide, the release and re-release results as well as the
change in the pH gel over the 2-min interaction with the
ND-modified GICs could provide insight to release and re-
release results.

CONCLUSION

In order for the tooth and the restoration to benefit from the
fluoride ions, it is advisable to apply 2% NSF gel directly
after finishing GIC restorations. The ND-modified GICs,

1052

namely FN10%ND and RSC10%ND, showed a significantly
larger percentage of surface fluoride than did the FN and
RSC commercial materials. All the ND-modified GICs (be-
sides RSC5%ND) had a larger surface fluoride percentage
increase than their respective commercial materials. ND
particle incorporation into GICs therefore improves the sur-
face fluoride percentage of FN and RSC in 10% w/w integra-
tion in GIC powder.
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