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Remineralisation capability of silver
diamine fluoride in artificial

enamel lesions on smooth surfaces
using quantitative light-induced
fluorescence measurements
in-vitro

J. Heukamp?, H. Korbmacher-Steiner!, S. Schmidt?, C. M. Neumann?, P. Bottenberg? &
A. Jablonski-Momeni'™

Enamel demineralisation can develop on smooth surfaces as an undesirable side effect during
orthodontic treatment with fixed appliances. This study aimed to evaluate the ability of 38% silver
diamine fluoride in remineralisation (as estimated by fluorescence gain) of artificial initial lesions in
smooth surfaces of human enamel. The smooth surfaces of 50 human tooth samples were artificially
demineralised and 45 samples were allocated randomly into three groups receiving a single treatment
with a varnish: group I: Riva Star (silver diamine fluoride, SDF), group II: Bifluorid 12 (NaF, CaF,),

and group llI: Cervitec F (CHX, CPC, NH,F). Five samples were assigned as a negative control group
without treatment. All samples were exposed to pH-cycling for 28 days. Fluorescence behavior was
measured using Quantitative light-induced fluorescence before and after demineralisation and up to
four weeks on a weekly basis. Analysis of variance (ANOVA) with Tukey—-Kramer post-hoc tests and
repeated measures ANOVA were used for statistical evaluation (o= 0.05). After demineralisation,

all samples showed mean AF of -16.22% + 4.35, without significance differences between the
fluorescence behaviour of the samples (p=0.251). After 28 days group comparison showed a
statistically significant difference (p=0.034) for AF values: the lowest fluorescence values were found
in group | (SDF, mean AF - 16.47 + 6.08) with a significant difference compared to group Il (Cervitec F,
mean AF -11.71 £ 4.83). In group Il (Bifluorid 12) mean AF value was - 15.55 + 2.15) without statistically
significant differences to groups I and lll. The fluorescence behaviour of SDF varnish on smooth
surfaces with artificial initial enamel lesions was significantly lower compared to Cervitec F varnish
after short time use.

Dental caries is the most prevalent chronic disease in the world'. The symptoms and consequences of caries, such
as pain, chewing problems and aesthetic limitations due to discolouration, damage and loss of teeth, have a major
impact on quality of life?. Before caries appears in its irreversible form, it passes through the stage of initial caries
during de- and remineralisation cycles®. At that stage its progression can be arrested or reversed by application
of fluorides*. Applying fluoride with different formulations was shown to prevent dental caries effectively*®. In
low-risk patients, the daily use of fluoridated toothpaste is sufficient. In patients presenting an elevated risk of
carious lesion progression, application forms with a higher concentration of fluoride or containing fluoride in
combination with other active compounds may be advisable.

The use of a 38% solution silver diamine fluoride (SDF) has been shown to be an effective method for arresting
advanced cavitated carious lesions’. Due to its low acquisition costs and its synergistic caries-preventing effects,
it has so far been used mainly in developing and emerging countries®. The disadvantage of a black staining of
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Time Group Minimum | Maximum | Mean SD | Group comparison
I: SDF -21.3 -8.1 -16.65 4.13

AR IL Bifluorid 12 | -22.7 -7.2 -1538 | 470

T-demin | [11; Cervitec | -23.8 -10.0 “17s6 Jaxs [P0
Negative control | —19.1 -10.1 —13.46 3.89
I: SDF -21.8 -8.4 -14.16 3.94

AF T07 1I: Bifluorid 12 -30.5 -10.5 -17.88 4.89 | p=0.075
III: Cervitec F -24.1 -8.1 —-15.88 4.13
I: SDF -23.1 -8.6 —15.53 4.42

AFT14 1I: Bifluorid 12 -30.9 -12.6 —-19.40 519 |p=0.060
III: Cervitec F -21.9 -7.4 -15.97 4.56
I: SDF -31.3 -8.6 -16.17 6.81

AF T21 1I: Bifluorid 12 -27.1 -12.1 -18.81 412 | p=0.131
III: Cervitec F -22.0 -89 -15.08 3.81
1: SDF -33.0 -9.9 —-16.47° 6.08

AET28 I1: Bifluorid 12 -20.0 -124 -15.55* | 2.15 p=0.034*
III: Cervitec F -22.9 -6.3 -11.71° 4.83
Negative control | —20.2 -12.6 —-15.40* |3.20

Table 1. Results of the QLF measurements in different groups: AF (fluorescence loss [%]) shows avarage
fluorescence loss in a lesion and is related to the loss of mineral content and to lesion depth (SD: standard
deviation). *Different superscript letters indicate significant differences between the groups.

tooth surfaces precludes its application in patients with aesthetic demands such as adolescents. However, recent
changes in formulation by its combination with potassium iodide, has reduced the stain development at least
when applied to enamel’. Silver ions have a positive effect on the microhardness of carious surfaces'® and increase
mineral density in carious lesions significantly compared with fluoridated toothpaste alone, especially in lesion’s
superficial layers'!.

Orthodontic treatment with fixed appliances is an integral part of modern orthodontics, but it has also been
associated with adverse effects like development of initial carious lesions. Such lesions might progress without
appropriate preventive care'> and have a negative effect on the esthetic and functional outcome of orthodontic
treatment'?. It was reported that the incidence of carious lesions formed during orthodontic treatment in patients
amounted to 45.8%'*. Initial lesions can develop within the first four weeks of fixed appliance treatment'>. Based
on the existing trials, interventions for post-orthodontic WSLs, mainly fluoride varnish, seem to be effective, but
further research is needed to elucidate their clinical relevance'®.

While the effectiveness of SDF in arresting dentine lesions and root caries has been already shown”", only
few studies exist on the use of SDF on initial enamel lesions on smooth surfaces. Therefore, the aim of the present
study was to evaluate the remineralisation potential of the KI-modified SDF on artificial initial enamel lesions
on smooth surfaces compared to the use of two conventional fluoride-containing dental varnishes.

Results
In total, 50 samples were included in the study: n=15 in each treatment group, n =5 in the negative control group.

After demineralisation, all samples showed a distinct fluorescence loss with a mean AF of - 16.22% +4.35 and
a mean AFmax of —33.40% + 6.82, respectively. Group comparison revealed no significant differences between
the fluorescence behaviour of samples (p=0.251 for AF and p=0.276 for AFmax), indicating a comparable fluo-
rescence behaviour in each group after demineralisation.

The results of the QLF-measurements (average percentage of fluorescence loss relative to the fluorescence of
sound tissue, AF, %) and maximum lesion depth (AFmax, %) are summarized in Tables 1 and 2. QLF measure-
ments at baseline (prior to demineralisation) showed AF and AFmax values of 0 for each specimen, indicating
a tooth surface without demineralisation when compared to sound surrounding tissue.

After application of varnish and pH-cycling, repeated measures ANOVA showed that neither AF nor AFmax
values changed significantly between measurements after demineralisation and the values at the end point of the
study at T28 within group I (p=0.713 and 1.00, respectively). The same results were observed in group II, where
the fluorescence values did not change between T-demin and T28 (p values for and AF and AFmax=1.00). In
group IIJ, significant fluorescence gain was observed between T-demin and T28 for AF (p=0.012) and AFmax
(p=0.011). Data of the control group showed lower fluorescence values for AF and AFmax at T28, compared to
the values after demineralisation. In all groups, comparison of fluorescence values at baseline showed significant
differences to the values after demineralisation and at each follow-up measurement (p <0.0001).

The group comparison (ANOVA with Tukey-Kramer test) showed significantly lower fluorescence values in
the SDF-group compared to Cervitec F after 28 days (p=0.034 for AF and p <0.001 for AFmax).

In group I a yellow discoloration of the enamel surfaces in all samples was obvious 24 h after application.

In Figs. 1, 2, 3 and 4, representative images of each treatment group with the corresponding fluorescence
values are presented. The measurements were performed in the center of sample with the ground surface.
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Time Group Minimum | Maximum | Mean SD Group comparison
I: SDF —45.8 -20.3 -33.97 6.75

AFmax IL: Bifluorid 12 | —41.4 -132 ~30.69 7.94

T-demin IIL: Cervitec F | ~50.3 ~26.4 -35.51 sor |P70°
Negative control | —40.1 -30.5 —-33.56 3.89
I: SDF —44.8 =220 -33.17 6.55

AFmax T07 II: Bifluorid 12 -49.6 -27.5 -37.66 6.87 | p=0.152
III: Cervitec F —43.5 -20.7 —34.32 5.86
I: SDF -50.0 —-28.6 -37.96*° 8.07

AFmax T14 1I: Bifluorid 12 -50.0 -30.2 —40.41* 6.20 | p=0.021*
III: Cervitec F —-40.0 -19.3 -33.01° 6.91
I: SDF -59.5 -21.2 -39.23 11.60

AFmax T21 1I: Bifluorid 12 -61.8 -28.6 -39.89 8.32 | p=0.090
III: Cervitec F -41.0 -19.4 -33.18 6.14
I: SDF -52.4 -26.8 —-38.14% 8.71

AFmax T28 1I: Bifluorid 12 -50.9 -26.2 —34.53* 6.37 <0.001*
III: Cervitec F -46.8 -9.80 -24.24° 9.98
Negative control | —45.2 -30.6 —34.98*0 6.00

Table 2. Results of the QLF measurements in different groups: AF max (fluorescence loss [%]) shows the
highest value of AF measured within the region of interest and is an indication for the maximum lesion depth
(SD: standard deviation). *Different superscript letters indicate significant differences between the groups.

Discussion

Caries progression is initiated by an imbalance of the remineralisation-demineralisation equilibrium favor-
ing demineralisation'®. Initial caries can occur as side effect of fixed orthodontic treatment and prevention is
important during but also after the treatment to prevent initial lesions from progression into dentin. In the
present study, the ability of Silver diamine fluoride (SDF) was evaluated to remineralise artificial enamel lesions.

Due to its antimicrobial and caries inhibitory properties, SDF promises to be a good and affordable option
to treat such reversible initial caries lesions.

In this study, extracted human permanent teeth were used. This offered the advantage that the chemical
structure of the tooth samples corresponded to that in patients. The cleaning and flattening of the tooth surface
eliminated external influences as far as possible and made the teeth more comparable with each other. The
caries model used in this study aims to represent the demineralisation/remineralisation dynamics of the caries
process as accurately as possible. The procedure of demineralising the enamel surface was based on an already
described protocol" and the pH-cycling model was modified according to available procedures and equipment.
This may show a limitation of the present study since the pH-cycling model is not fully comparable to already
existing studies.

In contrast to the in vivo situation, no cariogenic bacteria and biofilm were used in the demineralisation
solution. This makes it difficult to transfer the results from in vitro to in vivo, but makes the present study more
comparable with other in vitro studies that also excluded the biological component®-23.

In the present study, the remineralisation performance of the fluoride varnishes investigated was determined
using quantitative light-induced fluorescence. QLF is a versatile and non-destructive method established in
several studies'***"2, The accuracy is comparable to that of transverse microradiography, which is considered
the gold standard®, but needs sectioning of the samples.

Using the latest version of QLF an additional control group is not necessary, since the control is carried out
via the measurement of the surfaces after demineralisation and before the application of the varnishes and start
of pH-cycling. This type of internal control also serves the purpose of the present study, which is to compare
the different fluoride varnishes. This approach is also established in the literature for comparative in vitro stud-
ies using QLF 26230 Though, an untreated group of samples (n=>5) was included as quality control in the
present study and the fluorescence changes were compared between T-demin and T28. Since the fluorescence
behaviour at T-demin was comparable for all samples in each group, the measurements were set as the reference
values for comparison of the remineralisation behaviour of the different varnishes in a defined study period. The
fluorescence behaviour of the group without treatment was comparable to the results of another study where no
fluorescence gain was observed after 4 weeks of storage in a remineralisation solution'®.

It should be noted that with the new QLF device used in this study, the reference of a surface (sound surface
value) is determined automatically by the integrated software. This is different from the former QLF device where
the sound reference surface was determined manually". To ensure quality and correctness of data assessment,
the QLF measurements were also performed prior to demineralisation on the sound surfaces showing typically
fluorescence values 0 for each specimen, indicating a sound tooth surface. Hence, the fluorescence values meas-
ured at T-demin reveal the accurate fluorescence behaviour.

The fluorescence values show different trends for each group. While group I appears to follow a slow demin-
eralising trend, the mineralisation of groups II and III drops more sharply than that of Group I up to T14, but
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Figure 1. Standard image and QLF image of a representative sample in group I (SDE, sample #05) at different
investigation times. The dashed line indicates the ground surface where the QLF measurements were
performed. (a) Prior to demineralization. (b) Corresponding QLF-image: AF =0.0%; AFmax=0.0%. (c) After
demineralisation (T-demin). (d) Corresponding QLF-image (T-demin): AF =—-17.0%; AFmax=—-34.1%. (e)
QLF image T07: AF =—-12.2%; AFmax=—28.6%. (f) QLF image T14: AF =—12.8%; AFmax=-30.2%. (g) QLF
image T21: AF=-11.5%; AFmax =—-33.3%. (h) 28 days after demineralisation (T28). (i) Corresponding QLF-
image (T28): AF = - 14.5%; AFmax =—30.2%.

recovers thereafter and exceeds mineralisation of Group I at T28. This pattern can be observed in both AF and
AFmax values.

Especially in the last few years, many studies using different methods have been conducted on SDF, alone
or in comparison with other products. Erdwey et al.’! were able to demonstrate through transverse microradi-
ography that a commercially available NaF varnish (Bifluorid 12) has a better remineralisation behaviour than
SDEF, amine fluoride and acidulated phosphate fluoride (APF) after 28 days of pH-cycling. Also using TMR,
Wierichs et al.*? demonstrated that SDF could achieve remineralisation after 14 days of pH-cycling, but NaF
could not. In other studies tooth samples treated with SDF and NaF were measured by Vickers hardness?. The
NaF-treated tooth sample had a higher hardness than the SDF-treated one after 7 days of pH-cycling. Other
methods of measurement seem to attribute SDF a better remineralisation performance than NaF: De Melo Santos
et al.?® used polarised light microscopy (PLM) after 14 days of pH-cycling, Yu et al.?? utilised energy dispersive
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Figure 2. Standard image and QLF image of a representative sample in group II (Bifluorid 12, sample #12) at
different investigation times. The dashed line indicates the ground surface where the QLF measurements were
performed. (a) Prior to demineralisation. (b) Corresponding QLF-image: AF=0.0%; AFmax=0.0%. (c) After
demineralisation (T-demin). (d) Corresponding QLF-image (T-demin): AF =—-11.3%; AFmax=-20.9%. (e)
QLF image T07: AF=—-17.7%; AFmax=—36.7%. (f) QLF image T14: AF=-17.1%; AFmax=-36.2%. (g) QLF
image T21: AF=-13.3%; AFmax=—-30.1%. (h) 28 days after demineralisation (T28). (2i) Corresponding QLE-
image (T28): AF =—-15.7%; AFmax =—34.2%.

radiospectroscopy after 21 days of pH-cycling and Mohammadi and Far?' used surface micro hardness after
7 days of pH-cycling. Lastly Thomas et al.** using swept-source optical coherence tomography described better
remineralisation results for SDF after 14 days of pH-cycling compared to NaF.

One disadvantage of SDF which was observed in the present study was the yellow discoloration of the samples
appearing after 24 h. Even after pH-cycling and brushing the teeth, the discoloration remained. This esthetic
shortcoming makes it difficult to recommend SDF for use in surfaces in the visible area such as anterior teeth.
While a yellow discoloration is not described for SDF in literature yet, it could be caused by the precipital reaction
of SDF with potassium iodide (KI). KI is part of the Riva Star System to minimize gray staining of the teeth®. The
precipitate is mentioned in literature® and might consist of silver iodide®. In our study, the precipitate was also
found in the remineralising solution, where the teeth treated with SDF were stored, presenting itself as cloud-
like structures. Looking at the fluorescence values, it can be assumed that this discoloration did not affect QLF
measurements of specimen treated with SDF, otherwise significant differences would have been found between
mean AF values already at an early stage of the study.
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i)

Figure 3. Standard image and QLF image of a representative sample in group III (Cervitec F, sample #09) at
different investigation times. The dashed line indicates the ground surface where the QLF measurements were
performed. (3a) Prior to demineralization. (b) Corresponding QLF-image: AF =0.0%; AFmax=0.0%. (c) After
demineralisation (T-demin). (d) Corresponding QLF-image (T-demin): AF = AF=—16.5%; AFmax=—30.5%.
(e) QLF image T07: AF =—14.7%; AFmax=—-27.1%. (f) QLF image T14: AF=-8.9%; AFmax=-19.8%. (g) QLF
image T21: AF=-9.8%; AFmax=—19.4%. (h) 28 days after demineralisation (T28). (i) Corresponding QLF-
image (T28): AF =-6.3%; AFmax=—9.8%.

Conclusion and clinical relevance

The presented study is the first study to evaluate the fluorescence behaviour of artificial initial enamel lesions
after a single treatment with SDF on a weeKkly basis for four weeks. This duration takes into account that initial
lesions in caries risk patients such as those with fixed orthodontic appliances can develop on smooth surfaces
within four weeks. Hence appropriate preventive care is already required from the beginning. The presented data
suggest that SDF can prevent progression of demineralisation which is clinically relevant in patients who are
temporarily restricted in their individual oral hygiene or where mechanical obstacles such as fixed orthodontic
appliances are present. However, the fluorescence behaviour of SDF varnish on smooth surfaces was lower
compared to Cervitec F and Bifluorid 12 varnishes after short time use.

Methods

Sample selection and preparation. The use of extracted human teeth was approved by the Ethics Com-
mittee of the Medical Faculty of the Philipps-University of Marburg, Germany (Ref. No.: 132/19). Prior to
extraction informed consent was obtained from each patient for the use of the teeth for study purposes. The
research did not involve human participants.

A sample size calculation was performed with MedCalc for Windows, version 19.6 (MedCalc Software,
Ostend, Belgium, www.medcalc.org) based on (unpublished) pilot data. A number of 13 samples was calculated
for each treatment group (Power 0.90, a=0.05), assuming a mean difference of 4 and a standard deviation of 3
in each group. A drop-out number of two samples was added in each group. The teeth were stored in a 0.001%
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e) f)

Figure 4. Standard image and QLF image of a representative sample in the negative control group (no
treatment, sample #09) at different investigation times. The dashed line indicates the ground surface where the
QLF measurements were performed. (a) Prior to demineralisation. (b) Corresponding QLF-image: AF =0.0%;
AFmax=0.0%. (c) After demineralisation (T-demin). (d) Corresponding QLF-image (T-demin): AF =—-10.4%;
AFmax=-33.7%. (e) 28 days after demineralisation (T28). (f) Corresponding QLF-image (T28): AF=-12.6%;
AFmax=-33.5%.

sodium azide solution after extraction for disinfection and were cleaned afterwards. The crown was separated
from the root and then cut along the mesiodistal direction using a water-cooled 200 pm diamond band saw
(EXAKT 300/310 CP, EXAKT Advanced Technologies GmbH, Norderstedt, Germany). Subsequently the surfaces
were ground with a micro-grinding device (EXAKT 400CS, EXAKT Advanced Technologies GmbH, Norderstedt,
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Germany) with a grit size of 1000 pm. By removing approx. 50 um, a plane smooth surface located in the enamel
was thus created in each tooth sample.

45 tooth samples were randomly divided into 3 groups with n=15 samples each: Group I: Riva Star (SDI
limited, Baywater, Australia) (38% silver fluoride (AgF), amounting to 5% fluoride and an additional potassium
iodide solution); group II: Bifluorid 12, containing 6% NaF and 6% CaF, (VOCO GmbH, Cuxhaven, Germany)
and group III: Cervitec F, containing 0.3% chlorhexidine, 0.5% cetylpyridiniumchloride and 1400 ppm F" (as
NH,F) (Ivoclar Vivadent AG, Schaan, Liechtenstein). In addition, 5 samples were allocated to a negative control
group, without receiving any varnish treatment after demineralisation.

The samples were placed on microscope slide (Plexiglas slide 25 mm x 75 mm x 2 mm, EXAKT Advanced
Technologies GmbH, Norderstedt, Germany) so that the ground enamel surfaces pointed upwards horizontally.

Demineralisation of the samples. The process of demineralisation was already described in detail by
Jablonski-Momeni et al.”®. In brief, the samples were demineralised in lactic acid (pH 4.6) buffered by a methyl-
cellulose lactic acid gel for 14 days according to the literature’”. The mean depth of the demineralised area
amounted to 97.32 pm, analysed in representative histological sections in a preliminary study®.

Application of the varnishes. The tooth samples were air-dried and each varnish was applied to the sam-
ples according to the corresponding manufacturer’s instructions. In case of SDF additional application of potas-
sium iodide (KI) was performed. Afterwards, any liquid excess of the varnishes was carefully patted dry with a
cotton pellet.

pH-cycling. The pH-cycling in the presented study was performed according to the following protocol: The
remineralisation solution was prepared by mixing 1.635 g KH,PO4 (2.403 mM), 1.700 g Na,HPO, (2.395 mM),
6335 g KCL (16.993 mM), 2.920 g NaCl (9.993 mM) and 0.830 g CaCl,2 H,O (1.129 mM) in 5 L distilled
water!? (all chemicals: Merck, Darmstadt, Germany). The pH was adjusted to 6.9 and was measured daily. For
demineralisation a 0.1 M lactic acid solution was used with a pH of 4.6 (Lactic Acid, Fluka Analytical, Honeywell
International Inc., Seelze, Germany).

Toothpaste slurries were used to simulate tooth brushing. These were prepared as a water/toothpaste slurry
from 50 ml distilled water and a 20 cm strand (~ 16 g) of commercial toothpaste containing 1450 ppm fluoride
(as NaF) (Colgate Komplett Extra Frisch, CP GABA GmbH, Hamburg, Germany) corresponding to a ratio of
approximately 3:1. The samples were gently brushed with a commercial toothbrush (Colgate Extra Clean Mittel,
CP GABA GmbH, Hamburg, Germany). Per group a separate toothbrush was used to avoid carry-over.

The cycle was performed manually twice a day. In the first step the samples were removed from the remin-
eralising solution and submerged in the demineralisation solution for 2 min. Afterwards they were submerged
in the slurry and brushed with a manual toothbrush for 2 min. Thereafter, the samples were returned to the
remineralising solution. After submersion in each of the solutions, the samples were rinsed with distilled water
to prevent carry-over. The de- and remineralisation solutions were replaced after 7 days. Between measurements
the samples were stored in the incubator at a constant temperature of 37 °C.

Quantitative light-induced fluorescence (QLF). Noninvasive measurements were performed as the
reference standard for the quantification of de- and remineralisation using the Quantitative light induced flu-
orescence method. The QLF analysis software C4 QLF Research Suite 1.08 (Inspector Research Systems BV,
Amsterdam, Netherlands) was used to quantify the fluorescence behavior of the enamel surfaces which is
directly proportional to the mineral content. Using the new QLF device, the fluorescence value of a sound sur-
face is determined automatically by the software in contrast to the former QLF device where the sound reference
surface was to be determined manually®.

Measurements in the treatment groups were performed after demineralisation (T-demin) and after 7 days
(T-07), 14 days (T-14), 21 days (T-21) and 28 days (T-28) of application of the fluoride varnishes. Measurements
in the control group were performed at T-demin and T28. The ground parts of the enamel were defined in each
sample and this area was recalled on the following images (Figs. 1, 2, 3 and 4). Average percentage of fluorescence
loss relative to the fluorescence of sound tissue (AF, %) and maximum lesion depth (AFmax, %) was calculated
by the software und the values were used for further analyses. Negative AF values indicate an increase of lesion
depth or mineral loss.

By way of internal quality control, the QLF measurements were also performed prior to demineralisation on
the sound surfaces showing typically AF values 0 for each specimen, indicating a sound tooth surface.

Statistical evaluation. Statistical analyses were performed using MedCalc for Windows, version 19.6
(MedCalc Software, Ostend, Belgium, www.medcalc.org). Data were tested using the Shapiro-Wilk’s test to
check for normality (p>0.05). Analysis of variance (ANOVA) with Tukey-Kramer post-hoc tests and repeated
measures ANOVA were used for further analyses. The significance level was set at a=0.05.

Ethical approval. The use of the extracted teeth was subject to an ethics vote by the ethics committee of
the Philipps University of Marburg (Ref. No.: 132/19). Informed consent was obtained from each patient for
the use of the teeth for study purposes prior to extraction. The research did not involve human participants. All
methods were carried out in accordance with relevant guidelines and regulations. The attribution guidelines for
the software MedCalc were followed.
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Data availability
The dataset analysed during the current study is available from the corresponding author on reasonable request.
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