SCIENTIFIC REPLIRTS

Self-assembly of dental surface
nanofilaments and remineralisation
by SnF, and CPP-ACP
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Dental caries, erosion and hypersensitivity are major public health problems. SnF, is used widely

in oral care products to help prevent/treat these conditions. Casein phosphopeptide-stabilised
amorphous calcium phosphate nanocomplexes (CPP-ACP) are a biomimetic nanotechnology of salivary
phosphopeptide-ACP complexes that deliver bioavailable calcium and phosphate ions to promote
dental remineralisation (repair). We show here using in vitro studies and a double-blind, randomised
controlled, cross-over design in situ clinical trial that SnF, and CPP-ACP interact to form a nanofilament
coating on the tooth surface and that together they are superior in their ability to promote dental
remineralisation. Sn(ll) by cross-linking the CPP-ACP helps to stabilise the complexes which improves
delivery to the tooth surface and enhances binding and ion incorporation into tooth mineral. The
combination of SnF, and CPP-ACP in oral care products may significantly improve their efficacy in
prevention/treatment of dental caries/erosion and hypersensitivity.

The global prevalence of dental caries, erosion and hypersensitivity have increased over the last two decades'>.
This has led to increased interest in developing better treatments and preventive regimes for these conditions.
Dental caries is a multifactorial lifestyle-associated bacterial disease that results in the progressive dissolution and
loss of tooth mineral, termed demineralisation®. Demineralisation of the enamel and dentine crystals, idealised
as hydroxyapatite Ca,(PO,)sOH,’ occurs due to a state of undersaturation with respect to that mineral in the sur-
rounding fluid following organic acid production by adjacent plaque bacteria through dietary sugar fermentation
(caries) or by direct dietary food acid exposure (erosion). The demineralisation process is opposed by inherent
repair mechanisms through bioavailable calcium and phosphate ions obtained from saliva®’ that rebuild the apa-
tite crystals in a process termed remineralisation®. Frequent consumption of dietary sugar and/or food acids can
overcome the salivary protective effect to produce ‘net’ demineralisation, increasing the porosity and structural
weakness of the tooth. This process eventually leads to lesion cavitation and the requirement for restorative inter-
vention. However, demineralised lesions that have progressed to be clinically visible but not yet cavitated can still
be repaired through remineralisation. As saliva is limited in its remineralisation potential®’, remineralisation aids
have been developed to increase remineralisation intraorally to treat and help prevent dental caries and erosion’.
Fluoride, usually as sodium fluoride is a well recognised remineralisation agent that promotes remineralisation
of caries and erosion lesions when released into saliva from oral care products’. Fluoride ions drive remineralisa-
tion together with bioavailable saliva calcium and phosphate ions to form fluorhydroxyapatite [Ca,(PO,)s(OH)
22 B> 1'% However, even in those with normal saliva flow, levels of bioavailable calcium and phosphate ions in
saliva can become limiting for remineralisation. This has resulted in new technologies utilised in novel oral care
products that provide bioavailable calcium and phosphate ions for remineralisation®.

Casein phosphopeptides (CPP) are known to stabilise calcium, phosphate and fluoride ions allowing a high
supersaturation of soluble ions in saliva for remineralisation of mineral deficient tooth structure'’. The binding
motif within the CPP contains phosphoserine and glutamic acid in a cluster sequence similar to the salivary
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Treatment LDd (um)* | ALD (um)® AZd (vol% min.um)° | AZd-AZr (vol% min.um)? | %Remin®
CPP-ACP+NaF | 124.6+18.6 | 23.5£12.8 3587.0£923.9 1259.8 +370.8* 35.04+5.44
Invitro | CPP-ACP+SnF, |127.4420.5|302+17.6 3784.6+1398.7 1757.1+757.8* 46.1+5.84
p-value® NS>0.05 | NS>0.05 NS >0.05 <0.05 <0.0001
NaF 103.6+10.9 | 2.0+ 3.5%¢ 2728.9+578.8 291.4 +48.6%¢ 10.8+0.8%¢
SnF, 97.6+69 |5.043.8% 2273.34294.5 245.4 +43 4%F 10.8 4 0.8%¢f
I sit CPP-ACP 105.8+6.9 |10.8+1.2* 2729.2+427.6 367.2 4 68.0%%" 13.441.0%%h
CPP-ACP+NaF | 103.4+8.1 |12.547.0% 2742.44490.1 670.2 4 102.8b<¢! 24.6+2.1%8
CPP-ACP+SnF, | 1043463 |15.0+£2.9% 2527.5+449.1 776.6+159.9<h 30.6 % 1.6
p-value’ NS>0.05 | <0.0001 NS> 0.05 <0.0001 <0.0001

Table 1. Comparison of enamel subsurface lesion parameters before and after remineralisation in vitro (pH
5.6) and in situ as measured by TMR. *LDd = lesion depth after demineralisation, YALD = reduction in lesion
depth after remineralisation, °AZd = integrated mineral loss prior to remineralisation, 4AZd-AZr = gain

in mineral content after remineralisation; “%R = percent remineralisation ((AZd-AZr/AZd) * 100%).
Displayed as mean - standard deviation. *FANCOVA (o =0.05) NS not significant. Differences between means
were measured using post hoc multiple comparison tests on the marginal means using a Sidak adjustment:
Asbedefghiyalues in the same column similarly marked are significantly different (p < 0.05).

protein statherin, hence the CPP are a biomimetic of statherin. The binding motif -Ser(P)-Ser(P)-Ser(P)-Glu-Glu-
attracts calcium ions and subsequently phosphate and fluoride ions to form soluble nanocomplexes of amorphous
ion clusters, referred to as CPP-ACP or CPP-ACFP2. Stabilisation of these ions in electroneutral nanocomplexes
allows their delivery to deeper parts of the lesion so that lesion fluid supersaturation and remineralisation occurs
throughout the lesion body". These nanocomplexes have been incorporated into oral care and professional dental
products that have been shown to improve remineralisation efficacy’!.

Recently, there has been renewed interest in stannous fluoride (SnF,) due to results suggesting that the stan-
nous ions as well as the fluoride ions are effective in inhibiting acid-induced demineralisation of enamel and
dentine!'*"1¢. It has been hypothesised that Sn(II) interacts with the tooth surface to increase hardness and prevent
exposure of calcium on the enamel surface to increase its resistance to demineralisation!’~1.

The interaction of CPP-ACP and SnF, has not been investigated. Here we demonstrate that Sn(II) stabilises
CPP-ACFP complexes to enhance remineralisation and fluoride uptake and to promote the formation of a nano-
coating on the tooth surface.

Results and Discussion

Enamel remineralisation. Initially enamel remineralisation was tested in vitro using two treatments at pH
5.6. These were 1: 0.4% w/v CPP-ACP + 220 ppm F as SnF, + 70 ppm F as NaF (CPP-ACP + SnF,) and 2: 0.4%
w/v CPP-ACP + 290 ppm F as NaF (CPP-ACP + NaF). Human enamel blocks containing demineralised lesions
were prepared according to a previous protocol'®. The enamel blocks were incubated with fresh remineralisation
solution every 48 hours for 10 days. Remineralisation of the enamel lesions was measured using transverse micro-
radiography'® (TMR). Treated lesions were also analysed using scanning electron microscope electron dispersive
x-ray spectroscopy (SEM-EDS).

The in vitro remineralisation model demonstrated the combined CPP-ACP + SnF, treatment was more effec-
tive at remineralising enamel subsurface lesions than CPP-ACP + NaF despite both solutions having the same
CPP-ACP and fluoride concentrations. The extent of remineralisation with the CPP-ACP + SnF, treatment was
32% greater than with the CPP-ACP + NaF treatment (see Table 1).

SEM-EDS analysis of the CPP-ACP + SnF, treated enamel lesions revealed they had a calcium to phosphorous
ratio of 1.58-1.59, consistent with apatite?, containing fluoride (see Fig. 1). The enamel had a mineralised surface
layer rich in carbon (26.5%) as well as tin (1.3%). The detection of carbon within the surface layer (26.5%) sug-
gested an organic component was bound to the mineral phase, most likely CPP upon release of cargo ions. This is
in agreement with previous studies that showed CPP have a high affinity for apatite and regulate apatite growth?'.
Taking into account the oxygen of the phosphate in the surface layer, and the theoretical oxygen as hydroxide in
stoichiometric HA, the resulting carbon to oxygen ratio of the surface layer was 2.1. This finding is in agreement
with the observed surface layer in the subsequent dentine surface experiment.

Enamel remineralisation was also tested in situ using five treatments (mouthrinses) at pH 4.0. These were 1:
0.4% w/v CPP-ACP + 220 ppm F as SnF, + 70 ppm F as NaF (CPP-ACP + SnF,), 2: 0.4% w/v CPP-ACP + 290 ppm
F as NaF (CPP-ACP + NaF), 3: 0.4% w/v CPP-ACP, 4: 220 ppm F as SnF, + 70 ppm F as NaF (SnF,) and 5: 290 ppm
F as NaF The in situ remineralisation study was conducted according to a previously published protocol?*? using
TMR to assess remineralisation. In addition electron probe microanalysis (EPMA) was used to assess the fluoride
and tin contents of the lesions. The mean unstimulated and stimulated salivary flow rates for the participants of
the study were 0.73 +0.33 mL/min and 3.00 £ 1.02 mL/min respectively. All participants completed the in situ
trial with no reported adverse events.

The CPP-ACP + SnF, mouthrinse produced the greatest remineralisation in the enamel subsurface lesions
(30.6 £ 1.6%) and was significantly higher compared with all other treatments, including the CPP-ACP and
CPP-ACP + NaF mouthrinses (see Table 1). The NaF and SnF, mouthrinses were not statistically different to each
other in terms of percentage remineralisation and produced the lowest mean remineralisation.
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Remineralised lesion | 0.141 0.089 0.286 0.476 0.004 0.003  0.002
(28.7%) (14.0%) (17.5%) (38.7%) (0.3%) (0.4%)  (0.4%)

Surface layer 0094 0059 0394 0442 0005 0002 0002 0.002
(21.2%) (103%) (26.5%) (39.6%) (0.5%) (1.2%) (0.3%) (0.3%)
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Figure 1. SEM-EDS analysis of enamel treated with CPP-ACP + SnF, in vitro. The coloured map represents
element distribution in the surface layer with the inset table expressing elemental composition of the
highlighted area as mole proportion (weight percentage in parentheses). ND =not detected.

Approximately twice as much fluoride was measured in lesions treated with CPP-ACP + SnF, compared with
the SnF, treated lesions (see Fig. 2b). The fluoride content in the CPP-ACP + SnF, treated lesions was also higher
(throughout the lesion) than the CPP-ACP + NaF treated lesions, demonstrating the combination of CPP-ACP
and SnF, was more effective in promoting fluoride uptake when compared with CPP-ACP + NaF (see Fig. 2a).
The tin content of the CPP-ACP + SnF, treated lesions was approximately twice that of the lesions treated with
SnF, alone (see Fig. 2¢). For both treatments the tin was mainly concentrated in the outer 10pm of the lesion, with
the maximum tin content detected 5um from the enamel surface.

Each treatment solution from the in vitro and in situ experiments was analysed for total and free ion concen-
trations to calculate the percentage of ions bound to CPP nanocomplexes (see Table 2). The majority of stannous
ions were CPP-bound in the CPP-ACP + SnF, solution: at pH 4.0, 90.8% of stannous ions were bound, and at pH
5.6, 99.3% were bound.

It was evident from both the in vitro and in situ enamel experiments that the addition of SnF, to CPP-ACP
improved remineralisation by increasing the release of calcium phosphate and fluoride ions within the enamel
lesions. The mechanism for the increased efficacy of the CPP-ACP + SnF, treatment solutions was expounded
by the ion analysis where the addition of SnF, to CPP-ACP appeared to increase the binding capacity of CPP to
stabilise larger soluble nanocomplexes. The CPP-bound calcium to CPP molar ratio (Ca:CPP) was an important
marker of CPP efficacy as it strongly correlated with percent enamel lesion remineralisation in situ (R=0.99).
As each solution had a CPP concentration of 1.33 mM, at pH 4.0 the Ca:CPP molar ratios of the CPP-ACP,
CPP-ACP + NaF, and CPP-ACP + SnF, treatments were 2.0, 7.7, and 9.4 respectively and the %R values were
13.4+1.0%, 24.6 £2.1% and 30.6 £ 1.6%, respectively (Table 1). While it has been reported that the addition of
fluoride to CPP complexes increases their calcium binding capacity and remineralisation efficacy’®*, the current
study is the first to show that tin acts in a similar manner.

Dentine surface interaction. Human dentine specimens with exposed tubules were treated with three
solutions in vitro and subsequently analysed using SEM and SEM-EDS. The treatment solutions were 1: 5% w/v
CPP-ACP, 2: 500 ppm F as SnF,, and 3: 5% w/v CPP-ACP + 500 ppm F as SnF, (CPP-ACP + SnF,). Untreated
dentine was the negative control.

Representative images from each dentine treatment are shown in Fig. 3. The control dentine showed a surface
with no precipitation and patent tubules. Similarly, the dentine treated with only CPP-ACP appeared to be rel-
atively unchanged. In contrast, the SnF, treated dentine displayed globular deposits on the dentine surface and
within the dentine tubules. The dentine treated with CPP-ACP combined SnF, displayed areas with a visible coat-
ing of cross-linked nanofilaments covering the dentine (including the tubules) accompanied by electron dense
spheres (see Fig. 3d,e). These spheres ranged from nanosized up to 2 um in diameter.

The elemental analysis (wt%) of the dentine surface from the control group (a) revealed a composition con-
sistent with the organic and inorganic components of sound dentine?*?. Dentine treated with CPP-ACP had a
composition closely matching the control dentine.

The analysis of the surface deposits visible on the dentine treated by SnF, alone revealed it contained on aver-
age 15.8 wt% tin and 2.0 wt% fluoride. Other elements present on the surface layer were oxygen (35.3 wt%), carbon
(20.5wt%), calcium (16.2 wt%) and phosphorous (10.3 wt%). The appearance of these surface deposits was similar
to that seen in previous studies assessing the effect of SnF, on surface dentine*”?. Ellingsen and Rolla?” hypoth-
esised the surface mineral present on dentine after SnF, treatment was likely to be a mixed phosphate-coated
calcium fluoride (CaF,) deposit and a stannous phosphate derivative. Other authors have suggested Sn(OH),,
Sn,(PO4)OH, Ca(SnF;),, Sn;F;PO,, Sn,(OH)PO,, Sn;F;PO,, or SntHPO, may precipitate on the surface of dentine
treated with SnF,'. As the interaction of SnF, with dentine is complex and not fully understood, it was difficult to
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Figure 2. EPMA analysis of atomic weight percentage within enamel subsurface lesions treated in situ.
a=fluoride weight % comparison between CPP-ACP + SnF, and CPP-ACP + NaF treated lesions, b=fluoride
weight % comparison between CPP-ACP + SnF, and SnF, treated lesions, ¢ = stannous weight % comparison
between CPP-ACP + SnF, and SnF, treated lesions.

extrapolate the SEM-EDS observations to speculate which of these tin-containing phases may have been present
on the dentine surface. The molar ratio of tin to fluoride, calculated from the wt% values as detected by SEM-EDS,
was 1.26. This suggested more tin-containing phases were present on the surface than fluoride-containing phases
and that additional fluoride was likely to have been present in the solution phase.

The electron dense spheres visible on the dentine treated with CPP-ACP + SnF, were rich in oxygen and car-
bon (37.1 wt% and 31.0 wt%, respectively) as well as calcium (18.1 wt%), phosphorous (10.6 wt%), tin (1.4 wt%),
sodium (0.9 wt%), magnesium (0.5 wt%) and fluoride (0.5 wt%). The nanofilament coating present on these sam-
ples was similar in composition although relatively higher in carbon content (46.8 wt% carbon, 29.9 wt% oxygen,
14.4wt% calcium, 8.2 wt% phosphorous and 0.7 wt% magnesium) and did not contain detectable levels of fluoride
or tin. The molar ratios for these elements are presented in Fig. 3.

The hydrodynamic radius of CPP-ACP complexes has been shown to be approximately 2 nm, with a slightly
larger radius observed when fluoride is incorporated as CPP-ACFP!>?#%_The spherical particles observed fol-
lowing the CPP-ACP + SnF, treatment varied in size. In some instances they were nanosized or up to 2um in
diameter. The phenomenon observed on the dentine surface after this treatment and the structures of the spher-
ical particles and nanofilament coating can be explained by the elemental composition obtained from SEM-EDS.
The high carbon and oxygen percentage suggested the spherical particles had an organic component accompa-
nying the bundles of calcium, phosphate, fluoride and stannous ions. Under the experimental conditions, this
organic structure was consistent with CPP bound together or cross-linked by the electron dense atom tin. Using
the major peptides present in the commercial CPP-ACP preparation as representative of the peptide content, it
can be shown that the measured carbon to oxygen ratio of the sphere was very close to that of CPP. The major
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pH | Treatment CamM PimM FmM Sn mM
6 0.4% CPP-ACP + SnF, 15.2940.17 10.88+0.11 15.3940.09 5.58+0.14
0.4% CPP-ACP + NaF 14.56+0.05 11.114+0.17 15.0+0.33 —
Total 0.4% CPP-ACP + SnF, 16.251+0.16 11.6240.22 15.2440.63 5.67£0.12
4 0.4% CPP-ACP + NaF 15.134+0.37 11.16+0.20 14.8+£0.77 —
0.4% CPP-ACP 15.004+0.33 11.1740.42 — —
6 0.4% CPP-ACP + SnF, 15.25 (99.7%) 10.52 (96.7%) 6.33 (41.1%) 5.55(99.3%)
0.4% CPP-ACP + NaF 14.53 (99.8%) 7.20 (64.8%) 4.0 (26.8%) —
CPP-bound 0.4% CPP-ACP + SnF, 12.53 (77.1%) 9.50 (81.8%) 8.64 (56.7%) 5.15(90.8%)
4 0.4% CPP-ACP+NaF | 10.30 (68.1%) 2.89 (25.9%) 12.2 (82.7%) —
0.4% CPP-ACP 2.72 (18.1%) 2.45(21.9%) — —
0.4% CPP-ACP + SnF, 0.04£0.00 (0.3%) 0.36£0.01 (3.3%) 9.07+0.14 (58.9%) | 0.037£0.00 (0.7%)
>6 0.4% CPP-ACP + NaF 0.03£0.00 (0.2%) 3.9140.18(35.2%) | 11.040.72(73.2%) | —
Free 0.4% CPP-ACP + SnF, 3.7240.17 (22.9%) | 2.124+0.10(18.2%) | 6.59+0.06 (43.3%) | 0.52+0.01 (9.2%)
4 0.4% CPP-ACP + NaF 4.8240.20 (31.9%) |8.2740.26(74.1%) | 2.6+0.02(17.3%) | —
0.4% CPP-ACP 12.28+£0.38 (81.9%) | 8.72+0.02 (78.1%) | — —

Table 2. Ton concentrations of calcium, phosphorus, fluoride and tin in treatment solutions at pH 5.6 and 4.0 as
measured using AAS and ion chromatography. Data are displayed as mean =+ standard deviation. Percent of total
ions CPP-bound and free indicated in parentheses.

and representative CPP sequence 3(1-25) has 117 carbon atoms, 59 oxygen atoms and 4 phosphorous atoms per
peptide resulting in a carbon to oxygen ratio of 1.98%°. Assuming the total carbon content of the sphere could
be attributed to the CPP content and using the molar ratios shown in Fig. 3, the relative phosphorous present in
the peptide (0.017 phosphorous) could be subtracted from the total mole proportion of phosphorous observed
(0.059) to give the remaining proportion of phosphorous present as inorganic phosphate within the CPP-ACFP
complex (0.042). The corresponding mole proportion of oxygen as inorganic phosphate within the CPP-ACFP
complex (0.168) subtracted from the total mole fraction of oxygen observed then provided an estimate of the
remaining oxygen contributed by the CPP (0.232). The carbon to oxygen ratio of the organic component could
then be calculated as 1.92, which closely corresponds to the C: O molar ratio for the CPP; consistent with CPP
being responsible for the carbon content of the sphere. Additionally, the calcium to CPP molar ratio was 18 and
the molar ratio of CPP to stannous ion was 2. As CPP-ACFP nanocomplexes typically contain 15 calcium ions
per peptide?*?, the finding from the current study is consistent with the incorporation of the stannous ions
increasing the calcium binding capacity of CPP, which is similar to the result with the ion analyses in the enamel
experiments.

The electron dense coating of cross-linked nanofilaments observed covering the dentine in the SEM images
following treatment with CPP-ACP + SnF, was especially high in carbon (46.8 wt%). Remarkably, the car-
bon to oxygen ratio of this layer (2.1) is identical to that of the organic component in the surface layer of the
CPP-ACP + SnF, in vitro treated enamel lesions (2.1). While this was slightly higher than the theoretical ratio for
CPP, a cross-linking of CPPs on the surface through the well characterised chemically induced 3-elimination of
serine phosphate in casein would have resulted in some loss of oxygen explaining the higher carbon to oxygen
ratio®"*2. This finding is consistent with a network of cross-linked CPPs in nanofilaments being formed by stan-
nous ion-promoted self-assembly on both enamel and dentine following treatment with stannous-containing
CPP-ACFP solutions.

To explain the tooth surface interaction of the CPP-ACP + SnF, a schematic illustrating the mechanism is
shown in Fig. 4. CPP-ACFP nanocomplexes® are cross-linked by stannous ions to form larger spherical particles
up to 2 um in diameter as visible in the SEM images. Upon contact with the tooth surface the negatively charged
residues of the CPP became increasingly attracted to the exposed positively charged apatite crystal faces on the
surface. In addition, the stannous ions are attracted to the surface phosphate, promoting complex dissociation
and CPP adsorption onto the surface while releasing the cargo of calcium, phosphate and fluoride ions contained
within the cross-linked nanocomplexes. The CPP bind to surface calcium ions and the driving force for bonding
is the formation of lower free-energy, polydentate structures®'. The CPP complexes accordingly change confor-
mation and cross-link on the tooth surface to form a cross-linked nanofilament coating, thereby releasing their
payload of calcium, phosphate and fluoride to the tooth surface promoting remineralisation. The cross-linking of
the CPP on the tooth surface would be facilitated by stannous-catalysed 3-elimination of phosphoseryl residues
to form reactive dehydroalanine residues that can engage in Michael addition reactions with nucleophiles of other
CPP residues (e.g. Lys amines) to produce covalently cross-linked CPP nanofilaments®"*2.

Conclusions

Significantly higher enamel remineralisation was observed in vitro by the combined CPP-ACP + SnF, solution
compared with the CPP-ACP + NaF solution. A synergistic effect upon enamel remineralisation by CPP-ACP
and SnF, was observed in situ by the combined CPP-ACP + SnF, solution which showed significantly higher
remineralisation than the CPP-ACP + NaF, CPP-ACP, NaF and SnF, solutions. The addition of SnF, to CPP-ACP
increased complex stability, ion binding capacity and ion delivery at the tooth surface for remineralisation.
Combining CPP-ACP and SnF, resulted in a unique interaction with the tooth surface. Stannous ions aggregated
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Ca P C (o] F Sn Mg Na

a |0.139(28.4%) [0.081 (12.9%)| 0.293 (18.0%) | 0.467 (38.2 %) ND ND 0.007 (0.9%)(0.014 (1.6 %)
b [0.117(24.7%) [0.082 (13.4%)| 0.282 (17.8 %) | 0.507 (42.6 %) ND ND 0.006 (0.8 %) 0.006 (0.7 %)
C |0.083(16.2%) [0.068 (10.3 %)| 0.349 (20.5 %) | 0.451 (35.3 %) [0.022 (2.0 %) [0.027 (15.8 %) ND ND
d |0.056(14.4%) [ 0.041(8.2%) | 0.607 (46.8 %) | 0.291 (29.9 %) ND ND 0.004 (0.7 %) ND
e |0.078(18.1%) [0.059 (10.6 %)| 0.446 (37.1%) | 0.400(31.0 %) |0.004 (0.5 %) | 0.002 (1.4 %) |0.004 (0.5 %)|0.007 (0.9 %)

Figure 3. SEM images of (a) control dentine (b) CPP-ACP treated dentine (c) SnF, treated dentine (d,e)
CPP-ACP + SnF, treated dentine. Inset tables display elemental composition as mole proportion (weight
percentage in parentheses) from EDS measurements (C: EDS measurements of electron dense deposits D: EDS
measurements of nanocoating E: EDS measurements of electron dense spheres).

CPP-ACFP

Enamel/Dentine . Ca?*/POF/F

~DBBy - Sn2*
PeaDe
@@@Q@; %%@@@ # CPP-ACFP
~. @QOQ!~§Q”§§§§@% . — CPP
LB ete et e .

Enamel/Dentine

Figure 4. Diagram illustrating the proposed mechanism for Sn*" mediated release of Ca?>"/PO,*~/F~ from
cross-linked CPP nanocomplexes and subsequent CPP nanofilament coating of the tooth surface.
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CPP nanocomplexes and promoted ion release and the self-assembly of cross-linked CPP nanofilaments upon
contact with the tooth surface. In summary, the combination of CPP-ACP and SnF, in oral care products may
significantly improve their efficacy in prevention and treatment of dental caries, erosion and hypersensitivity.

Materials and Methods

Preparation of treatment solutions. A commercial CPP-ACP preparation was used to prepare the CPP-
ACP-containing solutions (Recaldent™, Mondelez International AMEA Pte Ltd). Solutions were adjusted for
pH using 1.0M hydrochloric acid. A pH of 4.0 was used for the in situ enamel remineralisation solutions as the
SnF, solution alone was not stable in water with a pH higher than 4.0. When preparing solutions for the enamel
remineralisation in vitro, the addition of SnF,, NaF and CPP-ACP to the desired concentration yielded an unad-
justed pH of 5.6; accordingly the CPP-ACP + NaF in vitro solution was adjusted to this pH to allow comparisons
at the same pH value. It is estimated that toothpaste is diluted 1:4 in saliva during toothbrushing®. Therefore, the
concentrations of fluoride and CPP-ACP in the fluoride-containing in vitro and in situ remineralisation solutions
were 290 ppm and 0.4% (w/v), respectively, to simulate a 1:4 dilution of toothpaste containing 1450 ppm F or 2%
(w/v) CPP-ACP. The ratio of SnF, to NaF in the CPP-containing enamel treatment solutions was formulated to
mimic a commercial SnF,/NaF-containing OTC dentifrice (Oral B®, Procter and Gamble). A higher concentra-
tion of CPP-ACP and fluoride was used for the in vitro dentine treatment solutions to simulate placing a commer-
cial dental professional product containing CPP-ACP (Tooth Mousse®, GC Corporation) directly on an exposed
tooth root in vivo. All solutions prepared were stable at room temperature.

Enamel remineralisation protocol. For the in vitro enamel remineralisation model, 24 extracted human
third molars were sectioned into enamel blocks and demineralised to produce artificial carious lesions, using
a modified protocol to that described by White**. Enamel blocks were each sectioned into an experimental
half-block and control half-block. Each group of experimental half-blocks (n=12) was suspended in the respec-
tive remineralisation solutions for 10 days at 37 °C with a change of solution every 48 hours. Subsequently, the
half-blocks were paired with their control half-block and analysed for mineral content change using transverse
microradiography (TMR) as described previously'.

The in situ clinical study had a randomised, controlled, double-blind cross-over study design. The University
of Melbourne Human Research Ethics Committee approved the research conducted in this study (Approval
Number 1441572) and the work was carried out in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). The clinical trial registration number is ISRCTN 10532332 and date of
registration is 23™ November 2018. Artificially demineralised carious lesions were created on enamel blocks
sectioned from human third molars and the blocks were each cut into experimental and control half-blocks as in
the in vitro remineralisation model. Experimental half-blocks were inserted into custom-made palatal appliances
to create a plaque retention site over the enamel lesions as described previously!®?*. Each appliance contained
four enamel half-blocks with subsurface lesions, two on each side of the appliance!®?. It was calculated that eight
participants were required to provide the required statistical power (90%, p < 0.05) based on previous investiga-
tions using a similar cross-over in situ model'®*>*¢, The required sample size was calculated using the G*Power
Version 3.1 sample size package®” and was based on a repeated measures analysis of variance with five levels, an
effect size 0f 0.97, a correlation, p, between any pair of treatment means of 0.5 and a non-sphericity correction € of
0.5. The effect size of 0.97 was based on detecting differences between AZd-AZr means of 70 (CPP-ACP + NaF
and CPP-ACP + SnF,) and a common standard deviation of 100 within groups. The non-sphericity correction
adjusts for heterogeneity in the variances of the repeated measures. With a 5% significance level and a power of
90% at least six subjects were required. To allow for subject attrition eight subjects were recruited for the study.

Eight healthy adults (average age 43 & 11 years; four males and four females) living in Melbourne, Australia
with a fluoridated (0.9 ppm F), reticulated water supply participated in this double-blind, randomised, cross-over
study. The participants were recruited from staff and students of the University of Melbourne and provided
informed, written consent to participate in the study. Study inclusion criteria were: age 18-60 years; at least 22
natural teeth; unstimulated whole salivary flow rate of >0.2 ml/min and chewing gum-stimulated whole sali-
vary flow rate >1.0 ml/min. Study exclusion criteria included: currently using antibiotics or medications that
may affect salivary flow rates or a history of severe oral disease. The trial was conducted at the Royal Dental
Hospital of Melbourne in 2014. Each participant wore their custom-made palatal appliance containing the four
enamel half-blocks with subsurface lesions and rinsed with 5mL of one of the five treatment solutions for one
minute, four times each day for 14 consecutive days (treatment period) as described previously'?. Participants
were randomly assigned to each rinse. Each participant was assigned a number by the biostatistician (GDW)
and randomisation was effected using a standard randomisation table for the five coded rinses. Participants were
instructed to continue their normal dietary regime during the study and were given a toothbrush and sodium
fluoride toothpaste (1450 ppm F) to brush their teeth twice a day. The intra-oral appliances were removed during
oral hygiene procedures and were kept in a sealed humidified container. Participants were also instructed to clean
their intra-oral appliances with a toothbrush and a fluoride-free denture paste supplied to them, taking care to
avoid the attached enamel half-blocks. At the conclusion of the 14 days, participants rested from the study for one
week (washout period) then began another treatment with another randomly assigned treatment solution. This
was repeated until participants had rinsed with all five solutions. During the treatment periods subjects main-
tained a diary recording each rinse and duration of rinse. Following the treatment period, participants returned
their appliance, empty rinse tubes and diary to the investigators and new enamel half-blocks were attached for
the next treatment period. At the completion each experimental half-block was paired with its control half-block
following the remineralisation period for analysis of mineral change using TMR and Sn and F levels using elec-
tron probe micro-analysis (EPMA). Researchers and participants were blind to the treatment code. A senior staff
member held the treatment code securely which was only released after data collection and analysis.
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Initial lesion depth (LDd), lesion depth change (LDd-LDr), initial mineral content (AZd), mineral content
change (AZd-AZr), and percent remineralisation (%R) were measured from analysis of the demineralised and
remineralised lesion mineral profiles from the TMR images as described previously by Cochrane et al.>* For the
in vitro data, a two-sample t-test was used to measure differences in lesion parameters (LDd, LDd-LDr, AZd,
AZd-AZr and %R) between the two treatments. For the in situ data, the subject was the unit of analysis and the
same lesion parameters were compared across the five treatments using analysis of covariance (ANCOVA). The
primary outcome measure was integrated mineral gain/loss (AZd-AZr and %R) determined by TMR and the
secondary outcome was Sn and F wt% enamel uptake measures determined using EPMA. Data were analysed
for normality using Q-Q plots and the Shapiro-Wilk test and homogeneity of variance was tested using Levene’s
test®®. Post hoc pairwise differences between treatments were performed on the estimated marginal means using
the Sidak adjustment for multiple comparisons. The statistical significance was set at p < 0.05. SPSS software ver-
sion 22 (IBM Corp. NY, USA) was used for all statistical tests.

Analysis of ion concentrations in the enamel treatment solutions. The total and free (not stabi-
lised within CPP complexes) calcium, tin, phosphate and fluoride concentrations were calculated from the 0.4%
CPP-ACP + SnF, + NaF solutions at both pH 4.0 and 5.6 and the 0.4% CPP-ACP solution at pH 4.0. The total ion
concentration was measured by diluting 1 mL of solution with 19 mL of 1.0M HNO; and left for 24 hours before
being centrifuged at 1000 g for 15 minutes at room temperature. The supernatant was analysed for calcium and
tin using atomic absorption spectroscopy (AAS), as well as phosphate and fluoride using ion chromatography
(Dionex™, Thermo Fisher Scientific). The ‘free’ ion concentration was calculated by filtering a sample of solution
in a centricon using a 1000 MWCO filter (Pall Corporation) and the resulting filtrate was centrifuged at 3000 g
for 60 minutes at room temperature. The supernatant was then analysed for ion concentration using AAS and ion
chromatography as described for the total ion concentration measurements.

Scanning electron microscope energy-dispersive x-ray spectroscopy (SEM-EDS) analy-
sis of enamel. SEM-EDS analysis was conducted on TMR sections of enamel lesions treated in vitro by
CPP-ACP + SnF, to assess the distribution of elements within the lesion following remineralisation. The samples
were examined at 10kV under low vacuum using a solid-state diode backscatter electron detector in a FEI Quanta
FEG 200 SEM operating at 10kV with an energy-dispersive spectrometer (Bio21 Advanced Microscopy Facility,
Victoria, Australia). Characteristic x-rays from areas of interest were then detected using an energy dispersive
x-ray spectrometer and microanalysis software (AZtec Microanalysis Suite Ver 3.1, Oxford Instruments).

Electron probe micro-analysis (EPMA) analysis of enamel. TMR sections from the CPP-ACP + SnF,,
CPP-ACP + NaF and SnF, in situ treatments were chosen for elemental analysis using EPMA. The tooth sections
within the slides were embedded in epoxy resin (Epofix™, Struers, Denmark) on a specimen holder. The embed-
ded enamel sections were initially polished using 2,400 grit abrasive paper, then were polished using three and
one pm diamond polishing pastes until finally optical smoothness was achieved with a 0.25 pm aluminium oxide
polishing paste. Samples and standards were coated with a 12-15nm layer of carbon using a BOC Edwards Auto
306 Coater Evaporator coater. The electron probe (JXA-8500F HyperProbe JEOL, Japan) was operated at 15kV
accelerating voltage, 10 nA beam current, the beam was defocused to a spot of 5 um to minimise induced damage
following the methodology of Cochrane et al.*® Lesions were analysed with a 5 um step between each analysis
point. The elements measured were Ca, P, O, Na, Mg, Cl and E Oxygen was measured by integrating across the
peak for 40 s and background of 20 s was measured separately. Counting times for the peak and background
were Ca (10s), P (10s), Na (10s), Mg (10s), Cl (85s), and Sn (20s). The standards were Sylvite (KCI), natural
(Wilberforce) Fluorapatite (Cas(PO,);F), Halite (NaCl), Spinel (MgAl,O,) and Cassiterite (SnO,).

Quantitative line scans were collected across the lesions starting from sound enamel and traversing into the
epoxy resin perpendicular to the surface layer. The two sigma detection limits for each of the elements were
Ca 320, P 2000, O 2800, Na 400, Mg 210, Sn 300, C1 350 and F 1300 ppm. Data were matrix corrected using a
o(pZ)-parabolic method correction procedure implemented in STRATAGEM 3.0 thickness and compositional
thin film analysis package, (SAMXx, Saint Andre de la Roche, France, 1997). Fluorescence by the characteristic
lines and by the continuum were corrected using this method for each x-ray line.

Dentine surface treatment. Twenty extracted human third molars were sectioned into twenty one mm
thick discs using a water-cooled diamond saw. To remove the smear layer, the discs were exposed to 15% EDTA
for two minutes™ after which the discs were rinsed thoroughly with filtered deionised water (Milli-Q®, Millipore
Corporation) for five seconds and blotted dry. The discs were placed into a sealed humidified environment before
exposure to experimental solutions. Discs were randomly allocated into four groups with the negative control
group having two discs and the three treatment groups having six discs each. The groups of discs were exposed
to either no treatment (negative control), or 10 mL of 5% CPP-ACP, 500 ppm F as SnF,, or 5% CPP-ACP with
500 ppm F as SnF, for 20 minutes before being removed, immersed in filtered deionised water for five seconds and
stored in a humidified environment.

SEM/SEM-EDS analysis of dentine. One disc from the control group and four discs from each of the
experimental groups were desiccated with silica gel for 72 hours. Following dehydration, the discs were mounted
on sample holders, gold sputter-coated (2nm) and examined with an Everhart-Thornley detector in a FEI Quanta
FEG 200 SEM at 10kV under high vacuum (Bio21 Advanced Microscopy Facility, Victoria, Australia). The
remaining discs from each group were desiccated using silica gel for 72 hours and examined using SEM-EDS as
described for the enamel samples.

SCIENTIFICREPORTS| (2019) 9:1285 | https://doi.org/10.1038/s41598-018-37580-w 8


https://doi.org/10.1038/s41598-018-37580-w

www.nature.com/scientificreports/

References

1.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.
. Cochrane, N.J. et al. Remineralisation by chewing sugar-free gums in a randomised, controlled i situ trial including dietary intake

24.
25.

26.
27.

28.
29.
30.

31.

37.

38.
39.

40.

Bagramian, R. A., Garcia-Godoy, E & Volpe, A. R. The global increase in dental caries. A pending public health crisis. Am. J. Dent.
22, 3-8 (2009).

. Richards, D. Impact of diet on tooth erosion. Evid Based Dent 17,40 (2016).
. Schlueter, N. & Luka, B. Erosive tooth wear - a review on global prevalence and on its prevalence in risk groups. Br. Dent. J. 224,

364-370 (2018).

. Evans, R. W, Pakdaman, A., Dennison, P. ]. & Howe, E. L. The Caries Management System: an evidence-based preventive strategy

for dental practitioners. Application for adults. Aust. Dent. J. 53, 83-92 (2008).

. Ingram, G. S. Chemical events during tooth dissolution. J. Dent. Res. 69 Spec No., 581-586, discussion 634-586 (1990).
. Backer Dirks, O. Posteruptive changes in dental enamel. J. Dent. Res. 45, 503-511 (1966).
. Lussi, A., Hellwig, E. & Klimek, J. Fluorides - mode of action and recommendations for use. Schweiz Monatsschr Zahnmed 122,

1030-1042 (2012).

. Featherstone, J. D. Remineralization, the natural caries repair process-the need for new approaches. Adv Dent Res 21, 4-7 (2009).
. Cochrane, N.J., Cai, E, Hugq, N. L., Burrow, M. E & Reynolds, E. C. New approaches to enhanced remineralization of tooth enamel.

J. Dent. Res. 89, 1187-1197 (2010).

Shen, P. et al. Importance of bioavailable calcium in fluoride dentifrices for enamel remineralization. J. Dent. 78, 59-64 (2018).
Cochrane, N. J. & Reynolds, E. C. Calcium phosphopeptides-mechanisms of action and evidence for clinical efficacy. Adv Dent Res
24, 41-47 (2012).

Cross, K. J., Hug, N. L. & Reynolds, E. C. Casein phosphopeptides in oral health-chemistry and clinical applications. Curr. Pharm.
Des. 13, 793-800 (2007).

Cochrane, N. J., Saranathan, S., Cai, E, Cross, K. J. & Reynolds, E. C. Enamel subsurface lesion remineralisation with casein
phosphopeptide stabilised solutions of calcium, phosphate and fluoride. Caries Res. 42, 88-97 (2008).

Ganss, C. et al. Mechanism of action of tin-containing fluoride solutions as anti-erosive agents in dentine - an in vitro tin-uptake,
tissue loss, and scanning electron microscopy study. Eur. J. Oral Sci. 118, 376-384 (2010).

Schlueter, N., Duran, A., Klimek, J. & Ganss, C. Investigation of the effect of various fluoride compounds and preparations thereof
on erosive tissue loss in enamel in vitro. Caries Res. 43, 10-16 (2009).

Schlueter, N. et al. Tin-containing fluoride solutions as anti-erosive agents in enamel: an in vitro tin-uptake, tissue-loss, and scanning
electron micrograph study. Eur. J. Oral Sci. 117, 427-434 (2009).

Faller, R. V. & Eversole, S. L. Protective effects of SnF2 - Part III. Mechanism of barrier layer attachment. Int. Dent. ]. 64(Suppl 1),
16-21 (2014).

Cheng, X. et al. Comparative effect of a stannous fluoride toothpaste and a sodium fluoride toothpaste on a multispecies biofilm.
Arch. Oral Biol. 74, 5-11 (2017).

Fernandez, C. E. et al. Effect of fluoride-containing toothpastes on enamel demineralization and Streptococcus mutans biofilm
architecture. Caries Res. 50, 151-158 (2016).

Simmer, J. P. & Fincham, A. G. Molecular mechanisms of dental enamel formation. Crit Rev Oral Biol Med 6, 84-108 (1995).

Hug, N. L,, Cross, K. J. & Reynolds, E. C. Molecular modelling of a multiphosphorylated sequence motif bound to hydroxyapatite
surfaces. J. Mol. Model. 6, 35-47 (2000).

Reynolds, E. C. et al. Fluoride and casein phosphopeptide-amorphous calcium phosphate. J. Dent. Res. 87, 344-348 (2008).

and gauze to promote plaque formation. Caries Res. 46, 147-155 (2012).

Cross, K. J., Hug, N. L,, Stanton, D. P, Sum, M. & Reynolds, E. C. NMR studies of a novel calcium, phosphate and fluoride delivery vehicle-
alpha(S1)-casein(59-79) by stabilized amorphous calcium fluoride phosphate nanocomplexes. Biomaterials 25, 5061-5069 (2004).
Miller, R. G., Bowles, C. Q,, Eick, J. D. & Gutshall, P. L. Auger electron spectroscopy of dentin: elemental quantification and the
effects of electron and ion bombardment. Dent. Mater. 9, 280-285 (1993).

LeGeros, R. Z. Calcium phosphates in oral biology and medicine. Monogr. Oral Sci. 15, 1-201 (1990).

Ellingsen, J. E. & Rolla, G. Treatment of dentin with stannous fluoride-SEM and electron microprobe study. Scand. J. Dent. Res. 95,
281-286 (1987).

Wang, Z. et al. The dentin tubule occlusion effects of desensitizing agents and the stability against acids and brushing challenges. Am.
J. Dent. 28, 128-132 (2015).

Cross, K. J., Hug, N. L. & Reynolds, E. C. Casein Phosphopeptide-Amorphous Calcium Phosphate Nanocomplexes: A Structural
Model. Biochemistry (Mosc). 55, 4316-4325 (2016).

Cross, K. J., Hug, N. L., Palamara, J. E., Perich, J. W. & Reynolds, E. C. Physicochemical characterization of casein phosphopeptide-
amorphous calcium phosphate nanocomplexes. J. Biol. Chem. 280, 15362-15369 (2005).

Reynolds, E. C,, Riley, P. F. & Adamson, N. J. A selective precipitation purification procedure for multiple phosphoseryl-containing
peptides and methods for their identification. Anal. Biochem. 217, 277-284 (1994).

. Wang, Z., Lyons, B., Truscott, R. . & Schey, K. L. Human protein aging: modification and crosslinking through dehydroalanine and

dehydrobutyrine intermediates. Aging Cell 13, 226-234 (2014).

. Duke, S. A. & Forward, G. C. The conditions occurring in vivo when brushing with toothpastes. Br. Dent. J. 152, 52-54 (1982).

. White, D. J. Use of synthetic polymer gels for artificial carious lesion preparation. Caries Res. 21, 228-242 (1987).

. Cai, F. et al. Remineralization of enamel subsurface lesions by chewing gum with added calcium. J. Dent. 37, 763-768 (2009).

. Walker, G. D. et al. Casein phosphopeptide-amorphous calcium phosphate incorporated into sugar confections inhibits the

progression of enamel subsurface lesions in situ. Caries Res. 44, 33-40 (2010).

Faul, E, Erdfelder, E., Lang, A. G. & Buchner, A. G*Power 3: a flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav Res Methods 39, 175-191 (2007).

Sokal, R. R. & Rolhlf, E. Single classification analysis of variance. (W. H. Freeman, 1969).

Cochrane, N. J. et al. Comparative study of the measurement of enamel demineralization and remineralization using transverse
microradiography and electron probe microanalysis. Microsc Microanal 20, 937-945 (2014).

Wang, Z. et al. The dentine remineralization activity of a desensitizing bioactive glass-containing toothpaste: an in vitro study. Aust.
Dent. . 56, 372-381 (2011).

Acknowledgements
This study was supported by the Australian Government Department of Industry, Innovation and Science grant
20080108.

Author Contributions

E.C.R. developed the concept, research plan and obtained the funding. JR.E, P.S,, CP.C.S,, Y.-Y.C,, GD.W, YY,,
C.R.,D.PS., CM.M. and E.C.R. conducted the experimental work and interpreted the data. J.R.E, P.S., CP.C.S.
and E.C.R. wrote the manuscript with input from all authors. All authors approved the submission by E.C.R. as
Head of Laboratory and corresponding author.

SCIENTIFIC REPORTS | (2019) 9:1285 | https://doi.org/10.1038/s41598-018-37580-w 9


https://doi.org/10.1038/s41598-018-37580-w

www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:1285 | https://doi.org/10.1038/s41598-018-37580-w 10


https://doi.org/10.1038/s41598-018-37580-w
http://creativecommons.org/licenses/by/4.0/

University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Fernando, JR; Shen, P; Sim, CPC; Chen, Y-Y; Walker, GD; Yuan, Y; Reynolds, C; Stanton,
DP; MacRae, CM; Reynolds, EC

Title:
Self-assembly of dental surface nanofilaments and remineralisation by SnF2 and CPP-ACP
nanocomplexes

Date:
2019-02-04

Citation:

Fernando, J. R., Shen, P., Sim, C. P. C., Chen, Y. -Y., Walker, G. D., Yuan, Y., Reynolds, C.,
Stanton, D. P., MacRae, C. M. & Reynolds, E. C. (2019). Self-assembly of dental surface
nanofilaments and remineralisation by SnF2 and CPP-ACP nanocomplexes. SCIENTIFIC
REPORTS, 9 (1), https://doi.org/10.1038/s41598-018-37580-w.

Persistent Link:
http://hdl.handle.net/11343/250673

File Description:
published version
License:

CC BY



	Self-assembly of dental surface nanofilaments and remineralisation by SnF2 and CPP-ACP nanocomplexes

	Results and Discussion

	Enamel remineralisation. 
	Dentine surface interaction. 

	Conclusions

	Materials and Methods

	Preparation of treatment solutions. 
	Enamel remineralisation protocol. 
	Analysis of ion concentrations in the enamel treatment solutions. 
	Scanning electron microscope energy-dispersive x-ray spectroscopy (SEM-EDS) analysis of enamel. 
	Electron probe micro-analysis (EPMA) analysis of enamel. 
	Dentine surface treatment. 
	SEM/SEM-EDS analysis of dentine. 

	Acknowledgements

	Figure 1 SEM-EDS analysis of enamel treated with CPP-ACP + SnF2 in vitro.
	Figure 2 EPMA analysis of atomic weight percentage within enamel subsurface lesions treated in situ.
	Figure 3 SEM images of (a) control dentine (b) CPP-ACP treated dentine (c) SnF2 treated dentine (d,e) CPP-ACP + SnF2 treated dentine.
	Figure 4 Diagram illustrating the proposed mechanism for Sn2+ mediated release of Ca2+/PO43−/F− from cross-linked CPP nanocomplexes and subsequent CPP nanofilament coating of the tooth surface.
	Table 1 Comparison of enamel subsurface lesion parameters before and after remineralisation in vitro (pH 5.
	Table 2 Ion concentrations of calcium, phosphorus, fluoride and tin in treatment solutions at pH 5.




