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Abstract

Zinc has been investigated extensively as an anti-plaque and calculus agent.
However, its interaction with enamel and its putative role in demineralisation and
remineralisation are considerably less understood. In comparison to zinc, the
interactions between fluoride and enamel have been extensively reported in the
literature. The overall aim was to understand the effects of zinc ions [Zn%'] on
enamel demineralisation (relevant to dental caries), whilst the effect of fluoride
ions [F] were similarly studied and used as a benchmark for the zinc investigations.

The independent effects of varying concentrations of [Zn**] and [F] on enamel
demineralisation kinetics were investigated during in vitro caries-simulating
conditions. Human enamel blocks were exposed to series of in vitro demineralising
solutions consisting of 0.1 M acetic acid adjusted to pH 4.0, with increasing
concentrations of [Zn**] or [F]. Scanning Microradiography (SMR) obtained
accurate, real-time quantitative measurements of changes in enamel mineral mass,
as they were exposed to [Zn?'] or [F]-containing acid solutions. Further, amongst
other characterisation techniques, ultralow Energy Secondary lon Mass
Spectrometry (uleSIMS) and F MAS-NMR were used for determination of possible
surface physical-chemical mechanisms of [zZn**] and [F] on the enamel dissolution
processes respectively.

This study confirmed that zinc reduces enamel demineralisation during in vitro
caries-simulating conditions. An overall log-linear relationship was observed
between the reduction in demineralisation and increasing [Zn*'] up to 3565 ppm.
Fluoride showed this log-linear relationship up to 135 ppm, however, further
reductions in demineralisation were minimal above this concentration. *°F MAS-
NMR established that fluorite (CaF;) predominantly formed above 135 ppm [F],
whereas fluorohydroxyapatite (FHAp) largely formed below 135 ppm. uleSIMS
indicated that zinc was largely concentrated at the near-surface region of enamel,
which suggested that zinc acts predominantly at the enamel crystal surface in its
mechanism of reducing demineralisation. Thus, at low concentrations, zinc
appeared to act at PO,*” sites on enamel surfaces, possibly via an adsorption-type
process and was confirmed to form an o-hopeite-like phase, once surface
adsorption was complete at higher concentrations. These results have significant
implications on the understanding of the fundamental chemical aspects of zinc in
toothpastes and demonstrate its therapeutic potential in preventing tooth mineral
loss.
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Figure 2.10: HAp lattice showing substitution PO,>” by CO,*” observed in biological apatites.
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Figure 3.2: shows an illustration of the four zones starting from the outer enamel surface
layer towards the EDJ. These zones are: surface, body of the lesion, dark and translucent.
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Figure 3.5: Schematic representation of the initial dissolution of an hexagonal HAp
crystallite, adapted from (Arends and Jongebloed, 1979). The prism and basal planes are
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Figure 3.6: TEM image of enamel crystal showing dissolution at the center of the crystal
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Figure 3.7: Demineralisation of dental enamel rods at the cores and walls; a) well-organised
rod structures on enamel surfaces showing numerous needle-like apatites. The crystallites
in the cores are orientated perpendicular to the surface while those on the walls are
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Figure 3.8: SEM images show demineralisation initiated at the core/wall of rods and
development aniscotropically along the c-axis, with dissolution time a) 27 h; b) 40 h; ¢) 55 h
and d) 120 h (Wang et al., 2005).........ueiiieeiieeeiee et e sieeecteeesteeesteeesteesteeesnseessaeessseesseeenes 35
Figure 3.9: Schematic representation of a screw dislocation. The Burgers vector b and the
Burger circuit is indicated. The dashed circle represents the center of the active site......... 36
Figure 3.10: TEM image of enamel showing screw dislocation. The crystal lattice is split into
two (arrow) (Yanagisawa and Miake, 2003). ........ooeeeciiiiiiiiiee et e e evae e e 36
Figure 3.11: TEM image of a cross-section of an enamel crystal c-axis. It shows an elongated
hexagonal configuration with three sets of lattice striations (interval 8.17 A) intersecting at
60° angles. A central dark line (arrow) with many white spots (arrowhead) in its vicinity is
observable (Yanagisawa and Miake, 2003)........cccccciireiiiiieeeiiieee e e et e e e e 37
Figure 3.12: AFM movie frames of brushite dissolution on (010) surfaces. The significant
developments are only observed for the larger pit steps. The smaller ones are almost
stationary (pit 1) in comparison with the larger pits (pit 2). Some of the small pits disappear
(pit 3). The scale of the images is 5 um (Tang et al., 2004a). ......ccceeeeeevereeciieeeecieeeeccieee e 41
Figure 3.13: Demineralisation of dental enamel rods at the cores (orange) and walls
(yellow). a) well-organised rod structures on enamel surfaces showing numerous needle-
like apatites. The crystallites in the cores are orientated perpendicular to the surface while
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Figure 6.6: Attenuation of a monochromatic X-ray beam of Intensity (ly) by a homogeneous
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Figure 7.4: Schematic diagram showing the sputtering of the sample surface using a primary
ion beam. The emitted charged particles are called the secondary ions. ........cccccecvveevnnnennn. 90
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mass loss per unit area plotted against time (=40 h) during exposure to acidic conditions
(pH 4.0) at a single scan position on an enamel sample. RMLgnamei Was determined by linear

regression fitting of the slope (4.579 x 10" gcm™h™, SE=8.02x10°gcm™?h™). ............. 107
Figure 8.8: Comparing the gradient of the measured slope (0 and X ppm [M*]) measured at
a single scan Position 0N @ SAMPIE....ccii i e e 109
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slope (y = a + bx), R = 0.9479. Error bar shows the statistical error arising from the photon-

COUNTING STATISTICS. .uvuiiiiiiieiiiiiiiieee et e et e e e e e s st e e e e e e e s s aanrreeaeeeesnnan 117
Figure 9.4: The change in the mean of the PRML.n.me plotted as a function of successively
increasing [F'] (ppm) in the acidic solution. Error bars show the standard error. .............. 119

Figure 10.1: F MAS-NMR spectra of enamel samples immersed in increasing
concentrations of fluoride in the acidic solutions for 96 h shown in the following order:
Control enamel block not exposed to fluoride, fluorapatite (FAp) reference, enamel block
in 11 ppm [F], enamel block in 45 ppm [F'], enamel block in 136 ppm [F'], enamel block in
452 ppm [F], enamel block in 656 ppm [F'], enamel block in 1357 ppm [F], enamel block in
2262 ppm [F7], Calcium fluoride (CaF,) reference. Asterisks mark spinning side bands. .... 129
Figure 10.2: ICP measurements of the calcium and phosphorus detected in reaction
solutions containing increasing [F]. A=Phosphorus ions A = Calcium ions. The dashed lines
show the calcium and phosphorus in acidic solutions under control conditions (0 ppm [F7]).

The error bars show the instrumentation Error. ..........evvvveiiviiiiiieiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeees 130
Figure 10.3: Ca/P ion ratio in solution as a function of [F']. The dashed line shows the Ca/P
ion ratio under CONTrol CONAITIONS. ...uuueeiee ittt e e e e et e e e e s eebaaaaes 131

Figure 10.4: The percentage enamel weight loss/mm? of samples with increasing [F] ppm.
The dashed line shows the % percentage enamel weight loss/mm?® under control

conditions. The error bars show the instrumentation error. ......cccccceeeieiiicviei e, 132
Figure 11.1: Each SMR cell contains an enamel block obtained from either tooth specimen
B\, B OT Cereeeeeeeeeeeeee ettt ettt e e e ettt a s e ettt et eeee et et e e e e e e e et et et e e et eeet et et e e enneenas 139

Figure 11.2 Each SMR cell containing a sample was circulated with a [Zn®']-containing acid
solution (pH 4.0) for a period of =48 h. Initially an acid solution containing no zinc was
circulated for =48 h, which was followed by 0.1 ppm [Zn**] and S0 ON......cocvevevrvrererenenen. 140
Figure 11.3: Typical SMR raw data plot showing the mineral loss per unit area plotted
against time (=50 h) during exposure to acidic conditions (pH 4.0, [Zn*"] = 0 ppm) at a single
scan position on a sample (A). RMLenamer Was determined by linear regression fitting of the
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Figure 11.4: compares the gradients of the measured slope (0, 356 and 3565 ppm [Zn*'])
measured at a single scan position 0N @ SAMPIE. ....coceiiiiieiiiiie e e 143

Figure 11.5: a) shows the relationship between the mean PRMLgname (N=9) and log [Zn*']. b)
shows the relationship between the mean PRMLename (1=9) and [Zn**]. A break in the x axis
(between 40 — 100 ppm) has been shown to enhance readability. Error bar shows the
standard error in SIMR MEaASUIEMENTS........uuiiiieeeieiciiiireee e e e eeecirrre e e e e e e s earrrre e e e e s e e enerraneeens 144
Figure 12.1: ICP-OES measurements showing the Ca and P detected for enamel blocks
immersed in a range of [Zn**]-containing acidic solutions (96 h); a) the [Zn**] is plotted on a
log-scale. The dashed lines show the Ca and P release for the control enamel (0 ppm [Zn**]);
b) Shows the data in Figure 12.1a without logging the [Zn**]. The trend in the Ca and P
release can be seen more clearly in this plot. The error bars show the Standard Error of the
MEAN (SEM) (NZ3). weeiieeieeie ettt ettt ettt et ee e e e eatr e e eeab e e e eebbeeeeeabeeeeenreeesennbaeeeennseeas 154
Figure 12.2: ICP-OES measurements showing the Ca and P detected for HAp powder
immersed in a range of [Zn**]-containing acidic solutions (96 h); a) the [Zn*] is plotted on a
log-scale. The dashed lines show the Ca and P release for the control HAp sample (0 ppm
[Zn**]); b) shows the data in Figure 12.2a without logging the [Zn®']. The trend in the Ca and
P release can be seen more clearly in this plot. The error bars show the Standard Error of
The MEan (SEM) (NT3). ceeii ettt ettt e e ettt e e et a e e e e e ata e e e e ataeeeeensaeeesnsaeeeennraeaans 155
Figure 12.3: Ca/P ratio in solution as a function of [Zn?'] in the acidic solutions shown for
the enamel blocks. The dashed lines show the Ca/P ratio for the control enamel (0 ppm
[ZI177]): oottt ettt ettt e ettt et et et et et et ee et et et eeeneree et enn s eneeneetennas 157
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Figure 12.4: Ca/P ratio in solution as a function of [Zn*] in the acidic solutions shown for
HAp samples. The dashed lines show the Ca/P ratio for the control HAp (0 ppm [Zn*])... 157
Figure 12.5: compares the [Zn*] uptake from solution with the [PO,*] released into
solution for HAp powder samples. The error bars show the Standard Error of the Mean
(SEIMI) (N23). 1o eee e s e e e s e e e e s s s eeee s ees s eeeeeeeeeeeeeeeseseeeseeseesenees 158
Figure 12.6: shows the XRD patterns for HAp immersed in a range of [Zn*"]-containing acidic
solutions for a) 0-3565 ppm [Zn**]; b) (0, 1782 and 3565 ppm) in the region 4-10 A. A XRD
pattern for a-hopeite is shown as a reference. The * show new diffraction peaks that are
absent in the control SAMPIE. ....oo i et 159
Figure 12.7: shows the neutron diffraction analysis for HAp powder immersed in acidic
solutions containing [Zn**] (0 and 3565 ppm). The * represents an additional peak in 3565
ppm[Zn**] sample that is not present in the control sample (0 ppm [Zn**]). cvevvvevevvererennn. 160
Figure 12.8: shows the ATR-FTIR spectra of enamel blocks immersed in a range of [Zn*']-
containing acidic solutions for a) 0, 107, 356 and 3565 ppm [Zn*] in the region 500-1300
cm’™; b) 0, 356 and 3565 ppm in the region 1200-2000 cm™; c) 0, 356, 1782 and 3565 ppm in
the region 2000-4000 cm™. The dashed line highlights the shift in band from %3500 cm™ (in
control sample) to 3300 cm™ in the treated samples. A spectra for a-hopeite is shown as a

oY1 4T ool USRI 162
Figure 12.9: shows the possible coordination of Zn®* at the PO,” sites on the enamel
LY U1 = o DU UURR 166

Figure 13.1: uleSIMS depth profile of zinc in control sample (blue) and test sample (red).
The depth profile (nm) has been plotted against relative ion yield for zinc. The insert shows
the depth profiling of zinc up to 10 nm and the dashed line in this plot represents the depth

of one unit cell for HAP Crystal. ....cuuiei i ree e e 173
Figure 13.2: GIXRD patterns for the control (0 ppm [Zn**]) sample (blue), test sample (3565
ppm [Zn**]) (red) and a-hopeite reference (BIAck). .......coveeeeeeeeeeeeeeee e eeseeeesen 174

Figure 13.3: SEM images of GIXRD polished enamel samples: a) control (0 ppm [Zn*']) at low
magnification b) control (0 ppm [Zn**]) at high magnification c) Test (3565 ppm [Zn]) at low

magnification and d) Test (3565 ppm [Zn*"]) at high Magnification............oceeeeeeeerrnennn. 175
Figure 13.4: Schematic representation of dissolution pits (P) on enamel crystal surface.
Adsorption of zinc ions at dissolution pit sites are illustrated.........ccccceecvieeeeciieeecciieeeens 179

Figure 14.1: Schematic illustration of adsorbed fluoride ions on the surface of dental
enamel crystals. With increasing [F'], fewer calcium sites are available for binding which
results in more and more fluoride ions competing for the few sites that are still available.

Figure 14.2: Schematic representation of fluoride ions adsorbed to the apatite crystal
surface of dental enamel: a) at low [F], the adsorbed fluoride ions attract calcium ions
which then attract phosphate ions, to form a FAp-like remineralised veneer on the crystal
surface. b) at high [F7], the saturation of fluoride ions at the enamel crystal surface

promotes the formation Of CaF . .....ccouiiiiiiiiiie e e 184
Figure 14.3: Hierarchical structure of dental enamel showing different hierarchical levels
from the microscale down t0 NAN0-SCAlE. .......uvvveiiiiiiiiieieee e e 189

Figure 14.4: Comparing the percentage reductions in enamel demineralisation (PRMLenamer)
as a function of increasing [F] or [Zn**] (ppm) in the acid solution for the SMR studies. .. 192

Page Xiv


file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443352
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443352
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443354
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443354
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443354
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443354
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443355
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443355
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443355
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443356
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443356
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443356
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443356
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443356
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443356
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443357
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443357
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443358
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443358
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443358
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443358
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443361
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443361
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443363
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443363
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443363
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443363
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443363
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443364
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443364
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443365
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443365

Table Index

Table 2.1: Structure and composition of biologically relevant calcium phosphate phases. ... 6

Table 2.2: Analytical methods and information obtained (LeGeros, 1990).......cccccccecvvveeennneen. 7
Table 9.1: Statistical analysis for the data in Figure 9.2, using SigmaPlot® ..........cccccuuee.. 117
Table 9.2: Statistical analysis for the data in Figure 9.3, using SigmaPIlot  ..........cccoevvuene.. 118

Table 9.3: RMLgnamer Values with the associated standard error for all scan position
measured on samples (A,B,C1 and C2). For every position, the RMLn.me measurements at
each [F] were compared with those during acid demineralisation at 0 ppm [F]. The
difference in the demineralisation rates between 0 ppm [F] and each test condition is
shown as @ PRMLcpamer. FOr every scan position, the RMLename measurement at each [F7] was
statistically different (P<0.05) when compared to the RML..me Measurement at acid

demineralisation (0 PPM [F 1) ettt e et e e et e e e st e eraeesaaee s 121
Table 10.1: The percentage enamel weight loss of enamel blocks and the calcium and
phosphorus ion release into acidic solution with increasing [F7] ppm. c...cceeeeeveiiiivieeeeeeenn. 131
Table 11.1: Statistical analysis for the data in Figure 11.4, using SigmaPIlot ..........c........... 142
Table 11.2: Statistical analysis for the data in Figure 11.5, using SigmaPIlot ..........c........... 143

Table 11.3: RMLenamer Values with the associated standard error for all scan position
measured on samples (A,B, and C). For every position, the RMLenamel measurements at each
[Zn**] were compared with those during acid demineralisation at 0 ppm [Zn®]. The
difference in the demineralisation rates between 0 ppm [Zn*'] and each test condition is
shown as a PRMLcpamel- FOr every scan position, the RMLenamel measurement at each [Zn*]
was statistically different (P<0.05) when compared to the RMLenamel measurement at acid
demineralisation (0 PPM [ZN7]). .. eeeeeeeeeeeeeeeeee e et e e ees e ee et es e eereneneeeens 146

Page Xv


file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374
file:///C:/Users/NasrineRMD/Desktop/NM_THESIS_CORRECTIONS_14.11.14/NASRINE%20MOHAMMED%20THESIS_REVISED%20VERSION_14.11.14.docx%23_Toc404443374

List of Abbreviation

a-Zn3(PO,),.4H,0
Al

°C

Ca2+

Ca Fz

h

HAp

-

FAp
FHAp
Fs-HAp
GIXRD
ICP-OES

/

lo

LAC

m

MAC
MAS
MCA
min
NMR
PO,
RMLename
S

SD

SE

SEM
SMR
uleSIMS

WHO
XRD
Zn2+

U
Hp

a-hopeite

Aluminium

Degree Celsius

Calcium ion

Calcium fluoride (fluorite)
Hour

Hydroxyapatite

Fluoride ion

Fluorapatite
Fluorohydroxyapatite
Fluoride-Substituted Apatite
Grazing Incidence XRD
Inductively Coupled Plasma-Optical Emission
Spectroscopy

Transmitted X-Rays Intensity
Incident of X-rays intensity
Linear Attenuation Coefficient
Mass Per Unit Area

Mass Attenuation Coefficient
Magic Angle Spinning
Multiple Channel Analyser
Minute

Nuclear Magnetic Resonance
Orthophosphate (Pi)

Rate of Enamel Demineralisation
Seconds

Standard Deviation

Standard Error

Scanning Electron Microscopy
Scanning Microradiography
ultralow energy Secondary lon Mass
spectrometry

World Health Organisation
X-Ray Diffraction

Zincion

LACincm™

Mass Attenuation Coefficient

Page Xvi



Chapter 1

General Introduction

Dental caries remains the most common global disease in both adults and children
(Peterson et al., 2005). It is a disease of the hard tissues of the teeth caused by the
interactions between microorganisms found in dental plaque and dietary
fermentable carbohydrates, which produces organic acids that dissolves a defective
carbonated hydroxyapatite, the main component of tooth enamel, in a process
known as demineralisation (Robinson et al., 2000). Remineralisation is the reverse
of the process, in which some of the mineral loss can be recovered to the molecular
structure of the tooth from the ions in plaque fluid and saliva. Cavities result when
the rate of demineralisation exceeds the rate of remineralisation (Cochrane et al.,
2012). This may eventually result in pain, loss of teeth and can have a significant

reduction on the overall quality of life (Sheiham, 2005).

Zinc salts are formulated into oral health products to reduce malodour, and control
plague and calculus formation (Chapter 5). While the effects of zinc as an anti-
plague and calculus agent have been investigated extensively, its interaction with
enamel and its putative role in demineralisation and remineralisation is
considerably less understood. Conversely, there are extensive studies on the effects
of fluoride on enamel de- and re-mineralisation (Chapter 4). Although the
cariostatic behaviour of fluoride is well understood, there is a continued interest in
fluoride’s therapeutic potential, in particular refining the understanding of its

mechanistic action.
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1.1 Hypothesis

The hypothesis is that fluoride and zinc will retard the demineralisation of dental
enamel under in vitro caries-like conditions in a concentration-dependent fashion by

acting at the enamel surface.
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1.2 Aims and Objectives

The aims and objectives of this study can be outlined as follows:

1. To investigate the effects of fluoride and zinc ion concentration on the
kinetics of enamel demineralisation under in vitro caries-simulating

conditions.

i. Scanning Microradiography (SMR) will be used to directly
measure the effect of fluoride (Chapter 9) and zinc (Chapter

11) ion concentration on the real-time enamel dissolution.

2. To understand the physical and chemical mechanistic effects of fluoride

and zinc on surface enamel dissolution.

i. The mode of fluoride action will be investigated using *°F
MAS-NMR by characterising the fluoride-enamel interactions
at the enamel surface during demineralisation (Chapter 10).

ii. A variety of complimentary techniques including X-ray
Diffraction (XRD) and ultralow energy SIMS (uleSIMS) will be
used to understand the mechanistic action of zinc on surface

enamel dissolution (Chapter 12 and 13).

3. To determine the potential role of zinc in the caries process by

comparing to fluoride’s cariostatic mode of action.

i.  The effects of zinc and fluoride ion concentration on enamel
demineralisation will be compared for similarities and

differences in terms of their mechanistic behaviours.
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Chapter 2

Hydroxyapatite & Dental Enamel

2.1 Calcium Orthophosphates

Calcium orthophosphates are the main mineral constituents of bones and teeth and
have been of considerable interest to biologists, mineralogists and industrial
chemists for many years. Due to the many applications of calcium phosphates in
industry, medicine and everyday life, there is a widespread interest to understand
the physical mechanisms that underlie their growth, dissolution and phase stability.
In oral biology, calcium phosphates are of particular interest because of the

following reasons (LeGeros, 1991):

= their occurrence in normal (e.g., enamel, dentine, cementum, bone) and
pathological (e.g., dental calculi, salivary stones) calcifications

= their relation with the formation, progression and prevention of enamel and
dentine caries

= their use in preventive and restorative dentistry

The three major structural classifications of the calcium phosphates (CaPs) are:

1) The apatite type, Caio(PO4)sX> this includes derivatives of hydroxyapatite
(HAp) (X = OH) and fluorapatite (FAp) (X = F), and those related to apatite-
type structures such as octacalcium phosphate (ocp,
Cag(HPO4),(P04)4.5H,0) and tetracalcium phosphate (TTCP, Cas(P04),0).

2) The glaserite type, this includes all polymorphs of tricalcium phosphates

(TCP, C33(PO4)2 )
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3) The Ca-PO; sheet-containing compounds, which include dicalcium
phosphate dihydrate (DCPD, CaHPO,. 2H,0), dicalcium phosphate
anhydrous (DCPA, CaHPQ,,) and monocalcium phosphates (Ca(H,P0Q,), . H,0
and Ca(H,P0Qy),).

Below, Table 2.1 shows the structure and compositions of biologically relevant

calcium phosphate phases.

) L, Empirical Molar Crystal
Calcium Phosphate Abbreviation Formula Ca/P ratio Habit
Dicalcium phosphate -
dihydrate (Brushite) DCPD CaHPO,2H,0 1.00 monoclinic
Dicalcium phosphate DCPA CaHPO, 1.00 triclinic
(Moneite)
Octacalcium phosphate OocCpP CagH,(P0O4)s.5H,0 1.33 triclinic
Tricalcium phosphate
(Whitlockite) B-TCP Ca3(P0,), 1.50 hexagonal
Amorphous calcium
phosphate ACP Cag(P0O4)s XH,0 1.50 NA
Hydroxyapatite HAp Cay(P0O.)6(OH), 1.67 hexagonal
Fluorapatite FAp Cayo(PO,)6F, 1.67 hexagonal

Table 2.1: Structure and composition of biologically relevant calcium phosphate phases.

Most calcium phosphates are sparingly soluble in water, but all dissolve in acids; the
calcium to phosphate molar ratios (Ca/P) (Table 2.1) and the solubilities (Figure 2.1)
are important parameters to distinguish between the different calcium phosphate

phases (Wang and Nancollas, 2008).
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Calcium content, log (Cca/mol L™1)

Figure 2.1: Solubility curves of calcium orthophosphates.

Figure 2.1 shows that HAp is the most stable phase with respect to the other

calcium phosphate phases above pH 5, whereas DCPD is the least stable phase

above pH 6. Below, Table 2.2 lists physical techniques that are useful in identifying

the apatite phases. As each compound has a unique crystal structure, X-ray

Diffraction (XRD) is one of the most conclusive techniques for CaP phase

identification (LeGeros, 1990).

Analytical Method

X-ray Diffraction (XRD)

Infrared Spectroscopy (IR)

Scanning Electron Microscopy (SEM)
Nuclear Magnetic Resonance (NMR)
Atomic Absorption (AA)

Electron Probe

Information

Identification; purity; presence of mixed
phases; crystallinity (crystallite size and/or
strain); lattice parameters (reflecting type
and amount of substitution in the structure)

Presence of functional groups (e.g. CO3, PO,,
OH),; manner of substitution; purity;
crystallinity (degree of perfection)

Crystal morphology (size and shape)
H-bonding effect

Elemental analysis of cations (e.g Ca**, Mg”,
Na®, K*, Sr**, Zn** etc.)

Qualitative distribution of elements; Ca/P
molar ratios

Table 2.2: Analytical methods and information obtained (LeGeros, 1990).
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2.2 HAp Crystal Structure

The inorganic component of teeth is essentially ‘impure’ calcium phosphates
occurring predominantly in crystalline form as ‘biological apatite’. In this section the
crystal structure of HAp is considered in detail as dental enamel constitutes
predominantly of an impure form of this material.

A description of a crystal focuses on the smallest repeating unit, which is termed
the unit cell. The HAp unit cell has the chemical formula Ca1o(PO4)s(OH),, and four

different types of crystallographic sites:

1) tetrahedral sites for six P**-ions, each in 4-fold coordination with oxygen

2) Ca (1) sites for four of the Ca* ions

3) Ca(ll) sites for the six other Ca**ions

4) channel site, which is typically occupied by two mono-valent anions (most

commonly OH~, F~, and/or CI") per unit cell

The apatite structure consists of an array of PO,> tetrahedra held together by Ca**
ions interspersed among them. The Ca’* ions occur in two structurally distinct sites,
in accurately aligned columns (Ca (1)) and in equilateral triangles (Ca (ll)) centred on
the screw axis. The OH™ ions occur in columns on the screw axis, and the adjacent

OH™ groups point in opposite directions (Ma and Liu, 2009).

PO, tetrahedron

Orthophosphates are the salts of H3PO4, which include

O H,PO,, HPO42_ and PO43_ionic species. In apatite, the
phosphorus occurs in a tetrahedral coordination.
Adjacent Ca(l) and Ca(ll) polyhedral are linked through

P oxygen atoms of the PO, tetrahedral. A prominent
feature is that the PO,> groups are approximately
hexagonally close-packed, which leads to the
formation of channels though the structure, and is
probably responsible for the stability of the apatite
lattice (Chadwick and Cardew, 1997).
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Ca(l)

o
%.OH

[0,0,2]

O<‘Q>
ca(ll)
FAp

[0,0,2]

OH

o

HAp

Ca(ll)

Ca(l)Og polyhedron

In the apatite structure, the ten calcium
ions in the unit cell exist in two
polyhedral. Four of the Ca(l) is
coordinated to nine oxygen atoms in
the arrangement of a tricapped trigonal

prism.

Ca(ll)OgX polyhedron

Six of the Ca(ll) is coordinated to six
oxygen atoms and one column anion (X),
and are arranged in such a way that they
form a channel along the c—axis, the

anion-channel.

Channel site

The Ca(ll) ions form triangles on the
planes at z = % and z = %. All three Ca(ll)
atoms at the corners of the triangles
are bonded to the central anion.
Structurally, this polyhedron is affected
the most in response to substitution of

column anions, F, CI5, OH". Fluoride

(1.36 A), having a smaller ionic radius than OH™ (1.40 A) and Cl ions, lies on the

planes at z = %, % in the most symmetric position in the channel (i.e., on mirror

planes perpendicular to the c-axis). The larger OH™ and CI” ions are too big to lie on

the rigid plane formed by Ca(ll) atoms, and the OH and CI” is displaced above or

below the plane (Kohn et al., 2002). Thus HAp has a lower symmetry than FAp.
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In the late 1960s, the molecular structure of apatite was determined by Kay, Posner
and Young using single crystal X-ray and neutron diffraction (Kay et al., 1964).
Robinson et al. (2000) schematically represented the planar crystal structure of
stoichiometric HAp viewed down the OH column, which is a useful visual aid for
understanding its structure (Figure 2.2). This shows the planar arrangement of Ca*
and PO,* ions around the central OH ion, which extends throughout the crystal in
the direction of the c-axis. The crystal structure can be most easily understood as a
series of hexagonal plates superimposed on one another, with each plate rotated by
60 degrees. It should be noted that this arrangement is not the crystallographic unit

cell.

Cal Cal

o X o
@“@
./

e

Cal Cal

Figure 2.2: Planar crystal structure of stoichiometric HAp: arrangement of calcium and phosphate ions
around the central c-axis hydroxyl column. The crystal structure comprises many such repeating
hexagonal units (adapted from (Robinson et al., 2000)).

Figure 2.3: Relationship between the classical crystallographic unit cell (red lines) and hexagonal unit cell
(adapted from (Robinson et al., 2000)).
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Figure 2.3 shows the relationship between the classical rhomboidal crystallographic
unit (red) and hexagonal unit cell. This shows the Ca (l)s of the outer hexagon are

shared between three adjacent similar hexagons.

c-axis Hydroxyl column
; screw axis
Calcium | ( )
/
Calcium Il
b-axis

Figure 2.4: Crystal structure of HAp: relationship between hexagonal unit cell structure and the
rhomboidal crystallographic unit cell (shown in heavier lines) (Robinson et al., 2000).

Figure 2.4 shows that the crystallographic unit cell i.e. (Ca;o(PO4)sOH;) shown in
heavier lines, consists of four columnar calciums (Ca Is), six screw calciums (Ca lls)
and six phosphates located around the OH™ group. Many of the ions are shared with
the surrounding unit cells to give an average stoichiometry with ten calcium atoms

per crystallographic cell.

c plane
(PO,* site: negative charge)

a plane 4._;

(Ca? site: positive charge)

Figure 2.5: HAp crystallite is composed of millions of unit cells.
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The HAp crystal structure (also called crystallite) is composed of millions of HAp unit
cells (Figure 2.5). Due to the ionic nature of its constituents, the surfaces of these
HAp crystals are extremely polar. The reported concentration of the lattice ions
existing on the surface of HAp were equal to 2.57, 3.02 and 4.50 ions/nm? for OH",
PO, and Ca®, respectively (Kukura et al., 1972). In the crystal lattice structure, the
PO43'groups are bulky and consume a large portion of the lattice volume, and are
probably the most important contributor to the lattice integrity. Substitutions can
occur within the interstices between the PO, groups without great disturbances,
and is also the reason why PO,>~ groups themselves can be replaced by a variety of

polyatomic ions.

2.2.1 Hexagonal and Monoclinic Habit

The unit cells are monoclinic in stoichiometric HAp and are hexagonal in HAp of a
non-stoichiometric nature (Elliott, 1994). The major structural difference between
the two types of unit cells is the orientation of the OH  ions, which is sufficient to
impact the physicochemical properties of the HAp crystal (Reyes-Gasga et al., 2012).
The monoclinic unit cell has parameters a = 9.421 A, b=2a,c=6.881Aand r=120°
(Elliott et al., 1973). This is the most ordered and thermodynamically stable form of
HAp, even at room temperature. In the monoclinic form, all of the OH ions within a
given column have the same direction of displacement, and the direction reverses
in the adjacent column (Ma and Liu, 2009). Thus in one column all the OH ions
point upward, while those in the next column point downwards (Figure 2.6).
Therefore, there is no disordering of the OH™ ions in the monoclinic form. The
monoclinic form is formed only under favourable thermal conditions (Mathew and

Takagi, 2001).

The hexagonal form of HAp exists in biological apatites. The hexagonal unit cell has
lattice parameters a = b = 9.432 A, ¢ = 6.881 A and Y = 120° and resembles that of
the monoclinic form, but with columns of Ca®** and OH ions located in parallel
channels. Unlike the monoclinic form, the OH ions are more disordered within each
row either pointing upward or downwards in the lattice structure. However,

diffraction studies have shown that there is some short range ordering of these ions
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into columns... OH—OH-OH...HO-HO-HO otherwise the hydrogen atoms would be
in too close proximity and give H-bonding. The reversal of the OH™ direction can be
achieved by substitution of an OH by F or CI” or by a vacancy; therefore any strains
that are induced in the structure are usually nearly always compensated by
substitution or ion vacancies, thus hexagonal HAp is probably never strictly

stoichiometric (Kay et al., 1964).

C""“’Q;;'Cé:o:::iO Gl 5O

Figure 2.6: Structure of monoclinic HAp. The OH™ ions are orientated in rows parallel to the c-axis.
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2.3 Mature Dental Enamel Structure

Dental enamel is a highly mineralised acellular tissue and is often described as an
inorganic-organic two-phase system. It consists of =98 wt. % non-stoichiometric
defective HAp, and =2 wt. % non-collagenous protein and water (Elliott, 1997). The
teeth are composed of three mineralised tissues - enamel, dentine and cementum.
The enamel is supported on dentine, a more resilient collagen-apatite composite,

which forms the bulk of the tooth.

2.3.1 Microstructure

The organisation of the apatite mineral in enamel follows a hierarchy of structural
levels from the microscopic to the atomic (Boyde, 1997). The largest structural unit
of tooth enamel is the enamel rod that is in the order of 4-5 pum in thickness and up
to 3 mm in length. Each rod is densely packed with arrays of elongated carbonated
apatite crystallites arranged in characteristic patterns (Figure 2.7). The crystallites
are long and lath-like with a reported average diameter of =40 nm for sound
enamel. In the literature, the reported values for the crystallite length varies
between 23 — 1000 nm (Jongebloed et al., 1975). Cross-sections show they have the
form of elongated, irregular hexagons. The enamel rods are orientated
perpendicular to the Enamel-Dentine Junction (EDJ), and the enamel crystallites

arranged within the rods run from the EDJ toward the tooth surface (Robinson et

al., 2000). e
u"\ * /"
1 \—77
2 oo °
Enamel B0, T e T ©%o
@ Q Qo
\’ ~ CaP Nuclei Composite ??& \
Nanoparticles >

& |

e §

Building
Blocks

Figure 2.7: Diagram to represent the microstructure of enamel [adapted from (Wang and
Nancollas, 2008)].
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Cross Enamel
Section Rod |
»

HAp
_ Crystallite

Longitudinal
Section

Figure 2.8: Cross-section of dental enamel revealing the “key-hole” shaped structure of the enamel
rod packed with elongated HAp crystallites.

A cross-section of demineralised enamel would show that each individual rod has a
“key-hole” shape, in which the component parts are referred to as the head and the
tail (Figure 2.8). Throughout the enamel, most of the rods are arranged so that their
heads are directed toward the crown of the tooth, and their tails toward the

Cemento-Enamel Junction (CEJ) (Scott et al., 1974).

Organic matrix

Figure 2.9: Schematic of the arrangement of crystallites in an enamel rod.

At the rod boundaries or junctions, the crystallites are present at quite divergent
angles, which cause discontinuities in the otherwise continuous structure (Figure
2.9). These locations acquire a more concentrated organic matrix during

maturation, and they are both “crack stoppers” and “crack propagation” tracks in
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the adult tissue (Boyde, 1997). The organic substance surrounding each rod is
predominantly a protein matrix of enamelins (enamel-specific proteins). The space
between rods is called the inter-rod enamel, and by acting as its border enhances
the “key-hole” appearance. Although the crystal composition is the same, the
crystal orientation differs, thus distinguishing the rods from inter-rod enamel.

In the enamel rods, the majority of the crystals are tightly packed in the direction of
the crystal c-axis, however, they are more randomly orientated with respect to the
a-axis. This disorientation in the crystals results in pores with polygonal cross-
sections (diameter 1-10 nm) in the enamel structure. Essentially, these are the
intercrystalline spaces separating crystals that are filled with water and organic

material, and account for 1-5 volume% of enamel.

An increase in the amount of porosity is usually found at the enamel rod junctions,
or boundaries, due to imperfections in the packing of enamel crystallites in this
region (Hamilton et al., 1973, Orams et al., 1974). In the tooth structure regions of
high porosity are found near the EDJ, whereby a cross section of the rod structure
would show smaller and more widely dispersed crystals with an increase in the

abundance of proteins (Weatherell et al., 1968).

2.3.2 Physical Properties

Largely due to its unique structural organisation, enamel possesses exceptional
mechanical properties that combine high hardness with remarkable resilience. The
high rigidity and density would make enamel a very brittle material if this wasn’t
compensated by the support from the underlying softer dentine tissue. In the
1960s, it was thought that the composition of enamel was equivalent to HAp, and
therefore the mineral density of enamel would be equal to that of HAp (= 3.15
g/cm?). In later studies, Elliott (1997) confirmed that enamel is an impure form of
HAp that contains multiple impurities, such as the inclusion of carbonate ions,
which significantly reduces the enamel density (between 2.99 and 3.02 g/cm?) in
comparison to the density of HAp.

Another characteristic feature that affects the physical properties of the enamel is

the presence of pores in its structure. Quantitative microradiography studies have
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demonstrated that the mineral content, and hence the porosity, varies markedly
with enamel (Weidmann et al., 1967). Mineral content decreases from the outer
surface towards the EDJ, and the volume that is unoccupied by mineral is
significantly greater in inner enamel than in outer enamel. The inner enamel is
abundant in both protein and water, due to the increase in enamel permeability to

ions, water and small organic molecules (Lowe et al., 1971; Meeting Abstract).

The number of available pores, the pore size and the inter-connectivity between the
pores influence the diffusion of ions, water and small organic molecules. The charge
of the diffusing ion also affects the partial acceptance or rejection of the transport
of ion through the enamel pores. Although to a lesser extent, the organic matrix
also controls the permeability and transport processes through enamel, for
example, ionic diffusion is limited in the presence of proteins (Shellis and Dibdin,

2000).

2.3.3 Chemical Gradients

While enamel is physically strong, it is chemically rather vulnerable. The natural
variability in chemical composition occurs both between teeth and within the same
tooth, not only as a result of environmental exposure, but also as a consequence of
developmental factors (Dowker et al., 1999). Furthermore, the gradients in
porosity occurring in the enamel tissue also allow for the entry of material into and
out of the apatite structure. Minor constituents of whole teeth include typically 3.0
wt. % CO,, 0.4 wt. % Cl, 0.2 wt. % Mg, 0.01 wt. % F and many other trace elements
(Elliott, 1994). Chemical gradients exist in enamel extending from the surface
towards the EDJ. For example, the concentration gradients of carbonate and
magnesium show increases from the enamel surface towards the EDJ, whereas, the
concentration of fluoride is generally higher at the surfaces and decreases towards
the EDJ (Robinson et al., 2000).

The presence of foreign ions in the apatite structure affects the lattice parameters,
crystallinity (reflecting crystal size and crystal strain), stoichiometry (Ca/P molar
ratio) and the chemical stability of the apatite crystal. Therefore inevitably, the

chemical behaviour of enamel will vary with depth in the tooth structure.
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2.3.4 Incorporation of lons into Enamel Apatite

CARBONATE

The incorporation of carbonate (CO5%) seems to occur during tissue development.
In the apatite lattice, CO5” can substitute either for the OH™ or the PO,*” sites in the

apatite structure (Figure 2.10).
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Figure 2.10: HAp lattice showing substitution PO,”~ by CO;* observed in biological apatites. This
introduces strain and crystal disorder in the apatite lattice structure (Robinson et al., 2000).

These two substitutions have the opposite effects on the lattice parameter.
Substitution for the OH™ group causes a systematic expansion in the g-axis and
contraction in the c-axis with increasing CO3 content, whereas substitution of PO,
causes a systematic contraction in the g-axis and expansion in the c-axis with
increasing COs content (Elliott, 1994). Synthetic carbonated HAp have been
classified as type A or type B depending on the mode of substitution, COs-for-OH
(type A), or COsz-for-PO, (type B). In the type B substitution, sodium is thought to
exchange for calcium in order to compensate for charge balance. In biological
apatites, it is now generally accepted that COs*>  predominantly replaces PO,
groups (type B) (Figure 2.10). This type of substitution causes a decrease in the
overall crystallite size, and an increase in crystal strain and solubility. The higher
solubility of carbonate-containing apatite compared to carbonate-free apatite is
partially due to the fact that the Ca-CO;>” bonds are weaker than the Ca-PO,*”

bonds, thus making the carbonated apatite far more susceptible to dissolution
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(Elliott, 2002). The poorer fit of the carbonate in the lattice induces crystalline
disorder, which generates a less stable and more acid-soluble apatite phase.
Together with ion vacancies, CO5> substitution is probably a major reason for the
much higher solubility product of enamel compared with that of stoichiometric

apatite.

FLUORIDE
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Figure 2.11: HAp lattice showing substitution of OH™ by F. The closer fit of the fluoride ion in the
Ca (Il') triangle has a stabilising effect to the crystal (Robinson et al., 2000, Bakaletz, 2004).

Fluoride (F) content is concentrated at the enamel surface, due to the
accumulation of fluoride by the unerupted enamel, during development. In the
lattice structure, F is thought to either fill a vacant OH™ site or displace OH™ ions
(Figure 2.11) resulting in a contraction in the a-axis without changing the c-axis.

If fluoride ions substitute completely for OH™ on the c-axis, they give rise to
fluorapatite (Ca10(POa4)sF2, FAP). In this crystal lattice, F~ (ionic radius, 1.36 A) is able
to have a closer fit in the centre of Ca(ll) triangle than OH™ (1.40 A), due to its high
charge density and symmetry. As a result, the substitution of F~ for OH™ brings
about a reduction in the volume of the unit cell, the lattice becomes denser, and its
chemical stability is greatly enhanced due to the electrostatic bond between
fluoride and the adjacent ion (Aoba, 1997). Furthermore, the resulting crystallite

sizes are bigger and the lattice energy is reduced. It is widely accepted that the
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formation of fluoridated apatite phases increases the chemical stability and acid-
resistance of the tooth mineral. Featherstone and Nelson, (1980) reported that
during apatite formation or remineralisation, the presence of fluoride compensates

for the crystalline disorder induced by carbonate in the apatite lattice structure.

METAL CATIONS
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Figure 2.12: HAp lattice showing possible positions of metal cation substitution (Robinson et al.,
2000).

The calcium sites (I and Il) are considered as the most prevalent position for metal
ion substitution, primarily due to the size of the available atomic spacing around the
calcium ions. A variety of metal cations (Na**, K*, Mg, sr**, Ba**, Mn*, Zn* and
Pb%*) are thought to substitute at the calcium sites (Figure 2.12). The lattice
parameters are affected by both the ionic size, and, the amount of the substituting
cations. The incorporation of magnesium, because of its charge density, has a

destabilising effect on the apatite lattice.

It is speculated that larger cations (e.g. Sr’*) substitute preferentially for the
Ca(l) position, since Ca(l) (coordination number = 9) site consumes more lattice
volume than Ca (ll) (coordination number = 7) site. The differences in Ca site
coordination within the apatite structure will influence the substituting cation for
exhibiting a preference of one site over another, albeit such preferences are not yet

fully understood.
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Chapter 3

Hierarchies in Enamel Demineralisation

3.1 Dental Caries

Dental caries is a multifactorial disease involving bacteria, salivary components and
dietary sources of fermentable carbohydrates (Featherstone, 2008). Over time, the
interaction between microorganisms existing in dental plaque and dietary
fermentable carbohydrates produces organic acids that dissolve carbonated HAp in
a process known as demineralisation (Robinson et al., 2000). All three types of
dental tissues, i.e., enamel, dentine, and cementum can become affected. The
disease develops beneath the bacteria-rich plague and can build-up at sites where
the saliva turnover is low or where oral surfaces cannot be cleaned adequately.
Remineralisation is the reversal process, in which some of the mineral loss can be
recovered to the molecular structure of the tooth from the ions in saliva. Cavities
occur when the rate of demineralisation exceeds the rate of remineralisation, and
may result in the lesion extending into the pulp. Any fermentable carbohydrates
such as glucose, sucrose, fructose or cooked starch can be metabolised by
acidogenic bacterium (e.g. mutans streptococci and lactobacilli) with the evolution

of organic acids (e.g. acetic, lactic, propionic) as by-products (Featherstone, 1999).
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a) b)

Figure 3.1: Schematic representation of enamel rod microstructure of a) sound enamel b)
demineralised enamel.

The inward diffusion of these acids through the plaque and into the porous
structure of enamel dissolves carbonated HAp crystals, which are more susceptible
to dissolution. This causes the release of Ca’* and PO4> ions from the tooth
structure out into plaque fluid and saliva (Figure 3.1a). If the demineralisation
process continues with thousands of acidic challenges, the tooth gradually dissolves
over an extended depth, while still maintaining it overall structural integrity.
However over time, the dissolution of mineral can cause the enamel rods to lose its
alignment, thus resulting in the overall structure to weaken and the remaining
tissue to collapse resulting in the formation of a cavity (Figure 3.1b). Typically, a
clinician would ‘fix’ the cavity by drilling and filling rather than intervening
therapeutically before the cavitation occurs, and while the demineralisation process

is still reversible, or can be at least arrested.

3.1.1 Histological Features of a Carious Lesion

The initial stages of an incipient carious lesion are characterised by a partial
demineralisation of the enamel tissue. An extraordinary histological feature of the
lesion is the presence of a relatively sound surface layer of enamel (2-50 um thick)
overlying the demineralised zone, which is where the bulk of the mineral loss
occurs. Clinically, the lesion appears to the human eye as a “white spot” and is
recognised as an early sign of dental caries, yet by this time the process has been

going on for months (Featherstone, 2008). At this stage in the process, prior to
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cavitation, therapeutic intervention can reverse or arrest the process by
remineralisation (Featherstone, 2000).

The histological changes in the enamel carious lesion have been categorised into
zones that are in accordance to the porosity levels and amount of mineral lost.
These zones are: translucent, dark, body of the lesion and surface (Figure 3.2).

(Darling, 1956, Darling, 1961, Silverstone, 1968)
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Figure 3.2: shows an illustration of the four zones starting from the outer enamel surface layer
towards the EDJ. These zones are: surface, body of the lesion, dark and translucent.

TRANSLUCENT ZONE

The first detectable carious changes in the enamel are in the translucent zone, and
are thought to precede the formation of a surface layer. This zone shows the
presence of a small number of relatively large pores, and accounts for
approximately 1 — 2 % mineral loss, namely mineral that is abundant in carbonate

and magnesium.

DARK ZONE
Similar to the translucent zone, the dark zone also shows porosity and mineral loss.

Although, in the dark zone there is approximately 5 — 10 % loss of mineral and the
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pore sizes appear to be smaller. This is a characteristic feature observed in this
zone. It has been speculated that there are some remineralisation occurring in this
region, which could be a possible explanation for the occlusion of some of the larger
pores in the translucent zone. Therefore the dark zone could represent the region

where both demineralisation and remineralisation occur.

BODY OF THE LESION

The body of the lesion is formed when there is continuous enlargement of the
pores, which ultimately leads to the collapsing of the enamel structure. This is

therefore the final stage of enamel destruction.

SURFACE ZONE

The surface zone (or layer) develops after the initial attack (in the translucent zone).
It is the outermost layer in the lesion with a thickness of approximately
40 um. The porosity of the surface zone is 1 — 2 % (similar to sound tissue), which is
mainly due to the re-deposition of a fluoride-enriched mineral occurring after the
initial dissolution of carbonate and magnesium components in the enamel surfaces.
The accumulation of fluoride results in the surface to become more resistant to acid
attack. Quite often, the surface zone is described as the relatively intact layer of
enamel as less than 1 % mineral loss occurs in this region.

The presence of the pellicle (organic material) on the enamel surface may act as a
perm-selective barrier which reduces mineral loss at the surface (see Section 3.1.2).
However, preferential demineralisation of deeper enamel layers can continue
below the surface zone, resulting in the formation of a “subsurface” lesion. The
diffusion of acids into the porous enamel microstructure to deeper more soluble
layers would result in the removal of interior mineral in preference to the outer less
soluble enamel tissue (Robinson et al., 2000). If the surface zone remains intact,
than sub-surface remineralisation can be facilitated though this surface layer to
deeper portions of the main body of the lesion. However, if this surface layer
collapses, than there is a permanent loss in the enamel structural integrity (Figure

3.1b).
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3.1.2 Role of the Dental Biofilm and Saliva

The caries process occurs along the interface between the dental biofilm (acquired
enamel pellicle and dental plaque) and the enamel surface. The enamel pellicle is a
protein film layer (0.1 — 1 um in thickness) on the surfaces of teeth, and is
developed as substances derived from saliva, such as statherins and proline-rich
glycoproteins, bind selectively onto the surface (Hicks et al.,, 2003). Acquired
enamel pellicle is evident within minutes after a tooth is cleaned. The pellicle layer
has a protective function against caries by slowing the diffusion of calcium and
phosphate ions away from the tooth surface (Hara et al., 2006). It also prevents the

dehydration of oral tissues and provides a lubricating layer to allow for mastication.
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Figure 3.3: shows the tooth surface is covered by an acquired pellicle comprised of lipids and

proteins, including salivary glycoprotein. Dental plaque develops on the pellicle (Bakaletz, 2004).

The proteins in the pellicle layer allow bacterial adhesion, thereby providing a base

for the subsequent development of dental plaque, which is composed of

Page 25



predominantly microorganisms and extracellular matrix (Marsh, 2004). Thus the
pellicle acts as an important interface between bacteria and the tooth surface
(Figure 3.3). Several different types of bacteria may colonise in the pellicle layer to
synthesise proteins that result in a sticky environment, which facilitates the
attachment of more bacteria to the initial colonies. As the primary colonisers begin
to divide and multiply the amount of plague on the teeth increases. This process of

plague formation can take between several days to weeks.

In a healthy oral environment that is not undergoing an acid challenge, the plaque
fluid and saliva are saturated with respect to enamel. In saliva, Ca** and PO43' are
held in a supersaturated state by statherins, which complex Ca** and hold it in
solution in a readily available reversible fashion. Statherins and proline-rich proteins
also inhibit crystal growth of CaP salts from supersaturated solutions (Lamkin and
Oppenheim, 1993). During an acid challenge, the pH of plaque fluid and saliva
decreases below the critical pH (5.2 — 5.5) (i.e. the pH at which the oral fluids are
just saturated with respect to tooth enamel) resulting in the undersaturation of oral
fluids which promotes the dissolution of enamel. The critical pH does not have a
fixed value, but in fact may vary over a wide range, and is dependent on the

concentrations of Ca?* and PO,> ions in the solution (Dawes, 2003).

The duration of the demineralisation process is dependent on the time required for
the saliva and plaque fluid pH to rise above the lowered pH. This is governed
primarily by the amount and composition of saliva. As dental plaque is in direct
contact to the tooth surface, it can restrict the access of salivary fluids to enamel
(Garcia-Godoy and Hicks, 2008). Therefore, the saturation level in plaque fluid is
important, especially since the plaque fluid loses its saturation more rapidly in
response to sucrose exposure. Frequent exposures to sucrose causes the pH of the
dental plaque fluid to fluctuate up and down repeatedly, which can quickly deplete
Ca’* and PO,> reservoirs in plaque. This is perhaps why the frequency of sugar
intake is considered more destructive than total sugar consumption as a

contributing factor in caries.
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3.2 Dissolution Mechanisms at the Molecular Level

Despite the substantial body of work over the last four decades, there is still no
clear consensus regarding the dissolution mechanism of dental enamel. Recently,
Dorozhkin reviewed the literature on the various mechanisms involved in enamel
demineralisation, yet none of the described mechanisms were able to provide a
general answer for how this process occurs (Dorozhkin, 2012), rather provided clues

which helps to explain this phenomena.

3.2.1 Thermodynamic Solubility Principle

Hydroxyapatite is a crystal in which the nature of the bonds is mostly of an ionic
character, although the P-O bonds in the orthophosphates groups are of a covalent
nature (Williams and Elliott, 1989). By dissolution, it is simply meant that the ions
lose their ordered arrangement that is characteristic of the solid mineral phase to
become free in aqueous solution. When HAp is in contact with water, the following

reaction occurs:

[(Ca10(PO4)s(OH)2lis) = 10Ca**,q+6P0;> (aq) + 20H (o) [3.1]

Water molecules are responsible for disrupting the crystal lattice bonds. Because of
its high dielectric constant, water can decrease the attractive forces between
positive and negative ions that prevent the apatite crystal from dissolving. At the
crystal surface, water can reduce the attractive forces between ions, increasing
their inherent tendency to escape by thermal agitation. Also, hydration of the ions
in solution facilitates the process energetically. A small amount of HAp dissolves,
releasing Ca’*, PO,> and OH™ ions. This process continues until equilibrium is
established for HAp, and the rate of the forward reaction (dissolution) is equal to
the rate of the backward reaction (precipitation). Thus a saturated solution is in a
state of dynamic equilibrium between the dissolved, dissociated, ionic compound

and the undissolved solid (Equation 3.1).

Solubility product constants are used to describe saturated solutions of ionic

compounds of relatively low solubility. The solubility of HAp is characterised by its
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solubility product constant, which is calculated from the solubility of each ion i.e.
Ksp = [Ca**][PO,>][OH] (mol®/L°). The more a substance dissolves the higher the
Ksp value it possesses. For HAp, the measured value of Ksp is very small (on the
order of 10™"). For dental enamel, a calculation for the Ksp is more complex
because of the various impurities in the apatite structure, and several
approximations exist to represent its chemical formula (Cas.,.,(HPO4),(CO3)w(PO4)s-
x(OH)1x-2y, 05X<2, y<(1 - X/2) and v + w = x) (Elliott, 1994). Assigning a single number
to the solubility product constant would therefore be misleading as each region in
the enamel structure has a spectrum of solubilities. Indeed, it is widely accepted
that ionic substitutions that disrupt the crystal lattice structure or induce strain (e.g.
CO5%) (Pan and Darvell, 2010) will increase the Ksp, whereas those that do the

opposite (e.g. F') will decrease the Ksp (Aoba, 2004).

Based on the Ca**, PO,> and OH™ concentrations in a solution, such as saliva and
plaque fluid, the ion activity product (/uap) is determined by the product of the
concentrations of the component ions, raised to the appropriate power (Equation

3.2) where {} indicate activities (Shellis and Wilson, 2004).

lnap ={Ca*' F{POs" F{OH'} [3.2]
If the IAP = Ksp, the solution is just saturated with respect to HAp. If the IAP > Ksp,

the solution is supersaturated and remineralisation is favoured. If IAP < Ksp, the

solution is unsaturated and demineralisation is favoured.

In acid dissolution, H' removes OH™ ions already in the bulk solution to form H,O0.
The product of [H'][OH] in water always equals 10 (mol/L). Therefore, as the [H]
increases in an acid solution, the [OH] must decrease in a reciprocal manner. The
concentration of PO,> is also reduced in acid. Although the Ca’* concentration is
unaffected, the concentrations of both OH™ and PO,> are reduced and so,

therefore, is the IAP, often to a value less than the Ksp.

3.2.2 Chemical Attack
According to the theory mentioned above, the dissolution of HAp is governed by a

response to a shift in relevant ion concentrations in solution. A mechanism based
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on the direct attack of H" as the primary crystal lattice-disrupting agent, rather than
water molecules, has also been proposed. According to this theory, H" in solution
acts directly at the apatite crystal surface and react with PO,*” and OH™. The
conversion to HPO,> and H,O causes a disruption of lattice bonds and release of

ions into solution (Equation 3.3):

[(Cai0(PO4)s(OH)2lis) == 10Ca™*(ag)+ H:POs (aq) + H:20 (aq) [3.3]

In principle, the phosphate ion is probably the most important component of HAp
both inside and outside the lattice. Its state of protonation significantly affects the
stability and/or dissolution of the crystal (Robinson et al., 1995). With a decrease in
pH, some of the PO,>” ions, most likely those situated at the accessible surfaces of
the crystals, becomes protonated to form HPO.”". This renders the mineral’s surface
to adopt properties of the more soluble calcium phosphate phase, DCPD
(CaHPQ4.2H,0) (see Figure 2.1 which shows that DCPD is the least stable CaP phase
above pH 6.0). Furthermore, the Ca’" in the lattice structure are held in place by the
PO,>" ions, and the conversion of some PO,>" to HPO,>” will weaken this bond to
result in some Ca’' release from the apatite structure. This will further promote
solubility characteristics of DCPD and dissolution of mineral. Protonation of some of
the OH ions to H,0 has minimal effect on the nature of the lattice since the OH ion

is a small and not such an integral part of the structure.

In demineralising enamel, the release of HPO,> outside the crystallite lattice into
the aqueous phase of the porous enamel can have a somewhat of a protective
effect against demineralisation. With a decrease in pH, the PO, groups will be
increasingly present as the doubly protonated form (H,PO,; ), which will act to

buffer the solution and slow down the rate that the pH falls within the lesion.
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3.2.3 Diffusion and Surface-Controlled Processes

Diffusion Layer

Ename

Crysta Bulk Solution

‘\

Crystal-Solution Interface

Figure 3.4: The dissolution process according to the reaction-diffusion theory.

A modification of the above concepts proposes that the reaction of H*, OH™ and
PO, ions occurs in a diffusion layer surrounding the crystal, rather than in the bulk
solution. This model assumes that the enamel surface exposed to the solution is
Ca1o(PO4)s(OH),, and the solution immediately adjacent to the interface is in
equilibrium with HAp phase. In the diffusion-controlled theory, crystals are
considered to dissolve by the building units and their subsequent transfer into the
bulk solution (Figure 3.4). The reaction rates are diffusion-controlled and is
dependent on the transport rates of chemical reagents (H" and anions of acids)
from solution towards the HAp crystal surface across a diffusion layer, and, the
transport of the dissolution products away from the HAp crystal surface and out of
the diffusion layer to the bulk solution (Ca’‘and PO,>). The rate of transport
depends on the concentration difference between the crystal surface and the bulk
solution. In the surface-controlled theory, the kinetics of the chemical
transformations on the surface is the rate-limiting factor.

Since the dissolution process takes place in two steps: 1) de-attachment of ions
from the crystal surface and 2) transport into the bulk solution, means that if step 1
is rate-controlling, the pH of the solution would be an important factor to consider,
especially if the de-attachment of ions from the crystal surface does involve H*
attack. In contrast, the degree of undersaturation would play an important role if
step 2 is rate-controlling, whereby a greater degree of undersaturation would allow

for faster transport of ions from the saturated solution at the crystal surface to the

Page 30



bulk solution. Whether the dissolution is surface-controlled or diffusion-controlled
is dependent on various experimental parameters, some of which include pH, ionic
strength, solution undersaturation, and temperature and crystal surface area.
Earlier studies, for example White and Nancollas, (1977) and Higuchi et al., (1965),
describe the dissolution of HAp as a diffusion-controlled process. Other more recent
studies suggest that the dissolution of HAp is not limited purely by diffusion and
that surface processes play an important role in controlling the overall reaction

kinetics (Anderson et al., 2004).
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3.3 Ultrastructural Aspects in Demineralisation

Studies at the crystal structure level using high-resolution microscopic technologies
show evidence for the development of tiny holes (etch pits) in the central region of
the enamel rods during the initial stages of enamel dissolution (Featherstone et al.,
1979, Takuma, 1980). Many studies have observed the preferential dissolution of
enamel crystallites in the central rod areas to proceed with the formation of holes
with approximately hexagon symmetry (Simmelink et al., 1974, Yanagisawa and
Miake, 2003). Prolonged treatments of enamel to acid results in the ‘hollowing’ of
the enamel rod structure (Poole and Johnson, 1967), revealing the keyhole shape of
a rod which is comprised of rounded heads and narrow tails (described in section

2.3.1).
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Figure 3.5: Schematic representation of the initial dissolution of an hexagonal HAp crystallite,
adapted from (Arends and Jongebloed, 1979). The prism and basal planes are indicated. Initial etch
pit formation occurs followed by the removal of the centre of crystal parallel to the c-axis.

Arends and Jongebloed (1979), showed that the dissolution of synthetic HAp
behaves in a similar way. Figure 3.5 shows a schematic representation of the typical
behaviour for dissolution of an hexagonal HAp crystallite. The initial attack of an
acid on a HAp single crystallite is extremely anisotropic, beginning with one etch pit
in the basal plane (Figure 3.5) at the crystallite ends, which is the preferred
dissolution spot or ‘active site’. Subsequently, the acid forms a longitudinal hole

parallel to the c-axis (Jongebloed et al., 1974). The prism faces of the crystallites are
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less susceptible to acid attack. Figure 3.6 is a Transmission Electron Microscopy

(TEM) image showing central perforation of enamel.

Figure 3.6: TEM image of enamel crystal showing dissolution at the centre of the crystal
(Yanagisawa and Miake, 2003)

Additionally, a narrow band of crystallites at the periphery of rods are seen to be
resistant to further acid attack, and are somewhat larger and more equilaterally
hexagonal than the crystallites within the bodies of the rods. An important question
is - what controls this dissolution mechanism? One explanation is that in the central
part of the rod heads, the enamel crystallites lie predominantly parallel to the c-
axis, whereas in the peripheral region and the in the tail, the crystallites are inclined
away from the long c-axis of the rod (Figure 3.7) (Poole and Johnson, 1967, Johnson
et al., 1971). Thus this dissolution phenomenon is probably a combined effect of
greater chemical reactivity on the c-axis (i.e. the longest direction of the crystallite)
than perpendicular to it, and also the fact the external crystallite is ‘coated’ with a

protecting layer of organic matter or a fluoridated apatite phase.

It is also a possibility that the crystallites in the rod centre are chemically different
from the bulk, however there has been no real direct evidence for this. Some

authors suggest that the rapidly crystallised interior of the crystals is less perfectly
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formed than its slowly crystallised exterior, and this could explain the increased
central solubility (Scott et al., 1974). This is a sensible suggestion as natural minerals
contain variations in solubility due to different rates in formation, and this could
also apply to enamel crystals. The first nuclei of mineral produced most likely
contain inclusions such as HPO42', C032' and H,0, and possibly the basis for crystal

lattice dislocations that are present at the central core (Ingram, 1979).

The crystallites themselves are separated by small amounts of inter-crystalline
space that are filled with some sort of organic matter. The space between
crystallites varies between 16 and 40 A, and this space can also be considered a
pathway for diffusion. TEM studies reveal the central portion of the crystallite is lost
within a few minutes after an acid treatment, whereas the periphery of the needles
has a considerable resistance against acid attack. Johnson et al. (1971) reported
intercrystalline penetration of the acid between crystallites in one rod, resulting in
narrowing clefts in particular near rod junctions. Interestingly, synthetic HAp
crystals exhibited the same type of effect. Therefore, this phenomenon cannot be

attributed solely to the organic and fluoride coatings on the crystallites.
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Figure 3.7: Demineralisation of dental enamel rods at the cores and walls; a) well-organised rod
structures on enamel surfaces showing numerous needle-like apatites. The crystallites in the cores
are orientated perpendicular to the surface while those on the walls are inclined 10-40°; b)
Enlargement of the rectangular area of wall in (a) (Wang et al., 2005).

3.3.1 Atomic-Level Structural Defects
The surface irregularities (e.g. steps, missing ions, and dislocation outlets) of apatite

crystals and structural defects inside the bulk crystals (e.g. dislocations) are

Page 34



important when explaining demineralisation processes at the fundamental level.
Many authors have shown that the presence of ‘dislocations’ in the enamel apatite
crystal plays an imperative role in its dissolution (Arends, 1973, Voegel and Frank,
1977). Dislocations are lattice imperfections on an atomic scale and are thought to
be the starting-points of acid dissolution, proceeding along dislocation-lines,
sometimes inducing a splitting of the crystals. The occurrence of dislocations in a
material generally increases the chemical reactivity at the point where the
dislocation line emerges from the surface (active sites). Dislocations in apatite,
preferentially parallel to the c-axis, are likely to be a predominant reason for the
development of central core lesions during enamel dissolution (Figure 3.8)

(Jongebloed et al., 1973).

Figure 3.8: SEM images show demineralisation initiated at the core/wall of rods and development
aniscotropically along the c-axis, with dissolution time a) 27 h; b) 40 h; c) 55 h and d) 120 h
(Wang et al., 2005).

A dislocation can be defined with the aid of a Burgers circuit. This is any ‘atom-to-
atom’ path made in a crystal that forms a closed loop. In an ideal dislocation-free

crystal, the vector to complete the circuit is zero. However, if the Burgers circuit
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encloses a dislocation, the closure-failure is the so-called Burgers vector b (Figure

3.9).

Dislocation Line

Figure 3.9: Schematic representation of a screw dislocation. The Burgers vector b and the Burger

circuit is indicated. The dashed circle represents the centre of the active site.
The angle between b and the dislocation line determines the dislocation type. If b is

parallel to the dislocation line, it is a screw dislocation whereas if b is perpendicular

than it is an edge dislocation.
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Figure 3.10: TEM image of enamel showing screw dislocation. The crystal lattice is split into two
(arrow) (Yanagisawa and Miake, 2003).
Based on energy considerations, screw dislocations with b parallel to the c-axis are

more favourable in apatites (Figure 3.10), and each dislocation outlet is reported to
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be a hollow core with radius within 8.3-20 A (Arends and Jongebloed, 1977). The
evidence for the presence of dislocations are: 1) the hexagonal dissolution steps; 2)
the formation of etch pits; 3) the dissolution of the core following precise
crystallographic planes; 4) the screw character of the defect and 5) blocking
(poisoning) of the active site can be achieved at inhibitor concentrations that are far

too low to cover the complete surface (Arends and Jongebloed, 1979).

Figure 3.11: TEM image of a cross-section of an enamel crystal c-axis. It shows an elongated
hexagonal configuration with three sets of lattice striations (interval 8.17 A) intersecting at 60°
angles. A central dark line (arrow) with many white spots (arrowhead) in its vicinity is observable
(Yanagisawa and Miake, 2003).

The presence of carbonate in the apatite lattice is thought to generate a local strain
field around the dislocation line (Cabrera and Levine, 1956). Carbonate-rich HAp can
strongly increase the Burgers vector compared to low-carbonate HAp (Arends and
Jongebloed, 1979). The observation of a central dark line running through the
length of apatite crystals in the direction of the c-axis (Figure 3.11) has been
associated with the preferential dissolution of this part of crystal, which has been

considered to be an area of particular strain, possibly due to the increase in COs

content (Marshall and Lawless, 1981).

Cabrera and Levine (1956) demonstrated that in dislocation with a large Burgers

vector, the reduction in strain energy that is obtained by the removal of material (to
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form a hollow tube along the dislocation line) most probably outweighs the energy
to create the tube surface. The hollow-core diameter has been calculated to be in
the order of 40-100 nm if the burgers vector is large (Arends and Jongebloed, 1977).
The term ‘hollow-core’ does not imply that there is no material in the core, and is

most likely to consist of ‘loosely bound’ and highly reactive apatite material.

Around the point of where a dislocation emerges from the surface, a few ions are
shifted from their original positions of minimum energy and therefore are
considerably more susceptible to chemical attack than the rest of the surface.
Cabrera and Levine (1956), described dislocations as ‘regions of undersaturation’
and, thus, dissolution is preferential at dislocations relative to the perfect lattice. If
the undersaturation exceeded some critical value ( A G.it), they showed that the
strain field of the dislocation would open up the hollow core to form an etch pit.
However if the undersaturation was low (i.e AG < A Gqt), etch pits would not open
up and defect sites will not lead to stepwaves forming from the localised etch pit.

The result is a slow dissolution rate (e.g. spiral dissolution).

A main consequence for the presence of dislocations is that the transport and
diffusion along the dislocation line, where the orderliness is slightly disturbed, is
much faster and easier than in the bulk material, and therefore preferential
dissolution is likely to occur in this region. The velocity with which the dislocation(s)

are etched out should be considered when explaining demineralisation at this level.

3.2.4 Polynuclear Model

Christoffersen et al., (1978) used constant composition (CC) techniques, by which
the undersaturation is maintained at pre-determined levels, to study the rate of
HAp crystal dissolution. They showed that the transport of material between the
volume adjacent to the crystal surface and the bulk solution always took place,
which is associated with the dissolving HAp crystals and the sedimentation by
convective diffusion (Christoffersen and Christoffersen, 1984). The rate of
dissolution at pH = 7 was explained by a polynuclear model together with a surface

free energy. This involves the detachment of material from the crystal surface,
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which forms a microscopic hole with a depth equivalent to the diameter of an ion in
the crystal surface, otherwise known as the dissolution nuclei, i.e. collections of

3 and OH ions. If the rate of formation of dissolution

vacant sites for Ca®*, PO,
nuclei is low and the crystal surface is small, each nucleus may spread over the
entire surface on which the nucleus is formed. The driving force for the formation
of a dissolution nuclei is the increase in the Gibbs free energy of the system,

whereby the holes must be bigger than the critical size in order for growth.
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3.4 Dissolution Phenomenon at the Nano-scale

Earlier studies on dissolution pit formation and growth were investigated when
their dimensions were at the very least 0.3 — 0.5 um and larger, as smaller
dimensions of pits were out of range for old microscopes, thus the initial stages of
etch pit formation was unclear for a long time. However, recent studies using
atomic force microscopy (AFM) and related technologies provide new information

on dissolution pits at the nano-level.

Historically, the science of crystal growth has made more progress than that of
crystal dissolution. The general mechanism involved in crystal growth is related to
the generation of growth steps that can advance, resulting in overall crystal growth.
More recent studies present a concept in which the crystal dissolution process is
analogous to crystal growth, and here the formation and growth of pits are the
principle elements of the dissolution process of sparingly soluble calcium
phosphates (Wang and Nancollas, 2008).

In this concept, the dissolution process is induced by the formation of these pits,
and continues with spreading of their stepwaves. These pits are thought to provide
dissolution sites, and it is the steps within these pits that act as the dislocation lines,
with the spreading of their stepwaves contributing to the overall dissolution
reaction (Tang et al., 2004a). Thus the entire reaction proceeds via nucleation and
growth of the pits accompanying step flow. The presence of dislocations accelerates
the dissolution process, because dislocations give rise to continuous steps on the
surface and the strain they cause in crystals favours the etch pit formation. The
authors of these studies believe that the microscopic ‘critical size’ effects should be
embodied in any macroscopic dissolution model under similar experimental
conditions. Although this theory is widely accepted in the geological and mineralogy

field, it is not well established in dental research.

3.4.1 Critical Conditions
Similar principles of ‘critical conditions’ in crystal growth mechanisms have been
applied to the dissolution pit process. In crystallisation theories, the spreading of

dislocation steps from two-dimensional growth nuclei on a crystal surface does not
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occur spontaneously but until the nucleus reaches a critical value, r*, or the driving
force (supersaturation) is sufficiently large (see Section 4.2.2). Similarly, the ‘pit’
dissolution mechanism has been viewed analogous to that of crystal growth, taking
into consideration certain ‘particle-size-dependent critical conditions’ of energetic
control at the molecular level that must be attained in order for dissolution to occur

(Tang et al., 2003c).

CRITICAL PIT SIZE

A critical pit size or radius (r*) must be attained on the crystallite surface in order
for the two-dimensional pit/dissolution step to be a spontaneous process. The
spreading of stepwaves within the pits only occurs when the pit size is greater than

the critical value, r*:
*=Ys2Q /|AG|  |AG| = kTInS [3.4]

where Ys is interfacial tension, k the Boltzmann constant, T the absolute
temperature, Q the area occupied by each dissolution unit and AG the Gibbs free

energy for dissolution (Tang et al., 2001).

Figure 3.12: AFM movie frames of brushite dissolution on (010) surfaces. The significant
developments are only observed for the larger pit steps. The smaller ones are almost stationary (pit
1) in comparison with the larger pits (pit 2). Some of the small pits disappear (pit 3). The scale of the
images is 5 um (Tang et al., 2004a).

Critical dissolution behaviour was only observed when the magnitude of pit size is
greater than about 20r*. Further, only larger pits are active and contribute to the

dissolution process, i.e. of size greater than r*. Smaller pit sizes existing on the
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crystal surface are almost stationary making minute contributions, and are likely to
be removed from the dissolving surface by other, “active”, dissolution steps
stemming from neighbouring larger pits. Figure 3.12 illustrates the dissolution of
brushite (010 face), close to equilibrium, proceeds by the initiation and growth of
pits, where only the spreading of large pit steps (> 0.2 — 0.4 um) contribute to the
process. The spreading velocity of the dissolution steps is also a function of step

sizes, where the movement of steps decreases with decreasing pit sizes.

SURFACE TENSION

Interfacial free energies (surface tension) are considered an important parameter in
crystal nucleation and growth (see Section 4.2.1), however are often ignored in
demineralisation models. Recent studies by Nancollas and co-workers demonstrate
that the critical pit size is proportional to the surface energy (Equation 3.4) (Wu and
Nancollas, 1999).

There is a close relationship between solubility and the surface tension. During
dissolution, an interface is formed between the solid and aqueous phase where the
neighbouring ions on the surface escape into the bulk solution (see section 3.2.3).
Higher values of interfacial energies bring about a greater difficulty in forming such
an interface between solid and liquid phase. For example, the thermodynamically
more stable calcium phosphate phases such as OCP and HAp have much higher
values of Y5 . compared to the more soluble DCPD, which has a low Ys,.

Surface tension plays an important role in dissolution as the initial pit formation
results in an increase in the surface energy. Pit formation on a smooth crystal
surface causes the surface to become rougher resulting in an increase in the
crystal/solution interfacial area and thus the surface energy. The critical conditions
are directly related to Ys;, which for soluble salts, is much smaller, resulting in a
much smaller r* (usually in the order of a few nanometers), even at low

undersaturation (Wu and Nancollas, 1998).

3.4.2 Self-Inhibition at the Nano-scale
Using constant-composition (CC) methods, Nancollas and co-workers demonstrated

that the dissolution rates of DCPD seeds decreased considerably with time and the
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reaction was effectively ‘suppressed’, even though the solutions remained
undersaturated (Tang et al., 2004b). Further, the sizes of DCPD seeds (8-12 um)
were substantially reduced during dissolution. However quite remarkably, when the
sizes of pits and crystallites were about the same order of magnitude, further pit
development becomes limited by the crystallite sizes, resulting in decreases in pit
density and size which ultimately decreases the dissolution rate (Tang et al., 2003c).
This dissolution phenomenon demonstrates ‘self-inhibition’, i.e. when the size of
the crystallites is reduced to the same order of magnitude as the pit size — always at
the nano-scale, there are no active pits present on the surface. When the particle
size approaches the critical value, it is difficult for any existing pits on the crystal
surface to contribute to dissolution since their displacement rates are extremely
slow. In such conditions, the pits are unstable and the creation of new active pits is
difficult. At this point, the remaining solid residues are dynamically stabilised in the
undersaturated solutions, and only if sufficient time is allowed can dissolution
resume.

Further, it was confirmed by SEM imaging that the remaining dissolution residues
all had nano-sized distributions, even though the initial seed crystals used were not
uniform in size. This dissolution suppression phenomenon was also observed with

B -TCP, OCP and carbonated apatites (Tang et al., 2003b, Tang et al., 2003a).

3.4.3 Enamel Preservation at the Nano-scale

The self-inhibition phenomenon of dissolution at the nano-scale was also observed
in the in vitro demineralisation of tooth enamel (Tang et al., 2005). Dissolution of
enamel rod walls and cores at an intermediate stage of the dissolution process
showed residues of apatite nanoparticles, 100-200 nm in size, on both cores and
walls (Figure 3.13). These nanoparticles were resistant to further dissolution during

CC experiments (Tang et al., 2004c).
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Figure 3.13: Demineralisation of dental enamel rods at the cores (orange) and walls (yellow). a) well-
organised rod structures on enamel surfaces showing numerous needle-like apatites. The crystallites
in the cores are orientated perpendicular to the surface while those on the walls are inclined 10-40°.
b) crystallites become smaller during dissolution and nano-sized apatite particles are formed on both
walls and rods. c) the cores were emptied after 7 days of dissolution. d) nano-sized apatite particles
were collected from the bulk solution after subjection to further dissolution. e) SEM of the wall at
higher magnification show nano-sized apatite residues retained on the wall surfaces were protected
against further dissolution.

These studies demonstrate that the ‘size’ of the apatite crystal give biominerals
such as bone and teeth notable characteristics. The dissolution of crystallites may
be inhibited or even suppressed when their sizes fall into the same range as that of
a certain critical value — always at the nano-scale. Thus as the mineral size falls
below a critical length scale, the strength of a perfect mineral is maintained despite
structural defects, and it seems that the weakening effect of structural flaws
disappears and the crystals are preserved. This unusual dissolution phenomenon
provides a very unique perspective to the more conventional understanding of

biological demineralisation (Wang et al., 2005).
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Chapter 4

Fluoride & Enamel De- and Re-mineralisation

4.1 Remineralisation

Remineralisation is an important natural repair process, countering cariogenic
challenges, to maintain the balance between processes of enamel mineral loss and
gain. In this process, partially dissolved crystals are induced to grow by deposition
of calcium and phosphate ions from saliva. The driving force for the
remineralisation or “precipitation” of any new solid phase is the degree of
saturation of the fluid environment with respect to the enamel, i.e. the medium at
the tooth-plaque interface must be saturated with respect to the tooth mineral (ten
Cate, 1999). Fluoride promotes enamel remineralisation in demineralised areas, by
driving the precipitation of fluoridated apatite from calcium and phosphates in

saliva (Section 4.4).
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4.2 Crystal Nucleation

Nucleation and crystal growth are the two principle stages that take place in the

precipitation of a salt. Figure 4.1 describes the overall process.

Increase of salt
concentration in the
aqueous phase

4

Supersaturation

Stable
supersaturated
solution

Supersaturation NO
exceeds a

critical value

IYES

Formation of

“ supercritical nuclei,

Crystal growth

Secondary Crystallites
nucleation ‘

l Aggregation,
Formation of Coagulation

large crystals ¢ ’

and particles

Figure 4.1: Schematic representation of the stages involved in the precipitation of solids from
solutions.

The formation of a new crystalline entity from a solution begins via the nucleation
process. This is a series of atomic or molecular processes by which the atoms or
molecules of a reactant phase rearrange into a nucleus of the product phase large
enough to have the ability to grow irreversibly to a macroscopically larger size. A
stable nucleus can only form from a solution that is supersaturated with respect to
the ions in the crystal (i.e. the ionic product is greater than the solubility product for

the given crystal). Supersaturation is defined as the difference in chemical potential

between a molecule in solution and that in the bulk crystal phase:

Ap = ps- e [4.1]

where s is the chemical potential of a molecule in solution and . is the chemical

potential of the molecule in the bulk crystal. When Ap > 0 the solution is said to be
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supersaturated, promoting nucleation and/or crystal growth, whereas when Au< 0
the solution will be undersaturated promoting dissolution. Salivary fluids are
metastable or supersaturated with respect to HAp, providing a driving force for

remineralisation (De Yoreo and Vekilov, 2003).

4.2.1 Thermodynamics

The thermodynamic driving force for the formation of a stable crystal nucleus is the
free energy (AGy) released by bond formation within the crystal lattice (bulk free
energy). Opposing this is the energy required to create a solid/liquid interface
(AGs ). The greater the surface energy, the less stable is the forming cluster.
Therefore, the driving force for crystal nucleation (AGy) is the change in free energy
associated with the energy released by the formation of lattice bonds, and, the

energy adsorbed in the creation of a surface (Equation 4.2).

AGy = AGs.— AGy [4.2]

The smaller the radius of a forming cluster, the bigger is its surface area relative to
its volume. Therefore, a nucleus must attain a certain radius (critical nuclei size r*)
before the free energy released by lattice bond formation can exceed that of the
energy absorbed at the surface. Hence, the size of the nucleus will determine
whether the new mineral will grow or dissolve. Clusters/embryos greater than the
r* will tend to grow macroscopically, as additional increments release more energy.
Embryos smaller than the critical size will dissolve. Thus the r* is the nucleation
barrier that controls the probability of a nucleus forming, and can be viewed as the
rate-limiting step in crystal formation (De Yoreo and Vekilov, 2003). Figure 4.2

shows the free energy of nucleation plotted as a function of nucleus size.
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Figure 4.2: Free energy of nucleation (AGy resultant free energy) as a function of nuclei size.

4.2.2 Primary and Secondary Nucleation

Nucleation is homogeneous, in the absence of foreign particles or crystals in the
solution, or heterogeneous, in the presence of foreign particles in the solution. Both
types of nucleation are collectively known as primary nucleation. The presence of a
foreign substance decreases the surface free energy thus reducing the activation
energy and r* (at constant supersaturation), making nucleation more favourable. A
greater reduction in surface energy is observed when a good match between
substrate and the crystallising substance is achieved. When nucleation is induced by
the presence of crystals of the same substance, it is known as secondary nucleation.
This mechanism is more favourable than primary nucleation and thus can occur at
lower supersaturation. In enamel apatite nucleation, the partially demineralised
enamel crystal acts as a template for remineralisation or accretion of new apatite
lattice components (Larsen, 1986). Thus, the epitaxial growth of one calcium
phosphate phase upon another plays an important role in the remineralisation of

tooth components in vivo.
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4.2.3 Calcium Phosphate Bulk Precipitation

When the aqueous concentrations of calcium and phosphates are high, a number of
calcium phosphates with variable stoichiometries of the constituent ions may form.
The tendency for a particular calcium phosphate phase to form in aqueous
supersaturated conditions may be determined from the solubility phase diagram in
Figure 2.1. For example, low temperature and pH favours the formation of DCPD
and OCP, whereas higher pH favours HAp. Depending on the solution pH and
temperature, a number of calcium phosphate phases may initially form as
metastable precursor phases, to ultimately transform into the thermodynamically
more stable HAp. According to Ostwald’s rule of stages, this predicts that the least
stable phase having the highest solubility is formed preferentially during a stepwise
precipitation process. Therefore, the likelihood of precipitation of a particular
calcium phosphate phase is determined by the thermodynamic driving force,
whereas kinetic factors are considered important in controlling the nature and

characteristics of the solids formed (Valsami-Jones, 2004).

Biomineralisation reactions of tooth enamel is believed to proceed through
metastable precursor phases such as amorphous calcium phosphate (ACP)
(LeGeros, 2001) or octacalcium phosphate (OCP), before conversion to the
thermodynamically more stable apatite phase (Brown et al., 1987). The nucleation
rate of OCP was shown to be theoretically faster than HAp, despite the solution
being more saturated with respect to HAp. Studies carried out at physiological
conditions suggest that the initial precipitation of OCP provides a scaffold for the
nucleation of HAp, resulting in a lower energy barrier for HAp nucleation and in

turn, quicker rate of its formation (Wang and Nancollas, 2008).

4.3 Crystal Growth

Crystal growth theories are based on the considerations of surface structure.
Essentially, the growth of crystals occurs via a series of processes by which an atom
or a molecule is incorporated into the crystal surface, resulting in an increase in its
size. These processes are either transport or surface controlled, and can be

summarised into three steps (Figure 4.3):
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1. transport of building blocks to the surface on crystal terraces (step 1)
2. adsorption at a step representing the emergence of a lattice dislocation at the
crystal surface (step 2)

3. migration along the step, integration at a kink site on the step (step 3)

W/

Figure 4.3: Model to show the sequence of steps followed for the growth of crystals at a microscopic
scale. K: kink, S: step, T: terrace (Valsami-Jones, 2004).

These different steps usually occur in a series, whereby the slowest process will
control the overall crystal growth. According to the Kossel model, a number of
inhomogeneities are present on the crystal surface. These are flat terraces which
are atomically smooth, steps which separate terraces and kink sites. Kinks are
formed as a result of incomplete regions on steps, and are the sites with the lowest
energy (highest binding energy) whereas terraces are sites of highest energy
(lowest binding energies). Thus integration of growth units is most likely at kink
sites. Also, molecules that attach at the kink site make more bonds to neighboring
molecules than ones that attach to the terraces or to flat step edges, hence it is
likely to stick. Broadly speaking, crystal faces that are atomically rough i.e. contain

numerous kink sites, grow more rapidly (De Yoreo and Vekilov, 2003).

4.3.2 Crystal Growth Accelerators
Fluoride is a promoter of apatite crystal growth. During an acid challenge, the

presence of low F concentrations in the oral fluids will ensure a concurrent
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supersaturation with respect to FAp, theoretically in the pH range of 4.5 — 5.5, so
that demineralisation of enamel apatite competes with simultaneous FAp formation
(Larden and Thorsen, 1974). Hence, low levels of fluoride can accelerate
remineralisation by driving the equilibrium for crystal growth of a fluoridated
apatite mineral phase, whilst reducing net enamel demineralisation.

It should be noted that carious enamel is more reactive with fluoride than sound
enamel, as partially dissolved crystals act as “nucleators” for remineralisation.
Fluoride accelerates the remineralisation process by adsorbing to the crystal surface
and attracting calcium ions so that the newly acquired mineral is concentrated in
fluoride and excludes carbonate (Featherstone, 2008). This F—rich outer coating has
a composition somewhere in between HAp and FAp, and therefore the crystals will
behave like low solubility FAp rather than the high solubility carbonated HAp of the
original crystal surface (Figure 4.4). Thus, subsequent acid challenges must be very
strong and prolonged to dissolve the remineralised mineral (ten Cate and

Featherstone, 1991, Takagi et al., 2000).

Acid Partially

dissolved crystal

Ca?"+ PO,* + F
(remineralization)

FAp-like coating
on crystals

Figure 4.4: Schematic diagram showing remineralisation of partially demineralised crystal leads to
remineralised crystals with surfaces rich in fluoride and of low solubility.

4.4 Anti-Caries Agent

The global decline in the prevalence of dental caries has been attributable to
fluoride (F7) treatments, which is used as a key control for the prevention and
development of the disease (Featherstone, 1999). Fluoride can be found in various

forms and concentrations ranging from =0.5 to 1 ppm in drinking water (Rugg-Gunn
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and Murray, 1981), =1000 — 1500 ppm in dentifrices, 250 — 500 ppm in
mouthwashes, and >5000 ppm in gels and varnishes (Ripa, 1991). A whole range of
fluoride delivery vehicles are available for inhibiting net enamel demineralisation,
enhancing remineralisation and thus caries formation and development. The
residual amount of F~ remaining in the mouth after rinsing with fluoride-containing
product is approximately <10 % of what was originally in the product (Duckworth
and Morgan, 1991). Recently, there is a perception that ‘the more the better’ and
thus a number of products incorporate very high levels of fluoride up to 20000 ppm
F~ (Tavss et al., 1997). These products can provide short-term fluoride exposure
such as fluoride-containing gels, and longer-term fluoride release and exposure,
such as fluoride varnishes. Tooth restorative materials, in particular glass ionomer
(polyalkenoate) cements, have properties that enable relatively long periods of

fluoride release (ten Cate and Vanduinen, 1995, Mitra et al., 2011).

As caries occurs at inaccessible stagnation sites where plaque removal is difficult,
the penetration of fluoride through plaque is likely to be critical for preventing
caries progression. In effect, current models for increasing the anticaries efficacy of
fluoride now emphasise the importance of maintaining a cariostatic concentration
of fluoride in the oral fluids, in particular the fluid phase of plaque (Arends and
Christoffersen, 1990, ten Cate, 1997, Vogel, 2011). Many studies have shown the
ability of low fluoride concentrations to protect enamel from demineralisation and
enhance remineralisation. The ability of fluoride to remineralise subsurface lesions
at plaque-fluid concentrations (1-5 ppm) under demineralising conditions was

found by Lynch et al., (2006).

4.4.1 Fluoride in the Apatite Lattice Structure

In pure hydroxyapatite (Ca1o(PO4)sOH, HAp), the complete substitution of F~ for OH™
on the c-axis forms fluorapatite (Ca1o(POs)sF2, FAp). This replacement of OH™ (1.40
R) by the smaller F~ (1.36 A) forms a more stable crystal structure (section 2.3.4). In
human enamel, such complete substitution is never achieved — even in severely
fluorosed enamel. However, the F — OH exchange at the enamel surface-solution

interface is thermodynamically favourable and occurs readily even at low fluoride
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concentrations (de Leeuw, 2004). This would lead to the partial replacement of the
hydroxyl positions by fluoride in the surface enamel to form fluorohydroxyapatite
(Ca10(PO4)6(0OH),-xFx, FHAp) i.e. a mineral phase with the degree of F~ substitution
in the apatite mineral is less than that of FAp. The closer fit of F~ in the Ca (ll)
triangle results in a reduction in the volume and lattice energy of the unit cell, an

increase in crystallinity, and a reduction in the solubility of fluoridated crystals.

Moreno et al., (1974) investigated the solubility behaviour of HAp with various
levels of fluoride substitution. They reported that the stability of the lattice
structure was optimised at around 50 % substitution of OH™ groups with F, and that
this apatite phase was less soluble than pure FAp (i.e. FHAp > FAp > HAp). At around
this level of fluoride substitution in the hydroxyl column (approx. 50 %), hydrogen
bonding between neighbouring F and OH ions are maximum, thus stabilising the

lattice structure (Figure 4.5) (Van der Lugt et al., 1970).

Figure 4.5: Schematic drawing of FHAp showing H-bonding between adjacent F and OH are at
maximum with 50 % substitution of OH by F' (Moreno et al., 1974).
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4.4.2 Reaction Pathways of Fluoride
Previous research has identified several reaction pathways for fluoride with calcium

phosphate minerals in the teeth, some of which include:
1) Iso-ionic exchange of F~ with OH™ in the apatite:
Ca1g(PO4)gOH, + 2F  — Caq19g(PO4)eF, + 20H
2) Direct precipitation of FAp mineral from supersaturated solutions:
10Ca?*t + 6P0;™ + 2F™ - Ca,o(P04)eF,

3) Demineralisation/recrystallisation of apatite mineral with F~ incorporation in the

form of FAp or calcium fluoride (CaF,):
Calo(P04)60H2 + 20F - 1OCClF2 + 6P04_ + 20H™

Reaction 1 may occur via fluoride penetration into the interior of the apatite
crystals, and conversion of the enamel crystallites to FAp or FHAp by solid-state
diffusion. Because the two apatites types are iso-stuctural, the conversion of HAp to
FAp requires the diffusion of F and OH™ ions through the solid (Aoba, 1997). Solid-
state diffusion is known to be an extremely slow process under normal
temperatures and pressures. Thus, during topical applications of fluoride, the
conversion of enamel apatite to FAp probably does not occur to a significant extent
beyond the surface of the crystallites. The formation of FAp might be enhanced by a
recrystallisation process (reaction 2).

Both reactions 1 and 2 may occur during long-term exposure to low F levels in the
solution (0.01 — 10 ppm). With increasing F~ concentrations an additional chemical
reaction (reaction 3) with the formation of calcium fluoride (CaF;) begins to
dominate (100 — 10000 ppm). These concentrations are present in topicals, such as
fluoride gels and varnishes or over the counter toothpastes and mouthrinses

(Buzalaf, 2011).
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4.4.3 Apatite Bound vs. Fluoride in Solution

Although the anti-caries effectiveness of fluoride is well recognised, the dominant
‘mechanism of action’ of fluoride is still a matter of controversy. From the 1940s to
the 1970s, it was originally believed that the cariostatic mechanism of F relied
mainly on the uptake of F~ during tooth development via systemic sources (e.g.
ingestion of fluoride). This would promote the formation of FHAp at the enamel
surface, and would therefore increase the resistance of the tooth to acid dissolution
(Brown et al., 1977, Featherstone, 1999). In non-fluoridated areas, this is typically
around 2000 ppm (6 % replacement of OH™ by F in surface enamel), and 3000 ppm
(8 % replacement of OH™ by F in surface enamel) in fluoridated areas. However,
these concentrations decline considerably after the first 10 — 20 um of the enamel

surface enamel to around 50 -100 ppm (Isaac et al., 1958).

More recent views are that fluoride incorporated developmentally into the normal
tooth mineral is insufficient to have a measurable effect on acid solubility (ten Cate
and Featherstone, 1991). Moreover, even high levels of incorporated F~ (e.g. 1000
ppm) in the outer few micrometers of enamel are not directly responsible for the
anti-caries effect of fluoride. In an oral human caries model, it was found that shark
enamel consisting of almost pure FAp, had a limited resistance to acid attack.
Conversely, fluoride in solution (NaF rinse) surrounding the apatite crystals
exhibited a much higher degree of enamel protection (@gaard et al., 1988). Even the
presence of sub-ppm concentrations of F in solution surrounding enamel crystals
can significantly protect dissolution of tooth mineral by acid (Yamazaki et al., 2007).
Thus currently, the predominant caries-preventive mechanisms of action of F are
thought to be post-eruptive through ‘topical’ effects, including 1) inhibition of
demineralisation and 2) enhancement of remineralisation at the crystal surfaces.
These ‘topical’ sources of F include drinking water, milk and oral-healthcare
products. However, this concept does not invalidate that F rich mineral is still
considerably more resistant to demineralisation than F deficient mineral. It has
been reported that apatically bound F™ in the lesion area can result in the following

effects (Chow, 1990):
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= reduction of tooth mineral solubility
= reduction of mineral diffusion from lesion

= interactions between structurally bound and ambient fluoride

4.4.4 Oral Fluoride Reservoirs

It is now widely believed that small but protracted elevations of oral fluoride
concentrations are the predominant means by which fluoride exerts its anticaries
effects. Typically, fluoride pharmacokinetic studies have focused on fluoride
disposition in saliva, whole plaque and plaque fluid. Since caries initiation
progresses beneath a layer of cariogenic plaque, it is the fluoride concentration in
plaque, and specifically the plaque fluid (i.e. the extracellular phase of plaque in
intimate contact with the tooth surface) that has the major influence on de- and
remineralisation. However, it is important to consider the route that fluoride
follows from toothpaste to this plaque fluid.

Duckworth and Morgan (1991) found that following a single brushing with F
toothpaste, the salivary fluoride level decreased in two distinct phases. There was
an initial rapid phase (40-80 minutes) followed by a slow phase that lasted for
several hours, during which fluoride concentrations remained elevated compared
with baseline concentrations. It was thought that this bimodal clearance behaviour
was the result of rapid clearance of the so-called ‘loosely-bound’ fluoride followed
by slow but sustained release of fluoride from an oral reservoir, and that repeated
regular brushing led to elevated baseline fluoride concentrations. Zero et al., (1992)
proposed that the oral mucosal tissues are the major oral fluoride reservoir. They
reported that the salivary fluoride concentrations following applications from
toothpaste were, if anything, higher in edentulous subjects, when compared to
dentate subjects, suggesting that the teeth play only a minor role. A likely
explanation lies in the findings of Collins and Dawes (1987), who measured the
relative surface area of teeth and oral mucosa in the mouth. The total surface area

of the oral mucosal tissues was substantially greater than surface area of teeth.

However, as stated above, it is the fluoride concentration in plaque fluid that

ultimately influences caries. While only a small amount of fluoride is delivered
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directly to the plaque during application (Watson et al., 2005), data from intra-oral
studies, where the enamel insert was removed from the mouth during brushing
with F toothpaste and yet still underwent substantial remineralisation, suggest that
the residual concentrations of fluoride in saliva are responsible for elevated
concentrations of fluoride in plaque and subsequent fluoride efficacy (Zero et al.,
2014, Lynch, 2014; Personal Communication). This proposition is supported by the

observation that fluoride concentration in plaque fluid and saliva correlate well.

Broadly speaking, there appear to be two types of plaque fluoride reservoir: 1)
mineral deposits, in particular CaF, or CaF,-like deposits; 2) bacterially bound
calcium-fluoride (Ca-F) deposits. There seem to be two schools of thoughts
concerning the potential role of CaF,; 1) CaF, deposits formed on the surface of
teeth and within plaque serves as a potential F~ reservoir for FAp formation; 2) CaF,
is an undesirable ‘labile’ form of fluoride with reduced efficacy for caries
prevention. The stability of CaF, has long been a matter of debate. Under cariogenic
conditions, CaF, solubility is not influenced by pH to any meaningful degree, unlike
HAp and FAp, whose solubility’s are strongly pH dependent. This would suggest that
CaF, is an effective cariostatic agent — as CaF, could act as a protective barrier on
enamel surfaces. However, since caries formation is a slow and gradual process,
enamel must be protected continuously against demineralisation and CaF; is
speculated to be far more soluble under normal oral pH conditions. Based on the
free calcium ion concentration in the resting oral fluids, Vogel (2011), suggested
that, theoretically, CaF, deposits should dissolve rapidly in oral fluids within a short
period after the topical applications of a fluoride dentifrice (Larsen and Pearce,
2003). Further, Vogel et al. (2010) demonstrated that “CaF,-like” deposits did not
form in plague following applications of a sodium fluoride mouthrinse (228 ppm
[F7]), and if formed they were rapidly lost. More recently, it was reported that a
calcium rinse used before a fluoride rinse would induce the formation of “CaF,-like”
deposits in human dental plaque (Vogel et al., 2014). Therefore, increasing the
calcium concentration in plaque can enhance the formation of CaF,-like deposits.

From the aforementioned studies, it seems rather unlikely that calcium fluoride
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deposits forms from a standard fluoride 1400 ppm toothpaste, but would be more
likely to form from high fluoride containing dentifrices like fluoride gels and

varnishes.

The retention of CaF, is probably far shorter than the average time required for the
development of caries and one view is that the protection provided by CaF, is
“short-term” with limited effectiveness (Gron, 1977). Further, the release of F~ from
CaF; reservoirs during an acid challenge is also questionable as CaF,is quite stable
at low pH. It is widely accepted that fluoride ions in solution surrounding enamel
provides substantial protection against dissolution (see section 3.3.3).

The term “calcium-fluoride-like” is used to describe CaF, containing phosphates, not
only on the surface, but also inside the crystal which is thought to improve its
durability (@gaard, 2001). Further, these phosphate-containing CaF, is speculated to
be far more soluble than pure CaF,, and to release fluoride at a moderately rapid
rate than pure CaF,at low pH conditions. In fact many studies propose that CaF,-
like deposits are the most labile source of fluoride and may act as a pH-controlled

reservoir for fluoride (Larsen and Ravnholt, 1994).

A model proposed by Rose and co-workers (1996) described biological reservoirs of
fluoride, in which F is held to bacteria or bacterial fragments via Ca-F bonds. An
important feature of this model is that fluoride breaks the bi-dentate inter- and
intracellular bonds between calcium and bacteria. The addition of F~ was seen to
break calcium bonds and expose new binding sites resulting in an increase in F and
Ca’* uptake. It was demonstrated that the bacterial Ca-F binding was quite unlike
the binding of fluoride by the mineral deposits. This was a continuous function of
the [Ca®'] and [F] which is also dependent on the number of binding sites on the
bacteria and pH. At low pH, the increase in H* displaces Ca®* and F which in turn

releases fluoride ions into the oral fluids.
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Chapter 5

Zinc Interactions with Dental Enamel and HAp

5.1 Introduction

Zinc salts are commonly formulated into oral health products as a key active
ingredient for reducing malodour, and controlling plague and calculus formation
(Harrap et al., 1983, Phan et al.,, 2004). Oral malodour (halitosis) arises from
bacterial metabolism of proteins in saliva, sloughed oral tissue and food debris
which results in the formation of amines, alcohol and particularly volatile sulphur
compounds such as hydrogen sulfide (H,S) (Young et al., 2001, Young et al., 2003).
Zinc salts are extremely effective in reducing H,S through chemical neutralisation
(Bradshaw et al., 1993). The antibacterial action of zinc salts is due to their ability to
inhibit bacteria adhesion, metabolic activity and growth (Saxton et al., 1986, Young
et al., 2003, Fedorowicz et al., 2008). Additionally, zinc is known to inhibit the
crystal-growth of hydroxyapatite (HAp) and its precursors dicalcium phosphate
dihydrate (DCPD) and octacalcium phosphate (OCP) (Chow and Eanes, 2001). This
ability of zinc to modify the crystal-growth pathways of calcium phosphates has
been exploited to control calculus formation (LeGeros et al., 1999). A mechanism of
adsorption or incorporation of zinc ions into the lattice structure has been

proposed.

5.2 Zinc in the Human Body

Zinc is one of the most abundant of the essential trace elements in the human

body. Its concentration in soft tissues is in the same range as that of iron (Schroeder
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et al., 1967). The human body contains about 2 g of zinc, of which approximately
60 % is found in muscle tissue, 30 % in bone and 5 % in skin (Thomas, 1988). Zinc is
essential for growth and development in humans (Burch et al., 1975) and has
functions in enzyme regulation, cell division, and bone formation (Report, 1973,
Christianson, 1991). It is a critical component of several hundred enzymes and
proteins (Sandstead, 1994). The human body can be exposed to extrinsic zinc
through both environmental and dietary factors. Protein-rich foods such as meat
and marine organisms contain high concentrations of zinc (10 — 50 mg/kg wet
weight), whereas grains, vegetables and fruits are low in zinc concentration (below
5 mg/kg) (Trumbo et al., 2001). Uptake and release of zinc are mediated by the
bone reservoir.

Zinc has stimulatory effects on bone formation in vitro and in vivo and inhibitory
effects on osteoblastic bone resorption in vivo (Yamaguchi et al.,, 1987).
Furthermore, zinc can promote bone metabolism and growth, increase bone
density and inhibit mineral loss in bone. Trace amounts of zinc substituted into HAP
can improve the composition of synthetic HAp to enhance its solubility, bioactivity

and osteoinductivity (Yamaguchi and Yamaguchi, 1986).

5.2.1 Zinc in the Teeth

Zinc is naturally present in the teeth, saliva and dental plaque. It is one of the many
trace elements present in human teeth and shows a distribution pattern similar to
that of fluoride and lead (Robinson et al., 1995). Zinc is present in smaller quantities
in the bulk of enamel, between 100 — 300 ppm, while it can be found in higher
concentrations, between 400 — 2000 ppm at the enamel surfaces. Cross-sections
analyses of the tooth crown show the highest zinc concentration in the enamel
surface layer, and this decreases towards the EDJ.

Prior to eruption, relatively large amounts of zinc are incorporated into enamel.
After eruption, the zinc concentration at the enamel surface increases further,
suggesting that some incorporation does occur during post-eruptive exposure to

the oral fluids (Brudevold et al., 1963). Generally the zinc content declines markedly
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with ageing in a similar fashion to fluoride (Weatherell et al., 1972, Weatherell et
al., 1973).

A zinc concentration gradient also exists in the dentine with a higher concentration
occurring near the pulp, where zinc concentrations increase sharply and approach

levels of external enamel.

5.2.2 Zinc in Dental Plaque, Calculus and Saliva

Zinc is found naturally in dental plaque and saliva. In the literature, the
concentration of zinc has been reported for both wet and dry plaque, which makes
comparison between reported values difficult. In a literature review, Lynch (2011)
reported values for background concentrations of zinc in saliva and plaque. The
reported values for ‘dry’ plaque was between = 6 ppm — 31 ppm [Zn?'], these values
were reduced sevenfold to facilitate comparison (Lynch, 2011). The difference in
concentrations between the dry and wet plaque is permissible assuming that drying
increases the apparent concentration (Tatevossian, 1978, Agus et al., 1980,
Duckworth et al., 1987). The reported values for saliva ranged between 0.014 — 0.2
ppm (Bales et al., 1990, 6zdemir et al., 1998, Watanabe et al., 2005, Burguera-Pascu
et al., 2007). Zinc also exists in small amounts (up to 500 ppm) in human dental

calculus (Knuuttila et al., 1980).

5.3 Anti-Plaque/Calculus Effects of Zinc

The mechanistic action of zinc in reducing plaque growth is thought to occur by zinc
binding to the oral bacterial surface and altering its surface potential to reduce the
bacterial adhesion to teeth (Skjorland et al., 1978). Or, zinc could inhibit bacterial
acid production in plaque (Oppermann et al., 1980, Oppermann and Rélla, 1980,
Harrap et al., 1983) by altering the metabolic activity of the oral bacteria hence
reducing bacterial growth (Afseth, 1983, Afseth et al., 1983a, Afseth et al., 1983b,
Saxton et al., 1986, Hall et al., 2003).

Calculus is essentially an incrustation on the surfaces of teeth consisting of plaque
that has become hardened by the deposition of mineral salts. Therefore by

inhibiting plague growth (see section 3.1.2), zinc can also reduce the base matrix for
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calculus formation. Zinc exhibits anti-calculus/tartar properties by acting as a
‘crystal poison’ and inhibiting further growth of calcium phosphate minerals. It does
this by adsorbing to the surface of the growing crystal and restricting the
attachment of calcium ions (Gilbert and Ingram, 1988). At relatively low
concentrations and below a pH-threshold, zinc inhibits the crystal growth of HAp
and its precursors, DCPD and OCP. At higher concentrations and above a pH-
threshold, zinc promotes the formation of ACP and B-TCP. These effects of zinc
were reported to be both pH and concentration dependent (LeGeros et al., 1999).

The binding of zinc to calcium phosphate crystals has been proven to be reversible
and can be inhibited by raising the local calcium ion concentration (Brudevold et al.,
1963). This suggests that calcium can compete for binding sites in the crystal lattice

to displace zinc.

Mouthwashes containing zinc salts were first reported to reduce dental plaque
growth in the early 1970s (Picozzi et al., 1972, Fischman et al., 1973), whereas the
role of zinc as a suppressor of calculus formation was established in later work
which emphasised the importance of the use of high zinc concentrations and
sufficient frequency of applications for this effect (Harrap et al., 1984). Prolonged
retention of zinc in the mouth was suggested to be critical for its activity (Bonesvoll

and Gjermo, 1978, Afseth et al., 1983a),

5.3.1 Zinc Salts used in Toothpastes and Rinses

Zinc citrate and zinc chloride are the two commonly used salts for anti —
plaque/calculus activity. They are usually used in combination with tricolsan or
stannous salts or on their own. The chloride salt is readily soluble, whereas the
citrate salt is only sparingly soluble. Zinc salts are strongly astringent and their
metallic taste is difficult to cover. In dentifrices, zinc citrate is used up to 2 % w/w,
whereas zinc chloride’s upper limit is approximately 0.5 % w/w. Zinc salts are
incompatible with condensed phosphates, as the resulting zinc phosphate would be
insoluble. Studies show that the clinical effectiveness of zinc chloride (0.2 — 2.0 %)
at reducing calculus in toothpastes was 40 — 50 %, whereas for zinc citrate

(0.5 —-2.0 %) this was 14 — 50 % (Loveren, 2013).
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5.3.2 Bioavailability of Zinc in Saliva and Plaque

100

=
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Zinc concentration/ppm

0.1 t/min

Figure 5.1: Salivary clearance of zinc (Lynch, 2011).

For zinc to exhibit its anti-plaque/calculus properties, it must be present at the site
of action at an effective concentration for sufficient time in the oral cavity.
Accordingly, zinc pharmacokinetic data for both plague and saliva, following
applications from toothpastes and rinses, have been well documented (Ozdemir et
al., 1998). There are differences in experimental protocols (e.g. different zinc salts,
doses and rinsing regimes) all of which may affect zinc delivery and release,

however despite this, some general trends can be acknowledged.

Good oral substantitivity was shown by Gilbert and Ingram (1988), who
demonstrated that following application of zinc from a toothpaste, of the remaining
30 % remaining in the oral cavity, only a further 6 % was removed by rinsing three
times (Gilbert and Ingram, 1988). Other studies have also confirmed the retention
of a relatively large dosage of zinc in the oral cavity following application, with
reported values typically between 15 — 40 % (Harrap et al., 1984, Tanwalker and
Gilbert, 1989). Figure 5.1 shows that the salivary clearance of zinc occurs in a bi-
modal fashion, with relatively high post-application concentrations falling rapidly
over 30 — 60 minutes, after which low concentrations (quite significantly elevated
compared to baseline values) may persist for many hours. A similar pattern is seen

in plaque, but elevated concentrations may persist for at least 12 hours after
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application (Addy et al., 1980). Repeated application of zinc has shown a build-up

effect occurs in plaque, as for fluoride.

5.4 Mechanistic Interaction between Zinc and HAp

In the HAp lattice, the calcium sites are where metal cations are usually thought to
substitute. The smaller ionic radius of zinc, as compared with that of calcium,
enables it to compete for cation positions in the apatite crystal lattice (Brudevold et
al., 1963). However, it is not clear what the selection criteria is which determines
the choice between the two structurally different Ca (I) and Ca (ll) sites. Wherever
the substitution, it is inevitable that the physiochemical and structural properties of
HAp (e.g. lattice constants, crystal sizes, crystallinity, solubility and thermal stability)
will be altered by the presence of foreign metal ions. This occurs not only as a result
of the size of the substituting ion, but also due to the amount of substituting metal
ion. The replacement of calcium with the smaller zinc ion is believed to distort the
lattice structure, and could possibly introduce a Ca* vacancy to lower the (Ca+Zn)/P
molar ratio (Bigi et al., 1995).

In dental enamel, the presence of a high carbonate (CO5%) content and deficiencies
in calcium in the apatite lattice structure could affect the mechanistic action of zinc

and influence its site of binding.

5.4.1 Incorporation of Zinc in HAp through Crystallisation

Experimental studies investigating the effect of zinc incorporation into HAp
structure (Ingram et al., 1992, Bigi et al., 1995) are made complex by the fact that
not only can zinc potentially substitute into two different Ca sites, but zinc can also
occur in multiple coordination environments. Many studies have investigated the
synthesis of zinc-substituted HAp via wet-chemistry precipitation routes (Miyaji et

al., 2005).
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Figure 5.2: Schematic figure for the structure of Zn-doped HAp, where yellow, blue, red, black, green
and grey refer to calcium 1 site, calcium 2 site, oxygen, hydrogen, zinc and phosphate groups
respectively (Tang et al., 2009).

Tang et al., (2009) investigated the local coordination structure of zinc substituted
into HAp during a wet synthesis procedure, using theoretical modelling. They
suggested that zinc prefers calcium sites to phosphorus sites as the Ca+Zn/P ratio
was 1.67, the same as pure phase HAp. Also, they proposed that zinc energetically
favours the Ca (ll) sites over Ca (l), in a tetrahedral coordination, and bonds to one
hydroxyl group and three adjacent phosphate groups (Figure 5.2). One could argue
that the Ca () site exists in 7-fold geometry (see Section 2.2) in the HAp lattice, and

that it would be unfavourable for zinc to adopt this configuration.

In the synthesis of HAp via a direct wet-chemistry precipitation route, Bigi et al.,
(1997) reported that the presence of zinc in solution inhibited the crystal growth of
HAp. However, the formation of an amorphous phase was observed which
contained only a maximum of 25 mol% zinc concentration. In this phase, it
appeared that zinc preferred the crystal structure of B-tricalcium phosphate (B-
TCP), which formed at high temperatures and at low pH (5 or 6) conditions. The
lattice parameters showed a contraction in the unit cell relative to pure B-TCP, and
this would suggest a partial substitution of calcium by zinc ions. Strontium on the

other hand, was observed to enter the crystal structure of B-TCP up to 80 mol%,
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causing a linear enlargement of the unit cell, which is in agreement with its greater

ionic radius compared to that of calcium.

LeGeros et al., (1999) studied the effects of incorporating low concentrations of zinc
in the apatite structure, and in agreement with Bigi and co-workers (1997), they
also found an evident reduction in the degree of crystallinity of the apatite phase, in
which the structure could not host large amounts of zinc. It was assumed that the
presence of zinc ions affects the type and amount of calcium phosphate phases
formed. At low concentrations, zinc inhibited the crystal growth of DCPD, OCP and
apatite phases; and, at higher concentrations, promoted the formation of
amorphous calcium phosphates, or Zn-substituted B-TCP depending on the reaction
pH and temperature.

Miyaji et al., (2005) reported that zinc-substituted apatite could only be formed at a
limited zinc fraction (up to 15 mol% maximum). The X-ray Diffraction (XRD) data
confirmed that apatite peaks became broader with increasing Zn fraction, indicating
the formation of smaller crystals. At 70 mol% Zn, only a parascholzite

(CaZn;,(P0O4),.2H,0) phase was observed.

The size and amount of the substituting ion will affect the lattice parameters.
Several studies have observed contractions in the a and c lattice parameters with
increasing zinc fraction in the HAp structure, which is a reflection on the smaller
ionic radius in Zn®* (0.074 nm) than in Ca®* (0.099 nm). Consequently, a reduction in
the crystallinity is observed with zinc-substituted HAp, and the general crystallite
size is noticeably smaller (Miyaji et al., 2005). The possibility of small amounts of
zinc substituting for calcium is feasible, but it would seem that the majority is
situated at the surface or is present in the amorphous phase. Some authors
disagree with the concept that zinc substitutes for calcium sites in the HAp
structure, rather propose that the majority of zincadsorbs to HAp crystal surface
inhibiting its crystal growth and consequently forming smaller crystals (Wang and

Nancollas, 2008).
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5.4.2 Crystal Growth Inhibitor

Zinc is also known as a ‘crystal poison’ for its ability to inhibit HAp crystal growth by
adsorption processes on HAp surfaces and subsequent blocking of the active growth
sites. In constant composition studies of HAp crystal growth affected by Zn** and
Mg2+, the adsorption of Mg2+ continued with increasing concentrations and
eventually reached a plateau with very little further uptake. In contrast, Zn**
binding increased monotonically with increasing concentrations beyond the point of
monolayer coverage. This was attributed to a Langmuir — type adsorption of the
additive at active growth sites on HAp surfaces, thus altering nucleating properties
and inhibiting crystal growth. Above 1 ppm zinc in solution, the formation of
hopeite (a-Zn3(P0O,),.4H,0) was observed to dominate the surface properties
blocking active growth sites (Fuierer et al., 1994). At low pH conditions especially,
adsorbed zinc can promote the precipitation of hopeite as the dominant uptake

mechanism with increasing zinc concentration.

In general, growing crystals have steps present on their surfaces, which usually
originate from a source such as imperfections or dislocations in the crystal lattice.
The steps move away from the source leading to the growth of crystals by layers.
However, the presence of a trace amount of impurities, such as Zn*, may inhibit or
terminate crystal growth processes by acting at key growth sites on the crystals. It is
possible to “poison” the kinks which have a dramatic effect on crystal growth
kinetics. The adsorption of the impurities and their specific effect on growth
processes depends on the chemical bonds between the impurity, the solvent and
the surface. The forming bond controls whether the impurity will ultimately adsorb
on terraces, steps or kinks. Figure 5.3 shows that surface adsorbed impurities
reduces the rate of crystal growth by hindering the movement of steps on the

crystals.
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Figure 5.3: Surface structures on an idealised crystal face: kinks (K); steps (S); terraces (T). Adsorbed
impurities at each of these sites are illustrated (Valsami-Jones, 2004).

5.5 Effect of Zinc on Apatite Dissolution

In experimental studies modelling biological apatites, synthetic carbonated
hydroxyapatite (CHA) (at 2 — 4 %) is used as an analogue for dental enamel. Mayer
and Featherstone (2000) reported that the dissolution rates of zinc-containing CHA
was markedly lower than the absence of zinc in the apatite structure. This effect of
zinc was observed within 5 % carbonate content in the apatite structure, which is
the amount typically present in biological apatites. In the precipitation reaction of
CHA, zinc was thought to substitute at the calcium position in the apatite structure.
It was suggested that the incorporation of zinc into carbonated apatite reduced the
crystalline disorder, and promoted the formation of larger crystals with fewer

structural defects.
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5.5.1 Interactions of Zinc and Fluoride with Enamel

The incorporation of a combination of F~ and Zn** into the HAp crystal lattice was
more effective in reducing the paracrystalline disorder caused by carbonate
inclusion, when compared with fluoride alone, or to other combinations of fluoride
and other metal ions (Featherstone and Nelson, 1980). However, given
concentrations found in the mouth, it is not clear if sufficient zinc would be
incorporated to achieve a similar effect. When carious enamel lesions were
remineralised under simulated plaque-fluid conditions, in the presence of zinc and
fluoride, they contained relatively little zinc (Lynch et al., 2011), and in the region of
maximum remineralisation, only background concentrations were found, suggesting

displacement of zinc by calcium.

Alternatively, a synergy between zinc and fluoride in enhancing remineralisation
was proposed. This involved the idea of zinc maintaining surface zone porosity (see
section 3.1.1), under conditions that would otherwise leads to F-induced lesion
arrest, by blocking active growth sites facilitating the prolonged ingress of fluoride
mineral into deeper parts of the lesion (Lynch et al., 2011). Lippert, (2012), also
reported this synergistic action between zinc and fluoride that enhanced deeper
lesion remineralisation, however this effect was only observed for a combination of
low zinc and high fluoride concentrations. They specified that ‘Zn — not just F — was

driving the remineralisation process’.

Fluoride exerts its cariostatic effects predominantly via retarding demineralisation
and promoting remineralisation of dental enamel. Whilst the interactions between
fluoride and enamel are well established, for zinc it is not so clear. Zinc is able to
inhibit both demineralisation and remineralisation of hydroxyapatite. As mentioned
previously in Sections 5.4.1 and 5.4.2, zinc inhibits crystal growth of HAp and its
precursors OCP and brushite, however promotes deposition of more soluble
calcium phosphate phases such as amorphous calcium phosphates (Legeros et al.,
1999). Brudevold et al. (1963) established long ago that zinc reduces the solubility
of enamel, whereas more recently, data from a pilot study on the effect of

physiologically-relevant zinc concentrations, added to acid-gel demineralising
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systems, showed that zinc reduced demineralisation markedly (Lynch 2011).
Further, an in situ study demonstrated a reduction in enamel demineralisation with

the use of zinc-containing fluoride toothpastes (ten Cate, 1993).

Thus, similar to fluoride, zinc has the potential to modify the so-called ‘caries
balance’ in a number of ways. However, in a rat caries study, zinc did not impair the
anticaries effect of fluoride (Ingram et al., 1984) and subsequently, in a 3-year caries
clinical trial, when zinc was added to fluoride toothpastes containing 1000, 1500
and 2500 ppm fluoride (as sodium monofluorophosphate, SMFP) the same finding
was reported, with zinc having no effect on caries, either positive or detrimental, at
any of the fluoride concentrations, when compared to the non-zinc control
toothpastes (Stephen et al.,, 1988). However, the zinc toothpastes did reduce
calculus formation during the same trial (Stephen et al., 1987), suggesting that
remineralisation should also have been affected. Ripa et al., (1990) reported that
during a further caries clinical trial, there was no significant difference in anticaries
effectiveness between two anticalculus toothpastes, both of which contained zinc,
one containing fluoride as SMFP and the other as sodium fluoride, and an SMFP

control toothpaste.

An apparent contradiction exists between clinical and in vitro findings, and
therefore more work is needed to understand the possible effect of the use of zinc-

containing toothpastes on caries.
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Chapter 6

Scanning Microradiography (SMR)

Scanning microradiography (SMR) is an X-ray attenuation technique which was
originally developed by (Elliott et al., 1981) to improve conventional (contact)
microradiography. SMR has evolved to become a directly quantitative technique,
allowing precise measurements in mineral mass and is one of the main techniques
used in this research to carry out a range of dissolution studies, particularly in

relation to the physico-chemical mechanisms of dental caries.
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Figure 6.1: Schematic of SMR X-Y scanning stage with SMR cells circulating solutions. An X-ray beam is
fixed on a specimen and the attenuated X-ray photon is detected by a photon counting detector.
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The SMR system apparatus is comprised of three main entities: X-Y scanning stage
which holds the environmental cells containing the samples, X-ray detector and X-

ray generator. Figure 6.1 is a schematic of the current apparatus.

In this chapter, the underlying principles of SMR, which include the nature of X-rays,

its production, attenuation through sample and detection, are described in detail.

6.1 Principles of X-rays

X-rays are electromagnetic radiation of high energy and extremely short
wavelengths of around 0.1 nm (Figure 6.1). For all X-ray techniques, the common
entity is the controlled X-ray beam of known energy and quantity. X-ray diffraction,
X-ray spectroscopy, computed tomography and microradiography are just few of

the X-ray techniques used in research and diagnostic radiology today.

In the complete electromagnetic spectrum, X-rays occupy the region between
gamma and ultraviolet rays (Figure 6.2). Electromagnetic radiation is described as
periodic cyclic waves that contain both electrical and magnetic fields with
amplitude (peak value from the average) and period (time between repeating
portions of the wave). The length of time that 1 cycle occupies is the period. The
number of cycles per second (s1) is the frequency, f, and frequency and period are
inversely equal f = 1/period. Electromagnetic radiation travels at a velocity, C, of 3.0
x 10® ms ™t in a vacuum, but will vary slightly in other materials. Wavelength, X, is the
distance travelled by 1 cycle (10° m). C = Af describes the relationship between

velocity, frequency and wavelength (Seibert, 2004).
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Figure 6.2: Electromagnetic spectra
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6.1.1 Nature of X-Rays

According to the classical theory, electromagnetic radiation is considered as wave
motion. However in quantum theory, electromagnetic radiation can also be
considered as a stream of particles called quanta or photons (Cullity, 1978). Each
photon has associated with it an amount of energy hv, where h is Plank’s constant
(6.6 x 10°* Js). X-rays are known as ionising radiation because an X-ray photon with
sufficient energy can interact with and remove electrons bound to an atom. X-rays
are created as a result of energy conversion by interactions outside of the atomic

nucleus.

6.2 X-Ray Production

Laboratory generated X-rays are usually obtained using impact sources, in which
electrically charged particle of sufficient kinetic energy (usually electrons) are
subject to rapid deceleration. The X-ray radiation is produced in an X-ray tube that
contains two metal electrodes, a heated tungsten filament (source of electrons) and

a metallic target (Seibert, 2004).

Heated filament Electron are accelerated by

emits electrons by high voltage
thermionic emission

anode (+)

5 X-rays produced when high
; speed electrons hit the metal
target

Figure 6.3: X-ray tube

Figure 6.3 shows the cathode and anode are situated a small distance apart in a

tube housing called the insert, made of either glass or metal.

Cathode: Also known as the source, is the negatively charged electrode typically
made of a tungsten filament that produces free electrons as a result of heating by

electrical resistance.
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Anode: the anode is a target embedded in a copper block that is usually cooled. It is
the positively charged electrode where the free electrons strike to subsequently
produce X-rays. The target material consists of an element that has a high atomic
number, high melting and low vapour pressure. This is imperative as heat is

produced when electrons are stopped at the target surface.

The steps involved in X-ray production are:

1) Activation of the filament circuit. This causes intense heating of the filament
due to its electrical resistances, and a process known as thermionic emission
releases electrons.

2) X-ray generator supplies a high voltage (50-150 kV) to the cathode and
anode in the X-ray tube.

3) Upon activation, electrons are immediately accelerated to the electrically
positive anode. Each electron carries a kinetic energy (in keV) equal to the
applied tube voltage.

4) X-ray production occurs when the highly energetic electrons interact with

the target (Seibert, 2004).

6.2.1 Electron Impact X-Ray Source
When the accelerated electrons collide with the target, they are capable of
producing two different types of radiation; bremsstrahlung and characteristic
(Figure 6.4) (Cullity, 1978).
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of X-rays
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Figure 6.4: X-ray spectrum of tungsten target showing continuous and characteristic radiation.
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Bremsstrahlung Radiation

Bremsstrahlung radiation results from the deceleration of electrons in the vicinity of
the electric field of an atomic nucleus of the target. The kinetic energy lost is
converted into a photon with equivalent energy. If the interaction of the electron
with the nucleus is in close proximity, there is a greater deceleration of the electron
resulting in higher X-ray photon energy. Maximum X-ray energy is possible only if
the incident electron loses all its kinetic energy when hit by the nucleus, but note

this occurs in extremely rare instances (Cullity, 1978).

Characteristic Radiation

Characteristic radiation is emitted from heavy elements via transition of electrons
with lower binding energies to fill vacancies in the inner shell (Seibert, 2004). The
electron-impact ionisation of atoms in the target with an incoming electron of a
high energy can result in an inner shell vacancy. This interaction leaves an
energetically unstable atom. In order to regain stability, an outer electron with a
lower binding energy will readily occupy the vacancy, releasing a photon of energy
corresponding to the energy difference between the two shells. The emitted X-ray
radiation is always characteristic of the atom from which it emanates, and the

energy levels. Some of these energy transitions are illustrated in Figure 6.5.
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Figure 6.5: Representation of the electronic structure of an atom and some characteristic energy
transitions.
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6.3 X-Ray Interaction with Matter

X-rays commonly interact with matter by elastic scattering (coherent), inelastic

scattering (incoherent), or photoelectric absorption (Seibert and Boone, 2005).

Photoelectric Absorption

Photoelectric absorption involves the interaction of an incident X-ray photon with
an inner shell electron in the absorbing atom that has a binding energy similar to
but less than the energy of the incident photon. The incident X-ray photon energy is
transferred to the electron, resulting in the ejection of the electron from its shell.
The vacant inner orbital is subsequently filled with an electron from the outer shell,
producing a characteristic X-ray equal to the energy difference of the two atomic

shells.

Rayleigh scattering

Rayleigh scattering includes both coherent and elastic scattering, in which incident
X-ray photon interact with strongly bound electrons (inner shell) resulting in the re-
emission of the photon with no loss in energy. This is simply because the incident
photon energy is much less than the binding energy of the electron in the atom.
Therefore the energy of the electron is temporarily raised without it being removed

from the atom.

Compton Scattering

Compton scattering includes both incoherent and inelastic scattering. This
interaction results in the total or partial transfer of incident X-ray photon energy to
a loosely bounded electron. Typically, there is re-emission of a photon of lesser
energy. Partial energy transfer to the electron causes a recoil and removal from the

atom at an angle.

Pair Production

Pair production can only occur for high-energy incident X-ray photons greater than
1.02 MeV. The interaction of the incident photon with the electric field of the
nucleus results in the conversion of energy to electron (e”)—positron (e*) charged

particles. Any photon energy excess of 1.02 MeV is transferred to the kinetic
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energy of the e /e” pair equally. This is a case of energy being converted to mass.

This interaction is not very common or relevant in this study.

The occurrences of these mechanisms will be dependent upon the energy of the
incident X-ray photon and the nature of the target material (Seibert and Boone,
2005). In the SMR studies, the incident photon energy is predominantly AgKa (22.1
keV) and the specimen is either enamel or HAp. Under these conditions, the

predominant interaction will be photoelectric absorption.

6.3.1 X-Ray Beam Attenuation

The term attenuation refers to the decreases in the beam intensity (or flux of
photons) due to the presence of a material in the X-ray path (Seibert and Boone,
2005). This interference in the X-ray path results in the incoming X-ray photons to
lose its energy in the material through absorption and scattering. In absorption, the
energy of the X-ray photon is transferred to the atoms of the material, whereas in
scattering the X-ray photon continues with a displacement in direction with or
without a loss in energy.

The absorption and scattering of attenuating X-rays at energies used in the

laboratory is affected by three main factors:

= The energy of the incoming X-ray photons
= The density and nature of the attenuating material

=  The atomic number (Z) of the material

The amount of attenuation due to material is obtained by measuring the incident
(lo) and transmitted (I) beam intensities, or photon counts per unit time. For
materials of a homogeneous composition subjected to monochromatic X-rays, an
exponential relationship between the incident and transmitted beam energies as it

passes through the medium is expressed by the Beer-Lambert Law (Cullity, 1978):
I = Ioe_“x [6.1]

Where x is the thickness of the medium in the X-ray path and u is the linear

attenuation coefficient (LAC). The LAC describes the probability of absorption or
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scatter of an X-ray photon of a given energy per unit thickness the material (Figure

6.6) and typically expressed in units of cm™* (Gerward, 1993).

Iy /

Figure 6.6: Attenuation of a monochromatic X-ray beam of Intensity (lo) by a homogeneous
material of thickness x.

A large attenuation coefficient shows that the beam is quickly ‘attenuated’ as it
passes through the medium, whereas a small attenuation coefficient shows that the
medium is relatively easier for the beam to pass through. For example in water, the
linear attenuation for water vapour is much lower than it is for ice because the
molecules are more dispersed in vapour and therefore the probability of a photon

encounter with a water particle is less.

At a given photon energy, the LAC can vary significantly for the same material if it
exhibits differences in physical density. The mass attenuation coefficient (MAC), up,
compensates for these variations by normalising the linear attenuation by the
density of the material. The MAC describes the attenuation per unit area density of

material (Gerward, 1993):
— H
u L [6.2]

where W is the LAC, and p is the density of the material. It is typically expressed in
units of cm?g’. Values for the MAC (up) for various characteristic wavelengths are
reported in the International Tables for Crystallography (Creagh and Hubbell, 1992).
It is necessary to know the MAC of a substance containing more than one element.
For a substance like HAp, the MAC is simply its weighted average of the mass

absorption coefficients of its constituent elements. If wy, w; etc., are the weight
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fractions of elements Ca, P, etc.,, in HAp and (u/p)ca, (K/p)e, etc., their mass
absorption coefficients, then the mass absorption coefficient of the substance is

given by:

;=W (%)Ca+ w2 (%)PJF"' [6.3]

The reported mass attenuation coefficient for stoichiometric HAp is 4.69 g/cm2

calculated for AgKa radiation (22.1 keV) (Creagh and Hubbell, 1992).

6.4 X-Ray Detection: Semiconductor Counters

There are several types of X-ray detection systems, some of which include: solid-
state semiconductors, X-ray films, gas detectors and scintillation detectors (Singh,
1994). The efficiency of an X-ray detector depends primarily on the detector
material, the radiation energy, the physical thickness of the detector in the
direction of the incident radiation, in addition to the source to detector distance
and geometry (Singh, 2000). This section will describe semiconductor detectors, as
the SMR system uses this type of detector. Semiconductors produce pulses
proportional to the adsorbed X-ray energy with better energy resolution than any
other counter. The main types of solid-state semiconductor materials are high
purity germanium (HPGe), as used in SMR, and lithium drifted silicon detectors
(Si(Li)). It is advantageous to use germanium (atomic number, Z, of 32) rather than
silicon (atomic number, Z, of 14), as it is more likely for an incident X-ray beam to
lose all its energy in germanium, and the intrinsic peak efficiency for germanium will
be several order of magnitudes larger. The intrinsic efficiency of a detector is
defined as the ratio of the number of pulses recorded in the detector to the number

of radiation quanta incident on it (Singh, 2001).

In semiconductors and insulators, the electrons are confined to energy bands
(valence and conduction bands) and according to the law of quantum mechanics,
are forbidden from other regions. The energy difference between the valence and

conduction bands is represented by the band gap. For semiconductors the band gap
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is generally quite small, but is not zero and has an upper limit of = 4 eV, whereas for

insulators the band gap is large (Neamen, 2003).

The basic principle behind the operation of semiconductor detectors is that as the
X-ray photon passes through the detector, and an electron-hole pair is created. This
occurs when the electron in the valence band acquires enough energy to overcome
the band gap and jump to the conduction band. Subsequently, a nearby electron
can move into the vacancy or ‘hole’ formed. The vacancy moves within the valance
band in the direction of the electric field, whereas the electrons move in the
opposite direction in the conduction band. Thus the conduction occurs via electron
and holes in semi-conductors and the electron-hole pairs are considered the basic

information carriers in solid state detectors (Neamen, 2012).

Thermally generated charge carriers are of a potential problem in germanium
because of the small band gap, which is much smaller than the band gap in silicon
(Singh, 2001). Therefore to avoid this problem, the germanium detectors are cooled
to liquid-nitrogen temperature (77°K = -196°C) during the SMR experiments. The
germanium crystal is sealed inside a vacuum enclosure, that provides thermal
contact with a storage dewar of liquid nitrogen. Even when not operating, the
counter should not be allowed to warm too often to room temperature, as
electronic ‘noise’ increases with temperature and reduces the resolution of the

technique (Cullity, 1978).

6.4.1 Multi-Channel Analyser (MCA)

X-ray photon counters are devices that convert X-rays into a pulsating electric
current. In SMR, the preamplifier converts the charge into a voltage pulse, and a
Multi-Channel Analyser (MCA) is used to convert the voltage pulses from the
detector preamplifier into digital pulses. The amount of charge in the pulse

produced by the detector is proportional to the energy of the photon.

The pulses are electronically sorted out according to their amplitude into one of the
large number of channels of the MCA. Each channel corresponds to signal pulses of

a specific narrow amplitude range. As the pulses are sorted into the channels
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matching their amplitude, a pulse-height spectrum is accumulated. Thus MCAs take
their input from an analogue amplifier and digitise the incoming pulse heights
placing the accumulated data into memory and displaying this pulse height
distribution in a histogram. The histogram X-axis is the pulse height and the Y-axis is
the number of counts. The MCA’s typically consist or a Multi-Channel Buffer (MCB)
which has an Analog-to-Digital Converter (ADC) and a histogramming memory is
interfaced to a computer for display. Software (MAESTRO) is required to run the
MCB units using the computer to make a complete MCA. The number of channels in
the ADC can determine the digital resolution which should be chosen to suit the
detector type and energy range. Signal processing does take time and the time the
system is available to receive a signal is considered “live time” while all the time
consumed with signal processing is “dead time”. MCA systems can receive logic
signals to determine this “dead time” in order to ensure any quantitative data is

correct.

When the measurements are completed, the sum of all the counts that have been
recorded in the channels equals the total number of pulses produced by the
detector over the measurement period. In order to maintain this correspondence at
high counting rates, corrections must be applied to account for the dead time of the
recording system or the pileup of two pulses spaced so closely in time that they

appear to be only one pulse to the MCA (Cullity, 1978).

6.5 Advantages of SMR

A solid-state photon detector coupled to a digital spectrometer overcomes the
issues encountered with photographic emulsions used in conventional
microradiography techniques. This includes the inhomogeneity of the film emulsion
due to manufacture variations, saturation of the film emulsion in addition to
nonlinear response and noise at low X-ray exposures. The advantages of using a

photon detector include:

= The sample does not need to be in close contact with the X-ray detector and

can be located within environmental cells i.e. no damage to specimen.

Page 82



= Method is quantitative and accuracy is only limited by counting statistics.
= Photon counting can be selected to only those quanta that fall within a
certain energy range, thus allowing electronic monochromatisation of the X-

ray beam.

As a result of the working distance between specimen and detector in SMR, the
samples can be fixed into individual environmental cells and placed between the X-
ray source and the detector. The cells can be circulated with a reacting solution, so
that samples are subjected to different reaction conditions during the X-ray
measurements. Each individual cell can hold a different environment for the sample
it contains, for example, different pH conditions, degree of saturation, chemical
composition and circulating rate of the solution. A reaction condition in one cell is
independent to that of another cell, therefore multiple cells can be set up

investigating various factors.

SMR allows precise measurements in mineral mass of the specimen, and as it is a
fully automated system, real-time experiments can be executed without disrupting
the scanning apparatus or the samples. Anderson and Elliott (1985), have used SMR
for real-time studies of the physical and chemical changes in enamel and HAp
demineralisation (Anderson and Elliott, 1992, Anderson et al., 1998, Shah et al.,
2011).
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Chapter 7

Other Experimental Techniques

7.1 Nuclear Magnetic Resonance (NMR)

NMR is a powerful characterisation technique that is widely used to obtain

structural information of a molecule at the atomic level.

The nuclei of different elements have their own characteristic magnetic field. Each
nuclei has an electric charge that allows it the ability to spin. When atoms are
placed in a strong magnetic field, their nuclei behave like tiny bar magnets and align
themselves with the field. Electrons behave like this also, and therefore both
electron and nuclei are said to possess “spin”, since any spinning electric charge has
an associated magnetic field. The principles of NMR are based on the magnetic
properties of nuclei. Nuclei with odd numbers of protons and/or neutrons such as
'H, 3¢, *°F and *'P possess a characteristic spin or angular momentum. |, the spin
guantum number, depending on the nuclei may have integral or half-integral values

(Atkin and Mann, 2000). If:

= No. of neutrons and protons are both even, the nucleus has no spin

= No. of neutrons + protons = odd, then the nucleus has a half-integer spin
(i.e. %, 3/2, 5/2)

= No. of neutrons and protons are both odd, then the nucleus has an integer

spin (i.e. 1,2,3).
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According to quantum mechanics, a nucleus of spin | will have
21 + 1 states, i.e. a nucleus with spin % will have two possible states. Nuclei with spin

also have a magnetic moment (i) with the following relationship:
u= Yhl [7.1]

where h is Plank’s constant divided by 2m, and Y is the gyromagnetic ratio which has

a characteristic value for each magnetically active nucleus.

In the absence of an externally applied magnetic field, the spin states of a nuclei are
of equal energy (degenerate). If the nucleus is placed in a magnetic field, however,
the interaction between the nuclear magnetic moment and the external magnetic
field causes the spin states to possess different energy values and the energy levels

split.

For *H, *C and *°F, which have a spin of %, there are two spin states (+ % and — %).
The lower energy +% would be in the direction of the applied magnetic field, By,
whereas the higher energy -/ would oppose the direction of the applied magnetic
field (Figure 7.1). AE (the change in energy) depends on the magnetic spin of the
nuclei and the strength of the applied magnetic field, and can be described by the

following relationship: (7.2]

AE=pBo /1

This relationship also demonstrates the dependence of AE on the magnetic

moment, which is the fundamental principle that NMR is reliant on.
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Figure 7.1: Diagram showing the change in energy between nuclear states, which is proportional to
the strength of an applied magnetic field.

7.1.1 Chemical Shift

Furthermore, AE is also proportional to the resonance frequency (v):
AE = hv [7.3]

Therefore, for a given field strength, AE and v are characteristic of a given nuclei —
as every nuclide has a characteristic u. However, v is also dependent on the
chemical environment of the nuclei used. In molecules, the electrons in surrounding
shells can exert a “shielding” effect, which reduces the magnetic field at the
nucleus. As a result the AE is reduced, and the frequency required to achieve
resonance is also reduced. This shift in the NMR frequency due to the electronic
molecular orbital coupling to the external magnetic field is called chemical shift. The
amount of shift is dependent upon the type of nucleus and the electron motion in
adjacent atoms and molecules. If a nucleus is shielded to a higher degree by the
electron density distribution in the corresponding molecular orbitals, then its NMR
frequency will be shifted "upfield" (that is, a lower chemical shift), whereas if it is
less shielded by such surrounding electron density, then its NMR frequency will be

shifted "downfield" (that is, a higher chemical shift) (Atkin and Mann, 2000).
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7.1.2 Magic Angle Spinning

In solid-state NMR, magic angle spinning (MAS) is used. This technique involves
spinning a sample in a ceramic rotor at a speed of up to 75 KHz at the magic angle
of 54.74° with respect to the applied magnetic field.

Applying NMR to solids can produce broad spectra, which mask peaks from
chemical shifts, thus making it difficult to obtain structural information.
Furthermore, nuclear spin in solid materials experience interactions that contribute
to line broadening. This magic angle makes the broader lines of NMR narrower and
thus increasing the resolution of the spectrum. At this angle, the nuclear dipolar
interaction between the magnetic moments of nuclei average to zero. This causes
the signal to become much narrower, giving rise to the isotropic value (which is of
interest for structural determination of solid materials and compounds) and
spinning side bands which occur at multiples of the spinning speed and can be used

to determine the chemical shift of the nuclei (Atkin and Mann, 2000).

7.1.3 Application of 1°’F MAS NMR in Dental Research

F MAS-NMR has been previously used to characterise fluoride-hydroxyapatite
interactions. (Yesinowski and Mobley, 1983), demonstrated the ability of this
technique to  distinguish  between fluorapatite  (Caig(POs)sF.,  FAp),
fluorohydroxyapatite (Caio(PO4)s(OH),4Fx, FHApP), and calcium fluoride (CaF,) both
in the bulk phase and on hydroxyapatite surfaces. Figure 7.2 shows FAp has a *°F
chemical shift of -101 ppm, which corresponds to the F-Ca(3) triangle in the apatite
structure, whilst CaF, has a chemical shift of -106 ppm corresponding to the F-Ca(4)

site (spectra was referenced to CaF,).

Advantages of the '>F MAS-NMR are that; 1) it selectively probes the local
environment of only the fluorine atoms in the sample permitting direct
identification of the possible structural forms in which F* may exist within the
enamel; 2) it detects all fluorine present, whether crystalline, amorphous, or
adsorbed. The range of F chemical shifts and the sensitivity of F chemical shifts
to the local fluorine environment are extremely high; 3) it can measure very low

concentrations of fluoride in the order of 0.1%. Fluorine-19 is a spin % nucleus and
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at 100% natural abundance, all F atoms in a sample can be detected.

101 ppm
FAp (Ca;o(POy)eF2,)

106 ppm
CaF,

T T T T T 1
-95 =100 -105 -110 -115 ppm

Chemical Shift (ppm)

Figure 7.2: Diagram showing the change in energy between nuclear states, which is proportional to
the strength of an applied magnetic field.

Although the potential of *°F MAS-NMR as a spectroscopic tool for studying the
fluoridation of apatitic surfaces was recognised over two decades ago, there have
been few studies applying this technique to determine fluoride-enamel interactions
in dental research (White et al., 1988). A reason for this could be that a specialised
fluorine-free  MAS-NMR probe is required as fluorine present in the probe
introduces additional signals into the spectra potentially disguising any fluorine

signals generated from the sample. Such probes are not widely accessible (Brauer et

al., 2009).

In the present study, F MAS-NMR instrument at QMUL was used to characterise
the fluoride mineral phase formed in enamel during exposure to an in vitro

demineralisation system with varying fluoride concentration (see Chapter 10).
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7.2 Secondary lon Mass Spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS) is an extremely sensitive method for
surface analyses. It provides elemental data and a certain degree of molecular
information, whilst also allowing depth profiling, mapping or imaging to be carried
out. SIMS permits a wide elemental range to be investigated with excellent
detection limits (in the range 10" - 10* atoms cm™), and the information obtained
may also be quantifiable. The technique is divided into two branches, static and
dynamic SIMS, which is distinguished by the applications and instrumentation.
Static SIMS is used to analyse the top mono-atomic or mono-molecular layer,
whereas dynamic SIMS is used for micro-volume sampling and imaging, and depth

profiling (Williams, 1985).

7.2.1 The SIMS Process

Figure 7.3 illustrates the main components of the SIMS instrument:

=  Primary beam source (usually O,", O’, Cs*, Ar’, Ga* or neutrals)

= Atarget /sample that must be solid and stable in a ultra-high vacuum

= A method of collecting the ejected secondary ions

= A mass analyser to isolate the ion of interest (quadrupole, magnetic sector or time
of flight)

= An ion detection system to record the magnitude of the secondary ion signal
(photographic plate, Faraday cup, electron multiplier of a CCD camera and imaging

plate).
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Figure 7.3: Schematic diagram representing the basic components in the SIMS instrumentation.
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In SIMS analysis, the surface of the sample is bombarded with a beam of charged
particles (this may be a negative or positive charge depending on which elements
are to be detected) with energies in the 1-25 keV range (Figure 7.4). These incoming
particles are called primary ions, which are able to deposit energy into the surface
layers. At the site of impact, many bonds are broken and as a result there is much
random displacement and movement of atoms. This region is called the collision
cascade. Collisions resulting in translational energy being directed back to the
surface layer will lead to ejection of material. This process is known as the
sputtering of the surface. The emitted charged particles are called secondary ions,
and typically have kinetic energies in the order of 20 eV, however different ions
have different energy distributions. Prior to detection, the emitting secondary ions
are collected and filtered according to their masses. Three types of mass filter (or
mass analyser) are used in SIMS — magnetic sector, quadrupole and time-of-flight

(Griffiths, 2008).
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Figure 7.4: Schematic diagram showing the sputtering of the sample surface using a primary ion
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beam. The emitted charged particles are called the secondary ions.

7.2.2 Applications of SIMS for Depth Profiling
Since the SIMS technique itself relies upon the removal of atoms from the surface,

it is by its very nature a destructive technique, but also, ideally suited for depth

Page 90



profiling applications. The aim of depth profiling is to obtain information on the
variation of composition with depth below the initial surface - such information is
particularly useful for the analysis of layered structures such as dental enamel,
which varies naturally in composition with increasing depth (as described in Section
2.3.3).

In depth profiling, the surface is continuously eroded with the primary ion beam,
whilst the emitted secondary ions are counted with a mass analyser as a function of
sputtering time, which corresponds to the depth at which the ions are located. Thus
a depth profile of a sample may be obtained simply by recording sequential SIMS
spectra as the surface is progressively eroded away by the incident primary ion
beam. A plot of the intensity of a given mass signal as a function of time, is a direct
reflection of the variation of its abundance/concentration with depth below the

surface.

The sputtering rate can be determined by the following equation:

. __ crater depth (nm) 7.4
Sputter rate (nm/min) = orofile time (mins) [7.4]

A profilometer is used to measure the depth of the sputtered crater. This is a
separate instrument that determines the depth by dragging a stylus across the

crater and recording the vertical deflections.

In a SIMS plot, to convert the time data points to a depth value on the x-axis, the

time data points must be multiplied by the sputter rate:
Depth (nm) = Time points (mins) X sputter rate (nm /min) [7.5]

One of the main advantages that SIMS offers over other depth profiling techniques
is its sensitivity to very low (sub-ppm, or ppb) concentrations of elements. The

depth resolution is dependent upon a number of factors which include (Liebl, 1975):

= the uniformity of etching by the primary incident ion beam
= the absolute depth below the original surface to which etching was carried out

= the nature of the ion beam utilised (i.e. the mass & energy of the ions))
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= as well as effects related to the physics of the sputtering process itself (e.g. ion-

impact induced burial).

A disadvantage of SIMS is that ion yields vary markedly across the periodic table,
depending on the ionisation potential (for positive SIMS) or electronegativity (for

negative SIMS) of the analyte element (Liebl, 1975).

7.2.3 Ultralow Energy SIMS (uleSIMS)

In this study, ultralow energy Secondary lon Mass Spectrometry (uleSIMS) was used
to depth profile zinc in demineralised enamel surfaces with nano-level resolution,
providing a direct reflection of the variation of its concentration with depth below
the surface (Chapter 13). This work was executed at Warwick University on the
uleSIMS instrument developed by Dowsett et al., (2003), and pioneers the
application of uleSIMS to investigate dental enamel chemistry. In the uleSIMS
experiment, the sample is bombarded by a primary ion beam with an ultralow
energy (0.1- 1 keV) so that the penetration depth of the primary ions is in the order

of several nanometres.

Ultra-low energy SIMS was originally developed to overcome some of the issues
found with the conventional dynamic SIMS technique. From its development in the
early 1960s until 1990, dynamic SIMS routinely employed primary beam energies of
5-20 keV, and was predominantly used by the semiconductor industry for analysis
of doping implants. However, with the growth of shallow implantations meant that
the beam energies 2 5 keV then available were too high to provide near-surface
analysis, since a significant amount of the implanted species resided within the 30
nm region closest to the implanted surface. To overcome this limitation, the SIMS
instrumentation was further developed to work routinely with beam energies as
low as 250 eV using a new source. This was a floating low energy ion (FLIG) gun that
enabled SIMS profiling to be carried out for energies in the range 0.2-1.0 keV,
delivering high current, small spot beams at low energy. By attaining a usable
primary beam of energy <1 keV, the phrase ‘ultralow energy SIMS’ (uleSIMS) was
adopted. The technique was developed to deal with the low energy secondary ion

sputtering whilst retaining the large dynamic range and high detection sensitivities.
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Thus since uleSIMS is capable of delivering sub-keV ion beams with sufficient
current density, it is routinely used for nanometer-resolution depth-profiling in

applications in semiconductor research and development (Dowsett, 2003).
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7.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) can be used to determine the arrangement of atoms in a
crystalline solid. As X-rays have a wavelength of around 0.1 nm, which is the same
order of magnitude as the spaces between atoms in a solid, X-rays get bent — or
diffracted — when they pass between atoms arranged periodically on a lattice. More
precisely, X-rays diffract when they interact with the electron cloud surrounding the

atoms of the crystalline solid (Cullity, 1978).

Figure 7.5: Two beams with the same wavelength and phase strike a set of planes (with lattice-
spacing of d) and are scattered off two different atoms within it. Constructive interference occurs
when this length is equal to an integer multiple of the wavelength radiation.

As X-ray's hit the surface of the crystal at an angle 6, some of the rays will be
diffracted at an equivalent angle away from the solid (Figure 7.5). The X-ray beams
travel different path lengths before hitting the various planes of the crystal. The
diffracted rays have definite phase relations between them. It is constructive
interference when the rays scattered by all the atoms in all planes are completely in
phase and reinforce one another to form a diffracted beam. Whereas if the
scattered beams are out of phase and annul one another in all other directions of
space, it is destructive interference. Where the scattered rays interfere
constructively, they remain in phase since the path length of each wave is equal to

an integer multiple of the wavelength. In Figure 7.5, the difference in path lengths
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of the beam striking the first plane and the beam striking the second plane is equal
to AB + BC. So, the two diffracted beams will interfere constructively only if
AB + BC = nA. Basic trigonometry shows that the two segments are equal to one
another with the lattice spacing (d) times the sine of the angle 6, and therefore

AB = BC = dsin®, for half the scattered angle. Thus,

2dsin 6 = nA [7.6]

This equation is known as the Bragg’s law, showing the path difference between
two waves undergoing constructive interference. Two geometrical facts should
always be considered when applying the Bragg’s law: 1) the incident beam, the
normal to the reflecting plane, and the diffracted beam are always coplanar, 2) the
angle between the diffracted beam and the transmitted beam is always 26. This is
known as the diffraction angle, and it is this angle, rather than 6, which is usually

measured experimentally (Cullity, 1978).

For the purpose of this study, XRD is used as a powder diffraction technique to
characterise the apatite phase of reacted HAp powder and powdered dental

enamel (Chapter 12).

7.3.1 Grazing Incidence XRD (GIXRD)

X-ray radiation has a large penetration depth into any matter, and because of this
property XRD (described above) is not a surface sensitive technique. X-rays with
large incidence angles will penetrate a few to several hundred um’s inside the
material under study, whereby the beam penetration depth may be much greater
than the sample thickness. Hence, conventional XRD is not suitable for detailed
investigation of sub-surface layers in a sample. Grazing Incidence X-ray Diffraction
(GIXRD), however, uses small incident angles (typically 0.3 — 3) for the incoming X-
ray beam, so that the diffraction can be made surface sensitive. It is used to study
surfaces and layers because the wave penetration is limited, and distances are in
the order of nanometres. Also, grazing incidence angles increases the path length of

the X-ray beam through the sample, which helps to increase the diffracted intensity
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and minimise substrate contribution, so that conventional phase identification can

be performed at the near-surface region.

:Near-surface region

Bulk Enamel

Figure 7.6: Schematic of GIXRD showing the analysis of the surface region of an enamel sample. x is
the path-length the X-ray beam travel, h is the penetration depth and a is the grazing incidence
angle.

The specific X-ray penetration depth can be calculated based on the incident angle
and material parameters. When X-rays penetrate a solid material, the beam
intensity is absorbed by the material and the intensity reduces exponentially as
given by:

I = 1o 5 [7.7]

where [ is the linear absorption coefficient and x is the distance the X-ray beam
travels. The intensity of the transmitted X-ray beam will decay to almost zero after
traveling through the specimen for a certain distance. This depth is known as the
penetration depth, at which the intensity of the radiation inside the material falls to
1/e (about 37%) of its original value, just beneath the surface. Therefore, the
measured diffracted beam intensity will only be from the material above this depth.

In Figure 7.6, the incident X-ray beam (lp) gives a diffracted intensity of lpy, after
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travelling through the surface layer (l,). The penetration depth, h, can be calculated

by the distance the incident X-ray beam travels (1/e), x, and the grazing incidence

angle (a) (see below).

If:
L = -1 _
T e 0.37 7.8]
x~ 1
u [7.9]
By trigonometry:
h
sin(a) = —

and therefore the estimated penetration depth is:

h = x.sin(a) [7.10]

For the purpose of this study, GIXRD was used to identify the mineral phase formed

on dental enamel in the near-surface region (Chapter 13).
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Chapter 8

SMR Experimental Methods

8.1 Materials

The main materials and techniques used in the experiments are described briefly in
this chapter. More specific details on materials and methods used in a particular
experiment are described within each individual experimental study (Chapters 9 —
13). Scanning Microradiography (SMR) was the main technique used in this study
and therefore the methodology for this instrument will be described in greater

detail in Section 8.2.

8.1.1 Dental Enamel Blocks

Anonymised caries-free permanent molars extracted for orthodontic purposes
(stored in normal saline at room temperature) were randomly selected for
experiments. Ethical approval was obtained from Queen Mary Research Ethics
Committee (QMREC 2011/99). An annular diamond blade (Microslice annular blade-
Ultratec, USA) mounted on the Microslice 2 (Malvern Instruments Ltd., UK) was
used to cut blocks of enamel from a tooth. Firstly, the root was removed and
discarded by a cut at the cementum, which is parallel to the tooth surface (Figure
8.1). The remaining crown part of the tooth was cut perpendicular to the natural
tooth surface near the edges to obtain several blocks, and the centre part of the
crown containing grooves and fissures was discarded. The enamel blocks have
dimensions that are approximately 5 mm x 4 mm with a thickness of approximately

2 mm. Any dentine present was polished off using a P600 grit silicon carbide paper.
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Figure 8.1: Preparation of enamel blocks from a tooth: a) parallel cut at the cementum, b and c)
perpendicular cuts of the crown edge to obtain blocks, d) enamel block with dentine underside, e)
enamel block with dentine polished away.

8.1.2 Demineralising Solutions

The demineralising solutions used in these studies consisted of 0.1 mol/L acetic acid
(pH 4.0) to simulate caries-like conditions. Acetic acid (CH3CO,H) is commonly used
in demineralisation studies of enamel. In clinical situations, carious lesions develop
and progress in response to organic acids, in particular lactic acid, produced by
plague bacteria during fermentation of dietary carbohydrates (as described in
Section 3.1). Therefore, ideally, lactic acid is a more desirable chemical to resemble
in vitro caries conditions, however, since lactic acid is quite costly and difficult to
obtain in high purity, acetic acid was used. Previous studies have shown that acetic
acid exhibits a similar role to lactic acid and is equally as important in the

demineralisation of enamel (Margolis and Moreno, 1992).

A large batch of acid solution was prepared using 0.1 mol/L acetic acid from 100 %
acetic acid (AnalaR NORMAPUR, VWR International Ltd., France) and deionised
water, as a large 10.0 L acid stock. No additional calcium or phosphate was added
and the pH of the solution was adjusted to 4.0 using NaOH pellets and a pH meter
(Orion-pH/ISE meter Model 710). The 10.0 L acid stock was divided into 1.0 L acid

reservoirs, to which was added the zinc or fluoride salts to prepare a range of
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concentrations. Details of the specific demineralisation solution used in an

experiment are given in the material and methods section of each specific study.

In every study, the acid solution was made in a large batch (usually 10.0 L) so that
the acid reservoirs (1 L) all consisted of the same acid strength but only differed in

the concentration of zinc or fluoride salt.
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8.2 Scanning Microradiography

The SMR system apparatus is comprised of three main entities: X-Y scanning stage
which holds the environmental cells, X-ray detector and X-ray generator (Figure

8.2).

Solutions out

Detector

X-ray beam

Solutions in

Figure 8.2: Schematic of SMR X-Y scanning stage with multiple SMR cells containing enamel blocks
and HAp disc (reference). Test solutions are circulated in the cells. An X-ray beam is fixed on a
specimen and the attenuated X-ray photon is detected by a photon counting detector.

8.2.1 X-Ray Generator

SMR requires a very stable X-ray source that demands a high voltage power supply.
SMR uses a 15-um X-ray beam from a microfocus X-ray generator (BRUKER AXS
B.V., The Netherlands) with a PANalytical” X-ray tube with a silver (Ag) target that
gives a characteristic Ko peak at 22.1 keV. An approximately 15 um aperture
consisting of 90 % gold and 10 % platinum was used to produce an X-ray beam of

approximately 15 um diameter.

8.2.2 X-Ray Detector

The X-ray beam is attenuated as it passes through the specimen and transmitted X-
ray photons are counted by a high purity germanium detector (Ametek, PA, USA).
The detector was coupled to a MCA analyser and digital spectrometer (DSPEC
pLUS™ (Digital Gamma-Ray Spectrometer, ORTEC®, Ametec, PA, USA), which allows

spectrum capture, so that electronic monochromatisation could be achieved.

Page 102



8.2.3 X-Y Scanning Stage

The environmental cells containing the samples were mounted on the SMR X-Y
scanning stage, which is fitted with a 0.1 um resolution linear encoder and driven by
stepper motors controlled by a computer software. This permits the positioning of
the stage in the X and Y directions with absolute micrometer precision to bring the
specimen in line with the X-ray beam. The dimensions of the X-Y stage are 600 mm
(horizontal) and 200 mm (vertical) in length and can hold up to 30 cells. The
software was designed so that the experiments can be pre-programmed with
different scanning parameters (i.e. time, step size, number of steps, standards etc.)

for each specimen.

8.2.4 SMR Environmental Cell

SMR environmental cells are made of Perspex (polymethyl methacrylate-PMMA)
(Figure 8.3). The cell dimensions are 4.0 x 5.0 cm. Each cell has a chamber located
at the centre of the cell that is 2.5 cm in diameter and 4.0 mm in depth. The cover
for each cell is also made of Perspex, it has the same dimension as the cell itself but
with 1.0 mm thickness. The sample was fixed inside the centre of the chamber using
acid-resistant nail varnish, and the cell was securely sealed by attaching the cover
on top with screws and silicon glue (Figure 8.4). Once the cell was dry, it was

mounted on to the SMR X-Y scanning stage.

1.0 mm
> <>
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<) £ ©
N Mm
IS
o
3
@ @
E 6.0 mm
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=] o =
—
>
40.0 mm 1.0 mm cover
thickness

Figure 8.3: Schematic diagram of SMR environmental cells showing top down and side views with
dimensions.
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Figure 8.4: Schematic diagram of SMR environmental cell containing an enamel block.

8.2.5 SMR Data Collection
The procedure for SMR data acquisition requires the following sequence of steps:
Finding the location of sample in SMR cell

High resolution area scan of sample

Selection of scan positions on sample

N e

Collection of mineral mass measurements at scan positions

8.2.6 Area Scan of Sample
Before the main experiment, an approximate area scan was performed to find the

location of the sample in the SMR cells (Figure 8.5).

Series25

Series22
i Series19
EEERENI \) L]
Epmeng: aNsZan . Bes Series16
1 L
2_1 = Series13
T 5 T IIIIT fIIIII Series10
u 1 iE T
= o A Series7
Series4
Series1
- g MM O M O O D O »= N O M © O N B © ~ O ™ D AN D O - ~ O M ©
Enamel Sample HAp Disc

Figure 8.5: An approximate area scan of the enamel specimen and HAp disc (for standard
measurements) in SMR cells.

Once the positions of the samples were located in the SMR cells, the sample was

scanned with a very small step size (i.e. between 0.25 — 0.5 mm) in both the x and y
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directions. This produces a high resolution area scan of the enamel sample which
shows the different mineral density levels (Figure 8.6). Three co-ordinates were
chosen on a horizontal line on the sample and at a region of the highest mineral
distribution. These co-ordinates were the “scan positions” i.e. the location on the
sample that is measured throughout the experiment for changes in enamel mineral

mass. Each scan position was 0.5 mm apart on the sample.
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Figure 8.6: High-resolution area scan of enamel sample. The coloured scale bar represents the
mineral distribution in the enamel sample. X mark show the three scanning positions selected for
mineral mass measurements.

8.2.7 Mineral Mass Measurements at Scan Position

Each scan position was repeatedly measured during the course of the experiment
with a count time of 60 seconds. The transmitted photon counts at the chosen scan
positions on the sample were standardised against a standard measurement, which
was a position outside the specimen. Standardisation is used to compensate for any
fluctuation in the generation of X-rays or instability of the photon-counting
detection system. The standard measurement was taken at a scan position on a
synthetic HAp compressed disc (standard material) that was located in a SMR cell
adjacent to the SMR cell containing the sample for study (see Figure 8.5). The static

HAp has a homogenous composition and is unaffected by changes in the
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experimental setup, therefore measurements taken in the HAp standard material

can be used as a reference (lo) value.

The first and last SMR measurement was always in the HAp standard, and during
the course of the experiment every 10 measurements were in the HAp standard,
which had a count time for 30 seconds. A large number of data points (= 100 - 1000)

were obtained resulting in good statistical accuracy.

8.2.8 SMR Data Analysis

For the duration of the SMR experiment, the 3 scan positions were repeatedly
measured and real time counts are detected by the photon counter. Data analysis
began by standardising the counts at the chosen scan positions on the specimen
against a standard measurement in the HAp reference material, to correct for

variations in X-ray counting.

By introducing the density of the material (p), the Beer’s Law (Section 6.3.1) can be

written as:
[ =Ie He™ [8.1]

where | is the transmitted X-ray intensity, lpis the incident X-ray intensity, and mis
the mass per unit area of material (g/cmz) in the path of the beam. The mass per

unit area is obtained by multiplying the thickness t by the density p, i.e., m = pt.

Equation 8.1 can also be written as:

m=— [Int — lni] [8.2]
up LN No

where N is the number of transmitted photons, and Ng is the number of incident X-
ray photons from measurements taken in the HAp standard material. From
Equation 8.2, the integrated mass per unit, at a point, can be determined for a
material of known MAC, by measuring the intensity of the incident and transmitted

X-ray beams, for monochromatic radiation.

Differentiating Equation 8.2 gives the error of m as:
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1 1 1
Sm = ;[ﬁ + JT] [8.3]

\/%can be neglected as the number of incident X-ray photons, Ny, is very high
0

(= 500,000). N, the number of transmitted X-ray photons, is typically 50,000, which

give a fractional error in m of = £+0.5 %.

Using Equation 8.2, the mineral mass of enamel per unit area (g/cm?) can be
calculated by using the mass attenuation coefficient for stoichiometric HAp (4.69
g/cm?) calculated for AgKa radiation. Therefore, at the selected scan position, the X-
ray attenuation value can be converted to a mass value of enamel per unit area

(g/cm?).

8.2.9 Determination of RMLchamel at a Single Scan Position

0.455 4
0.450 -
0.445 A
0.440 A

0.435 A

Mineral mass per unit area (gcm'z)

0.430 A

0.425 T T T T
0 10 20 30 40

Time (h)

Figure 8.7: Typical example of a SMR raw data plot showing the linear change in mineral mass per unit
area plotted against time (=40 h) during exposure to acidic conditions (pH 4.0) at a single scan position

on an enamel sample. RML,,.mei Was determined by linear regression fitting of the slope (4.579 x 10'4g
em?h™, SE=8.02x10°gcm™ h™).

Figure 8.7 is an example of a typical SMR raw data plot at a scan position showing

the change in the enamel mineral mass per unit area plotted as a function of time,
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during exposure to acidic solutions (0.1 M acetic acid, pH 4.0). Based on the
assumption that the change in the mineral mass loss per unit area is linear with

time, the demineralisation rate can then be calculated as:

y =a+bx [8.4]

where y is the projected mineral mass of enamel per unit area, x is the time, b is the
rate of enamel demineralisation, and a is the intercept with the Y-axis. The rate of
enamel mineral loss (RMLenamel) Vvalue and associated statistical error were
calculated from the slope by linear regression fitting using SigmaPlot 10.0 (Systat
Software, California, USA). The accuracy of the linear regression fitting was ensured
by using a large number of data time-points measured at a scan position. The
standard error (SE) of each rate measurement at a scan position was the SE of the
slope coefficient of the fitted straight line. Figure 8.7 shows that the change in

enamel mineral mass over 40 h is = 4 % and the RMLenamel is 4.58 x 10 g/cmz/h.

8.2.10 Changes in RMLgnamer at A Scan Position

The SMR cell containing the sample was mounted on the X-Y stage, which was
moved and repositioned with high precision (0.5 um) under computer control.
Mineral mass measurements were taken repeatedly at 3 fixed scan positions 0.5
mm apart, every 60 s on a sample throughout the experiment. Initially, a 1.0 L acidic
solution (0.1 M acetic acid, pH 4.0) was circulated through the SMR cell for a period
of =40 h whilst continuously taking SMR measurements at each scan position. All
experiments were carried out at room temperature, in a thermostatically controlled

laboratory (at 22 + 1°C).

After the initial demineralisation period, the SMR cell was circulated with an
equivalent composition of acidic stock solution containing a specific concentration
(X ppm) of an ion M?*, [M*'] (= 40 h). Subsequently, each [M*']-containing acid
solution was circulated for =40 h through the SMR cell at sequentially increasing
[M2+]. SMR was used to measure mineral mass throughout all the demineralisation
periods. Figure 8.8 is an example demonstrating how the gradient of the measured

slope at a single scan position on a sample changes with X ppm [M?] in the acidic
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solution. More specific details on the SMR experiments are described in the

individual studies for fluoride (Chapter 9) and zinc (Chapter 11).
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Figure 8.8: Comparing the gradient of the measured slope (0 and X ppm [M*]) measured at a single
scan position on a sample.

8.2.11 Percentage Reduction in RMLenamel

For an individual scan position, the RMLenamer Value obtained at 0 ppm [M2+], ie.
acidic condition, was the control RMLename for that position. Accordingly, the test
RMLenamer Value obtained for each X ppm [M2+] test condition was compared with
the control RMLenamer Value for that scan position. The differences in the
demineralisation rates between control and each test RMLenamel Value was
calculated as a percentage, i.e. the percentage reduction in RMLenamel (PRMLenamel)-

This is described by the Equation below:

Control RMLepgmel — T€St RMLepngmel

PRMLenamel = x 100 [8.5]

Control RMLenamel

As enamel is naturally variable in its composition, the rate of enamel
demineralisation (RMLenamer) Will differ significantly between teeth and for different
positions within the same tooth. Likewise, the demineralisation rate will vary at
different locations on the sample, and hence the RMLename Values for different scan

positions will also vary. One great advantage of the SMR system is that it allows the
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accurate micro-repositioning of a sample for repeated measurements, and
therefore permits each individual scan position on a sample to act as its own control

for RM Lename].
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EXPERIMENTAL STUDIES
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Chapter 9

Effect of Fluoride lon Concentration on Enamel
Demineralisation Kinetics in vitro: Real-Time
SMR Study

9.1 Introduction

Although the incidence of dental caries has declined in the past forty years, it
remains the most common global disease in both adults and children (Peterson et
al., 2005). The increasing preference for more ‘western’ diets high in carbohydrates
and refined sugars is a leading cause for this (section 3.1). Fluoride (F), the most
effective preventive measure, can be found in various forms and concentrations
(see section 4.4). There is continued interest in fluoride’s therapeutic potential, in

particular refining the understanding of its mechanistic action.

Whilst most studies have focused on the more general cariostatic action of fluoride,
there are very few which measure the direct physical effects of fluoride on the
demineralisation of enamel in real-time. Most in vitro systems involve indirect
discontinuous analysis methods, e.g. solution Ca?* are quantified (Margolis et al.,
1986). Additionally, it is difficult to fully replicate the complex nature of the oral
environment, or allow for the strict chemical control of individual variables of a
multi-factorial disease, this includes the salivary pellicle. Furthermore, significant
variations exist naturally in human enamel tissue composition, and therefore
demineralisation rates can vary significantly between different teeth specimens,

and, at different locations in the same tooth specimen.
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9.2 Aim

The aim of this in vitro study was to measure the direct physical effects of fluoride
concentration [F'] on the real-time demineralisation of enamel during exposure to

caries—simulating conditions using Scanning Microradiography (SMR).

SMR was used to measure mineral mass changes in enamel blocks during exposure
to in vitro acid solutions simulating caries (pH 4.0) in real-time, whilst the
subsequent [F] of the acid challenge was successively increased and SMR
measurements continued for periods of =48 h. Thus, real-time measurements of the
effects of [F] (in the range 0.1 — 4500 ppm) on the rate of enamel demineralisation

were obtained, on the same sample and at the same location.

* The study described in this chapter was published in Journal of Dentistry (December 2013). See
Appendix D.
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9.3 Materials and Methods

9.3.1 Preparation of Human Enamel Blocks

Anonymised caries-free permanent molars (teeth A, B and C) extracted for
orthodontic purposes were randomly selected. Enamel blocks (=5 x 5 mm) with a
thickness of =2 mm were cut from each tooth (see section 8.1.1). One enamel block
was obtained from tooth A (block A), one from tooth B (block B), and two enamel
blocks were cut from a third tooth specimen C (block C1 and block C2) at different
sites on the same molar. Each block was located in a separate SMR environmental
cell. The cut internal surfaces of the enamel blocks were coated with acid-resistant
varnish, leaving only the natural surface perpendicular to the X-ray beam. Figure 9.1
shows an enamel block enclosed in an SMR cell (volume =2 cm3) through which acid
solutions were circulated at 0.788 mL min™, whilst the narrow X-ray beam is

targeted at a fixed position on the sample.

Out-flow Solid state
of solution detector
1 7
o) o |7

Enamel
block
15 ym diameter I
X-Ray beam
In-flow
of solution

Figure 9.1: Schematic diagram of SMR environmental cell containing an enamel block sample. The
narrow X-ray beam repeatedly measures 3 fixed scan positions on a sample during the experiment,
and the attenuated beam is detected by a solid-state detector.
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9.3.2 Preparation of [F]-Containing Acid Solutions

A series of acidic solutions were made from analytical grade reagents. A 10.0 L stock
of 0.1 mol/L acetic acid (AnalaR NORMAPUR, VWR International, France) was
prepared with deionised water and adjusted with NaOH to pH 4.0. Subsequently,
this was divided into ten 1.0 L flasks. Sodium fluoride (NaF) (Sigma-Aldrich) was
added to the acid reservoirs to prepare solutions containing: 0, 0.1, 0.5, 2.3, 11.3,
45.2, 135.7, 452.5, 2262.4, 4524.7 ppm [F] respectively. This concentration range
was used to mimic those found in dentifrices (see Section 4.4) and in the oral
environment post-application, which is typically a 1/4 dilution of the original

concentration in the product.

9.3.3 SMR Experiment

The SMR cells containing the enamel blocks were mounted on the X-Y stage.
Mineral mass measurements were taken repeatedly at 3 fixed scan positions 0.5
mm apart, every 60 s on each sample (sample A, B, C1 and C2) throughout the
experiment (see Section 8.2 for SMR methodology). Initially, a 1.0 L acidic solution
(0 ppm [F7]) was circulated through the SMR cell for a period of =48 h whilst

continuously taking SMR measurements.

After the initial demineralisation period, each cell was then circulated with an
equivalent composition of acidic stock solution but containing 0.1 ppm [F] for =48
h. Subsequently, each [F]-containing acidic solution was circulated for =48 h
through the SMR cell at sequentially increasing [F']. SMR was used to measure
mineral mass throughout all the demineralisation periods. All measurements were

carried out at 23.0 +1.0 °C.

9.3.4 Determination of RMLcnamel

The mineral mass loss per unit area was plotted as a function of time and the rate
of enamel mineral loss (RMLenamel) Values and associated statistical errors were
calculated from the slope by linear regression fitting using SigmaPlot (see Section

8.2.9).
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The RMLenamer measurements at each [F'] were compared with those during acid
demineralisation (0 ppm [F]) for every scan position. The difference in the
demineralisation rates between 0 ppm [F] and each test condition is shown as the

percentage reduction in RMLenamel (PRMLenamel)-

Due to the natural variability in the composition of enamel, the RMLename Will differ
significantly between teeth and for different positions within the same tooth.
However, as the SMR system allows accurate repositioning of samples for repeated
measurements, each position on each sample acted as its own control for RMLenamel
(0 ppm [F]). For reproducibility, 3 different scan positions were measured on each
enamel sample (A, B, C1 and C2) from 3 different tooth specimens. In total, the

RMLenamel Was measured at a total of 12 different scan positions.
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9.4 SMR Results
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Figure 9.2: Typical SMR raw data plot showing the mineral loss per unit area plotted against time (=40
h) during exposure to acidic conditions (pH 4.0, [F] = 0 ppm) at a single scan position on a sample.
RMLenamel Was determined by linear regression fitting of the slope (y = a + bx), R? = 0.9479. Error bar
shows the statistical error arising from the photon-counting statistics.

[F] Value SE t-value
a(10*gcm?) 4480.00 1.92 2329.78
b(10*gcm?h?) 4.58 0.08 57.09

Table 9.1: Statistical analysis for the data in Figure 9.2, using SigmaPlot®

Figure 9.2 shows a typical SMR measurement taken at a single scan position on a
sample during the initial =48 h demineralisation period (0 ppm [F]). The mineral
mass loss was approximately linear with time at each measured scan position.
During this demineralisation period, the overall decrease in mineral mass was =4 %
with an accuracy of +0.08 % demonstrating the high sensitivity of SMR to very small
changes in mineral. The slight deviations from linearity observed have been
previously attributed to local changes in the enamel and/or mineral structure due

to natural variability in enamel composition as a function of depth (Anderson et al.,
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1998, Dowker et al., 1999). Table 9.1 summarises the linear regression and

statistical analysis.

0.08 -

006 1 0 ppm [F]

0.04 - i
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Mineral loss per unit area/gcm

4524 ppm [F]
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Time (h)

Figure 9.3: Comparing the gradient of the measured slope (0, 0.5 and 4525 ppm [F]) measured at
a single scan position on a sample.

b (10*gcm?h™?) SE (10” g cm™s™)

0 ppm 12.92 0.11 116.14
356 ppm 8.19 0.25 33.16
3565 ppm 0.22 0.09 2.64

Table 9.2: Statistical analysis for the data in Figure 9.3, using SigmaPIot®

Figure 9.3 compares the RMLgnamel for 0 ppm, 0.5 ppm and 4525 ppm [F], measured
at a single scan position. The different gradients of the lines demonstrate that
increasing [F] in the acidic solution significantly reduced the RMLenamel. Table 9.2

summarises the linear regression and statistical analysis for each slope in Figure 9.3.
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Figure 9.4: The change in the mean of the PRMLcname plotted as a function of successively increasing
[F] (ppm) in the acidic solution. Error bars show the standard error.

Figure 9.4 shows the mean PRMLenhamel Values plotted as a function of log [F']. There
appears to be a log-linear increase in the mean PRMLenamer s a function of log [F7] in
the range 0.1 — 135 ppm [F ], but above 135 ppm [F] the mean PRMLenamel

remained at about =90 %.

The RMLenamer Values with the associated standard errors for all scan positions
measured on enamel blocks (A, B, C1 and C2) are shown below in Table 9.3. The
PRMLenamel Values calculated for each scan position are also shown. Although the
RMLenamer values were different in each sample, the percentage reductions

compared to 0 ppm [F] were remarkably similar.
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ENAMEL
BLOCK

SCAN POSITION

R'\/ILenameI (104 g cm-Z hl)
+/-SE (10" g em?s™)
PR,v”-enamel (%)

R'\/“-enamel (104 g Cm>2 hl)
+/-SE (10 g em?s™)
I:)R'v”-enamel (%)

RMLenameI (104 g Cm-z hl)
+/-SE (10% g cm? s’l)
I:)R'v”-enamel (%)

RMLenameI (104 g Cm-z hl)
+/-SE (10% g cm? s
PR'v”-enamel (%)

RMLenameI (104 g Cm-z hl)
+/-SE (10* g cm? s
IDRMI—enameI (%)

RMLenamel (104 g Cm>2 hl)
+/-SE (10'4 g cm? s'l)
I:)R'v”-enamel (%)

4.580
0.080
0.00

4.740
0.091
0.00

4.890
0.097
0.00

2.960
0.091
0.00

2.960
0.107
0.00

3.000
0.088
0.00

0.1

3.930
0.067
14.13

3.820
0.066
19.33

3.990
0.072
18.47

2.150
0.044
27.34

2.400
0.069
18.75

2.510
0.062
16.22

0.5

3.550
0.046
22.43

3.290
0.052
30.58

3.100
0.050
36.54

1.810
0.056
39.05

1.930
0.063
34.65

2.120
0.050
29.16

23

3.390
0.124
25.97

3.390
0.141
28.49

2.990
0.146
38.77

1.490
0.114
49.71

1.490
0.114
49.58

2.140
0.123
28.46

11.3

1.360
0.108
70.34

1.430
0.111
69.78

1.370
0.122
72.05

1.290
0.125
56.4

1.460
0.125
50.76

1.580
0.116
47.25

F CONCENTRATION (ppm)

45.2

0.671
0.154
85.35

0.505
0.135
89.35

0.442
0.134
90.95

0.475
0.111
83.99

0.610
0.120
79.37

0.537
0.103
82.07

135.7
0.071
0.064
98.45

0.070
0.082
98.53

0.041
0.066
99.17

0.381
0.068
87.13

0.416
0.073
85.93

0.355
0.071
88.17

452.5
0.354
0.029
92.28

0.359
0.036
92.42

0.301
0.034
93.84

0.091
0.019
96.94

0.179
0.025
93.96

0.279
0.022
90.68

2262.4
0.067
0.031
85.33

0.661
0.028
86.04

0.626
0.027
86.25

0.219
0.026
92.61

0.378
0.030
87.22

0.439
0.028
85.34

4524.7
0.072
0.049
98.43

0.184
0.045
96.13

0.178
0.042
96.36

0.178
0.049
93.99

0.189
0.061
93.59

0.210
0.053
92.98
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RMLenamel (10*gcm?h™) 6969 5908 4.215 4.003 2986 1.034 0.344 1.159 1.205 0.269
c1 1 +/-SE (10" gecm™?s™) 0.069 0234 0344 0756 0.171 0.115 0.320 0.065 0.121  0.052
PRM Lenamel (%) 0.00 15.22 39.52 4256 57.15 8516 9507 8337 8271 96.14

RMLenamer (10 gecm™®h?)  6.602 5.865 4.053 4222 3206 1.222 0.176 1.087 0.432 0.867
c1 2 +/-SE (10* gcm?s™) 0.126 0.238 0295 0.805 0.204 0.109 0.426 0.067 0.125 0.061
PRMLenamer (%) 0.00 11.16 3861 36.05 51.44 81.49 9733 83.54 93.46 86.86

RMLename (10 gecm™®h™)  9.342  8.041 7.620 4.703 0.496 1.595 0.752 0.436 0.523 0.834
c1 3 +/-SE (10* gcm?s™) 0.117 0.349 0372 0.539 0.193 0.260 0.435 0.081 0.130 0.061
PRM Lenamer (%) 0.00 13.93 1843 4966 94.69 82.93 9195 9533 9440 91.08

RMLenamer (10 g cm™® h™) 12.640 11.290 8.834 3.414 0.343 1.742 0.239 0.130 0.100 0.433
C2 1 +/-SE (10* gcm?s™) 0.122 0220 0.311 0.104 0.115 0.167 0.226 0.119 0.118 0.064
PRMLenamer (%) 0.00 10.68 30.11 7299 97.28 86.22 98.11 9897 99.21  96.57

RMLepamel (10*gecm™®h™)  16.340 12.910 12.030 2.974 0.442 1.848 0.734 0211 2.037 0.029
c2 2 +/-SE (10" gecm?s™) 0.111 0.209 0.249 0.108 0.128 0.200 0.227 0.108 0.142 0.140
PRMLeamer (%) 0.00 2099 2638 81.80 97.30 8869 9551 9871 87.53 99.82

RMLepamer (10*gecm™®h™)  13.320 11.920 5.297 1363 0.151 1.611 0.495 0.245 2.672 0.783
c2 3 +/-SE (10* gem?s™) 0.092 0.155 0.236 0.074 0.097 0.221 0.178 0.119 0.128 0.078
PRMLeamer (%) 0.00 1051 60.23 89.77 98.87 87.91 9629 98.16 79.94 94.12

Table 9.3: RMLcnamer Values with the associated standard error for all scan position measured on samples (A,B,C1 and C2). For every position, the RMLenamel
measurements at each [F'] were compared with those during acid demineralisation at 0 ppm [F ]. The difference in the demineralisation rates between 0 ppm
[F] and each test condition is shown as a PRMLgnamel. FOr every scan position, the RML...met Measurement at each [F'] was statistically different (P<0.05) when
compared to the RMLgnamel measurement at acid demineralisation (0 ppm [F]) (see Section 9.3.3).

Page 121



9.5 Discussion

Although the in vitro model used in the present study does not fully replicate the
complex nature of the oral environment, it does provide a strategic approach for
the strict chemical control of individual variables of a multi-factorial disease. A
tooth-pellicle-plaque-saliva interface was not simulated in this study to ensure
direct measurements of enamel demineralisation as effected by [F']. The presence
of an acquired pellicle would likely protect enamel surfaces from an acid challenge
to some extent, reducing the magnitude of the fluoride effect but probably not the
observed log-linear dependency of [F'] on reducing demineralisation (Figure 9.4), at
least to any substantial effect (Garcia-Godoy and Hicks, 2008). The composition of
enamel is naturally variable between teeth, even within the same tooth as a result
of many factors which will significantly influence demineralisation rates.
Nevertheless, the results show that at each scan position the mineral mass loss was
approximately linear with time (Figure 9.2). To ensure reproducibility,
demineralisation studies were conducted on samples obtained from different teeth.
Numerous samples were not necessary in this study as each scan position acted as
its own control. The RMLenamel Values at O ppm [F] did not vary considerably
between adjacent positions (0.5 mm apart) on the same sample, but did differ
markedly between samples, demonstrating the influence of natural variability
between teeth (Table 9.1, 0 ppm [F]). Enamel samples C1 and C2 obtained from
different sites on the same tooth also showed considerable variation in RMLenamel (O
ppm [F]) between the two sets of 3 scan positions measured on each sample.
These results highlight the variability in solubility properties of enamel both
between teeth, and, at different locations within the same tooth. Despite these
differences, the PRMLenamel in all samples were modified similarly when subjected to

[F"]-containing acidic solutions.

Enamel is a sufficiently porous tissue, and permits the inward diffusion of acidic
protons into its structure, promoting chemical reactions that remove mineral.
Several studies have shown that fluoride present in solution can markedly inhibit

the dissolution of enamel, even at very low concentrations that range from 0.014 —
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2.0 ppm.(ten Cate and Duijsters, 1983, Yamazaki et al., 2007). In the present study,

a =15 % reduction in the RMLgnamel Was measured with as little as 0.1 ppm [F].

In general, the continuous SMR data shows that enamel demineralisation was
increasingly reduced with successive increases in [F] in the acidic solutions. In the
range 0.1 — 135 ppm, there was a log-linear relationship between [F] and reduction
in demineralisation (Figure 9.4). A log-linear dependency of [F'] on inhibition of the
initial demineralisation rate of carbonated-HAp powder has previously been
reported and the authors suggested this is due to the direct effects of F~ adsorption
on dissolution sites at the crystal surfaces (Featherstone et al., 1990). The result of
this log-linear dependency is that fluoride exhibits a greater change in reducing
demineralisation at lower [F'] compared to higher [F'] ranges; for example, 11 ppm
[F] resulted in an =70 % decrease in RMLenamel, Whereas for 135 ppm [F] there was
an =90 % decrease. This effect of fluoride, especially at these low ‘background’
concentrations could have significant clinical implications relevant to those levels
typically present in saliva and plaque fluid. There is overwhelming evidence that low
[F] found in saliva can significantly reduce enamel demineralisation, and the higher
values typically found in plaque have the potential to remineralise, even at pH

values typically regarded as demineralising (Lynch et al., 2006).

The thermodynamic driving force for enamel demineralisation and remineralisation
is dependent upon the local degree of under- or super- saturation. Solutions
undersaturated with respect to HAp would promote demineralisation, whereas
supersaturated solutions would promote remineralisation of enamel. It should be
emphasised that the acid solutions used in the current study did not contain any
additional calcium or phosphate ions, and it was ensured there were no build-up

effects of these ions due to the large volume of stock reservoir used.

Fluoride is added in dentifrices at a range of concentrations
(see section 3.4) with the primary aim of inhibiting net enamel demineralisation and
enhancing remineralisation. The residual amount of F" remaining in the mouth after

rinsing is approximately <10 % of what was originally in the product (Duckworth and
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Morgan, 1991). It was reported that regular, twice-daily brushing with a fluoride
toothpaste typically elevates fluoride levels by twofold in resting saliva and even
more so in plague 12 h after application (Lynch et al., 2004). The current study
demonstrates that under the constant acidic conditions studied, [F] up to 135 ppm
does significantly reduce demineralisation; however, there is no further significant
reduction in demineralisation >135 ppm [F]. Although these values are based on an
in vitro dissolution model and cannot be directly translated to the oral environment,
the findings substantiate that near-optimum effects can be achieved at quite low
[F7]. It has been reported that sub-ppm [F] are sufficient for preventing the
initiation of caries in sound enamel, but considerably higher concentrations are
required once a carious lesion has formed (Margolis et al., 1986, Yamazaki et al.,
2007). Therefore the availability of adequate [F] in the oral fluids is critical to
decrease net demineralisation during an acidic challenge and to promote

remineralisation in a potential caries initiation sites.

9.6 Conclusion

This study demonstrated a log-linear relationship between the reduction in enamel
demineralisation and [F] up to 135 ppm. The ability of fluoride to significantly
decrease demineralisation, particularly at lower ‘background’ concentrations,
should not be neglected. Under the conditions used, a local [F] < 135 ppm provided
somewhat optimum protection of enamel against dissolution, which may suggest
these concentrations of F in the oral fluids are sufficient to prevent

demineralisation during a cariostatic challenge.
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Chapter 10

Effects of Fluoride lon Concentration on in vitro

Enamel Demineralisation Characterised by F

MAS-NMR

10.1 Introduction

Topical applications of fluoride (e.g. fluoride toothpastes, gels, varnishes and
mouthwashes) are considered a more effective measure for caries prevention than
systemic use of fluorides (see Section 4.4.3) (Ripa, 1991). Fluoride incorporated into
the enamel apatite structure has been shown to enhance the resistance of the
tooth to acidic challenges and thus reduce lesion development (ten Cate and
Featherstone, 1991, Takagi et al., 2000). In addition, the anti-caries effect of
topically applied fluoride has also been attributed to calcium-fluoride-like deposits
formed on dental hard tissues, which is thought to act as a protective barrier on the
surface, and serve as a reservoir for fluoride (see Section 4.4.4) (ten Cate, 1997).
Given the large number of caries preventative dental products available containing
highly variable fluoride concentrations, it is perhaps surprising that few
experimental studies have been undertaken to establish the effects of increasing
fluoride concentration on the resulting mineral phases formed on enamel. Likewise,
there is continued interest in fluoride’s therapeutic potential particularly its

optimum concentration for anti-caries efficacy.
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10.2 Aim

The aim of this study was to investigate the mechanistic action of varying fluoride
concentration (0.45 — 2262 ppm [F]) on the reduction of enamel demineralisation
during caries-simulating conditions. F MAS-NMR (see section 7.1) was used to
characterise the fluoride-enamel interactions under acidic conditions as a function
of [F]. The secondary aim was to investigate FAp formation on enamel in the
mechanism of fluoride anti-caries efficacy. The F MAS-NMR results were
corroborated by measuring the calcium and phosphorus ions released from the
enamel during these reactions using Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), and by measuring the changes in weight of the enamel
blocks.

* The study described in this chapter was published in Caries Research (February 2013). See
Appendix D for a full version of the paper.

Page 126



10.3 Materials and Methods

10.3.1 Preparation of Human Enamel Blocks

Caries-free permanent molars were used to cut blocks of enamel (= 5 x 5 mm) with
a maximum thickness of = 2 mm (details on the preparation of the enamel blocks
were described in section 8.1.1). The location of cut in each tooth was recorded.

The linear dimensions and weights of each block were also recorded.

10.3.2 Preparation of [F]-Containing Acid Solutions

A series of acid solutions were made from analytical grade reagents. A 10.0 L stock
of 0.1 mol/L acetic acid (AnalaR NORMAPUR, VWR International, France) was
prepared with deionised water and adjusted with NaOH to pH 4.0. Subsequently,
this was divided into ten 1.0 L flasks. Sodium fluoride (NaF) (Sigma-Aldrich) was
added to the acid reservoirs to prepare acid solutions containing: 0, 0.45, 7, 11, 29,
45, 136, 452, 656, 1357 and 2262 ppm [F] respectively, selected to include

concentrations of topically available fluoride.

10.3.3 Demineralisation of Samples

Each enamel block was placed in a container with 50 ml of acidic solution (0 ppm
[F]) at 37 °C in a shaking incubator (KS 4000i control, IKA, UK) at 60 RPM for 24 h.
Subsequently, each sample was immersed in 50 ml of a
[F]-containing acid solution at 37 °C for 96 h. Samples were dried and weighed
using a balance accurate to +0.0001 g (Mettler HK, Switzerland) before and after
immersion to calculate the percentage mineral weight loss of each sample after

96 h.

10.3.4 "°F MAS-NMR Analysis of Enamel Blocks

Each sample was dried and grounded to a fine powder for solid-state F MAS-NMR
analysis. F MAS-NMR was carried out using a 600 MHz (14.1 T) spectrometer
(Bruker, Bremen, Germany) at a Larmor frequency of 564.5 MHz under spinning
conditions of 15 kHz in a 2.5 mm rotor. The spectra were acquired using a low
fluorine background probe in a single pulse experiment of 30 s recycle duration. The

F chemical shift scale was referenced using the —120 ppm peak of 1 M NaF
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solution, with a secondary reference of CFCls. Typically spectra were acquired for
10 — 24 h depending on the fluoride level and are an accumulation of between 600

and 1440 scans.

10.3.5 ICP-OES Analysis of [F]-Containing Acidic Solutions

After reaction with enamel, the fluoride-containing demineralising solutions were
diluted by a factor of 1:20 to lower the background Na levels (for analysis of
phosphorus and calcium), with an acidification of 1 % (0.1 ml of 69 % nitric acid in
10 ml) and quantitatively analysed by ICP-OES (ICP; Varian Vista-PRO, Varian Ltd.,
Oxford, UK). Each measurement was replicated. Calibration solutions were
demineralising solutions (0.1 M acetic acid, pH 4.0) with the same ionic strength as
a sample reaction solution, but diluted by a factor of 1:20 and also with an
acidification of 1 % using 69 % nitric acid. Calcium and phosphorus standards were
used in the concentration range 0.1 — 10 ppm. The instrumentation error was
determined by repeated measurements of 1.0 ppm calcium and 1.0 ppm

phosphorus containing standard solutions.
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10.4 Results

10.4.1 °F MAS-NMR
Figure 10.1 shows a series of *°F MAS-NMR spectra of the enamel demineralised in

the presence of a range of [F].

CaF, reference

2262 ppm [F]
1357 ppm [F]
656 ppm [F]
452 ppm [F]

136 ppm [F]
45 ppm [F]
11 ppm [F]

FAp reference
0 ppm [F]

-70 -80 -90 -100 -110 -120 -130
9F Chemical shift, ppm

Figure 10.1: “F MAS-NMR spectra of enamel samples immersed in increasing concentrations of
fluoride in the acidic solutions for 96 h shown in the following order: Control enamel block not exposed
to fluoride, fluorapatite (FAp) reference, enamel block in 11 ppm [F '], enamel block in 45 ppm [F],
enamel block in 136 ppm [F], enamel block in 452 ppm [F], enamel block in 656 ppm [F'], enamel
block in 1357 ppm [F ], enamel block in 2262 ppm [F], Calcium fluoride (CaF,) reference. Asterisks
mark spinning side bands.

F MAS-NMR spectra obtained for the enamel section exposed to no F~ exhibited a
flat baseline with no detectable fluoride present. The FAp reference spectra showed
a characteristic peak at —102 ppm corresponding to the triangles F—Ca(3) in the
apatite structure, whilst the CaF, reference showed a characteristic peak at —108
ppm corresponding to the F—Ca(4) site. For the samples demineralised in the
presence of F, '°F chemical shift peaks were identified by comparison with
reference  spectra, and formation of fluoride-substituted  apatite

(Ca1o(PO4)6F2—«(OH),, Fs-HAp) (see Section 4.4.1) and calcium fluoride (CaF,) was
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observed from the peaks. Signals from both the Fs-HAp and CaF, environment are
clearly observed in approximately equal proportions in the spectrum of the 45 ppm
[F] sample. At [F'] above 45 ppm, less Fs-HAp forms and instead there is an
increased CaF;signal. For the 136 ppm [F] sample, the predominant mineral phase
formed is CaF, however F,-HAp is also evidently present. At 452 ppm [F], the peak
is asymmetric which indicates the presence of some Fs-HAp although CaF; is the
major phase formed. For [F] above 452 ppm, the spectra are nearly identical and

demonstrate mostly a CaF,-like environment.

10.4.2 ICP-OES
Figure 10.2 shows the Ca®* and PO,> released into the reaction solution following

demineralisation of enamel samples.
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Figure 10.2: ICP measurements of the calcium and phosphorus detected in reaction solutions
containing increasing [F]. A=Phosphorus ions A = Calcium ions. The dashed lines show the calcium
and phosphorus in acidic solutions under control conditions (0 ppm [F]). The error bars show the
instrumentation error.

The Ca** and PO,” released into the demineralising solutions decreased markedly as
the [F'] was increased from 0 — 45 ppm. Further, the PO, release was lower than
the Ca®* release. Above 100 ppm [F], there was substantially lower Ca?* release.

Above 452 ppm [F], no further decrease in the Ca’' release was detected, however,
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the PO, release increased as the F~ in the demineralising solution increased in the
range 136 — 2262 ppm. Figure 10.3 shows the Ca/P ratio calculated from the ion

release data.

2.0 q
1.8 A
1.6
1.4 4 A
1.2 A
1.0 A
0.8 A

0.6 A

Ca/P ratio in solution

0.4 4

0.0 A

0.1 1 10 100 1000 10000
[F1 (ppm)

Figure 10.3: Ca/P ion ratio in solution as a function of [F']. The dashed line shows the Ca/P ion ratio
under control conditions.

10.4.3 Mineral Weight Loss
[F"]1(ppm) % weight loss [Ca] (ppm) [P] (ppm)  Ca/P

0.00 41.0£0.5 90.5 +11.2 54.3 +0.82 1.29
0.45 31.9+0.3 116.8 +14.4 67.5£1.02 1.34
6.79 15.0+0.8 35.4 +4.38 21.3 +0.32 1.29
11.31 16.2 +0.2 58.4 £7.22 37.9+0.57 1.19
29.41 9.6 £0.2 32.3+4.00 18.4 £0.28 1.36
45.25 12.2 +0.3 25.3+3.13 16.9 +0.25 1.16
135.74 10.6 +0.1 5.9+0.73 26.6 £0.40 0.17
452.47 8.910.5 2.1+0.26 12.9£0.19 0.13
656.09 14.4+0.4 1.8 £022 22.0+0.33 0.06
1357.42 9.0+0.2 2.0+0.24 26.7 £0.40 0.06
2262.37 16.1+0.3 3.8+0.47 28.7 £0.43 0.10

Table 10.1: The percentage enamel weight loss of enamel blocks and the calcium and phosphorus
ion release into acidic solution with increasing [F'] ppm.
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Table 10.1 shows the percentage weight loss of the enamel blocks and the calcium

and phosphorus ions measured in solution as a function of [F7].
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Figure 10.4: The percentage enamel weight loss/mm? of samples with increasing [F'] ppm. The
dashed line shows the % percentage enamel weight loss/mm? under control conditions. The error
bars show the instrumentation error.

Mineral loss was measured by comparing the weight loss per unit area of enamel
samples before and after immersion into acidic solutions. Figure 10.4 shows the
percentage weight loss of the enamel blocks per unit area with increasing [F]. For
the control sample (0 ppm [F]) there is a weight loss of 0.74 % mm™. However, the
addition of 0.45 ppm [F] reduced mineral loss to 0.47 % mm™. For the solution with
11 ppm [F ], demineralisation further decreased down to 0.15 % mm™ and did not
change substantially up until 452 ppm [F]. However, the % mineral weight loss

increased above 136 ppm [F].
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10.5 Discussion

The °F MAS-NMR spectra (Figure 10.1) showed the formation of calcium fluoride
(CaF,) and fluoride-substituted apatite (Caio(PO4)sF2x(OH)y, Fs-HAp) as the main
chemical species on the enamel samples, that were demineralised with the addition
of varying fluoride concentrations. Below 45 ppm [F ], fluoride is predominantly
present as F--HAp with smaller amounts of CaF, present. At 136 ppm [F ] and above,
CaF; is the predominant mineral phase. Larsen and Jensen (1994) reported that in
solutions saturated with enamel apatite, CaF, formation was initiated with as little
as 100 ppm [F] present in solution at low pH conditions, in agreement with this
study. The spectra are identical for all the concentrations of fluoride above 136
ppm, demonstrating mostly a CaF,-like environment. Deconvolution of the spectra
showed that there may be a variety of F,-HAp phases present and further work is
required to support this, however was beyond the scope of this study. In the

present study the type of F-HAp could not be identified.

White et al., (1988) first addressed the reaction products formed on powdered
dental enamel under conditions of mineral fluoridation at neutral pH in 1988, and
later studied these effects using high-resolution NMR (White et al., 1994). They
reported a peak which was ascribed to ‘non-specifically adsorbed fluoride’ that was
suggested to be fluoride which is hydrogen-bonded to the phosphate protons on
the apatite surface. Furthermore, a relatively small peak for FHAp was reported,
although no peak for CaF, was observed. Their use of powdered enamel increased
the surface area, which allows for greater ionic interactions between fluoride and
apatite. Whereas, in the present study, bulk enamel samples were used, subjected
to longer equilibration periods (96 h), and, under demineralising conditions (pH 4).
This method mimics the oral environment more closely as the changes occurring in
the enamel are limited to the interactions at the natural enamel surface with
fluoride and could also explain why CaF, precipitation was observed in this study

with increasing [F].
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ICP-OES analysis showed a decrease in the PO,> and Ca®* release with
increasing [F7] in the demineralising solution (Figure 10.2). Above 45 ppm, the
Ca” release was lower than PO, release. At lower [F7] (<45 ppm) (Figure 10.3),
the Ca/P ratio decreased from 1.8 to 1.4 suggesting incongruent dissolution of
the mineral. However, at [F'] above 45 ppm, this ratio decreases sharply to
below 0.2, which may be due to calcium being used to form CaF; and as a result
there being insufficient available Ca®* to form FAp. A decrease in
demineralisation rate was also seen from the weight loss data with increasing
[F] (Figure 10.4). In the present study, [F] above 136 ppm does not
substantially decrease demineralisation further, and in fact a slight increase in
demineralisation was observed. This change in behaviour is consistent with the
ICP-OES data, which shows an increase in PO,>” released for [F] of 136 ppm and
above (Figure 10.2). This finding suggests that at higher [F], there is
preferential release of phosphate from the apatite structure, ie. a slight
increase in the rate of enamel demineralisation. The F MAS-NMR spectra show
that CaF, is formed in greater proportions relative to F.-HAp with 245 ppm [F]
in the demineralising solutions, but does not alter significantly with further
increases in [F]. ICP-OES shows a reduction in the Ca’' release into solution
with increasing [F'] due to CaF, formation. As the Ca’' released into solution
decreases due to the precipitation of CaF,, PO,> are unable to react to form

apatite and are therefore released into solution.

Previous studies have reported that the formation of CaF, may exhibit anti-
caries effects by forming a physical barrier on the enamel surface thereby
slowing the demineralisation process, as well as serving a reservoir for fluoride
(Saxegaard and Rglla, 1988, Ganss et al., 2007). However, the F MAS-NMR,
ICP-OES and weight loss results of this study demonstrate that the formation of
CaF, is potentially detrimental to the structural integrity of enamel as its
formation reduces the available Ca* required for remineralisation of apatite.
This in turn causes the loss of PO, thereby decreasing the mineral content in

the tooth. The present findings suggest that the formation of a fluoridated-
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apatite phase is favourable as this retains the apatitic structure and lowers the

solubility of enamel (Featherstone, 1999).

The ICP-OES and weight loss data (Figures 10.2-10.4) showed that dissolution of
enamel was increasingly inhibited up until 136 ppm of [F'], above which little
further inhibition of demineralisation was observed, and, the F NMR data
showed that CaF, was the predominant species formed. This suggests that any
benefit associated with the formation of CaF, at [F] > 136 ppm is offset by the
disturbances caused to the structural integrity of the enamel. Although a static
rather than a cycling model was used in this study, these conditions could mimic
salivary conditions at night after brushing with a fluoride-containing dentifrice
where the salivary flow rate is low and therefore elevated fluoride levels may

persist for longer time periods.

It has been proposed that CaF, formed on dental hard-tissues, and within
plague, may act as a reservoir providing fluoride release under acidic conditions
(Fischer et al., 1995). Calcium fluoride has a very low solubility product constant
and is relatively stable under low pH conditions (pgaard et al., 1983). However,
it appears that the terminology “CaF,-like” has been implemented in the
literature to overcome the point that CaF; is, in fact, not very soluble. The term
“CaF,-like” is sometimes referred to as a phosphate-containing CaF, (Rella and
Saxegaard, 1990), which these authors suggest is more soluble than pure CaF,
and may thus release fluoride at a higher rate than pure CaF, (Christoffersen et
al., 1988). It has also been suggested that CaF, formed at low pH contains less
internal phosphate and is therefore less soluble (@gaard, 2001). In the presence
of salivary PO, it is possible that a “CaF,-like” material is formed in the biofilm.
However, Vogel et al., (2010) reported that “CaF,-like” deposits did not form in
plague after exposure to fluoride (228 ppm [F]), and if formed they were
rapidly dissolved. Therefore, it may be that these “CaF,-like” materials are
nanocrystals of fluoridated apatite, which are more soluble than CaF; at low pH.

This would explain the release of fluoride from these “CaF,-like” materials at
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low pH conditions. It has also been suggested that phosphate-containing CaF, is
formed on enamel during the treatment of enamel with acidified solutions of
high fluoride content, which would then act as a reservoir for fluoride at low pH
(Rglla et al., 1993). However, the present study shows that under these
conditions, there was no °F NMR evidence of a phosphate-containing CaF,

present, rather, CaF, was the main mineral phase formed.

The present study demonstrates that the addition of fluoride produces fluoride-
substituted apatite as a major chemical species only at low concentrations of
fluoride. There is overwhelming evidence that low fluoride levels found in saliva
can significantly reduce enamel demineralisation, and those found in plaque
have the potential to remineralise, even at pH values typically regarded as
demineralising (Fox et al., 1983, Lynch et al., 2006). The potential of enamel
remineralised in the presence of fluoride to both resist a caries challenge and to
release fluoride into the oral fluids during dissolution, has been somewhat
ignored of late. The former effect is potentially quite important in terms of
enamel solubility (Koulourides et al., 1980), while the latter effect may be
sufficient to tip the ‘caries balance’ in their favour in low caries-risk individuals.
The speculated slow dissolution of CaF,-like depositsis viewed as a potential
‘slow-release vehicle’ for the widespread availability of fluoride in the oral fluid.
However, fluorohydroxyapatite (FHAp) may also be an important fluoride
reservoir but previously, its importance has been considered mainly in the

context of reduced solubility when compared with HAp (Moreno et al., 1974).

10.6 Conclusion

In conclusion, this study confirms that under the conditions used, the cariostatic
effect of fluoride is due to the formation of fluoride-substituted apatite and
calcium fluoride, depending on the [F] in solution. Below 45 ppm, the F~ from
the solution forms a fluorohydroxyapatite phase on the enamel surface. At 45
ppm [F], nearly equal amounts of F--HAp and CaF, phases form, whereas,

above 45 ppm CaF; is the main phase formed on the enamel surface.
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Chapter 11

Effects of Zinc lon Concentration on Enamel
Demineralisation in vitro: Real-Time SMR
Study

1.1 Introduction

Typical concentrations of zinc range between 1400-6000 ppm in toothpastes
and 200-300 ppm in mouthwashes and rinses (see Section 5.3.1). A good oral
substantivity is exhibited by zinc, with around 15-40% retention of the applied
zinc dose (Afseth et al., 1983a, Tanwalker and Gilbert, 1989). Some zinc is also
present naturally in both plaque and saliva, with reported ‘background’
concentrations of 0.01-0.2 ppm in saliva, and 5-30 ppm in plaque (Harrap et al.,
1984). Following applications, zinc is cleared from saliva bi-modally, with
relatively high post-application concentrations falling rapidly over the first hour
(Section 5.3.2). Thereafter, lower concentrations, still significantly elevated
when compared to baseline, may persist for many hours. A similar trend is seen
in plague. Here, elevated concentrations can persist for at least 12 hours after

usage.

Considering the oral disposition of zinc, particularly following applications from
zinc-containing dentifrices, it is of great interest to investigate the effect of a

range of zinc ion concentration on demineralisation rate of dental enamel.
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11.2 Aim

The aim of this in vitro study was to measure the direct physical effects of zinc
ion concentration [Zn%**] on the real-time demineralisation of enamel during
exposure to in vitro caries—simulating conditions using Scanning

Microradiography (SMR).

SMR was used to measure mineral mass loss in enamel blocks during exposure
to in vitro acid solutions, whilst the subsequent [Zn*'] of the acidic challenge
was successively increased and SMR measurements continued for periods of
=48 h. Thus, real-time measurements of the effects of [Zn%]
(in the range 0.1 — 3565 ppm) on the rate of enamel demineralisation were

obtained, on the same sample and at the same location.
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11.3 Materials & Method

11.3.1 Preparation of Human Enamel Blocks

Anonymised caries-free permanent molars (tooth A, B and C) were randomly
selected. Enamel blocks (=5 x 5 mm) with a thickness of =2 mm were cut from
each tooth (details on the preparation of the enamel blocks were described in
Section 8.1.1). An enamel block was obtained from tooth A (block A), tooth B
(block B), and tooth C (block C). As each block was located in a separate SMR
environmental cell, as shown in Figure 11.1 (details on the preparation of an

SMR cell was described in Chapter 8).

Figure 11.1: Each SMR cell contains an enamel block obtained from either tooth specimen A, B
orC.

11.3.2 Preparation of [Zn**]-Containing Acid Solutions

A series of acidic solutions were made from analytical grade reagents. A 10.0 L
stock of 0.1 mol/L acetic acid (AnalaR NORMAPUR, VWR International, France)
was prepared with deionised water and adjusted to pH 4.0. Subsequently, this
was divided into ten 1.0 L flasks. Zinc acetate (Zn(O,CCHs),) was added to the
acid reservoirs to prepare solutions containing: 0, 0.1, 0.4, 1.8, 9, 36, 107, 356,
1782, 3565 ppm [Zn?'] respectively. This concentration range was used to mimic

those found in dentifrices, plaque fluid and saliva. The lower concentration
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range was typical of those present in saliva at some considerable time after
application, whereas the upper concentration range might be typical of

immediate post-application.

11.3.3 SMR Experiment

The SMR cells containing the samples were mounted on the X-Y stage, which
can be moved and repositioned with high precision (+0.5 um) under computer
control. Mineral mass measurements were taken repeatedly at 3 fixed scan

positions 0.5 mm apart, every 60 s on each block (A, B and C) throughout an

experiment.
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Figure 11.2 Each SMR cell containing a sample was circulated with a [Zn2+]-containing acid
solution (pH 4.0) for a period of =48 h. Initially an acid solution containing no zinc was circulated
for =48 h, which was followed by 0.1 ppm [Zn*"] and so on.

Initially, a 1.0 L acidic solution (0 ppm [Zn?']) was circulated through the SMR
cell for a period of =48 h whilst continuously taking SMR measurements. After
the initial demineralisation period, each cell was circulated with an equivalent
composition of acidic stock solution containing 0.1 ppm [Zn?*"] for =48 h.
Subsequently, each [Zn2+]—containing acidic solution up to 3565 ppm was

circulated through the SMR cell at sequentially increasing [Zn®'] for =48 h
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periods (Figure 11.2). SMR was used to measure mineral mass throughout all
the demineralisation periods. All measurements were carried out at

23.0+1.0°C.

11.3.4 Determination of RMLcnamel

The mineral mass per unit area was plotted as a function of time and the rate of
enamel mineral loss (RMLenamel) Values and associated statistical errors were
calculated from the slope by linear regression fitting using SigmaPlot 10.0
(Systat Software, California, USA). The RMLcpnamer measurements at each [Zn2+]
test condition were compared with those during the initial demineralisation
period (0 ppm [Zn2+]) for every scan position. The difference in the

demineralisation rates between 0 ppm [Zn**] and each [Zn*'] test condition is

shown as the percentage reduction in RMLenamel (PRMLenamer)-

For reproducibility, 3 different scan positions were measured on each enamel
block (A, B, and C) obtained from 3 different anonymous specimens. In total,

RMLenamer Was measured at a total of 9 different scan positions (n =9).
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11.4 Results
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Figure 11.3: Typical SMR raw data plot showing the mineral per unit area plotted against time
(=50 h) during exposure to acidic conditions (pH 4.0, [Zn*1=0 ppm) at a single scan position on a
sample (A). RMLgnamel Was determined by linear regression fitting of the slope (y = a + bx).

Value SE t-value ‘
a(10* gcm?) 5580 0.86 6507.31
b (10*gcm?h?) 4.90 0.04 160.90

Table 11.1: Statistical analysis for the data in Figure 11.4, using SigmaPIot®

Figure 11.3 shows a typical SMR raw data data plot over =50 h during exposure
to acid solution (pH 4.0) ([Zn**] = 0 ppm). The graph shows the mineral mass
decrease was approximately linear with time at all [Zn*) used, but with slight
deviations from linearity attributable to the local changes in the enamel and/or
mineral structure in the specimen due to the presence of natural variability in
hard-tissue composition (Anderson et al., 1998). Table 11.1 summarises the

linear regression and statistical analysis.
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Figure 11.4: compares the gradients of the measured slope (0, 356 and 3565 ppm [Zn*)
measured at a single scan position on a sample.

Table 11.2: Statistical analysis for the data in Figure 11.5, using SigmaPIot®

Figure 11.4 compares the gradient of the measured slope measured at a single
scan position on an enamel block at 0, 356 and 3565 ppm [Zn?'] in the acidic
solutions. The different gradients of the lines clearly illustrates that increasing
the [Zn2+] in the acidic solution reduces the rate of enamel mineral
demineralisation. Table 11.2 summarises the linear regression and statistical

analysis for each slope in Figure 11.4.
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Figure 11.5: a) shows the relationship between the mean PRMLgnamel (n=9) and log [Zn**]. b) shows
the relationship between the mean PRMLgnamel (n=9) and [Zn2+]. A break in the x axis (between 40 -

100 ppm) has been shown to enhance readability. Error bar shows the standard error in SMR
measurements.
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Figure 11.5a shows the mean PRMLcnamel Values plotted as a function of [Zn2+],
where the [Zn*] is plotted on a log-scale. There appears to be a log-linear
increase between the mean PRMLenamel and [Zn2+]. At =10 ppm [Zn2+] there is
approximately a =60 % reduction measured in the rate of demineralisation.
Figure 11.5b shows the mean PRMLenamel Values plotted as a function of [Zn2+]. A
break in the x axis (between 40 — 100 ppm) has been shown to enhance
readability. A rapid increase in the rate of PRMLenamel is observed up to 10 ppm
[Zn2+], however, above this concentration there is a substantial decline in the

rate of PRMLenamel-

Table 11.3 shows the RMLenamel Values with the associated standard error for a
scan position (1,2 or 3) measured on a sample (block A, B and C). For every scan
position on a sample, the RMLenamel Measurements at each [Zn2+]-test condition

were compared with those during acid demineralisation (0 ppm [Zn®*]).

The SMR raw data plots measured for all zinc concentrations at a single scan

position on a sample can be found in Appendix A.
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SAMPLE SCAN POSITION

RMLenamel (10 g cm ™ h™)
+/-SE (10’4 g cm? s’l)
PRMLenameI (%)

RMLenamel (10 g cm ™ h™)
+/-SE (10’4 g cm? s’l)
PRMLenameI (%)

RMLenameI ‘(110-4 gzcml-z h-l)
+/-SE (10" gecm™ s )
PRMLenameI (%)

RMLenameI ‘(1104 gzcml-z h-l)
+/-SE(10"gcm™s")
PRMLenameI (%)

RMl-enamel (10-4 g cm-z h-l)
+/-SE (10'4 g cm? s_l)
PR'v”-enamel (%)

RMl-enamel (10-4 g cm-z h-l)
+/-SE (10'4 g cm? s_l)
PR'v”-enamel (%)

RMl-enamel (10-4 g cm-z h-l)
+/-SE (10'4 g cm? 5'1)
PRMLenamel (%)

RMLenamel (10—4 g cm-Z h-l)
+/-SE (10'4 g cm™ s'l)
PRMLenamel (%)

RMLenamel (10—4 g cm-Z h-l)
+/-SE (10'4 g cm™ s'l)
PRMLenamel (%)

4.899
0.039
0.00

7.012
0.352
0.00

5.426
0.315
0.00

7.434
0.466
0.00

6.158
0.455
0.00

6.158
0.455
0.00

5.269
0.445
0.00

5.404
0.429
0.00

5.768
0.226
0.00

[zn** ] Concentration (ppm)

0.1

4.060
0.025
17.13

3.948
0.051
43.70

3.655
0.075
32.64

6.624
0.256
10.90

4.310
0.369
30.01

4.635
0.325
24.73

3.574
0.170
32.04

3.390
0.267
37.27

3.575
0.076
38.02

0.4

3.812
0.033
22.19

4.198
0.072
40.13

2.751
0.082
49.30

2.742
0.384
63.12

3.365
0.462
45.36

2.389
0.614
61.20

3.000
0.265
42.95

1.906
0.514
64.73

3.598
0.072
37.62

1.8

4.099
0.010
16.33

3.942
0.107
43.78

2.281
0.134
57.96

0.948
0.113
87.24

2.177
0.121
64.65

1.970
0.117
68.01

2.485
0.087
52.75

2.029
0.098
62.45

3.158
0.141
45.25

8.9

3.137
0.027
35.97

2.956
0.112
57.84

2.265
0.136
58.26

0.690
0.154
90.72

0.963
0.182
84.37

0.931
0.179
84.89

3.033
0.146
42.33

2.445
0.176
54.76

3.331
0.135
42.25

35.6

2.897
0.022
40.87

2.754
0.064
60.72

2.083
0.078
61.61

0.007
0.153
99.90

0.699
0.118
88.64

1.070
0.130
82.62

1.111
0.178
78.87

1.927
0.138
64.34

2.211
0.072
61.67

106.9
2.575
0.018
47.44

3.014
0.090
57.02

2.144
0.123
60.49

0.582
0.248
92.17

1.729
0.290
71.92

0.979
0.285
84.10

1.319
0.302
74.92

3.230
0.320
40.23

2.633
0.178
54.35

356.5
0.608
0.019
54.75

1.631
0.077
76.74

2.131
0.112
60.73

0.619
0.085
91.67

0.737
0.097
88.04

0.839
0.092
86.38

0.957
0.076
81.80

1.670
0.091
69.10

2.001
0.111
65.31

1782.5
0.067
0.019
87.60

0.397
0.042
94.35

0.163
0.062
97.00

0.540
0.076
92.73

0.755
0.086
87.75

0.848
0.082
86.23

0.896
0.069
82.96

1.680
0.083
68.91

0.185
0.068
96.79

3564.9
0.274
0.009
94.40

0.172
0.022
97.55

0.301
0.032
94.46

0.064
0.057
99.14

0.257
0.067
95.83

0.348
0.067
94.35

0.182
0.048
96.53

0.168
0.067
96.90

0.261
0.033
95.48

Table 11.3: RML.yame Values
with the associated standard
error for all scan position
measured on samples (A,B,
and C, see Section 11.3.3). For
every position, the RMLenamel
measurements at each [Zn®']
were compared with those
during acid demineralisation
at 0 ppm [Zn*]. The
difference in the
demineralisation rates
between 0 ppm [Zn”'] and
each test condition is shown
as a PRMLepamer FoOr every
scan position, the RMLenamel
measurement at each [Zn2+]
was  statistically different
(P<0.05) when compared to
the RMLenamel measurement
at acid demineralisation (0
ppm [Zn*]).
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11.5 Discussion

This in vitro study investigated the effects of varying zinc ion concentration [Zn?*] on
the rate of dental enamel demineralisation during caries-simulating conditions
using SMR. A concentration range of 0.1 — 3565 ppm [Zn®*] was used to mimic those
found in dentifrices, plaque fluid and saliva (Lynch, 2011). The lower concentration
range was typical of those present in saliva at some considerable time after
application of zinc-containing toothpaste, whereas the upper concentration range
might be typical of immediate post-application. In general, the SMR study
confirmed that increasing [Zn*'] in the acid solution reduces the rate of enamel

demineralisation.

The specimens used in these studies are naturally variable in its tissue composition
and would therefore differ in solubility (Robinson et al.,, 1995), which might
invariably influence the RMLenamer Vvalues. To ensure reproducibility,
demineralisation studies were conducted on samples obtained from different teeth.
Numerous samples were not necessary in this study as each scan position acted as
its own control. The difference in the demineralisation rates between 0 ppm [Zn*']
and each test condition is shown as a percentage reduction in RMLenamel
(PRMLenamer). The PRMLenamel Values are not absolute values, rather an indication of
how much demineralisation is modified with the presence of increasing [Zn?].
Although the RMLenhamer values for all three scan positions measured on samples

(block A, B and C) were different in each sample, the overall PRMLgpamer in each

sample showed similar trends with increasing [Zn*'].

For the SMR study, the natural enamel surface was subjected to continuous acid
conditions (pH 4.0) during which the [Zn?**] was sequentially increased in the acid
solutions at fixed time periods (=48 h) (Mohammed et al., 2013). At a lower
concentration range (0.1-36 ppm [Zn2+]), a rapid increase in the rate of PRMLenamel
was observed, and quite a substantial reduction in enamel dissolution was
measured (up to 70 % PRMLenamer). This rapid modification in the demineralisation
rate could be explained by the almost instantaneous occupancy of the abundant

PO,>” binding sites by zinc, and as these sites become occupied the rate of
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demineralisation is effectively reduced. The HAp crystal structure was described in
Section 2.2, and Figure 2.5 showed that the HAp crystal surfaces are polar with a
reported concentration of 3.02 ions/nm? of PO,>" lattice ions exist on the surface of
HAp (Kukura et al., 1972).

The greater occupancy of zinc at active dissolution sites (Fuierer et al., 1994) on the
enamel surface with increasing concentration could also explain the log-linear trend
observed between [Zn2+] and PRMLenamer (Figure 11.5a). This relationship between
[Zn**] and inhibition in demineralisation shows characteristic features of a
saturation-binding exponential curve (Figure 11.5b), and indicates a surface
phenomenon between zinc and enamel. The ability of zinc to substantially reduce
enamel demineralisation at these sorts of concentrations could, potentially, have
significant clinical implications relevant to those levels typically present in saliva and
plaque fluid (see Section 5.2.2).

Above 9 ppm [Zn*], an overall linear increase was observed between the
PRMLename, and although the rate of increase was lower, a PRMLgname Value of
approximately 90 % was measured >1782 ppm. The smaller differences between
the PRMLenamel Vvalues measured with increasing [Zn2+] also suggests the
accumulation / adsorption of zinc on the enamel surface, with increasing levels of
exposure. The apparent changes in gradients is indicative that the mechanistic
behaviour of zinc is concentration dependent, and that more than one mechanism
is probably occurring between increasing [Zn*"] and tooth enamel surface under
acid conditions. The rapid increase in the rate of PRMLenamel is probably due to
abundant availability of active dissolution sites (Arends, 1973, Voegel and Frank,
1977) and/or PO,*” sites on the enamel surface, and with the gradual occupancy of
these sites, the adsorption becomes less efficient and therefore there is a slower

rate of increase in PRMLenamel-

11.6 Conclusion

This study confirmed the ability of zinc to reduce enamel demineralisation during in
vitro caries simulating conditions. Increasing [Zn%] in the acid solution showed
significant reductions in the rate of enamel demineralisation. The general

relationship observed between [Zn2+] and PRMLenamer suggests that there is a
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surface phenomenon of zinc, which could be limited to its accumulation on the
enamel surface (i.e. [Zn*"]) and/or the available surface area or binding sites on the
enamel. From a caries prevention perspective, zinc ions present in the oral fluids, in
particular the plaque fluid would provide a degree of protection of enamel during a

cariostatic challenge.
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Chapter 12

Physical Chemical Effects of Zinc on in vitro
Enamel Demineralisation

12.1 Introduction

The antibacterial properties of zinc salts are due to their ability to inhibit bacterial
adhesion, metabolic activity and growth (Saxton et al., 1986, Young et al., 2003,
Fedorowicz et al., 2008). In addition, zinc is known to inhibit the crystal-growth of
hydroxyapatite (HAp) and its reported precursors’ dicalcium phosphate dihydrate
(DCPD) and octacalcium phosphate (OCP) (Chow and Eanes, 2001). This ability of
zinc to modify the crystal-growth pathways of calcium phosphates has been
exploited to control calculus formation (LeGeros et al., 1999). A mechanism of
adsorption or incorporation of zinc ions into the apatite lattice structure has been
proposed (Shepherd and Best, 2013). While the effects of zinc as an anti-plaque and
calculus agent have been investigated extensively, its interaction with enamel and
its putative role in demineralisation and remineralisation is considerably less well
understood. In the early sixties, Brudevold et al., (1963) reported that zinc reduces
the solubility of enamel, but were not clear on the fundamental chemistry of this

mechanism (see Chapter 5 for more detail).
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12.2 Aim

The aim of this in vitro study was to investigate the effect of zinc ion concentration
[Zn**] on the calcium [Ca®*] and phosphate [PO,> "] dissolution of dental enamel and
synthetic hydroxyapatite (Cayo(PO4)¢(OH),, HAp), during exposure to acidic solutions
simulating caries (pH 4.0). Furthermore, the possible mechanistic action of zinc with
enamel and HAp was determined under the conditions used. Synthetically pure HAp
was also investigated alongside dental enamel due to the significant variability that
exists naturally in the composition of human enamel. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) was used to quantitatively measure the
concentration of calcium and phosphorus ions released into solution. The treated
HAp powders were characterised by X-Ray Diffraction (XRD) and Neutron Diffraction
(ND). Furthermore, the surfaces of the enamel blocks were analysed using
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
to obtain structural information on the mineral phases formed on enamel surfaces

as a function of [Zn*'] in the acidic conditions.

* The study described in this chapter was in Journal of Dentistry (April 2014). See Appendix D for a
full version of the paper.
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12.3 Materials and Methods

12.3.1 Preparation of Demineralising Solutions

A series of acid solutions were made from analytical grade reagents. A 10.0 L stock
of 0.1 mol/L acetic acid (AnalaR NORMAPUR, VWR International, France) was
prepared with deionised water and adjusted to pH 4.0. Subsequently, this was
divided into ten 1.0 L flasks. Zinc acetate (Zn(O,CCHs),, Sigma-Aldrich, Dorset) was
added to the acid reservoirs to prepare solutions containing: 0, 9, 36, 107, 356,
1782, 3565 ppm [Zn*"] respectively. This concentration range was used to mimic
those found in dentifrices, plaque fluid and saliva. The lower concentration range
bracketed those typical of saliva at some considerable time after application of a
zinc-containing toothpaste, whereas the upper concentration range might be typical

of immediate post-application.

12.3.2 Preparation of Enamel Blocks

Anonymised caries-free permanent molars extracted for orthodontic purposes were
randomly selected. Ethical approval was obtained from Queen Mary Research
Ethics Committee (QMREC 2011/99). Enamel blocks (=5 x 5 mm) with a thickness of
=2 mm were cut from each tooth (3 teeth in total, n=3) using an annular diamond
blade (Microslice 2, Malvern Instruments, UK) and dentine was polished off using a

P600 grit silicon carbide paper.

12.3.3 ICP-OES Study

Enamel blocks

6 x enamel blocks were placed in a container with 50 ml of demineralising solution
(0 ppm [Zn*]) at 37 °Ciin a shaking incubator (KS 4000i control, IKA, UK) at 60 rpm
for 24 h. Subsequently, each sample was immersed in 50 ml of a [Zn*']-containing
demineralising solution (0, 36, 107, 356, 1782 and 3565 ppm) at 37 °C for 96 h.

HAp powder

1 g of HAp powder (Biotal-R HAP, surface area 20 m?/g) was immersed directly in 50
ml of a [Zn2+]-containing demineralising solution (9, 36, 107, 356, 1782 and 3565
ppm) at 37 °C for 9 h. The solution was centrifuged to remove any HAp powder. The

resulting suspensions were dried at 37 °C for =48 h.
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After reaction with enamel and HAp powders, the [Zn2+]—containing demineralising
solutions were prepared for ICP-OES analysis by 1/4, 1/10, 1/20 and 1/200 dilutions
with the original demineralising acid stock solution. These dilutions were used to
analyse the Ca, P and Zn levels at a detectable range. Each measurement was
replicated three times (n = 3). Calibration solutions were also prepared with the
same original demineralising acid stock solution to give the same background Na
levels and similar ionic strengths to the test samples. All test samples and
calibration solutions were prepared with an acidification of 1% (0.1 ml of 69% nitric
acid in 10 ml) for analysis using ICP-OES (ICP; Varian Vista-PRO, Varian Ltd., Oxford,
UK). Calcium and phosphorus standards were used in the concentration range

1—-50 ppm, whereas zinc standards were in the 0.1 — 20 ppm range.

12.3.4 XRD and ND Analysis of HAp

X-Ray Diffraction

The zinc treated HAp powders (0 — 3565 ppm) were analysed by XRD (X’Pert PRO
MPD, PANalytical, Cambridge, UK; 40 kV/40 mA, Cu Ka). Data was collected at room
temperature with a 0.033° 26 step size and a count rate of 99.6 s step™, from 26
values of 10° to 60°.

Neutron Diffraction

For the control (0 ppm [Zn**]) and 3565 ppm [Zn*'] treated HAp, neutron powder
diffraction data were collected on the Near and InterMediate Range Order
Diffractometer (NIMROD), at the ISIS neutron Facility (Rutherford Appleton
Laboratory, Didcot, Oxon, United Kingdom). Approximately 1 g of each sample was
loaded into a thin-walled titanium-zirconium alloy container (2 mm thickness) and
data were collected at room temperature for =2 h. The time-of-flight neutron
diffraction data were collected with a wavelength range of 0.5 to 14 A, which gave a

continual working Q range of 0.02 to 50A™. The beam size used was 30 x 30 mm?.

12.3.5 ATR-FTIR Analysis of Enamel Blocks

The enamel blocks were analysed by ATR-FTIR (Spectrum GX, Perkin-Elmer,
Waltham, MA, USA) without any further sample preparation. This enabled direct
analysis of zinc treated surfaces without the bulk of the samples contributing to the

spectra.
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12.4 Results

12.4.1 ICP-OES

Enamel Blocks
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Figure 12.1: ICP-OES measurements showing the Ca and P detected for enamel blocks immersed in a
range of [Zn2+]-containing acidic solutions (96 h); a) the [Zn2+] is plotted on a log-scale. The dashed
lines show the Ca and P release for the control enamel (0 ppm [Zn**]); b) Shows the data in Figure
12.1a without logging the [zn*]. The trend in the Ca and P release can be seen more clearly in this
plot. The error bars show the Standard Error of the Mean (SEM) (n=3).
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HAp Powder
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Figure 12.2: ICP-OES measurements showing the Ca and P detected for HAp powder immersed in a
range of [Zn2+]-containing acidic solutions (96 h); a) the [Zn2+] is plotted on a log-scale. The dashed
lines show the Ca and P release for the control HAp sample (0 ppm [Zn2+]); b) shows the data in
Figure 12.2a without logging the [Zn2+]. The trend in the Ca and P release can be seen more clearly in

this plot. The error bars show the Standard Error of the Mean (SEM) (n=3).
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Figures 12.1 and 12.2 show the [Ca®'] and [PO,>7] release into the acidic solution
following demineralisation of enamel and HAp samples respectively. The [Zn®] was
plotted on a log-scale for Figures 12.1a and 12.2a, and the concentration range of
[Ca**] and [PO,>"] was plotted between 0 — 800 ppm for HAp, whereas for enamel it
was plotted between 0 — 2.5 ppm / mm?. This difference was predominantly due to
the differences in surface areas between the enamel and HAp used. In general, the
[Ca*] and [PO,>] release decreased markedly as the [Zn**] was increased in the
acidic solution. Further, the [PO,>7] release was considerably lower than the [Ca®]
release for both enamel and HAp.

Figures 12.1b and 12.2b shows a rapid decrease in the rate of Ca and P release up to

356 ppm [Zn2+], however, above this concentration the demineralisation rate

plateaus.
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Figure 12.3: Ca/P ratio in solution as a function of [Zn2+] in the acidic solutions shown for the enamel
blocks. The dashed lines show the Ca/P ratio for the control enamel (0 ppm [Zn2+]).
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Figure 12.4: Ca/P ratio in solution as a function of [Zn*] in the acidic solutions shown for HAp
samples. The dashed lines show the Ca/P ratio for the control HAp (0 ppm [Zn™).

Figure 12.3 and 12.4 shows the Ca/P ratio in the acidic solution as a function of log
[zn*"] for enamel and HAp samples respectively. The Ca/P ratio rises as the [Zn®"]in
the acidic solution increases. This indicates that the solution is calcium-rich with
respect to phosphorus, and therefore less PO, groups are released from the

apatite structure with increasing [Zn*"].
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Figure 12.5: compares the [Zn2+] uptake from solution with the [PO43'] released into solution for HAp
powder samples. The error bars show the Standard Error of the Mean (SEM) (n=3).

Figure 12.5 compares the [Zn®'] uptake from the solution by the HAp powder, and
the [PO,>7] released into solution as a function of increasing [Zn*] in the acidic
solutions. The graph illustrates that as there is an increase in zinc removed from the
aqueous solution by the apatite, there is a bigger reduction in [PO,*] detected in

the solution.
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12.4.2 XRD and Neutron Diffraction
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Figure 12.6: shows the XRD patterns for HAp immersed in a range of [Zn2+]-containing acidic solutions
for a) 0-3565 ppm [Zn”']; b) (0, 1782 and 3565 ppm) in the region 4-10 A. A XRD pattern for a-hopeite
is shown as a reference. The * show new diffraction peaks that are absent in the control sample.

Page 159



Figure 12.6a displays the XRD patterns for HAp powders treated with acidic
solutions containing a range of [Zn**]. All the samples show well-resolved diffraction
patterns for HAp (typical apatite peaks appear at =2.8-2.6, 3.4 and 8 A). Above 356
ppm [Zn**], new diffraction peaks appear at =9.1 and 4.5 A (Figure 12.6b) which
corresponds with the two strongest peaks in the a-hopeite reference (Pawlig and
Trettin, 1999). The third strongest peak for a-hopeite is at 2.86 A; however, this

peak was not visible in the [Zn**] treated HAp due to overlap with the apatite peaks.

F(@Q)

—Control

0.5 1 2 3 4 5 10 15
d-spacing / A
Figure 12.7: shows the neutron diffraction analysis for HAp powder immersed in acidic solutions

containing [zn*] (0 and 3565 ppm). The * represents an additional peak in 3565 ppm[Zn2+] sample
that is not present in the control sample (0 ppm [zn™).

Figure 12.7 shows the neutron diffraction data for the HAp samples treated with
acidic solutions containing no [Zn®'] (0 ppm) and a high [Zn*] (3565 ppm). The zinc-
treated sample (3565 ppm [Zn*"]) possesses an additional peak at =9 A which

corresponds to the (020) reflection in the XRD pattern of the a-hopeite reference.

—3565 ppm [Zn?*]
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12.4.3 ATR-FTIR
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Figure 12.8: shows the ATR-FTIR spectra of enamel blocks immersed in a range of [Zn2+]—containing
acidic solutions for a) 0, 107, 356 and 3565 ppm [Zn2+] in the region 500-1300 cm'l; b) 0, 356 and
3565 ppm in the region 1200-2000 cm™; ¢) 0, 356, 1782 and 3565 ppm in the region 2000-4000 cm™.
The dashed line highlights the shift in band from =3500 em’? (in control sample) to =3300 cm™ in the

Figures 12.8a — ¢ show the ATR-FTIR spectra of enamel blocks treated in a range of
[Zn2+]—containing acidic solutions. In Figure 12.8a, the split band at 560 and 600 cm?
are characteristic for apatitic PO4>~ groups and is the most characteristic region for
apatite. It corresponds to the P-O bonding vibrations in a PO, tetrahedron and
indicates the presence of crystalline calcium phosphates including carbonated HAp
(Elliott, 2002). In Figure 12.8a, the apatite bands (963, 1026 and 1087 cm™)
characteristic for PO, groups are progressively distorted with increasing [Zn*"] in
the acidic solutions, indicating that there is a new mineral phase forming on enamel
surfaces that is less apatite-like. The bands observed at =876, 1413, 1455 and 1549
cm™ correspond to the CO3* groups in enamel (Figures 12.8a and 12.8b) (Elliott,
1994). At 356 ppm [zn®] and above, the absorption bands show characteristic
features for a mineral phase that resembles a-hopeite (a-Zns(PO4),.4H,0). Figure
12.8b shows the broad band at 1640 cm™ grows in sharpness and intensity whereas
Figure 12.8c shows the band at =3400 cm™ becomes shifted to a lower wavenumber

centred around 3300 cm™.
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12.5 Discussion

The present study investigated the physical chemical effects of zinc ion
concentrations on the in vitro demineralisation of enamel, during exposure to
caries-simulating conditions, where the system was adjusted to pH 4.0 and the
temperature was maintained at 37 °C). At a fundamental level, the dissolution
mechanism of biological apatite mineral is highly complex, not only due to gradients
existing with depth in solubility and porosity, but also due to the available surface
area for reaction. Therefore, the demineralisation of enamel is not a one-
dimensional process, but one that involves simultaneous processes or steps that is
not limited to the diffusion of H' from bulk solution to the solid/liquid interface,
adsorption of ions or chemical species onto the apatite surface, desorption of
products (ions of calcium and orthophosphate) from the crystal surface and their

diffusion into the bulk solution (see Chapter 3).

Although the in vitro model described in the present study does not fully replicate
the intricacies that exist in the oral environment, it does provide a strategic
approach for the strict chemical control of individual variables of a multi-factorial
disease. Quantitative analysis of ions released into solution following
demineralisation of samples confirmed that zinc reduces the rate of
demineralisation as a function of concentration (Figure 12.1-12.2). An overall
decrease in the [Ca*"] and [PO,*]in solution was observed with increasing [Zn?],
whereby a greater reduction was measured at higher [Zn*] (21782 ppm). Further,
the [PO,>7] release was considerably lower than the [Ca®"] release, particularly at
1782 ppm [Zn®'] and above. Additionally the Ca/P ratio in solution increased as a
function of [Zn*'] i.e. the solution was more phosphorus-deficient with respect to
the apatite stoichiometry (1.67) (Figure 12.3 and 12.4). These findings are indicative
that zinc interacts predominantly at the PO,>” sites on the apatite structure during
its mechanism in reducing demineralisation, which further suppresses the [PO,>]
ion release. This is also supported by the relationship observed between the [PO,*T]
ion released from the HAp structure and the amount of [Zn?*'] taken up from

solution (Figure 12.5). With increasing [Zn2+] in solution, there is a rise in the
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amount of zinc taken up by the apatite, which corresponded with the substantial

decrease in the [PO,> ] released.

The XRD analysis of the zinc treated HAp confirmed the formation of a zinc
phosphate species above 356 ppm [Zn%*] (Figures 12.6a and 12.6b). Previous studies
found the concentration of the lattice PO43' ions available on HAp surfaces as 3.02
ions/nm?, and show that most of the surface is covered by oxygen ions of the
orthophosphate groups (Kukura et al., 1972, Okazaki et al., 1995). In this study, the
HAp material has a larger specific surface area (20 m?/g) than the enamel blocks
and it is therefore less limited by binding sites available to the zinc ions on the
apatite surface. Earlier studies have suggested that the amount of zinc adsorbed is
directly proportional to the HAp surface area, whereby a Langmuir-type adsorption
of zinc was observed exhibiting monolayer coverage (Ingram et al.,, 1992).
Furthermore, data from mechanistic studies show that the surface adsorption of

zinc is also concentration-dependent (Fuierer et al., 1994).

The neutron diffraction patterns from the HAp sample treated with 3565 ppm [Zn**]
also showed the formation of zinc phosphate, which maybe present within the
apatite, or in amongst the apatite crystals (Figure 12.7). Neutron diffraction data
provides similar crystallographic information as X-ray diffraction. It is useful to
compare diffraction patterns from both sources since neutrons can probe all atoms
in a large sample due to their weak interaction with matter, and therefore unlike X-
rays can penetrate the entire bulk of the sample eliminating surface effects. Thus
the neutron diffraction results suggest that zinc is not only forming a zinc phosphate

species at the HAp surface, but could also potentially diffuse into the bulk apatite

lattice structure.

ATR-FTIR, a vibrational spectroscopic technique, was used with a view to obtain
structural information about the physical and chemical changes taking place on the
enamel surface (=5-10 um) during demineralisation in the presence of [Zn?']. Above
107 ppm [Zn*'], the apatite bands characteristic for PO,>~ groups (963, 1026 and
1087 cm™) become progressively distorted with increasing [Zn*'] in the acidic

solutions, indicating the formation of a new mineral phase on the enamel surfaces
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which is less apatite-like (Figure 12.8a). In the control sample, the broad band at
1640 cm™ (Figure 12.8b) is characteristic for absorbed water and the broad band at
~3400 cm™ (Figure 12.8c) corresponds to OH stretch in the apatite structure. With
increasing [Zn*] above 107 ppm, the broad band at 1640 cm™ grows in sharpness
and intensity whereas the band at =3400 cm™ becomes shifted to a lower
wavenumber centred around 3300 cm™. These bands have been previously
reported (Frost, 2004) for a-hopeite (a-Zns3(P04),.4H,0), in which the largest peak
around 1640 cm™ corresponds to the internal bending vibration of water molecules,
while the broad, very strong band centred around 3300 cm™ represents OH
stretching. Also above 356 ppm [zn*"], a shoulder at =1068 cm™ and 1148 cm™
appears that are characteristic absorptions due to the PO,> group in a-hopeite
(Figure 12.8a) (Pawlig and Trettin, 1999). Additionally, a side band at =2649 cmlis
seen to emerge with 36 ppm [Zn%**] and above (Figure 12.8c). This band has been
previously assigned to librations of the hydrate H,O molecules in a-hopeite (Pawlig
et al.,, 2001). The structure of a-hopeite consists of ZnO,(H,0)4 octahedra, ZnO4
tetrahedra, and PO, tetrahedra, none of which are regular; these polyhedra share
corners and edges. Previous studies have reported the growth of crystals of a-
hopeite on the outermost surfaces of zinc-containing dental cements, which is in

direct contact to enamel and dentine (Crisp et al., 1978).

Many studies have demonstrated that HAp can bind to a variety of divalent metal
cations and has a high capacity for the removal of Zn** and other metal cations in
aqueous solutions (Xu et al., 1994, Cheung et al., 2002, Lee et al., 2005). One could
also perceive it as metal cations bind to surface sites on HAp. Whichever way round
it may be, the uptake of zinc from aqueous solution to coexist on the apatite
surface may occur non-exclusively by three main processes: 1) surface adsorption or
complexation, which is limited to the accumulation of sorbate on the external
surface of the apatite; 2) absorption, ion exchange or diffusion into the solid; and 3)
dissolution of HAp and precipitation of metal phosphates or coprecipitation
(substitution of Ca in HAp by metals during recrystallisation) (Xu et al., 1994, Corami

et al., 2008). The interaction of zinc with HAp/enamel is very likely to occur by more
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than one mechanism, and would most certainly vary depending on the pH

conditions of reaction and saturation levels with respect to HAp of the system used.
3Zn** + 2H,PO, + 4H,0 — Zn;(P0,),.4H,0 + 4H* [12.1]

In the context of the present study, the low pH condition releases dissolved calcium
and phosphate ions into the aqueous solution, however in the presence of zinc ions,
the precipitation of a hopeite-like phase is promoted on enamel surfaces, which in
turn suppresses the release of further phosphate ions from the apatite structure
(Equation 12.1). This dissolution/re-precipitation mechanism would also explain the
reduction in free [PO43'] measured in solution with increasing zinc ions.
Nevertheless, it does appear that with increasing [Zn**] in the acid solutions, the
driving force for the formation of a zinc phosphate species is much greater than the
dissolution of apatite, and reduction in demineralisation is observed as a function of
[Zn®"]. The results indicate that the formation of a hopeite-like phase is very

dependent on pH and a high zinc concentration.

O

Figure 12.9: shows the possible coordination of Zn>* at the PO,” sites on the enamel surface.

The adsorption of zinc and formation of a complex at the apatite surfaces is also a
possibility in zinc’s mechanistic interaction with enamel. Figure 12.9 is a schematic
model illustrating the possible coordination geometry of Zn** at the exposed PO,
sites on enamel surfaces, in which it is more energetically favourable for zinc to
adopt a tetrahedral configuration. The formation of these zinc adsorption
complexes would be dependent on the zinc concentration and the surface area for
reaction i.e. the availability of PO,®>~ binding sites on the apatite surfaces. As the
PO, binding sites become saturated with zinc ions, there is a significant reduction

in tooth mineral loss. In principle, the phosphate ion is probably the most important
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component of HAp both inside and outside the lattice. Its state of protonation
significantly affects the stability and/or dissolution of the crystal. With a decrease in
pH, some of the PO,>ions, most likely those situated at the accessible surfaces of
the crystals, becomes protonated to form H,PQO,4, thus lowering the solubility of the

mineral (Robinson et al., 1995).

12.6 Conclusion

This study demonstrates the ability of zinc to reduce the demineralisation of enamel
during in vitro caries-simulating conditions. Under the conditions used, zinc acts at
the PO,> sites on enamel surfaces to form an a-hopeite-like phase. Zinc phosphates
have a low solubility product constant (-logy(35.2)) (Nriagu, 1973), and therefore
these phases formed on enamel surfaces are unlikely to be very soluble under acidic

conditions.
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Chapter 13

Effects of Zinc on Enamel Demineralisation at the
Ultrastructural Level

13.1 Introduction

Previous studies described in Chapters 11 and 12 confirmed the ability of zinc to
reduce enamel demineralisation during exposure to caries-simulating acid solutions
(pH 4.0). To study these processes, enamel demineralisation kinetic measurements
were obtained using SMR (Chapter 11), and, the calcium and phosphate
concentrations in the bulk solution phase were analysed during apatite dissolution
(Chapter 12). Although bulk enamel and solution characterisation methods are
useful, as they can provide information on the enamel dissolution processes whilst
simulating oral conditions, they do not provide information regarding crystal

surface phenomena.

13.2 Aim

The aim of the present study was to use the surface sensitive technologies of
uleSIMS (see section 7.2.3), and GIXRD (see 7.3.1) combined with Scanning Electron
Microscopy (SEM) on treated enamel to provide information regarding the effects

of zinc on the enamel surface chemistry.
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13.3 Materials and Methods

13.3.1 uleSIMS

Preparation of [Zn?*]-Containing Acid Solutions

A 2.0 L stock of 0.1 mol/L acetic acid (AnalaR NORMAPUR, VWR International,
France) was prepared with deionised water and adjusted to pH 4.0. Subsequently,
this was divided into two 1.0 L flasks. Zinc acetate (Zn(O,CCHs),) was added to one
flask of the acid reservoir to prepare a solution containing 3565 ppm [Zn?'] (test
solution). The acid solution containing no added zinc (0 ppm [Zn?*]) was the control

solution.

Sample Preparation

Four anonymised caries-free permanent molars, extracted for orthodontic
purposes, were randomly selected. Two enamel blocks (=5 x 5 mm) with a thickness
of =2 mm were cut from each tooth to obtain a set of test and control sample from
a tooth. The dentine was polished off each sample using a P600 grit silicon carbide

paper, and the underlying side was varnished.

For each set, the control and test samples were immersed in independent
containers with 100 ml of acid solution (0 ppm [Zn2+]) at 37 °Cin a shaking incubator
(KS 4000i control, IKA, UK) at 60 rpm for 24 h. Afterwards, each enamel block was
transferred to either 100 ml of a 0 ppm [Zn**] (control) or 3565 ppm [Zn*'] (test)

containing acid solution, for a further 96 h.

uleSIMS Experimentation

The uleSIMS measurements were performed with an Atomika 4500 quadrupole
SIMS instrument. The samples were bombarded using an O, primary beam of 500
eV, an incident of 30° to the surface normal, while a profile time of 450 minutes was
used. An O," primary ion beam was used because it enhances secondary ion yields,

especially Zn".

Determining the Sputter Rate and Crater Depth
The sputtering rate of enamel at 500 eV (incident at 30°) must be known in order to

determine the profile depth. It was not possible to determine the sputtering rate of
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enamel at 500 eV due to the topography of the enamel surface masking the sputter
crater size. However, the sputter rate of enamel at 3 keV (n=4) was achieved
because it produced a larger crater depth that could be measured using
profilometry [DekTak 3030 stylus]. The sputter rate for a standard HAp pellet disc
(Plasma-Biotal Ltd, UK) at 3KeV and 500 eV (n=4) was also determined, in this case
the smooth surface enabled 500 eV to be measured. The ratio between the
sputtering rate of enamel and HAp at 3 KeV was determined (Equation 13.1) and
this ratio then used to estimate a sputter rate of =2 nm/min for enamel at 500 eV
based on the sputter rate measured from the 500 eV HAp pellet (Equation 13.1-
13.4). This calculated sputter rate was then used to obtain the depth scale i.e. the

profile time scale was multiplied by the sputter rate.

HAp _ 6.25(um)
Enamel ~ 11.07 (um)

= 0.565 [13.1]

For HAp profiled with a 500 eV beam with a profile time of 450 minutes, the sputter

rate was:

495 (nm)

Sputter rate (HAp) = 250 (mins)

= 1.1 nm/min [13.2]
For enamel profiled with a 500 eV beam with a profile time of 450 minutes, the
sputter rate was determined using the HAp/Enamel ratio in Equation 12.1:

Sputter rate (enamel) = %ﬁ/smm) = 1.95 nm/min [13.3]

Therefore a sputtering rate of =2 nm/min was used for the depth profile analyses.
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13.3.2 GIXRD

Sample Preparation

Enamel blocks (=8 x 5 mm) were cut from a tooth to obtain a control and test
sample. Dentine was removed using a P600 grit silicon carbide paper. The samples
were polished flat on the sides of the natural enamel surface using P800, P1000,
P2400 and P4000 to obtain a smooth and level surface, with =1 mm thickness, for
GIXRD analysis. The amount of mineral polished/removed at the enamel surface
was on the order of sub-microns. The underlying dentine sides were varnished so

that only the enamel surface was exposed to reaction solutions.

The samples (control and test) were immersed in independent containers with 100
ml of acid solution (0 ppm [Zn**]) at 37 °Ciin a shaking incubator (KS 4000i control,
IKA, UK) at 60 rpm for 24 h. The varnished side of the sample was placed so that is
always faced the bottom of the container. Subsequently, each sample was
transferred to either 100 ml of a 0 ppm [Zn?'] acid solution (control), or 3565 ppm

[Zn**] acid solution (test), for a further 96 h.

Determining the Penetration Depth

The specimens were analysed with an incident angle of 3°. The specific X-ray
penetration depth (h) can be calculated based on the incident angle and material
parameters (described in section 7.3.1). The linear attenuation coefficient for HAp
(WHAp = 273 cm™) was used to estimate that x, the distance that the X-ray beam

travels (1/e), was 0.366 um.

The estimated penetration depth (h) can be calculated using x and the grazing

incident angle, a:
h = x.sin(a)
h =0.366.sin(3) = 0.0192 um

Therefore, a penetration depth of =20 nm was measured in the samples.
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13.3.4 SEM

SEM was carried out on the control and test samples of the GIXRD samples. Once
enamel samples were air dried, they were attached to SEM stubs for imaging
preparation. Silver dag (detail) was applied between the edges of all the samples
and edge of the stubs, and all samples were gold coated for 9 minutes to minimise
charging and improve the imaging resolution. Samples were imaged on a Zeiss
Crossbeam FIB-SEM (Carl Zeiss Microscopy GmbH, Jena Germany) under a 2 KeV
beam voltage and a 30 micron aperture, using a secondary electron detector.
Images were taken at a working distance of approximately =8 mm and at
magnifications of x50 to x20 k, with random images selected that were

representative of the entire samples.
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13.4 Results

13.4.1 uleSIMS
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Figure 13.1: uleSIMS depth profile of zinc in control sample (blue) and test sample (red). The depth
profile (nm) has been plotted against relative ion yield for zinc. The insert shows the depth profiling
of zinc up to 10 nm and the dashed line in this plot represents the depth of one unit cell for HAp
crystal.

Figure 13.1 shows the uleSIMS depth profile measured for Zn** in the control and
test samples (plotted up to 50 nm).The insert is the same graph but plotted up to 10
nm to enhance the near surface region. The depth profile (hm) shows the Zn" yield
as a function of depth. The dashed line represents the depth of one unit cell of
hydroxyapatite.

In the control sample, no significant zinc was detected and probably attributable to
background noise. The test sample however shows a ten-fold increase in zinc
concentration at the enamel surface and was measured into the surface up to =1
nm. The zinc depth profile shows a sharp decline concentration from the first point
of measurement to penetration depths of =5 nm. Beyond the first =5nm, the zinc
concentration measured in the test sample plateaus out at a low level, although it

remains slightly above the zinc signal that was measured in the control sample.
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13.4.2 GIXRD
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Figure 13.2: GIXRD patterns for the control (0 ppm [Zn2+]) sample (blue), test sample (3565 ppm
[Zn2+]) (red) and a-hopeite reference (black).

Figure 13.2 shows the GIXRD patterns for the control (0 ppm [Zn®']) and test (3565
ppm [Zn®"]) enamel samples. The control sample shows well-resolved diffraction
patterns for apatite (typical apatite peaks appear at =10°, 26° and 32-34° 20). In the
test sample, new diffraction peaks appear (in the range 16° — 35° 20) that are

identical to the diffraction peaks in the a-hopeite reference patterns.
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13.4.3 SEM

Figure 13.3: SEM images of GIXRD polished enamel samples: a) control (0 ppm [Zn®*]) at low
maghnification b) control (0 ppm [Zn2+]) at high magpnification c) Test (3565 ppm [Zn]) at low
maghnification and d) Test (3565 ppm [Zn2+]) at high magnification.

SEM micrographs of the control and test GIXRD samples are shown in Figure 13.3.
The control sample show characteristic features for demineralised enamel. For
instance, the enamel cores and walls are visible in Figure 13.3a due to an etched
prism structure, whereas needle-like enamel crystallites are evident in Figure 13.3b.
The treated samples show crystals of a-hopeite on the enamel surface in Figures

13.3c and d. These are distributed evenly on the enamel surface.
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13.5 Discussion

The previous studies (Chapters 11 and 12) demonstrated the ability of zinc to
reduce bulk enamel demineralisation. This was shown by measuring the calcium
and phosphate ion dissolution (ICP-OES) and directly measuring the physical
changes in enamel mineral mass (SMR) as a function of [Zn**]. Whilst these studies
measured structural changes in bulk enamel at the micro-level, uleSIMS was used in
this study for the direct measure of zinc in the enamel crystal surface. The
application of a primary ion beam with an ultralow energy provides atomic
information about zinc at enamel surfaces by directly measuring its concentration
as a function of depth just below the surface. Since ultralow primary ion beam
energies have a penetration depth in the order of nanometres or less, only the
uppermost atomic layers of the material’s surface is investigated. The high
sensitivity of uleSIMS for the measurement of zinc at the apatite surface, or in
amongst the apatite crystals is strategically useful, and contributes to
understanding the role of zinc in dental enamel caries. Furthermore, this study
describes the first application of this novel technique for depth profiling zinc in

dental enamel with nano-level resolution.

To obtain the zinc depth profile, the sputtering rate of enamel by the primary ion
beam is required. For this, the sputter crater depth in the enamel surface, which is
present as a result of the primary ion beam, must be measured. As it was not
possible to determine the exact sputtering rate of enamel at ultralow beam energy
(500 eV) due to the topography of the enamel surface masking the small sputter
crater size, the sputter rate was also determined for a standard HAp pellet disc. It
would be misleading to assume that the synthetic HAp pellet has the same sputter
rate as human enamel, as the latter has greater porosity that is structurally non-
uniform, and is naturally rather variable in chemical composition. Moreover, the
SIMS sputter rate is known to vary between different matrix materials (Morris et al.,
2012). Thus, from the ratio between sputter rates of enamel and HAp taken at a
higher beam energy (3 KeV) a sputter rate of =2 nm/min for enamel at 500 eV was

estimated.
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Within =5 nm of the enamel surface, a ten-fold increase in [Zn?'] was measured for
the zinc-treated sample (at 3565 ppm [Zn**]) compared to the control sample (0
ppm [Zn**]) (Figure 13.1). This equates to =67 atoms of zinc. Above =5 nm, a low
[Zn**] level persists in demineralised enamel surfaces for hundreds of nanometres,
which was slightly above the measured [Zn?'] for the control sample. The uleSIMS
depth profile illustrates that the majority of zinc is concentrated at the near-surface
region, suggesting that zinc acts predominantly at the enamel crystal surface in its
mechanism in reducing enamel demineralisation. A trace amount of zinc could also
react with a small proportion of the enamel surface, and according to the zinc depth
profile this would be approximately 2-3 unit cells of the apatite crystal lattice
structure. This may be feasible via absorption, ion exchange or diffusion
mechanism. It should be pointed out here that zinc is present naturally in teeth with
reported concentrations between =400 — 2000 ppm at the enamel surfaces (see
Section 4.2.1) and therefore it is entirely plausible that zinc could become

incorporated into the enamel during the dissolution process.

GIXRD was also used to determine the crystallographic identification of the zinc
mineral phase formed on the demineralised enamel. The grazing incidence
configuration increases the sensitivity of XRD measurement to surface phase of the
sample and minimises the substrate contribution. Here, the X-ray penetration depth
in the samples was around =20 nm, thus there was minimal substrate contribution
on the diffraction response from the bulk enamel. GIXRD confirmed that the
crystallographic phase present on the enamel surface was a-hopeite (a-
Zn3(P04),.4H,0) (Figure 13.2). In the literature, structural analysis of a-hopeite
crystals has shown an orthorhombic crystal habit with cell dimensions a = 10.629 A,
b =18.339 A, c =5.040 A (Herschke et al., 2004). In order to perform GIXRD analysis,
the samples were polished flat at the natural surface prior to demineralisation and
treatment in acid solutions containing high [Zn®"]. From SEM observations, it is
evident that these a-hopeite crystals are evenly distributed on the enamel surface
(Figure 13.3). Whilst these were extreme conditions used, as one does not expect

such large crystals (=170 um in length and =9 pum in width) to form on enamel

Page 177



surfaces in the oral environment in vivo, it did permit the direct identification of the

crystallographic phase using GIXRD.

The polishing/etching of enamel greatly enhanced the formation of a-hopeite
crystals on exposure to high [Zn®'] in the acid solution, most likely, as this particular
treatment would increase the number of nucleation sites on the enamel surfaces
(Larsen, 1986). Thus, the required activation energy for the initial nucleation of a-
hopeite is reduced, and the surface energy for subsequent crystal growth is also
reduced due to the presence of structural defects/flaws in the enamel crystal
surface (Wang and Nancollas, 2008) (see Section 4.3). In this in vitro
demineralisation system, the enamel substrate forms a template and facilitates the
precipitation of a-hopeite. Here the dissolving enamel apatite is the source for

phosphate in the formation of a-hopeite, which appears to happen epitaxially.

In the ‘unpolished’ enamel samples that were subjected to the same acid reaction
condition (i.e. samples used in the uleSIMS experiment), large crystals of a-hopeite
were not present on the enamel surfaces when observed under SEM (images not
shown). Since the uleSIMS depth profile confirmed that zinc is concentrated at the
near-surface region of enamel, the possibility of nano-crystals of a-hopeite forming
on the enamel surface cannot be ruled out. Thus accordingly, approximately 10 unit
cells of a-hopeite would be equivalent to the highest zinc concentration region in

the uleSIMS depth profile.

Although the previous studies demonstrate that zinc exhibits an inhibitory effect on
apatite mineral dissolution, it should be noted that zinc is also a crystal growth
‘poison’ of hydroxyapatite. Zinc is known to bind at active growth sites on crystal
surfaces via a Langmuir-type adsorption, beyond the point of monolayer coverage,
which inhibits HAp crystal growth (Section 5.4.2). In a similar fashion, it is possible
that zinc blocks the active ‘dissolution’ sites such as dissolution pits on enamel
crystals via an adsorption mechanism at lower [Zn?'], and precipitates a-hopeite at
higher [Zn®"], thus ultimately suppressing the enamel crystal dissolution (Fuierer et
al., 1994). Figure 13.4 illustrates zinc ions blocking dissolution pits present on crystal

surfaces. Of course this is speculative and further studies are required to investigate
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the molecular events occurring on enamel surfaces during dissolution and in the

present of zinc using techniques such as Atomic Force Microscopy.
|
PE
P
_ /:/

Figure 13.4: Schematic representation of dissolution pits (P) on enamel crystal surface. Adsorption of
zinc ions at dissolution pit sites are illustrated.

13.6 Conclusion

The present study reports interesting preliminary data on the application of novel
techniques to investigate the surface effects of zinc on enamel demineralisation
which provided information on its mode of action. Further, a unique approach for
studying the effect of metal cations on surface enamel dissolution was

demonstrated, which has scope for further development in future studies.
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Chapter 14

Discussion & Clinical Implications

The studies presented in this thesis describe the effects of increases in fluoride and
zinc ion concentration on enamel demineralisation, with a key focus on caries
control and prevention. The anti-demineralisation potential of zinc was investigated
to gain an indication of its possible protective effects during a caries challenge.
Human dental enamel samples were subjected to pH adjusted acetic acid solutions
to simulate a cariogenic challenge. An in vitro demineralisation model was used,
which excluded additional calcium or phosphate ions, to ensure that any reduction
in demineralisation was due to the ion under investigation. Although in vivo many
variables influence the development and progression of dental caries, such as the
salivary pellicle and biofilm, these factors were eliminated in order to assess only
the direct physical effect of Zn** and F~ ions on the demineralisation of enamel.
Thus, a strictly controlled in vitro system allowed the mechanistic interaction
between zinc and fluoride on enamel to be determined under the specified
conditions. This in vitro study provides the fundamental basis for developing in vivo

or in situ studies that are necessary to achieve more conclusive clinical findings.

Scanning Microradiography (SMR) was used to measure how the real-time
dissolution of bulk enamel was modified by increasing the concentration of zinc or
fluoride ions in the acid solutions. Whilst SMR has been used previously in apatite
dissolution studies (Anderson and Elliott, 1992, Anderson et al., 1998, Shah et al.,
2011), this was the first application of the technique to investigate human enamel

demineralisation effected by fluoride or zinc ion concentration. Further, the
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application of a range of sophisticated, and some novel, techniques provided some
perspective into the possible surface physical chemical mechanisms that are

involved during the dissolution process.
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14.1 Fluoride Studies

The effect of [F'] on the in vitro demineralisation of dental enamel under acid
conditions simulating dental caries was investigated using SMR (Chapter 9) and *°F
MAS-NMR (Chapter 10). During demineralisation, the highly electro-negative
fluoride ion strongly adsorbs at the Ca®* sites on the enamel crystal surface, which
provides substantial protection against tooth mineral loss (Featherstone et al.,
1990). A log-linear relationship (see Figure 9.4) was observed between the
reduction in enamel demineralisation and increasing [F'] up to 135 ppm, thus as the
F~ uptake increased, the amount of mineral loss during demineralisation was
correspondingly reduced. However, the log-linear relationship is of particular
interest because it suggests there is competitive interaction between local fluoride
ions for fewer available Ca** sites on the enamel surface as they become gradually
occupied, with increasing fluoride ion concentration in the solution (Figure 14.1).
This log-linear trend shows characteristics of a saturation exponential function,

which is common in ligand-receptor interactions in biochemical responses (Hulme

and Trevethick, 2010).
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Figure 14.1: Schematic illustration of adsorbed fluoride ions on the surface of dental enamel crystals.
With increasing [F'], fewer calcium sites are available for binding which results in more and more
fluoride ions competing for the few sites that are still available.

An important feature of this log-linear dependency is that fluoride exhibits a greater

change in reducing demineralisation at lower [F] (€135 ppm) compared to higher
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[F] ranges. For example, 11 ppm [F] resulted in an =70 % decrease in enamel
mineral loss, whereas for 135 ppm [F] there was an =90 % decrease. Therefore, the
ability of fluoride to significantly decrease demineralisation, particularly at lower

‘background’ concentrations, should not be neglected.

Above 135 ppm [F7], very little further reduction in demineralisation was measured
by SMR — most likely due to the formation of CaF, on enamel surfaces, which
reduced any further mineral loss. This threshold effect was confirmed by °F MAS-

NMR that under the conditions studied, a fluorohydroxyapatite (Ca,,(PO,)(OH),_F,,

FHAp) mineral phase formed on the enamel surface at [F] (<45 ppm), and 2135

ppm [F] CaF, was the predominant mineral phase.
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Figure 14.2: Schematic representation of fluoride ions adsorbed to the apatite crystal surface of
dental enamel: a) at low [F], the adsorbed fluoride ions attract calcium ions which then attract
phosphate ions, to form a FAp-like remineralised veneer on the crystal surface. b) at high [F], the
saturation of fluoride ions at the enamel crystal surface promotes the formation of CaF,.

Below a certain concentration (for the conditions used here this was 135 ppm [F])
it is likely that the surrounding solution is saturated with respect to FAp, with local
Ca** and PO, ions available from the dissolved enamel, which would drive the
deposition of a fluoridated apatite mineral. Substitution of OH™ by F™ in the surface
of the enamel is also likely to occur at sub-ppm fluoride concentrations (Section
3.4.2). Above 135 ppm, the solution is supersaturated with respect to CaF,
promoting its formation (Figure 14.2). Additionally, the Ksp of FAp (2.51 x 10™°) is

-10.4

much smaller than CaF, (3 x 107") (McCann, 1968), and therefore the preferential

formation of a fluoridated apatite might be expected.

Although very little further reduction in demineralisation was observed >135 ppm

[F], the formation of CaF, could be potentially detrimental to the structural
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integrity of enamel. The excessive formation of fluorite reduces the available Ca**
ions required for remineralisation, which in turn, promotes the loss of PO, ions
thereby decreasing the mineral content in the tooth. The present findings suggest
that the formation of a fluoridated-apatite mineral phase is more favourable, as this
mineral phase would be more resistant to acid dissolution than the natural
carbonated apatite enamel. These results suggest that there is an optimum range
(0.1-135 ppm) of local [F] for inhibiting demineralisation, and promoting the

formation of a fluorohydroxyapatite phase.

14.1.1 Clinical Significance

The 135 ppm ‘threshold’ in the studies described may be particularly relevant to the
case of fluoride applied topically from ‘standard’ (i.e. < 1500 ppm [F]) dentifrices
and mouth rinses. During studies where a fluoride mouth rinse was used, and
whose concentration simulated salivary fluoride concentration during brushing with
fluoride dentifrices, Vogel and co-workers reported that plaque fluid concentrations
were more than an order of magnitude lower than 135 ppm (Vogel et al., 2000b),
even following acidification and concomitant fluoride release (Vogel et al., 2000a)
(Section 4.4.4). Ekstrand (1997) reported that when 912 ppm [F'] (as both sodium
fluoride and sodium monofluorophosphate) mouthrinses were used, plaque fluid
fluoride concentrations did not approach 135 ppm. Thirty minute values for all
subjects were less than 15 ppm. These authors did not report plaque fluid fluoride
concentrations immediately after the application of fluoride, which would almost
certainly have been higher than, for example, the thirty minute values. However,
these thirty minute values do make it very difficult to imagine values close to 135
ppm immediately following application. Regardless, the available data suggest that
for most of the day, fluoride concentrations will be more than an order of

magnitude lower.

The current work demonstrates that under the constant acidic conditions studied,
[F7] of up to 135 ppm significantly reduces enamel demineralisation; however, there
is no further significant reduction in demineralisation >135 ppm [F"]. Although these

values are based on an in vitro demineralisation model and cannot be directly
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translated to the oral environment, the findings substantiate that near-optimum
effects can be achieved at quite low [F] and under certain conditions, no
substantial benefit in further increases in fluoride concentration is observed. It has
been previously reported that sub-ppm [F] are sufficient for preventing the
initiation of caries in sound enamel, but considerably higher concentrations are
required once a carious lesion has formed (Margolis et al., 1986, Yamazaki et al.,
2007). Therefore, the availability of sufficient fluoride in the oral fluids is critical to
decrease net demineralisation during an acidic challenge and to promote

remineralisation at potential caries initiation sites.

According to the present findings, to provide optimal protection at a low pH
environment (pH 4.0), a local [F] <135 ppm should be present in the oral fluids in
order to both reduce demineralisation and promote deposition of a fluoridated
apatite mineral phase that has a lower solubility than natural enamel apatite.
Ideally, low fluoride concentrations should be constantly available in the oral fluids
through slow releasing mechanisms such as the oral F~ reservoirs, in order to

sustain long-term anti-caries effects.
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14.2 Zinc Studies

The present study demonstrated the ability of zinc ions to reduce the rate of
enamel demineralisation under in vitro acid conditions simulating dental caries
(Chapters 11-13). This surface phenomenon effect is conjectured to occur via more
than one mechanism, and shows a dependency on the zinc ion concentration. In
brief, the putative mechanism is likely to be an adsorption-type process of zinc at
PO,* sites on enamel surfaces at lower concentrations (0.1-356 ppm), whereas the
formation of an a-hopeite-like phase occurs (>1782 ppm) once surface adsorption is
completed (Fuierer et al., 1994, Davey et al., 1997). All things considered, it should
be noted that the uptake of zinc ions from aqueous solution to the apatite surface
may occur non-exclusively by three main processes: 1) surface adsorption or
complexation at PO,>” sites, which is limited to the accumulation of Zn** on the
external surface of the enamel apatite; 2) incorporation of Zn*" into the apatite
lattice at Ca (ll) sites or Ca vacancies; and 3) dissolution of HAp and precipitation of
a-hopeite or co-precipitation (substitution of Ca®* in HAp by Zn** during re-

crystallisation).

An overall log-linear relationship was observed between the reduction in enamel
demineralisation and increasing [Zn®"] up to 3565 ppm, however between 0.1-36
ppm [Zn**] a rapid increase in the rate of reduction was measured. This rapid
modification of the demineralisation rate could be explained by the almost
instantaneous occupancy of the abundant PO,>~ binding sites by zinc ions, and as
these sites become occupied the rate of demineralisation is effectively reduced.
Further, the log-linear trend suggests that with increasing [Zn*"], there are fewer
available PO,> sites and therefore more and more zinc ions are competing for a
smaller number of unoccupied PO43' sites on the enamel surface. For instance,
above =100 ppm [Zn*'], smaller decreases in demineralisation were measured with
subsequent increases in zinc ion concentration. Therefore, further increases in the
reduction of demineralisation is limited by surface adsorption of zinc ions and the

zinc ion concentration of the solution.
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Bulk solution analysis of ion release from enamel blocks showed an overall decrease
in the [Ca®*] and [PO,>] dissolution with increasing [Zn®'], however there was
considerably less PO43_ released than Ca** (Figure 12.1a). Further, the Ca/P ratio in
solution increased as a function of [Zn®'] ie. the solution was always more
phosphorus-deficient with respect to the apatite stoichiometry (1.67). This strongly
indicated that zinc acts at PO, sites on the enamel surface, which in turn,
effectively supresses its dissolution. However, in previous work by Brudevold et al.
(1963), the uptake of zinc to HAp was postulated to involve a simple ion exchange
between zinc ions and surface calcium ions, and was further supported by Gilbert
and Ingram (1988), who reported the concomitant release of calcium when zinc was
adsorbed. The current findings contradict the aforementioned studies as an overall
decrease in the calcium ion dissolution was observed, indicating that the exchange
of zinc with surface calcium does not occur extensively under the conditions used in
this study. These differences may be explained by the dissimilar experimental
procedures used. For instance, the earlier mentioned studies used treated synthetic
HAp powder equilibrated at different zinc concentrations whereas the current study

used human enamel treated to acid solutions and zinc-containing acid solutions.

Neutron diffraction data on the HAp sample treated with 3565 ppm [Zn®']

suggested that zinc is not only forming a zinc phosphate species at the HAp surface,
but could also potentially diffuse into the bulk apatite lattice structure (section
12.4.2). There are conflicting views reported on the incorporation of zinc into the
HAp structure, and according to some authors, zinc may substitute at Ca (ll) sites to
a very small degree via passive diffusion. Conversely, a larger amount of zinc can be
incorporated into the apatite lattice via a wet-chemistry precipitation method,
however this is likely to distort the apatite lattice due to the smaller ionic radius of

zinc (0.74 A) compared to calcium (0.99 A) (Section 5.4.1).
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Figure 14.3: Hierarchical structure of dental enamel showing different hierarchical levels from the
microscale down to nano-scale.

The uleSIMS study (Section 13.4.1) showed the presence of a zinc concentration
gradient within =5 nm of the enamel surface, as a result of the condition used in the
study. This is perhaps the most compelling evidence that zinc acts predominantly at
the enamel crystal surfaces in its mechanism in reducing demineralisation. If one
considers the hierarchical structure and surface features of dental enamel at the
nano-level, it consists of highly crystalline nanorod-like HAp crystallites that are
arranged parallel to each other (Hannig and Hannig, 2010) (Figure 14.3). These HAp
crystallites are composed of millions of HAp unit cells and the uleSIMS depth profile
indicates that zinc acts within 4-5 unit cells of the enamel crystal surface. Therefore,
an important feature of this study is that zinc exhibits an effect on the enamel

|II

structure at the “nano-level” which as a result modifies the chemical properties of
the enamel surface layer. Enamel dissolution is conventionally studied at the
microscopic level. However, in principle at the nano-level, the surfaces can
dominantly determine the material properties, and often plays the critical role to
how the bulk enamel may behave during dissolution. Therefore, if dissolution is
being suppressed by zinc at the nano-level, by possible forming a “nano-hopeite”

like crystals and/ or blocking dissolution pits, the resulting surface structure may

enhance the resistance of the bulk mineral to acid challenges.
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14.2.1 Clinical Significance

All these reported findings are clinically significant, particularly when considering
the oral desposition of zinc following application from, for example, mouth-rinses
and toothpastes. Typical concentrations of zinc range between 1400 — 6000 ppm in
toothpastes and 200 — 300 ppm in mouthwashes and rinses. Some zinc is also
present naturally in both plaque and saliva, with reported ‘background’
concentrations of 0.01 — 0.2 ppm in saliva, and 5 — 30 ppm in plaque (Section 5.2.2).
Following application, zinc is cleared from saliva bi-modally, (Cummins and Creeth,
1992) with relatively high post-application concentrations falling rapidly over the
first hour. Thereafter, lower concentrations, still significantly elevated when
compared to baseline, may persist for many hours. A similar trend is seen in plaque.
Here, elevated concentrations can persist for at least 12 hours after application
(Afseth et al., 1983b). Thus a good oral substantivity is exhibited by zinc, with
around 15 — 40 % retention of the applied zinc dose (Afseth et al., 1983a, Tanwalker
and Gilbert, 1989). However, in order to influence enamel demineralisation under
cariogenic conditions, zinc must be available in the plaque-fluid at a concentration
sufficient to reduce or inhibit tooth mineral loss. Pharmacokinetic data relating to
zinc concentrations in plaque-fluid following application are apparently almost
absent from the literature, with only one reported value (15.2 ppm) for plaque-fluid
measured one hour after use of a mouth-rinse containing zinc citrate at 0.5 %
(Saxton et al., 1986). This was substantially higher than the background value (0.2
ppm), and the data from the present study suggest that this increased zinc
concentration over background would effect a substantial reduction in

demineralisation.

It is also likely that higher plaque-fluid zinc concentrations than this one-hour value
might occur. While the mouthwash contained 0.5 % zinc citrate, toothpastes
containing 2.0 % are widely available (Adams et al., 2003). Assuming that the
efficiency of zinc delivery is at least broadly similar for mouth-rinses and
toothpastes, it seems probable that a substantial increase in plaque-fluid zinc
citrate concentration would result following application of zinc at this higher

concentration. Also, as stated above, zinc concentrations in whole plaque fall
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rapidly in the hour following application, so it is likely that zinc concentration in
plaque-fluid follow a similar trend i.e. concentrations are considerably higher in the
hour following application. Further, zinc binds to lipoteichoic acid (LTA) associated
with plaque bacteria in model biofilms in the same way as calcium, and it has been
proposed that half of the bound zinc would be released under cariogenic
conditions, largely through protonation of carboxylate and phosphate groups in LTA
(Rose, 1996). This mechanism can elevate the zinc ion concentration in the oral
fluids to provide protection of enamel against further demineralisation, which from

a caries prevention perspective is when it is the most critical.
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14.3 Comparison of Zinc & Fluoride Mechanistic Action

An important finding from this study was demonstrated by comparing the
mechanisms of zinc and fluoride ion concentration on enamel demineralisation. The
log-linear trends observed for both fluoride and zinc implied there are some
similarities in their mechanism for reducing demineralisation (Figure 14.4). Fluoride
showed a log-linear increase up to 135 ppm [F7], above which very there were little
further increases in reduction in demineralisation and a plateau-effect was
apparent. For zinc, a log-linear increase was observed up to 3565 ppm [Zn*"] with
PRMLcnamel Values approaching >100 %. If the [Zn*'] was increased above 3565 ppm
in this study, it would also be likely to observe this plateau-effect. Thus, saturation
of surface sites on enamel was observed more quickly for fluoride (2135 ppm) than
for zinc (23565 ppm) indicating fluoride is more efficacious than zinc at inhibiting
enamel dissolution.
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Figure 14.4: Comparing the percentage reductions in enamel demineralisation (PRMLgnamer) as a
function of increasing [F ] or [Zn2+] (ppm) in the acid solution for the SMR studies.

Although there was a continuous circulation in the SMR cell to maintain pseudo-
constant composition in bulk solution, concentration gradients will exist close to the
enamel surface (except in extreme conditions — e.g. constant composition studies
(Tang et al., 2003a) see Section 3.4.2). However, calculations for the degree of
saturation (see Appendix B) of the demineralisation solution with respect to FAp
and hopeite shows that either the degree of undersaturation for FAp is less than for

hopeite, or that the degree of supersaturation is higher for FAp than for hopeite, at
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any given combination of across a range of calcium and phosphate concentrations
that might be found at the enamel surface in this system. This may explain why
considerably less fluoride is needed to exert the same effect of zinc at higher

concentrations.

Despite these differences, fluoride and zinc exhibited a greater change in reducing
demineralisation per unit ppm at lower concentration ranges. This was between
0.1-135 ppm for fluoride, whereas for zinc this was between 0.1-36 ppm, although
the overall PRMLcnamel Values were generally higher for zinc than fluoride. This result
is interesting as zinc was marginally more effective at reducing demineralisation at

lower concentrations than fluoride, under the conditions used in the study.

For lower concentrations of fluoride (< 135 ppm), it was confirmed that a
fluorohydroxyapatite phase formed at enamel surfaces, which could occur by a
precipitation or iso-exchange mechanism, whereas it is speculated that zinc adsorbs
at PO, sites on the enamel crystal surface. Thus at low concentrations, fluoride
forms a surface layer of fluoridated apatite mineral which has a lower solubility
than the natural enamel mineral, whereas zinc is likely to act at phosphate sites to
suppress its dissolution from the apatite structure. At higher concentrations,
fluoride forms CaF, (2135 ppm) predominantly, whereas zinc forms a-hopeite-like
(a-Zn3(P04),.4H,0) phase (>1782 ppm). The formation of CaF, is dependent on the
local calcium and fluoride ion concentration in solution, by which a high [F'] drives
the precipitation of CaF, on enamel surfaces. Similarly, the formation of a-hopeite is
to be expected once surface adsorption of Zn** at phosphate sites are completed on
enamel surfaces, whereby increasing [Zn*'] increases the likelihood of the

precipitation of this zinc phosphate species on the enamel surfaces.
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Chapter 15

CONCLUSIONS & RECOMMENDED FUTURE WORK

15.1 Main Findings From Study

The following conclusions were delineated for the conditions used in the present
study:

1. The ability of zinc to reduce enamel demineralisation during in vitro caries
simulating conditions was confirmed. Increasing [Zn*'] in the acid solution
significantly reduced the rate of enamel demineralisation. The log-linear
relationship between [Zn2+] and PRMLecpamer suggests that the reduction in
enamel dissolution is limited by the saturation of surface sites on the

enamel surface.

2. The putative mechanism for the ability of zinc to reduce enamel
demineralisation during in vitro caries simulating conditions was that zinc
acts predominantly at the PO,>” sites on enamel surfaces most likely via an
adsorption-type process at lower concentrations, and forms an a-hopeite-
like phase once surface adsorption is completed. The uleSIMS depth profile
indicated that the majority of zinc is concentrated at the near-surface region
of dental enamel, suggesting that zinc acts predominantly at the enamel
crystal surface in its mechanism of reducing enamel demineralisation.
Accordingly, zinc could potentially block active ‘dissolution’ sites on the

apatite crystal thus suppressing dissolution at the atomic level.
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3. The results from this study suggest that zinc in plague-fluid and saliva,
following post-applications of a zinc-containing dentifrice, could effect a
substantial protection against enamel demineralisation during an acidic
challenge. Therefore in light of the current findings, it would appear there is
scope for exploring and optimising the therapeutic potential of zinc, not only
as an antibacterial agent but also as a possible preventive treatment for
dental caries. Thus, these results have a significant implication on the
understanding of the fundamental chemistry aspects of zinc in toothpastes

and demonstrate its therapeutic potential in reducing tooth mineral loss.

4. A log-linear relationship between the reduction in enamel demineralisation
and fluoride concentration was observed up to 135 ppm [F]. An important
feature of this log-linear dependency was that the incremental anti-
demineralisation benefit per unit increase in [F'] was greater at the lower
[F] ranges compared to that at higher [F] ranges. Therefore, the ability of
fluoride to significantly inhibit enamel mineral loss, particularly at lower

‘background’ concentrations (= 0.1 ppm), should not be neglected.

5. The anti-demineralisation mechanism of fluoride was concentration
dependent. Below 45 ppm [F], a fluorohydroxyapatite mineral phase was
predominantly formed on enamel surfaces, whereas above 45 ppm, CaF,
was the main phase formed. The formation of CaF, at high [F'] was found to
be ‘potentially detrimental’ to the enamel structural integrity. The excessive
formation of fluorite reduces the available Ca** ions required for
remineralisation, which in turn promotes the loss of PO, ions from the
apatite lattice structure thereby decreasing the mineral content in the tooth.
Hence, formation of a fluoridated apatite phase was more favourable than

fluorite.

6. To provide optimal protection of dental enamel during a cariostatic
challenge, a local [F] £135 ppm should be bioavailable in the oral fluids in

order to both reduce demineralisation and promote remineralisation of a
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fluorohydroxyapatite mineral phase, which has a lower solubility than
carbonated apatite and could therefore more effectively resist subsequent
acid challenges whilst sustaining enamel structure. Ideally, low fluoride
concentrations should be constantly available in the oral fluids through slow
releasing mechanisms such as the oral F~ reservoir, in order to confer long-

term anti-caries effects.

These studies confirmed the hypothesis. Fluoride and zinc were effective at reducing
the demineralisation of dental enamel during in vitro caries-simulating conditions,

and both their mechanistic behaviours were concentration-dependent.
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15.2 Future Work

The in vitro system used in this study was not intended to reproduce the complex
intraoral conditions, rather it allowed a strategic approach for the strict chemical
control of individual variables of a multi-factorial disease. The in vivo situation is
complicated by dietary eating habits, the presence of physiologically secreted saliva,
plaque of varying composition and thickness, and a pellicle-coated tooth surface.
The focus of this study was to investigate the effect of zinc ions on enamel
demineralisation, and by eliminating these physiological factors it was possible to
successfully determine the concentration effects of this ion on the enamel
demineralisation process. In order to improve our understanding of the role of zinc
in dental caries, further studies are required to investigate the additional effects of
calcium and phosphate ions on this in vitro demineralisation system. Additionally, a
dynamic pH cycling system is necessary to model the demineralisation and

remineralisation balance to mimic the in situ environment.

Whilst human teeth are clinically relevant, they are however quite variable in
composition, whereas bovine enamel has more uniform composition and provides a
less variable response to both cariogenic challenge and anti-caries treatments
(Mellberg, 1992). Further SMR studies on bovine enamel would allow better
comparison between samples with less variability. Although something to consider
with bovine enamel is that it is more porous than human enamel and therefore
demineralises faster, hence the rates would differ but overall trends would be

comparable to human enamel (Featherstone and Mellberg, 1981).

The studies described in this thesis were carried out on sound enamel that had
been partially demineralised (surface softened), with subsequent measurements on
the extent of further demineralisation in response to zinc or fluoride ions. Quite
often, in vitro studies are conducted on artificially induced subsurface lesions rather
than evaluating the early surface changes in the enamel. In the clinical situation,
subsurface lesions are targeted because it is at a reversible stage of the caries
process and is clinically detectable. However, subsurface lesion formation does not

necessarily precede cavity formation. In fact, many early lesions have been
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described as ‘surface-softening’ that progresses to loss of surface material and
eventually clinical caries (Zero, 1995). At an early stage of the caries process,
therapeutic intervention is difficult as the lesion is not clinically observable. Whilst
this may be the case clinically, it is essential to understand the early changes in
surface enamel during the in vitro demineralisation process, as prevention at this
stage is potentially critical in inhibiting further caries development. Nonetheless, to
build on the results obtained from this study, it is necessary to model the anti-
demineralisation effects of zinc ion concentration on a whole range of substrates,

including carious lesions, and different conditions.

A possible synergistic action between zinc and fluoride for enhancing
remineralisation in artificial carious lesions was described in Section 5.5.1. The
authors of this study demonstrated that a low zinc concentration enhanced the
potential cariostatic action of fluoride, possible by maintaining enamel surface
porosity, which facilitated deeper penetration of F into the lesion thus increasing
subsurface remineralisation. Although these were elegant studies, the use of acid-
gels presents a number of challenges such as the difficulty to standardise, even
under well-controlled in vitro conditions. Whilst the use of acid-gels simulate
conditions at caries prone stagnation sites, for example by facilitating the
development of ionic concentration gradients, as found in plaque, it is difficult to
know exactly what conditions prevail at the gel-enamel interface. Also, it is only
possible to measure net demineralisation or remineralisation using destructive
techniques such as TMR, at discrete time intervals, after several cycles of de- and
remineralisation, rather than monitor the effect of fluoride/zinc on lesion
progression in real time. Hence it would be interesting to repeat these studies and
measure the synergistic effect of zinc and fluoride on enamel demineralisation

kinetics using SMR and the in vitro model used in the present study.

The present study suggests that the interaction of zinc with enamel under acid
conditions may result in a protective layer on the enamel surface, predominantly
due to an adsorption-type mechanism. The resulting modification of the enamel
surface layer may generate a more electropositive surface, which could potentially

facilitate the diffusion of fluoride ions into the porous enamel structure, down a
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concentration gradient. It is possible that an excessive zinc concentration could
antagonise the effects of fluoride by adsorbing at surface sites. Further work is
required to investigate the combined effects of a range of zinc and fluoride

concentrations, using a similar demineralisation model as in the current study.

Fluoride exhibits its anti-caries effect by preventing demineralisation from occurring
and/or enhancing remineralisation. Whilst this is true, fluoride’s efficacy is also
related to the stage of the caries lesion. Clinical and mechanistic studies have
shown that fluoride concentrations in dentifrices are more effective in inhibiting the
initiation of caries and much less effective in inhibiting the progression of a lesion
(Bjarnason and Finnbogason, 1991, Yamazaki et al., 2007). Conversely, in situ and in
vitro studies by Lynch (2014) (Personal Communication) suggested that zinc was
more effective at inhibiting the progression of the carious lesion. Therefore, it
would appear there is scope for optimising the therapeutic potential of zinc and
fluoride in toothpaste formulations, in particular to understand the efficacy of these
ions independently and when combined together. Further studies are needed to
look at a range of different conditions which includes the ratio of fluoride and zinc

in toothpastes.
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Appendix A

SMR DATA FOR ZINC STUDY

Page 212



2+]

0 ppm [Zn

0.555 H

0.550 A

0.545

0.540 A

y = 5.52E-01 + 4.90E-04x

0.535 - ;
R” =9.34E-01

0.530 A

Mineral mass per unit area (g/cmz)

0.525 T T T T 1
20 30 40 50 60 70

Time (h)

A.1: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid ([Zn2+] =0 ppm) at a single scan position on a sample.
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A.2: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid (zn™1=0.4 ppm) at a single scan position on a sample.
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A.3: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid ([Zn2+] = 1.8 ppm) at a single scan position on a sample.
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A.4: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid ([Zn**] = 35.6 ppm) at a single scan position on a sample.
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A.5: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid (Izn*1=106.9 ppm) at a single scan position on a sample.
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A.6: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid (Izn*1=356.5 ppm) at a single scan position on a sample.
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A.7: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
exposure to acid ([Zn2+] =1782.5 ppm) at a single scan position on a sample.
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A.8: SMR raw data plot showing the mineral mass per unit area plotted against time (=40 h) during
. 2+ . ere
exposure to acid ([Zn""] = 3564.9 ppm) at a single scan position on a sample.
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Appendix B

ADDITIONAL RESULTS

[Ca] [Pi] DS(FAp) DS(Hopeite)
0.0001 0.0001 0.0719 0.0292
0.001 0.001 0.541 0.0737
0.01 0.01 3.5 0.219

Table B1: Calculation of saturation with respect to FAp and hopeite using a range of Ca and Pi
concentrations that may be found at the enamel surface. A dedicated computer programme (Larsen,
2001) was used to determine DSga, and DSygpeire, With respective solubility product constants of
2.51 x 10™° mol’ I for FAp and 1 x 10 mol’® for hopeite (a median was used for a range of
reported Ksp values for hopeite i.e. between 10> — 10™). Further, the orthophosphate activity was
assumed to be the same in the FAp/Hopeite systems. The reduction in the calcium activity was
similar to zinc, as both are divalent cations.
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Abstract

The mechanistic action of fluoride on inhibition of enamel
demineralization was investigated using 'F magic angle
spinning nuclear magnetic resonance (MAS-NMR). The aim
of this study was to monitor the fluoride-mineral phase
formed on the enamel as a function of the concentration of
fluoride ions [F~]in the demineralizing medium. The second-
ary aim was to investigate fluorapatite formation on enamel
in the mechanism of fluoride anti-caries efficacy. Enamel
blocks were immersed into demineralization solutions of
0.1 M acetic acid (pH 4) with increasing concentrations of
fluoride up to 2,262 ppm. At and below 45 ppm [F] in the
solution, "*F MAS-NMR showed fluoride-substituted apatite
formation, and above 45 ppm, calciumfluoride (CaF,) formed
inincreasing proportions. Further increases in [F7] caused no
further reduction in demineralization, but increased the pro-
portion of CaF; formed. Additionally, the combined effect of
strontium and fluoride on enamel demineralization was also

investigated using '"F MAS-NMR. The presence of 43 ppm
[Sr**] in addition to 45 ppm [F] increases the fraction of
fluoride-substituted apatite, but delays formation of CaF;
when compared to the demineralization of enamel in fluo-
ride-only solution. Copyright © 2013 5. Karger AG, Basel

Topical applications of fluoride (e.g. fluoride tooth-
pastes, gels, varnishes and mouthwashes) are considered
a more effective measure for caries prevention than sys-
temic use of fluorides [Ripa, 1991]. Fluoride incorporated
into the enamel apatite structure has been shown to en-
hance the resistance of the tooth to acidic challenges and
thus reduce lesion development [ten Cate and Feather-
stone, 1991; Takagi et al., 2000]. In addition, the anti-car-
ies effect of topically applied fluoride has also been attrib-
uted to calcium-fluoride-like deposits formed on dental
hard tissues, which are thought to act as a protective bar-
rier on the surface and serve as a reservoir for fluoride
[ten Cate, 1997].

Recently, there is a perception that ‘the more the bet-
ter’ and thus a number of products incorporate very high
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levels of fluoride up to 15,000 ppm F- [Tavss et al., 1997;
Newbrun, 2010]. These products range from various den-
tifrices giving short-term fluoride exposure to fluoride-
containing gels and varnishes exhibiting longer-term
fluoride release and exposure. Tooth restorative materi-
als, in particular glass ionomer (polyalkenoate) cements,
have properties that enable relatively long periods of
fluoride release [ten Cate and van Duinen, 1995; Mitra et
al,, 2011]. Given the large number of caries-preventative
dental products available containing highly variable fluo-
ride concentrations, it is perhaps surprising that few ex-
perimental studies have been undertaken to establish the
effects of increasing fluoride concentration on the result-
ing mineral phases formed on enamel.

In this study, a less common approach was undertaken
using '°F magic angle spinning nuclear magnetic reso-
nance (MAS-NMR) to characterize the solid phase precip-
itated on enamel as a function of fluoride concentration
used during exposure to an in vitro demineralization sys-
tem. F MAS-NMR has been previously used to character-
ize fluoride-hydroxyapatite interactions. Yesinowski and
Mobley [1983] demonstrated the ability of this technique
to distinguish between fluorapatite (Ca;o(PO4)sF,, FAp),
fluorohydroxyapatite (Ca,;(PO4)s(OH), F,, FHAp) and
calcium fluoride (CakF;) both in the bulk phase and on hy-
droxyapatite surfaces. Advantages of ’F MAS-NMR are
the following: (1) It selectively probes the local environ-
ment of only the fluorine atoms in the sample, permitting
direct identification of the possible structural forms in
which F~ may exist within the enamel. (2) It detects all
fluorine present, whether crystalline, amorphous or ad-
sorbed. The range of '°F chemical shifts and the sensitivity
of F chemical shifts to the local fluorine environment are
extremely high. (3) It can measure very low concentrations
of fluoride in the order of 0.1%. Fluorine-19 is a spin 1/2
nucleus and at 100% natural abundance, all F atoms in a
sample can be detected [White et al., 1988].

Although the potential of *F MAS-NMR as a spectro-
scopic tool for studying the fluoridation of apatitic sur-
faces was recognized over two decades ago, there have
been few studies applying this technique to determine
fluoride-enamel interactions in dental research. A reason
for this could be that a specialized fluorine-free MAS-
NMR probe is required as fluorine present in the probe
introduces additional signals into the spectra, potentially
disguising any fluorine-19 signals generated from the
sample. Such probes are not widely accessible [Brauer et
al., 2009].

White et al. [1988] first addressed the reaction prod-
ucts formed on powdered dental enamel (thus increasing
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surface area for reaction) under conditions of mineral
fluoridation at neutral pH in 1988, and later studied these
effects using high-resolution NMR [White et al., 1994].
They reported a peak which was ascribed to ‘non-specif-
ically adsorbed fluoride’ that was suggested to be fluoride
which is hydrogen-bonded to the phosphate protons on
the apatite surface. Furthermore, a relatively small peak
for FHAp was reported, although no peak for CaF, was
observed.

The aim of the present study was to use '"F MAS-NMR
to investigate the effects of varying fluoride concentrations
(0.45-2,262 ppm [F~]), used typically in topical applica-
tions, on the fluoride-enamel interactions under acidic
conditions using bulk enamel blocks rather than powder.
This method mimics the oral environment more closely as
the changes occurring in the enamel are limit-ed to the
interactions at the natural enamel surface with fluoride.
The '*F MAS-NMR results were corroborated by measur-
ing the calcium and phosphorus ions released from the
enamel during these reactions using inductively coupled
plasma optical emission spectroscopy (ICP-OES) and by
measuring the changes in weight of the enamel blocks.

Further, the synergistic action of fluoride and stron-
tium on enhancing enamel remineralization has been re-
ported [Thuy et al., 2008]. When incorporated together
in synthetic carbonated apatites, fluoride and strontium
improved apatite crystallinity and reduced acid reactivity
[Featherstone et al., 1983]. In the present study, the com-
bined effects on the resulting mineral phases formed on
enamel of both ions (~45 ppm of [F~] and [Sr**] respec-
tively) present in a demineralizing solution were investi-
gated using 'F MAS-NMR.

Materials and Methods

Preparation of Human Enamel Blocks

Caries-free permanent molars were used (with approval from
Queen Mary Research Ethics Committee QMREC 2011/99) to cut
enamel blocks (~5 x 5 mm) with a maximum thickness of ~1 mm
using an annular diamond blade (Microslice 2, Malvern Instru-
ments, UK). The location of cut in each tooth was recorded. The
linear dimensions and weight of each block were also recorded.

Demineralization of Specimens — Fluoride

A series of F-containing demineralizing solutions were pre-
pared from analytical grade reagents. A 10-liter batch of deminer-
alizing solution of 0.1 M acetic acid buffered with NaOH to pH 4.0
was prepared with deionized water and subsequently divided into
1-liter stock reservoirs. NaF was added to the stock solutions to
prepare concentrations containing 0, 0.45, 7, 11, 29, 45, 136, 452,
656, 1,357 and 2,262 ppm [F~], selected to include concentrations
of topically available fluoride.
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Demineralization of Specimens — Strontium

Further, the simultaneous effects of strontium and fluoride
ions were investigated at 45 ppm [F~] and 43 ppm [Sr**]. Sr(Ac),
was used to prepare a Sr**-containing solution.

Mineral Weight Loss

Each enamel block was placed in a container with 50 ml of de-
mineralizing solution at 37°C in a shaking incubator (KS 40001
control, TKA, UK) at 60 rpm for 24 h. Subsequently, each sample
was immersed in 50 ml of a F--containing demineralizing solution
at 37°C for 96 h. Samples were dried and weighed using a balance
accurate to £0.0001 g (Mettler HK, Switzerland) before and after
immersion to calculate the percent mineral weight loss of each
sample after 96 h.

1°F MAS-NMR

Each sample was dried and ground to a fine powder for solid-
state YF MAS-NMR analysis. "F MAS-NMR was carried out using
a 600 MHz (14.1 T) spectrometer (Bruker, Germany) at a Larmor
frequency of 564.5 MHz under spinning conditions of 15 kHz ina
2.5 mm rotor. The spectra were acquired using a low-fluorine
background probe in a single-pulse experiment of 30 s recycle
duration. The "F chemical shift scale was referenced using the
~120 ppm peak of 1 M NaF solution, with a secondary reference of
CFCl;. Typically spectra were acquired for 10-24 h depending on
the fluoride level and are an accumulation of between 600 and
1,440 scans.

ICP-OES

After reaction with enamel, the fluoride-containing demineral-
izing solutions were diluted by a factor of 1:20 to lower the back-
ground Na levels (for analysis of phosphorus and calcium), with
an acidification of 1% (0.1 ml of 69% nitric acid in 10 ml) and
quantitatively analyzed by ICP-OES (ICP; Varian Vista-PRO, Var-
ian Ltd., Oxford, UK). Each measurement was replicated. Calibra-
tion solutions were demineralizing solutions (0.1 M acetic acid, pH
4.0) with the same ionic strength as a sample reaction solution, but
diluted by a factor of 1:20 and also with an acidification of 1% us-
ing 69% nitric acid. Calcium and phosphorus standards were used
in the concentration range 0.1-10 ppm. The instrumentation error
was determined by repeated measurements of 1.0 ppm calcium-
and 1.0 ppm phosphorus-containing standard solutions.

Results

°F MAS-NMR

Figure 1 shows a series of ”F MAS-NMR spectra of
the enamel demineralized in the presence of a range
of [F7]. F MAS-NMR spectra obtained for the enamel
section exposed to no F~ exhibited a flat baseline with no
detectable fluoride present. The FAp reference spectra
showed a characteristic peak at —102 ppm correspond-
ing to the triangles F-Ca(3) in the apatite structure,
whilst the CaF, reference showed a characteristic peak
at —108 ppm corresponding to the F-Ca(4) site. For the
samples demineralized in the presence of F~, 'F chem-

Effects of [F7] on Enamel
Demineralization

. * *
J
. * *
i * ¥
g * *
* *
f * *
e
" *
d *
c
* l
b A A
a
I 1 ! I 1 I 1 1 I |
-0 -80 -9%0 -100 -110 -120 -130
18F chemical shift, ppm

Fig. 1. ”F MAS-NMR spectra of enamel samples immersed in in-
creasing concentrations of fluoride in the demineralizing solutions
for 96 h. a Control enamel block not exposed to fluoride. b FAp
reference. ¢ Enamel block in 11 ppm [F-]. d Enamel block in
45 ppm [F7]. e Enamel block in 136 ppm [F~]. f Enamel block in
452 ppm [F7]. g Enamel block in 656 ppm [F]. h Enamel block in
1,357 ppm [F~].i Enamel block in 2,262 ppm [F~]. j CaF, reference.
Asterisks mark spinning side bands.
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Fig. 2. ”F MAS-NMR spectra of enamel blocks immersed in
45 ppm of fluoride for 96 h. a Without presence of strontium.
b With an additional 43 ppm of Sr2* (recycle delay 5 s) showing
decrease in CaF; at —108 ppm. Asterisks mark spinning side bands.

ical shifts were identified by comparison with reference
spectra, and formation of fluoride-substituted apatite
(Cap(POy)sF2 x(OH)y, Fi-HAp) and CaF, was observed
from the peaks. Signals from both the F,-HAp and CaF,
environment are clearly observed in approximately equal
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v 0.00 41.0£0.5 90.5+11.2 54.3+0.82 1.29 54
0.2 . A 0.45 31.9+0.3 116.8+144 67.5£1.02 1.34 5.2
0 AL A 679  15.0+0.8 3544438 2134032 129 6.2
‘ ' ' ' ‘ 1131 162402 58.4+7.22 3794057 119 57
01 1 10 100 1,000 10,000 2941  9.6+0.2 32.3+4.00 1844028 136 6.3
b [F1. ppm 4525  12.2%03 2534313 1694025 116 65
135.74 10.6£0.1 5.9+0.73 26.6x0.40 0.17 6.9
) 452.47 8.9+0.5 2.1+0.26 12.9%£0.19 0.13 7.7
Fig. 3. a ICP measurements of the calcium and phosphorus de- 656.09 144404 1.84022 22.0+033 0.06 7.5
tected in reaction solutions containing increasing [F7]. A = Phos-  1,35742  9.0+0.2 2.040.24 267+040 006 74
phorus ions; A = calcium ions. The dashed lines show the calcium ~ 2.262.37  16.1+0.3 3.840.47 2874043 010 7.1

and phosphorus in solutions under control conditions. The error
bars show the instrumentation error. b Ca/P ion ratio in the solu-
tion as a function of [F~]. The dashed line shows the Ca/P ion ratio
under control conditions.

proportions in the spectrum of the 45 ppm [F~] solution.
At [F7] above 45 ppm, less F,-HAp forms and instead
there is an increased CaF, signal. For [F-] above 136 ppm,
the spectra are nearly identical and demonstrate mostly a
CaF,-like environment.

Figure 2 demonstrates the effect of F~ (45 ppm) de-
mineralizing solution with additional strontium ions Sr?*
(43 ppm). The CaF, signal is clearly decreased in the pres-
ence of both Sr** and F~ compared to that from the enam-
el exposed to 45 ppm [F~] only solution.
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The -log(T,xTp) was calculated from the molar concentration of cal-
cium and phosphorus in solutions and substitutes for a solubility of biomin-
eral.

ICP-OES

Figure 3a shows the Ca** and PO’ released into the
reaction solution following demineralization of enamel
samples. The Ca’* and PO, released into the deminer-
alizing solutions decreased markedly asthe [F7] increased
from 0 to 45 ppm. Further, the PO,* release was lower
than the Ca?* release. Above 100 ppm [F-], there was
substantially lower Ca®* release. Above 452 ppm [F~], no
further decrease in Ca®* release was detected, however
PO,* release increased as the F~ in the demineraliz-
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ing solution increased in the range 136-2,262 ppm. Fig-
ure 3b shows the Ca/P ratio calculated from the ion re-
lease data.

Mineral Weight Loss

Mineral loss was measured by comparing the weight
loss per unit area of enamel samples before and after im-
mersion into demineralizing solutions. Figure 4 and
table 1 show that for the control sample with no addi-
tional F- there is a weight loss of 0.74%/mm?. However,
the addition of 0.45 ppm [F~] reduced mineral loss to
0.47%/mm?. For the solution with 11 ppm [F~], deminer-
alization further decreased down to 0.15%/mm? and did
not change substantially up until 452 ppm [F~]. However,
the percent mineral weight loss increased above 136 ppm
[F].

Discussion

The "F MAS-NMR spectra (fig. 1) show the formation
of CaF, and F,-HAp as the main chemical species formed
on the enamel samples that were demineralized with
the addition of varying fluoride concentrations. Below
45 ppm [F~], fluoride is predominantly present as F,-HAp
with smaller amounts of CaF, present. At 136 ppm [F7]
and above, CaF, is the predominant phase. Larsen and
Jensen [1994] reported that in solutions saturated with
enamel apatite, CaF, formation was initiated with as little
as 100 ppm [F~] present in the solution at low pH condi-
tions, in agreement with this study. The spectra are iden-
tical for all concentrations of fluoride above 136 ppm,
demonstrating a CaF,-like environment. Deconvolution
of the spectra showed that there may be a variety of
Fs-HAp phases present and further work is required to
support this. In the present study the type of F-HAp
could not be identified.

Previous '°F MAS-NMR studies [White et al., 1988]
reported the formation of F.-HAp in powdered enamel at
neutral pH and another signal ascribed as a ‘non-specifi-
cally adsorbed fluoride’ in the presence of fluoride. Note
that the formation of CaF, was not observed. Their use of
powdered enamel increased the surface area, which al-
lows for greater ionic interactions between fluoride and
apatite, whereas in the present study bulk enamel sam-
ples were used, subjected to longer equilibration periods
(96 h) and under demineralizing conditions (pH 4). This
could explain why CaF; precipitation was observed in this
study with increasing [F].

Effects of [F"] on Enamel
Demineralization

ICP-OES analysis showed a decrease in PO,* and
Ca?* release with increasing [F~] in the demineralizing
solution (fig. 3a). Above 45 ppm, Ca?" release was lower
than PO,*~ release. At lower [F~] (<45 ppm) (fig. 3b), the
Ca/P ratio decreased from 1.8 to 1.4, suggesting incon-
gruent dissolution of the mineral. However, at [F-] above
45 ppm, this ratio decreases sharply to below 0.2, which
is due to calcium being used to form CaF,. A decrease in
demineralization rate was also seen from the weight loss
data with increasing [F~] (fig. 4). In the present study,
[E-] above 136 ppm did not substantially decrease demin-
eralization further, and in fact a slight increase in demin-
eralization was observed. This change in behavior is con-
sistent with the ICP-OES data which show an increase in
PO,*> released for [F-] of 136 ppm and above (fig. 3a).
This suggests that at higher [F], there is preferential re-
lease of phosphate from the apatite structure, i.e. a slight
increase in the rate of enamel demineralization. The '°F
MAS-NMR spectra show that CaF, is formed in greater
proportions relative to FAp with >45 ppm [F-] in the de-
mineralizing solutions, but does not alter significantly
with further increases in [F~]. ICP-OES shows a reduction
in Ca?* release into the solution with increasing [F-] due
to CaF, formation. As the Ca?* released into the solution
decreases due to the precipitation of CaF,, PO,*" is unable
to react to form apatite and is therefore released into the
solution.

Previous studies have reported that the formation of
CaF, may exhibit anti-caries effects by forming a physical
barrier on the enamel surface, thereby slowing the demin-
eralization process, as well as serving as a reservoir for
fluoride [Saxegaard and Rolla, 1988; Ganss et al., 2007].
However, the F MAS-NMR, ICP-OES and weight loss
results of this study demonstrate that the formation of
CaF, is potentially detrimental to the structural integrity
of enamel as its formation reduces the available Ca** re-
quired for remineralization of apatite. This in turn causes
loss of PO,*-, thereby decreasing the mineral content in
the tooth. The present findings suggest that the formation
of a fluoridated-apatite phase is favorable as this retains
the apatitic structure lowering enamel solubility [Feath-
erstone, 1999].

In this study, the ICP-OES and weight loss data (fig. 3a,
4) showed that dissolution of enamel was increasingly in-
hibited up until 136 ppm of [F~], above which little fur-
ther inhibition of demineralization was observed, and the
9F MAS-NMR data showed that CaF, was the predomi-
nant species formed. This suggests that any benefit asso-
ciated with the formation of CaF, at [F] >136 ppm is
offset by the disturbances caused to the structural integ-
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rity of the enamel. Although a static rather than a cycling
model was used in this study, these conditions could
mimic salivary conditions at night after brushing with a
fluoride-containing dentifrice where the salivary flow
rate is low and therefore elevated fluoride levels may per-
sist for longer time periods. It would be interesting to per-
form a further study using a dynamic F- cycling system,
with additional Ca?* and PO,* to more closely model in
vivo conditions.

It has been proposed that CaF, formed on dental hard
tissues, and within plaque, may act as a reservoir provid-
ing fluoride release under acidic conditions [Fischer et al.,
1995]. CaF; has a very low solubility product constant
and is relatively stable under low-pH conditions [Ogaard
et al., 1983]. However, it appears that the terminology
‘CaF,-like’ has been implemented in the literature to
overcome the point that CaF, is, in fact, not very sol-
tible. The term CaF,-like is sometimes referred to as a
phosphate-containing CaF, [Rella and Saxegaard, 1990],
which these authors suggest is more soluble than pure
CaF, and may thus release fluoride at a higher rate than
pure CaF, [Christoffersen et al., 1988]. It has also been
suggested that CaF, formed at low pH contains less inter-
nal phosphate and is therefore less soluble [Ogaard, 2001].
In the presence of salivary PO4*~ it is possible that a CaF,-
like material is formed in the biofilm. However Vogel et
al. [2010] reported that either CaF;-like deposits did not
form in plaque after exposure to fluoride (228 ppm F"),
or if formed they were rapidly dissolved. Therefore, it
may be that these CaF;-like materials are nanocrystals of
fluoridated apatite, which are more soluble than CaF; at
low pH. This would explain the release of fluoride from
these CaF,-like materials at low pH conditions. It has also
been suggested that phosphate-containing CaF, is formed
on enamel during the treatment of enamel with acidified
solutions of high fluoride content, which would then act
as a reservoir for fluoride at low pH [Christoffersen et al.,
1988; Rella et al., 1993].

The 136 ppm ‘threshold’ in the present study may be
particularly relevant to the case of fluoride applied top-
ically from ‘standard’ (i.e. <1,500 ppm fluoride) denti-
frices and mouthrinses. During studies where a fluoride
mouthrinse was used, and whose concentration simulat-
ed salivary fluoride concentration during brushing with
fluoride dentifrices, Vogel and co-workers reported that
plaque fluid concentrations were more than an order of
magnitude lower than 136 ppm [e.g. Vogel et al., 2000a,
b], even following acidification and concomitant fluoride
release [Vogel et al., 2000a]. Ekstrand [1997] reported
that when 912 ppm fluoride (as both sodium fluoride and
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sodium monofluorophosphate) mouthrinses were used,
plaque fluid fluoride concentrations did not approach
136 ppm. Thirty-minute values for all subjects were less
than 15 ppm. These authors did not report plaque fluid
fluoride concentrations immediately after the application
of fluoride, which would almost certainly have been high-
er than, for example, the 30-min values. However, these
30-min values do make it very difficult to imagine values
close to 136 ppm immediately following application. Re-
gardless, the available data suggest that for most of the
day, concentrations will be more than an order of magni-
tude lower.

Fluoride is added to various dentifrice products at
concentrations up to 15,000 ppm with the aim of reduc-
ing caries formation [Preston et al., 1999] (although con-
centration will be somewhat lower in the mouth due to
dilution effects). The current study suggests that there is
an optimum range of local fluoride concentrations for in-
hibiting enamel demineralization, and further work is re-
quired to assess its effects on enamel structure after ex-
posure to high fluoride-containing products, especially
those above 5,000 ppm.

The present study demonstrates that the addition of
fluoride produces F,-HAp as a major chemical species
only at low concentrations of fluoride. There is over-
whelming evidence that low fluoride levels found in sa-
liva can significantly reduce enamel demineralization,
and those found in plaque have the potential to reminer-
alize, even at pH values typically regarded as demineral-
izing [Fox et al., 1983; Lynch et al., 2006]. The potential
of enamel remineralized in the presence of fluoride to
both resist a caries challenge and to release fluoride into
the oral fluids during dissolution has been somewhat ig-
nored of late. The former effect is potentially quite impor-
tant in terms of enamel solubility [Koulourides et al.,
1980], while the latter effect may be sufficient to tip the
‘caries balance’ in their favor in low caries risk individu-
als. The speculated slow dissolution of CaF,-like deposits
is viewed as a potential ‘slow-release vehicle’ for the wide-
spread availability of fluoride in the oral fluid. FHAp may
also be an important fluoride reservoir, but previously its
importance has been considered mainly in the context of
reduced solubility when compared with HAp [Moreno et
al., 1974].

The presence of Sr** and F~ both at ~45 ppm in the
demineralizing solutions causes the formation of CaF, to
be suppressed relative to the apatite phase (fig. 2). The
present findings demonstrate the potential for strontium
ions to offset or inhibit the formation of CaF,, which in
the context of this study behaves as an inhibitor of apatite

Mohammed/Kent/Lynch/Karpukhina/
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remineralization, though this could also be explained by
the formation of a strontium fluoride precipitate. Con-
versely, there was no difference between the NMR spectra
of enamel samples demineralized at high concentrations
ofboth fluoride and strontium in the solutions (452 ppm)
compared to the spectra of enamel demineralized in fluo-
ride only (452 ppm) solution. The synergistic effects of
Sr** and F~ on the mechanism of enamel demineraliza-
tion have to be clarified, and further work is required to
assess whether strontium displays these effects at even
higher concentrations of both ions in the demineralizing
solutions.

In conclusion, this study confirms that the cariostat-
ic effect of fluoride is due to the formation of Fi-HAp
and CaF,, depending on the [F] in the solution. Below
45 ppm, the F~ from the solution mostly substitutes into
the lattice of the enamel mineral as F,-HAp. At 45 ppm
[E~], nearly equal amounts of F,-HAp and CaF, phases
form, whereas above 45 ppm CaF, is the main phase

The simultaneous presence of both fluoride and stron-
tium ions may offset the formation of CaF; under higher
fluoride concentrations when compared to the presence
of fluoride alone in the demineralizing acidic medium.

Acknowledgements

The authors gratefully acknowledge the support of a Glaxo-
SmithKline and EPSRC Case PhD Studentship. They thank Dr.
Harold Toms from the School of Biological and Chemical Sciences
for technical support for the NMR experiments.

Disclosure Statement

The authors declare no potential conflicts of interest with re-
spect to the authorship and/or publication of this article.

formed on the enamel surface.

References

Brauer DS, Karpukhina N, Law RV, Hill RG:
Structure of fluoride-containing bioactive
glasses. ] Mater Chem 2009;19:5629-5636.

Christoffersen ], Christoffersen MR, Kibalczyc
W, Perdok WG: Kinetics of dissolution and
growth of calcium fluoride and effects of
phosphate. Acta Odontol Scand 1988;46:325-
336.

Ekstrand J: Fluoride in plaque fluid and saliva af-
ter NaF or MFP rinses. Eur J Oral Sci 1997;
105:478-484.

Featherstone JDB: Prevention and reversal of
dental caries: role of low level fluoride. Com-
munity Dent Oral Epidemiol 1999;27:31-40.

Featherstone JDB, Shields CP, Khademazad B,
Oldershaw MD: Acid reactivity of carbonated
apatites with strontium and fluoride substitu-
tions. ] Dent Res 1983;62:1049-1053.

Fischer C, Lussi A, Hotz P: The cariostatic mech-
anisms of action of fluorides. A review.
Schweiz Monatsschr Zahnmed 1995;105:
311-317.

Fox JL, Iyer BV, Higuchi WI, Hefferren JJ: Solu-
tion activity product (KFAP) and simultane-
ous demineralization-remineralization in bo-
vine tooth enamel and hydroxyapatite pellets.
J Pharm Sci 1983;72:1252-1255.

Ganss C, Schlueter N, Klimek J: Retention of
KOH-soluble fluoride on enamel and dentine
under erosive conditions — a comparison of
in vitro and in situ results. Arch Oral Biol
2007;52:9-14.

Effects of [F7] on Enamel
Demineralization

Koulourides T, Keller SE, Manson-Hing L, Lilley
V: Enhancement of fluoride effectiveness by
experimental cariogenic priming of human
enamel. Caries Res 1980;14:32-39.

Larsen M]J, Jensen SJ: Experiments on the initia-
tion of calcium fluoride formation with refer-
ence to the solubility of dental enamel and
brushite. Arch Oral Biol 1994;39:23-27.

Lynch RJM, Mony U, ten Cate JM: The effect of
fluoride at plaque fluid concentrations on
enamel de- and remineralisation at low pH.
Caries Res 2006;40:522-529.

Mitra SB, Oxman JD, Falsafi A, Ton TT: Fluoride
release and recharge behavior of a nano-filled
resin-modified glass ionomer compared with
that of other fluoride releasing materials. Am
] Dent 2011;24:372-378.

Moreno EC, Kresak M, Zahradnik RT: Fluoridat-
ed hydroxyapatite solubility and caries for-
mation. Nature 1974;247:64-65.

Newbrun E: What we know and do not know
about fluoride. ] Public Health Dent 2010;70:
227-233.

Ogaard B: CaF, formation: cariostatic properties
and factors of enhancing the effect. Caries Res
2001;35(suppl 1):40-44.

Ogaard B, Rella G, Helgeland K: Uptake and re-
tention of alkali-soluble and alkali-insoluble
fluoride in sound enamel in vivo after mouth-
rinses with 0.05% or 0.2% NaF. Caries Res
1983;17:520-524.

Preston AJ, Mair LH, Agalamanyi EA, Higham
SM: Fluoride release from aesthetic dental
materials. ] Oral Rehabil 1999;26:123-129.

Ripa LW: A critique of topical fluoride methods
(dentifrices, mouthrinses, operator-applied,
and self-applied gels) in an era of decreased
caries and increased fluorosis prevalence.
Public Health Dent 1991;51:23-41.

Rolla G, Ogaard B, Cruz Rde A: Topical applica-
tion of fluorides on teeth. New concepts of
mechanisms of interaction. | Clin Periodon-
tol 1993;20:105-108.

Rolla G, Saxegaard E: Critical evaluation of the
composition and use of topical fluorides, with
emphasis on the role of calcium fluoride in
caries inhibition. ] Dent Res 1990;69:780-785.

Saxegaard E, Rélla G: Fluoride acquisition on and
in human enamel during topical application
in vitro. Scand ] Dent Res 1988;96:523-535.

Takagi S, Liao H, Chow LC: Effect of tooth-bound
fluoride on enamel demineralization/remin-
eralization in vitro. Caries Res 2000;34:281—
288.

Tavss EA, Bonta CY, Joziak MT, Fisher SW,
Campbell SK: High-potency sodium fluoride:
a literature review. Compend Contin Educ
Dent 1997;18:31-36.

ten Cate JM: Review on fluoride, with special em-
phasis on calcium fluoride mechanisms in
caries prevention. Eur J Oral Sci 1997;105:
461-465.

Caries Res 2013;47:421-428
DOI: 10.1159/000350171

427



ten Cate JM, Featherstone JDB: Mechanistic as-
pects of the interactions between fluoride and
dental enamel. Crit Rev Oral Biol Med 1991;
2:283-296.

ten Cate JM, van Duinen RN: Hypermineral-
ization of dentinal lesions adjacent to glass-
ionomer cement restorations. | Dent Res
1995;74:1266—1271.

Thuy TT, Nakagaki H, Kato K, Hung PA, Inukai
J, Tsuboi S, Nakagaki H, Hirose MN, Igarashi
S, Robinson C: Effect of strontium in combi-
nation with fluoride on enamel remineraliza-
tion in vitro. Arch Oral Biol 2008;53:1017—
1022.

Vogel GL, Mao Y, Chow LC, Proskin HM:
Fluoride in plaque fluid, plaque, and saliva
measured for 2 hours after a sodium fluo-
ride monotluorophosphate rinse. Caries Res
2000a;34:404-411.

Vogel GL, Tenuta LMA, Schumacher GE, Chow
LC: No calcium-fluoride-like deposits detect-
ed in plaque shortly after a sodium fluoride
mouthrinse. Caries Res 2010;44:108-115.

Vogel GL, Zhang Z, Chow LC, Carey CM, Schu-
macher GE, Banting DW: Effect in vitro acid-
ification on plaque fluid composition with
and without a NaF or a controlled-release
fluoride rinse. ] Dent Res 2000b;79:983-990.

428

Caries Res 2013;47:421-428
DOI: 10.1159/000350171

White DJ, Bowman WD, Faller RV, Mobley MJ,
Wolfgang RA, Yesinowski JP: '“F MAS-NMR
and solution chemical characterization of the
reactions of fluoride with hydroxyapatite and
powdered enamel. Acta Odontol Scand 1988;
46:375-389.

White DJ, Nelson DG, Faller RV: Mode of action
of fluoride: application of new techniques and
test methods to the examination of the mech-
anism of action of topical fluoride. Adv Dent
Res 1994;8:166-174.

Yesinowski JP, Mobley MJ: F-19 MAS-NMR of
fluoridated hydroxyapatite surfaces. ] Am
Chem Soc 1983;105:6191-6193.

Mohammed/Kent/Lynch/Karpukhina/
Hill/Anderson




JOURNAL OF DENTISTRY 42 (2014) 613-618

journal homepage: www.intl.elsevierhealth.com/journals/jden

Available online at www.sciencedirect.com

ScienceDirect

Effects of fluoride concentration on enamel

@ CrossMark

demineralization kinetics in vitro

Nasrine R. Mohammed %", Richard J.M. Lynch b Paul Anderson *

#Barts and The London Scheol of Medicine and Dentistry, Queen Mary University, Dental Physical Sciences Unit,
Centre for Oral Growth and Development, London E1 4NS, United Kingdom
b GlaxoSmithKline Consumer Healthcare, St. George’s Avenue, Weybridge, Surrey KT13 ODE, United Kingdom

ARTICLE INFO

ABSTRACT

Article history:

Received 16 October 2013
Received in revised form

25 November 2013
Accepted 13 December 2013

Keywords:

Carles

Mineralized tissue
Demineralization
Fluoride(s)

Scanning Microradiography

Objectives: The aim of the present study was to measure the effects of fluoride concenfration
on the real-time in vitro demineralization of enamel during exposure to caries-simulating
conditions using Scanning Microradiography (SMR).
Methods: Enamel blocks obtained from non-carious human molars were fixed in SMR
environmental cells, through which acidic solutions (0.1 M acetic acid, pH 4.0) were circu-
lated for periods of 48 h. SMR was used to quantitatively measure continuous mineral mass
loss. Subsequently, the effects of sequentally increasing fluoride concentration (0.1-
4500 mg/L [F]) in the acidic solutions were measured on the rate of enamel demineraliza-
tion.
Results: The data shows a log-linear relationship between [F ] and reduction in deminer-
alization up to 135 mg/L [F ]. Above 135 mg/L, no further significant decrease in deminer-
alization occurred.
Conclusion: The optimum range of local fluoride concentration for reducing enamel demi-
neralization was in the range 0.1-135mg/L [F ] under the conditions studied.
Clinical significance: Relatively low [F ] can exhibit near-optimum protection. Increasing
the fluoride concentrations above 135 mg/L may not necessarily give an increased
cariostatic benefit. Improving the means of delivery of relatively low fluoride concen-
trations to the oral fluids through slow releasing mechanisms, such as the oral fluoride
reservoirs, is the more appropriate way forward for sustaining long-term clinical
efficacy.

©) 2013 Elsevier Ltd. All rights reserved.

1. Introduction

concentrations ranging from ~0.5 to 1 mg/L in drinking water,
~1000-1500 mg/L.  in  dentifrices,  250-500mg/L  in
mouthwashes, and >5000 mg/L in gels and vamishes.* There

Although the incidence of dental caries has declined in the
past forty years, itremains the most common global disease in
both adults and children.” The increasing preference for more
‘western’ diets high in carbohydrates and refined sugars is a
leading cause for this. Fluoride (F), the most effective
preventive measure, can be found in various forms and

* Corresponding author. Tel.: +44 207 882 5966.

E-mail address: n.mohammed@gmul.ac.uk (N.R. Mohammed).

is continued interest in fluoride’s therapeutic potential
particularly its optimum concentration for anti-caries efficacy.

The predominant caries-preventive mechanisms of action
of fluoride are post-eruptive through ‘topical’ effects, includ-
ing (1) inhibition of demineralization and (2) enhancement of
remineralization at the crystal surfaces. Fluoride present in
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solution at sub-ppm concentrations surrounding the enamel
crystals can markedly protect dissolution of tooth mineral by
acid.* Furthermore, the incorporation of fluoride into the
apatite crystal surface during remineralization can enhance
the resistance of the tooth to acidic challenges.*"®

In hydroxyapatite (Ca;o(PO4sOH, HAp), the complete
substitution of F~ for OH on the c-axis forms fluorapatite
(Cayo(PO4)eF2, FAp). The F-OH exchange at the apatite-solution
interface is thermodynamically favourable at the apatite
surface and occurs readily even at low fluoride concentra-
tions.” This interaction of fluoride within the apatite lattice
structure increases crystal stability and results in a decreasein
its solubility ® Fluoride-substituted apatite
(Cai0(PO4)s(OH),4Fy) phases form when the degree of fluoride
substitution in the apatitic mineral is less than that of FAp. It
was reported that the solubility behaviour of HAp with various
levels of fluoride substitution showed maximum stability at
50% substitution of OH™ groups with F~, this apatite phase
being less soluble than pure FAp.” At around 50% substitution
of fluoride in the hydroxyl column, hydrogen bonding between
neighbouring F~ and OH™ ions are maximum, thus stabilizing
the lattice structure.’

The anti-caries effect of topically applied fluoride has also
been attributed to calcium-fluoride (CaF,)-like deposits
formed on enamel, which are thought to act as a protective
barrier on the surface, as well as serving a fluoride reser-
voir.'0!

Whilst most studies have focused on the more general
cariostatic action of fluoride, there are very few which
measure the direct physical effects of fluoride on real-time
enamel demineralization. Most in vitro systems involve
indirect discontinuous analysis methods, e.g. solution Ca®*
are quantified.”” Additionally, itis difficult to fully replicate the
complex nature of the oral environment, or allow for the strict
chemical control of individual variables of a multi-factorial
disease, this includes the salivary pellicle. Furthermore,
significant variations exist naturally in human enamel tissue
composition, and therefore demineralization rates can vary
significantly between different teeth specimens, and, at
different locations in the same tooth specimen.

Scanning Microradiography (SMR) is a technique which
uses X-ray absorption to continuously measure mineral mass
loss at fixed local positions on an enamel sample.™ ™ SMR can
be used to measure the demineralization rates of an enamel
block during the course of acid reaction, always at the same
location, thus eliminating the need for separate controls. The
advantages of SMR include; (1) it allows continuous mineral
mass measurements at fixed local positions on the same
specimen over periods of several days'®'®; (2) separate
controls are not required as each position measured acts as
its own control; (3) it is highly sensitive to small changes in
mineral mass of the order of 0.1%, with statistical accuracy
determined for X-ray photon counting, therefore accurate
demineralization kinetics can be measured over periods of
<48 h'"?"; (4) considerably thicker samples can be used which
provides a better representation of enamel tissue i.e. blocks of
enamel (>3 mm) rather than thin sections (<350 pm) that is
required for conventional microradiography.”

The aim of this in vitro study was to use SMR to measure
mineral mass loss in enamel during exposure to acidic

solutions simulating caries (pH 4.0) in real-time. Subsequently,
the fluoride concentration [F'] of the acidic challenge was
successively increased and SMR measurements continued for
periods of 40 h. Thus, real-time measurements of the effects of
[F] (in the range 0.1-4500 mg/L) on the rate of enamel
demineralization were obtained, on the same sample and at
the same location.

2. Methods
2.1. Preparation of human enamel blocks

Anonymized caries-free permanent molars (tooth A, B and C)
extracted for orthodontic purposes were randomly selected.
Ethical approval was obtained from Queen Mary Research
Ethics Committee (QMREC 2011/99). Enamel blocks
(~5mm x 5mm) with a thickness of ~2 mm were cut from
each tooth using an annular diamond blade (Microslice 2,
Malvern Instruments, UK) and dentine was polished off using
a P00 grit silicon carbide paper. One enamel block was
obtained from tooth A (sample A), one from tooth B (sample B),
and two enamel blocks were cut from a third tooth specimen C
(sample C1 and sample C2) at different sites on the same
molar. Each sample was located in a separate SMR environ-
mental cell. The cut internal surfaces of the enamel blocks
were coated with acid-resistant varnish, leaving only the
natural surface perpendicular to the X-ray beam. Fig. 1 shows
an enamel block enclosed in an SMR cell (volume ~2 cm?)
through which acidic solutions were circulated at
0.788 mL min ?, whilst the narrow X-ray beam is targeted at
a fixed position on the sample.

2.2. Preparation of [F~]-containing acidic solutions

A series of acidic solutions were made from analytical grade
reagents. A 10.0L stock of 0.1mol/L acetic acid (AnalaR
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Fig. 1 - Schematic diagram of polymethyl methacrylate
SMR environmental cell containing an enamel sample.
The narrow X-ray beam repeatedly measures 3 fixed scan
positions on a sample during the experiment, and the
attenuated beam is detected by a solid-state detector.
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NORMAPUR, VWR International, France) was prepared with
deionized water and buffered to pH 4.0. Subsequently, this was
divided into ten 1.0L flasks. Sodium fluoride (NaF) (Sigma-
Aldrich, Dorset) was added to the acid reservoirs to prepare
solutions containing: 0, 0.1, 0.5, 2.3, 11.3, 45.2, 135.7, 452.5,
2262.4 and 4524.7 mg/L [F | respectively. This concentration
range was used to mimic those found in dentifrices.>*

2.3. Scanning Microradiography

Scanning Microradiography (SMR) uses a 15-pm X-ray beam
from a microfocus X-ray generator (BRUKER AXS B.V., The
Netherlands) (Ag target, 40 kV, 1.0 mA tube current).” The X-
ray beam intensity is attenuated as it passes through the
sample and the transmitted X-ray photon flux is measured
using a solid-state detector (Ametec, PA, USA) required for
calculating mineral mass. The transmitted X-ray photons
were counted for 60s at three separate positions on each
sample (sample A, B, C1 and C2).

The projected mass of enamel mineral (mya ), assumed to
be stoichiometric HAp, was calculated at each position using
the mass attenuation coefficient for HAp at 22.1 keV from the
attenuated X-ray intensity.'’®* The number of transmitted
photons recorded at each scanning position was ~50,000,
giving an error in the projected mass value due to photon
counting statistics of +0.5%.

2.4. SMR experiment

The SMR cells containing the samples were mounted on the X-
Y stage, which can be moved and repositioned with high
precision micrometres (+0.5pm) under computer control.
Mineral mass measurements were taken repeatedly at 3 fixed
scan positions 0.5mm apart, every 60s on each sample
throughout the experiment. Initially, a 1.0 L acidic solution
(0mg/L [F ]) was circulated through the SMR cell for a period of
~40 h whilst continuously taking SMR measurements.

After the initial demineralization period, each cell was then
circulated with an equivalent composition of acidic stock
solution containing 0.1mg/L [F] for ~40h. Subsequently,
each [F ]-containing acidic solution was circulated for ~40 h
through the SMR cell at sequentially increasing [F]. SMR was
used to measure mineral mass throughout all the deminer-
alization periods. All measurements were carried out at
23.0+1.0°C.

2.5. Determination of RMLenamel

The mineral mass loss per unit area was plotted as a function
of time and the rate of enamel mineral loss (RMLepamel) values
and associated statistical errors were calculated from the
slope by linear regression fitting using SigmaPlot 10.0 (Systat
Software, CA, USA). The accuracy of the linear regression
fitting was ensured by using a large number of data time-
points measured at each scan position (typically ~150). The
standard error (SE) of each rate measurement at each scan
position was the SE of the slope coefficient of the fitted straight
line.

The RMLepame measurements at each [F'] were compared
with those during acid demineralization (0 mg/L [F]) for every

scan position. The difference in the demineralization rates
between 0 mg/L [F'] and each test condition is shown as the
percentage reduction in RMLepamer (PRMLepamel) (Supplemen-
tary Table 1).

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
jjdent.2013.12.005.

Due to the natural variability in the composition of enamel,
the RML.,amer Will differ significantly between teeth and for
different positions within the same tooth. However, as the
SMR system allows accurate repositioning of samples for
repeated measurements, each position on each sample acted
as its own control for RMLejamer (0 mg/L [F7]). For reproduci-
bility, 3 different scan positions were measured on each
enamel sample (A, B, C1 and C2) from 3 different tooth
specimens. In total, RMLepame1 Was measured at a total of 12
different scan positions.

3. Results

Fig. 2 shows a typical SMR measurement taken at a single scan
position on a sample during the initial ~40 h demineralization
period (0 mg/L [F ]). The mineral mass loss was approximately
linear with time at each measured scan position. During this
demineralization period, the overall decrease in mineral mass
was 4% with an accuracy of +0.08% demonstrating the high
sensitivity of SMR to very small changes in mineral. The slight
deviations from linearity observed have been previously
attributed to local changes in the enamel and/or mineral
structure due to natural variability in enamel composition as a
function of depth.***

Fig. 3 compares the RML.pamer for 0 mg/L, 0.5mg/L and
4525mg/L [F], measured at a single scan position. The
different gradients of the lines demonstrate that increasing
[F~] in the acidic solution significantly reduced the RML.,amel.

Fig. 4 shows the mean PRML., .. values plotted as a
function of log [F ]. There appears tobe a log-linear increase in
the mean PRML.yame) as a function of log [F ] in the range 0.1-
135mg/L [F ], but above 135 mg/L [F| the mean PRML.,amel
remained at about ~90%.

The RMLenamel Values with the associated standard errors
for all scan positions measured on samples (A, B, C1 and C2)
are shown in Supplementary Table 1. Although the RML.amel
values were different in each sample, the percentage reduc-
tions compared to 0 mg/L [F ] were remarkably similar.

4, Discussion

Although the in vitro model used in the present study does not
fully replicate the complex nature of the oral environment, it
does provide a strategic approach for the strict chemical
control of individual variables of a multi-factorial disease. A
tooth-pellicle-plaque-saliva interface was not simulated in
this study in order to ensure direct measurements of enamel
demineralization as effected by [F7]. The presence of an
acquired pellicle would likely protect enamel surfaces from an
acid challenge to some extent, reducing the magnitude of the
fluoride effect but probably not the observed log-linear
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Fig. 2 - Typical SMR raw data plot showing the mineral loss
per unit area plotted against time (~40 h) during exposure
to acidic conditions (pH 4.0, [F7] =0 mg/L) at a single scan
position on a sample. RML,,,,.,.; Was determined by linear
regression fitting of the slope (4.579 X 10 *gem 2 h™?,
SE=8.02 x 10~° gcm™2 h™?). Error bar shows the
statistical error arising from the photon-counting
statistics.

dependency of [F'] on reducing demineralization (Fig. 4), at
least to any substantial effect.”* The composition of enamel is
naturally variable between teeth, even within the same tooth
as a result of many factors which will significantly influence
demineralization rates. Nevertheless, the results show that at
each scan position the mineral mass loss was approximately
linear with time (Fig. 2). To ensure reproducibility, deminer-
alization studies were conducted on samples obtained from
different teeth. Numerous samples were not necessaryin this
study as each scan position acted as its own control. The
RMLenamea values at 0mg/L [F] did not vary considerably
between adjacent positions (0.5 mm apart) on the same
sample, but did differ markedly between samples, demon-
strating the influence of natural variability between teeth
(Supplementary Table 1, 0 mg/L [F]). Enamel samples C1 and

0.08

0.06

0.044

0.02

Mineral mass loss per unit area (gcm?)

0 10 20

C2 obtained from different sites on the same tooth also
showed considerable variation in RML.jamer (Omg/L [F])
between the two sets of 3 positions measured on each sample.
These results highlight the variability in solubility properties
of enamel both between teeth, and, at different locations
within the same tooth. Despite these differences, the
PRML.pamel in all samples were modified similarly when
subjected to [F]-containing acidic solutions.

Enamel is a sufficiently porous tissue, and permits the
inward diffusion of acidic protons into its structure, promoting
chemical reactions that remove mineral. Several studies have
shown that fluoride present in solution can markedly inhibit
the dissolution of enamel, even at very low concentrations
that range from 0.014 to 2.0 mg/L.*** In the present study, a
~15% reduction in the RML.;,2me1 Was measured with as little
as 0.1mg/L [F].

In general, the continuous SMR data shows that enamel
demineralization was increasingly reduced with successive
increases in [F] in the acidic solutions. In the range 0.1-
135 mg/L, there was alog-linear relationship between [F ] and
reduction in demineralization (Fig. 4). Alog-linear dependency
of [F7] on inhibition of the initial demineralization rate of
carbonated-HAp powder has previously been reported and the
authors suggested this is due to the direct effects of F
adsorption on dissolution sites at the crystal surfaces.”® The
result of this log-linear dependency is that fluoride exhibits a
greater change in reducing demineralization at lower [F]
compared to higher [F7] ranges; for example, 11 mg/L [F]
resulted in an ~70% decrease in RML.,.mea, Whereas for
135 mg/L [F] there was an ~90% decrease. This effect of
fluoride, especially at these low ‘background’ concentrations
could have significant clinical implications relevant to those
levels typically present in saliva and plaque fluid. There is
overwhelming evidence that low [F] found in saliva can
significantly reduce enamel demineralization, and the higher
values typically found in plaque have the potential to
remineralize, even at pH values typically regarded as
demineralizing.?’

The thermodynamic driving force for enamel deminerali-
zation and remineralization is dependent upon the local
degree of under- or super-saturation. Solutions undersatu-
rated with respect to HAp would promote demineralization,

0 mg/L [F]

¥ 4525 mg/L [F]
30 40

Time (h)

Fig. 3 - Comparing the gradient of the measured slope (0, 0.5 and 4525 mg/L [F~]) measured at a single scan position on a

sample.
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Fig. 4 - The change in the mean of the PRMLepname plotted as
a function of successively increasing [F~] (mg/L) in the
acidic solution. Error bars show the standard error.

whereas supersaturated solutions would promote reminer-
alization of enamel. It should be emphasized that the acidic
solutions used in the current study did not contain any
additional calcium or phosphate ions, and it was ensured
there were no build-up effects of these ions due to the large
volume of stock reservoir used. Further studies are required to
investigate the additional effects of [Ca®] and [PO,®] ions
whilst considering the under- or super-saturation with respect
to the relevant calcium phosphate phases in the oral
environment.”

In a previous study,” F magic angle spinning nuclear
magnetic resonance (MAS-NMR) was used to characterize the
fluoride-mineral phase formed on enamel after exposure to a
range of [F~]-containing acidic solutions (pH 4.0)."" The study
demonstrated that F~ substitutes into the lattice forming a
fluoride-substituted apatite phase at lower [F] (<45 mg/L) and
that CaF, forms as the predominant mineral phase >135 mg/L
[F]. The SMR data in this study shows no further decrease in
the demineralization rate >135mg/L [F ], most likely due to
the formation of CaF, on enamel surfaces, thus inhibiting any
further mineral loss. At low pH conditions and in the presence
of fluoride, demineralization and remineralization would
occur simultaneously with [F] enhancing any protective
effect.

Fluoride is added in dentifrices at a range of concentrations
(020,000 mg/L) with the primary aim of inhibiting net enamel
demineralization and thus caries formation and development.
The residual amount of F remaining in the mouth after
rinsing is approximately <10% of what was originally in the
product.” It was reported that regular, twice-daily brushing
with a fluoride toothpaste typically elevates fluoride levels by
twofold in resting saliva and even more so in plaque 12 h after
application.*® The current study demonstrates that under the
constant acidic conditions studied, [F ] up to 135 mg/L does
significantly reduce demineralization; however, there is no
further significant reduction in demineralization >135mg/L
[F7]. Although these values are based on an in vitro dissolution

model and cannot be directly translated to the oral environ-
ment, the findings substantiate that near-optimum effects can
be achieved at quite low [F] and thus there is a potential
concentration limit in fluoride’s efficacy. It has been reported
that sub-ppm [F ] are sufficient for preventing the initiation of
caries in sound enamel, but considerably higher concentra-
tions are required once net dissolution has been initiated.***
Therefore the availability of sufficient [F ] in the oral fluids is
critical to decrease net demineralization during an acidic
challenge and to promote remineralization in a potential
caries initiation sites.

5. Conclusion

This study demonstrated a log-linear relationship between the
reduction in enamel demineralization and [F~] up to 135 mg/L.
The ability of fluoride to significantly decrease demineraliza-
tion, particularly at lower ‘background’ concentrations,
should not be neglected. Above 135 mg/L [F ], there was very
little further reduction in demineralization - mostlikely due to
the formation of CaF, on enamel surfaces. This study suggests
that there is an optimum range (0.1-135 mg/L) of local [F] for
inhibiting demineralization in which fluoride is substituted
into the apatite lattice to form a surface with a lower solubility.
The formation of CaF, at [F] >135 mg/L has been previously
described as ‘potentially detrimental’ to the enamel structural
integrity, as its formation reduces the available Ca?* ions
required for remineralization, which in turn, promotes the
loss of PO, ions from the apatite mineral in the tooth.™

Thus, to provide optimal protection at a low pH environ-
ment, a local [F7] <135 mg/L should be present in the oral
fluids in order to both reduce demineralization and promote
remineralization of a fluoride-mineral phase that resembles
natural enamel apatite. Ideally, low fluoride concentrations
should be constantly available in the oral fluids through slow
releasing mechanisms such as the oral F~ reservoirs, in order
to sustain long-term anti-caries effects.
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Mineralized tissue the enamel surfaces at >107 ppm [Zn?*]. XRD and ND analysis confirmed a zinc-phosphate
Hopeite phase present alongside the HAp.

Conclusions: This study confirms that zinc reduces enamel demineralization. Under the

conditions studied, zinc acts predominantly on enamel surfaces at PO, sites in the HAp

lattice to possibly form an a-hopeite-like phase.

Clinical significance: These results have a significantimplication on the understanding of the

fundamental chemistry of zinc in toothpastes and demonstrate its therapeutic potentialin

preventing tooth mineral loss.
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1. Introduction been studied extensively because of the economic and social
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Despite the considerable progress in preventive dentistry, disease. Caries involves the demineralization of a calcium-
caries still remains a major problem in both adults and deficient carbonated hydroxyapatite, the main component of
children in Westernized countries.’ As a result, enamel has tooth enamel, due to acids produced over time by the
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interactions between microorganisms in plaque and dietary
fermentable carbohydrates.” The disease develops beneath
the bacteria-rich plaque that can build up at sites where the
saliva turnover is low or where oral surfaces cannot be
adequately cleaned.

Zinc salts are formulated into oral health products to
reduce malodor, and control plaque and calculus formation.
The antibacterial actions of zinc salts are due to their ability to
inhibit bacterial adhesion, metabolic activity and growth.**
Additionally, zinc is known to inhibit the crystal-growth of
hydroxyapatite (HAp) and its reported precursors’ dicalcium
phosphate dihydrate (DCPD) and octacalcium phosphate
(OCP).° This ability of zinc to modify the crystal-growth
pathways of calcium phosphates has been exploited to control
calculus formation.” A mechanism of adsorption or incorpo-
ration of zinc ions into the apatite lattice structure has been
proposed.® While the effects of zinc as an anti-plaque and
calculus agent have been investigated extensively, its interac-
tion with enamel and its putative role in demineralization and
remineralization is considerably less well understood. In the
early sixties, Brudevold et al., reported that zinc reduces the
solubility of enamel, but were not clear on the fundamental
chemistry of this mechanism.’

The aim of this in vitro study was to investigate the effect of
zinc ion concentration [Zn?'] on the demineralization of
dental enamel and synthetic hydroxyapatite (Ca;o(PO4)s(OH)>,
HAp), during exposure to acidic solutions simulating caries
(pH 4.0). Furthermore, the possible mechanistic action of zinc
with enamel and HAp was determined under the conditions
used. Synthetically pure HAp was also investigated due to the
significant variability that exists naturally in the composition
of human enamel. Inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) was used to quantitatively
measure the concentration of calcium and phosphorus ions
released into solution. The treated HAp powders were
characterized by X-ray diffraction (XRD) and neutron diffrac-
tion (ND). Furthermore, the surfaces of the enamel blocks were
analysed using Attenuated Total Reflectance-Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR) to obtain structural
information on the mineral phases formed on enamel surfaces
as a function of [Zn?*] in the acidic conditions.

2. Materials and methods
2.1.  Preparation of demineralizing solutions

A series of acidic solutions were made from analytical grade
reagents. A 10.0L stock of 0.1 mol/L acetic acid (AnalaR
NORMAPUR, VWR International, France) was prepared with
deionized water and buffered to pH 4.0. Subsequently, this was
divided into ten 1.0 L flasks. Zinc acetate (Zn(0,CCHas),, Sigma-
Aldrich, Dorset) was added to the acid reservoirs to prepare
solutions containing: 0, 9, 36, 107, 356, 1782, 3565 mg/L [an*]
respectively. This concentration range was used to mimic
those found in dentifrices, plaque fluid and saliva. The lower
concentration range bracketed those typical of saliva at some
considerable time after application, whereas the upper
concentration range might be typical of immediate post-
application.

2.2. Preparation of enamel blocks

Anonymized caries-free permanent molars extracted for
orthodontic purposes were randomly selected. Ethical approv-
al was obtained from Queen Mary Research Ethics Committee
(QMREC 2011/99). Enamel blocks (~5mm x 5mm) with a
thickness of ~2 mm were cut from each tooth (3 teeth in
total, n=3) using an annular diamond blade (Microslice 2,
Malvemn Instruments, UK) and dentine was polished off using
a P600 grit silicon carbide paper.

2.3.  ICP-OES study

2.3.1. Enamel blocks

6x enamel blocks were placed in a container with 50 ml of
demineralizing solution (0 mg/L [Zn**]) at 37 °C in a shaking
incubator (KS 4000i control, IKA, UK) at 60rpm for 24h.
Subsequently, each sample was immersed in 50 ml of a [Zn**]-
containing demineralizing solution (0, 36, 107, 356, 1782 and
3565 mg/L) at 37 °C for 96 h.

2.3.2. HAp powder

1 g of HAp powder (Biotal-R HAP, surface area 20 m?/g) was
immersed directly in 50ml of a [Zn®*]-containing deminer-
alizingsolution (9, 36, 107, 356, 1782 and 3565 mg/L) at 37 °C for
9 h. The solution was centrifuged to remove any HAp powder.
The resulting suspensions were dried at 37 °C for ~48 h.

After reaction with enamel and HAp powders, the [Zn*]-
containing demineralizing solutions were prepared for ICP-
QES analysis by 1/4, 1/10, 1/20 and 1/200 dilutions with the
original demineralizing acid stock solution. These dilutions
were used to analyse the Ca, P and Zn levels at a detectable
range. Each measurement was replicated three times (n = 3).
Calibration solutions were also prepared with the same
original demineralizing acid stock solution to give the same
background Na levels and similar ionic strengths to the test
samples. All test samples and calibration scolutions were
prepared with an acidification of 1% (0.1 ml of 69% nitric acid in
10 ml) for analysis using ICP-OES (ICP; Varian Vista-PRO,
Varian Ltd., Oxford, UK). Calcium and phosphorus standards
were used in the concentration range 1-50 mg/L, whereas zinc
standards were in the 0.1-20 mg/L range.

The Wilcoxon Signed-Rank Test was carried out, in turn for
Caand Prelease for both HAp and enamel individually, with the
zinc concentrations [Zn?*] as the independent variables. The
null hypothesis was that there is no difference inthe Caand/orP
release in HAp and/or enamel for all combinations of [Zn*].

2.4.  XRD and ND analysis of HAp

2.4.1. X-ray diffraction

The zinc treated HAp powders (0-3565 mg/L) were analysed by
XRD (X'Pert PRO MPD, PANalytical, Cambridge, UK; 40kV/
40 mA, Cu Ka). Data was collected at room temperature with a
0.033" 20 step size and a count rate of 99.6 sstep*, from 26
values of 10° to 60°.

2.4.2. Neutron diffraction
For the control (0 mg/L [Zn**]) and 3565 mg/L [Zn?*] treated
HAp, neutron powder diffraction data were collected on the

(2014), http://dx.doi.org/10.1016/j.jdent.2014.04.014

Please cite this article in press as: Mohammed NR, et al. Physical chemical effects of zinc on in vitro enamel demineralization. Journal of Dentistry




110D-2288; No. of Pages 9

JOURNAL OF DENTISTRY XXX '\2014} XXEK-XKXKK

B Ca
| P
a 1o, A ca b 1000,
L g Ca
*
-
—— -— -— ———=~Ca =g - ——— P
- - -
" E- 3
e 1= -- -- —-——=P 100 4
E L] . o L
- . =]
3 N £
E w
T - * g =
2 0.1 10 4 -
=
0,01 , . ‘ 1 . ; . :
10 100 , 1000 10000 1 10 100 1000 10000
+
[Zn**] mgiL [Zn*] mgiL
¢ 234
d 25
2.24 v O
g - 204
g 211 S
— =
& 3
@ il 154
£ 2.0 g
£ v E
2 194 ° m]
E E 104
o o
3 1 3
5_
17— v 7 m}
K re___o___9___
16 . : ) 0 w T T 1
10 100 1000 10000 1 10 100 1000 10000
[Zn*'] mgiL [Zn] maiL
B [Zn"] uptake
B [PO."] release
€ 10000+ - 1000
0
e ~
E - <
c B [=1]
© 1000+ Fio E
5 - E c
° =]
: ' :
[=]
o
£ = c
= £
= L] o
g 1004 - - 10
3 e
& =
N
10 ; . 1
10 100 1000 10000

[2n*] (mgiL)

Fig. 1 - (a) ICP-OES measurements showing the Ca and P detected for enamel blocks immersed in a range of [Zn?*]-
containing acidic solutions (96 h). The dashed lines show the Ca and P release for the control enamel (0 mg/L [Zn?*]). The
error bars show the Standard Error of the Mean (SEM) (n = 3). (b) ICP-OES measurements showing the Ca and P detected for
HAp immersed in a range of [Zn?*]-containing acidic solutions (96 h). The dashed lines show the Ca and P release for the
control HAp sample (0 mg/L [Zn?*]). The error bars show the Standard Error of the Mean (SEM) (n = 3). (c) Ca/P ratio in
solution as a function of [Zn?*] in the acidic solutions shown for the enamel blocks. The dashed lines show the Ca/P ratio for
the control enamel (0 mg/L [Zn**]). (d) Ca/P ratio in solution as a function of [Zn**] in the acidic solutions shown for HAp
samples. The dashed lines show the Ca/P ratio for the control HAp (0 mg/L [Zn?*]). (e) Compares the [Zn®'] uptake from
solution with the [P0,37] released into solution for HAp samples. The error bars show the Standard Error of the Mean (SEM)
(n=3).
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Near and InterMediate Range Order Diffractometer (NIMROD),
at the ISIS neutron Facility (Rutherford Appleton Laboratory,
Didcot, Oxon, United Kingdom). Approximately 1 g of each
sample was loaded into a thin-walled titanium-zirconium
alloy container (2mm thickness) and data were collected at
room temperature for ~2h. The time-of-flight neutron
diffraction data were collected with a wavelength range of
0.5-14 A, which gave a continual working Q range of 0.02-
50 A~*. The beam size used was 30 mm x 30 mm.

2.5.  ATR-FTIR analysis of enamel blocks

The enamel blocks were analysed by ATR-FTIR (Spectrum GX,
Perkin-Elmer, Waltham, MA, USA) without any further sample
preparation. This enabled direct analysis of zinc treated
surfaces without the bulk of the samples contributing to the
spectra.

3. Results

Fig. 1a and b shows the [Ca?"] and [PO,* | release into the
acidic solution following demineralization of enamel and HAp
samples respectively. For enamel, the Wilcoxon Signed-Rank
Test results showed no statistical significance in the reduction
of calcium release at p < 0.05 when comparing the 0 ppm
[Zn?*] with the 36 ppm [Zn?*]. Thus the null hypothesis was
not rejected. However, there was a statistical significance
between the 0 ppm [Zn?*] and all the remaining [Zn**], as well
as every other combination of two [Zn®‘] at p <0.05. This
indicates that there is a statistically significant reduction in
the calcium release from enamel on exposure to [Zn®’]
>36 ppm, and therefore the null hypothesis was rejected.

For the Ca release in HAp, and P release in both enamel and
HAp, there was a statistically significant difference for all
combinations of [Zn*'] at p <0.05. Therefore, there is a
statistically significant reduction in Ca release from HAp,
and P release from both HAp and enamel for [Zn?*] >36 ppm.
Thus the null hypothesis was rejected.

The [PO,* | release was considerably lower than the [Ca®*]
release. The [Zn?'] is plotted on a log-scale and the
concentration range of [Ca®*] and [PO,>"| was plotted between
10 and 1000 mg/L for HAp, whereas for enamel it was plotted
between 0.01 and 10 mg/L/mm?. This difference is predomi-
nantly due to the difference in surface area between enamel
and HAp used.

Fig. 1c and d shows the Ca/P ratio in the acidic solution as a
function of log [Zn**] for enamel and HAp samples respective-
ly. The Ca/P ratio rises with increases in [Zn?‘] in the acidic
solution. This indicates that the solution is calcium-rich with
respect to phosphorus, and therefore less PO, groups are
released from the apatite structure with increasing [Zn*"].

Fig. 1e compares the [Zn?*] uptake from the solution by the
HAp powder, and the [PO,®> | released into solution as a
function of increasing [Zn?*] in the acidic sclutions. The graph
illustrates that as there is an increase in zinc removed from
the aqueous solution by the apatite, there is a bigger reduction
in [PO4®"] detected in the solution.

Fig. 2a displays the XRD patterns for HAp powders treated
with acidic solutions containing a range of [Zn®']. All the

samples show well-resolved diffraction patterns for HAp
(typical apatite peaks appear at ~2.8-2.6, 3.4 and 8 A). Above
356 mg/L [Zn?*], new diffraction peaksappearat ~9.1and 4.5 A
(Fig. 2b) which corresponds with the two strongest peaks in the
a-hopeite reference.’ The third strongest peak for a-hopeite is
at 2.86 A; however, this peak was not visible in the [Zn?']
treated HAp due to overlap with the apatite peaks. Fig. 3 shows
the neutron diffraction data for the HAp samples treated with
acidic solutions containing no [Zn?*] (0 mg/L) and a high [Zn?*]
(3565 mg/L). The zinc-treated sample (3565mg/L [Zn**])
possesses an additional peak at ~9 A which corresponds to
the (020) reflection in the XRD pattern of the «-hopeite
reference.

Fig. 4a-c shows the ATR-FTIR spectra of enamel blocks
treated in a range of [Zn?']-containing acidic solutions. In
Fig. 4a, the apatite bands (963, 1026 and 1087 cm *) character-
istic for PO, groups are progressively distorted with
increasing [Zn?*] in the acidic solutions, indicating that there
is a new mineral phase forming on enamel surfaces thatis less
apatite-like (Fig. 4a). The bands observed at ~876, 1413, 1455
and 1549 cm ! correspond to the CO,?~ groups in enamel
(Fig. 4a and b).* At 356mg/L [Zn?*'] and above, the
absorption bands show characteristic features for a mineral
phase that resembles «-hopeite (a-Zns(PO4),-4H,0). Fig. 4b
shows the broad band at 1640 cm * grows in sharpness and
intensity whereas Fig. 4c shows the band at ~3400cm*
becomes shifted to a lower wavenumber centred around
3300 cm .

4, Discussion

The presentstudy investigates the physical chemical effects of
zinc ion concentrations on the in vitro demineralization of
enamel, during exposure to caries-simulating conditions,
where the system was buffered at pH 4.0 and the temperature
was maintained at 37°C. At a fundamental level, the
dissolution mechanism of biological apatite mineral is highly
complex, not only due to gradients existing with depth in
solubility and porosity, but also due to the available surface
area for reaction. Therefore, the demineralization of enamel is
not a one-dimensional process, but one that involves
simultaneous processes or steps that is not limited to the
diffusion of H* from bulk solution to the solid/liquid interface,
adsorption of ions or chemical species onto the apatite
surface, desorption of products (ions of calcium and ortho-
phosphate) from the crystal surface and their diffusion into
the bulk solution.

Although the in vitro model described in the present study
does not fully replicate the intricacies that exist in the oral
environment, it does provide a strategic approach for the strict
chemical control of individual variables of a multi-factorial
disease. Quantitative analysis of ions released into solution
following demineralization of samples confirmed that zinc
reduces the rate of demineralization as a function of
concentration (Fig. 1a and b). An overall decrease in the
[Ca?] and [PO,* ] in solution was observed with increasing
[Zn**], whereby a greater reduction was measured at higher
[Zn?"] (>1782 mg/L). Further, the [PO4®"| release was consider-
ably lower than the [Ca®'] release, particularly at 1782 mg/L

(2014), http://dx.doi.org/10.1016/j.jdent.2014.04.014
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Fig. 2 - (a) The XRD patterns for HAp immersed in a range of[an*]-containing acidic solutions (0-3565 mg/L). A XRD pattern
for a-hopeite is shown as a reference.”® The * show new diffraction peaks that are absent in the control sample. (b) The XRD
patterns for HAp immersed in a range of [Zn®*]-containing acidic solutions (0, 1782 and 3565 mg/L) in the region 4-10 A.A
XRD pattern for a-hopeite is shown as a reference.?” The * show new diffraction peaks that are absent in the control sample.

[Zn?*] and above, and this was more substantial in the HAp
powder. Additionally the Ca/P ratio in solution increased as a
function of [Zn?*] i.. the solution was more phosphorus-
deficient with respect to the apatite stoichiometry (1.67)
(Fig. 1c and d). These findings are indicative that zinc interacts
predominantly at the PO,*" sites on the apatite structure
during its mechanism in reducing demineralization, which
further suppresses the [PO,>] ion release. This is also
supported by the relationship observed between the [PO,>]

ion released from the HAp structure and the amount of [Zn**]
taken up from solution (Fig. 1e). With increasing [Zn?] in
solution, there is a rise in the amount of zinc taken up by the
apatite, which corresponded with the substantial decrease in
the [PO,* ] released. Thus, it seems evident that the
mechanistic behaviour of zinc is dependent on its concentra-
tion and the availability of PO, binding sites.

The XRD analysis of the zinc treated HAp confirmed the
formation of a zinc phosphate species above 356 mg/L [Zn**]
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Fig. 3 - The neutron diffraction analysis for HAp powder immersed in acidic solutions containing [Zn?*] (0 and 3565 mg/L).
The * represents an additional peak in 3565 mg/L [2n%*] sample that is not present in the control sample (0 mg/L [Zn?*]).

(Fig. 2a and b). Previous studies found the concentration of the
lattice PO4*~ ions available on HAp surfaces as 3.02 ions/nm?,
and show that most of the surface is covered by oxygen ions of
the orthophosphate groups.’*'* In this study, the HAp
material has a larger specific surface area (20 m?/g) than the
enamel blocks and it is therefore less limited by binding sites
available to the zinc ions on the apatite surface. Earlier studies
have suggested that the amount of zinc adsorbed is directly
proportional to the HAp surface area, whereby a Langmuir-
type adsorption of zinc was observed exhibiting monolayer
coverage.” Furthermore, data from mechanistic studies show
that the surface adsorption of zinc is also concentration-
dependent.*®

The neutron diffraction patterns from the HAp sample
treated with 3565 mg/L [Zn”*] also showed the formation of
zinc phosphate, which maybe present within the apatite, or in
amongst the apatite crystals (Fig. 3). Neutron diffraction data
provides similar crystallographic information as X-ray dif-
fraction. Itis useful to compare diffraction patterns from both
sources since neutrons can probe all atoms in a large sample
due to their weak interaction with matter, and therefore
unlike X-rays can penetrate the entire bulk of the sample
eliminating surface effects. Thus the neutron diffraction
results suggest that zinc is not only forming a zinc phosphate
species at the HAp surface, but could also potentially diffuse
into the bulk apatite lattice structure.

ATR-FTIR, a vibrational spectroscopic technique, was used
with a view to obtain structural information about the
physical and chemical changes taking place on the enamel
surface (~5-10 pm) during demineralization in the presence of
[Zn?"]. Above 107 mg/L [Zn?*], the apatite bands characteristic
for PO, groups (963, 1026 and 1087 cm %) become progres-
sively distorted with increasing [Zn?‘] in the acidic solutions,
indicating the formation of a new mineral phase on the

enamel surfaces which is less apatite-like (Fig. 4a). In the
control sample, the broad band at 1640 cm™* (Fig. 4b) is
characteristic for absorbed water and the broad band at
~3400 cm ™! (Fig. 4c) corresponds to OH stretch in the apatite
structure. With increasing [Zn*] above 107 mg/L, the broad
band at 1640 cm ! grows in sharpness and intensity whereas
the band at ~3400 cm * becomes shifted to a lower wave-
number centred around 3300 cm *. These bands have been
previously reported"” for «-hopeite (x-Zn,(PO,),4H,0), in
which the largest peak around 1640 cm ! corresponds to the
internal bending vibration of water molecules, while the
broad, very strong band centred around 3300 cm ! represents
OH stretching. Also above 356 mg/L [Zn*'], a shoulder at
~1068 cm ' and 1148 cm ' appears that are characteristic
absorptions due to the PO,*~ group in a-hopeite (Fig. 4a).*”

The structure of a-hopeite consists of ZnO,(H,0)4 octahe-
dra, ZnQ, tetrahedra, and PO, tetrahedra, none of which are
regular; these polyhedra share comers and edges. Previous
studies have reported the growth of crystals of «-hopeite on
the outermost surfaces of zinc-containing dental cements,
which is in direct contact to enamel and dentine.*®

Many studies have demonstrated that HAp can bind to a
variety of divalent metal cations and has a high capacity for
the removal of Zn** and other metal cations in aqueous
solutions.”*?! One could also perceive it as metal cations bind
to surface sites on HAp. Whichever way round it may be, the
uptake of zinc from aqueous solution to coexist on the apatite
surface may occur non-exclusively by three main processes:
(1) surface adsorption or complexation, which is limited to the
accumulation of sorbate on the external surface of the apatite;
(2) absorption, ion exchange or diffusion into the solid; and (3)
dissolution of HAp and precipitation of metal phosphates or
coprecipitation (substitution of Ca in HAp by metals during
recrystallization).’®”* The interaction of =zinc with
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Fig. 4 - (a) The ATR-FTIR spectra of enamel blocks immersed in a range of [Zn?*]-containing acidic solutions (0, 107, 356 and
3565 mg/L) in the region 500-1300 cm ™", A spectra for «-hopeite is shown as a reference.”. (b) The ATR-FTIR spectra of
enamel blocks immersed in a range of [Zn?*]-containing acidic solutions (0, 356 and 3565 mg/L) in the region 1200~

2000 cm 1. A spectra for «-hopeite is shown as a reference.”. (c) The ATR-FTIR spectra of enamel blocks immersed in a
range of [Zn?*]-containing acidic solutions (0, 356, 1782 and 3565 mg/L) in the region 2000-4000 cm ™. A spectra for a-
hopeite is shown as a reference.”” The dashed line highlights the shift in band from ~3500 cm™* (in control sample) to

~3300 cm™" in the treated samples.

HAp/enamel is very likely to occur by more than one
mechanism, and would most certainly vary depending on
the pH conditions of reaction and saturation levels with
respect to HAp of the system used.

3Zn?* + 2H,;PO; + 4H;0 — Zn3(POy), - 4H,0 + 4H™ (1)

In the context of the present study, the low pH condition
releases dissolved calcium and phosphate ions into the
aqueous solution, however in the presence of zinc ions, the

Fig. 5 - The possible coordination of Zn?* at the PO,*~ sites
on the enamel surface.

precipitation of a hopeite-like phase is promoted on enamel
surfaces, which in turn suppresses the release of further
phosphate ions from the apatite structure (Eq. (1)). This
dissolution/re-precipitation mechanism would also explain
the reduction in free [PO;*"] measured in solution with
increasing zinc ions. Nevertheless, it does appear that with
increasing [Zn?*]in the acid solutions, the driving force for the
formation of a zinc phosphate species is much greater than
the dissolution of apatite, and reduction in demineralization is
observed as a function of [Zn*']. The results indicate that the
formation of a hopeite-like phase is very dependenton pH and
a high zinc concentration.

The adsorption of zinc and formation of a complex at the
apatite surfaces is also a possibility in zinc's mechanistic
interaction with enamel. Fig. 5 is a schematic model illustrat-
ing the possible coordination geometry of Zn?* at the exposed
PO,* sites on enamel surfaces, in which it is more energeti-
cally favourable for zinc to adopt a tetrahedral configuration.
The formation of these zinc adsorption complexes would be
dependent on the zinc concentration and the surface area for
reaction ie. the availability of PO,>  binding sites on the

(2014), http://dx.doi.org/10.1016/j.jdent.2014.04.014
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apatite surfaces. As the PO,*  binding sites become saturated
with zinc ions, there is a significant reduction in tooth mineral
loss. In principle, the phosphate ion is probably the most
important component of HAp both inside and outside the
lattice. Its state of protonation significantly affects the stability
and/or dissolution of the crystal. With a decrease in pH, some
of the PO, ions, most likely those situated at the accessible
surfaces of the crystals, becomes protonated to form H,PO, ",
thus lowering the solubility of the mineral.”®

These findings are clinically significant, particularly when
considering the oral disposition of zinc following application
from, for example, mouth-rinses and toothpastes. Some zincis
present naturally in both plaque and saliva, at ‘background’
concentrations. Following application, zinc is cleared from
saliva bi-modally,?* with relatively high post-application con-
centrations falling rapidly over the first hour. Thereafter, lower
concentrations, still significantly elevated when compared to
baseline, may persist for many hours.”” A similar trend is seen
in plaque. Here, elevated concentrations can persist for at least
12 h after application.?® However, in order to influence enamel
demineralization under cariogenic conditions, zinc must be
available in the plaque-fluid at a concentration sufficient to
reduce or inhibit tooth mineral loss. Pharmacokinetic data
relating to zinc concentrations in plaque-fluid following
application are apparently almost absent from the literature,
with only one reported wvalue (15.2 ppm) for plaque-fluid
measured 1h after use of a mouth-rinse containing zinc citrate
at 0.5%.” This was substantially higher than the background
value (0.2 ppm), and the data from the present study suggest
that the increased zinc concentration over background would
effect a reduction in demineralization.

However, it is also likely that higher plaque-fluid zinc
concentrations than this 1h value might occur. While the
mouthwash contained 0.5% zinc citrate, toothpastes contain-
ing 2.0% are widely available.” Assuming that the efficiency of
zinc delivery is at least broadly similar for mouth-rinses and
toothpastes, it seems probable that a substantial increase in
plaque-fluid zinc citrate concentration would result following
application of zinc at this higher concentration. As stated
above, zinc concentrations in whole plaque fall rapidly in the
hour following application, so it is likely that zinc concentra-
tion in plaque-fluid follow a similar trend i.e. concentrations
are considerably higher in the hour following application.
Further, zinc binds to lipoteichoic acid (LTA) associated with
plaque bacteria in model biofilms in the same way as calcium,
and it has been proposed that half of the bound zinc would be
released under cariogenic conditions, largely through proton-
ation of carboxylate and phosphate groups in LTA.?® Therefore
more zinc may be available during an acidic challenge.

5. Conclusion

This study demonstrates the ability of zinc to reduce the
demineralization of enamel during in vitro caries-simulating
conditions. Under the conditions used, zinc acts at the PO,>

sites on enamel surfaces to form an «-hopeite-like phase. Zinc
phosphates have a low solubility product constant, and
therefore these phases formed on enamel surfaces are
unlikely to be very soluble under acidic conditions. In light

of the current findings, it would appear there is scope for
exploring and optimizing the therapeutic potential of zinc, not
only as an antibacterial agent but also as a possible preventive
treatment for caries. Thus, these results have a significant
implication on the understanding of the fundamental chem-
istry aspects of zinc in toothpastes and demonstrate its
therapeutic potential in reducing tooth mineral loss.
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