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Aim: To evaluate the ability of two experimental toothpastes containing 0.1%w ⁄ w o-cymen-5-ol, 0.6%w ⁄ w ZnCl2 and
0.320%w ⁄ w NaF to reduce demineralisation of sound human enamel compared with control toothpastes. Methods: Study
1: Specimens were treated with toothpaste slurries, followed by alternating periods in demineralising and neutral solutions.
Demineralisation was assessed using surface microhardness (SMH). Study 2: Specimens were subjected to a 14 day cycling
regime of alternating demineralisation ⁄ remineralisation with two toothpaste treatments per day, before and after
demineralisation. Demineralisation was assessed by cross-sectional microhardness and mineral loss (DZ) was calculated.
Test toothpastes were a) 0%w ⁄ w or 0.002%w ⁄ w NaF placebo, b) 0.055%w ⁄ w or 0.149%w ⁄ w NaF (dose response), c)
0.320%w ⁄ w NaF marketed product, d & e) 0.1%w ⁄ w o-cymen-5-ol, 0.6%w ⁄ w ZnCl2 and 0.320%w ⁄ w NaF (experimental
toothpastes). Results: Study 1: Mean ± SE % of baseline hardness values were a) 48.0 ± 2.1a, b) 66.7 ± 1.7b, c)
82.9 ± 1.9c, d) 91.7 ± 1.4d and e) 94.6 ± 2.1d. Study 2: Mean ± SE DZ values were a) 2114 ± 187a, b) 1206 ± 132b, c)
303 ± 89c, d) 19 ± 73c, and e) )10 ± 55c. Letters represent different statistical groupings (P < 0.05). Conclusion: In study
1, both experimental toothpastes were statistically superior to the marketed product and in study 2; they were at least as
effective as the marketed product at reducing caries lesion development.
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Fluoride (F) is a well established anti-caries agent that
works by protecting teeth against demineralisation and
enhancing remineralisation.1 Additionally, it has been
shown in vitro to interfere with the metabolism of
plaque bacteria and so may help inhibit plaque acid
production.2 Therefore, when incorporating other
ingredients into oral care products it is important to
ensure that the anti-caries efficacy of that product is not
compromised.

Zinc is frequently incorporated into oral care
products, especially toothpastes and mouthwashes to
inhibit plaque growth3 and reduce malodour.4 In
addition, zinc is used as an anti-calculus agent as it
can inhibit the crystal growth of different calcium
phosphate species often found in calculus, for example
brushite, octacalcium phosphate and carbonated
hydroxyapatite.5

A number of in vitro de- and remineralisation studies
have shown that the addition of zinc citrate did not
affect the anti-caries efficacy of either sodium mono-
fluorophosphate (SMFP) or sodium fluoride (NaF)
containing toothpastes.6,7 While some authors have

reported that in vitro enamel fluoride uptake (EFU) into
incipient caries lesions was enhanced in the presence of
the zinc,6 others have reported either no effect, or a
negative effect.8 However, in a rat caries study, a zinc
citrate ⁄ SMFP toothpaste gave identical levels of caries
reduction and improved EFU compared to an SMFP
only control.9 A caries clinical trial in children which
investigated the effect of using toothpastes containing
1,000, 1,500 and 2,500 ppm F (as SMFP) with and
without zinc citrate found that the ability of fluoride to
reduce caries incidence was unaffected by zinc.10

Given the potential of zinc to affect both de- and
remineralisation, this apparent lack of a consistent
effect on caries would seem contradictory. Therefore
the aim of this study was to evaluate the ability of two
experimental fluoride (as NaF) toothpaste formulations
containing 0.1%w ⁄ w o-cymen-5-ol and 0.6%w ⁄ w
ZnCl2 to reduce caries lesion development in sound
human enamel compared with a commercially available
NaF toothpaste. Low fluoride and non-fluoride control
formulations were also tested to ensure the validity of
the in vitro models.
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MATERIALS AND METHODS

Two experimental toothpastes (ET1 and ET2) contained
0.1%w ⁄ w o-cymen-5-ol, 0.6% w ⁄ w zinc chloride and
0.320% w ⁄ w NaF (equivalent to 1,450 ppm F). Both
experimental formulations were the same except that
ET2 contained high cleaning silicas. The NaF control
was a 0.320% w ⁄ w NaF (equivalent to 1,450 ppm F)
toothpaste (Study 1: Aquafresh Fresh & Minty�,
GlaxoSmithKline, UK; Study 2: Aquafresh Mild &
Minty�, GlaxoSmithKline, UK). For both studies, the
fluoride free placebo was essentially the same formula-
tion as the NaF control except it contained either no
fluoride or 0.002% w ⁄ w NaF (equivalent to 10ppm F)
and either a 0.055% w ⁄ w NaF (equivalent to 250ppm F)
or 0.149% w ⁄ w NaF (equivalent to 675ppm F) tooth-
paste was used as a matched dose response control. All
toothpastes used silica as an abrasive.

STUDY 1: DEMINERALISATION STUDY

The model used was a modification of the one
previously reported by Laucello et al.7

Specimen preparation

Caries-free human molars free from discernible cracks or
surface imperfections were used in this study. Specimens
were cut into 2 · 2 mm sections and mounted in acrylic
resin. The topsides of the specimens were ground using
400-grit silicon carbide wet ⁄ dry grinding paper until
most of the tooth surface was flattened and then serially
polished using 1200, 2500-grit papers (Buehler) fol-
lowed by 1 lm diamond polishing suspension.

The baseline hardness of the sound enamel specimens
was determined using a Knoop diamond indenter. The
hardness of each specimen was determined from the
average of 10 individual measurements made centrally
on each specimen using 100 g weight and a dwell time
of 20 seconds. Only specimens with a Knoop hardness
number (KHN) ranging from 300 to 350 kgf mm)2

were accepted into the study. Specimens were divided
randomly into five treatment groups (n = 10) per group.

pH cycling regime

Specimens were subjected to the following pH cycling
regime:

Step 1: Five minute treatment with the toothpaste
slurries (one part by weight toothpaste : three parts by
weight of deionised water).

Step 2: Specimens were rinsed thoroughly with deion-
ised water and placed for 30 minutes in a demineralisa-
tion solution containing 50 mM acetic acid, 1.5 mM
calcium chloride dihydrate, 0.9 mM potassium dihydro-
gen orthophosphate, 130 mM potassium chloride, pH

adjusted to 5.0 using KOH. The demineralisation
solution was replaced each cycle.

Step 3: Specimens were removed from demineralising
solution, rinsed in deionised water, and immersed for
5 minutes in a neutral solution containing 20 mM
HEPES, 1.5 mM calcium chloride dihydrate, 0.9 mM
potassium dihydrogen orthophosphate, 130 mM potas-
sium chloride, pH adjusted to 7.0 using KOH. This
solution was replaced for each cycle.

Step 4: Steps 2 and 3 were repeated a further 11
times.

At the end of the cycling period, the average Knoop
hardness numbers (KHN) for each specimen were
determined as described above. This data were used
to calculate the % of baseline specimen hardness for
each treatment group using Equation 1:

% of Baseline Hardness ¼ Post cycling KHN

Baseline KHN
� 100

Equation1

STUDY 2: DEMINERALISATION ⁄
REMINERALISATION STUDY

The model used was a modification of the pH cycling
model described by Featherstone et al.11

Specimen preparation

Caries-free human teeth (erupted third molars, molars
and pre-molars) free from discernible cracks or surface
imperfections were used in this study. The roots were
removed and the enamel surface was lightly abraded with
600 grit, flat silicon carbide wet ⁄ dry grinding paper
(Buehler), following the shape of the tooth for 30 sec-
onds to remove any surface debris or stain. The entire
enamel surface except for one area measuring approx-
imately 4 · 5 mm on a flat, clean surface of the enamel
was covered with an acid resistant nail polish (Cover Girl
Red Revolution). The specimens were randomly divided
into five treatment groups (n = 20 per group).

pH cycling regime

Specimens were subjected to the following pH cycling
regime which was repeated daily on consecutive days for
a total of 14 days interrupted by two weekends when
specimens were stored at 37 �C in remineralisation
solution (total study duration was nearly three weeks).

The detailed cycling procedure was as follows:
Step 1: One minute treatment with toothpaste slurries

(one part by weight toothpaste: three parts by weight of
water); approximately 4 ml per tooth specimen.

Step 2: Specimens were rinsed thoroughly with
deionised water and placed for 6 hours in a deminer-
alisation solution at 37 �C containing 2.0 mM dibasic
calcium phosphate, 75 mM acetic acid and adjusted to
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pH 4.5 with NaOH (40 ml per tooth). The deminer-
alisation solution was reused for 2–3 days of treatment.
Fresh solutions were prepared at the beginning of each
5 days of treatment.

Step 3: Specimens were removed from demineralising
solution, rinsed in deionised water, and immersed for
1 minute in the toothpaste slurry.

Step 4: After treatment, specimens were rinsed
thoroughly with deionised water and placed for 18 h
in a remineralisation solution at 37 �C containing
1.5 mM calcium nitrate tetrahydrate, 0.9 mM dibasic
potassium phosphate, 150 mM potassium chloride
20 mM cacodylate buffer, adjusted to pH 7.0 with
HCl (20 ml per tooth). The remineralisation solution
was replaced every 2 days.

After 14 days of pH cycling, specimens were sectioned
longitudinally through the lesion and mounted in a cold
set acrylic resin which covered all surfaces except the cut
face. The cut faces were polished with 600 grit silicon
carbide paper and then serially polished with a 9, 3, and
1 lm lapping film. Cross-sectional microhardness was
performed at 12.5, 25, 37.5, 50, 62.5, 75 and 87.5 lm
below the surface (into the depth of the lesion) using a
Knoop diamond with 10 g of weight and a dwell time of
15 seconds. Additional indents were made at 100, 150,
200, 250, and 300 lm below the surface using a 50 g
weight and a dwell time of 15 seconds. These procedures
were a modification of those described by Featherstone
et al.12 and ten Cate et al.13.

The relationship between Knoop Hardness Number
(KHN) and volume percent mineral has been previously
described.12 All volume percent mineral values collected
were normalised using the underlying sound enamel (the
volume percent mineral values at 150, 200, 250, and
300 lm were used to calculate an average volume
percent mineral for sound enamel). Each volume percent
mineral value for each series of indents per specimen was
normalised, either up or down, so that the average of 150
through 300 lm was 85%. After normalisation, the area
under the curve was determined using the trapezoid
method which uses the average volume percent mineral
value of two adjacent indents and the distance between
the indents. The area under the curve was subtracted

from the sound enamel value to achieve a mineral loss
compared to sound enamel, or DZ value (units: vol% x
lm) for each series of indents on each specimen. A
comparison of the DZ values between treatment groups
was used to assess the ability of the treatment to inhibit
caries lesion development.

Statistical analysis

Statistical analyses were conducted using an analysis of
variance model (Sigma Stat software, version 3.1 and
OriginPro, version 8.1 SR1). Where significant differ-
ences were found, additional pair-wise comparisons
were performed using a Tukeys HSD test (P < 0.05).

RESULTS

Study 1: Demineralisation Study

The results for the demineralisation study are shown in
Table 1. All fluoride containing treatments were able to
significantly reduce demineralisation compared to the
fluoride free placebo control. A statistically significant
fluoride dose response was observed within this study
which demonstrates the validity of this model. In
addition, both experimental toothpastes provided sta-
tistically superior protection against enamel demineral-
isation compared to the marketed toothpaste. The
order of protection was as follows: ET 1 = ET 2 > NaF
control > dose response > placebo.

Study 2: Demineralisation ⁄ Remineralisation Study

The results of the demineralisation ⁄ remineralisation
study are shown in Table 2. The data show that all
treatments were better at promoting resistance to caries
lesion developmentcompared to the fluoride-free placebo.
A statistically significant fluoride dose response was
observed within this study. In addition, the two experi-
mental toothpastes containing 0.1%w ⁄w o-cymen-5-ol,
0.6%w ⁄w ZnCl2 and 1,450ppm F were directionally
superior to the marketed toothpaste. The mineral profiles
in Figure 1 show that some hypermineralisation had

Table 1 Knoop hardness data for enamel specimens (n = 10). Letter superscripts represent the different statistical
groupings

Treatment Toothpaste Hardness % of Baseline Hardness

Baseline KNH Post-cycling KHN

0 ppm F (placebo) 331.7 (4.7) 159.2 (7.2) 48.0 (2.1)a

675 ppm F (Dose Response) 330.6 (4.7) 221.0 (8.0) 66.7 (1.7)b

1,450 ppm F (NaF Control) 328.4 (4.8) 272.6 (9.0) 82.9 (1.9)c

0.1%w ⁄ w o-cymen-5-ol, 0.6%w ⁄ w ZnCl2, 1,450 ppm F
(Experimental Toothpaste 1 (ET1))

329.6 (4.7) 312.1 (7.5) 94.6 (1.4)d

0.1%w ⁄ w o-cymen-5-ol, 0.6%w ⁄ w ZnCl2, 1,450 ppm F
(Experimental Toothpaste 2 (ET2))

332.8 (5.0) 305.4 (8.9) 91.7 (2.1)d

Note: Standard error in brackets
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occurred in the deeper parts of the lesions in the groups
treated with the two experimental toothpastes, however,
it was more prominent in the ET2 group.

DISCUSSION

Zinc and other metal cations have been reported to
reduce enamel solubility.14–16 However, they can also
modify the crystal-growth of calcium phosphate species
implicated in remineralisation. This means that they
have the potential to influence the dynamic balance
between de- and remineralisation in the mouth. In study
1, the reduction in demineralisation observed when
specimens were treated with the zinc-containing tooth-
pastes confirms the ability of zinc to reduce enamel
demineralisation. However, this zinc effect was not
observed in a similar pH-cycling study.7 Whilst formu-
lation differences may account for this observation, in
study 1, the acidic solutions were refreshed before each
cycle, possibly maintaining a higher degree of under-
saturation with respect to enamel than would have been
the case if the same solutions had been used throughout
the cycling phase. Enamel dissolution products would
have gradually reduced the degree of undersaturation as
cycling progressed, making treatment effects harder to
discern. Further, a single application of toothpaste was

employed, rather than multiple applications, again
mitigating in favour of demineralisation.

Although still optimised for the study of net demin-
eralisation, the cycling regime in study 2 was intended
to simulate more closely the de- and remineralising
events experienced in the oral cavity and hence the
enamel specimens spent a substantial proportion of the
cycling phase in a remineralising solution. This model
has been previously shown to reproduce results found
in vivo during one month of demineralisation around
orthodontic appliances.17

In study 2, no significant benefit was seen for the
toothpastes containing both zinc and fluoride, com-
pared with the fluoride-only control toothpaste. The
difference from study 1 may lie in the fact that the
enamel specimens were not abraded and this would
likely have made them less prone to demineralisation.
Outer enamel acquires relatively large amounts of fluo-
ride during post-eruptive maturation,18 and becomes
considerably less porous than underlying enamel.19,20.

The use of cross-sectional microhardness allowed
mineral distribution, as well as net mineral loss, to be
measured, and hypermineralisation was observed in the
deeper parts of the enamel specimens treated with the zinc
containing experimental toothpastes. A similar effect was
reported for pre-formed enamel lesions21 where, under
relatively constant-composition remineralising condi-
tions, substantial lesion-body remineralisation was ob-
served in the presence of zinc and fluoride, whereas lesions
in the presence of fluoride alone apparently arrested. The
authors proposed that zinc, acting as a crystal-growth
inhibitor, retarded fluoride-induced lesion arrest. It has
recently been reported that lesions remineralised in the
presence of zinc do so preferentially in the deeper
regions,22 and in the current study, extended maintenance
of porosity may have allowed the lesions which formed
during the cycling phase to remineralise more fully,
leading to the observed hypermineralisation.

A number of plausible explanations for the lack of an
overall effect of zinc on the ability of fluoride to reduce
caries have been proposed. For instance, it has been
reported that concentrations of calcium similar to those
in saliva displaced pre-adsorbed zinc from hydroxyap-
atite.23 Additionally, not all of the crystal growth sites
are likely to be affected by zinc; therefore, in the presence
of fluoride, overgrowth of the inhibitor covered regions
of the crystals may occur.6 As discussed above, zinc has
the potential to delay fluoride induced arrest and
therefore maintain surface zone porosity to facilitate
greater lesion body remineralisation.21

Whilst the mechanisms of zinc induced reductions in
enamel solubility have received little attention, possible
explanations can be deduced from work with other
metal species and from the non-dental literature.
Dedhiya et al.15 have reported that HA dissolution
rates in the presence of strontium was governed by a

Table 2 DZ values calculated from cross-sectional
microhardness data (n = 20). The letter superscripts
represent the different statistical groupings

Treatment Toothpaste DZ (vol% x lm)

10 ppm F (placebo) 2114 (187)a

675 ppm F (Dose Response) 1206 (132)b

1,450 ppm F (NaF Control) 303 (89)c

0.1%w ⁄ w o-cymen-5-ol, 0.6%w ⁄ w
ZnCl2, 1,450 ppm F (ET1)

19 (73)c

0.1%w ⁄ w o-cymen-5-ol, 0.6%w ⁄ w
ZnCl2, 1,450 ppm F (ET2)

)10 (55)c

Note: Standard error in brackets
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Figure 1. Average volume % mineral profiles for each treatment
group (n = 20).
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calcium-strontium apatite complex at the hydroxyapa-
tite surface of the formula Ca6 Sr4 (PO4)6 (OH)2 which
controlled the dynamic conditions at the crystal-solvent
interface. Studies on the use of copper for inhibiting HA
dissolution have suggested that precipitation of an acid-
insoluble copper phosphate protective layer on the
enamel surface is a possible mechanism.16 With refer-
ence to zinc, it has been reported that Hopeite
(Zn3(PO4)2.4H2O) precipitation can occur,24 or alter-
natively, that zinc adsorbed onto apatite may prevent
the formation of ‘dissolution nuclei’ on the surface of
HA.25 Given that low concentrations of zinc can both
modify or inhibit remineralisation, but can also reduce
dissolution markedly, the lack of an apparent effect is
intriguing and further work should lead to greater
understanding of the possible role of zinc in caries.

CONCLUSION

Two experimental toothpastes containing 0.1%w ⁄ w o-
cymen-5-ol, 0.6%w ⁄ w ZnCl2 and 1,450 ppm F have
been evaluated for their ability to reduce early caries
lesion development. Our findings show that in study 1,
both experimental toothpastes were statistically superior
to a marketed toothpaste containing 1,450 ppm F; in
study 2 they were at least as effective as the marketed
toothpaste.
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