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Introduction

Dentine Hypersensitivity (DH) is characterized as a sharp dental 
pain of short duration caused by the reaction of exposed dentine 
surfaces to stimuli, typically thermal, evaporative, tactile, osmotic 
or chemical that cannot be associated to any other dental defect of 
pathology [1]. It is based on the hydrodynamic theory where stimuli 
applied onto the exposed dentinal tubules cause fluid movement 
across the dentine, passing them to the intradental pulpal nerves and 
thereby initiating a painful sensation [2].

DH is known to usually impact on the quality of life of affected 
individuals by instigating painful sensation during eating and 
drinking hot and cold food and beverages [3]. The prevalence of DH 
in UK is estimated at 52% [4]. This figure however drops significantly 
when the conduct of the study shifted from patients’ self-reported 
questionnaires to clinical examinations by dentists. In clinical studies, 
the reported prevalence is 2.8% [5] and 18% [6] respectively. 

The hydrodynamic theory is consistent with the observation that 
when DH is treated with a tubule-occluding agent, this will result in 
a reduction in DH [7,8]. Occlusion of exposed dentinal tubules is a 
widely used strategy for treating DH, and many Over-The-Counter 
(OTC) toothpastes propose tubule occlusion as their mode of action. 
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Previously, a bioactive glass (NovaMin®, developed originally by 
NovaMin Technology Inc., Alachua, FL, USA) based on the original 
45S5 Bioglass® composition (US Biomaterials Corp. Jacksonville, FL, 
USA) has been used as a remineralising and occluding ingredient 
in toothpaste formulations for treating DH [9-17]. This works by 
precipitating Hydroxycarbonate Apatite (HCA) onto the tooth surface 
and subsequently occluding the dentinal tubules [12-17]. However, 
concerns have been expressed over the long-term durability of HCA 
in the mouth, and formation of Fluorapatite (FAp), rather than HCA 
is preferable, as it is more resistant to subsequent acid attack and 
dissolves less readily when exposed to acids (e.g. during consumption 
of fruit juice and carbonated beverages). 

In recent years solid state Nuclear Magnetic Resonance 
Spectroscopy has been used to understand bioactive glass structure, 
enabling new bioactive glass compositions to be developed [18,19] 
with vastly improved bioactivity. Of particular note here are the 
fluorine containing bioactive glasses developed by Brauer et al. [20,21] 
and the high phosphate fluorine containing glasses developed by 
Mneimne et al. [22]. These new glass compositions release fluoride 
in addition to calcium and phosphate and form fluorapatite and have 
recently been developed specifically for toothpastes [23-31].

Abstract

Bioactive glasses are widely used as additives in remineralising toothpastes for treating dentine hypersensitivity, which is associated with dentinal fluid 
flow within exposed dentinal tubules. This study investigates the weight percentage of a fluoride containing bioactive glass in a toothpaste formulation 
on tubule occlusion and fluid flow of mid coronal dentine discs. Tests were performed after brushing, after immersion in artificial saliva and after a citric 
acid challenge.

There was a statisticallly significant reduction in fluid flow after application of all the toothpastes but the fluid flow reduction was not statistically 
significantly above a 5% loading of bioactive glass in the toothpaste. Immersion In artificial saliva after brushing reduced the fluid flow for all loadings 
but was not statisticaly significant, whilst an acid challenge increased the fluid flow but was again not statistically significant.

SEM observations of mid coronal sections showed improved occlusion of the dentinal tubules up to a 5% loading but minimal further improvement for 
higher loadings.

In conclusion a 5% loading of bioactive glass is close to optimum for reducing fluid flow and tubule occlusion.
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The objective of this paper is to investigate the ability of one of 
these new fluorine containing glasses to occlude dentinal tubules and 
to reduce fluid flow as a function of the amount of glass in the paste 
immediately after treatment, after immersion in saliva and after an 
acid challenge.

Materials and Methods
The materials and methods consisted of two stages. The first stage 

involved the preparation of the raw materials to be used for the study 
whereas the second stage comprised the experimental design, which 
covered the conduct of the study.

Collection of Teeth

A total of 108 extracted, caries-free human molars were collected 
from patients attending the walk-in clinic at Tanah Puteh Dental 
Clinic, Malaysia from May 2016 to August 2016. In accordance with 
local ethics in the Malaysian clinic verbal consent was obtained from 
patients who required extraction of their teeth. Following extraction, 
the teeth were washed and stored in Listerine (Listerine Original) 
mouthwash solution at room temperature. The collected teeth were 
then brought to London in September 2016 by SFT under strict health 
and safety guidelines as required by QMUL. On arrival in the UK 
laboratory the teeth transferred to a 70% Ethanol solution until the 
commencement of the study. 

Preparation of Mid Coronal Dentine Sections

All the collected human molar teeth were prepared into dentine 
discs of 1.3 mm thickness using an automatic precision cutting machine 
(Struers Accutom 5, Denmark). The dentine discs were then ground using 
a Kemet 4 machine (Kemet Maidstone Kent ME15 9NJ UK) followed 
by polishing with three different silicon carbide papers in a descending 
order of abrasive coarseness, starting from carbide paper grade P600, 
P1000 to P2500. The polishing was considered complete when the discs 
were polished to the thickness of 1.0 mm. The thickness of the discs was 
monitored constantly using a digital micrometer to avoid over polishing. 

Etching of Dentine Sections

The etching of dentine discs was only performed just before the 
discs were to be used for the experimental steps. It was undertaken by 
dipping the discs into 6% w/w citric acid solution for 30 seconds. The 
purpose of etching was to remove any smear layer on the discs, thereby 
opening up the tubules [32]. The discs were then ultrasonicated with 
deionized water in an ultrasonic bath for 30 seconds to remove any 
residual acid.

Preparation of Artificial Saliva

The artificial saliva is based on a formulation first proposed by 
Featherstone et al. [32] and consists of 2.24 grams of KCl, 1.36 grams 
of KH2PO4, 0.76 grams NaCl, 0.44 grams of CaCl2.2H2O, 2.2 grams 
of porcine Mucin and 0.2 grams of NaN3 (all Sigma-Aldrich, UK) 
were mixed with 800 grams of deionized water in a 1 litre volumetric 
flask. The mixture was stirred using a magnetic hotplate stirrer for 30 
minutes until all reagents were fully dissolved. The mixture’s pH was 
then adjusted to 6.5 at room temperature using a pH meter (Oakton, 
Netherlands) by adding 0.5 M of KOH sequentially until the desired 

pH was obtained. Separately, 0.5 M of KOH was prepared beforehand 
by mixing 1.40 grams of KOH (Sigma-Aldrich, UK) in 50 ml deionized 
water. The final mixture was made up with deionized water to 1 litre. 
The produced artificial saliva solution was kept in a fridge set at 5°C 
until required and used within 2 weeks of preparation.

Preparation of Bioactive Glass Toothpaste 

The Bioactive Glass BioMinF® was supplied by CDL Ltd Stoke UK and 
is a fluoride containing bioactive glass. The particle size of the supplied 
BioMinF® was characterised using a Malvern 3000 Particle Size analyser 
(Malvern Pananalytical Malvern WR14 1XZ, UK). For comparison a 
sample of NovaMin® was obtained from 3M (Ceradyne) Seattle USA.

Preparation of the Bioactive Glass Base Paste

This stage involved the preparation of the base paste first, which 
was then mixed with different loading of bioactive glass. The base paste 
was made in the laboratory according to the formulation in US Patent 
US 2009/0324516 [33] with slight modifications. Components such as 
bioactive glass, fluoride and flavour were omitted. The composition of 
the active and inactive ingredients required to produce 100 grams of base 
paste are listed in Table 1. Each ingredient was weighed separately and 
then mixed together with a metallic mixing spatula in a 100 ml plastic 
container. The end product was kept in room temperature until use. 

Five 10 grams toothpastes with a different loading of bioactive glass 
of 0.0%, 2.5%, 5.0%, 7.5%, 10.0% and 15.0% by weight were fabricated 
manually by using a mortar and pestle technique. The composition for 
each toothpaste is represented in Table 2.

 To produce a 2.5% bioactive toothpaste, 9.75 grams of base paste 
were added to a clean mortar. This was followed by adding 0.25 grams 
of bioactive glass. The two elements were mixed thoroughly for 150 
seconds. The same methods were applied to produce 5.0%, 7.5%, 
10.0% and 15.0% loading of bioactive toothpaste. All the prepared 
toothpastes were stored in six separate sealed 50 ml plastic bottles 
until required.

Component Function Weight Percentage
Glycerol Humectant 68.75%
Polyethylene Glycol Dispersant and to reduce stickiness 20.83%
K Acesulfame Sweetener 0.48%
Polyacrylic Acid Binder 0.59%
Titanium Oxide Whitener 1.91%
Syloid 63 Silica 7.15%
Sodium Dedecyl Sulfate Surfactant 1.01%

Table 1: Composition of active and inactive ingredients required to produce 100 gram of 
base paste.

Type of Toothpaste 
Materials incorporated into each toothpaste
Base Paste (g) Bioactive glass (g)

0.0% loading 10.00 0.00
2.5% loading 9.75 0.25
5.0% loading 9.50 0.50
7.5% loading 9.25 0.75
10.0% loading 9.00 1.00
15.0% loading 8.50 1.50

Table 2: Composition of Bioactive Glass in Various Loading.
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V2 = Dentine permeability following immersion in artificial saliva

V3 = Dentine permeability following acid challenge

Scanning Electron Microscopy was conducted on separate samples 
according to the same protocols used for the dentine permeability 
measurements. The discs were sputter coated with gold prior to 
examination and examined in a FEI Inspect-F SEM.

Results

Particle Size Analysis

Table 3 gives the D90, D50 and D10 values for the particle size 
for two commercially available Bioactive Glasses. The particle size 
of the BioMinF® glass is somewhat smaller than the NovaMin® and 
is thought to have been optimised for tubule occlusion with a larger 
proportion of particles being smaller than the size of dentinal tubules.

Hydraulic Conductance

Figure 1 shows the percentage reduction in hydraulic conductance 
or fluid flow reduction (FFR) after brushing the toothpaste on to mid 
coronal dentine discs. There is a small approximately 20% reduction 
in hydraulic conductance after applying the 0% BG toothpaste that 
may be a result of silica particles in the paste occluding the tubules. 
This increases to approximately 30% for the 2.5% glass loading and 
to just over 60% for a 5% loading of the glass. Above 5% there is a 
much more limited reduction in the hydraulic conductance with the 
15% loading giving a 70% reduction. Above 5% loading of glass there 
is no statistical increase in the FFR (Table 4-7). However the FFR is 
statistically significant up to a 5% loading of glass.

Table 5 shows the FFR results after immersion in artificial saliva 
(AS) and then following an acid challenge to mimic the consumption 
of an acidic drink. In all cases there is an increase in the FFR from 0% 
to 2.5% to 5% and these differences are statistically significant (Tables 
3 and 4). The results mirror the data before immersion in AS.

The experimental design involves two parts:

a) Comparing the dentine permeability by measuring hydraulic 
conductance (Lp).

b) Comparing the occlusive effect of dentinal tubules using SEM.

Hydraulic Conductance Measurement Procedures

A split chamber device based on the design by Pashley and 
Galloway [34] was used. The total distance travelled by the air bubble 
in 240 seconds was designated as the baseline flow rate, which was 
allocated a value of 100% permeability.

Measuring the Dentinal Permeability after Treatment with Toothpaste

 0.4 gram of toothpaste was squeezed onto a brush head (Oral-B 
Floss Action Replacement) and mounted on an electric rechargeable 
toothbrush (Oral-B Vitality Plus). Without removing the disc from 
the Pashley cell, it was treated with the toothpaste for 2 minutes. The 
brush head bristles were applied on to the discs at an inclination of 90 
degrees. Immediately after 2 minutes of brushing, the disc was rinsed 
with deionized water for 10 seconds. 

Measuring the Dentinal Permeability Post-treatment with Artificial 
Saliva

The dentine disc together with the Pashley cell were immersed 
in 40 ml of artificial saliva at room temperature for 1 hour and then 
rinsed with deionized water for 10 seconds. The dentine permeability 
was then measured again.

Measuring the Dentinal Permeability Post-treatment with Artificial 
Saliva and an Acid Challenge 

The disc was next immersed in 30 ml of a 6% citric acid solution 
for 2 minutes and rinsed with deionized water for 10 seconds. The 
dentine permeability was then measured for a final time.

A total of 30 dentine discs were used. They were distributed equally 
into six groups, with each group treated with a different loading of 
toothpaste. Each toothpaste was dedicated with a specific brush 
head to avoid contamination with others. Analysis of the dentinal 
permeability measurement was conducted as follows:

a) Percentage flow reduction after treatment with toothpaste

=
V0 – V1 x 100%
     V0

b) Percentage flow reduction after treatment with toothpaste and 
immersion in artificial saliva

=
V0 – V2 x 100%
     V0

c) Percentage flow reduction after treatment with toothpaste, 
immersion in artificial saliva and acid challenge

=
V0 – V3 x 100%
      V0

where V0 = Dentine permeability at baseline (after acid etch)

V1 = Dentine permeability immediately after toothpaste application
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Figure 1: Percentage FFR against BioMinF Loading after Brushing.

BioActive Glass D90
(μm)

D50
(μm)

D10
(μm)

BioMinF® 23.00 5.92 0.62
NovaMin® 45.55 14.47 1.77

Table 3: Particle Size of Bioactive Glasses.
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following an acid challenge, but this was not statistically significant 
in paired t-tests in regard to either the brushed or the brushed with 
AS treatments.

Tubule Occlusion

The tubule occlusion was followed using scanning electron 
microscopy of the mid coronal dentine discs. Figure 2 shows the SEMs 
after brushing with the 0% BioMinF toothpaste. There is no visual 
evidence of any tubule occlusion, although there are a small number 
of fine particles on the treated surfaces. Figure 3 shows the SEMs of 
the 2.5% BioMinF toothpaste. There is significant tubule occlusion 
and a marked reduction in their size. The tubules are more obvious 
following the acid challenge. For dentine discs treated with 5% or more 

Comparison of Percentage Fluid Flow Reduction after Toothpaste Application

 Statistical Data
Bioactive Glass Loading

0% 2.50% 5.00% 7.50% 10.00% 15.00%
Sample Mean (in %), x 19.72 29.37 61.53 63.63 67.39 71.19
Sample sd, s 13.71 5.31 15.02 3.33 8.61 8.77
Sample Size, n 5 5 5 5 5 5
Confidence Interval, CI 1.96 1.96 1.96 1.96 1.96 1.96
Margin of Error 12.02 4.65 13.16 2.92 7.55 7.69
Upper Bound 31.73 34.02 74.69 66.55 74.94 78.88
Lower Bound 7.70 24.72 48.36 60.70 59.84 63.51

Paired t-test Comparing Each Group (P<0.05)
T-test comparing to 0%   0.128529 0.000693 0.001276 0.002087 0.0022316
T-test comparing to 2.5%     0.004738 0.000264 0.000104 3.269E-05
T-test comparing to 5.0%       0.386578 0.238683 0.1454652
T-test comparing to 7.5%         0.246252 0.0712444
T-test comparing to 10.0%           0.2436429

Table 4: Statistical Result for Comparison of Percentage Fluid Flow Reduction after 
Toothpaste Application.

Bioactive Glass 
Loading 

Percentage FFR in Comparison with Baseline/Control (%)

After treatment 
with toothpaste

After treatment 
with toothpaste 

and immersion in 
artificial saliva

After treatment with 
toothpaste, immersion 
in artificial saliva and 

acid challenge
0.0% 19.72 22.29 16.11
2.5% 29.37 33.97 26.57
5.0% 61.53 63.83 49.02
7.5% 63.63 64.96 56.63
10.0% 67.39 66.29 55.53
15.0% 71.19 71.53 65.26

Table 5: Percentage FFR in Comparison to the Baseline Control after treatment with the 
toothpaste after treatment with the toothpaste and immersion in artificial saliva (AS) and 
then with an acid challenge.
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Figure 2: SEM Images seen at x10000 Magnification. (A) Control. (B) After 0.0% Bioactive 
Glass Toothpaste Application. (C) Following Saliva Immersion. (D) Following Acid 
Challenge.

Above a 5% loading of BAG in the paste there are no statistically 
significant increases in the FFR. There was also no significant 
increase or decrease in the FFR values for any given loading from 
application to immersion in AS to applying an acid challenge. 
However, for all glass loadings there is a small decrease in the FFR 

Comparison of Percentage Fluid Flow Reduction after Toothpaste Application and 
Saliva Immersion

Statistical Data
Bioactive Glass Loading

0% 2.50% 5.00% 7.50% 10.00% 15.00%
Sample Mean (in %), x 22.29 33.97 63.83 64.96 66.29 71.53
Sample sd, s 17.14 5.58 18.70 3.85 6.04 13.59
Sample Size, n 5 5 5 5 5 5
Confidence Interval, CI 1.96 1.96 1.96 1.96 1.96 1.96
Margin of Error 15.03 4.89 16.39 3.38 5.29 11.91
Upper Bound 37.32 38.86 80.22 68.34 71.58 83.44
Lower Bound 7.27 29.07 47.44 61.58 61.00 59.62

Paired t-test Comparing Each Group (p<0.05)
T-test comparing to 0%   0.1560 0.0011 0.001758 0.003325 0.0073734
T-test comparing to 2.5%   0.019915 0.000576 0.000312 0.0009269
T-test comparing to 5.0%   0.446936 0.389115 0.2486045
T-test comparing to 7.5%   0.357676 0.182191
T-test comparing to 
10.0%   0.1308723

Table 6: Statistical Result for Comparison of Percentage Fluid Flow Reduction after 
Toothpaste Application and Saliva Immersion.
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Figure 3: SEM Images seen at x10000 Magnification. (A) Control. (B) After 2.5% Bioactive 
Glass Toothpaste Application. (C) Following Saliva Immersion. (D) Following Acid 
Challenge.
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Figure 4: SEM Images seen at x10000 Magnification. (A) Control. (B) After 5.0% Bioactive 
Glass Toothpaste Application. (C) Following Saliva Immersion. (D) Following Acid 
Challenge.
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Figure 5: SEM Images seen at x10000 Magnification. (A) Control. (B) After 7.5% Bioactive 
Glass Toothpaste Application. (C) Following Saliva Immersion. (D) Following Acid 
Challenge.

BioMinF loaded toothpastes (Figures 4-8) there is excellent tubule 
occlusion. There is slight evidence that this might improve slightly 
after immersion in AS and may deteriorate slightly on exposure to an 
acid challenge. There may be very slightly better tubule occlusion on 
increasing the glass loading above 5%.

In general the SEM observations fit well with the hydraulic 
conductance data and FFR values observed.

Discussion

In the absence of the glass in the toothpaste formulation there 
is a small reduction in hydraulic conductance and the FFR is about 
20%, There may be some tubule occlusion due to the presence of fine 
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Figure 6: SEM Images seen at x10000 Magnification. (A) Control. (B) After 10.0% 
Bioactive Glass Toothpaste Application. (C) Following Saliva Immersion. (D) Following 
Acid Challenge.
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Figure 7: SEM Images seen at x10000 Magnification. (A) Control. (B) After 15.0% 
Bioactive Glass Toothpaste Application. (C) Following Saliva Immersion. (D) Following 
Acid Challenge.

particles in the paste, notably silica and titanium dioxide particles. 
There is no evidence of any significant tubule occlusion when 
examined by SEM. On incorporating 2.5% glass particles into the 
toothpaste there is a further approximately 10% increase in FFR. The 
glass has a D50 of 5.92 μm (Table 3) close to the diameter of the larger 
dentinal tubules and up to 50% of the glass particles are therefore 
potentially small enough to enter the dentinal tubules and occlude 
them. On increasing the loading of glass to 5% there will be twice as 
many particles present that are small enough to occlude the dentinal 
tubules and the FFR increases to more than 60%. Figure 3 shows much 
greater tubule occlusion for the 5% glass loading than Figure 2 for the 
2.5% loading. More than 90% of the tubules are occluded with the 5% 
loading. On increasing the bioactive glass content further the There 
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Figure 8: SEM Observation of all bioglass loading(s) following brushing (Cross-Sectional View at x5000 magnification).

At a 0.0% glass loading, there was no crystal formation at the surface or within the tubules. However, at 2.5%, a thin layer of crystal deposit (arrow) was observed covering the surface. As the 
bioactive glass loading increased, the crystal deposits were observed to extend deeper into the tubules (arrows). At the 15.0% bioactive glass loading, large amounts of crystal deposits were 
observed at the surface of the dentine disc and within the dentinal tubules.

of the angular glass particles on the surface that is probably a result 
of the citric acid dissolving the remaining glass particles. Bingel et al. 
[35] showed that bioactive glasses dissolve much more rapidly under 
acidic conditions.

Conclusions

•	 A 5% loading of glass is close to being optimal in terms of 
its effect on FFR reduction immediately after brushing, after 
immersion in AS and after an acid challenge.

•	 There is no statistically significant increase in FFR after 
immersion in AS and no statistically significant reduction 
after an acid treatment. 

•	 There is virtually no tubule occlusion for the 0% glass 
toothpaste and an obvious increasing tubule occlusion up 
to 5% after this there may be a very slight increase in tubule 
occlusion with glass loading, but the effect is small.

•	 There is a slight effect of immersion in AS improving tubule 
occlusion and there may be a slight reduction in tubule 
occlusion on applying an acid challenge.

•	 It is possible that a higher loading of glass would be desirable, 
but this would involve a significant cost increase.
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