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ABSTRACT 

 FACULTY OF ENGINEERING AND PHYSICAL SCIENCES  

SCHOOL OF ENGINEERING 

Thesis for the degree of Doctor of Philosophy  

Protection, Remineralisation and Tubule Occlusion of Dentine by Desensitising 

Toothpastes 

 Behrad Mahmoodi 

Enamel is one of the strongest and highly mineralised tissues in the human body and it 

protects the underlying dentine. The high mineral content of the enamel makes it 

susceptible to erosive wear via dissolution of the ions in low pH. Loss of the minerals 

also softens the enamel, making it vulnerable to further damage by mechanical and 

chemical challenges in the oral environment. The loss of enamel or gum recession along 

the gum lines exposes the dentine, causing dentine hypersensitivity (DH). 

Active ingredients such as bioactive glasses, arginine and calcium silicate have been used 

in toothpastes to treat DH by depositing a layer over the dentine and occluding exposed 

tubules. As well as providing relief against sensitivity, these layers could protect the 

dentine against chemical and mechanical challenges. 

The first aim of this study was to investigate the ability of 5 different layers formed on 

dentine to protect the tissue against these challenges. The layers were formed following 

brushing with 5 commercially available toothpastes containing chloro calcium 

phosphosilicate, fluoro calcium phosphosilicate, calcium sodium phosphosilicate, 

arginine with calcium carbonate, and calcium silicate with sodium phosphate.  

60 bovine dentine discs were divided into 6 groups and were manually brushed twice a 

day for two minutes over 7 days with one of the toothpastes or artificial saliva as a control. 

In vitro techniques such as nanoindentation, nano scratch, scanning electron microscopy, 

nuclear magnetic resonance, X-ray-diffraction, Fourier-transform infrared spectroscopy, 

energy-dispersive x-ray, and Raman spectroscopy were used to characterise the layers. 

Acid resistivity of the layers was also investigated by immersion in 1 wt% citric acid (pH 

3.1) for two minutes.  



 

Results showed that all 5 active ingredients formed a protective layer onto the dentine 

surface, these layers were chemically and structurally similar to hydroxyapatite with 

higher hardness and Young’s modulus compared to the control dentine. Calcium silicate 

with sodium phosphate formed the hardest layer with a hardness of 0.88 GPa compared 

to control dentine (0.55 GPa), however, it did not perform well under acid challenge. 

Arginine with calcium carbonate formed the second hardest layer with superior resistance 

to acid challenge, highest hardness/modulus ratio, elastic recovery, and lowest scratch 

penetration depth. This layer also had the highest average crystal size and crystallinity 

index. Therefore it would offer the best protection to the dental tissue. 

Tubule occlusion is one of the most widely accepted methods in treating DH. Current 

techniques such as focused ion beam, scanning electron microscopy or hydraulic 

conductance that are used to determine tubule occlusion in vitro do not provide the depth 

of occlusion, are limited in terms of the volume of dentine tested or extremely time 

consuming and expensive.  The second aim of this study was to use a unique serial block-

face scanning electron microscopy (SBF-SEM) to overcome these limitations and to 

determine the level of tubule occlusion and mineralisation by Sensodyne® Repair and 

Protect and Rapid Relief toothpastes containing calcium sodium phosphosilicate (CSPS) 

and stannous fluoride (SnF2) respectively.  

Bovine dentine discs (n=6) were randomly divided into two treatment groups, one for 

each toothpaste (n=3). Discs were halved with one half treated with toothpaste and one 

as a control. 600 slices with a thickness of 60 nm were cut by a diamond knife in a 

microtome and the surface was imaged by a backscattered electron detector after each 

slice.   

CSPS occluded 100% of the tubules at the surface compared to 83% for SnF2. No tubules 

were occluded in the control group. CSPS  also significantly reduced the diameter of the 

tubule opening, while no significant change was seen in the SnF2 group. Both materials 

resulted in a greyscale value increase around the tubules with CSPS significantly higher 

than SnF2. Therefore CSPS may provide better relief against DH and help with 

mineralisation due to a superior occlusion percentage and increased dentine 

mineralisation.
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Chapter 1   Introduction  

1.1 Background 

Dentine hypersensitivity (DH) is described as a sharp pain that can last from a few 

seconds to a few minutes in response to external stimuli, commonly thermal, chemical or 

mechanical. The stimuli alter the fluid flow within the tubules, stimulating the nerve 

receptors within the pulp, triggering a painful response [1]. 

DH is one of the most common oral conditions affecting about 30% of the population at 

some time during their lifetime, peaking between the ages of 20 to 40. However, the 

quantification of DH has proven difficult as the determination of the number of people 

affected by DH can be subjective to the methods associated with determining DH. It arises 

when the tubules within dentine become exposed as a result of gum recessions or 

wear/damage to the protective enamel layer. At early stages it is possible to manage or 

treat the sensitivity symptoms by using toothpastes designed to occlude these tubules, 

limiting the movement of the fluid and therefore reducing sensitivity [2].   

Bioactive glasses, an advanced calcium, and phosphate based material are the most 

common active ingredients used in toothpastes to occlude the dentine tubules and treat 

DH [3]. The first bioactive glass known as calcium sodium phosphosilicate, commonly 

referred to as “45S5” bioglass, was developed by Larry Hench to treat damaged bone.  In 

1997 Litkowski et al [3] proposed using the 45S5  bioglass in oral care products for 

sensitivity treatment. 

When a bioactive glass comes in contact with saliva it releases calcium and phosphate 

ions. The initial steps of the reaction involve a rapid ionic exchange between the sodium 

and hydrogen ions from the saliva. This ionic exchange increases the local pH which 

promotes the formation of hydroxyapatite. Bioactive glass particles bind to the collagen 

of exposed dentine and once deposited these particles continue to react forming a calcium 

phosphate layer. These particles act as a calcium and phosphate reservoir which allows 

the crystallisation of this layer into a hydroxyapatite like layer. This layer is formed over 

dentine and within dentine tubules [4,5].  
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This layer reduces the permeability of the dentine by decreasing the fluid flow within the 

tubules and thereby reducing the activity of nerve endings. This provides relief from the 

pain of dentine hypersensitivity.  

The 45S5 has been used as a base to develop other bioactive glasses such as Chloro 

calcium phosphosilicate (CCPS) and Fluoro calcium phosphosilicate (FCPS) with sodium 

substituted for fluoride and chloride ions respectively which have also been used in 

toothpastes to treat DH [6–9]. Other materials such as arginine (AG) coupled with 

calcium carbonated [10–12] and calcium silicate (CS) with sodium phosphate are also 

used for physical occlusion of tubules and remineralisation of the dental tissues [13–15]. 

Techniques such as scanning electron microscopy, focused ion beam and hydraulic 

conductance have been used to quantify the level of tubules occlusion by these materials. 

However, these methods are either limited in resolution, limited by the significant time 

required to prepare samples [16] or fail to provide the depth of occlusion. Therefore an 

alternative methodology needs to be considered to overcome these limitations. 

Patients who suffer from dentine hypersensitivity are at higher risk of developing other 

dental related diseases such as tooth decay, cavity and pulp inflammation. This is because 

dentine is softer than the enamel and is susceptible to further damage within the harsh 

oral environment.  Tooth cavity or pulp inflammation causes severe pain and discomfort 

to the individual. They also have a huge financial impact on the patient and the NHS as 

more substantial treatments such as fillings and root canals would be required. 

With ever increasing life expectancy, keeping our natural teeth dentition is becoming 

more important. Consumption of soft drinks and processed food which are highly acidic 

and contain a large amount of sugar are on the rise. Therefore protecting the dental tissue 

is vital, not only to minimise the risk of developing a more serious dental condition but 

to also prevent healthy teeth from chemical and mechanical challenges. 

As mentioned previously the above materials form a layer on the tooth surface and thus 

have the potential to act as a protective barrier against acid erosion and tribological wear. 

There is a gap in the literature regarding the level of protection these layers offer. Previous 

studies have used microhardness measurements to characterise these layers, and 

consequently, the interaction volumes of the indent would have included the dentine 

substrate and influenced the results [17–21].  
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These layers are inherently a thin coating of few microns and should be treated as such 

during testing.  In addition, previous tests were carried out in a dry environment which is 

not representative of the oral environment and would affect the measured mechanics 

(hardness and modulus) as dentine tissue consists of  22% water ( Vol%) in vivo [22]. 

1.2  Aims  

To fill the gap in the literature, the research presented in this thesis initially aimed to 

compare the nanomechanical properties, acid resistivity, composition and structure of the 

layers formed by 5 desensitising  toothpastes containing CCPS, FCPS, CSPS, AG and, 

CS to evaluate whether these layers can protect the dentine and what parameters influence 

the level of protection. 

Stannous fluoride (SnF2) is also a common active ingredient used in desensitising 

toothpastes for DH treatment. Therefore the project also aimed to measure and compare 

the level of tubules occlusion and mineralisation of SnF2 compared to CSPS. 

1.3 Objectives of Current Research 

The primary objective of this thesis was to develop an understanding of dentine protection 

by novel mechanical and characterisation methodologies and testing. The combination of 

a wide range of testing and use of 5 different active ingredients will help to determine the 

most favourable material and the variable which alters the protection capability. This will 

make a significant contribution to the field of dental material and will help with the 

development of new toothpaste formulations for better and longer protection to dental 

tissue. To achieve this the mechanical properties of all 5 layers were characterised. This 

was followed by a detailed chemical and structural analysis to establish the parameter(s) 

influencing the mechanics. 

The second objective of this thesis was to develop a novel imagining methodology to 

measure the depth of tubule occlusion by SnF2 and CSPS with minimal sample 

preparation over a short period while testing a larger volume of dentine. Both by 

determining the number of occluded tubules per unit volume and the depth of penetration 

of the active ingredients down the tubules using a Serial block face scanning electron 

microscopy (SBF SEM).  
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SBF SEM combines an ultra-microtome with the high resolution imaging capability of 

an SEM to generate high resolution 3D images of samples. The use of backscattered 

images from the SBF SEM enables the evaluation of mineralisation potential of the two 

ingredients by using the greyscale values from the images. This methodology will be 

significantly useful in the development and research of new dental materials for dental 

hypersensitivity treatment as well as detecting remineralisation of the dental tissue. It 

would also be beneficial for the research of bone-like biomaterials with clinical 

applications. 

The sub-objectives of the thesis are given below: 

 To characterise the mechanical properties of the different layers formed by AG, 

CCPS, CS, CSPS and FCPS on a nano-scale to avoid any dentine substrate 

influence which has not been done before 

 Use a unique liquid cell set up to keep the samples hydrated, mimicking the oral 

environment. 

 To investigate the acid resistivity of the layers 

 To investigate  the elemental and structural differences between these layers  

 To  investigate what variables influence the protection capability of the layer 

 To investigate the suitability of SBF SEM in cutting a hard material such as  

dentine 

 To determine the level of tubule occlusions by two toothpastes containing CSPS 

and SnF2 using SBF SEM 

 To investigate the mineralisation of dentine using the backscatter electron imaging 

within SBF SEM  to compare the mineral density of the dentine after treatment 

with CSPS and SnF2 
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1.4 Analytical Methods Used To Fulfil the Objectives  

Figure 1.1 below represents the flow chart of the experimental techniques used 

throughout this thesis to meet the aims and objectives of the project. 

 

Figure 1. 1: Experimental techniques within this thesis

Characterisation of the hydroxyapatite like layer   

Elemental and 

structural  

Nanomechanical 

properties 

Nanoindentation Nanoscratch 

Tubule occlusion/ 

remineralisation 

SBF-SEM 
BSE-SEM/ 

EDX 

SEM/EDX XRD 
Raman 

spectroscopy 
FTIR 31

P NMR 
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1.5 Thesis Outline  

This thesis focused on improving the understanding of the nanomechanical properties and 

elemental composition of the different layers formed by different active ingredients and 

to identify the key parameter which influences these properties. This will aid the 

development of a new toothpaste formulated to provide better protection to exposed 

dentine.  It also explored the use of SBF SEM as an alternative method to determine 

tubule occlusion and dentine mineralisation. The thesis starts with a literature review 

covering the basic mechanics of dental tissue, demineralisation/remineralisation process, 

causes of DH and possible treatments. The common active ingredients are then discussed 

with the main focus on the conventional 45S5 bioglass, its structure and the reaction 

mechanisms. Different elemental and structural techniques which were used throughout 

this thesis is also covered in this section. This chapter is concluded by covering the use 

of bioactive glasses (CSPS, CCPS, and FCPS) as well as other materials such as AG and 

CS for DH treatment and different methods for determining tubule occlusion. 

In chapter 3 the nanomechanical properties of the different layers formed by these 

materials are investigated, including an acid resistivity challenge. Chapter 4 concentrates 

on using different analytical techniques to understand the link between the composition, 

structure and the mechanics of dental tissue. A comparison study was conducted in 

Chapter 5 where a unique SBF SEM was used to quantify tubule occlusion and depth of 

penetration as well as mineralisation of dentine by CSPS and SnF2. Overall findings of 

the thesis and the future work are subsequently discussed and concluded in chapter 6.
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Chapter 2   Literature Review 

2.1 Introduction 

Damage to the protective enamel layer and recession of the gum can leave dentine 

exposed. This would lead to dentine hypersensitivity (DH) and further damage to the 

dental tissue through mechanical and chemical challenges in the oral environment. 

Occlusion of the dentine tubules is widely regarded as one of the most acceptable courses 

of treatment for DH. Desensitising toothpastes use active ingredients such as bioactive 

glasses, arginine and calcium silicate to achieve occlusion via formation of a layer over 

exposed tubules. 

In this chapter, the mechanical properties of the dental tissues, causes, and treatments of 

dentine hypersensitivity including an overview of the use of bioactive glasses, arginine 

and calcium silicate in dentistry are reviewed. This is followed by a more detailed 

description of remineralisation and demineralisation mechanisms of the tooth structure, 

hydroxyapatite like layer (HA) formation within the oral cavity and characterisation 

techniques such as scanning electron microscopy, Energy-dispersive X-ray analysis, X-

ray-diffraction pattern, Fourier-transform infrared spectroscopy and Raman 

spectroscopy.  

The chapter concludes by covering different methods used in the assessment of tubule 

occlusions and a summary of the literature findings highlighting the gap in the knowledge 

which lead to the aims and objectives of this thesis. 
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2.2 Tooth Structure  

A tooth consists of a soft inner layer to provide the nutrient and a hard outer layer that 

provides protection. It is composed of four different tissues as shown in figure 2.1; 

Enamel, dentine, cementum and dental pulp.  [23].  

 

 

Figure 2. 1: Structure of human tooth [24] 

Enamel is the outer layer of the tooth whose purpose is to protect the dentine and the pulp 

as well as providing the hard surface for mastication. Underneath the enamel is dentine, 

which makes up the majority of the tooth and provides support to the tooth structure. The 

pulp runs through the centre of the tooth to the root which is embedded in the jawbone. It 

consists of living odontoblast cells, blood vessels, and connective tissues.  Forming 

dentine and supplying nutrients to the mineralised tissues is the main function of the pulp, 

it also plays a big role in protecting the surrounding tissues by forming secondary dentine 

[23].  Cementum covers the dentine and it facilitates the attachment of the tooth to the 

alveolar bone [25].  
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Teeth are surrounded by soft tissues called Gingivae, commonly known as the gum. These 

soft connective tissues are responsible for providing protection and support to the tooth 

and the underlying bone. Due to the tight sealing, Gingivae acts as a protective barrier for 

the periodontal ligament (PDL) which is a specialised connective tissue fibre that attaches 

the tooth to the alveolar bone. It also acts as a shock absorber, protecting the tooth from 

large forces during mastication [26]. Enamel and dentine, however, are the two major 

components of the tooth and are discussed in more detail below.  

2.2.1 Enamel 

The enamel is the hardest tissue in the human body. The highly mineralised structure 

consists of 95% hydroxyapatite (HA) crystals, 2 % protein in the form of type I collagen 

and 3% water. Enamel has a hierarchical structure that ranges from the nano (collagen/HA 

crystal composite) to micro-scale (rod and sheath) [27]. 

Hydroxyapatite is an inorganic mineral found extensively in the human body. Both 

enamel and dentine can be considered as a composite that is made up of HA crystals and 

collagen fibres that are tightly bonded via hydrogen bonding through the hydroxyl groups 

(OH-) on the HA. Enamel is formed by epithelial cells called ameloblasts which lose their 

function once the crown is formed, therefore enamel lacks the ability to self-repair. Figure 

2.2 is a schematic diagram of human premolar tooth cross-section, it demonstrates the 

microstructure of enamel consisting of rods. These rods have a diameter of ̴ 5 µm and are 

perpendicular to the dentine enamel junction (DEJ). They are comprised of 

hydroxyapatite crystals with a length of 68 nm, 26 nm diameter and thickness of 2 nm 

[28].  

The hydroxyapatite crystals are aligned parallel to the long axis of the rods at the centre 

and meet the axis at 45º at the margins of the rod resulting in a keyhole-like structure 

know as rod sheath ( figure 2.2). The rod sheath has the most protein content thus is hypo-

mineralised leading to the anisotropic properties of enamel [29].  

 

 

 



Chapter 2: Literature Review  10 

 

 

 

Figure 2. 2:  Cross section (a), enamel sheath (b), enamel rode (c) [30] 

 

2.2.2 Dentine  

Dentine in other hand is classified as “living” and is continuously being formed by 

Odontoblasts cells throughout the life of the pulp.  It is much softer than enamel and it is 

made up of 70% inorganic hydroxyapatite, 20% type I collagen and 10% water. The 

crystals within dentine are more randomly orientated and are approximately 20-100 nm 

in length and 20 nm wide [31]. 
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Dentine structure consists of three morphologically different tissues [32]: 

 Primary dentine 

  Is formed rapidly at a rate of approximately 4 μm per day before the 

eruption of the tooth  

 Secondary dentine  

 Continuous formation of primary dentine after the tooth has erupted at a 

slower rate of 0.4 µm per day throughout the life of the tooth 

 Tertiary dentine 

 Once dentine is damaged through decay, trauma or restorative procedures, 

odontoblast cells produce tertiary dentine as a healing mechanism. It has 

a fewer number of tubules and it is more mineralised compared to primary 

and secondary dentine, making it harder and less permeable to protect the 

pulp from any irritation. 

Primary dentine is further split into [33]; 

 Intertubular dentine  

 It is made up of 30% collagen, 25% water and 45% minerals 

(carbonated apatite crystals) by volume  

 The largest portion of dentin and provides structural support to the 

enamel  

 Peritubular dentine  

 More mineralised than intertubular dentine contains 95% (vol %) 

carbonated apatite crystals with the other 5% being water and collagen 
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Dentine consists of thousands of hollow tubules running down the entire structure (several 

millimetres), making dentine a permeable structure. These tubules are filled with fluid 

which transports nutrient to the tooth. Their density ranges between 15000 to 65000 

tubules per mm2, with a diameter of  0.9 µm at the dentine- enamel junction (DEJ) to 2.5 

µm near the pulp [34].  

2.3 Mechanical Properties of Dentine 

Understanding the mechanical properties of the dental tissue lays a perfect foundation for 

dental material research. These properties include hardness (H) and elastic modulus (E). 

H is a commonly used parameter for evaluating and comparing materials and it is a 

measure of how hard or soft a material is. E also known as Young’s modulus is a measure 

of the rigidity of a material and is defined as the ratio of stress and strain. It is indicative 

of the ability of a material to withstand plastic deformation.  

With the advancement of characterisation techniques, the measurements of tooth 

properties have been shifting from macroscopic to microscopic and more recently to the 

nanoscale level. The most common methodology for calculating the hardness of a dental 

tissue include the Vickers hardness (VMH) and Knoop hardness. Vickers hardness uses a 

diamond indenter in the shape of a pyramid with opposite angles of 136º. The hardness is 

calculated by measuring the diagonal length of indentation and using the following 

formula [22]: 

 

HV =
1.854P

D2
 

Where D is the average length of the two indent diagonal and P is the applied load. 

Vickers hardness uses applied loads in the range of 10–1200N with indentation depth of 

1-100µm. Knoop hardness work on a similar principle with the difference of the diamond 

indenter having two unequal opposite angles. It uses lower loads of 2-40N with indention 

depth of 0.30-30µm. The Knoop hardness (KNH) is calculated using by [35]: 

KNH =
P

Ap
= 14.22

p

l2
 

(2. 1) 

(2. 2) 
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Where P is the applied load (in kg) and l is the length (in mm) across the long axis of the 

impression.  

Although microindention measurement is a more established technique in the field of 

dentistry, nanoindentation (NI) is gaining popularity amongst researchers to investigate 

the mechanical properties of dental tissues, dental lesions and remineralisation [36–38]. 

Dentine is a mineralised tissue comprised of water, inorganic and organic content.  It also 

has a complex structure that is densely packed with dentinal tubules, therefore the 

mechanical properties of dentine are influenced by the structural, composition, location 

of the area tested and external environment, ie dry or wet.  

Several studies [39,40] have reported that the elastic modulus decreases by 35% and the 

hardness decreases by 30% in a hydrated environment, therefore, it is important to 

consider the environment for research in this field. In terms of the location of testing, 

dentine has higher hardness and modulus close to DEJ which gradually decreases towards 

the pulp as it was demonstrated by Wang et al. [41]. This is due to variation in the mineral 

content at different locations as higher the mineral the higher the mechanics [42]. 

Nanomechanical properties of dentine reported by 8 different authors are given in table 

2.1. It shows that the dentine near the pulp had the lowest H and E ranging from 0.18 to 

0.52 GPa and 3.49 to 11.59 GPa respectively. There also was a difference between 

intertubular and peritubular dentine. Peritubular dentine is more mineralised in 

comparison to intertubular dentine with reported E of between 40 and 42 GPa, where 

intertubular dentine has an E of 17 GPa [38]. The H of peritubular dentine was 

independent of the location and ranged between 2.23 GPa at the pulp to 2.34 GPa at the 

DEJ. In contract, the H of intertubular dentine varied with location, and the values ranged 

from 0.12 GPa to 0.18 GPa near the pulp to and 0.49-0.52 GPa at DEJ. Kinney et al [43] 

also demonstrate that the H and E of dentine decrease with distance from DEJ by using 

nanoindentation set up.
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Table 2.1: Summary of mechanical properties of dentine measured by nanoindentation 

Author Indenter Condition Site/ source Load/mN 
Hardness 

/GPa 

Elastic modulus/ 

GPa 

W Franzel et al  [22] Berkovich Dry Molar  0.78 ±0.10 22.40 ±2.60 

Yi Chen et al [44] Berkovich 

 

Dry 

 

Middle 3 0.51±0.20 16.25±3.57 

Xingguo et al [45] 

 
Berkovich Dry 

Dentine near DEJ 

Dentine in the middle 

Dentine of pulp wall 

6 

0.67 ±0.22 

0.66 ±0.23 

0.53 ±0.25 

19.20±4.3 

19.10 ±3.70 

16.20 ±2.70 

D Ziskind et al [46] Berkovich Dry 
Intertubular 

Peritubular 
0.3 

0.60 ±0.20 

1.34 ±0.50 

17.40 ±3.50 

29.30 ±6.70 

Yl Chan et al [47] Berkovich Hydrated DEJ 2 1.00 ±0.10 19.00 ±2.0 

Marshall [48] Berkovich 

 

 

Hydrated 

 

 

Intertubular 

(near DEJ) 

Intertubular 

(near Pulp) 

50nm depth 

0.49±0.02 

 

0.18±0.06 

21.70 

 

17.70 

Murray et al [49] Berkovich Dry 
Dentine near DEJ 

Dentine near Pulp wall 
30 

0.88±0.032 

0.217±0.004 

17.9±0.5 

3.49±0.07 

Joves et al [50] Berkovich Dry Dentine near DEJ 

 
5 0.62±0.05 Not  measured 
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2.4  Demineralisation and Remineralisation Mechanism  

The tooth is one of the most mineralised tissues in our body, with hydroxyapatite (HA), 

Ca10 (PO4)6 (OH) 2 as its main component of the inorganic phase. This mineral phase plays 

a crucial role in providing stability and hardness to the tooth. HA has a  hexagonal crystal 

structure and it is primarily made up of calcium (Ca2+ ) and phosphate (PO4
3−) with a  

Ca:P ratio of 1.67 [51]. The HA crystals are highly adaptable with cations and anions 

readily substituted without distorting the lattice. For instance, Ca2+ can be replaced by 

other cations such as K+, Na+, Mg2+, and Sr2+ while the hydroxide group can be substituted 

by F- or Cl- [52]. 

In the oral cavity, teeth are constantly undergoing demineralisation (loss of ions such as 

Ca2+ and PO4 
3−) and remineralisation (regaining these ions) processes due to fluctuations 

of the pH. At natural pH, saliva is supersaturated with Ca2+ and PO4
3− ions which is 

essential for protecting the tooth from continuous dietary acid and acids such as Lactic 

and Acetic acid produced by bacteria in the mouth from dietary sugar.  These acids lower 

the pH level to 4.5-5.5 within the oral cavity causing the apatite crystals to dissolve until 

the oral pH returns to normal [53]. The main bacteria responsible for the process of 

converting sugar into acid is “Streptococci mutans” (S.mutants) which also facilitates the 

formation of dental biofilms. It produces lactic acid by metabolizing sucrose using 

“Glucansucrase” enzyme also known as “Glucosyltransferase (GTFs)”. The pH is 

lowered which consequently demineralises the calcium phosphate in tooth enamel, 

resulting in tooth decay [54].  

More Ca2+  and PO4
3− ions are required to reverse the dissolution and return the system to 

the saturated state. The HA has a “critical pH” around 5.5 where an ionic equilibrium 

exists between the ions in the saliva and tooth structure, hence no dissolution/ 

precipitation takes place. Demineralisation and remineralisation occur below and above 

this level respectively [55].  
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Figure 2.3 shows the correlation between HA precipitation and dissolution at different 

pH and Ca2+ concentration. It is evident that at pH above 8 no dissolution occurs and 

minimal Ca2+   is required for precipitation of hydroxyapatite. As the pH is reduced more 

Ca2+ is required for precipitation and below a pH of around 4, HA dissolves with no 

remineralization [56]. 

 

Figure 2. 3: Solubility of Hydroxyapatite at different pH  [55] 

 

When the pH drops below the critical level, PO4
3− ions in the oral fluid bind with 

hydrogen ions (H+) to form hydrogen phosphate molecules. This causes Phosphate ions 

from the enamel to moves outwards down the concentration gradient until a new 

equilibrium is reached, leading to enamel dissolution as represented in the following 

chemical reaction  [57]. 

 

 Ca10 (PO4)6(OH) 2 +8 H
+

                   10Ca2+ +6HPO4
2- +2H2O 

 

 

HAP precipitates 

pH 

HAP dissolves 

L
o

g
1

0
 [

C
a2

+
] 

(2. 3) 
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Demineralisation through acid erosion is of significant concern for the health of the tooth. 

Loss of Ca2+ and PO4
3− ions weaken the structure of the tooth and lower the mechanics, 

making it more susceptible to dental decay, cavities, discoloration and dental sensitivity. 

Nanoindentation has been used to detect remineralisation and demineralisation of dentine 

by measuring the change in the mechanical properties of the tissue. Chen et al. [44] 

investigated the ability of calcium phosphate solution to remineralise dentine. The 

specimens were initially demineralised via etching with 37% phosphoric acid followed 

by a remineralisation via immersing the discs in a remineralizing solution. EDX was used 

to monitor the mineral content before and post-treatment. Results showed that sound 

dentine had an H and E of 0.51 GPa and 16.25 GPa respectively. Demineralisation 

significantly reduced both properties to 0.03 GPa and 1.32GPa. The result taken after 7 

days of remineralization procedure illustrated signs of recovery for both H and E to 0.22 

GPa and 6.35 GPa respectively, with further improvement to 0.69 GPa and 15.99 GPa 

after 30 days. EDX results showed that Ca2+ (weight %) dropped from 33.2 to 4.09 after 

demineralization which later recovered to 28.4 and 36.2 after 7 and 30 days respectively. 

The same trend was seen for PO4
3− ions (weight %) which dropped from 17.8 to 1.8 then 

recovered to 13.5 and 19.4 after remineralization. 

Hairul Nizam et al. [58]  investigated the effect of 30% hydrogen peroxide (HP) bleaching 

agent which is mainly used for tooth whitening on demineralisation of dentine. Human 

dentine discs were bleached with hydrogen peroxide for 24 hours and nanoindentation 

was used to measure the change in H. Results showed that HP lowered the H from 0.7 

GPa to 0.4 GPa and E from 22 GPa to 18 GPa.  This reduction was explained by the acidic 

nature of hydrogen peroxide which led to the dissolution of mineral within tooth structure 

[59]. 

Murray et al. [49] compared the H and E of sound and decayed dentine in the bovine 

tooth. Their results showed that the decay had lowered both properties where H was 

reduced from 0.9 GPa to 0.25 GPa and E decreased from 18 GPa to 4.6 GPa.  Another 

study characterised the change in mechanics of carious dentine in by nanoindentation and 

a maximum load of 25 mN. The cavity had weakened the structure as was seen by a 

significant decrease in microhardness compared to the sound dentine with a progressive 

manner towards the cavity floor from pulp wall. 
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The H and E ranged between 0.1 GPa to 0.56 GPa and 0.15 GPa to 14.55 GPa, 

respectively, while those of sound dentine ranged from 0.52 GPa to 0.91 GPa and 11.59 

GPa to 17.06 GPa, respectively [60]. 

To keep the teeth healthy and strong, the demineralisation process needs to be reversed 

by replacing the Ca2+ and PO4
3- ions and remineralising the tissue. Saliva plays a key role 

in this by acting as a buffering agent and diluting erosive agents such as acid and 

protecting the tooth by forming a protective protein film called dental pellicle [61]. 

However, with the consumption of soft drinks that have a high concentration of 

phosphoric and citric acid or the processed food which are high in sugar and starch on the 

rise, the saliva alone cannot prevent or reverse the demineralisation process. Some 

patients also suffer from dry mouth or low salivary flow which makes it more difficult 

for a natural remineralisation process.  

A number of materials such fluoride, amorphous calcium phosphate (ACP), calcium 

silicate, hydroxyapatite or bioactive glasses (BAG) have been used to help with the 

remineralisation process by providing an additional source of the ions necessary to return 

the tooth to a healthy state  [62,63].   

Remineralisation effect of 45S5 BAG on demineralised human dentine was assessed by 

Vollenweider et al. [64]. The study used a combination of different techniques such as 

Raman Spectroscopy, SEM and EDX to detect any apatite formation and mineral change 

after treatment with the BAG. They also compared nano-sized (30–50 nm) and micro 

(90–710µm) BAG particles. The existence of phosphate peak associated with apatite 

showed that regardless of the size BAG was capable of forming an apatite. However, as 

the nano BAG has a higher surface area it formed apatite at a much faster rate (after 24 

hrs) and the release of Ca2+  and PO4
3− ions was 20 times faster than the micro BAG when 

mixed in water. 

Wang et al. [65] looked at the remineralisation effect of 45S5 on EDTA demineralised 

human dentine after 1, 3 and 7 days using FTIR, XRD and SEM and EDX.  The peak 

associated with PO4
3− ions increased with a number of treatment days. EDX showed that 

the mineral concentration increased from day 1 to day 7. XRD confirmed apatite 

formation with peaks similar to the ones seen in the dentine. 
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2.5 Dentine Hypersensitivity (DH) 

Dentine hypersensitivity is a neurological response to external stimuli in the oral 

environment which lasts from few seconds to a couple of minutes caused by exposure of 

dentine tubules as the result of gum recession or damage to the protective enamel [1]. 

Stimuli such as pressure, temperature and osmotic, alters the fluid flow within the tubules, 

distorting the nerves in the pulp and initiating a neurological response. This is known as 

hydrodynamic theory described by Brannstromin 1963 [66]. 

Consumption of sugary, salty and acidic food that are considered high osmotic stimuli, 

can also change the fluid within the dentine tubules [67]. Alteration of the fluid flow 

causes an electrical excitation of the nerve ending within the pulp. Nerve cells within the 

inner membrane are negatively charged and are surrounded by passively charged ions 

such as Sodium (Na+) and Potassium (K+). Under rest conditions, the concentration of K+ 

ions are higher within the cell and the concentration of Na+ is higher outside of the cell. 

The stimuli alter the ionic balance that would otherwise exist under normal conditions, 

causing the diffusion of K+ from the cells down the concentration gradient and influx of 

sodium ions through the cell membrane, irritating the nerve endings causing pain [68].  
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The Schematic diagram below (figure 2.4) summaries the mechanism of dental 

hypersensitivity. 

 

Figure 2. 4: Schematic diagram of DH mechanism 
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2.6  Causes of Dentine Hypersensitivity  

Sensitivity occurs when dentine tubules become exposed. This occurs when the protective 

enamel layer is either lost due to tooth wear or gum recession which could be because of 

poor dental hygiene, excessive and aggressive brushing or acid erosion. Tubules are 

covered by a smear layer made up of a mixture of hydroxyapatite and collagen, acidic 

conditions in the oral environment can rapidly dissolve this smear layer and open up the 

tubules. This smear layer can be dissolved within 3 minutes under in vitro conditions 

Dental dentifrice can also remove this smear layer via the abrasive particles incorporated 

in them for removing plaque and stains [69]. 

2.6.1 Enamel Wear  

Enamel wear is associated with the non carious loss of enamel surface as a result of 

erosion, abrasion, attrition, and abfraction. Figure 2.5 represents these 4 types of enamel 

wear; a) loss of tooth tissue along the gingival margin as a result of abfraction, b) acid 

erosion, c) exposed facial root surface due to abrasion, d) enamel loss due to attrition 

 

 

Figure 2. 5: Enamel wear through abfraction (a), acid erosion (b), abrasion (c) and attrition (d) [70,71] 
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2.6.1.1 Erosion  

Acidic dissolution of the enamel mineral results in the erosive wear of the tissue. Erosive 

wear is the most common cause of enamel loss due to an increase in consumption acid 

and sugary food and drinks [72]. Several factors contribute to the level of wear through 

acid erosion: the pH, contact time with the tooth and availability of saliva. Enamel loss 

through acid erosion can be described as recoverable and non-recoverable. Enamel 

softens when it comes in contact with acid due to loss of the minerals, saliva is known to 

act as a buffering agent and increase the pH, replacing some of the lost calcium and 

phosphate ions [73]. However, as it was discussed in section 2.4 if the amount of 

demineralisation exceeds the remineralisation the enamel loss becomes unrecoverable. 

2.6.1.2 Abrasion 

Foreign particles in dietary and dentifrice products cause abrasive wear via a mechanical 

process known as three-body wear when they repeatedly come in contact with the tooth 

[72]. As well as removing bacteria and breaking up dental plaque, toothpaste is used to 

improve the appearance of the tooth and remove stains. To do this, historically toothpaste 

contained insoluble abrasive particles such as silica, calcium carbonate, calcium 

phosphate and aluminium oxide. Particle hardness, size distribution and the shape are the 

most common factors influencing abrasive capability [74].  

Kodaka et al. [75] investigated the effect of toothpaste containing silica as the abrasive 

particle used for sensitive teeth. Dentine discs were mounted on to an intra-oral appliance 

and exposed to the oral cavity and brushed for 1 minute per day. The degree of wear was 

measured using scanning laser microscopy. Results showed that 80 and 140 µm were 

removed from the dentine after 4 and 8 weeks respectively. This is a significant amount 

of wear as the average thickness of the human dentine is 3000µm [76] and to lose over 

4% of the dentine under 2 months is concerning for the patient. Another study by Philpotts 

et al. [77] showed that toothpaste containing hydrated silica caused 7.13 µm wear to 

human dentine after 6 minutes of brushing. 
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It is essential to protect the dentine against abrasion wear or risk significant tooth loss 

which would lead to further complication and eventual loss of the tooth. Relative Dentine 

Abrasivity (RDA) or Relative Enamel Abrasivity (REA) are numeric scales used by the 

International Standard Organisation and are useful tools to compare between different 

toothpastes. Current American Dental Association (ADA)  index recommended limit is 

250  for RDA [78]. The limit is determined experimentally by calculation of a ratio 

relative to a reference abrasive.  

To assess the reference abrasivity, dentine specimens are brushed in a so-called 

“sandwich” technique, i.e. they are first brushed with a slurry of the reference standard, 

then with a slurry made from the experimental product, and then again with a standard 

slurry. The common abrasive standards are calcium pyrophosphate and more recently 

silica [79].  The mass loss of the two brushing sequences with standard slurry is averaged 

and arbitrarily given the value 100. The data of the experimental product brushed in 

between is expressed as a percentage of the above standard value (Eq 2.4). For example, 

an experimental product with only half the abrasive power of the standard would have an 

RDA of 50.  Range of RDA and their correspondence meaning in terms of abrasivity is 

given in table 2.2 [80,81]. 

 

RDA =
Mean abrasion of dentine  by test dentifrice

Mean abrasion of dentine  by reference dentifrice
 x100 

 

 

Table 2.2: RDA values set by the American Dental Association ADA 

0-70 Low abrasivity 

70-100 Medium abrasivity 

100-250 High abrasivity 

 

(2. 4) 
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2.6.1.3 Attrition 

Attrition is a two-body type of tooth wear caused by enamel to enamel contact through 

mechanisms such as bruxism (grinding) or clenching of the jaw where the surface of the 

opposing teeth come in contact with each other [78].  Attrition can further be described 

by adhesion and fatigue wear. When enamel sides over enamel in the attrition process, 

fragments of enamel can be transferred from one surface to another due to the presence 

of friction, leading to asperities on the surface. Fatigue wear can also result from the 

repeated compressive forces exerted on to the enamel surface when one surface slides 

over another. This would lead to Plastic deformation, cracks formation and propagation 

in the subsurface. These cracks eventually propagate to the surface of the enamel over 

time and enamel surrounded by the cracks is lost. This would produce rough and irregular 

enamel surface which would further potentiate attrition. The wear debris produced by 

adhesion and fatigue wear would change the two body wear into a three-body wear 

mechanism (abrasion) [82]. 

2.6.1.4 Abfraction 

Finally, enamel can be lost due to cracks caused by a combination of compressive stress 

on the side which tooth bends and tensile stress on the other side from mastication.  Micro-

fractures are initiated in the enamel which propagates as a result of the load cycle on the 

tooth which eventually fail, this is called abfraction [83]. A clinical study conducted over 

4 years used stereomicroscopy, impressions taken from patient’s mouths and computer 

modelling to quantify the tooth wear and the results showed that on average a person loses 

29 µm and 15µm from their molar and premolar teeth a year due to this type of wear [84]. 

2.6.2 Gingival Recession 

Gingival recession is the process where the gum tissues surrounding the tooth is either 

detached or worn away exposing the root of the tooth. This creates gaps known as 

“pockets” between the tooth and the gum line. Food particles and bacteria build up in this 

pocket and if left untreated can cause severe damage to the bone attached to the tooth and 

eventually cause tooth loss. Gum recession occurs as a result of poor oral hygiene, 

aggressive tooth brushing and periodontal diseases. It is the most common cause of DH 

as cementum is eventually lost and dentine tubules exposed [85].  
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2.7  Treatment of Dentine Hypersensitivity  

As was explained previously the sharp pain of sensitive tooth is associated with the fluid 

flow within tubules know as the hydrodynamic theory which stimulates the nerve ending. 

Therefore to treat dentine hypersensitivity (DH) symptoms the excitation of nerve ending 

needs to be prevented. This can be achieved by techniques and therapies ranging from 

dentists applied restorative treatments such as applying fluoride varnish and dental 

sealants to over the counter product such as gels, toothpastes, and mouthwash.  

Over the counter product are easy to use, ideal for the treatment of mild DH and are 

divided into two categories [86]:  

 

1) Products that interfere with the transmission of neural signals through the pulp. 

 

2) Products that occlude tubules by either forming precipitation on the tooth 

surface or plugging the open tubules with occluding material. 

Products belonging to group one consist of a potassium nitrate salt, K+. This active 

ingredient is depolarising in nature and lowers the activity of sensory nerves by diffusing 

into the tubules and blocking the neurotransmission to the nerve endings [87].  

Group 2 reduces sensitivity by occluding the tubules which block the fluid flow in the 

tubules. Poiseuille’s law of fluid flow (Eq 2.5) describes the relationship between the size 

of the tubules, the number of exposed tubules and the pressure of fluid flow. This 

relationship shows that the rate of fluid flow is directly proportional to the radius (tubule 

opening) of the exposed tubule to the power of 4. Sensitive teeth have many more exposed 

tubules with bigger radius compared to non-sensitive teeth. Occluded tubules have a 

radius close to zero which would mean the Fluid flow, Q would also be zero regardless 

of other parameters [88].  

 

 

 

𝑄 =
𝜋𝑟4𝑃

8𝑉𝐿
 

 

 

(2. 5) 
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Where Q is the fluid flow, r is the radius of an exposed dentine tubule, P is the pressure,V 

is the dynamic viscosity and L is the length. 

There are a number of active ingredients such as strontium, fluorides, stannous fluoride, 

calcium silicate, bioactive glasses and arginine currently used in dentifrices to occlude 

exposed tubules by either depositing an HA like layer on the surface or plugging materials 

down the tubules. Several in vitro studies [13,16,89–92] demonstrated that these materials 

were highly effective in occluding tubules and the layers were rich in calcium and 

phosphorus which can promote tooth remineralisation. Table 2.3 summarises the 

methodology and findings of these studies. 

The suitability of these materials for treating DH is judged on their ability to resist the 

harsh oral environment such as constant fluctuation of pH, react in short space of time to 

provide rapid relief and the depth of penetration down the tubules.  As well as treating 

DH the layers formed by these materials need to be mechanically robust to provide a 

protective barrier to the dental tissue minimising further wear and damage.  
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Table 2. 3: In vitro studies demonstrating the effectiveness of CSPS, arginine and calcium silicate in occluding tubules 

Author  Aims and objectives  Techniques used  Findings  Limitations  

Gillam et al [89] To assess the suitability of 45S5 

bioactive glass for tubule occlusion in 

toothpaste at various concentrations 

( 0.00%, 2.5% and 7.5%) 

 Scanning electron microscope 

(SEM) 

 

 Inclusion of bioactive in the 

toothpaste formulation resulted in 

greater tubule occlusion compared to 

the control 

 The toothpaste with a higher 

concentration of bioactive glass 

occluded a significantly higher 

number of tubules compared to 2.5% 

 Only SEM was used, further 

elemental characterisation 

missing 

Earl et al [16] To characterise the tubule occlusion of 

NovaMin to treat dentin 

hypersensitivity 

 SEM 

  Focused ion beam (FIB)   

 Energy dispersive x-ray 

spectroscopy (EDS) 

 A layer was formed on the treated 

dentin samples occluding tubules.  

 Chemical and structural analysis 

showed that it was hydroxyapatite-

like 

 FIB was time-consuming 

 Volume was limited 

 Depth of occlusion not 

known  

Mahale et al [90] To evaluate the effects of Novamin, 

Arginine and Strontium chloride on 

dentinal tubule occlusion 

 SEM  Arginine and Strontium chloride 

occluded the tubules  

  NovaMin resulted in partial 

occlusion. 

 Characterization of apatite 

only by SEM 

Wang et al [91] To evaluate the tubule occlusion and 

acid resistivity of  Novamin and 

Arginine  

 Hydraulic conductance 

 SEM 

 Both materials occluded tubules by 

forming a layer on dentine surface 

 tubules were still occluded after citric 

acid challenge 

 No significant difference was reported 

between both materials 

 No structural 

characterisation was carried 

out 

Litkowski et al [92] To evaluate the effectiveness of 

NovaMin to treat HD in vivo   

 Clinical  

 Sixty-six subjects with dentin 

hypersensitivity 

 The intensity of sensitivity was 

recorded on a visual analogue scale 

 Reduction in sensitivity was recorded 

in the treated group compared to the 

control group 

 Clinical data are subjective  

Gandolfi et al [13] To assess the effect of calcium silicate 

on dentine permeability  

 Hydraulic conductance 

 SEM/EDX 

 Dentine permeability  was reduced  

after application of calcium silicate  

 Depth of occlusion not 

studied  

 No acid challenge test 
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2.8  Bioactive Glass (BAG) 

In 1969 Professor Larry Hench suggested that a silica based material containing the same 

minerals as hydroxyapatite, such as calcium and phosphate ions, would not be rejected 

by the body and could be used to repair damaged bone.  Before this, it was common to 

use inert biomaterials, however, the formation of fibrous tissue resulted in a relatively 

high failure rate for these materials after implantation [93]. Using this theory he 

developed the first bioactive glass (BAG) called “45S5” or more commonly referred to 

as just bioglass®. It is made up of SiO2, P2O5, CaO and Na2O (the composition is shown 

in table 2.4). The most common manufacturing technique for bioglass is by melt derive 

where the oxides are mixed, heated to a high temperature of around 1400 Cº and annealed 

(slowly cooled) [8].  

Table 2.4: Composition of “45S5” Bioactive glass 

 

 

 

 

2.8.1 Structure of Bioactive Glass 

Bioactive glasses are amorphous materials with random structures whose atoms lack 

order and the degradation rate is largely dependent on the structure of the glass. Therefore 

when trying to explain the structure of the glass the conventional structure concepts such 

as unit cell and lattice vectors cannot be used. The silicon atom is the network former and 

has a tetrahedral structure with a coordination number of four where the silicon atom is 

at the centre of the structure surrounded by 4  oxygen atoms held together by strong 

covalent bonds [94].  

 

 

 

Glass SiO2 Na2O CaO P2O5 

wt. % 45 24.5 24.5 6 

Mol % 46.13 24.35 26.91 2.6 
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The silicon is connected to other silicon atoms via oxygen atoms known as bridging 

oxygens (BO), although non-bridging oxygen atoms (NBO) are also present in the 

structure. The distribution of BOs in the tetrahedral unit is described by quantity denoted 

Qn where Q is quaternary and n is the number of BO atoms. Qn ranges from 0.  (Single 

isolated unit with no BO atoms) to 4 (3D networks of tetrahedral silicon atoms.  

 Q4:4 BO, 0 NBO per silicon 

 Q3: 3 BO, 1 NBO per silicon 

 Q2: 2 BO, 2 NBO per silicon 

 Q1: 1 BO, 3 NBO per silicon 

 Q0: 0 BO, 4 NBO per silicon 

A mixture of Q structure can be present within a glass structure. Addition of modifying 

oxides lower the Qn by replacing the BO with NBO.  Figure 2.6 demonstrates the Qn for 

NBOs where black and blue represent bridging and non-bridging oxygen atoms 

respectively.  

 

 

Figure 2. 6: Illustration of the Qn, (a) Q0 “Isolated” tetrahedron, (b) Q2 unit bonded to two Q1 terminal 

tetrahedra. (c) central Q3 and Q4 (d) tetrahedron connected to Q1 units [95] 
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The role of each atom within the glass structure can be divided into 3 different categories 

known as network formers, network modifiers, and intermediates.  

 Network former: Can form a glass network alone - Strong covalent bonding ( Si4+, 

B3+, P5+ )  

 Network modifier: Break the linkages between network formers - More ionic 

bonding (Na+, Ca2+ ) 

 Intermediates: behaves like a network former but cannot form a network alone 

(TiO2, Al2O3) 

Figure 2.7 represents a schematic structure of glass with the addition of sodium (Na+) and 

calcium (Ca2+) ions which are the two most common network modifiers. The red oxygen 

atoms demonstrate the BOs. Structure (a) is a glass with three Si chains that are not linked 

covalently to the rest of the structure and therefore possess a high dissolution rate, 

compared the structure in (b) which has more silica in its structure that are covalently 

bonded through the addition of Si-O (blue). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 7: Schematic diagram of the chemical structure of Bioglass [96] 

NBO 

BO 
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2.8.2 Network Connectivity  

The network connectivity (NC) is another way to characterise the glass structure. It 

measures the average number of BO on each tetrahedron and describes the level of cross-

linking of the glass network. NC is a useful tool in predicting the bioactivity of bioactive 

glasses. NBO carry a negative charge and the glass network becomes more depolymerised 

with increasing the number of NBO. Network modifiers such as Na+ or Ca2+ are positively 

charged ions and distort the structure by providing NBO atoms. An ionic bond is formed 

between these ions and NBO in the glass structure which is much weaker than the 

covalent bonds. This lowers the network connectivity and increases the dissolution of the 

silica network [97,98].  

The rate at which bioactive glasses are dissolved in body fluid is governed by the NC of 

the silica, which is in turn dependent on the composition. The NC is dependent on the 

number of BO atoms per silicon atom as it measures the number of BO molecules for 

every SiO4 and provides information on the degree of crosslinking of the structure [99]. 

NC is calculated by: 

 

𝑁𝐶 = 2 +
𝐵𝑂 − 𝑁𝐵𝑂

𝐺
 

 

Where BO is the sum of bridging oxygen atoms, NBO is the sum of non-bridging oxygen 

atoms per network modifier and G is the sum of glass-forming components.  

 

The NC for 45S5 Bioglass® can be calculated as follows [98]: 

 

NC = 2 +
[(2xSiO2) + (2xP2O5)] − [(2xNa2O) + (2xCaO)]

[SiO2 + (2xP2O5)]
 

 

 (2. 7) 

(2. 6) 
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Given the composition (in mol %) is made up of 46.13 SiO2, 24.35 Na2O, 26.91 CaO 

and 2.6 P2O5 

 

 

NC = 2 +  
[(2 x 46.13) + (2 x 2.6)] − [(2 x 24.35) + (2 x 26.91)]

[46.13 + (2 x 2.6)]
= 1.9 

  

However in melt derived bioactive glasses phosphorus is believed to be only present as 

orthophosphate, PO4 
3- with no BO (Q0) therefore is not part of the glass-forming 

component.  Therefore the calculation needs to be modified:  

 

NC′ = 2 +
[(2 x SiO2)] − [(2 x Na2O) + (2 x CaO) + (2 x P2O5 x 3)]

[SiO2]
 

 

 

NC′ = 2 + 
[( 2 x 46.13)] − [(2 x 24.35) + (2 x 26.91) + (2 x 2.6 x 3)]

[46.13]

= 2.22 

As NC increases there will be more Si-O-Si bonds to break, thus the network will 

depolymerise more slowly, significantly reducing the amount of HA formed. It has been 

suggested that the level of depolymerisation associated with an NC of approximately 2 is 

ideal for bioactivity [52].  

Fujibayashi et al [100]  investigated the relationship between in vivo bone growth and in 

vitro apatite formation of 5 different silica based P2O5 free Na2O-Ca-OSi2O bioactive 

glasses. The result showed as the SiO2 content increased from 50% mol to 70% mol, both 

bone growth and apatite formation decreased significantly with no apatite formation for 

the glass with 70% mol SiO2 due to the higher NC for the glass with higher silica content. 

Higher NC lowers the dissolution rate of the glass network, subsequently slowing down 

the release of calcium and phosphate ions.  

 (2. 8) 

(2. 9) 

(2. 10) 
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Their data on network connectivity of bioactive glasses vs the number of days it took for 

apatite to form was plotted (figure 2.8) and based on their findings network connectivity 

of around 2 was recommended for optimum reactivity [101]. Hill [99] also suggested NC 

of 2 for bioactive glasses, while  Eden [95] reported NC in a range of 2.0 and 2.6. 

 

 

Figure 2. 8: Effect of NC on the rate of apatite formation in simulated body fluid [101] 

2.8.3 Composition on Bioactivity  

Approximately 65% of bone is made up of minerals in the form of hydroxyapatite (HA) 

and BAG provides the mineral necessary to form an HA-like layer on the damaged bone 

that can interact with the exposed collagen fibres [102]. To achieve a BAG that readily 

bonds to the bone and bone-like material such as dentine, the composition should contain 

(region A on figure 2.9) [103]: 

 35-60 mol% SiO2,  

 10-50 mol% CaO  

 5-40 mol% Na2O  

 4 to 11 wt% P2O5 
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Figure 2. 9: Composition map of calcium sodium phosphosilicate glass [104] 

 

A= Bone Bonding 

B= Non-bonding, low reactivity  

C= Non-bonding, high reactivity 

D=Non-bonding, no glass formation  

S= Soft tissue bonding  

E= Bioglass® composition 

In reference to figure 2.9, Glass with compositions that fall in region B are bio-inert and 

will not break down or generate HA as a result of high silica content. This is due to the 

silica network being highly dense and unreactive in the presence of physiological fluid. 

If the composition falls in region C, the increased sodium to silica ratio results in a 

distorted network by increasing the number of NBO, making it prone to dissolution in 

physiological environments, so the glass will resorb within 10 to 30 days. If the silica 

content drops below 35 wt% as in region D,  a glass network can no longer be formed 

[103].  
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Addition of other elements will modify the network reducing the number of oxygen atoms 

connected to two silicon atoms. Therefore 1 or more oxygen atoms become non-bridging. 

This can explain why there is no glass formed in regions C and D of the glass phase 

diagram (figure 2.9)  where due to a high quantity of sodium and calcium ions there is a 

large number of non-bridging oxygen atoms [52]. 

 

2.8.4 Hydroxyapatite Formation Mechanism  

Degradation mechanism for BAG relies on an ionic exchange process. On exposure to 

body fluid, there is a rapid ionic exchange between the BAG and the fluid where Na+ 

from the glass are swapped with hydrogen ions (H+) from the fluid, this lead to a net 

negative charge on the surface and local increase in the pH. This ion swap facilitates the 

breakdown of the silica network, forming a silica-rich layer at the collagen interface 

which acts as the nucleation site for the reaction. Subsequently, Ca2+ and PO4
3- ions are 

attracted to this silica-rich layer on which they precipitate, forming an amorphous layer 

of calcium phosphate (CaO-P2O5).  

A further attraction of these ions from the surrounding solution allows the development 

of this layer. Within 3-6 hours this layer is crystallised into a hydroxyapatite layer by 

incorporation of OH- ions, also from the surrounding solution. This layer is chemically 

and structurally similar to the mineral found in bone and it is described as the “bonding 

layer” [105]. The described reaction takes place within 12- 24 hours of the implant being 

inserted and the tissues start to attach to this layer therefore osteogenic cells do not 

recognise this as a foreign material.  

This is a continuous mechanism over a long period which facilitates direct bonding 

between the material and bone which subsequently repair the damaged bone. In the oral 

cavity, BAG undergoes a similar mechanism (figure 2.10) which facilitates the formation 

of an HA like layer on the tooth surface [106]. 
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Figure 2. 10: Mechanism of bioactivity for bioactive glasses [105] 
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2.9 Characterisation Of the HA Layer 

Different techniques have been used to examine the formation of apatite as well as 

morphological and elemental changes to the dental tissue after reaction with bioactive 

glasses. These include Scanning electron microscopy (SEM), Energy dispersive X-ray 

spectroscopy (EDX), X-ray diffraction (XRD), Raman spectroscopy, Fourier-transform 

infrared spectroscopy (FTIR) and Nuclear magnetic resonance (NMR). 

2.9.1 SEM and EDX 

SEM and EDX have been commonly used to assess the ability of BAG to form an HA 

like layer and monitor any elemental changes after the treatment. Forsback et al.  [107] 

characterised the formation of hydroxyapatite on dentine after reaction with an S53P4 

bioactive glass by SEM and they reported a layer formation after 14 days of treatment. A 

number of other studies [108–110] also used SEM and EDX to confirm tubule occlusion 

and apatite formation by BAG.  Their results revealed more Ca2+ and PO4
3- ions on the 

surface of dentine.  

Wang et al. [65] evaluated the dentine remineralisation induced by BAG modified with 

soda lime particles. Dentine discs were initially demineralised by EDTA followed by 

application of BAG and immersion in artificial saliva for 1, 3 and 7 days. SEM images 

demonstrated complete coverage of the dentine tubules while EDX showed a gradual 

increase in phosphate peak at different time points up to day 7 on treated groups compared 

to the control. The mineral matrix ratio also showed that treated groups resulted in 

increasing mineral concentration from day 1 to day 7 relative to the control.  
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2.9.2 XRD 

X-ray diffraction is a useful technique for determining the crystallographic structure and 

crystallite size. The system consists of an X-ray tube, a sample holder and a detector. X-

ray is generated by heating a filament to produce electrons that are accelerated towards 

the sample by application of a current to give electrons sufficient energy. When X-ray 

interacts with the sample atoms or set of planes, it produces a diffracted ray, directions 

and intensities of reflect incident X-rays varies for each plane. The diffracted rays from a 

crystalline sample are separated by interplanar distance d  and is calculate by Bragg 

equation [111]: 

nλ=2d sin θ 

Where n is the "order" of reflection, λ is the wavelength of the incident X-rays, d is the 

interplanar spacing of the crystal and θ is the angle of incidence. Multiple diffraction 

measurements are taken by rotating the beam and the detector at an angle of θ and 2θ 

respectively and the scattered incident X-ray beam at each of these angles will correspond 

to a different atomic spacing and crystal orientations. 

XRD has been used to characterise the layer formed by BAG and to confirm whether the 

layer has been crystallised. Wang et al. [65] used XRD with scanning angles of 20° to 

55° to confirm the formation of apatite on dentine disc by a BAG. Macon et al. [112] used 

this method to evaluate the effect of fluoride ions on the formation of apatite by calcium 

sodium phosphosilicate containing toothpaste. The diffraction was measured between 10º 

and 60º 2θ, with a 0.03ºstep size.   

The results in these two studies showed crystalline sharp peaks at 26º and 32º as well as 

other peaks (47º, 50º, 53º) which match the standard for hydroxyapatite (ICSD 01-084-

1998). Mneimne et al [9] also used the same testing conditions to determine the apatite 

formation of high phosphate fluoride-containing bioactive glasses. They also successfully 

used this technique to draw a comparison between the degrees of crystallinity of different 

glasses.  
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2.9.3 Raman Microscopy 

Raman spectroscopy is a light scattering technique where an incident laser light interacts 

with a surface of a sample, exciting the molecules. Vibration motion of the molecules 

lead to a small amount of light losing energy and being scattered at longer wavelengths. 

The difference between the energy of the scattered and incident light (the molecular 

vibration energy (∆E)) corresponds to a molecular vibration and lead to bands at specific 

characteristic frequency shift in the Raman spectrum. The intensity of the Raman peaks 

is proportional to the number of molecules within the volume of the scanned area  [113]. 

 

 

Figure 2. 11: Principle of Raman scattering [114] 

The phosphate groups in hydroxyapatite would produce characteristic vibration bands at 

approximately 433 cm−1 (v2, symmetric bending vibrational mode), 579 cm−1 (v4, 

asymmetric bending vibrational mode), 960 cm−1 (v1, symmetric stretching vibrational 

mode) and 1043 cm−1 (v3, asymmetric stretching vibrational mode), with the most 

prominent peak at ̴ 960 cm-1 which is associated with the tetrahedral PO4
3- [115,116].  
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2.9.4 31P NMR  

Solid-state NMR is a useful characterisation technique used for probing the structure of 

the nuclei of the materials and is used to study biological structures at the atomic level. 

Hydroxyapatite mainly consists of calcium, phosphorus, oxygen, and hydrogen, each of 

which has an isotope that can be studied by NMR. In particular, 31P NMR has been used 

to detect the formation of HA from bioactive glasses at different soaking intervals in SBF  

[117–119]. The HA features a broad signal around 3ppm which is associated with the 

calcium orthophosphate phase of the HA.  A weak initial signal at around -6ppm was also 

reported as the result of P-O-Si bonds which diminished rapidly after 24 hrs of SBF 

reaction. These findings were in agreement with Hammami et al.[120] who tested 

synthetic HA with 31P NMR, their spectra had a single peak at around  2.8 ppm relative 

to H3PO4
3-

 similar to the phosphorus peak found in bone and teeth. A recent study by 

Kanwal et al.[121] investigated the ability of calcium sodium phosphosilicate BAG to 

form apatite in artificial saliva by 31P NMR. The 31P MAS NMR showed a broad peak 

with the position at 3.6 after 1 hour of immersion. The full width at half maximum 

(FWHM) of the peak started to reduce as the immersion time increased and subsequently 

giving a sharp peak at 2.9 ppm after 4 days, which is assigned to an appetite-like phase. 

They combined these results with XRD, FTIR, and measure of Ca and P concentration of 

the artificial saliva. The XRD patterns and FTIR absorption bands supported the apatite 

formation while a decrease in Ca and P concentration is indicative of precipitation of 

calcium phosphate. There was a hypothesis that fluroapatite (FAP) might be formed due 

to the presence of sodium monofluorophosphate. This would be preferential as FAP is 

more acid resistant and would protect the dental tissue against the constant fluctuation of 

pH in the oral environment [122]. This was further investigated by 19F which showed 

partial formation of FAP with a peak at -104 ppm. These studies have demonstrated that 

NMR is a useful technique in investigating the formation and type of apatite. 
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2.9.5 FTIR 

FTIR is a technique commonly used to identify compounds and their structures. The 

spectra consist of characteristic absorption bands at known IR wavelength which 

corresponds to functional groups of material. A beam of IR light containing various 

frequencies greater than 600 GHz is passed through a beam splitter which sends the light 

in two directions, to a stationary mirror and a moving mirror. The light is refracted back 

to the beam splitter from the mirrors, recombines and passes through the sample and 

reaches the detector [123]. 

Depending on the distance between the moving mirror and the beam splitter a different 

wavelength of light is reflected and is passed through the sample. This produces a wave 

pattern called interferogram which is the raw data of light absorption for each mirror 

position.  If the IR at certain wavelength gets absorbed by the sample then the intensity 

of the interferogram for that particular wavelength will decrease and alters the 

interferogram that is detected by the detector. Fourier transform (FT) is then used to 

process the raw data into intensity against frequency [123]. 

FTIR is a useful tool in investigating the amount of HA present. It is can also be used to 

monitor the transition from amorphous HA into a crystallised HA. Like Raman spectra, 

the HA produces unique peaks at 1240, 1027, 603 and 500 cm−1 which are associated 

with the vibration of the covalent bonds within the PO4
3- ions. The transition into a 

crystallised HA is accompanied by a gradual splitting of the 600 cm−1 phosphate band 

(ν4, in-plane bending). This splitting can be used to calculate the crystallinity in the form 

of an index, CIFTIR which is described in more detail in section 4.2.8 [124].   

It also has been used to assess the apatite formation by different bioactive glass 

compositions. Mneimne et al [9] investigated the rate of apatite formation by fluoride-

containing bioactive glasses with different phosphate content. Si-O resulted in a peak at 

920 cm-1 for unreacted bioactive glasses. After 7 days of immersion in the Tris buffer 

solution, this band disappeared and a new peak formed at 560 cm-1 that corresponds to P–

O bonding vibrations in a PO4
3- and indicates the presence of crystalline calcium 

phosphates. They also showed that higher phosphate content in the glass increased apatite 

formation.  
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FTIR can also be used to investigate the effect of caries on the mineral content of dentine 

and was successfully used by Liu et al [125] who took several 2 μm thick dentine films 

from sound and demineralised dentine discs by using a  microtome. These slices were 

then placed on a 13mm diameter, 1mm-thick barium fluoride (BaF2) disc. To ensure the 

flatness of the films, one additional BaF2 disc was used to sandwich each film. The slices 

were then characterised over the infrared region of 2000–720 cm−1 and a spectral 

resolution of 16 cm −1 with 8 scans per pixel. The results showed peaks at ∼1,035 cm−1 

and ∼872 cm−1 which corresponds to phosphate ν3 vibration and carbonate ν2 vibration 

respectively. The intensities of these peaks were lower for the demineralised samples. 

The infrared region used by Liu et al. [125] was not broad enough to capture the 603 and 

500 cm−1 peaks. 
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2.10  Bioactive Glass (BAG) as an Active Ingredient in Toothpaste 

In vitro studies had shown that bioactive glasses have a strong affinity towards the 

collagen content of the bone. As dentine is chemically similar to bone it was assumed that 

bioactive glasses would also appropriately interact with the surface of dentine. Efflandt 

et al [126] showed that a strong bond was formed between the dentine and bioactive glass 

and ions such as calcium and phosphate were deposited on the dentine surface. It was 

further hypothesised that this material is capable of forming a protective layer on to the 

dentine surface and provide relief against dentine hypersensitivity. Litkowski et al [3], 

first proposed using CSPS for oral care and their work showed significant tubule 

occlusion after the application of CSPS. This led to further investigation and development 

of oral care products containing BAG. 

2.10.1 CSPS (Novamin®) 

The work of Litkowski et al. [3] led to the establishment of Novamin® technology in 2003, 

the trade name for CSPS. Subsequently, it has been used as an active ingredient in oral 

care products to treat and prevent sensitivity, gum disease such as gingivitis, erosion, 

enhance appearances as a whitening agent and prevent or inhibit demineralization and 

boost long term remineralisation by slowly releasing ions [89,127,128]. This technology 

was bought by GlaxoSmithKline in 2011 which then launched Sensodyne® Repair and 

Protect toothpaste containing 5 % w/w NovaMin® to treat mild tooth sensitivity. As this 

material is highly reactive in the presence of water, a water-free base was used in the 

formulation of this toothpaste to protect the BAG particles from premature reactions 

[129].   

CSPS treats DH by the formation of apatite over exposed tubules which would stop the 

stimuli from interfering with the fluid flow. It rapidly exchanges Na+ ions with H+  when 

it comes in contact with saliva or any aqueous media [130]. Si-O-Si bonds break, allowing 

silica to form Si-OH. Breakage of the silica network releases calcium and phosphate ions 

that precipitate into a calcium phosphate (Ca-P2O5) layer onto the tooth surface and binds 

to collagen fibres [131].  
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Silica plays a crucial role in the formation of the HA  like layer, the silica atoms provide 

a nucleation site that attracts calcium and phosphate ions to the tooth surface [132]. 

Deposition and precipitation of these two ions continue and the Ca-P2O5 crystallises into 

an HA  like layer on the tissue by incorporating OH- from the saliva. Equation 2.11 

illustrates the chemical reaction that takes place in the oral cavity after the use of bioglass 

[133,134]. 

 

5Ca2+ + 3PO4
3− + OH− → Ca5 (PO4)3(OH) 

 

Earls et al. [16] investigated the ability of CSPS containing toothpaste in forming a layer 

and they showed that the tubules were occluded to at least 1µm (depth of FIB slice).   

Another study by Earl et al [135] treated human dentine specimens with Sensodyne® 

repair and protect toothpaste containing 5% CSPS for 4 days twice daily and used Coca 

Cola® with pH of 2.5 or grapefruit juice with pH of 3 for to acid challenge the HA like 

layer for 5 minutes. The SEM data showed the HA layer was still intact after the acid 

challenge.  

It is possible that fluroapatite (FAp) is formed rather than the expected HA due to the 

presence of fluoride salt in the toothpaste formulation, however in vivo conditions such 

as salivary flow and pH are not controlled and the concentration of fluoride might not be 

sufficient enough for the formation of FAp.  

The study by Mneimne et al.[9] showed that incorporating fluoride into the glass structure 

would provide a slow release of F- ions over time which would facilitate the formation of 

FAp with lower solubility compared to HA. They also showed that increasing phosphate 

content would increase the apatite formation. These changes resulted in the development 

of new BAG called fluoro calcium phosphosilicate which is coved in more detail in the 

next section. 

 

 

 

(2. 11) 
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As well as being acid resistant the HA layer also needs to withstand mechanical 

challenges within the oral cavity. This was also investigated by Earl et al. [135] by using 

optical profilometry to measure the surface thickness. Dentine discs were brushed with 

Sensodyne® Repair and Protect while the control dentine was brushed with deionised 

water. All samples were then mechanically challenged by 200 brush strokes. The mean 

step heights significantly increased from 0.1µm to 13.4µm after 5 days of treatment with 

CSPS the surface layer remained intact even after a challenge by mechanical brushing.  

A comparison by Parkinson et al [21] investigated the effect of different toothpastes 

containing active ingredients such as Amine Fluoride, Arginine with Calcium carbonate 

and CSPS on mechanics of dentine after 2 and 4 days. Dentine discs were brushed twice 

per day and microhardness was measured by Knoop diamond indenter. Their results 

showed CSPS had a superior change in hardness for both days from baseline with a mean 

percentage change of almost 150% after 4 days. This increase in surface hardness 

following the treatment was explained with SEM and EDX data that showed the 

formation of the HA layer on the dentine surface and a higher concentration of calcium 

and phosphate ions.  Formation of the hydroxyapatite layer on the surface after treatment 

with CSPS would have led to an increase in microhardness by covering the voids on the 

surface.  

CSPS has also shown promising potential to remineralise the dental tissue. A number of 

authors (table 2.5) have used various techniques such as SEM, EDX, XRD, Raman 

spectroscopy, FIB, and some others to evaluate the remineralisation of dentine samples 

after treatment with CSPS glass. Mechanical testing has also been used to detect 

mineralisation via the hardening of the dentine. However, a combination of these 

techniques needs to be carried out to confirm apatite formation on the dentine surface and 

mineralisation of the tissue. This has been a limiting factor in some of these studies where 

only either SEM/EDX was used and the presence of apatite was not confirmed by 

structural analysis, or only the change in mechanics of the dentine was studied.  
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 Table 2. 5: Number of dentine remineralisation studies

Author  Aims and objectives  Techniques used  Findings  Limitations  

Wang et al [65] To evaluate dentine remineralisation 

by 45S5 bioactive glass 

 XRD 

 SEM/EDX 

 FTIR 

 AFM 

 Significant tubule occlusion 

 Increase in calcium and phosphate  

 Apatite growth  

 Mechanical properties  of 

dentine were not investigated 

before or after treatment  

Schmidlin et al 

[136] 

To  evaluate dentine remineralisation a 

bioactive glass 

 Ultramicroindentation  Demineralised dentine hardened  

after treatment with bioactive 

glass 

 Apatite formation was not 

confirmed 

 Only change in mechanics of 

dentine was studied  

 Failed to mention the glass 

composition  

Lynch et al [137] Investigate the effect of incorporating 

fluoride in bioactive glass formulation  

 XRD 

 SEM 

 Infrared emission 

spectroscopy  

 Apatite formed within  6 h, 

  The glasses successfully occluded 

dentinal tubules by the formation 

of apatite crystals  

 Apatite formation was not 

confirmed on dentine  

Osorio et al [110] To determine the remineralisation 

potential of  bioactive glass containing 

cement  

 SEM/EDX  Higher calcium and phosphate 

concentration after treatment with 

the cement  

 The apatite was not characterised 

further with appropriate 

techniques such as XRD FTIR 

and Raman spectroscopy 

Curtis et al [109] To evaluate the efficacy of a phosphate 

free, sol-gel nano bioactive glass to 

occlude tubules and form apatite on 

dentine  

 SEM/EDX 

 FIB 

 Apatite with a rod-like structure 

was formed inside of tubules 

 EDX showed higher  

concentrations of calcium and 

phosphate  

 Only SEM was used to 

characterise apatite  

 FIB analysis was limited to a 

maximum of 10µm 



Chapter 2: Literature Review  47 

Effectiveness of CSPS containing toothpaste in treating dentine hypersensitivity was also 

studied in clinical settings where it was compared to a conventional potassium nitrate 

toothpaste with promising results. Litkowski et al. [130] assessed the sensitivity 

symptoms of 66 patients who used toothpaste containing 0% (placebo group), 2.5% and 

7.5% CSPS over 8 weeks. The patients that belonged to the 7.5% group reported a 

significant reduction in sensitivity symptoms compared to the placebo group. These 

results supported the finding reported by a number of other studies [89,138,139] where 

CSPS was successful in reducing dentine hypersensitivity by tubule occlusion.  

2.10.2 BioMin® F and C 

The composition of 45S5 bioglass has been used as a benchmark to develop other 

bioactive glasses with other metal oxides such as strontium, zinc, and fluoride substituting 

the network modifiers such as CaO or Na2O. Fluoride has been used in toothpaste since 

1891 to help fighting against cavities. Other benefits of adding fluoride to toothpastes 

include the potential formation of fluroapatite which is more acid resistant than the 

hydroxyapatite thus hindering the demineralisation process.  While retaining the ability 

to treat DH by occluding dentine tubules. Fluoride has been incorporated into bioactive 

glasses by a number of authors [140–142]. This was achieved by replacing one of the 

network modifiers with CaF2. It is important to consider that this would reduce the amount 

of NBO atoms present in the glass structure and increases the number of BO. This would 

lead to a higher cross-linked glass network which would have implications on the 

bioactivity of the glass.  

Mneimne et al. [9] avoided this by keeping the ratio of pre-existing components the same. 

This ensured that the Q structure of the glass is not changed. When substituting ions 

within the glass structure the effect on bioactivity needs to be considered.  Lusvardi et al. 

[143] replaced CaO in the 45S5 composition with calcium fluoride and the resultant 

bioactive glass had a reduced reactivity as the result of the addition of fluorides to 45S5. 

Hench et al [144]. also reported that replacing CaO with CaF2 would reduce the reactivity 

because it will reduce the number of NBO in the glass network thus it becomes more 

crosslinked, preventing the glass from undergoing the condensation and repolymerisation 

reaction.  
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The effect of fluorine on the bioactivity of the bioactive glasses was also investigated by 

Brauer et al [145] who replaced Na2O  with CaF2  and studied the effect of lowering 

phosphate and increasing the CaF2 content on the reactivity of the glass. FTIR, MAS-

NMR, and XRD analyses were used to evaluate apatite formation and it was suggested 

that the addition of CaF2 led to the formation of FAp with sharper apatite XRD peaks 

compared to fluoride-free compositions. Mneimne et al [9] also confirmed this finding 

where small quantities of CaF2 (5 mol%) favoured a FAp formation. Brauer et al [145] 

and Mneimne et al [9] showed that to see a positive result when incorporation fluoride in 

the glass composition,  the ratio of other components and NC needs to remain constant. 

Hench et al [144]  incorporated  CaF2 into the glass network by directly replacing CaO, 

subsequently removing NBO from the network which would increase the crosslinking 

and lower the apatite formation. 

This led to the development of BioMinF toothpaste containing a fluoride-based BAG. 

This BAG is known as Fluoro Calcium Phosphosilicate (FCPS) where Na2O has been 

replaced by CaF2. Although the exact composition of this bioactive glass is confidential, 

it contains a higher amount of phosphate compared to CSPS. The same study [9] reported 

that higher phosphate content enhanced apatite formation which could be due to 

additional PO4
3- ions within the formulation. FCPS also has a smaller particle size of 

around 6µm compared to 15-20 µm for CSPS.  

The number of studies that have investigated this toothpaste is limited in the literature as 

this is a relatively new toothpaste. A recent in vitro study [146]  which compared FCPS 

with CSPS and a standard fluoride toothpaste reported more dentine tubule occlusion 

achieved by FCPS compared to the other two groups by SEM analysis. Another in vitro 

study[147] looked at the  remineralization potential of FCPS compared to standard 

fluoride toothpaste by measuring the microhardness of sound enamel discs, after 

demineralisation and microhardness recovery after identifies treatment. Distilled water 

was used as a control. Results showed FCPS achieved a significantly higher hardness 

recovery.  
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A clinical trial  [148] compared two desensitizing toothpastes containing 5% FCPS and 

CSPS. 60 individuals over the age of 18 with at least two sensitive teeth were chosen and 

divided into 3 groups and each paste was randomly assigned to a group. Standard 

dentifrice containing fluoride was also used as a control. Sensitivity scores were measured 

at baseline, immediately after scaling and root planning, at 15, 30, and 60 days. Results 

showed all 3 groups significantly reduced DH. The finding of the control group was 

unexpected but was explained by the better brushing routine and oral hygiene as the 

subjects were participating in the study. FCSP had a significantly higher reduction in DH.  

Another clinical study by Patel et al. [149] compared the efficacy of FCPS, arginine with 

calcium carbonate and a placebo toothpaste to treat DH in 75 patients. They reported a 

better reduction in DH symptoms amongst the patients that were given FCPS but this was 

not statistically significant. 

It is worth noting that data obtained from clinical trials are subjective as they are 

dependent on a participant rating a pain sensation experienced from different stimuli. As 

a result, conclusions taken from these studies evaluating DH should be treated cautiously.  

BioMin® C, a fluoride-free version of BioMin® F toothpaste has also been developed. 

The bioactive glass in this toothpaste is chloro calcium phosphosilicate (CCPS) where 

chloride ions (Cl-) have replaced the fluoride within the glass structure. This product is 

relatively new and currently, there appear to be limited in vitro or in vivo studies. Cruz et 

al. [150] demonstrated that chloride-containing bioactive glass was effective in occlusion 

of tubules by forming hydroxyapatite like layer on to the dentine surface, however, the 

fluoride-based bioactive glass resulted in greater tubule occlusion and was more acid 

resistant following an acid challenge.   
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2.11  Other Active Ingredients in Toothpastes 

2.11.1 Arginine  

 Arginine (AG) is another active ingredient used in toothpastes in combination with 

calcium carbonate to treat dentine hypersensitivity. It attracts calcium and phosphate ions 

to the tooth surface and forms a calcium phosphate layer on to the dental tissue. 

Initially, a product called ProClude® was released in the USA containing AG and calcium 

carbonate for dental sensitivity treatment. A clinical study showed that a single 

application of this paste after scaling and root planing procedure provided 28 days of 

sensitivity relief. Two further studies showed similar results [151–153]. This technology 

was later developed by Colgate with the addition of fluoride and was launched as 

Colgate’s Pro-Relief toothpaste also known as Pro-Argin® technology. This toothpaste 

contains 8% arginine coupled with calcium carbonate with 1450 ppm fluoride. 

Arginine is a naturally occurring, positively charged amino acid (AAs) that is also present 

in the saliva. AAs are the building blocks of proteins that play a crucial part in HA 

mineralization in bone and dentine. Once bound to the surface they create a 

supersaturation of Ca2+ and PO4
3- ions which promote the formation of heterogeneous 

nucleation and crystallisation of HA.  

AG (H2Arg+) contains several nitrogen atoms (figure 2.12) called -amino groups that 

can carry positive charges which makes this amino acid positively charged. These positive 

cations have a high affinity towards the negatively charged dentine surface and once 

attracted to dentine acts as a crystallisation nuclei. The - carboxyl group (COO-) in the 

structure are active sites for the attraction of Ca2+ ions to the surface and play an important 

role in HA formation [151].  

The amino group creates an ionic bond with the carboxyl group and can form a chelation 

ring with Ca2+. The interaction of Ca2+  with these groups via electrostatic attraction form 

a HArgCa2+ complex with a stability constant (log K) of 2.21[154]. PO4 
3- ions are 

attracted to the surface via the guanidyl side chain of AG and the complex that is formed 

has a stability constant of 1.9 [155]. The attraction of these ions to the surface results in 

HA crystal formation.  
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Figure 2. 12: Structure of arginine [156] 

A number of in vitro studies [11,90,157] have demonstrated that arginine in combination 

with calcium carbonate is highly effective in occluding tubules. They also showed that 

the layers formed on to the dentine surface were rich in calcium and phosphorus which 

can promote tooth remineralisation (table 2.6).  
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 Table 2.6: Number studies evaluating the efficacy of arginine for treating dentine hypersensitivity

Author  Aims and objectives  Techniques used  Findings  Limitations  

Lavender et al 

[11] 

To determine  

 level of  tubule occlusion by 

AG 

 composition of occluding 

material  

 CLSM  

 SEM 

 XPS 

  AG  was highly effective in occluding 

dentin tubules 

 Layer on the surface contained high levels 

of calcium, phosphorus, oxygen and 

carbonate.  

 AG was found incorporated into the dentin 

tubule 

 The layer was still intact after acid 

challenge  

 No structural analysis to confirm 

hydroxyapatite formation  

 Mechanical properties were not 

investigated   

Yuan et al [157] To determine the level of occlusion by 

AG 

 SEM 

 EDX 

 Significant tubule occlusion after treatment  

 Higher calcium and phosphate 

concentration after treatment 

 No acid challenge 

 No mechanical testing 

 No structural analysis  

Mahale et al [90]  To Compare tubule occlusion 

capability of  Arginine, Strontium 

chloride, and CSPS 

 SEM  Arginine had a significantly higher level of 

occlusion compared to the other two 

material  

 No acid challenge 

 Only SEM was used  

 The layer was not characterised 

structurally or chemically  

Davies et al [158]  To determine the acid resistivity of  

arginine, strontium, and fluoride 

containing toothpastes  

 SEM 

 EDX 

 Complete occlusion of tubules  

 75% still after 2 minutes of citric acid 

challenge (pH of 3.2)  

 Higher calcium and phosphate 

concentration after treatment 

 Strontium based toothpaste was more acid 

resistant  

 No mechanical testing 

 No structural analysis 
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2.11.2 Calcium Silicate 

Calcium silicate is another active ingredient used in toothpaste as a calcium source to 

form a hydroxyapatite like layer over the tooth surface. When combined with the 

phosphate it forms a chemical bond with the dental tissue, occluding the dentine tubules 

and providing DH relief.  

Tricalcium silicate has been studied for the purpose of occluding dentine tubules. Dong 

et al. [159] investigated the effectiveness of this material on dentine tubule occlusion and 

their results were positive. Tubules were successfully occluded after the treatment with 

Tricalcium silicate and artificial saliva. EDX and XRD were used to identify the 

composition and crystal phases of the layer on the dentine. The main components were 

oxygen, calcium, and phosphate with a Ca:P ratio of 1.6. Structurally the layer was similar 

to hydroxyapatite presence of some amorphous calcium phosphate phases leading to a 

Ca:P ratio of mineralized layers being slightly less than that of HA (1.67).  After citric 

acid challenge (pH 4) the layer was removed and tubules had become patent. 

Mechanism of HA formation by calcium silicate is similar to that of bioactive glasses, 

When it comes in contact with saliva, a rapid ionic exchange of Na+ with H+ the solution 

occurs. This forms a SiO2‐rich layer on the tooth surface which acts as a nucleation site 

for the attraction of Ca2+ and PO4
3− from the solution, these react to form calcium 

phosphate which crystallises into hydroxyapatite like layer [160].  

Unilever has developed dentifrices (Regenerate®), containing calcium silicate and sodium 

phosphate salts, also known as NR-5® technology. It is worth mentioning that this 

technology was mainly designed to replace the lost minerals within the enamel and protect 

it from acid erosion and not to treat DH. However, as it has the capability to form an HA 

like layer it has the potential to be used to protect dentine and provide relief against DH. 

This capability is investigated and discussed in this thesis. 

 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/sodium-dihydrogen-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/sodium-dihydrogen-phosphate
https://www.sciencedirect.com/topics/medicine-and-dentistry/inorganic-salt
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2.12  Assessment to Tubule Occlusion 

For effective treatment of DH, the tubules must be well occluded. Hydraulic conductance 

Study (HC) and SEM are the most common technique used to investigate the degree of 

occlusion (table 2.7) 

The first studies where HC was used to measure the permeability of dentine by HC was 

in 1974 and was conducted by  Outhwaite, et al.[161]. HC measures occlusion by 

measuring the rate of flow fluid across a defined surface area of dentine with a thickness 

of 1-2 mm (through the dentinal tubules) under a fixed pressure for a set amount of time. 

Tubule occlusion is quantified by measuring the rate of fluid flow on a dentine section 

followed by measuring the flow rate after a dentifrice treatment on the same area of 

dentine. If the tubules are occluded there will be a reduction in flow rate which is then 

expressed as a percentage reduction in flow rate and is calculated from the rate before and 

after treatment with the dentifrice. The fluid flow is calculated from [162]; 

 

Lp =
Jv

AtP
 

Where Lp is hydraulic conductance in µL.cm- 2. Min.cm-1.H2O, Jv is fluid flow in µL. 

min, A is the surface area of the dentine in cm2, t is the time in seconds and P is hydrostatic 

pressure applied in cm of water. A large volume of dentine is required to assess tubule 

occlusion using these techniques. One major disadvantage of using HC and SEM for 

occlusion study is that the depth of occlusion can not be measured. 

To overcome this focused ion beam (FIB) has been used to study the depth of tubule 

occlusion following treatment with desensitising toothpaste. Earl et al. [16] used FIB to 

investigate the depth of tubules occlusion after treatment with CSPS. The results showed 

that dentine tubules were occluded to at least the depth of the FIB cut which was 

approximately 1μm. FIB is an extremely time-consuming method as the material needs 

to be milled away, only a small volume of material can be tested and it is relatively 

expensive. 

(2. 12) 
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 Table 2.7:  Number of studies investigating the level of tubule occlusion by various toothpastes

Author Aims and objectives Techniques used Findings Limitations 

Cruz et al [150]  To compare   tubule occlusion of 

CSPS,FCPS a chloride glass 

 SEM  100% occlusion (CSPS) 

 60% occluded,40% partial  (FCPS) 

 90% occluded, 8% partial, 2% open 

(chloride) 

 Depth of tubule occlusion was 

not investigated 

Gupta et al [163]  To evaluate the dentinal tubule 

occlusion by CSPS 

 SEM  91.5% of the dentinal tubules showed 

complete dentinal tubule occlusion, 6.61% 

showed partial occlusion and 1.89% 

remained unoccluded 

 Depth of tubule occlusion was 

not investigated 

Wang et al.[91]  To evaluate the dentinal tubule 

occlusion by CSPS after brushing 

and immersion in artificial saliva 

and after citric acid challenge 

 SEM 

 HC 

 Permeability was reduced from 100% to 

18.5% 

 After acid challenge ( 6 wt% citric acid, 

pH1.5, 1 min) permeability increased to  
46.8% 

 Percentage of tubules occluded 

was not investigated by using 

the SEM data 

 Depth of tubule occlusion was 

not investigated 

Bakri et al [164]  To compare occlusion potential 

of CSPS and arginine containing 

toothpaste 

 SEM  75% occlusion (CSPS) 

 68% occlusion (Arginine ) 

 

 Depth of tubule occlusion was 

not investigated 

Earl et al [16]  Characterise the HA like layer 

and tubule occlusion by CSPS   

 SEM 

 FIB 

 100% tubule occlusion 

 Occlusion to  at least depth of 1µm 

 Time consuming 

 Depth limited to fib slice (1µm) 

 Percentage of tubules occluded 

was not investigated by using 

the SEM data 
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Serial block-face scanning electron microscopy (SBF SEM) is an alternative 3D imaging 

technique, which has been successfully used on soft materials and it allows collecting 

data over substantial volumes. It is equipped with a diamond knife in a microtome that 

cut nanometre-sized slices from the sample and backscattered images of freshly cut block 

face are collected sequentially. The process of cutting and acquisition of 3D ultrastructure 

is fully automated, lowering the operating time. The internal structure of the material can 

be reconstructed, providing 3D information with an imaging resolution typical for SEM 

[165].  

 

 

Figure 2. 13: Principle of SBF SEM (adopted from Gatan Inc) scale bar-10µm 

 

 

1. Start 2. Block-Face Scanned 

3. Block move up and the diamond 

knife cuts the surface 

4. Newly revealed block-face is 

scanned 
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This method has been used in material science to investigate polymeric materials 

[166,167]. The use of a low vacuum allows imaging nonconductive samples without the 

need for conductive materials. SBF SEM has been successful in sectioning and imaging 

biological samples and it has the potential to be used on dentine. It would be a unique 

technique that can be applied in dental research. Particularly it can be used to investigate 

tubule occlusion in terms of numbers and depth as well as detecting mineralisation by 

taking greyscale measurements from the backscattered images. Chapter 5 explores the 

use of SBF SEM for tubule occlusion and mineralisation further. 

2.13  Summary  

Gum recession or the wear, damage and chemical dissolution of tooth enamel, can leave 

dentine exposed to the oral environment, this leaves the dental tissue vulnerable to further 

damage and dentine hypersensitivity (DH). The tubules within the dentine are filled with 

a dentinal fluid whose flow can be altered by thermal, chemical, evaporative, mechanical 

or osmotic stimuli leading to a characteristic sharp pain [168]. Dentine is softer than 

enamel and once exposed it requires protection to minimise further loss of the tissue but 

also to prevent DH [169].  

Bioactive glasses, arginine and calcium silicate have been used toothpastes for treating 

dental hypersensitivity and remineralisation of dental tissues. These active ingredients 

deposit calcium (Ca2+) and phosphate (PO4
3-) ions on to the tooth surface after reaction 

with saliva forming calcium phosphate, which crystallises into a hydroxyapatite (HA) like 

layer. These dentifrices can enhance remineralisation, minimise demineralization and 

reduce caries activity more effectively than current fluoride toothpastes and contribute to 

better oral health. 

These layers also have the potential to provide protection to the dental tissue, an area that 

has not been explored. Previous studies [17–21] have used different testing machines such 

as Vickers hardness and Knoop hardness to characterise the dental tissues after treatment 

with these materials and reported increased hardness of 10 to 50 percent. However, they 

have failed to consider that these layers are thin coatings of only a few micrometres 

thickness. The high loads used in these studies would have produced indents too large to 

only characterise this HA like layer.  
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They have reported an increase in mechanical properties of dental tissue but the result 

would have been the combination of the layer mechanics and the dentine substrate. With 

this in mind, it is hard to conclude that these materials have hardened the tissue.  

In terms of protection, the robustness of the HA like layer was evaluated comparatively 

by recording material loss, however, it failed to provide any other measure of tribological 

performance [135]. In addition, previous tests were carried out in a dry environment 

which is not representative of the oral environment and would affect the measured 

mechanics (hardness and modulus) as dentine tissue consists of  ~22% water (Vol%) in 

vivo [22].  

The remineralisation studies used EDX to examine the surface after treatment and though 

they showed an increase in mineral, this could be due to the deposition of calcium 

phosphate-rich layer on the surface which is giving the higher measurements 

[65,109,110]. 

In regards to assessing the level of tubule occlusion the previously used techniques such 

as SEM and HC are qualitative and limited to the percentage of tubules occluded and not 

the depth to which occlusion has occurred.  FIB can be used to overcome this, however, 

it is limited to a small testing volume, it is extremely time-consuming and expensive. 

Serial block-face SEM can be used as an alternative to these methods which requires 

minimal sample preparation and a large volume of dental tissue can be examined over a 

much shorter time. 

To be able to develop a dentifrice that offers the best protection and relief against DH, we 

need to understand the parameter which influences the protection capability of the HA 

like layers and develop a method to measure the depth of tubule occlusion with minimal 

sample preparation. Therefore the work presented in this thesis aimed to investigate the 

nanomechanical properties of the HA like layers formed by chloro calcium-

phosphosilicate, calcium sodium phosphosilicate, fluoro calcium phosphosilicate, 

arginine coupled with calcium carbonated and calcium silicate with sodium phosphate 

and improve the understanding of the relationship between the mechanics, the minerals, 

crystal structure and density of these layers and their resistance to acid challenge.  
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This was achieved through utilising nanomechanical testing with a unique liquid cell set 

up to characterise the layers on a nanoscale level to avoid the substrate effect and to keep 

the dental tissue hydrated to provide a better mimic of in vivo conditions.  

The project also aimed to assess the suitability of the serial block-face scanning electron 

microscope (SBF-SEM) in cutting a hard material such as dentine.  If successful SBF-

SEM combines an ultra-microtome with the high-resolution imaging capability of an 

SEM to generate high-resolution 3D images of samples and can be used to investigate the 

percentage and depth of tubule occlusion. SBF-SEM also uses a backscattered detector 

(BSE) and the images can be used to measure the mineral density of the dental tissue and 

detect any possible mineralisation. This methodology can result in a better understanding 

of the therapeutic materials used in dentine hypersensitivity research. 
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Chapter 3   Nanomechanics of the Protective Layer 

The study presented in this chapter aimed to investigate the nanomechanical properties 

of the layers formed by 3 bioactive glasses: chloro calcium phosphosilicate (CCPS), 

calcium sodium phosphosilicate (CSPS) and fluoro calcium phosphosilicate (FCPS) as 

well as Arginine (AG) coupled with calcium carbonated and calcium silicate (CS) with 

sodium phosphate. The aim was fulfilled by utilising nanomechanical testing with a 

unique liquid cell set up to characterise the layers on a nanoscale level to avoid the 

substrate effect and to keep the dental tissue hydrated to provide a better mimic of in vivo 

conditions. Initially, SEM was used to confirm layer formation, the hardness, modulus 

elastic recovery parameter, and ratio between hardness and modulus of these layers were 

then measured by nanoindentation. The layers were then subjected to a citric acid 

challenge to investigate their acid resistivity. Finally, nanoscratch was used in a ramped 

load mode to measure the adhesion of the layers to the dentine by detecting the critical 

failure load ( if one exists). The null hypothesis tested in this in vitro study was that the 

layers formed by these different active ingredients will have similar mechanical 

properties.  

3.1 Introduction 

Mechanical properties such as hardness and modulus are the key parameters for 

quantification and comparison of the protective nature of these layers. They will provide 

information about the mechanical and tribological properties of the layers. 

Indentation techniques such as Vickers hardness and Knoop hardness are widely used in 

the field of dentistry to characterise the dental tissues such as enamel and dentine. 

Indentation is a simple characterisation technique that involves touching a material with 

unknown properties with a tip whose properties are known. In a conventional indentation, 

the desired properties are calculated from measuring the dimensions of the residual 

impression left on the sample surface by the indenter upon removal of the load.  

Nanoindentation is an indentation test where the depth of the tip penetration is at the 

nanometre scale. This results in the size of the residuals being very small and in most 

cases impossible to or extremely difficult to measure.   
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To overcome this, nanoindentation systems rely on measuring the load vs depth of 

penetration of the tip into the material of interest. This combined with the known 

geometry of the tip allows the indirect calculation of the area of contact at full load, from 

which the hardness and modulus are calculated. Therefore it is also referred to as depth-

sensing indentation (DSI). 

The testing involves an initial elastic-plastic loading sequence followed by unloading. 

The forces involved are in millinewton range and depth of penetration is on the order of 

few microns. The conventional indentation cannot apply low enough load to give a 

penetration depth less than 10% of the layer thickness which is required to avoid the 

influence of the substrate on the mechanical measurement of the specimen.  

Most modern NI systems are equipped with an automated x-y stage which enables the 

user to perform many individual mechanical tests on a surface of the material. This is a 

useful tool especially in biomaterial science, as most biological tissues are 

inhomogeneous and by mapping the surface the variation in mechanical properties can be 

investigated. Another advantage of NI is that a large number of indentations can be 

performed on a small area of the specimen, due to the testing being in nm to µm range.  

Figure 3.1 represents the schematic diagram of the NanoTest Vantage System (Micro-

materials Ltd, UK) that was used for the nanoindentation and nano scratch experiments 

presented within this thesis. The coil and the magnet located at the top of the pendulum 

apply the load to the surface of the sample when it comes in contact with the calibrated 

diamond tip. The frictionless pivot which has 4 springs supports the pendulum. A 

sensitive capacitive transducer records the displacement of the tip into the surface and is 

given as a function of load.  
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Figure 3. 1: Schematic of the features of the nanoindentation instrument 
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Nano scratch technique was also used as a means of simulating a single asperity contact 

between the diamond tip and the layers to determine the delamination load (if one exists) 

and to measure the ratio of plastic deformation to elastic recovery of the surface. A load 

ramped multi-pass test was used to characterise the adhesion of the HA-like layer to the 

dentine substrate. Usually, a multi-pass wear test with 3 scans is used to evaluate the wear 

behaviour of the sample however the number of passes can be modified to the desired 

number if the wear properties after multiple tests are of interest. 3 pass test involves 

scanning the surface which gives the initial topography, this is followed by moving the 

tip over the surface with a pre-set load producing a scratch on the sample.  A 

perpendicular load is applied to the tip by the pendulum while the sample is moved 

positively in z direction while the length of scratch, topography load and scratch load are 

set by the user. Finally, the tip passes over the surface for the third time to record the 

topography after scratch.  

3.2  Materials and Method 

3.2.1 Bovine Dentin 

The use of human teeth for in vitro studies would require ethical approval. It can be a 

difficult and lengthy process.  Moreover, the supply in large quantities would be 

challenging without links to dental schools as was the case at the University of 

Southampton, therefore significantly more expensive.  

Bovine teeth are readily available and can be easily handled for disc preparation due to 

their bigger size [170]. Moreover bovine dentine has a similliar surface microhadness 

[171] and tubule diameter [172] to the human dentine. As this was a comparative study 

focusing on the mechanical properties and tubule occlusion of dentine, it was deemed 

suitable to use bovine dentine as a substitute for human dentine because of these 

similarities and the other listed reasons. 

60 dentine discs with a thickness of 1.0 ± 0.2 mm were manufactured from bovine incisors 

(n=60) and supplied by Modus Laboratories Ltd (Reading, UK). The discs were taken 

from the facial side of the tooth, polished down through the pulp cavity on the lingual 

face to produce a solid dentine specimen, and stored in a 0.2% thymol solution to avoid 

bacteria growth.  Each disc was polished using 3 µm and 1µm diamond suspension to get 
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a smooth surface finish, etched with 1% citric acid for 30 seconds to remove the smear 

layer and washed with deionised water (DI) for 1 minute. This approach was chosen to 

minimise damage to the dentine collagen which was necessary for the formation of the 

layers. 

3.2.2 Artificial Saliva Preparation  

The natural saliva in humans consists of approximately 99.5% water while ions such as 

potassium, calcium and sodium, enzymes, white blood cells, mucins, antimicrobial 

agents, and nitrogenous products, such as urea and ammonia making up the remaining 

0.5%. The complexity of natural saliva makes reproduction very challenging. Therefore 

artificial saliva (AS) with a variety of compositions has been used for in vitro dental 

research [173]. The AS composition used in this study was adapted from Fusayama – 

Meyer’s artificial saliva to resemble natural saliva as closely as possible [174]. The AS 

ingredients were individually weighed and added together in the following order: 5g of 

Carboxymethylcellulose (CMC) was added to 50g of glycerol, 800ml of DI water was 

then added and the solution was mixed for 1.5 hours using a magnetic stirrer with the hot 

plate what was set to 37 ºC to help the mixing process. 0.58g of Sodium phosphate dibasic 

dodecahydrate (Na2HPO4.12H2O) was then added to the solution followed by the addition 

of further 20ml of DI water, 1g of Urea, 0.4g Sodium Chloride (NaCl), 0.4g of Potassium 

chloride (KCl) and 0.6 g of Calcium chloride (CaCl2). Finally, 180ml of DI water was 

added and the solution was stirred for 30 minutes. pH meter was used to measure the pH 

adjust to 6.5 using sodium hydroxide (NaOH) if it was necessary.  The AS solution was 

kept refrigerated at around 5 °C and was used within 7 days after manufacture [174]. The 

concentrations of calcium (0.16g/L) and phosphate (0.15g/L) were slightly higher in the 

AS composition than the concentrations found in natural saliva (0.12g/L and 0.11 g/L 

respectively). This was chosen to facilitate the formation of the layers more rapidly for 

prompt testing. 
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3.2.3 Toothpaste Treatments  

Five commercially available toothpastes containing 3 different bioactive glasses, arginine 

and calcium silicate as active ingredients were chosen for the current work. Table 3.1 

summarises the different toothpastes, their active ingredient, and the company they are 

manufactured by. These toothpastes were chosen for this study as their active ingredients 

are capable of forming a layer on the dentine surface which were the focus of the study. 

Bovine dentine discs were divided into 6 sets (5 treatment and 1 control group) of 10 

discs. Each toothpaste was randomly assigned to one of the treatment groups. 2.0 mg (± 

0.1 mg) of respective toothpaste was weighed onto a medium manual toothbrush 

(Colgate) and brushed on to the dentine discs for two minutes, twice per day for 7 days. 

0.50 ml of the AS was pipetted on to the toothbrush with toothpaste to stimulate the 

reaction of active ingredients in conditions that were more representative of the oral 

environment. Discs were then stored in 15ml of AS which was changed every 24 hrs. The 

presence of calcium and phosphate in AS meant that the solution was supersaturated with 

respect to these ions. This supersaturation coupled with the release of Ca2+ and PO4
3- from 

the active ingredients create a thermodynamic driving force for the formation of 

hydroxyapatite. This adds further ions to an already supersaturated solution, creating a 

more favourable environment for the formation of apatite [175]. The 6th group (negative 

control) were only brushed with AS.  
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Table 3. 1: Toothpastes and their active ingredient

Toothpaste Active ingredient Other ingredients Company 

Colgate Pro-Relief ® Arginine (AG) 

calcium carbonate, aqua, sorbitol, bicarbonate, sodium lauryl 

sulfate, sodium monofluorophosphate (1450 ppm ), aroma, 

cellulose gum, sodium bicarbonate, tetrasodium pyrophosphate, 

titanium dioxide, benzyl alcohol, sodium saccharin, xanthan gum, 

limonene 

Colgate-Palmolive 

Regenerate® Calcium silicate (CS) 

glycerin, PEG-8, hydrated silica, trisodium phosphate, sodium 

phosphate, aqua, sodium lauryl sulfate, sodium 

monofluorophosphate, aroma flavour, synthetic fluorphlogopite, 

sodium saccharin, polyacrylic acid, tin oxide, limonene 

Unilever 

Sensodyne repair and 

protect® 

Calcium Sodium 

Phosphosilicate (CSPS) 

glycerin, PEG-8, hydrated silica, cocamidopropyl betaine, sodium 

methyl cocoyl taurate, aroma, titanium dioxide, carbomer, sodium 

saccharin, sodium fluoride 

(1450ppm) 

GlaxoSmithKline 

BioMinC® 
Chloro calcium 

phosphosilicate (CCPS) 

 

glycerin, silica, PEG, sodium lauryl sulphate, titanium dioxide, 

flavouring, carbopol, potassium acesulfame 
BioMin 

BioMinF® Fluoro calcium 

phosphosilicate (FCPS) 

glycerin, silica, PEG 400, sodium lauryl sulphate, titanium dioxide, 

aroma, carbomer, potassium acesulfame 
BioMin 
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3.2.4 Citric Acid Preparation and Challenge  

A further 30 bovine dentine discs were prepared using the method outlined in 3.2.1 for 

acid challenge experiments and were randomly split into 6 groups (n=5 per group). One 

of the toothpastes from table 3.1 was assigned to each group with artificial saliva was 

used as the control.  The discs were subjected to the brushing treatment described in 

section 3.2.3. Dentine discs were immersed into 15 ml of 1 wt% citric acid (pH 3.1) for 2 

minutes to evaluate the resistance of the hydroxyapatite like layers that had formed by 

each toothpaste to an acid challenge. The pH was chosen to be similar to that of fruit 

juices [35]. The citric acid solution was prepared by weighing 5g of citric acid salt 

(Sigma–Aldrich) and adding it to 495ml of DI water. The pH was measured using a pH 

meter and adjusted to 3.1 by 1M of NaOH solution that was prepared from NaOH pellets 

(Sigma-Aldrich). After the acid exposure, the discs were washed with DI water for 2 

minutes and indented using NI to evaluate the change in hardness after acid exposure. 

3.2.5 SEM 

Random discs (n=3) were chosen from each treatment group, air-dried at room 

temperature (21–23 °C, 24hr), and gold-coated for SEM and EDX analysis (JEOL JSM 

6500F, JEOL, Germany). The surface of the discs was imaged using the following 

parameters: accelerating voltage of 15 kV, the working distance of 9.5 mm, and 3000x 

magnification. 

3.2.6 Nanoindentation (NI) 

The dentine discs (n=10) from each group were indented 20 times each (200 indents per 

group) while fully immersed in DI (NanoTest Vantage system, Micro Materials Ltd) 

using a 5μm radius spherical diamond tip with a loading and unloading rate of 0.5 mN/s 

to a maximum load of 10 mN. The small 10 mN load was chosen to ensure the interaction 

volume of the indents did not include the dentine substrate. The maximum load was held 

for 60 seconds to allow for creep run out, with a 60 second hold at 10% load during 

unloading to determine the thermal drift. The indents were spaced 30μm apart to prevent 

overlapping of adjacent indent interaction volumes.  
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Table 3.2 summarises the experimental parameters used for the NI experiments. Figure 

3.2 represents the nanoindentation set up where a dentine disc is being indented in a liquid 

cell.  

Table 3. 2: Indentation experiment parameters  

Experimental type Depth vs load, fixed rate load and unload 

Thermal drift correction Post indentation,60 seconds 

Method Load controlled, 10 mN 

Loading/ unloading rate/mN/s 0.50 

Dwell period at maximum load/s 60 

 

 

Figure 3. 2: Dentine disc being indented 
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3.2.7  Data Analysis  

Load vs depth is outputted by the system which is then used to calculate the hardness and 

modulus of the layers.  Figure 3.3 represents a schematic illustration of an indentation 

load-displacement curve. 

Figure 3. 3 Schematic illustration of an indentation load-displacement curve 

• ht – Total indentation depth at Pmax  

• hr – Residual indentation after a load is removed 

• he – Elastic displacement during unloading 

• hp – Contact depth or plastic depth 

• dP/dh – Stiffness  

• hs– Distance between the edge of actual contact to the specimens surface at full 

load 
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Hardness (H) of the layers was calculated by Eq (3.1) using Eq (3.2) and Eq (3.3).  

 

H =
pmax

Ac
 

 

hc = ht − 0.75
Pmax

S
 

 

Ac = π(2Rhc − hc
2) 

 

The contact area from Eq (3.3) and contact stiffness S from the slope of the unloading 

curve at maximum load was used to calculate the reduced modulus (elastic deformation 

in both the specimen and the indenter tip), Er. β is the correction factor for the shape of 

the indenter. In the case of the sphere, indenter β is equal to 1. Young’s modulus (E) was 

then calculated using Er and Eq (3.5)   

Er =
√π

2β

S

√Ac

 

 

E =
1 − vs

2

(
1
Er

) − (
(1 − vi

2)
Ei

)

 

 

Where vs is the layers Poisson's ratio which was taken as 0.27 (synthetic HA), Ei 

(1141GPa), and vi (0.07) are the E and Poisson's ratio of the indenter respectively. 

 

 

(3. 2) 

(3. 3) 

(3. 1) 

(3. 4) 

(3. 5) 
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Wear resistivity of the layers are also important in protecting the tissues. There is a linear 

relationship between the volume loss per sliding distance and applied load which is 

proportional to hardness, however, it is not necessarily the main requirement for wear 

resistance. Elastic modulus of a coating is an important factor in predicting abrasive wear. 

Therefore using the ratio between H and E (‘elastic strain to failure’) to rank the HA 

layers in terms of wear is more appropriate [176]. Higher the H/E ratio would suggest an 

enhanced wear resistance due to the deformation under contact being elastic.  

The elastic recovery parameter (ERP) provides a measure of the elastic recovery of the 

sample after the indentation load is removed. It was calculated by;  

 

ERP =
(ht − hr)

ht
 

Where hr is the final depth after the load is removed.  

 

3.2.8 Nano scratch 

NanoTest Vantage system (Micro Materials Ltd) equipped with a liquid cell was also 

used for nanoscratch testing in a multi-pass wear mode. The surface of the dentine discs 

(n=3) from each group was initially scanned by a 5µm spherical indenter and a load of 

0.2mN, followed by a ramped scratch test to 300mN at a loading rate of 14.85mN/s and 

scanning velocity of 100µm/s to simulate a single abrasive particle contact and to measure 

the ratio of plastic deformation to elastic recovery of the layers. The scratch test was 

ramped to determine the load at which any cracking or adhesive failure (delamination) of 

the coating occurred.  The low load (0.2mN) pass was then repeated to provide the 

resultant post-scratch surface topography. Each specimen was scratched 5 times with a 

spacing of 400 µm and the elastic, plastic deformation measurements were taken by 

measuring the depth change between the scratch and final topography.  

 

 

 

(3. 6) 
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Figure 3. 4: Example of a scratch test curve 

The initial topography was used to baseline the scratch measurements. This outputted two 

lines, the scratch and final topography taken after the scratch experiment. To measure the 

elastic, plastic deformation, and the maximum penetration depth, a line of best fit was 

drawn as represented in figure 3.4. The depth and the endpoint of the topography scan 

(red line) represent the plastic depth while elastic depth was calculated by subtracting this 

depth from the penetration depth at the endpoint of the scratch (black line). This also 

represented the maximum scratch penetration depth at a maximum load of 300 mN.  

3.2.9 Statistics 

The means of the 6 groups presented in this chapter were initially analysed using a one-

way analysis of variance (ANOVA) to determine whether they were significant.  This 

was followed with a t-test (assuming equal variance) to identify any significant 

differences between the means of the groups with post hoc Bonferroni correction, 

denoting a P ≤ 0.0083 to be significant. 
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3.3 Results   

3.3.1 SEM 

Figure 3.5 shows the SEM micrographs of the control and treated dentine samples. The 

images show coverage and occlusion of the dentine tubules after treatment with their 

respective toothpastes and open tubules in the control group. 

 

Figure 3. 5: Secondary electron SEM images are taken from the surface of the dentine discs following 7 

days of treatment; artificial saliva (a), AG (b), CCPS (c), CS (d), CSPS (e), FCPS (f), 3000X magnification, 

scale bar represent 20µm 

(A) (B) 

(C) (D) 

(E) (F) 
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3.3.2 Nanoindentation 

Figure 3.6 shows the average depth vs load for dentine at maximum load for all 6  groups. 

The indentation curves shifted to the left for all the 5 active ingredients in relation to the 

control group, suggesting the diamond tip did not penetrate as far into the layers at 10 mN 

load which is indicative of a harder layer. The control group had the highest penetration 

depth of 865.43±252.04 nm compared to CS with a lower penetration depth of 436.71 

±70.30 nm. Table 3.3 summarises the mean penetration depth for the layers and the 

control dentine.  

 

 

 

 

 

 

 

 

 

 

Figure 3. 6: Average load vs penetration depth data from NI experiments for the 6 groups 
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Table 3. 3: Mean ±standard deviation (SD) of penetration depth/nm 

 

 

 

 

 

 

 

 

Hardness (H) and modulus (E) of the layers were significantly higher compared to the 

dentine surface in the control group (P ≤ 0.0083) (figure 3.7). The Control dentine discs 

had an average hardness of 0.55±0.05 GPa and modulus of 14.43±1.40 GPa while CS 

formed the hardest layer with H value of 0.88 ±0.11GPa and stiffest layer with an E value 

of 23.61 ±2.37 GPa on the dentine surface. The second hardest layer was formed by AG 

which had an average hardness of 0.81±0.10 GPa, Young’s modulus of 19.05±1.75 GPa. 

Tables 3.4 summarises demonstrates the average H and E values for all groups. There 

was a significant difference (P ≤ 0.0083) between CS, AG, and the 3 bioactive glasses, 

however, no significant differences were seen between CCPS, CSPS and FCPS (P ≥ 

0.0083).  

Table 3. 4: Mean hardness and Modulus of control dentine and the layers 

 

Group Penetration depth/nm 

AS 865.43 (±252.04) 

AG 490.91 (±83.61) 

CCPS 592.10 (±69.27) 

CS 436.71(±70.30) 

CSPS 529.43 (±92.93) 

FCPS 541.13 (±69.08) 

Group H/GPa E/ GPa 

AS 0.55 (±0.05) 14.43 (±1.40) 

AG 0.81 (±0.10) 19.05 (±1.75) 

CCPS 0.72 (±0.08) 17.92 (±2.10) 

CS 0.88 (±0.11) 23.61 (±2.31) 

CSPS 0.75 (±0.09) 18.04 (±1.61) 

FCPS 0.74 (±0.07) 18.60 (±1.35) 
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Figure 3. 7: H and E of control and treated dentine discs 

 

H/E ratio and ERP of the layers and control dentine are given in Table 3.5. AG layer had 

a significantly higher H/E compared to AS and CS groups followed by CSPS, CCPS and 

FCPS (P ≤ 0.0083). The layers from all 5 treatment groups had significantly higher ERP 

values compared to the control (P ≤ 0.0083) with the AG layer having the highest ERP 

(P ≤ 0.0083). The ERP for the 3 BAG and CS were not statistically significant (P ≥ 

0.0083).  

Table 3. 5: Mean ±standard deviation (SD) of H/E and ERP values of all six groups 

Group H/E ERP 

AS 0.038 (±0.005) 0.13 (±0.033) 

AG 0.043 (±0.003) 0.19 (±0.031) 

CCPS 0.040 (±0.002) 0.17 (±0.034) 

CS 0.037 (±0.003) 0.18 (±0.029) 

CSPS 0.042 (±0.002) 0.18 (±0.027) 

FCPS 0.040 (±0.003) 0.17 (±0.025) 
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Figure 3. 8: H/E and ERP of control and treated dentine discs 

 

3.3.3 Nano scratch  

5 scratches were performed on each specimen (Figure 3.9a). No delamination of the layers 

was seen during the scratch test. For all of the layers, the tip cut and displaced the layer 

material to the sides of the scratch as demonstrated in figure 3.9b. Penetration depth at 

which the tip penetrated to at maximum scratch load (300 mN) is given in table 3.6.  The 

AG layer had a significantly lower penetration depth compared to the other treatment 

groups (AG<CSPS<CS<FCPS<CCPS) (P ≤ 0.0083).  

The purpose of the scratch test was to compare the abrasion resistivity between the 

different HA like layers however the experiment was also performed on control specimen 

for comparison purposes. The penetration depth (figure 3.10) for the control was 

significantly lower than all treatment groups (P ≤ 0.0083) except AG with whom no 

significant difference was seen (P ≥ 0.0083).  This is not surprising as there was no layer 

on the control specimen and dentine was being removed during the test. However, in the 

treated group the penetration depth would have been influenced by the presence of the 

layers on the dentine substrate. AG layer also had a significantly higher elastic recovery 

to the plastic deformation ratio compared to other treatment groups (P ≤ 0.0083).  
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There was no significant difference between the ratios of the three BAG (P ≥ 0.0083), 

although they were significantly higher than CS (P ≤ 0.0083).  

 

Figure 3. 9: Example of the scratch test taken from; overview of the surface after 5 scratches (A) and higher 

magnification of a scratch showing material being pushed aside (B), scale bar represents 400µm 

 

Table 3. 6: Mean ±standard deviation (SD) of scratch penetration depth and elastic: plastic ratio values of 

all six groups 

 

Group Scratch penetration depth /µm Elastic: Plastic ratio 

AS 10.71 (±0.37) 1.18 (±0.09) 

AG 10.44 (±0.98) 1.89 (±0.21) 

CCPS 14.09 (±0.81) 1.31 (±0.23) 

CS 12.9 (±0.35) 1.11 (±0.15) 

CSPS 12.72 (±0.40) 1.47 (±0.17) 

FCPS 13.46(±0.33) 1.36 (±0.29) 

A B 
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Figure 3. 10: Elastic-Plastic ratio and perpetration depth at maximum load 

3.3.4 Acid Challenge 

Citric acid removed the protective layer in CCPS, CS and FCPS while the layer in AG 

and CSPS groups had remained partially intact. There was still evidence of tubules 

occlusion in all but the CS group (Figure 3.11). The mean percentage of hardness change 

(Figure 3.12) demonstrated a reduction in all treatment groups. The layer formed by AG 

had a significantly smaller hardness reduction compared to other groups (P ≤ 0.0083). AS 

and CS performed poorly under acid challenge with significant hardness loss (P ≤ 

0.0083). There was no significant difference between the 3 BAG groups (P ≥ 0.0083), 

however, CCPS was not as acid resistant as CSPS and FCPS.  

Table 3. 7: Mean ±standard deviation (SD) H of the layers before and after citric acid treatment 

 

 AS AG CCPS CS CSPS FCPS 

After Brushing 

 

0.54 

(±0.013) 

0.8 

(±0.05) 

0.72 

(±0.08) 

0.82 

(±0.06) 

0.76 

(±0.03) 

0.73 

(±0.03) 

After Acid 

challenge 

 

0.36 

(±0.016) 

0.7 

(±0.06) 

0.58 

(±0.04) 

0.58 

(±0.05) 

0.65 

(±0.02) 

0.61 

(±0.04) 

Mean hardness 

% change 

33.54 

(±3.48) 

12.52 

(±2.81) 

19.4 

(±4.8) 

29.27 

(±5.78) 

14.92 

(±1.67) 

16.45 

(±1.52) 
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Figure 3. 11: SEM images taken after acid treatment; AG(A), CCPS(B), CS(C), CSPS(D), FCPS(E), 

3000X magnification, scale bar represent 20µm 
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C D 
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Figure 3. 12: Mean hardness change in percentage  after citric acid challenge 

3.4 Discussion  

The key approach to treating dentine hypersensitivity and protecting the dental tissue 

from further damage is to form a protective layer over the open tubules. As well as 

shielding the tubules from stimuli these layers need to be acid and abrasion resistant to 

be able to protect the dentine in the harsh oral environment.   

The SEM images demonstrated that chloro calcium Phosphosilicate (CCPS), calcium 

sodium phosphosilicate (CSPS), fluoro calcium phosphosilicate (FCPS), calcium silicate 

(CS) with sodium phosphate and arginine (AG) with calcium carbonate are capable of 

forming a layer on to the dentine surface after 7 days of brushing experiments. The 

findings are in agreement with the previous in vitro studies [16,90–92,133,177]  which 

have demonstrated that these materials are effective in occluding tubules by forming a 

layer over the exposed tubules which is essential for treating DH. 

AG (H2Arg+) is a positively charged amino acid that is attracted to the negatively charged 

dentine surface and acts as a crystallisation nuclei. AG consists of - carboxyl and the -

amino groups which are active sites for the attraction of Ca2+ ions to the surface and play 

an important role in HA formation. The interaction of Ca2+  with these groups via 

electrostatic attraction form a HArgCa2+ complex that has a stability constant (log K) of 



Chapter 3:  Nanomechanics of the Protective Layers 82 

2.21 [154]. PO4
3- ions interact with the guanidyl side chain of AG to produce 

guanidinium/phosphate complex with a stability constant of 1.9 [155]. This amino group 

creates an ionic bond with the carboxyl group and can form a chelation ring with 

Ca2+ increasing the attraction of  PO4
3− ions, raising the local supersaturation which 

results in HA crystal formation. The calcium carbonate used in conjunction with AG act 

as a source of calcium and the interaction of the two promotes the deposition of phosphate 

ions from the saliva and the toothpaste. 

Silica act as the crystallisation nuclei in CCPS, CSPS, FCPS, and CS. On contact with 

saliva, the silica network splits by hydrolysis of Si-O-Si bonds via OH- ions forming a 

negatively charged silica rich gel on to the dentine surface attracting the Ca2+ and 

PO4
3− ions. These ions then precipitate into a calcium phosphate (CaO-P2O5) rich layer. 

A further contribution of these ions from the surrounding solution facilitates the growth 

and crystallisation of CaO-P2O5 into an HA like layer [178].  

Nanoindentation measurements showed that these layers were harder and stiffer than the 

control dentine. The H and E values for dentine (0.55±0.05 GPa and of 14.43±1.40 GPa 

respectively) were within the range for intertubular dentine [36,38,179]. However, some 

authors have reported higher H and E values for dentine.  

For example, the nanoindentation data by Murry et al [49] revealed that dentine had a 

hardness of 0.89 GPa and modulus of 17.9 GPa.   Poolthong et al [180]  reported hardness 

of 0.9 GPa for intertubular dentine while another nanoindentation experiment on Human 

dentine from a third molar by Habelitz et al [181]  showed that dentine had a modulus of 

23.7 GPa, this finding was in agreement with the finding by Zheng et al [182] that 

revealed dry dentine had reduced modulus of 24 GPa.  The control dentine discs were 

kept artificial saliva and were tested while fully immersed in deionised water. Therefore 

it was fully hydrated which can explain the lower mechanics compared to these studies. 

Maris et al.[183]  investigated the influence of hydration on the properties of compact 

Bovine bone. They found that the presence of water decreased the hardness and modulus 

by ̴ 40%. They explained that this was due to the water altering the interaction between 

minerals and surrounding collagen. In the presence of water hydrogen bonds are formed 

between the collagen and minerals which is weaker than the peptide bones that would 

form in the absence of water. The dentine has a strong similarity to the bone and it is 
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made up of type I collagen and hydroxyapatite, therefore, it is appropriate to assume the 

same mechanism is involved.  

Within the treatment groups, CS formed the hardest and stiffest layer followed by AG, 

CSPS, FCPS and CCPS respectively.  Aguiar et al.[19] investigated the hardness of 

dentine after treatment with toothpastes containing CSPS and AG by using microhardness 

measurements with a load of 0.5N. Their hardness value for control dentine was 0.54 

GPa, which is in agreement with what has been reported in this thesis. The hardness 

increased to 0.64 GPa and 0.67 GPa after treatment with AG and CSPS respectively with 

weren’t statistically significant. These values are lower than the values obtained from the 

nanoindentation experiment represented in section 3.3 which will be due to the high loads 

used and influence of the dentine substrate beneath the layers. 

The H/E ratio (elastic strain to failure also referred to as ‘plasticity index’) for the layers 

was higher compared to the control dentine. Although hardness is a primary material 

property used to define wear resistance, the elastic modulus is also influential in defining 

the wear resistivity of a material, particularly in abrasion, impact and erosive wear. 

Therefore raking materials according to their H/E ratio can provide a better prediction of 

their wear resistivity [184]. The control dentine had an H/E ratio of 0.038 Which is within 

the range of 0.035 to 0.049 which is reported in the literature for dentine [22,45,49]. The 

layers had a higher H/E ratio than the control dentine, with an exception for the CS group. 

This would mean that the deformation of the surface under contact is more elastic. 

Elastic recovery parameter (ERP) is another useful measurement obtained from NI, it 

provides a measure of the elastic recovery of the sample after the indentation load is 

removed, or in other words the ability of the surface to accumulate or store energy during 

indentation [185]. As for H/E results, the layers had higher ERP than the control dentine.  

AG group had the highest ERP compared to the other treatment groups. These results 

suggest that the layer which was formed by AG would be more resistant to wear as it 

responds more elastically to mechanical challenges. 
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Scratch testing is a commonly used technique for the characterisation of the adhesion of 

thin film coatings to their substrates and was used to detect the delamination load of the 

layer  (if one exists) as well as the ratio of plastic deformation to elastic recovery of the 

surface. The ramped load scratch experiments detected no delamination load within the 

layers and the material was cut and displaced to the side by the tip. AG group had the 

lowest penetration depth and highest elastic/plastic ratio which supports the H/E and ERP 

findings in the sense that the layer behaves more elastically compared to the other layers. 

As a result of these differences between the properties, the initial null hypothesis on the 

mechanical properties of these layers was rejected. 

As well as shielding the tubules from stimuli these layer needs to be acid and abrasion 

resistant to be able to protect the dentine in the harsh oral environment. Citric acid is one 

of the major acids found in fruits, fruit juices and soft drinks. Fruit juice pH levels range 

from 3.2 to 4.2, therefore, 1 % citric acid at pH 3.2 was chosen to test the resistance of 

the layers to acid challenge. The results showed that the control dentine had a significantly 

higher hardness loss compared to the treated samples with a layer on the surface. 

Although CS had the highest hardness and modulus, it did not perform well when it was 

subjected to citric acid treatment and subsequently its hardness was reduced by 29.27%. 

However, it was still harder than the control dentine. AG had a superior acid resistance 

compared to other groups followed by CSPS.  

These findings were in agreement with Chen et al [186]. They compared the effectiveness 

of arginine and CSPS containing toothpastes in occluding tubules by SEM and challenged 

the dentine discs to a citric acid solution (pH 2). Their results showed that arginine 

containing toothpaste had a significantly higher level of occlusion with better acid 

resistivity compared to CSPS. Contrary to our acid challenge results Shaikh et al. [146] 

showed that FCPS was more acid resistant than CSPS by an SEM study, they compared 

the number of occluded tubules before and after citric acid challenge. However, this was 

done by manual counting and it is open to human error.  

Currently, there is a lack of any published studies comparing these desensitizing 

dentifrices, making the comparison of the data presented in this chapter to the literature 

difficult. this demonstrates the novelty of this work. Data within this chapter 

demonstrated that the layers formed by all 5 materials have different mechanical 

properties and acid resistivity. The extensive comparison between the 5 different active 
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ingredients not only provided an insight into which material provides the best protection, 

but it also paved the way for further evaluation of what variable contributes to the 

formation of a more superior protective barrier.  

It was hypothesised that there are structural and/ or compositional differences amongst 

the layers that influence these properties which were further investigated in the next 

chapter (chapter 4). The use of the unique liquid cell also provided a more representative 

testing condition to the oral environment while the nanoindentation and nano scratch set 

up ensured the data was not influenced by the dentine substrate.  

3.5 Limitations 

The creation and characterisation of the layers presented within this chapter were done 

under a very controlled environment. Therefore it needs to be acknowledged that the 

harsh conditions within the oral cavity could influence the formation of these layers. The 

environment in the mouth is not as stable as the in-lab conditions due to the constant 

fluctuation of pH and the presence of microbial species. The time it takes for the layers 

to form in vivo and their mechanical properties could be influenced as the result. Another 

limitation of this study was the lack of control over the brushing load which would have 

resulted in some variation in brushing strokes and load between brushings. However, the 

brushing process was done by a single operator. This approach is consistent with other 

studies [150,164,187]. It was anticipated that variation would have evened out over the 

course of the 14 brushing events and the large number of samples tested and ultimately 

wouldn’t have significantly affected the results.  
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3.6  Conclusions  

 

The H and E measurements provide information about the mechanical properties of the 

layers and their ability to protect the dental tissue against mechanical and chemical (acid) 

challenge. SEM results within this chapter showed that all 5 materials have similar tubule 

occlusion capabilities by forming an HA like layer over exposed dentine. The layer with 

the highest H was formed by CS with sodium phosphate however it did not perform well 

under acid challenge. AG coupled with calcium carbonate formed the second hardest 

layer and it had a superior acid resistivity compared to other treatment groups. It also had 

an enhanced H/E ratio and ERP. The scratch penetration depth and elastic-plastic ratio 

data also suggest that this layer behaves more elastically under abrasion which would 

result in a more wear resistant HA. It can be concluded that even though all 5 materials 

can provide protective barriers to dentine, AG can form a layer with more superior 

properties and therefore it may provide better protection against the mechanical, chemical 

and abrasive challenges within the oral cavity.  
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CHAPTER 4   Characterisation of HA-Like Layers   

4.1 Introduction 

Data presented in chapter 3 demonstrated that the layers which were formed on the 

dentine surface by chloro calcium Phosphosilicate (CCPS), calcium sodium 

phosphosilicate (CSPS), fluoro calcium phosphosilicate (FCPS), calcium silicate (CS) 

with sodium phosphate and arginine (AG) with calcium carbonate had superior 

nanomechanical properties compared to the control dentine surface. These properties 

however varied between each treatment group. To be able to explain the differences 

between these layers, further characterisation techniques such as scanning electron 

microscopy (SEM) with backscattered electron detector (BSE), nuclear magnetic 

resonance (NMR), X-ray-diffraction (XRD), Fourier-transform infrared spectroscopy 

(FTIR), Energy-dispersive X-ray (EDX) and Raman-spectroscopy were used to 

determine the elemental and structural differences between the layers.  

The backscattered imaging was used for quantifying the mineral density of the layers by 

using the greyscale values. This is based on the principle that a fraction of electrons which 

collide with the sample and then detected increases with the atomic number of the sample. 

This atomic number is proportional to the signal of BSE and the gray level of the image 

[188].  

The elemental composition of the layers and crystallisation of the calcium phosphate into 

apatite was then investigated by EDX and XRD respectively. NMR and Raman 

spectroscopy was also used to provide information about the chemical structure of the 

layers at the molecular scale while the mineral crystallinity was determined by FTIR. 

Raman peak intensity is proportional to the number of molecules within the volume of 

the scanned area. HA produces a Raman phosphate peak at 959 cm-1 which characterises 

the tetrahedral PO4 group (P–O bond) within HA [189].  

The chemical shift produced by NMR Provide a method of determining the structure and 

composition of the HA like layers. The compactness of the structure can be predicted 

using this density data which can be compared to BSE imaging results [190].  
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Understanding the relationship between the mechanics, the minerals, crystal structure and 

density of these layers can aid the development of a new formulation for better and 

prolonged protection of dental tissue in a harsh oral environment. 

4.2 Methodology  

4.2.5 Backscattered Electron Imaging (BSE) and EDX 

BSE images were taken in the same way as the SEM images (section 3.2.5). The greyscale 

values of each image were measured using the  ImageJ software.  The values were taken 

from 100 random points from each image and averaged to give a greyscale value for each 

group. 

EDX was performed with a scan time of 120 seconds to identify the elemental makeup 

and ratios within the layers. To minimise the dentine substrate effect on the result and to 

ensure the interaction volume was small enough to characterise the content of the layers 

only, the accelerating voltage was reduced to 10 kV.  

4.2.6 XRD 

The layers were investigated using XRD (SmartLab, Rigaku, Japan) to detect the 

formation of crystalline apatite. XRD data were collected at room temperature with a 

0.033º 2θ step size and a count rate of 99.6 s step-1, from 2θ values of 10º to 60º. The 

average crystal size within the layers was then calculated from the XRD pattern using the 

Scherrer equation:  

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
 

Where D is the Crystallite size 

K is Scherrer constant = 0.9 

λ is the wavelength of the X- ray= 0.15406 nm 

β is full width at the half maximum (FWHM) (figure 4.1) 

θ is the peak position 

(4.1) 
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Figure 4. 1: Full Width at Half Maximum of a Peak 

 

The Scherrer equation can either be applied to either a single peak or a combination of 

several peaks to calculate the crystallite size. Hanschin et al. [191] argued that the 

multiple peak approach could not provide an accurate measurement due to overlapping 

of the peaks within the regions of 30º to 25º 2θ that contain the (211), (112), (300), and 

(202) peaks. The (002) peak at 26º was identified as the best for calculating the 

crystallinity of human bone as it is not affected by any peak overlap.  Several other authors 

[192–194] also have used the single peak (the (002) peak at  26º ) method to estimate the 

crystal size of hydroxyapatite.  

This approach was employed in this study to calculate the crystal size of the different 

hydroxyapatite like layers. The position and FWHM for (002) peak were measured by 

using the peak analyser function in the origin software then entered into equation 4.1 to 

calculate the crystal size for each layer.  
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4.2.7 NMR 

Random discs from each group (n=2) were chosen to be further examined by 31P MAS 

NMR Experiments using a Bruker 200 MHz Spectrometer under spinning conditions of 

2.5 kHz in a 6 mm rotor. Spectra were collected with a 250 second delay time with 32 

scans. To calibrate the 31P chemical shift H3PO4 solution was used as a reference. The 

smaller number of samples for these experiments was due to a lack of access to the 

equipment. The 31P isotops were choses over 19F and 29Si as phosphate were thought to 

be the common ion present in all 5 layers as well as the hydroxyapatite for control dentine. 

CCSP lack fluoride in its formulation while AG lacks silica therefore using the respective 

isotops would not have been appropriate. 

4.2.8 FTIR 

1µm thick slices were taken from the surface of dentine discs from each group (n=3)   by 

a diamond knife mounted on a microtome. The slices were sandwiched between two 

potassium bromide (KBr) discs to ensure the slices were flat and supported during data 

acquisition using a Fourier-transform infrared spectrometer (FTIR; Bruker, Germany). 

Data was collected from 1600 to 500 cm-1 wavenumber, with a spectral resolution of 

16cm-1 with 8 repeat scans. To avoid any atmospheric influence on the data a spectrum 

was taken of the background before each scan which was applied to the final data.   

The crystallinity index (CIFTIR) was calculated using the “height method” and represents 

a measure of the average crystallite size. A baseline was applied to the spectra from 750 

cm-1 to 500cm-1. The intensities of the two symmetrical phosphate peaks (PO4
3- v4) at 602 

cm−1and 553 cm−1 as well as the lowest point between the two at 580cm-1 were measured 

and CIFTIR was then calculated by [195]: 

 

CIFTIR =
A553 + A602

A580
 

Where A553 and A602 are the heights (absorbance) of the two peaks at 553 cm-1 and 602cm-

1 and A580 is the absorbance value at the lowest point between these two peaks. A553 and 

A602 increase and A580 decreases with increasing crystal size, resulting in higher CIFTIR. 

(4.2) 
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4.2.9 Raman Spectroscopy  

A Raman microscope (Renishaw Plc, Wottonunder- Edge, UK) was used to characterise 

the surface of dentine discs (n=5) from each group.  At the start of the data collection, a 

silicon sample with a characteristic band at 520 cm-1 was used to calibrate the microscope. 

A laser with a wavelength of 785 nm and power of 50 mW was used to take 3 scans from 

the surface of each sample with an exposure time of 60 seconds over a 200-1500 cm-1 

Raman shift range. This spectral range was chosen because the main peaks of both silicate 

glasses and hydroxyapatite fall within this interval [196]. The resultant 15 scans per 

treatment group were then imported into Origin analysis software, averaged and plotted 

as Raman shift vs mean intensity. The area under the phosphate peak (960cm-1) was then 

calculated by integrating the peak, also using Origin software. 

Following the surface measurements, the discs were cross-sectioned using a low speed 

diamond saw and Raman measurements were repeated at the cross-section of the discs. 3 

scans with the same testing conditions as the surface measurements were taken at 5 µm 

intervals from the surface down to 30 µm to detect any mineral changes and possible 

remineralisation of the underlying tissues. The resultant spectra were again integrated to 

calculate the area under the 960cm-1 peak at each given distance from the surface. 

4.2.10 Statistics 

The means of the 6 groups presented in this chapter were initially analysed using a one-

way analysis of variance (ANOVA) to determine whether they were significant.  This 

was followed by a t-test (assuming equal variance) to identify any significant differences 

between the means of the groups with post hoc Bonferroni correction. This correction 

involved dividing the significant value for the t-test (0.05) by the number of groups. P 

≤0.0083 was considered to be significant for all the experiments within this chapter.
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4.3 Results 

4.3.1 BSE  

Figure 4.2 shows the backscattered SEM micrographs of the control and treated dentine 

samples. The grayscale values (Table 4.1) calculated from the backscattered image show 

that the layer which was formed by CS had a significantly higher greyscale value 

compared to the other groups (p≤ 0.0083) while the greyscale value for the control group 

(AS) was significantly lower (P ≤ 0.0083). The layer with the second highest greyscale 

value was formed by AG followed by CSPS, FCPS, and CCPS. There was no significant 

difference between AG and CSPS (P ≥ 0.0083) however they were significantly higher 

than FCPS and  CCPS (P ≤ 0.0083). 

Table 4. 1: Greyscales from backscattered images  

Group Greyscale value SD/ ± 

AS 94.95 94.95 

AG 155.03 16.01 

CCPS 117.79 12.89 

CS 166.56 15.59 

CSPS 151.58 15.46 

FCPS 124.38 16.93 
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Figure 4. 2: BSE SEM images of the treated and control dentine; artificial saliva (a), AG (b), CCPS (c), 

CS (d), CSPS (e), FCPS (f), 3000X magnification, scale bar represent 20µm 
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4.3.2 EDX analysis 

EDX analysis was taken from the surface of the control dentine and the layers which had 

formed over the tubules after treatment with one of the toothpastes (figure 4.3). The 

control dentine was mainly made up calcium (Ca), phosphorus (P), and oxygen (O) with 

a small percentage of sodium (Na), magnesium (Mg) and silica (Si) which was expected 

due to the hydroxyapatite content of the dentine and the impurities within the structure. 

The spectra taken from the treatment groups also showed similar peaks indicating that the 

layers were made up of hydroxyapatite like material. A small concentration of Na and Si 

ions were also detected from the layers which would have sourced from the toothpaste 

(table 4.2). The intensities of the peak were also higher for the treated samples compared 

to the control. 

 

Figure 4. 3: EDX Comparison of control and treated samples 
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Table 4. 2: Elemental content in weight percentage (wt.%) for each group obtained from EDX  

 

Following the EDX measurements, the ratio between calcium and phosphate were 

calculated (Table 4.3). The results showed that the mean Ca:P ratios were significantly 

higher (P ≤ 0.0083)  for the layers compared to the control, except for the ratio for CS. 

No significant differences were observed between the 3 BAG group and AG (P ≥ 0.0083).  

 

 

 

 

 

 Ca P O Na Mg Si Total 

AS 36.88 

(±0.66) 

20.96 

(±0.63) 

37.44 

(±0.51) 

0.96 

(±0.08) 

2.87 

(±0.09) 

0.89 

(±0.08) 

100 

AG 40.10 

(±0.90) 

19.45 

(±0.33) 

40.07 

(±0.88) 
- - 

0.38 

(±0.08) 

100 

CCPS 37.48 

(±1.07) 

19.52 

(±0.24) 

39.75 

(±0.88) 

1.38 

(±0.22) 
- 

1.87 

(±0.18) 

100 

CS 39.12 

(±1.07) 

22.36 

(±0.24) 

35.98 

(±0.88) 
- - 

2.54 

(±0.22) 

100 

CSPS 38.88 

(±1.07) 

19.48 

(±0.24) 

39.30 

(±0.88) 

1.22 

(±0.22) 

- 1.12 

(±0.18) 

100 

FCPS 38.22 

(±1.07) 

19.90 

(±0.24) 

38.40 

(±0.88) 

1.88 

(±0.22) 

- 1.60 

(±0.18) 

100 
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Table 4. 3: Ca: P ratios 

 

 

 

 

 

 

 

 

4.3.3XRD 

Figure 4.4 shows the XRD pattern of the different layers formed by all 5 active ingredients 

and the surface of the control dentine. The diffraction pattern revealed peaks at 26°, 32°, 

39°, 46° and 49° for all 6 groups which were characteristic of hydroxyapatite and 

confirmed that the layers were structurally similar to HA.  The patterns for treated samples 

had higher peak intensities compared to the control specimen. Amongst the treated 

samples AG produced the peaks with the highest intensities followed by CSPS, FCPS, 

CCPS, and CS.  

FWHM of the (002) peaks and the average crystal size of the layers are given in table 4.4. 

Data showed that crystal size for the AG group was significantly (p ≤ 0.0083) higher with 

the mean crystal size of 26.59 nm compared to the other 5 groups. This was reflected in 

the FWHM value for the (002) peak for the AG group which was the lowest. As the crystal 

size increases the XRD peaks become sharper and more intense reducing the FWHM of 

the diffraction peak. There was no significant difference (p ≥ 0.0083) between CCPS, 

CSPS, and FCPS, however, CSPS had a higher mean crystal size. 

 

 

 

 

Treatment group C:P ratio SD 

AS 1.76 0.04 

AG 2.04 0.06 

CCPS 1.92 0.05 

CS 1.75 0.04 

CSPS 2.00 0.08 

FCPS 1.93 0.09 
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Figure 4. 4: XRD measurements of control and treated samples 

 

Table 4. 4: Average crystallite sizes and crystallinities of the different HA layers 

Treatment group Line width (002) FWHM/º 
The average crystallite size 

(002), D/nm 

AS 0.53±0.02 16.79±0.55 

AG 0.33±0.01 26.94±0.54 

CCPS 0.45±0.02 19.48±0.91 

CS 0.53±0.02 16.60±0.76 

CSPS 0.42±0.01 21.01±0.49 

FCPS 0.45±0.02 19.76±0.68 
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4.3.4 Raman spectroscopy 

Figure 4.5 represents the Raman measurements taken from the surface of the dentine discs 

within all 6 groups. All spectra have peaks at the same Raman shift, however, the spectra 

of the treated samples were significantly higher in intensity compared to the AS group. 

The measurements taken from the dentine disc treated with CS containing toothpaste 

produced the highest peak intensities compared to other treatment groups. This was 

followed by AG and the 3 bioactive glasses. Peak intensities are proportional to the 

number of molecules within the volume of the scanned area and the position of the peaks 

are characteristic for the vibration, bending and stretching of phosphate (PO4
3- ) groups.  

The spectra demonstrated four different vibration modes of PO4
3- ion at the following 

shifts; 434cm-1 (symmetric bending vibrational mode – PO4 
-3 v2), 590cm-1 (asymmetric 

bending vibrational mode – PO4 
-3 v4 ), 960 cm-1 (symmetric bending vibrational mode – 

PO4 
-3 v1) and 1070 cm-1 (C-O). A collagen band was observed around 1250cm-1 (amide 

III). 

 

Figure 4. 5: Raman measurements from the surface of dentine discs, treated and control group  
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The area under the PO4
3- peak at 960 cm-1 (from 896 to 997 cm-1) was calculated for 

surface and cross-section measurements by applying a baseline to the peaks and 

subsequently integrating them using the Origin software.  The area under the PO4
3- (960 

cm-1) peak for treated samples at the surface (table 4.5) was significantly higher compared 

to the control group (P ≤ 0.0083). CS had a significantly higher area (P ≤ 0.0083) followed 

by AG, CSPS, FCPS, CCPS, and AS. There was no significant difference between the 3 

bioactive glasses. 
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Table 4. 5: Area under 960 cm-1 peak at the surface at variance distances from the surface 

Treatment 

group 
0 µm 5 µm 10 µm 15 µm 20 µm 25µm 30 µm 

AS 329.45  

(±20.52) 

314.88  

(±20.17) 

297.83 

 (±19.08) 

296.02  

(±19.20) 

283.24 

 (±18.14) 

276.28  

(±17.7) 

264.70 

 (±16.95) 

AG 872.64 

 (±53.88) 

834.03 

 (±52.67) 

780.81 

(±49.30) 

763.21  

(±48.20) 

723.24  

(±45.67) 

691.61 

(±43.67) 

534.32 

(±33.74) 

CCPS 693.21  

(±43.18) 

662.55  

(±42.45) 

631.62 

(±40.47) 

562.61 

(±36.04) 

519.58 

(±33.29) 

453.91 

(±29.08) 

422.57 

(±27.07) 

CS 1013.22 

(±612.56) 

968.37 

 (±61.15) 

426.08 

(±26.91) 

306.52 

(±19.35) 

300.47 

(±18.97) 

272.54 

(±17.21) 

253.41 

(±16.00) 

CSPS 765.59  

(±54.32) 

735.62  

(±47.13) 

727.09 

(±46.59) 

608.30 

(±39.00) 

570.31 

(±36.54) 

557.98 

(±35.75) 

498.72 

(±31.95) 

FCPS 731.14  

(±51.50) 

702.51 

 (±44.36) 

549.32 

(±34.69) 

523.07 

(±33.03) 

474.65 

(±29.97) 

471.31 

(±29.76) 

486.97 

(±30.75) 
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Figure 4.6 shows the area under the 960 cm-1 at a given distance from the surface for all 

6 groups. The data shows that the area decreases as the measurements move from the 

surface to 30 µm. There was no significant decrease in the area from the surface to 5µm 

beneath the surface for any of the 6 groups (P ≥ 0.0083), however at 10 µm away from 

the surface the peak area for CS was significantly reduced to the lowest between the 

treatment groups (P ≤ 0.0083), although still significantly higher than control (P ≤ 

0.0083). At this position AG had a significantly higher area (P ≤ 0.0083) compared to 

CCPS, FCPS, CS and AS while CSPS was significantly higher than the other two 

bioactive glasses (P ≤ 0.0083). At 15-25 µm AG was significantly higher than all groups 

(P ≤ 0.0083) and CS was no longer significantly higher than the control (P ≥ 0.0083). At 

30 µm depth, the area of the peak for the 3 BAG and AG were significantly higher (P ≤ 

0.0083) than the control. AG, CSPS, and FCPS weren’t significantly different (P ≥ 

0.0083), however, they were significantly higher than CCPS (P ≤ 0.0083).  

 

 

 

 

 

 

 

Figure 4. 6: Area under 960cm-1 peak at a different distance from the surface 
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4.3.5 NMR 

The 31P MAS spectra (figure 4.7) produced a strong peak at a position around 3.3±0.08 

ppm which is assigned to phosphorus in an orthophosphate (PO4
3-) state. Davies et al 

[158] reported that this peak should consist of two peaks of 3.2 and 3.6ppm. However, a 

single peak was observed from our data (due to the PO4
3-having undergone a 

transformation to HA [197]). The peak intensities were also higher for the treated samples 

compared to the control. The intensities from the NMR were in agreement with the Raman 

measurements. CS had the highest intensity followed by AG, CSPS, FCPS and CCPS and 

AS. 

 

 

Figure 4. 7: 31P MAS spectra of treated and control dentine discs 
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4.3.6 FTIR 

FTIR spectra of samples from all 6 treatment groups are shown in Figure 4.8. It shows 

clearly the characteristic bands of apatite. The  PO4
3− peaks at 1240, 1027, 602, 553cm−1 

and carbonate bands at 1450 and 870 cm−1 are similar to the peaks for synthetic HA [198].  

The intensities of the peaks were higher for the treated groups compared to AS. AG 

produced a spectrum with the highest intensity followed by CSPS, FCPS, CCPS, and CS. 

This trend was in agreement with the XRD data.  

 

 

Figure 4. 8: FTIR measurements taken from the surface of control and treated dentine 

 

CIFTIR values provide information about the average crystal size and ordering of the HA 

layer. The height, splitting of two phosphate peaks at 550cm-1 and 600 cm-1 was used to 

determine the transition from amorphous HA to crystallized HA[124]. Figure 4.9 shows 

the CIFTIR values calculated from figure 4.8 using the “height method”. AG had a 

significantly higher CIFTIR compared to the other five groups (P ≤ 0.0083). There was no 

significant difference observed amongst the 3 BAG (P ≥ 0.0083). The CIFTIR for the CS 

group was significantly lower than for the AG and CSPS groups (P ≤ 0.0083) but were 

not significantly different from AS, CCPS and FCPS (P ≥ 0.0083). 
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Figure 4. 9: Crystallinity index calculated from the FTIR data 

 

4.4 Discussion 

To be able to explain the differences in the mechanics of the layers, a range of different 

characterisation techniques were used. Backscattered electron  (BSE) images were used 

to compare the mineral density of the layers. The greyscale values from BSE imaging 

showed substantially higher greyscale values for the treated samples compared to the 

control. The layer formed by CS had the highest greyscale values followed by AG, CSPS, 

FCPS, and CCPS respectively. Higher greyscale values indicate an increase in the mineral 

concentration present on the surface [190].  

EDX measurements taken from the surface of the dentine discs showed that these layers 

were mainly made up of Ca, P and O ions and therefore chemically similar to the control 

dentine, suggesting the presence of HA like material. The ratios between Ca and P for the 

treated groups were also higher than the control dentine. The XRD pattern of the layers 

produced peaks characteristic of the HA, confirming that these layers were also 

structurally similar to HA. 
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The crystal size calculation from the XRD data showed that the HA like layer formed by 

AG had the highest crystal size and CS had the smallest crystal size. The smaller crystal 

size and smaller crystallinity index of  CS mean it is more amorphous and therefore more 

prone to dissolution under acidic environment [199]. This explains why the AG layer had 

a superior acid resistivity and CS performed poorly when challenged by citric acid. 

Raman spectroscopy was used to identify the chemical structure of the layers.  The spectra 

for all groups produced a sharp peak related to the inorganic components at ∼960 cm−1 

(phosphate apatite). The intensities and area under the peaks were significantly higher for 

treated samples compared to the control which is indicative of HA with higher mineral 

density.  

This, however, only tells us what is happening at the surface of the dentin. To confirm 

remineralisation of the dental tissues the Raman measurements were taken at the cross-

section of the discs at 5µm intervals up to 30µm away from the surface.  The area under 

the 960 cm-1 decreased as the measurements moved from the surface to 30 µm. the area 

for CS was higher than the other 5 groups at the surface and at 5 µm, however, the area 

was significantly reduced at 10 µm. Once the measurements moved to 15 µm, the area 

for CS was similar to that of the control while for other treatment groups the area was still 

higher. This suggests that the measurements taken at 5 µm were still within the layer and 

that the layer thickness lies between 5-10 µm with no mineralisation to the underlying 

dentine. The data for the other groups also indicates that the layer thickness was within 

the same range as the CS. A significant drop in the area for CSPS occurred at 15 µm and 

therefore layer thickness would be in the range of 10-15 µm. At 15-25 µm AG had a 

significantly higher peak area than all groups while still significantly higher than the 

control at 30 µm. This shows an increase in the phosphate below the surface and sign of 

mineralisation of the dentine. 

The NMR measurements, like the Raman data taken from the surface of the discs, also 

demonstrated that the spectra for CS had the highest intensities amongst treatment groups. 

The chemical shift produced by these two techniques gives an inventory of the elements 

present. These peaks were associated with PO4
3- ions with the higher intensities resulting 

from a higher concentration of phosphate ions present within the layers. 



Chapter 4: Characterisation of the HA-Like Layers 106 

FTIR spectra were higher for the treated groups compared to AS. AG produced a 

spectrum with the highest intensity followed by CSPS, FCPS, CCPS, and CS. The HA 

crystallinity will have an influence on the mechanical and tribological properties as well 

as acid resistivity. Crystallinity was expressed in the form of an index (CI) and was 

measured using FTIR (CIFTIR). It provides information about the average crystal size and 

ordering of a sample. The height, splitting and area of two phosphate peaks at 550 cm-1 

and at 600 cm-1 was used to determine the transition from amorphous HA to crystallized 

HA [124]. AG  had the highest CIFTIR and therefore more crystalline while CS was the 

least crystalline. This trend was in agreement with the average crystal size calculated form 

the XRD measurements. 

The NMR and Raman microscopy results indicate that CS has formed a layer with higher 

phosphate concentration. These findings coupled with a lower Ca/P ratio from the EDX 

suggest the formation of Biphasic tricalcium phosphate (BCP) composite [200], a mixture 

of -tricalcium phosphate (TCP) and HA. - TCP contains 42 PO4
3- tetrahedra in its unit 

cell compared to only 6 PO4
3- for HA. [201].  

Viswanath et al. [202] showed that - TCP crystals have both a higher hardness and 

modulus than HA crystals by using nanoindentation. This explains the higher mechanical 

properties of the layer for CS groups. The poor acid resistivity of the CS also supports the 

formation of BCP as a number of studies shown that BCP has a higher dissolution rate in 

the acidic environment compared to HA due to smaller crystal size [200,203].  

Nucleation agents play a crucial role in deposition and precipitation of Ca2+ and PO4
3- 

ions and further crystallisation into an HA layer. Silica act as the crystallisation nuclei in 

CCPS, CSPS, FCPS, and CS. The splitting of the silica network occurs by hydrolysis of 

Si-O-Si bonds via OH- ions forming a negatively charged silica-rich gel on to the dentine 

surface which binds to the collagen of the dentine attracting the Ca2+ and PO4
3− ions. 

Further contribution Ca2+ and PO4
3− from the surrounding solution facilitate the growth 

of this layer which crystallises into an HA like layer. The combination of amino and 

carboxyl groups on AG creates a better nucleation site which leads to a higher 

concentration of ions attracted to the dentine surface. Due to the high stability constant of 

the HArgCa2+ and guanidinium/phosphate complex the attracted ions are retained, this 

generates a favourable environment for the formation of HA, with higher crystal size 

[199]. This leads to a layer with better mechanics and higher acid resistivity. 
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4.5 Conclusion 

The mechanical testing results in chapter 3 showed the layers formed by the active 

ingredients were harder and stiffer than the dentine, therefore they can be a protective 

barrier to the dentine tissue against further mechanical and chemical challenges as well 

as treating mild sensitivity. EDX measurements confirmed that these layers were 

chemically similar to the control dentine. Further characterisation with XRD revealed that 

these layers were also structurally similar to the control sample thus they are HA like. 

EDX and Raman spectroscopy both demonstrated an increase in the mineral content on 

the tooth surface. The Ca:P ratio and crystallinity index revealed a correlation between 

apatite density, higher crystallinity, mechanical properties and acid resistivity of the 

layers. Arginine with calcium carbonate formed the most crystalline layer with the highest 

crystallinity index and average crystal size which explains its superior acid resistivity. 

Arginine provides a  better nucleation site for calcium and phosphate ions due to the 

presence of amino, hydroxyl and carboxyl groups that facilitated the retention and 

precipitations of these two ions that develop into crystalline HA with bigger crystal size. 
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Chapter 5   Serial Block Face Scanning Electron 

Microscopy  

The work presented in this chapter focuses on developing a new imaging method for the 

determination of tubule occlusion. The suitability of a serial block face scanning electron 

microscopy (SBF SEM) to section and image dentine was assessed. This technique was 

then used to draw a comparison between Calcium sodium phosphosilicate (CSPS) and 

stannous fluoride (SnF2) in terms of their tubule occlusion and mineralisation capabilities. 

This technique combines an ultra-microtome with the high resolution imaging capability 

of an SEM to generate 3D images of samples. The imaging setup enabled the study of the 

level of tubule occlusion, both by determining the number of occluded tubules per unit 

volume but also the depth of penetration of the active ingredients down the tubules. 

SBF SEM uses backscattered electron imaging. The greyscale values from these images 

enabled comparison of the mineral density of the dentine tissues between the control and 

the treated samples and the detection of any possible mineralisation of the dentine tissue. 

Successful sectioning of dentine by SBF SEM allowed a relatively large volume analysis 

at high resolution, this will be highly beneficial in the development and research of new 

dental materials. 

The study presented in this chapter was funded by GlaxoSmithKline who were interested 

in the comparison between SnF2 and CSPS. Therefore two toothpastes containing these 

two active ingredienst were used rather than the 5 used in chaper 3 and 4 of this thesis. 

 

 

 

 

 

 

 



Chapter 5: Serial Block Face Scanning Electron Microscopy 109 

5.1 Introduction  

Teeth can become sensitive for several reasons such as cracks, dental decay, and deep 

fillings. However, two of the main causes of dentine hypersensitivity (DH) are gum 

recession and thinning of the enamel due to over brushing or acid erosion, exposing 

dentine tubules [1].   

In the early stages, it is possible to manage and reduce sensitivity symptoms by using 

dentifrices designed to occlude these tubules by either depositing a layer over the exposed 

surface or by plugging materials down the tubules [86]. Stannous fluoride (SnF2) [204–

206] and Calcium sodium phosphosilicate (CSPS)  [90,207,208] are two of the active 

ingredients used in toothpastes to occlude tubules and treat sensitivity symptoms.  

CSPS releases calcium and phosphate ions when it comes in contact with saliva, these 

ions get deposited onto the dentine surface and form a layer that is chemically and 

structurally similar to hydroxyapatite [163]. SnF2 rapidly hydrolyses in the presence of 

saliva, fluoride ions are released and get incorporated into the hydroxyapatite structure 

forming a fluroapatite [209]. The stannous ions are then oxidised from Sn (II) to Sn (IV) 

and form insoluble oxides which plug the tubules [206].  

He et al. [205] demonstrated that SnF2 dentifrice provided an immediate and significant 

sensitivity relief in a clinical study compared to the sodium monofluorophosphate control. 

An in vitro study by Takamizawa et al. [206] showed significant tubule occlusion after 

treatment with SnF2. Earl et al. [16] used a focused ion beam (FIB)  and scanning electron 

microscopy (SEM) to investigate the depth of tubules occlusion after treatment with 

CSPS. The results showed that dentine tubules were occluded to approximately 1μm (the 

depth of FIB cut). It is extremely time-consuming to mill a large volume of material to 

high depths by FIB-SEM. Earls et al. [210] used FIB-SEM to study the structure of the 

dentine where only 15 tubules were managed over 20 hours. SEM, on the other hand, 

does not provide information about the depth of occlusion.  
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Serial block face SEM (SBF-SEM) is a 3D imaging technique that uses a diamond knife 

in a microtome sitting within the chamber of an SEM to cut nanometre sized slices from 

the surface of a sample (block face). An image is initially taken from the block face, the 

sample is then cut at a given depth by the microtome, exposing a new block face. This 

process continues automatically and resulting images are compiled to provide a 3D 

reconstruction of the sample [211].  

The present study aimed to determine the level of tubule occlusion by CSPS and SnF2, 

both by determining the number of occluded tubules per unit volume but also the depth 

of penetration of the active ingredients using SBF SEM. It also aimed to use the 

backscattered images from the SBF SEM to investigate the mineralisation potential of the 

two ingredients by using the greyscale values of the images which are proportional to the 

mineral density [188].  

Milling material with FIB-SEM [16] is more time consuming than cutting with a diamond 

knife. While some areas of the sample surface can be left uncut by the ion beam. The 

milling process can also be extremely time consuming and expensive with limited depth 

measurments.These limitations can be avoided by the use fo SBF-SEM. The null 

hypotheis tested in this in vitro study was that both CSPS and SnF2  would produce same 

percentage of blockage with similar depth, while both minerlise the dentine tissue. 
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5.2 Materials and Method  

5.2.1 Dentin Discs and Toothpaste Treatment  

Bovine dentine discs (n=6) with a thickness of 1.00 ± 0.3 mm were supplied by Modus 

Laboratories Ltd (Reading, UK). Each disc was polished using 3µm and 1µm diamond 

suspensions to get a smooth surface finish, etched with 1% citric acid for 30 seconds to 

remove the smear layer and washed with deionised water for 1 minute. The discs were 

then randomly divided into two equal treatment groups (n=3). Discs were halved with 

one half treated with either Sensodyne® Repair and Protect (CSPS) or Rapid Relief (SnF2) 

toothpastes (table 5.1) and one half as control. 2.0 ± 0.1mg of respective toothpaste was 

weighed onto a medium manual toothbrush (Colgate) and brushed on to the dentine discs 

for two minutes, twice per day for 7 days. 0.50 ml of artificial saliva (AS) was pipetted 

on to the toothbrush with toothpaste to stimulate the reaction of active ingredients in 

conditions that were more representative of the oral environment. The control discs were 

only brushed with AS. All dentine discs were stored in AS between brushing. The 

composition of the AS is described in section 3.2.2. 

 

 

  

 

 

 

 

 

 

 

Figure 5. 1: Sample preparation protocol 

Dentine disc etched with 1% citric acid to remove 

smear layer 

Brushed twice a day for 7 days, kept in AS 

0.5mm by 0.5mm section was cut and embedded in resin for SBF SEM 
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Table 5. 1: Toothpastes and their active ingredient 

 

Toothpaste Active ingredient Other ingredients Company 

Sensodyne Repair 

and Protect ® 

Calcium Sodium Phosphosilicate 

(CSPS), 5% w/w 

glycerin, PEG-8, hydrated silica, cocamidopropyl betaine, sodium 

methyl cocoyl taurate, aroma, titanium dioxide, carbomer, sodium 

saccharin, sodium fluoride 

(1450ppm) 

GlaxoSmithKline 

Sensodyne Rapid 

Relief ® 

Stannous fluoride 

(SnF2), 0.454% w/w 

glycerin, PEG-8, hydrated silica, pentasodium triphosphate, aroma, 

sodium lauryl sulfate, titanium dioxide, carbomer, stannous fluoride, 

cocamidopropyl betaine, sodium saccharin, sodium fluoride, 

limonene., sodium fluoride 0.072% w/w (1450ppm fluoride). 

GlaxoSmithKline 



Chapter 5: Serial Block Face Scanning Electron Microscopy 113 

5.2.2 SBF SEM Imaging  

0.5 by 0.5 mm blocks were cut out from the dentine discs, the blocks were infiltrated with 

resin and polymerised at 60 °C overnight (Agar low viscosity (ALV) resin, Agar 

Scientific, Stansted, UK) (figure 5.1). The excess resin was trimmed away and the block 

glued on to aluminium pin using conductive glue before sputter coating with 

gold/palladium to increase the conductivity of the block. Blocks were imaged using a 

Gatan 3View (Gatan, Abingdon, UK) inside an FEI Quanta 250 FEGSEM (Thermo 

Fisher, Eindhoven, the Netherlands) at 2.5 kV accelerating voltage, and with a vacuum 

level of 30 Pa (table 5.2). Stacks of 6000 x 6000 pixel images were collected at a pixel 

size of 19 nm resulting in a 114 x 114 µm field of view. 600 slices were cut by an 

ultrasonic diamond knife with a thickness of 60nm during data acquisition resulting in an 

imaging depth of approximately 36µm. After each slice, the dentine surface was imaged 

with a backscatter electron (BSE) detector.   

Table 5. 2: Experimental setup 

 

 

 

 

 

 

 

 

 

Instrument Gatan 3View2XP 

Microscope FEI Quanta 250 

Number of samples /data sets 3 

Voltage 2.5 kv 

Vacuum Low- 30 Pa 

Slice thickness 60 nm 

Number of slices 600 

Approximate depth 36 µm 
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5.2.3 Image Processing  

Once the images were collected they were analysed by Image J software. All tubules were 

identified using the segmentation function (trainable weka segmentation). 3 random slices 

were chosen from the stack to train the classifier used for segmentation (figure 5.2) to 

separate tubules (open or occluded) from the surface.  

 

 

 

 

 

 

 

 

 

Figure 5. 2: Tubule classification training example 

The segmentation results were thresholded (figure 5.3) and particle analyser was run on 

the entire stack to identify only the tubules with the following parameters: size=2.5-30 

µm2, circularity=0.10-1.00, and including holes. This created a new image containing 

only the identified particles (tubules). Figure 5.4 shows the ‘overlay masks’ option being 

used followed by the ‘masks’.  
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Figure 5. 3: Thresholded segmentation stack 

 

Figure 5. 4: Particle analyser example 

After the particle analysis smaller objects were flittered out using the size opening 2D/3D 

function. (Use Plugins > MorpholibJ > binary images > size opening 2D/3D. Choose size 

100000 voxels.) 

The resulting stack now consisted of only tubules, this was used to measure the drift and 

align the stack so that the tubules can be straightened for occlusion measurements. The 

raw stack could not be used to measure the drift due to the fast 'movement' of the tooth 

surface across the image. The calibration data such as pixel size and thickness were 

inserted into digital micrograph (Gatan Microscopy Suite® (GMS)) software and the 

tubule mask stack was imported into the software. The drift was then measured by running 

the image alignment on the software. The stack of raw data was then imported to the GMS 

software and the drift measurement was applied to the raw data set (figure 5.5).  
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Figure 5. 5: Measured drift in DM software from a sub stack 

The next step was the identification of the tooth surface. The aligned stack was resliced 

from the bottom to give the side view and the classification step above was repeated. 

Once the classification was completed the stack was resliced from the top to return it to 

the original orientation. Due to the similarity in contrast between the surfaces and the 

unoccluded sections of the tubules the classifier failed to only identify the surface and 

some tubules were also identified. To overcome this, the tubules mask from the earlier 

step was multiplied with the classified surface stack (figure 5.6). 

 

 

Figure 5. 6: Multiplying the tubule mask with the surface classification result to eliminate tubule 
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Any small disconnected sections were eliminated by using the following function on 

image J: Morpholib > Binary images > keep largest region. 

The resulting stack was then used to create an image that represents the height of the inner 

surface (tubule-side / upper surface in Z direction) at each XY location. The TopoJ tool 

was used to create a height-map from a stack (figure 5.7). Starting with the maximum 

slice, for each XY pixel, TopoJ looks down through decreasing Z and stores the z depth. 

This would identify the outer surface (away from tubules). However, the inner surface 

(where the tubules meet the surface) is required. Therefore the surface stack was reversed 

and TopoJ was run again. Now the stored value would represent the actual slice number 

of the inner extent of the surface. 

Figure 5. 7: Creating a heightmap from the reversed surface stack 

The tubules were now separated from the surface and the distance to the inner surface 

was measured. Few tubules were still connected to the surface by small protrusions, 

therefore Gblur3D, size = 1 pixel was used and then threshold so that they are well 

separated. 3D size opening again (size 100000) was also run to remove a few small 

stragglers ( figure 5.8).  
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Figure 5. 8: Gblur3D and threshold of tubule mask so that they are well separated 

Individual tubules were identified by using connected component labelling. This gave 

each individual tubule a unique grey level by running Plugins > MorpholibJ > Binary 

Image > Connected component labelling (figure 5.9). 
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Figure 5. 9: Connected component ladling giving each tubule a greyscale value 

Each identified tubule was given a number throughout the stack, isolated and straighten 

individually. Tubules that went more than 1µm off the edge of the stack were disregarded. 

Once the tubules were identified, their length was measured from the surface down. The 

level of the blockage was evaluated by scanning through the core of each one and 

recording the greyscale values (Figure 5.10). As demonstrated in the example given in 

figure 5.10 there is a big drop in greyscale value to below 40 at around 7µm when the line 

moves past the occluded portion of the tubule. Therefore this value was chosen as the 

benchmark to separate filled vs unfilled tubules. Tubule occlusion was measured every 

3µm to a depth of 30 µm from the surface. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 10: Example of tubule taken from Novamin treatment group, joined pair shows XZ and YZ planes  
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5.2.4 Remineralisation Potential and Diameter of Tubule Opening   

To compare the mineral density of the dentine samples the greyscale values of the BSE 

images were taken from the block face images by ImageJ software. The greyscale values 

from 100 random areas around the tubules and the surface were recorded at every 3µm 

from the surface to the depth of 30µm. After each tubule was identified, a stack of all 

images for that tubule was made and a thickness graphic mask was applied to generate a 

heat map. The diameter of these heat objects was then measured throughout the stack 

which represented the open section of the tubule.  Areas that had a grayscale value of 

more than 40 (occluded) were thresholded to appear black and excluded from the 

measurement. The outputted values included the highest, lowest, mean and standard 

deviation diameter throughout the entire stack.   

5.3 Statistics  

The data sets within this chapter were initially analysed using a one-way analysis of 

variance (ANOVA) to determine whether there were significant differences.  This was 

followed by t-tests (assuming equal variance) to identify any significant differences 

between the means of the groups. P ≤ 0.05 was considered to be significant. 
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5.4 Result  

5.4.1 Tubule Occlusion  

The SEM images (Figure 5.11) taken before slicing showed that both toothpastes were 

successful in occluding tubules compared to the control samples. CSPS formed a layer 

over the tubules (figure 5.11b) whereas there was no layer formed by SnF2 (figure 5.11c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 11: SEM pictures of Control (a), CSPS (b), and SnF2 (c) treated dentine surface 

 

 

 

 

(A) 

(C) 

(B) 
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Cross-sections of the tubules showed that the tubules within the control group were empty 

(figure 5.12).  The bottom raw images are flood-filled from the bottom (thresholded to 

appear black and white) to make it easier to spot occlusion of the tubules. Occluding 

particles would appear white and if the tubules were blocked, the black tubule would not 

have reached the surface. This does not happen for any of these tubules presented in figure 

5.12 which shows that there was no occlusion has occurred and there is a clear path to the 

surface for each tubule.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 12: Random tubules taken from control discs Top row: Each joined pair shows XZ (left) and 

YZ (right) planes for a tubule.  Bottom row: Each tubule was 3D-flood-filled from the bottom. 
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Figure 5.13 shows the tubules extracted from 4 dentine discs brushed with CSPS. For a 

tubule which is connected to the outer material, even by a small path, the black flood fill 

will extend to the top of the image. This does not happen for any of these indicating 

blockages at the surface. 100 percent of tubules were occluded at the surface when treated 

with CSPS. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 13: Random tubules from dentine discs treated with CSPS 
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Although SnF2 was also capable of occluding dentine tubules, it was not as effective as 

CSPS and occluded 83 percent of the tubules at the surface (table 5.3). Figure 5.14 

represents 4 random tubules from the SnF2 group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 14: Random tubules from dentine discs treated with SnF2 

Tubules treated with CSPS and SnF2 contain occluding material throughout the length of 

the tubules at various depths. The level of tubule occlusion reduced as the distance from 

the surface increased and at 3 µm, the percentage of tubules with occlusion was 

significantly (P ≤ 0.05) reduced for both treatment groups. Although CSPS had better 

occlusion at the surface, SnF2 occluded more tubules between 3 and 24µm from the 

surface. However, between 24-30µm CSPS had a superior occlusion rate although the 

difference was non-significant (P ≥ 0.05) (table 5.3). 
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Table 5. 3: Percentage of blocked tubules from the surface (0µm) to 30µm 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2 Tubule Diameter  

The average diameter of the tubule opening over the length of the tubule significantly 

(p≤0.05) reduced from 0.79±0.05µm to 0.66±0.21 µm after treatment with CSPS no 

significant (p≥0.05) change was seen after SnF2 treatment (figure 5.15). CSPS particles 

that had entered the tubules have reacted and have formed a layer along the wall of the 

tubule. Figure  5.16 is a high magnification SEM image of a CSPS treated sample after it 

had been through a cutting and imaging process. (30 µm was removed from the surface). 

The growth of material around the tubule is evident (red arrow). This explains the 

reduction in the diameter of the opening section of the tubules in this group. 

Depth /µm CSPS SnF2 

0 100 83 

3 63 72 

6 41 50 

9 33 37 

12 27.56 33 

15 24.41 28 

18 21.65 26 

21 19.69 26 

24 23.62 17 

27 23.23 14 

30 20.87 14 
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Figure 5. 15: Diameter of the tubule opening over the length of the tubule (30 µm) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 16: SEM image taken from a CSPS treated dentine disc after 30µm was removed from the 

surface 
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5.4.3 Grey Scales  

Greyscale values around the tubules and the surface of dentine (figure 5.17) were 

significantly higher (p ≤ 0.05) for CSPS treated samples at the surface and 30µm below 

the surface (230.42 and 213.55 respectively) compared to SnF2 (222.06 and 192.76) and 

the control (196.37, 192.35). The higher greyscale value is due to higher mineral content 

which is linked to mineralisation of the dentine. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 17: Greyscale values of control, CSPS and SnF2 treated dentine taken from around the tubules 

and the surface of dentine 
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5.5 Discussion  

For prevention and treatment of dentine hypersensitivity (DH) the permeability of the 

tissue needs to be reduced to inhibit stimuli from altering the fluid follow and stimulating 

the nerve endings inside of the tooth. This can be achieved by occlusion of the exposed 

dentine tubules.  

In the present in vitro study, serial block face scanning electron microscopy (SBF SEM) 

was used to compare dentine tubule occlusion by Sensodyne® Repair and Protect and 

Rapid Relief toothpaste containing CSPS and SnF2 respectively as active ingredients to 

treat DH. The backscattered electron (BSE) imaging also made it possible to compare the 

mineral density of the dentine tissues between the control and the treated samples. SBF 

SEM imaged approximately 100 tubules per sample with a 19 x 19 x 60 nm voxels size 

over  ~12 hours. This resulted in an imaging volume of approximately 4.4355 x 105μm3. 

A higher volume of dentine could have been imaged by using a lower magnification, 

however, as the area around the tubules was of an interest higher magnification was used. 

Although this limited the number of tubules assessed, the 100 tubules were sufficient for 

statistical analysis. 

X‐ray microtomography and focused ion bean SEM (FIB SEM) has previously been used 

as a 3D characterization technique to study dentine [210,212]. However, the spatial 

resolution X‐ray microtomography is restricted to a few hundred nanometres, while 

milling materials for FIB SEM require a significant amount of time. Several 2D imaging 

techniques such as scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) have also been used to study the dentine structure [213–215]. While 

TEM provides high-resolution imaging in the nanometre range and the sample is limited 

to a few hundred nanometres in thickness. The SEM offers imaging in both nano and 

micrometre. Although it can not provide any information regarding the depth to which 

the tubules are occluded. 
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The SEM images presented in this chapter showed that both materials were capable of 

occluding a significant number of tubules, while in the control group they were still open. 

However, the occlusion percentage decreased with increasing depth away from the 

surface.  

CSPS produced a better level of occlusion both at the surface and at 30µm. It also resulted 

in a reduction in tubule opening by forming a layer down the walls of the tubules. Based 

on the characterisation results in chapter 4 it can be assumed that this is hydroxyapatite 

like material. However, it needs to be confirmed and it is part of the future work (chapter 

6). 

The greyscale values around the tubules were higher for CSPS treated samples at each 

given depth compared to the control and SnF2. These results are similar to studies in 

literature,  Parkinson et al.[21] used SEM to investigate the occlusion and mineralization 

of CSPS and SnF2. They reported that CSPS containing toothpaste had a significantly 

higher level of dentin tubule occlusion and mineralisation to compare to SnF2 after being 

brushed for two minutes twice per day over four days. Thus the initial hull hypothesis on 

tubule occlusion and mineralisation of both active ingredients was rejected. As it was 

previously mentioned CSPS forms a layer over the exposed tubules and therefore resulted 

in better occlusion as the surface. Its superior mineralisation compared to SnF2 is 

attributed to the composition. it is made up of the naturally occurring ions found in the 

hydroxyapatite. The extra supply of calcium and phosphate ions create a favorable 

environment for the diffusion of these ions into the apatite structure. Although not 

statistically significant CSPS had a lower level of occlusion further away from the 

surface. this would be due to the much larger particle size  (15µm to 20µm) compared to 

the diameter of the tubules which are around 2 µm. These particles are broken down into 

smaller sizes by brushing which allows some to enter the tubules however the percentage 

can be improved by using smaller particle sizes in the formulation. 

An in vitro SEM study by Kulal et al. [216] reported  98.1% dentine tubule occlusion 

following a 7 day (two minutes per day) treatment with a CSPS containing toothpaste. 

whereas another in vitro SEM study reported  92.73% occlusion after brushing with CSPS 

containing toothpaste for 6 min twice a day for 7 days [217]. A recent in vitro SEM study 

by Hines et al. [218] reported that SnF2 containing toothpaste occluded 82% of tubules. 

A clinical study comparing CSPS and SnF2 for treating DH also reported that CSPS 
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reduced DH significantly more than SnF2 after 12 weeks [139]. The findings in this study 

encourage the use of CSPS containing toothpaste over a toothpaste with SnF2 as an active 

ingredient due to a better occlusion and mineralisation potential of CSPS. Also, SBF-

SEM enabled the study of a much larger volume of dentine over a short period with high 

resolution. To analyse a similar number of tubules at this resolution with other techniques 

such as focused ion beam (FIB) SEM would have required significantly more sample 

preparation which would be time-consuming, costly and the depth would be limited to 

the FIB slice.  

5.6 Limitations 

Although the use of SBF-SEM has a number of advantages over some of the most 

common techniques such as ordinary SEM, FIB and hydraulic conductance, the resulting 

image stack requires extensive image processing to obtain relevant information. The data 

files are relatively large and therefore require more advanced computing equipment. 

Finally, due to the size of the sample holder, the samples are required to be 1mm or less 

(ideally between 0.5-0.7mm). This makes the handling of the sample difficult. 

5.7 Conclusion 

CSPS and SnF2 containing dentifrice have the ability to occlude dentine tubules, with 

CSPS able to occlude 100% of the tubules due to penetration of material into the tubules 

and the formation of the surface layer. The CSPS and SnF2 both increased the dentine 

mineralization level as quantified by greyscale values from the backscattered images. The 

increased level of tubule occlusion and dentine mineralisation by the CSPS containing 

dentifrice may provide better relief and protection from dental hypersensitivity.  

SBF SEM is a high resolution imaging technique which can provide a new quantitative 

method of assessing dentine tubule occlusion depth and percentage of occluded tubules, 

while also allowing for the assessment of mineralisation changes within the treated 

tissues.  
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Chapter 6   Conclusion and Future Work  

6.1 Conclusion  

Dentine once exposed is vulnerable to further damage in the oral cavity due to its soft 

nature and therefore the tissue needs to be protected. Active ingredients such as bioactive 

glasses, arginine, and calcium silicate have demonstrated clinical efficacy in reducing 

dentine hypersensitivity. They also have the potential to provide the required protection 

to the dentine as they are capable of forming a layer onto the dentine surface. However 

voids exist in this area of research, there have been limited studies exploring the protective 

nature of these layers and therefore a more in-depth understanding of the mechanical and 

structural properties of these layers was required.  

The present work is the first comprehensive study comparing the mechanical properties 

of the hydroxyapatite like layers formed by 5 different commercially available 

toothpastes. The approach of testing these layers on a nanoscale level avoided the effect 

of dentine substrate on the results due to a small interaction volume. The use of the unique 

liquid cell also enabled the dentine discs to be indented while fully immersed in deionised 

water to keep them fully hydrated and make the testing condition more representative of 

the oral environment. In the oral cavity, these layers would face acid challenges through 

the consumption of acid food, drinks, and the production of acid by the bacteria. Therefore 

the acid resistivity of the layers was also assessed by challenging the layers to citric acid 

and measuring the hardness change.  

Furthermore, this study developed a new technique to assess the occlusion of dentine 

tubules on a much higher volume, inclusive of the depth of occlusion. This technique not 

only required significantly less sample preparation compared to the existing technique, 

but it also provided a mean of measuring the mineral density of the dentine at various 

depths which can be related to the mineralisation of the tissue. 
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The main findings of the present study were: 

 AG, CCPS, CS, CSPS, and FCPS occluded dentine tubules by forming a layer 

over the surface of the dentine. these layers were structurally and chemically 

similar to the dentine.  

 The layers were harder and stiffer than the control dentine. CS formed a layer with 

the highest H and E values followed by AG, CSPS, FCPS, and CCPS. There was 

a significant difference between CS, AG and the 3 BAG, however, no significant 

differences were seen between CCPS, CSPS, and FCPS.  

 AG layer had a significantly higher H/E compared to AS and CS followed by 

CSPS, CCPS, and FCPS. All 5 layers had a significantly higher ERP value 

compared to the control dentine.  AG layer had the highest ERP. The ERP for the 

3 BAG and CS were not statistically significant. 

 Citric acid removed the protective HA like layer in CCPS, CS, and FCPS while it 

was still partly intact for AG and CSPS. However, there was still evidence of 

tubules occlusion in all but the CS group. AG had a significantly smaller reduction 

in mean hardness while CS had the highest reduction compared to other treatment 

groups. 

 Scratch data showed no critical failure or delamination of the layers. For all of the 

layers, the tip cut and displaced the layer material to the sides of the scratches. 

The AG layer had a significantly lower penetration depth compared to the other 

treatment groups (AG<CSPS<CS<FCPS<CCPS).  

 AG had a significantly higher elastic recovery to plastic deformation ratio 

compared to other treatment groups. It also had a significantly higher CIFTIR   and 

mean crystal size. 

 Over 100 tubules were successfully imaged using the SBF SEM. CSPS and SnF2 

occluded a significant number of tubules with occluding materials throughout the 

length of the tubules at various depth group. The occlusion percentage decreased 

with an increase in depth away from the surface.  
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 CSPS had better occlusion at the surface compared to SnF2, however, it had 

occluded fewer tubules further down the surface. However, between 24-30µm it 

had a superior occlusion rate compared to SnF2. 

 The tubule diameter was significantly reduced after treatment with CSPS. No 

significant change was seen after SnF2 treatment.  

 The Greyscale values around the tubules were significantly higher for CSPS at the 

surface and 30µm depth Compared to SnF2 and the control. 

6.2  Summary  

Arginine with calcium carbonate formed the most crystalline layer with a bigger mean 

crystal size. This layer was also the most acid resistant with a higher H/E ratio and ERP 

compared to other treatment groups. The scratch penetration depth and elastic-plastic 

ratio data also suggest that this layer behaves more elastically under abrasion which would 

result in a more wear resistant HA. Therefore it may provide better protection against the 

mechanical, chemical and abrasive challenges within the oral cavity.  

The key parameter that would influence the mechanical properties, as well as the acid 

resistivity of the layers, was the level of crystallinity including the crystal size of the 

hydroxyapatite like material that was formed on the surface of the dentine. The nucleation 

agent plays a crucial role in attracting Ca2+ and PO4
3- ions to the dentine surface and 

retaining them to allow the formation and crystallisation of hydroxyapatite like layer. 

The SBF SEM data showed that Repair and Protect toothpaste containing CSPS produced 

a better level of occlusion both at the surface and 30 μm below the surface. It also resulted 

in increased dentine mineralization quantified by greyscale values from the backscattered 

images. Therefore it may provide better relief against dental hypersensitivity and help 

with mineralisation of the dentine. 
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6.3 Future Work 

6.3.1 EDX Mapping Coupled With SBF SEM 

Serial block face SEM was successfully used in the previous chapter to quantify the 

percentage of tubule occluded by two desensitising toothpastes and determined the depth 

to which occluding materials had penetrated to. The future work in this area will involve 

investigating the mineralisation of CSPS further using a combination of SBF SEM and 

EDX to provide higher resolution EDX elemental mapping of the dentine at various 

depths from the surface. The EDX mapping at set points during the sectioning will 

provide evidence of changes in the elemental makeup of the tissues due to the 

remineralisation effects of the toothpaste ingredients. This also provides a means of 

studying the contents of the dentine tubules and the components of the toothpaste 

formulation which provide the tubule occlusion. 

6.3.2 Particle Size Variation    

The effect of CSPS particle size on the integrity and mechanics of the layer formed will 

also be studied. CSPS has a median particle size of 20 microns and the purpose of this 

study will be to evaluate whether smaller/bigger particles would form the layer quicker 

and if this has any effect on the mechanics and tubule penetration which will be governed 

by the rate at which the particles are broken down and ions such as Ca2+ and PO4
−3 are 

released from the structure. The SBF SEM will then be used to investigate the tubule 

occlusion and depth of penetration of different CSPS sizes while the level of protection 

they offer will be investigated through nanomechanical testing such as nanoindentation 

and nano scratch test. Their acid resistivity will also be evaluated by subjecting the 

materials to acid challenge. The tubule diameter ranges between 0.9-2µm and we 

hypothesise that smaller particle sizes would penetrate deeper into the tubules, react faster 

due to increased surface area to volume ratio and overall provide a better and longer-

lasting relief against sensitivity. Reducing the particle size will also reduce the abrasivity 

of the CSPS within the toothpaste which will also be beneficial as it will minimise damage 

to the tooth enamel.  
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6.3.3  Variation in CSPS Concentration  

The existing formulation of Sensodyne repair and protect toothpastes contains 5% CSPS. 

The future work will involve changing the CSPS concentrations within the formulation 

and investigate its effect on the properties of the layer formed and the level of tubule 

occlusion. As the results within chapter 4 showed the more crystallised a layer is the better 

the mechanical and wear properties. It would also be more stable under acidic 

environment. By increasing the concentration of CSPS within the formulation more 

calcium and phosphate ions will be present which could result in faster apatite formation 

with bigger crystal size. 

6.3.4 Nanoindentation at Cross Section     

Measuring the hardness is a useful tool for detecting mineralisation of the dentine. 

Indenting the dentine samples at the cross-section can be useful in detecting the change 

in mechanics of the dental tissue underneath the layers following the treatment with the 

5 different toothpastes. In order to indent the cross-section with accuracy at a given 

distance from the surface, the indentation needs to be set up under a microscope. This 

function was not previously available with the liquid cell set up, however with the new 

improved set up here at the University of Southampton this is possible and can be used in 

conjunction with the cross-section data from Raman microscopy for the mineralisation 

study.  

6.3.5 Micro-Abrasion  

To investigate the wear resistivity of the layer further micro-abrasion test will be carried 

out using the TE66 abrasion rig. It is a highly repeatable and consistent technique that 

will provide a measure of the wear rates of the different layers, enabling a direct 

comparison of their protective abilities. 
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Appendix A   Supplementary Data from Chapter 3  

Mean ±standard deviation (SD) of H and E values for the control group  

 

 

Load vs depth measurements of control dentine discs 

 

 

 

Sample number Hardness/GPa ±SD Modulus /GPa ±SD 

1 0.56 0.04 13.91 1.31 

2 0.53 0.03 14.14 1.13 

3 0.54 0.06 14.30 1.26 

4 0.56 0.06 13.97 1.14 

5 0.59 0.07 14.70 1.17 

6 0.54 0.05 14.55 1.32 

7 0.56 0.06 14.71 1.99 

8 0.52 0.05 14.49 1.81 

9 0.55 0.04 14.73 1.36 

10 0.52 0.05 14.47 1.53 

Average 0.55 0.05 14.43 1.40 
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Mean ±standard deviation (SD) of H and E values for the AG layer 

 

 

 

 

Load vs Depth from AG treatment group 

 

 

 

Sample number Hardness/GPa ±SD Modulus /GPa ±SD 

1 0.81 0.09 18.09 1.44 

2 0.81 0.10 18.40 1.63 

3 0.78 0.12 18.70 1.65 

4 0.84 0.13 21.28 2.47 

5 0.82 0.11 20.13 1.88 

6 0.83 0.11 19.45 1.74 

7 0.78 0.08 17.24 1.45 

8 0.78 0.06 19.52 2.01 

9 0.79 0.08 18.95 1.60 

10 0.80 0.07 18.71 1.66 

Average 0.81 0.095 19.05 1.75 
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Mean ±standard deviation (SD) of H and E values for the CS layer 

 

Load vs depth measurements, CS group 

 

 

 

  

 

 

 

 

Sample number Hardness/GPa ±SD Modulus /GPa ±SD 

1 0.83 0.06 21.66 1.37 

2 0.81 0.05 20.83 1.21 

3 0.83 0.07 22.16 1.94 

4 0.93 0.12 25.94 2.19 

5 0.91 0.12 25.00 2.07 

6 0.94 0.15 24.90 2.22 

7 0.90 0.16 24.37 2.23 

8 0.87 0.11 23.61 3.47 

9 0.86 0.13 24.15 3.31 

10 0.88 0.12 23.52 3.10 

Average 0.88 0.11 23.61 2.31 
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Mean ±standard deviation (SD) of H and E values for CCPS layer 

 

 

Load vs depth measurements, CCPS group 

  

Sample number Hardness/GPa ±SD Modulus /GPa ±SD 

1 0.76 0.06 19.37 2.15 

2 0.75 0.09 19.19 2.10 

3 0.73 0.11 18.65 1.90 

4 0.72 0.08 18.25 2.10 

5 0.73 0.08 17.25 1.90 

6 0.68 0.04 14.89 1.78 

7 0.70 0.09 17.66 2.30 

8 0.74 0.08 17.35 2.60 

9 0.71 0.07 18.37 1.95 

10 0.70 0.09 18.33 1.92 

Average 0.72 0.08 17.92 2.10 
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Mean ±standard deviation (SD) of H and E values for CSPS layer 

 

 

Load vs depth measurements, CSPS group 

 

 

 

 

 

 

Sample number Hardness/GPa ±SD Modulus /GPa ±SD 

1 0.71 0.08 17.51 1.38 

2 0.70 0.08 17.34 1.57 

3 0.76 0.10 18.03 1.90 

4 0.73 0.08 17.40 1.85 

5 0.79 0.05 18.57 1.11 

6 0.77 0.09 17.49 2.00 

7 0.82 0.07 19.81 1.36 

8 0.75 0.09 18.57 1.54 

9 0.77 0.09 18.35 1.78 

10 0.72 0.07 17.36 1.57 

Average 0.75 0.08 18.04 1.61 
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Mean ±standard deviation (SD) of H and E values for FCPS layer 

 

 

Load vs depth measurements, FCPS group 

Sample number Hardness/GPa ±SD Modulus /GPa ±SD 

1 0.76 0.10 16.85 1.63 

2 0.76 0.06 17.18 1.02 

3 0.79 0.05 19.40 1.29 

4 0.74 0.07 19.58 1.57 

5 0.70 0.07 17.05 1.53 

6 0.69 0.06 19.34 1.20 

7 0.73 0.07 19.83 1.4 

8 0.73 0.05 19.14 0.96 

9 0.73 0.07 18.95 1.36 

10 0.72 0.05 18.65 1.49 

Average 0.74 0.07 18.60 1.35 
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Appendix B   Publications and Conference Proceedings  

 Publications  

Nanomechanical Properties of Hydroxyapatite like Coatings Formed by Bioactive 

Glasses, Arginine and Calcium Silicate for Dentine Protection 

B.Mahmoodi, R. wood, R.B. Cook 

Journal of the Mechanical Behavior of Biomedical Materials, published May 2020, 

doi:10.1016/j.jmbbm.2020.103702. 

Tubule Occlusion and Mineralisation by NovaMin® and Stannous Fluoride  

B.Mahmoodi, P. Goggin, C. Fowler, R.B. Cook 

Have been submitted to the Journal of Biomedical Materials Research Part B:Applied 

Biomaterials 
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 Conference proceedings  

Protection Effects of Bioglass® and Pro-Argin® Layers Formed On Dentine  

B. Mahmoodi, R.J.K. Wood, R. B. Cook 

British Society for Oral and Dental Research, 6-8 Sep 2017, Plymouth 

Protection and Acid Resistivity of Bioactive-Glasses, Arginine and Calcium Silicate  

B. Mahmoodi, R.J.K. Wood, R. B. Cook 

International Association for Dental Research, 25-28 Jul 2018, London 

Assessment of Dentine Tubule Occlusion and Remineralisation Using Serial-Block-

Face SEM 

B.Mahmoodi, C. Fowler, P. Goggin, R.B. Cook 

International Association for Dental Research, 19-22 June 2019, Vancouver  

Crystallinity Comparison between Hydroxyapatite-Like Layers Formed By Five 

Hypersensitivity Toothpastes 

B. Mahmoodi, R.J.K. Wood, R. B. Cook 

British Society for Oral and Dental Research, 3-5 Sep 2019, Leeds 

Quantification of Dentine Tubule Occlusion and Remineralisation by Serial Block 

Face SEM 

B.Mahmoodi, C. Fowler, P. Goggin, R.B. Cook 

British Society for Oral and Dental Research, 3-5 Sep 2019, Leeds 
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