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Abstract 

Acidic food-induced demineralisation is a key factor in tooth enamel loss with 

soft drinks being a major etiological agent. Even though this phenomenon of 
dental erosion was first described around 1900 and extensive research has been 

conducted since, there is little information available concerning the early stages of 

this process. 
For the first time the onset of-erosion was investigated by two high-resolution 

techniques, atomic force microscopy and nanoindentation. These techniques are 

especially suitable for these investigations due to their ability to detect small 

changes in either the morphology or the nanomechanical properties of a surface 

with high accuracy. 
Structural changes of native human enamel surfaces induced by different soft 

drinks have been studied in vitro using the atomic force microscope (AFM). The 

observed amount of dissolution was found to depend on the composition of the 

drinks used as well as the overall contact times between the drink and the enamel 

surface. Furthermore, it was possible to measure directly the dissolution rate of 

the perikymata, a morphological feature of the enamel surface, for the first time. 

From a clinical point of view, techniques which can be used on intra-orally 

exposed samples are very desirable since many factors involved in the erosive 

process (e. g. saliva) are accounted for. The AFM was successfully used for the 

quantitative and qualitative study of in situ acquired pellicle layers and the 

influence soft drinks have on their structure. Furthermore the induced material 
loss due to the erosive potential of different drinks was investigated, facilitating 

the detection of statistically significant differences between different drinks earlier 

than the techniques previously applied in these studies. Employing 

nanoindentation for the detection of early changes in enamel hardness made it 

possible to distinguish between different drinks after just one day of intra-oral 

exposure. This is 10 times faster than achievable with more traditional methods. 
AFM was also found suitable for the study of micro-organisms on polished 

enamel surfaces and the effect of cleaning agents on their overall structure. 
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1 Literature review 

1.1 Introduction 

The main goal in dentistry is to maintain a functional and healthy dentition for as 

long as possible. Since prehistoric times, however, the teeth have been challenged 

by the food we eat. While early humans showed a loss of dental hard tissue due to 

wear caused by the grinding of abrasive food [1], modem populations are more 

affected by dental caries due to an increased frequency of consumption of refined 

carbohydrates [1]. However, major improvements in oral hygiene in the last 

decades and the use of fluoridated toothpaste have led to a decline of the 

prevalence and severity of caries [1]. 

From the beginning of the 20th century more and more emphasis was given to 

the study and prevention of other non-carious processes, such as erosion. Erosion 

is mainly attributed to the frequent contact of our teeth with acids [2], present for 

example in soft drinks and fruit juices. Research, in recent years, has increased 

our knowledge about the factors responsible for the dissolution process. However, 

the present methods require an extended period of study to detect demineralisation 

and they are usually limited to gross morphological changes. Consequently, the 

very early stages of enamel loss, characterised by surface softening, roughening 

and changes in surface height of up to 1µm, are neither well explored nor 

understood. Because these early stages are believed to be reversible (by 

remineralisation), it is of major importance to advance our knowledge in this area. 

With the invention of the atomic force microscope (AFM) in 1986 [3] a new 

and powerful tool for investigating the surface topography of materials with sub- 
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Chapter 1- Literature review 

nanometer resolution has become available. This thesis will present new insights 

into the relationship between the morphology of the natural enamel surface and 

soft drink induced dissolution at very early stages. 

In the oral environment several factors influence the severity of dental 

erosion. One of them is the intra-orally acquired pellicle layer. Despite its 

importance, little information is available concerning its thickness and 

morphology, especially after an in situ exposure to substances with an erosive 

potential. A part of this thesis will discuss the effect of soft drinks on the acquired 

pellicle layer and the role the layer plays in in situ enamel erosion. 

The use of the AFM for the investigation of the erosive potential of food 

products allows the detection of minute surface material loss. Nevertheless, the 

first step during the dissolution process, which is characterised by a softening of 

the enamel surface, is still not accessible. To gain further insight in this area the 

new and exciting tool of nanoindentation in combination with the AFM has been 

used. It will be shown that this approach is very powerful in assessing 

quantitatively the effect of soft drinks on dental erosion. 

The last part of the thesis focuses on the study of micro-organisms on enamel 

surfaces. The obtained results emphasise the enormous potential of the AFM in 

the field of caries research. In addition, some areas of future applications will be 

highlighted. 

To set the work in context, some fundamental information about the structure 

and composition of enamel will be given in the following chapters as well as an 

up to date overview of enamel erosion. This will be followed by a brief discussion 

of the properties, advantages and disadvantages of the different techniques used to 

study enamel demineralisation processes, with a special emphasis on AFM and 

nanoindentation. 

2 



Chapter 1- Literature review 

1.2 Composition, structure and properties of human 

enamel 

A human tooth consists of three main macroscopic structures: pulp, dentine and 

enamel, with enamel being the outermost layer on its anatomical crown (see 

Figure 1-1). 

Crown 

Root 

Enamel 

Dentine 
Pulp 

Figure 1-1. Tooth structure shown schematically in a cross-section through a human 
molar tooth. 

The thickness of human permanent enamel varies between 2.3 mm over the 
tips of cups and usually close to 1-1.3 mm over the lateral surfaces [4]. In 

deciduous teeth an enamel thickness of 1 mm or less is observed [4]. Many of the 

properties of dental enamel (e. g. composition and structure) depend on the type of 

tooth (permanent or deciduous, erupted or unerupted) [5-7] as well as on the 

location within the tooth (e. g surface or subsurface) [8-10]. This information 

needs to be taken into consideration when choosing a natural tooth substance for 

erosion experiments as well as when comparing the results of different studies. 

Differences in the properties of dental enamel can, in fact, lead to differences in 

the susceptibility of teeth with regard to dental erosion. The reason for those 

differences lay in variations in the chemical composition as well as in the 

structure of different enamel samples. 
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Chapter 1- Literature review 

1.2.1 Chemical composition of enamel 

Enamel is one of the highest mineralised tissues in the human body and consists 

of 95% (w/w) minerals, 4% (w/w) water and I% (w/w) organic material. The bulk 

organic material in enamel consists of two protein groups: amelogenins (present 

during the formation stages) and enamelins (in mature enamel) [4]. 

The mineral part in enamel is mainly nonstoichiometric impure calcium 

hydroxyapatite (Caio(PO4)6(OH)2) [11] with carbonate being one of the major 

impurities (average content, 4% (w/w); range 2.7-5% (w/w)) [12], substituting 

phosphate [13]. Also small amounts of sodium (0.6% (w/w)), magnesium (0.2% 

(w/w)), potassium (0.03 % (w/w)) and fluoride (0.01% (w/w)) are present [12]. 

These components, however, are not homogeneously distributed within the 

enamel. As a result, the exact composition of enamel varies, not only between 

different people, but also between different teeth in one person, as well as 

different parts of the same tooth and even between the core and periphery of the 

same prism. These differences are responsible for a large biological variation 

between enamel samples. 

The patterns for the calcium, phosphate, carbonate, magnesium, fluoride and 

protein distribution in enamel have been previously described [14]. It was found 

that while the calcium and phosphate concentrations decrease from the surface 

towards the interior, the amount of protein increases (see Figure 1-2). 

Mineral " 

Protein 

Figure 1-2. Distribution of minerals (calcium and phosphate) and proteins in enamel 
after 1141. 

Surface enamel has a higher level of fluoride and a lower carbonate and 

magnesium content than the underlying layers [14]. Especially the distribution of 

fluoride, carbonate and magnesium has often been associated with an increased 

solubility of the enamel subsurface [14]. Comparisons between permanent and 
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deciduous enamel showed that the former has a higher degree of mineralisation, a 

lower carbonate content and a higher content of phosphorus [15,16] than the 

latter. Bearing this in mind, it is evident that studies conducted on different parts 

and types of enamel can lead to different results. 

1.2.2 Physical characteristics and structure of enamel 
Many of the physical properties of enamel differ between regions within the tissue 

and are due to the differences in chemical composition as well as the anisotropic 

structure of enamel. For example surface enamel is harder, denser and less porous 

than subsurface enamel [17]. Some of the properties of sound human enamel can 

be found in Table 1-1. 

Property Enamel Reference 

D i g 2.86-3.01 [12] 
ens ty 3 cm 

Compressive strength MPa 95 - 140 [18] 
Young's Modulus GPa 9 -98 [18,191 

Microhardness GPa 3.26-3.79 19-23 

Table 1-1. Properties of human enamel. 
The smallest sub-units in enamel are tiny carbonated hydroyapatite crystals, 

with a cross-section of 26 mit x 70 run and a length, which may vary with the 

distance from the enamel surface [24] (Figure 1-3, a). These crystals are organised 

in tightly packed prisms or rods of 3-6 µm in diameter [17] (Figure 1-3, b). Within 

the cylindrically shaped rods the long axes of most crystals are oriented parallel to 

the longitudinal axis of the rod and only deviate laterally when they approach the 

rod periphery [24] (Figure 1-3, c). An area is present between each rod where 

crystals are oriented in a different direction to the crystals in the rod. This area is 

called inter-rod region and the boundary between rod and inter-rod region, where 

crystals meet at a sharp angle, is referred to as rod sheath (see Figure 1-3, c) [24]. 

Since crystals which meet at a sharp angle cannot be packed tightly more protein 
is found in the rod sheaths than in any other region of the enamel [24]. 

Generally rods are arranged circumferentially around the long axis of the 

tooth and run roughly perpendicular to the surface of the dentine (see Figure 1-3, 

c and d). Overlying this general rod structure of enamel are incremental growth 

5 



Chapter I- Literature rei'iei+ 

lines, called the striae of Retzius (Figure 1-3, d). They are marking the position of 

developing enamel at approximately weekly intervals. The enamel structure is 

altered along these lines with a possible decrease in the number of crystals, a 

change in the crystal orientation and an increase in the porosity and organic 

content [ 17,24]. The relationship between these different parts of the enamel 

structure is illustrated in Figure 1-3. 

134 

a H (i 

K 

bcd 

Figure 1-3. Relationship between different structures in the human enamel. "a" 
depicts a crystal, "b" a series of rods and interrods, "c" the relationship betsNeen 

rods and interrods with regard to their positioning in the enamel and "d" a section 
of the overall tooth structure, illustrating the relationship betsseen the rods and the 
striea of Retzius. 
A and B: enamel prism cross-section of 70 nm x26 nm; C: length of the prism: it 

varies with the distance from the surface; 1): rod or prism region with a diameter of 
3-6 p. m ; E: rod sheath; it contains a high amount of proteins; F: interrod region: G: 

enamel; li: dentine; K: pulp; L: striae of Retzius; 117,241 

The striae of Retzius often reach the outer surface of enamel where they lead 

to a series of concentric grooves called perikymata [24] Figure 1-4. Towards the 

enamel surface the rod structure can be lost, leading to a parallel orientation of the 

crystals to the surface of the enamel [24]. In this case the surface enamel is 

referred to as aprismatic enamel, while enamel which exhibits a rod or prism 

structure is called prismatic enamel. The relationship between the striae of 
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Retzius, perikymata and prismatic and aprismatic enamel is depicted in Figure 

1-4 
3.0 u. 
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Figure 1-4. Morphology of a tooth. a) Crow-pulp cross section of a tooth showing 
the overall tooth structure with pulp (P), dentine (D) and enamel (E). h) Structure of 
enamel with the striea of Retzius (A) and the perikymata (B). c) : AF\1 image (75 µm 
x 75 tm ) of enamel surface. The image shows aprismatic (APE) and prismatic (PE) 
enamel. 

1.3 Substrates used in erosion studies 

Even though human teeth are the most relevant substrates in studies focused on 

enamel dissolution, their inhomogeneity, ethical considerations and sometimes 

even the large number of samples needed for the specific experiment led to their 

substitution with other materials. Table 1-2 gives an overview over the most 

common materials used in this field of research and some of their advantages and 

disadvantages. 
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Substance Advantage Disadvantage Literature 

Human enamel - Material of - Inhomogeneous [25-27] 

interest - Availability 

Bovine enamel - Availability - Easily eroded compared [28-32] 

to human enamel 

Synthetic Apatite - Controlled material - No organic matrix [33-36] 

[Caio(PO4)6(OH, F)] - Different material 

structure compared to 

human enamel 

Table 1-2. Materials used for erosion studies. 

Few publications are available that compare the different substrates 

concerning their suitability for experiments on erosion. The following 

considerations are therefore mainly based on caries studies but are assumed to be 

valid for erosion studies as well, since in both cases the dissolution of enamel is 

the key factor. 

Human enamel 
Human enamel is considered to be the substrate of choice, since the ultimate 

aim of all experiments is to model in vivo conditions as closely as possible to 

make the findings more relevant in clinical terms. However, this approach has 

significant drawbacks. As mentioned earlier, it is very difficult to obtain identical 

samples from different donors or even samples of the same quality due to the 

inhomogeneity and biological variation of the human teeth. As a consequence it is 

difficult to draw clear conclusions from erosion studies on human enamel if the 

number of samples is low due to the large variations in the amount of material 
loss [37]. Some factors which have been shown to have an influence on the 

amount of material loss are the type of enamel (permanent or deciduous), state of 

the enamel (polished or unpolished) and the direction of the erosive attack 
(perpendicular or parallel to the natural surface). 

Caries studies showed that lesions develop 1.5 times faster in human 

deciduous enamel than in permanent enamel [38]. A similar behaviour may be 

expected for erosion and the few studies which have been conducted in this area 
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support the assumption that deciduous teeth are more prone to erosion than 

permanent teeth [39-41]. However, further work is necessary to verify and 

completely understand these findings and determine the underlying reasons. 
It was shown in several studies that polished enamel is more prone to erosion 

than unpolished enamel (up to a factor of 2) [10,42,43]. This can be explained by 

the fact that the surface enamel layers with their high fluoride concentration are 

removed during the polishing process. However, one of the advantages of the 

polishing technique is the exposure of subsurface layers, which have a more 
homogenous mineral composition than the surface layers [37]. It is therefore 

reasonable to expect that this technique could lead to a more uniform response to 

the erosive challenge [37]. Furthermore some experimental methods, such as 
hardness measurements, can only be performed on flat surfaces, making the 

polishing of the enamel necessary. 
An erosion study showed that the rate of demineralisation perpendicular to 

the natural enamel surface was roughly 14% higher than parallel to the surface. 
Thus even the direction of the acidic challenge needs to be controlled [44]. 

Bovine enamel 
Bovine enamel differs considerably in its composition and structure from 

human enamel. It is more porous, has a different prism structure and a higher 

concentration of carbonate [12,37]. In caries studies bovine enamel dissolved 2.9 

times faster than permanent human enamel [38]. A similar trend may be expected 
for erosion but this comparison has not been sufficiently investigated. One of the 

major advantages of bovine enamel is that its composition varies less compared to 

human enamel leading to more consistent experimental results. An additional 
benefit is its availability, which facilitates experiments with large sample numbers 
[37]. 
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Apatite 

In many in vitro studies different types of apatite crystals (e. g. fluoridated, 

carbonated) rather than native enamel [45-47] are used. The advantages are: 
highly controlled experimental conditions and the possibility to test the effect of 
individual factors on the amount of erosion. Furthermore, the variation in the 

response to a given treatment is generally small thus producing statistical 

significant differences even with small sample sizes. However, most of the apatite 

crystals used differ in their composition and solubility properties from human 

enamel and are therefore least relevant for modelling the clinical situation [48]. 

1.4 Enamel erosion and its chemical causes 

The term dental erosion is defined as a chemical dissolution of tooth hard tissues 
in a process, which does not include bacteria [49]. It is induced in the oral 

environment by the presence of acids and/or chelating agents [50], with acids 

being the main factor. Depending on the acid source, it is possible to distinguish 

between intrinsic and extrinsic causes for erosion [48-50]. Table 1-3 gives some 

examples for different sources of acid. 

Intrinsic sources References 

- Vomiting - Aneroxia/bulimia [51,52] 

- Alcohol abuse [53,54] 

- Gastrointestinal disorders - Regurgitation, Rumination [55-57] 

Extrinsic sources 

- Diet - Soft drinks [40,55,58] 

- Fruits [59,60] 

- Wine [61,62] 

- Medications - Vitamin C tablets' [63] 

- Oral hygiene products [64] 

- Environmental - Acid fumes in battery factory [65] 

- Gas-chlorinated pools [66] 

Table 1-3. Intrinsic and extrinsic sources for erosion. 'These tablets are usually 
formulated with citric acid. 
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Even though the source of the acid may differ considerably, the underlying 

dissolution processes are nearly identical and will be discussed in the following 

section. 

1.4.1 Factors relevant for the erosion process 

Numerous factors determine the amount of tissue loss when enamel is exposed to 

a demineralising solution. These factors can be generally split into three 

categories: properties of the solid material (enamel, calcium hydroxyapatite), 

properties of the solution and properties of the interface between the two. 

1.4.1.1 Properties of enamel - solubility 

The most important property of the enamel with regard to its dissolution is its 

solubility, which is defined as the concentration of a substance in a solution in 

equilibrium with its solid phase [67]. Since enamel is composed mainly of 

minerals, their dissolution is of major importance for the overall enamel loss. 

While the solubility of an ionic substance (e. g. hydroxyapatite) varies 

according to the electrolyte composition of the solution (e. g. the concentration of 

Ca2), its solubility product is constant at a given temperature [67]. The solubility 

product is deduced from the Law of Mass Action. This law is based on the fact 

that every chemical reaction (in this case the dissolution process) continues in a 

certain direction until equilibrium between the reactants and products is reached. 

In a saturated solution the equilibrium state of a dissolution process is 

characterised by a constant value (Ks). This value is defined as the product of the 

active masses on one side of the chemical equation, divided by the product of the 

active masses on the other side of the equation, regardless of the amounts of each 

substance present at the beginning of the reaction [68]. 
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As an example, the calculation of KS for the calcium hydroxyapatite 

dissolution process will be shown. For calcium hxdroxyapatite the calculation of 

KS is based on the following chemical equation: 
Cas(P04)3(OH)- 5Ca2++3(PO43")+OH" (1.1) 

With 

K_ a(Ca2+)$ xa(PO43-)3 xa(OH-) 
1.2 

a(Ca5(PO4)3OH) 
() 

At the equilibrium state in a saturated solution the activity of the solid 

calcium hydroxyapatite is 1. KS can therefore be written as: 

K, =a(Ca2+)S xa(PO43-)3 xa(OH-) (1.3) 

The activities of ions are used for the calculations rather than their 

concentration to account for possible interactions with other ions in the solution 

(the ionic strength of the solution). 
The lower the KS-valuer, the lower is the amount of ions needed in solution in 

order to reach the equilibrium state. Calcium hydroxyapatite for example has a Ks- 

value of 10"57, while calcium fluorapatite has a Ks-value of 10-59. It is therefore not 

surprising that an increase in the amount of fluoride in the enamel has been linked 

to a smaller overall material loss during an erosive process [12]. 

Figure 1-5 shows the solubility (expressed as the calcium concentration in 

solution) of hydroxyapatite and fluorapatite as a function of pH [69]. In the case 

of hydroxyapatite, there was no fluoride in solution whereas the fluoride 

concentration in solution for the fluorapatite was 10-3mol/L. The solubility of 

hydroxyapatite reaches a minimum at around pH 12. At pH 4 the solubility of 

hydroxyapatite is 5-6 orders of magnitude higher than at pH 12. At any given pH 

the solubility of fluorapatite in a solution with CF= 10"3mo1/L fluoride (dashed line 

in Figure 1-5) is between 5 (pH 12) and 100 (pH 4) times lower than that of 

hydroxyapatite. 

1 K, can also be expressed as a pk, -value, which is defined as the negative decimal logarithm of the 

K; value. 
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Figure 1-5. Solubility of hydroxyapatite (solid line) and fluorapatite (dashed line) 
(CF=10"3 mol/L in solution) as a function of pH, The solubility is expressed as the 
calcium concentration in solution at equilibrium after 1691. 

Enamel has been found to have KS-values ranging between 10-54-10"57 [70]. 

The larger values are most likely due to the presence of impurities such as 

carbonate, which was found to increase the amount of enamel loss. It has been 

shown that 4-5% (w/w) carbonate can double the dissolution rate of apatite [71] 

mainly due to an increased microstrain in the crystals with the incorporation of 

carbonate [45]. 

1.4.1.2 Properties of the solution - pH, titratable acidity, chelation, 
degree of saturation, temperature 

As stated earlier, the solubility of an ionic substance such as hydroxyapatite 

(which will be used as a model substance for enamel in the following discussion) 

is influenced by the composition of the solution, while the KS-value is not [67]. 

This means that if any component in the solution reduces the concentration of the 

products of the apatite dissolution process additional apatite will be dissolved 

until the KS-value is reached. In other words, substances which can bind calcium, 

phosphate or hydroxyl ions will lead to an increased amount of material loss. 

Some of the components that enhance the dissolution process of hydroxyapatite 

will be discussed. 
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pH and buffering capacity 

According to equation 1.1, hydroxyl ions are a product of the apatite 
dissolution process. Since these ions can react with hydrogen ions (H) to form 

water in accordance with the following equation: 
OH'+H+ -ýt H2O (1.4) 

the amount of hydrogen ions in the solution influences the severity of erosion. A 

measure for the amount of free hydrogen ions in solution is the pH, which is 

defined as the negative logarithm to the base 10 of the hydrogen ion concentration 
[68]. The lower the pH of a solution the more free hydrogen ions are available. As 

a result the amount of material loss increases with decreasing pH [70]. Besides 

interacting with the hydroxyl ions the hydrogen ions can also interact with the 

phosphate ions, further promoting dissolution of hydroxyapatite. 

3PO43"+6H+-- 3H2PO43" (1.5) 

However, linking the observed material loss directly to the pH is only 

possible if a strong acid is present in the solution. In this case the acid is 

completely dissociated into hydrogen ions and an anionic part. The measured pH 

is thus identical to the overall amount of hydrogen ions available in the solution. 

Many of the organic acids (e. g. citric acid), which are present for example in fruit 

juices, are not completely dissociated in water. In the case of these weak acids, the 

undissociated acid is in equilibrium with its dissociation products (hydrogen ions 

and the respective anion) [68]. This equilibrium state is defined by a dissociation 

constant Ka, which can be calculated in the same way as KS. If a proportion of the 

hydrogen ions is neutralised due to the reaction with hydroxyl ions, more of the 

acid will dissociate to keep the Ka-value constant. The pH stays therefore 

approximately constant and the dissolution process can continue until all the acid 

has been dissociated. This ability to maintain a constant pH is referred to as 

buffering. 

When measuring the pH of a solution only the amount of free hydrogen ion 

in solution is determined [68]. If a buffer is present in the solution the measured 

pH underestimates the true amount of hydrogen ions available for the interaction 

with enamel. 

14 



Chapter 1- Literature review 

A better way of determining the true concentration of hydrogen ions, which 

can dissolve the enamel, is the determination of the titratable acidity (often 

expressed in terms of %w/w citric acid monohydrate) [48]. Here the amount of 

acid is determined by titrating the solution with a base, usually 0.1M NaOH, up to 

pH 8, therefore taking all the hydrogen ions into account. Unfortunately, the 

information concerning the titratable acidity is often missing in the literature 

(e. g. [72,73]) and only the pH is given, making it very difficult to compare results 

of different studies. 

Chelation 

Besides interacting with the phosphate and hydroxyl ions of the enamel, 

some components in the solutions can also interact with the calcium ions. A very 

common way is the chelation of the calcium ion by the anionic part of certain 

organic acids (such as citrate and tartrate) [74]. An example of a chelation 

complex between a tartrate ion and a calcium ion is shown in Figure 1-6. 

Chelation is the bonding of metal ions to groups of organic molecules to form a 

soluble ion-pair. A chelating agent contains two or more electron donor atoms that 

can form co-ordinate bonds to a single metal atom. This leads to a cyclic structure 

which is called a chelation complex or chelate, the name deriving from the Greek 

word chela for the great claw of the lobster (see Figure 1-6) [74]. 

O II 
HO, O. 

CH 
I/ Ca2+ 

CH 
HOB O 

C 
11 
0 

Figure 1-6. Chelation complex between a tartrate ion and a calcium ion. The tartrate 
ion contains two electron donor atoms (0), which can form co-ordinate bonds 
(indicated as -4) to the calcium ion (Ca2). 

Chelation promotes the dissolution by reducing the concentration of free 

calcium ions, according to the law of the equilibrium state, as well as by detaching 

calcium ions from the crystal surface. 
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Degree of saturation 
The overall ability of a solution to dissolve a substrate can be determined by 

calculating its degree of saturation (DS) with regard to this substance [75]. The 

calculations are based on the following equation: 
I (1.6) 

Ion activity product 
DS= 

K, 

With n being the number of ions in the formula unit of the solid (e. g. 9 for 

hydroxyapatite) [75] and the ion activity product of the solution being defined as: 

Ion activity product = a(Ca2+)b x a(PO43-)b3 x a(OH-)b (1.7) 

The subscript b indicates that active masses of the ions prior to contact with the 

hydroxyapatite are used in this calculation. In other words, the degree of 

saturation is based on the ratio between the ion activity product of the solution 

before contact with hydroxyapatite and the solubility product at the equilibrium 

state. 

If, for example, the amount of calcium and phosphate in a solution is close to 

their saturation concentration at the given pH, less dissolution of hydroxyapatite is 

observed. It is possible to distinguish between three cases. The solution is either 

saturated, undersaturated or supersaturated with regard to the substance. In a 

saturated solution no net material loss or gain can be observed (DS=1), since the 

ion activity product is identical to the solubility product. In an undersaturated 

solution (DS<1) the material dissolves, while precipitation of the solid can be 

observed in a supersaturated solution (DS>1) [76]. By calculating the degree of 

saturation it is therefore possible to predict the effect the solution will have on the 

material. In this thesis a computer program [75] was used to determine the degree 

of saturation of the solutions under investigation and to compare their overall 
demineralisation potential. The program is a particularly suitable tool because it 

takes the pH of the solution, its titratable acidity, the calcium and phosphate 

concentrations, as well as the chelating ability of the citrate component into 

consideration. More detailed information on the theoretical background of the 

computer program can be found elsewhere [75]. 
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Temperature 

The solubility of a solid in a given solution depends also on the temperature 

of this solution and whether the dissolution process is exothermic (e. g. energy, 

usually as heat, is released during the dissolution) or endothermic (e. g. energy is 

required during the dissolution process) [77]. Most solids dissolve in an 

endothermic reaction, which means that their solubility increases with an increase 

in the solution temperature [77]. This phenomenon has been observed for enamel. 

Additionally Arrhenius [77] showed that the speed of every chemical reaction 

increases with an increase in temperature, independent of the reaction being 

exotherm or endotherm. 
As a rule of thumb, it was found that an increase in temperature of around 10 

degrees leads to an increase of enamel solubility of around 20% [5,78,79]. This 

means in practical terms that chilled soft drinks have a lower erosive potential 

than the same drink at room temperature. 

1.4.1.3 Properties of the interface - diffusion 

Besides the composition of the materials used in demineralisation studies and 

the properties of the applied solutions, the interface between the two (and in 

particular the thickness of the diffusion layer) plays an important role concerning 

the observed amount of material loss. 

Ions dissolved from the outermost surface of a solid can only move away into 

the solution by diffusion, which is a slow process, based on the microscopic 

movement of the particles. Diffusion always occurs spontaneously and is due to 

the free thermal movement of the ions. On average a material transport in the 

direction of lower concentration is obtained [67]. Since the rate of dissolution is 

normally greater than the diffusion, ions can accumulate near the crystal surface 

thus raising the degree of saturation near the surface and therefore slowing down 

the dissolution process, even if the bulk of the solution is undersaturated [77]. The 

diffusion layer can be minimised by stirring the solution. However, even with 

strong stirring a thin liquid layer (10 - 100 µm thick) remains on the surface due 

to adhesion forces [77]. It is therefore of great importance to maintain a 

comparable diffusion layer thickness throughout an experiment carried out in vitro 
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(i. e. the acid exposure and material loss determination is performed outside the 

oral environment). 

1.4.2 Factors protecting the enamel surface 

Studies performed under similar conditions (e. g. identical sample preparation, 

erosive solutions, overall exposure time and measuring technique) in vitro and in 

situ (i. e. intra-oral acid exposure, but material loss determination outside the 

mouth) showed that the amount of material loss depends greatly on the chosen 

means of acid exposure to the tooth. In particular, it was found that in vitro tests 

accelerate demineralisation by a factor of approximately 100 [80]. Since in 

reference [80] polished human enamel was used for both the in vitro and in situ 

experiment, natural variations in the enamel composition cannot be responsible 

for this extreme difference. It is more likely that specific processes which can 

reduce the extent of an erosive challenge are present in the oral environment, with 

saliva and the acquired pellicle layer being the most important factors. 

1.4.2.1 Saliva 

Saliva is one of the most important components protecting the teeth against 

an acidic challenge in the oral environment [48]. It consists of 94% (w/w) water, 

around 4% (w/w) organic and 2% (w/w) inorganic material [81]. However, in the 

oral environment the composition and volume of saliva is not constant but 

depends on the site of production in the mouth, on the person producing the saliva 

and on the type of saliva (e. g. stimulated or unstimulated) [81]. The overall 

protection of the teeth by saliva can be linked to a number of mechanisms. In a 

first instance, saliva is diluting the acids in the mouth and supporting their 

removal by swallowing [49], thus decreasing the time and extent of interaction 

between acids and enamel. Furthermore, acids are partly neutralised [49] by the 

hydrogen-carbonate present in saliva [81 ], while its high concentration of calcium 

(range: 0.5-2.4 mmol/L) and phosphate (range: 2.3-4.0 mmol/L) decreases the 

overall solubility of enamel [49,81]. In addition, the organic components present 

in saliva interact with the tooth surface by forming the acquired pellicle layer [49]. 
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1.4.2.2 The acquired pellicle layer 

Saliva mucins and other organic components are involved in building a 

protective pellicle layer on the enamel surface [49,82]. It was found that this layer 

mainly consists of proteins and glycoproteins derived primarily from saliva [83]. 

Additionally to the protein components, considerable amounts of lipids were 

found [82,84]. However, the composition of this acquired pellicle layer is not 

stable but differs between individuals and changes over time. A pellicle layer 

produced in vitro differs considerably from one formed in situ [83] and is less 

protective against demineralisation [85]. A recent study by Simpson et al. 

suggests that the pellicle layer might also interact with fluoride [86] and therefore 

supports the fluoride retention in the oral environment. However, the protective 

function of the pellicle layer is not completely understood and needs to be further 

investigated. 

1.5 Influence of food components on enamel 
dissolution 

Acids are one of the most, if not the most important single factor influencing the 

erosive potential of substances in contact with human teeth. As established earlier, 

acids can derive from a number of different sources. However, dietary acids are 

the most widely available ones. It is therefore not surprising that besides testing 

the effect of specific acids on enamel [39,87] or apatite [36,46,88], most 

research focuses on evaluating the erosive potential of food, and in particular 

drinks [89-92]. Lately, drinks have become the single most studied dietary 

component with regard to their erosive potential. This is mainly due to the fact 

that the increased prevalence of erosion, especially in the younger population, has 

been linked with an increase in the consumption of fruit juices and acidic 

beverages [1,93]. Table 1-4 gives an overview of the most common acids 
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available in different drinks. Information concerning their buffering and chelating 

abilities are included. 

Acid Buffering range in Chelating Drink examples 

acidic solution ability 

Citric pH 2.1-7.4 yes All soft drinks and fruit juices 

[C6Hs07] 

Phosphoric pH 1.2-3.2, no Cola type drinks 

[H3PO4] pH 6.2-8.2 

Malic pH 2.4-6.0 yes Apple, peach, plum and cherry 

[C4H605] juices, but to a smaller extent 

also in most other fruit juices 

Tartaric pH 2.0-5.4 yes Grape juice (wine) 

[C4H606] 

Ascorbic pH 3.0-5.0 no Naturally e. g. in orange and 

(vitamin C) blackcurrant juice, often added 
[C6H806] to drinks 

Table 1-4. Most common acids in fruit juices and soft drinks (starting with the most 
common acids). The buffering ranges in acidic to neutral solutions have been 
included. Information about the chelating ability (with regard to calcium ions) of the 
different acids has been included as well as some examples for their distribution 
[941. 

It is difficult to determine which of the mentioned acids available in 

beverages is the one with the highest erosive potential. Previous work has been, in 

fact, inconclusive. Some authors for example found phosphoric acid more erosive 

than citric acid [79,95], whilst others found the opposite [90]. A comparison 

between organic acids showed, for example, that malic acid has a lower erosive 

potential than citric acid [96]. This finding, however, was not supported in a more 

recent study, were no significant difference could be found between different 

organic acids [79]. Current data, therefore does not allow a definite ranking of the 

erosive potential of the various acids [49]. In the case of beverages, their complex 

composition makes it even more difficult to give a clear ranking of their 

erosiveness. Not only do they contain a variety of different acids, but also differ in 

the amount of calcium and phosphate contents. As pointed out earlier, the degree 
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of saturation of a given beverage is usually a good indication for its erosive 

potential. However, this information is often missing in the literature when drinks 

are compared and therefore an attempt to rank tested drinks and compare the 

results from different studies will not be made in this thesis. 

1.6 Modification of soft drinks to reduce their 
demineralisation potential 

The UK Department of Health recognised the increasing prevalence of erosion, 

especially in children. The increased consumption of acidic soft drinks was 

established as one of the main sources for concern. As a result, the DoH in the 

nineties called upon manufacturers to produce drinks which are less erosive and 

therefore a suitable "tooth friendly" alternative to the soft drinks on the market. 
In the following sections a number of strategies for creating less erosive 

drinks will be discussed. Possible drawbacks will be mentioned as well as some of 

the legal and health issues that have to be taken into account. 
Due to relatively strict EU regulations on additives allowed in food, and in 

particular, on the minimum acidity of fruit juices and nectars, the freedom for 

modification of those drinks is very limited [97]. Consequently, the following 

discussion will only consider modifications that can be introduced in soft drinks. 

In soft drinks a greater number of changes are allowed and some approved 

additives can be incorporated. Nevertheless, certain limitations regarding legal 

and health issues still apply [97]. 

1.6.1 Possible modifications 
One of the easiest and most effective ways for changing the demineralising 

properties of a drink is by increasing its degree of saturation with regard to 

hydroxyapatite. This can be achieved by increasing the pH of the drink as well as 
by adding calcium and/or phosphate (see Chapter 1.4). Besides these more 

common changes that are described in the next two sections the effect of added 
fluoride on the erosive potential of a drink as well as the introduction of organic 

material will be briefly discussed. 
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1.6.2 Increasing the pH/lowering the titratable acidity 
The most obvious change that could be introduced is based on the described 

dissolution behaviour of dental enamel (see Figure 1-5). As shown earlier, the 

solubility of hydroxyapatite decreases with increasing pH [69]. By lowering the 

acid content of the drink it should therefore be possible to reduce its erosive 

potential. Ideally a pH of 7 should be attempted. However, this solution is not 

practical for soft drinks, since they would loose their typical acidic flavour and 
taste perception and are therefore commercially unattractive [97]. Even a 

relatively small increase in pH can lead to a very dull taste of the final product. 
Furthermore, acids also have a preservative function in a soft drink and their 

reduction would be undesirable [97]. It is nowadays generally accepted that in 

order to produce a soft drink with a lower erosive potential, which is at the same 

time appealing and safe for the consumer, changes in pH or titratable acidity can 

only be small. 

1.6.3 Addition of calcium and/or phosphate 
The addition of calcium and/or phosphate to a soft drink in order to lower its 

erosive potential is based on the principles of the Law of Mass Action, which 
have been described earlier (see Chapter 1.4.1.2). The extent of enamel 
demineralisation tends to decrease if the solution already contains the reaction 

products of the enamel dissolution process (Ca2+ and P043") [97]. Many studies 
have proven the demineralisation reducing effect of calcium and/or phosphate 

additions to erosive solutions [98-102]. Even though these additions seem to be 

straightforward, the inclusion of calcium and phosphate salts into soft drinks can 

cause a number of problems. 
One of the most obvious ones is linked to the overall low solubility of 

calcium/phosphate salts. To achieve a sufficient level of protection against 
demineralisation, the amount of calcium and/or phosphate needs to be 

comparatively high with regard to the solubility of their salts [68]. The 

simultaneous addition of high concentrations of calcium and phosphate can lead 

to the precipitation of the salts in the drink, or prohibit their complete dissolution 

in the first place. By increasing the concentration of only one of the two 
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components (usually calcium) using a highly soluble salt (such as CaCl2) at least 

the initial dissolution can be readily achieved. 
An important limiting factor of calcium additions in soft drinks is their 

impact on the flavour. A high calcium concentration can lead to a chalky taste of a 

soft drink. However, certain juices, e. g. orange, can help to mask this taste [97]. 

Before adding calcium to a soft drink, it is therefore necessary to test its impact on 

the flavour, as well as other possible adverse interactions with other drink 

components (e. g. the colour or the precipitation of calcium citrate or tartrate salts). 
Despite all these potential problems, the addition of calcium, combined with 

a slight increase in pH has been successfully used to produce a drink with low 

erosive potential [103]. In this case nearly 400 mg/L calcium are present, which 
has only a small impact on the taste. 

1.6.4 Addition of fluoride 
While the anti-cariogenic effect of fluoride is well established, only a limited 

amount of information is available concerning its effect on dental erosion. 
Fluoridated apatite is less soluble than hydroxyapatite, as shown in Figure 1-5, 

and should therefore be more resistant with regard to cariogenic and erosive 

challenges. Lussi et al. [104] observed, for example, a statistical correlation 
between the fluoride concentration in a given soft drink and its erosive potential in 

vitro. They showed that an increased fluoride concentration leads to a smaller 

amount of enamel loss. Amaechi et al. [ 105] observed that the erosive potential of 

orange juice was reduced by actively adding fluoride to the drink. However, in 

this experiment, no statistical significant difference at the 95% confidence level 

could be established between the original drink and the drink with 0.5 ppm added 

fluoride [105]. 

One major concern with regard to the addition of fluoride to soft drinks is the 

potential risk of its over-consumption, which could lead in severe cases to 

fluorosis [97] (a condition leading to enamel defects). Children are especially at 

risk since this condition only affects teeth during their development [247]. In the 

USA a study investigated the correlation between the fluoride concentration in 

drinking water and its effect on caries as well as fluorosis in teenagers [106]. It 
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was demonstrated that, at a fluoride concentration of 1 ppm a balance between the 

benefits (less caries) and the downfalls (increased risk of fluorosis) can be 

achieved [106]. Since fluoride is also available from other food sources (e. g. tea 

can contain 0.015-0.03 % fluoride [94]), the addition of fluoride to soft drinks 

may prove more damaging than beneficial. To pursue the addition of fluoride to a 

commercial drink, it would be necessary to monitor and control its intake level, 

which is neither practical nor desirable. Furthermore, a change in the current law 

that forbids the use of fluoride supplementation to soft drinks would be necessary. 
At the moment, the addition of fluoride to soft drinks is therefore only of 

academic interest. 

1.6.5 Addition of organic components 
The above changes can be directly related to the Law of Mass Action and the 

difference in solubility between hydroxy- and fluorapatite. The effect of adding 

polymers is, however, less intuitive. While the modifications previously described 

were aimed at the reduction of the enamel solubility, the addition of polymers 

limits the amount of dissolved material by depositing a protective layer on the 

enamel surface. The diffusion of ions through this layer may then become the 

erosion-limiting step. 

A number of polymers which adhere to enamel or hydroxyapatite have been 

identified, e. g. polyacrylic acid, dextran, xanthan, carboxymethylcellulose and 

guar gum [107-109]. Of the mentioned polymers, only polyacrylic acid did not 

reduce the dissolution of apatite in vitro [109], while all the other polymers 

showed some sort of protection and are therefore potentially suitable for the 

modification of soft drinks. However, their use will be limited by their thickening 

ability once in the drink, since it has been shown that comparatively low 

concentrations (0.5%) lead to viscous solutions [94]. So far the publications in this 

area are very limited and further research is necessary to explore the viability of 

using these components for limiting the erosive potential of soft drinks. 

24 



Chapter 1- Literature review 

1.7 Investigation methods used in demineralisation 

studies 

The number of methods that have been applied in demineralisation studies are 
diverse. Every method that can either detect compositional changes in the 

demineralising solutions (e. g. chemical analysis of Ca and P concentrations) or is 

capable of measuring changes in mineral density (e. g. microradiography) or the 

loss of surface material (e. g. profilometry) has been applied. A complete overview 

of all the methods is therefore outside the scope of this thesis. 

A practical way of grouping the various techniques is by organising them 

according to their area of application. Depending on the way the enamel is 

exposed to the demineralising solution it is possible to distinguish between three 

different areas: in vivo, in situ and in vitro studies. In vivo studies are based on the 

examination of the human dentition with the erosive challenge occurring in the 

natural environment. In situ experiments are conducted by placing tooth material 
in the mouth of a volunteer. The erosive challenge takes place in the oral 

environment while the measurements are carried out in the laboratory. In vitro 

studies examine the erosive potential by conducting the demineralising challenge 

as well as the determination of its severity in a laboratory set-up. 
The following table (Table 1-5) presents a brief summary of the most popular 

methods of investigation, as well as some new techniques. The methods will be 

listed commencing with the most commonly used. The area of application (in 

vivo, in vitro or in situ) together with advantages and disadvantages and their 

sensitivity will be included. 
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Method Area Advantages Disadvantages Sensitivity Ref 

Ca/P04 3 Sensitive Not qualitative 1-10 µg/L [96, 
deter- Easy 110] 

mination Fast, cheap [111] 
Micro- 2,3 Mineral distribution Many sources of error 0.03x103 [28, 

radiography is also determined No information about kg 112] 
(TMR) first 10 gin from m3 

anatomical surface 
Micro- 2,3 Consecutive Polishing necessary kg [22, 

hardness measurements on the Early stages of erosion 0.005 mZ 23, 
same sample possible not accessible 3- 5µm 29] 
Quick, easy 

Scanning 2,3 Can mimic tooth Descriptive 1 nm [92, 
Electron surface Tissue shrinkage can 113- 

Microscopy High resolution cause artefacts 115] 
(SEM) Reproducible (dehydration) 

Studies end point of 
dissolution rather than 
process 
Observation in vacuum, 
samples metallised 

Indices 1 Quick, easy Not erosion specific n. a. [116, 
Large subject number Not precise 117] 
Natural occurred Descriptive 

Profilometry 2,3 Quick, easy Only two dimensional z: 10 nm [103, 
Consecutive Early stages of erosion 118] 
measurements on the not accessible 
same sample possible Polishing necessary 

Atomic Force 2,3 Very sensitive Small scan area z: 0.1 nm [58, 
Microscopy Quantitative and Reference layer needed 119] 

(AFM) qualitative for quantitative 
Onset accessible measurements 
Consecutive Not applicable on locally 
measurements on the rough surfaces 
same sample possible 
Natural surfaces can 
be measured 

Nano- 2,3 Quick Polishing necessary 0.2 nm [120- 
indentation Onset accessible Not applicable on 122] 

Consecutive locally rough surfaces 
measurements on the 
same sample possible 

Key: 1: in vivo 
2: in situ 
3: in vitro 

Table 1-5. Examples of methods used in erosion studies. 
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In the next part of this section, some of the above techniques will be 

described in more detail. They will be organised according to their specific area of 

application. A separate section will be dedicated to the principles of AFM and 
Nanoindentation, emphasising their use in the area of dental research. 

1.7.1 In vivo studies 
As already pointed out, in vivo studies are based on the direct examination of the 

human dentition. Long-term in vivo investigations offer the most direct indication 

of the fact that material loss takes place in the oral environment and that its 

severity has increased in recent years. 
Despite their importance for identifying the influence of erosion on the 

human dentition, these studies have a number of drawbacks. A major problem is 

that the observed changes are often not specifically due to enamel erosion. 
Clinically identified changes of the dentition (tooth wear) are more likely based 

on a combination of factors, which include erosion as well as attrition (wear of 
dental hard tissue due to tooth-tooth contact) and abrasion (wear of dental hard 

tissue due to contact with foreign objects). However, a well-trained examiner is 

usually able to identify the main source for an observed premature tooth loss. 

Since the severity of the material loss is determined after the structural changes 
took place, case histories are often the only way to link a specific erosive agent to 

the observed changes [116]. This is in most cases not satisfactory. Furthermore, it 

would be unethical to design an experiment in which the natural dentition of the 

volunteer is damaged. It is therefore impossible to use in vivo techniques for 

systematically testing the erosive effect of acidic food. 

1.7.1.1 Indexes 

Grading systems or indexes are mainly used to identify the amount of tooth 

damage in vivo. A number of different scoring systems have been developed. 

Smith and Knight introduced the one most frequently used today in 1984 [123]. 

All grading methods are based on an examination of the teeth. Depending on 

the extent of surface changes observed, teeth are divided in up to five different 

classes. The lowest class is used for teeth with no visible changes in their 

anatomical form (normal teeth), while the highest class describes teeth which 
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show an extensive loss of material including parts of the dentine [116]. Besides a 

direct description of the surfaces, photographic records and impressions can be 

used as an aid to determine the extent of tooth wear [ 116]. 

1.7.2 In vitro and in situ studies 
Compared to the studies conducted in vivo, in situ and in vitro studies allow a 
better control of the experimental conditions. In particular, in vitro studies offer 

the highest amount of control, leading to more reproducible results [116]. 

For the purpose of this thesis the term in situ will be used if an erosive 

challenge takes place in the oral-environment on samples especially introduced 

for this purpose. Those samples can be either hydroxyapatite discs, or bovine or 

human enamel slabs. They are fixed in the mouth by intra-oral appliances for a 

prolonged amount of time and removed prior to the determination of the overall 

material loss at predetermined time points (e. g. [80,124,125]). This technique 

allows one to control the amount and exposure time as well as the intervals 

between erosive challenges. In these studies differences in the susceptibility of the 

volunteers to erosion are difficult to account for and can lead to an increase in the 

standard deviations of the final results. 

In vitro experiments, on the other hand, allow for an increased amount of 

control over the experimental conditions. Besides the factors already mentioned 
for the in situ evaluations, in vitro experiments do not use volunteers, but 

reproduce the condition of an acidic challenge in the laboratory. Variables, such 

as temperature [5] or flow-rates [47], can be accurately controlled and by avoiding 

the variations linked to volunteers a reduction of the standard deviation can be 

achieved. However, the drawback of eliminating many of the variables present in 

the oral environment is that it is impossible to extrapolate the detected amount of 

material loss in vitro, to an in vivo situation. In vitro experiments can only give an 
indication for the true amount of tooth wear. 

Since in situ and in vitro experiments are both based on measuring the extent 

of material loss in a laboratory setting most of the methods, which will be 

discussed in the following sections, can be used in both cases. The only 

exceptions are the methods determining the loss of calcium or phosphate from an 
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enamel sample. Those methods are based on the analysis of the erosive solutions 

and are therefore not suitable for in situ tests. 

1.7.2.1 Determining dissolved calcium and phosphate 

The determination of the amount of calcium (Ca) and/or phosphorus (P) 

dissolved from teeth or dental mineral under the influence of acids or acidic 
drinks is a very sensitive way of detecting early stages of erosion in vitro. In 

general a tooth area of known dimensions or a precise amount of tooth material is 

exposed to the erosive agent for a certain length of time. The amount of Ca and/or 
P dissolved from the tooth material is determined by subtracting the amounts of 
Ca and/or P present in the acidic solution prior to and after the in vitro exposure to 

the tooth material [116]. 

Different methods are used for the determination of Ca and P in solution. The 

most common technique for measuring the amount of calcium is the atomic 

absorption spectroscopy (AAS) [96,110]. This method is based on the absorption 

of light by calcium atoms, which are produced during the burning and evaporation 

of the test solution. It is possible to detect calcium concentrations of around 1 

tg/L with high reproducibility (standard deviation: 0.5 - 2%) [126]. 

A widely used spectrophotometric technique for determining P in solution is 

based on the intensity of the blue colour of a stable reduced phosphomolybdate 

complex [ 111 ]. This method facilitates the detection of around 10 µg/L P[ 127]. 

However, a major drawback of this technique is that great care must be taken to 

eliminate interference from other drink components, such as citrate, that can alter 

the colourimetric response. 
The detection of Ca and/or P combines high sensitivity and reproducibility 

with a relatively fast and simple operative procedure. Furthermore, the described 

techniques belong to the few methods which can measure erosion on native 
(unpolished) enamel surfaces with high precision. 

However, a major drawback of the determination of Ca and P in solution is 

the inability to link the measured amount of dissolved material to specific features 

on the enamel surface. 
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1.7.2.2 Microradiography 

Microradiography is a method for mineral quantification by means of x-ray 

absorption. Three different techniques are available: transverse microradiography 
(TMR), longitudinal microradiography (LMR) and wavelength-independent 

microradiography (WIM). However, TMR is the most common one [128] and will 
be discussed in more detail. 

Historically TMR has been mainly used in caries research, where it offers the 

ability to determine the depth of a lesion, as well as its shape and the overall 
distribution of the minerals. Since erosion is mainly due to material losses at the 

tooth surface, other methods seemed more appropriate than TMR in erosion 

studies. However, in recent years, TMR has been successfully used in this area of 
dental research [28,112]. 

In TMR analysis transverse thin sections from calcified tissue are prepared 

and images of their x-ray absorbency as well as a calibration step-wedge are 

recorded on photographic plates or film. The optical density of the developed film 

is directly linked to the absorption of the x-rays and densitometry can be used to 

calculate the mineral content [129,130]. TMR measurements require 

planoparallel sections, which are thin enough to allow x-rays to be only partially 

absorbed. Exact knowledge of the thickness is not essential, provided that the 

mineral contents of sound tissue are used as the reference points for the 

calculation of the lesion profile. The discrimination threshold of TMR for 

measuring mineral concentrations is 0.03x103 
kg 

and the technique offers a 
m 

spatial resolution of 20µm in x, 80µm in y and 2µm in z direction [ 129]. 

Many different sources of errors in the analysis have been identified. A major 

problem is the sectioning of the sample and the preparation of planoparallel 

specimens. It was shown that variations in the thickness of 10-20 % are normal 

and samples are often unevenly polished, leading to a lower precision of the 

technique [131]. Potential errors due to x-ray and film inhomogenity have been 

described [130] as well as misinterpretation of TMR data due to the presence of 
ions with high absorption coefficients for x-rays. For example tin ions in the outer 

enamel surface cause a strong x-ray response and can be easily misinterpreted as 
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"remineralisation" [128]. If early stages of erosion have to be assessed with TMR, 

a fundamental problem is encountered due to the inability to measure phenomena 

occurring less than 10µm from the anatomical surface [128] caused by the finite 

densitometer slit width and specimen curvature. 

1.7.2.3 Scanning electron microscopy (SEM) 

SEM creates an image of a conductive sample surface by scanning it with a 
focused electron beam under vacuum conditions [4]. The irradiation by the 

electron beam results in (a) the emission of secondary electrons (SE) from within 

a few nm of the specimen surface and (b) the back scattering of the incoming 

electrons which interacted with the specimen up to a depth of one µm (BSE). 

Either type of electrons can be used for studying the topography of the specimen 
[4]. 

While the resolution in x and y direction is up to 1 nm under ideal conditions 
[132], changes in z direction cannot be quantified. Differences between erosive 

agents are therefore assessed by grading the severity of the etching [ 116]. 

SEM has been extensively used for the study of tooth surfaces, including 

their changes due to acid exposure [92,113-115]. One major drawback of this 

technique is the inability to study the on-going dissolution process, due to the fact 

that the surface has to be coated with a conductive layer prior to the 

measurements. Each sample can, therefore, only be imaged at one point in time - 
at the end of the erosion experiment and the determination of the rate of erosion is 

therefore not possible. 
The sample preparation is one of the main sources for possible errors when 

using the SEM. During the coating of the specimen under high vacuum, the tissue 

can shrink due to the loss of water leading to artefacts. Furthermore the 

evaporation of a thick metal layer can "snow under" interesting details [ 132]. 

1.7.2.4 Microhardness 

Microhardness tests are conducted by forcing a diamond tip of a specific 

geometry (e. g. spherical, conical or pyramidal) into the sample with a given load 

over a given time, forming a permanent (plastic) indentation in the surface which 
is then examined microscopically [133]. Two different indenters are mainly used 
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in dental research: Knoop and Vickers, with the former being an elongated four- 

sided pyramid and the later a four-sided pyramid [133]. The hardness number 

(expressed in GPa or kg/mm2) is equivalent to the average pressure under the 

indenter and is calculated as the ratio between the applied normal load and the 

surface area at contact (for the Vickers hardness number) or the projected area of 

contact (for the Knoop hardness number) [133]. The estimated threshold for the 

detection of mineral loss by surface microhardness tests is 0.005 
kg 

[128]. 
M 

Hardness measurements were originally introduced for testing 

homogeneously dense materials. However, in studies of enamel demineralisation 

the load is often applied perpendicular to the eroded surface, which has a lower 

mineral density than the enamel underneath. These measurements, therefore, 

produce an average microhardness value due to the different resistance of 

different enamel sections to the indenter penetration. In reality, each section has a 

specific microhardness that is a function of the degree of its porosity [134]. If the 

load is applied parallel to the anatomical surface (cross-section microhardness) the 

indenter encounters a more homogenous tissue, providing hardness values that are 

less dependent on the indentation depth. Even though this method offers some 

advantages, a major disadvantage for measuring early stages of erosion is the 

inaccessibility of the outermost 251tm of a sample [128]. 

Microhardness measurements do not give information about the chemistry or 

the crystal characteristics of the mineral dissolution and formation, they merely 

indicate that mineral is being dissolved and reformed under the test surface within 

the enamel [128]. 

A clear advantage of microhardness measurements is the possibility of 

exposing the same specimen to a succession of synthetic or biological fluids, thus 

facilitating the determination of demineralisation rates. Essentially, the 

microhardness test characterises the ability of the fluids to either dissolve or 
deposit minerals on the enamel surface [128]. 

A further drawback of this technique is the requirement for relatively flat 

surfaces which can only be obtained by removing the outer enamel layers that are, 
in the natural state, those in contact with the oral environment. Furthermore, the 
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validity of the test depends on the assumption that the change in mineral density is 

similar at all points of the tested surface, so that each set of indentations 

characterises the altered mineral density of specimen as a whole [128]. Finally, 

this technique requires that a minimum indentation load of at least 100g is used to 

avoid appreciable variation of calculated hardness values with load [20]. This load 

corresponds to an indentation depth of 3 µm (Koop) -5 gm (Vickers), which is 

greater than the thickness of the softened enamel layer during the early stages of 

enamel demineralisation [135,136], which are therefore inaccessible. 

Furthermore, it is not possible to derive Young's modulus values with this 

technique. 

1.7.2.5 Profilometry 

In profilometry (or surfometry) a spherical diamond tip is driven across the 

specimen surface at a constant force. The analog voltage following the vertical 

movements of the tip is transformed into the surface profile, which is used for 

determining the amount of enamel loss due to an erosive challenge [96]. The 

resolution depends on the tip radius as well as on the roughness of the surface. In 

the literature a number of different tip radii are mentioned, varying up to a factor 

of 20 in size (e. g. r= 1µm [96] and r= 20µm [73]). A general resolution in x can 

therefore not be given, but as a rule of thumb, it can be said that features smaller 

than the diameter of the used tip can not be accurately measured. The resolution in 

depth (z-direction) has been reported to be around 10 nm [96]. 

Profilometry is a relatively new technique and was used first by Meurman et 

al. in 1990 [96], to determine the erosive potential of different sport drinks. The 

major advantage of this technique is its ability to measure the dissolution rate of 

enamel in vitro as well as in situ, due to the fact that consecutive measurements 

can be obtained on the same enamel surface [80]. Measurements can be obtained 

easily and quickly, making it logistically possible to investigate changes to a high 

number of samples. 

However a number of drawbacks need to be considered. Firstly, the fact that 

the enamel surfaces have to be polished prior to the erosive challenge. It is 

therefore not the natural enamel surface in contact with the acid and this can lead 
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to an increased amount of material loss [73]. Another disadvantage of many 

profilometers is the inability to scan the surface in the x-y plane. Most can only 

scan in one direction and therefore no topographic image of the sample is 

produced. Layers on the surface (e. g. a soft pellicle layer), which could potentially 
decrease the measured amount of material loss, remain undetected. Furthermore, 

the early stages of enamel erosion are not accessible due to the resolution of the 

technique. 

1.7.2.6 Atomic Force Microscopy (AFM) and nanoindentation in 

dental research 
While AFM is able to obtain data concerning the surface topography of a 

sample, nanoindentation probes the hardness and reduced Young's Modulus of a 

substance. The underlying measuring techniques are comparable to those used in 

profilometry and microhardness measurements, respectively. However the 

resolution obtainable with AFM and nanoindentation is, at the very minimum, one 

order of magnitude better (see Table 1-5). 

In recent years it has become apparent that it is important not only to study 

the gross material loss caused by erosion, but also the early events involved in this 

process since they may be reversible (remineralisation). However, due to the fact 

that the resolution of many of the employed techniques can not produce reliable 

results for small amounts of material loss, the onset of erosion is not completely 

understood. By using high-resolution techniques such as AFM and 

nanoindentation it should be possible to overcome those problems. 
AFM 

The application of the AFM for measuring surface changes of dentine has 

been pioneered by Marshall et al. [137]. In 1993 AFM was used to study the 

effect of bonding agents on dentine [137] for the first time[138]. Since then a 

series of publications followed highlighting the usefulness of this new technique 

for measuring small material losses and changes in surface structure of dentine 

[139-142]. However, little attention has been paid to the ability of the AFM to 

study enamel erosion. The earliest and still one of the few papers on this topic was 

presented in 1995 by Sollboehmer et al. [ 119]. In this paper the erosive effect of 

water and acidic soda pop on polished human enamel was measured. Enamel 
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losses were determined in a flow cell and could be detected as early as ten 

minutes after the initial contact between the enamel and soda pop, clearly 
demonstrating the opportunity to observe the onset of enamel erosion with AFM. 

However, these data were obtained on polished enamel surfaces. Since the 

polishing of the enamel changes its susceptibility towards erosion these results 

shed little light on the processes involved in the dissolution of natural tooth 

surfaces. 
Nanoindentation 

The great potential of using a nanoindenter combined with an AFM for 

studying the properties of human dentine was demonstrated by Kinney et al. in 

late 1995 early 1996 [122,143,144]. For the first time, they were able to 

determine the hardness and reduced Young's Modulus of intertubular and 

intratubular dentine [122,144]. Previous microhardness measurements were only 

able to give a composite average for dentine, which ranged from 250 MPa to 800 

MPa [144], due to the large size of the indentations in relation to the dentine 

microstructure (tubular diameter: 0.8 µm - 2.5 µm [18]). Further studies using 

AFM based nanoindentation have been conducted to determine the mechanical 

properties of the dentino-enamel junction [145] as well as human dental enamel 

[146]. The decrease in dentine hardness during a restorative procedure caused by 

demineralisation was investigated by Balooch et al., [121] demonstrating the 

ability of a nanoindentation/AFM system to measure dissolution processes. 

However, prior to the work presented in this thesis, no attempt has been made to 

apply this very promising technique to the investigation of changes in the 

viscoelastic properties of enamel caused by an erosive challenge. 

Since AFM and AFM based Nanoindentation have been employed in the 

present study these techniques, along with their advantages and disadvantages, 

will be discussed in more detail in the following sections. 
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1.8 AFM-background and working principle 

The Atomic Force Microscope (AFM) belongs to the Scanning Probe 

Microscopy (SPM) family of instruments, which are based on the development of 

the scanning tunnelling microscope (STM) by Binnig et al. in 1982 [147]. The 

STM was the first instrument capable of obtaining three-dimensional 

topographical images of conductive surfaces with atomic resolution [147]. Its 

working principle is based on the fact that if a voltage is applied between a 

conductive surface and a metallic probe positioned within a few Angstroms from 

this conductive surface, a quantum mechanical tunnelling current will flow. The 

magnitude of the tunnel current varies exponentially with the distance between the 

sample and the probe and it also depends on the applied voltage and on the work 

functions of the probe and the sample. The STM can operate in constant height or 

in constant current mode. In the first case the probe moves in a raster scan over 

the sample surface and the z position of the sample (probe) is adjusted. The tunnel 

current is mapped across the surface and is directly related to the topography of 

the sample [148]. 

In the second mode a feedback loop is required to continuously adjust the tip- 

sample separation to keep the tunnel current constant, while the probe is scanning 

the surface. In this case the variations in the vertical displacement are used to 

construct the surface profile. The resolution in z-direction is very high (less than 

0.1 nm) [149]. 

However exciting this new technique is, it only facilitates the study of 

surfaces which are at least partly electrically conductive [ 149]. Imaging biological 

samples is therefore only possible after they have been coated with a conductive 

layer. Since this layer is applied under high vacuum, artefacts are easily 

introduced prior to the measurement of the samples. 
In 1986 [3] this drawback was overcome with the introduction of the AFM, 

which enables the mapping of the surface topography by measuring ultra-small 

(less than I nN) [149] forces between a cantilever and the sample surface. This 

technique offered, for the first time, the unique opportunity to obtain high- 

resolution topographical images of biological samples in air as well as in aqueous 
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solution. As with profilometry, the resolution in the x-y plane depends on the tip 

radius, on the roughness of the surface and, especially for soft samples, on the 

applied force. Usually the tips employed in the AFM have a 10 nm radius of 

curvature [149], making them 100 [96] to 1000 [73] times smaller than the tips 

used in profilometry and thereby increasing the lateral resolution by 2-3 orders of 

magnitude. The resolution in z is determined by the precision with which the 

deflection of the cantilever can be monitored and is cited in the literature as being 

< 0.1 nm [149]. 

1.8.1 General set-up 
In Figure 1-7 the main components of an AFM are shown schematically. 

Position sensitive Laser 
detector AlIkk 

Probe 

Computer 

Sample   

Piezo- 

scanner 

Feedback 

mechanism 

Figure 1-7. Schematic and simplified diagram of an Atomic Force Microscope, 
showing its main components. 

An AFM consists of: 

-a probe (to scan the surface), 

-a laser and a position sensitive detector (PSD) (to measure the deflection of 

the cantilever) 

-a piezo-scanner (to position the sample surface relative to the probe in x, y and 

z direction; allowing the raster scanning of the surface), 

-a feedback control system (to maintain a constant interacting force by 

adjusting the separation between probe and sample surface) 

- and a computer (to monitor, save and process the obtained data). 

The first three points will be discussed in more detail in the subsections below. 
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Probe 

An AFM probe generally consists of a cantilever with a sharp tip at the end. 
The sharp tip is the element interacting with the sample whereas the cantilever is 

the actual force sensor. Different forces can be detected: attractive van der Waals 

forces [150-152], short range repulsive forces [152], frictional [153], electrostatic 

[154] and magnetic forces [155,156]. In all these cases the image resolution 

depends directly on the sharpness of the tip, the spring constant of the cantilever 

and its resonant frequency. A small spring constant and a high resonant frequency 

minimise the energy transferred from the cantilever to the sample but can only be 

achieved by reducing the dimension of the cantilever. Probes are normally made 

using standard semiconductor technology. Triangular Si3N4 cantilever have a 

higher lateral stiffness and rectangular Si cantilever are more often utilised in 

tapping mode as will be explained later. 

Detection of the cantilever deflection 

As mentioned earlier, an AFM image is obtained by maintaining a constant 

force between probe and sample while scanning the surface. This force is 

measured by recording the deflection of the cantilever during the scanning process 
[149]. The interaction force F can then be calculated, employing Hook's law: 

F=kxx, with k representing the spring constant of the cantilever and x its 

deflection. 

In the present study a Nanoscope III a (Digital Instruments, Santa Barbara, 

USA) AFM has been employed. Here, one of the most common optical detection 

methods, the optical beam deflection [157,158], is utilised to monitor the 

cantilever motion. By focusing a laser beam onto the back of a reflective 

cantilever the location of the reflected beam is measured by a position sensitive 
detector (PSD) (see Figure 1-7). The PSD is a photodiode split into either two or 
four sections. While a two segment-photodiode is sufficient to measure cantilever 
bending, a four segment photodiode allows, in addition, the torsion of the 

cantilever to be detected. A major drawback of the optical detection set-up 

especially with regard to measuring soft drink induced enamel erosion, is its 

inability to work in opaque liquids. 
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Piezo-scanner 

In order to obtain images with a resolution comparable to the tip radius 
(<l Onm), it is crucial to scan the sample with an accuracy better than 10 nm in the 

x-y plane. In the Nanoscope III AFM this is achieved by employing a Piezo-tube 

scanner consisting of a four sector cylinder of piezoelectric material (such as lead 

zirconate titanate [159]). By applying a high voltage between the inside and the 

outside sectors the cylinder is bent, which produces a movement in the x-y plane. 
A z-motion is achieved by applying a voltage to a single inside electrode, leading 

to a uniform extension of the tube [149]. Since all piezo materials exhibit some 

non-linearity and hysteresis, it is necessary to compensate for it by calibration, 

using gratings with well-known lateral spacing. 

1.8.2 Modes 

Three main operation modes (contact mode, tapping mode and non-contact 

mode) are utilised in an AFM for measuring tip-sample interactions. Contact and 

tapping mode are more commonly used and will therefore be described in more 

detail. 

Contact Mode 

In contact mode the tip is moved towards the sample until a predefined 
deflection of the cantilever can be detected. If the microscope operates at constant 
force, the deflection of the cantilever is kept constant by adjusting the z-position 

of the sample, while the tip is scanned across the surface. By recording the tip 

movements along the z-axis together with the position of the probe the 

topographical image of the surface is obtained [149]. However, if the stiffness is 

not homogeneous across the sample surface, the final image will be a combination 

of topographical and stiffness information. 

A second, less common way of operating the AFM in contact mode is at 

constant height. In this case the probe scans the surface with the feedback loop 

switched of and information on the topography are directly deduced by 

monitoring the deflection of the cantilever. Since no adjustment in z is provided, 

the constant height mode can only be used on relatively flat samples, in order not 
to damage the tip or lose the contact with the surface. Figure 1-8 shows 

39 



Chapter I- Literature review 

schematically the working principle of the AFM in contact mode and both friction 

and normal forces are described in terms of the movement of the laser spot on the 

photodiode. 

Friction forces Agd# - 

Normal forces 

ýý 

I 
Laser 

Si3N4 
Cantilever 

Sample 

Figure 1-8. Operational principles of AFM in contact mode. 

While this mode can be successfully used on many samples it has some 

serious drawbacks if soft biological samples are to be investigated. The major 

disadvantage is due to the lateral forces induced by the probe while scanning. If 

this effect is combined with adhesive forces between the tip and surface it is clear 

that the contact mode can cause substantial damage to the sample as well as the 

tip. Potentially artefacts can therefore be created [ 160]. 

Tapping mode 

To facilitate the imaging of biological samples, it was necessary to minimise 

the contact time between tip and sample and avoid any dragging effect of the tip 

[160]. This was achieved by the development of the Tapping Mode-1-m. In this 

mode the cantilever is oscillated at (or near to) its resonant frequency (around 310 

kHz) at a certain distance from the sample. At the lowest point of its oscillation 

cycle, the tip touches the surface (it "taps" the sample) leading to a reduction of 

the oscillation amplitude. In this mode of operation, the feedback system adjusts 

the tip-sample distance to maintain a prefixed amplitude of oscillation [ 160,161 ]. 

The sample topography is thus measured by recording the z-movements of the 

sample stage while scanning. 
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Figure 1-9 shows schematically the working principle of the AFM in tapping 

mode. 
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Figure 1-9. Operational principles of AFM in tapping mode. 

Using tapping mode the frictional force, which manifests itself in contact 

mode in the torsion of the cantilever, can be reduced [149]. Even delicate 

biological samples or loosely bound particles are thus easily scanned. However, 

imaging artefacts due to the size of the tip as well as a compression of very soft 

samples are still present. 

1.8.3 Advantages and limitations 

The major advantage of the AFM, when compared to previous methods, is its 

ability to measure surface changes with high precision qualitatively as well as 

quantitatively, thus making it possible to link changes in the surface structure 
directly to the observed material loss. The early stages of erosion are therefore 

accessible, even on natural tooth surfaces [58]. Furthermore it is possible to 

measure the same area on a sample after a number of consecutive treatments. 

Rates of demineralisation linked to specific surface features are therefore 

additionally obtained. 

However useful the AFM is for the measurement of dental erosion, it still has 

some drawbacks. The main disadvantage is linked to the limited scan size. A 

maximum scan size of 250µm x 250µm with a maximum height change of 7µm 
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over the image can be achieved. Extremely rough natural surfaces can therefore 

not be observed and later stages of the erosion process are also not accessible. The 

AFM measures only relative height differences between two parts of the same 

sample. It is therefore necessary to apply a reference layer to obtain true 

quantitative height measurements. This can cause problems, keeping in mind the 

limited height range available. 

1.9 Physical background of nanoindentation 

The first nanoindentation measurement devices were introduced in the 80's [162, 

163]. Even these early nanoindenters offered the opportunity to apply extremely 

small loads (nN range) to a sample surface and therefore facilitated the hardness 

measurement of a few surface layers [162,163]. However, none of those 

machines allowed a precise positioning (within a few micrometers) of the indenter 

on the sample surface. As a result, only extremely smooth and homogenous 

surfaces could be measured successfully. This limitation was overcome in the late 

80's by combining nanoindenters with the AFM [164,165]. The high sensitivity 
in depth-sensing of the nanoindenter linked with the precise (better than 1 nm) 

positioning of a tip on a surface of the AFM, offers an exciting new tool in dental 

research. By scanning the surface of the sample prior to any indentations, areas of 

special interest can easily be identified and locally smooth areas on an otherwise 

rough sample detected. 

The implementation of nanoindentation in an AFM can be achieved in two 

different ways: a) by using a special diamond or diamond coated tip together with 
the normal AFM tip holder or b) by replacing the AFM head with a special 

nanoindenter head. 

1.9.1 The AFM as a nanoindenter using a diamond or 
diamond coated tip 

In this particular case, a special diamond or diamond coated tip is used instead of 

the usual Si3N4 or Si cantilever. These diamond tips have a radius of curvature of 

about 20nm [144]. After the tip has been engaged the surface is scanned in 

tapping mode until an area of interest has been identified. Scanning is then 
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stopped and the indentation takes place at the centre of the scanned area. During 

the indentation the sample is raised towards the tip, causing the cantilever to bend. 

The force that is used for the indentation is measured by monitoring the bending 

using the normal laser/photodiode system. Figure 1-10 shows the various stages of 

the indentation curve and the changes in the cantilever bending during an 

indentation. 
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Figure 1-10. Nanoindentation approach and retract curve obtained with a diamond 
tip replacing the normal silicon nitride tip. The bending of the cantilever is used to 
determine the indentation curve. 1: tip far from the surface, 2: initial contact 
between the tip and the sample, 3: final indentation position, 4: negative deflection 
of the cantilever (during retraction) due to adhesion forces, 5: tip free from the 
sample with an indentation feature remaining. 

The advantage of this technique is the simplicity in the set-up of the 

experiment. No additional equipment is needed (except for the diamond tip and 

addtional software) for performing this indentation with a conventional AFM. 

However a number of drawbacks are apparent. Unwanted bending and twisting of 

the cantilever during indentation as well as the non-linearity, hysteresis and creep 

of the Piezo can cause artefacts. This behaviour makes the "Force plots" (shown 

in Figure 1-10) difficult to analyse. A Force Plot gives in fact the cantilever 

deflection versus the z-piezo extension, which is not a true loading-unloading 

curve. Since the cantilever deflects while indenting, the z-piezo extension cannot 

directly be used as indentation depth. To obtain a true loading-unloading curve, it 
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is necessary to subtract the cantilever deflection from the z-piezo extension at 

each point along the horizontal axis of the Force Plot. This is difficult due to the 

error in the measurement of the cantilever sensitivity which is required to 

calculate the cantilever deflection. This is especially a problem for hard 

substances, where the cantilever deflection is large compared to the sample 

deformation (personal communication, technical support Digital Instruments). 

If hardness values are to be obtained, it is furthermore necessary to scan the 

surface after the indentation to determine the contact area, which makes this 

technique rather time-consuming. Figure 1-11 shows a polished enamel prior to 

(a) and after a set of indentation with increasing loads (b) using the described 

technique. The applied loads were between 200 tN (right hand side of the image 

(b)) and 500 tN (left hand side of the image(b)). For a hard material such as 

enamel, 500 pN was the maximum load which could be applied with this system. 

a) 
F 

b) 

Figure 1-11.: AF\1 tapping mode image of polished human enamel prior to a) and 
after a set of nanoindentations with increasing load b). Loads ranging from 2O0µ\ 
to 5OUµ\ were used. Height and corresponding amplitude images are shown. 
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1.9.2 The AFM as a nanoindenter using a capacitive 
transducer 

A second instrument configuration has been used in this thesis to measure changes 

in hardness of an eroded enamel surface (see Chapter 6), which is based on the 

indentation of the enamel sample by using the Hysitron Triboscope. A simplified 

diagram of the instrument is shown in Figure 1-12. The main difference to the 

usual AFM set-up is the fact that the tip is placed in a special transducer, which is 

linked to a second computer system. 
Capacitive 
Transducer/Sensor 

Sample 

4-Sectors 
Piezotube 

SPM GonaoUei 

Feedback X, YZ 
Input Output 

i 

21 

Transducer 
GOM OBW 

Transducer/Sensor 
Output 

Sensor Z Feedback 

Figure 1-12. AFM/naniondentation set-up using a specific head. 

This transducer head is the heart of the nanoindentation system. It consists of 

a three-plate transducer, which is used for the application of the load and a 

capacitive sensor used for the measurement of vertical displacement. Applying an 

electric voltage to the transducer system performs the indentation, while the 

central pick-up electrode monitors the movement of the tip [248]. Figure 1-13 

shows the transducer head in more detail. A Berkovich indenter with a tip angle of 

65.3° [ 133] is usually used for these measurements. 
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Diamond tip 

n'; - nI, toc Pickup electrode 

Figure 1-13. Schematics of a three-plate transducer/capacitive sensor 

The advantage of this system compared to the first one is the ability to obtain 

absolute hardness values easily, due to a calibrated tip and the measurement of a 

force-depth profile. It is therefore not necessary to measure the size of the 

indentation. Furthermore no bending or twisting of the tip takes place during the 

indentation process and interpretation is therefore easier. Figure 1-14 shows an 
image of a nanoindentation in polished human enamel obtained with this 

technique. 
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Figure 1-14. AFM/nanoindentation image taken on a polished human enamel 
surface using a transducer system. 

The images that can be obtained with this set-up are of lower resolution in the 

x-y plane (see Figure 1-14) than the ones taken with a diamond tip in a normal 
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AFM setting (see Figure 1-11). However, higher indentation forces can be applied 

with the special head (up to 10 mN) than with the diamond coated or diamond tip 

(around 500 µN), making this technique more applicable for hardness 

measurements of hard surfaces. This higher possible indentation force is of 

specific importance for rough surfaces (such as eroded enamel surfaces) since the 

error is too large for any interpretation if the indentation depth is of the same size 

as surface features. 

However, whichever system is used, nanoindentation for erosion studies on 
human enamel is only suitable as a tool at the beginning of the erosion process. At 

later stages of the demineralisation the enamel surface becomes too rough to 

obtain any meaningful results. 

1.10 Motivation and objectives for the current study 

The amount of literature published in the field of dental erosion employing a 

variety of different methods is numerous. Most of the data has been obtained after 

extended material loss has occurred, giving only limited insight into the early 

stages of the dissolution process and the changes occurring on the tooth surface 

over time. Furthermore, the chosen methodology in these preceeding studies make 
it difficult to link quantitative measurements with specific features on the enamel 

surface. The fact that meaningful results were only obtainable after bulk material 
loss had occurred necessitated extended study periods in in situ experiments. In 

recent years it has become more and more difficult to conduct in situ studies due 

to the ethical concern linked with the extensive exposure times of volunteers to 

potentially harmful substances. 
Developing a method that allows the investigation of the early stages of 

erosion is therefore not only important for enhancing our knowledge of the 

involved processes but also to shorten clinical trials. Since it is assumed that the 

onset of erosion is potentially reversible, a better understanding of the process 

may also help to find ways for enhancing remineralisation in the future. 

AFM and AFM/nanoindentation are very useful in this field of research since 

they incorporate the ability of quantifying small surface changes (i. e. by 
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measuring surface height differences or changes in hardness) with qualitative 

information concerning changes in the surface structure (i. e. by imaging the 

enamel surface). It is therefore possible to link specific surface features to an 

observed dissolution rate. For in situ studies, the fact that the area of interest can 
be qualitatively characterised prior to the measurement is also beneficial for 

reducing the risk of artefacts (e. g. due to a not completely removed pellicle layer). 

The overall aim of the present thesis is to study the early stages of in vitro 

and in situ soft drink-induced enamel erosion using AFM and 

AFM/nanoindentation. These techniques have not been used previously for the 

study of demineralisation of native enamel surfaces in vitro or erosion 

measurements in situ. Most of the work presented in this thesis can therefore be 

considered as pioneering work for testing the feasibility of using the AFM to 

investigate erosion processes under a number of different conditions. 
The first objective of this thesis was to develop a method for measuring 

enamel erosion on native enamel samples in vitro with the AFM. Of special 

interest was the question whether the determined demineralisation rate can be 

linked to specific enamel surface features. After a successful method 

development, a further objective was to develop an in situ method which would be 

able to distinguish between the erosive potential of different drinks at very early 

time points. To achieve this second objective the AFM as well as the 

AFM/nanoindentation technique were used to detect the extent of soft drink- 

induced demineralisation of polished enamel samples. Since in the oral 

environment the acquired pellicle layer was expected to play an important role in 

the overall amount of enamel loss, a further objective of this thesis was to 

measure the pellicle layer thickness and morphology. It was considered to be 

important to test whether the consumed soft drinks could influence the pellicle 

layer thickness and morphology and thus alter their erosive potential. The final 

objective was to try and combine the erosion measurements on native enamel 

surfaces with an in situ exposure to the soft drinks and measure the extent of 

material loss and the induced morphological changes. 
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2 In vitro demineralisation of native 

enamel studied with AFM 

2.1 Introduction 

In an in vitro erosion trial reproducible conditions can be more easily achieved 

than in an in situ trial since variations between different volunteers are eliminated. 

For this reason, in vitro trials are usually a preferred starting point for the 

development of new measuring techniques. In this chapter, the study of the soft 

drink induced dissolution of enamel surfaces measured with atomic force 

microscopy (AFM) is presented. Even though the AFM has proven its ability to 

measure surface topography with high accuracy [142,166], its applicability to 

investigate small morphological changes on natural enamel needs to be 

established. The roughness of natural enamel surfaces is potentially a problem 

since the AFM tip can snag on higher peaks, sometimes snapping the cantilever in 

the process. Cases where the cantilever was immediately damaged while imaging 

hydroxyapatite coatings have been reported [167]. 

For understanding processes occurring at native surfaces of biological 

materials, such as enamel, it is important to study their bulk properties. The 

methodology of some studies of enamel dissolution necessitated the grinding and 

polishing of specimens [73,168]. It is well established that this treatment 

increases the dissolution rate of enamel [8-10] since dissolution depends on the 

geometry of the crystals [ 169], the enamel structure [ 170,171 ] and the amount of 
fluoride and carbonate in the crystal, all being affected by the polishing process. 
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Studies on native enamel surfaces have often been based on quantitative 

chemical analysis of the dissolved elements. These studies provide no insight into 

the effect of demineralising solutions on enamel surface structure [172]. 

Information about morphological changes on enamel surfaces have often been 

obtained by SEM measurements [ 115,173,174]. These observations have been 

based on studies at the final stage of demineralising treatments which precludes 

the investigation of the different stages in the dissolution process. It is therefore 

not surprising that the detailed processes involved in enamel dissolution are not 

completely understood. 

The purpose of this in vitro investigation was to quantify the early changes in 

the enamel surface structure after several soft drink-induced dissolution steps with 

the AFM. The enamel loss as a function of time was determined and a link 

between quantitative measurements and qualitative observations made. 

2.2 Materials and Methods 

Unerupted third molars were disinfected for one month in water containing 

thymol after their roots and pulps were removed using a diamond burr and a pair 

of tweezers. Subsequently, the teeth were carefully sectioned with a diamond saw 

and the sections from the buccal or lingual area were cleaned by brushing them 

with a Braun Control B Plaque-remover for two minutes. Adapting a method from 

Marshall et al. [175] half of the native surface of each tooth section was covered 

with Parafilm and an approximately 70 nm thick reference layer of gold was 

applied by thermal evaporation in high vacuum. Thus, after the removal of the 

Parafilm a reference step between the native enamel and the gold layer was 

provided. The native enamel surface was subsequently eroded. The height 

difference between the acid resistant gold layer and the eroded enamel surface 

was measured with the AFM. 

Three different drinks, namely a still mineral water (Buxton), a "toothkind" 

blackcurrant drink (Ribena Toothkind) and a lemon and lime juice drink (Tesco 

Lemon and lime juice) were used as potentially erosive agents. More information 

concerning the composition of the used drinks and the manufacturers can be found 

in Appendix A. Water was chosen because it is considered to have none or a 
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minimal erosive effect on dental enamel. The manufacturer of the blackcurrant 

drink claims that this drink is "toothkind" i. e. that it has no clinically relevant 

erosive effect on dental enamel as demonstrated previously [176]. The lemon and 
lime juice drink was hypothesized to have a high potential erosivity due to its 

composition. The pH values (measured with pH-meter), titratable acidity (titrated 

with NaOH solution), calcium (measured by atomic absorption spectroscopy) and 

phosphate (measured by photometry of molybedate-complex) concentration are 

shown in Table 2-1. PH and titratable acidity were measured immediately after 

the bottles were opened to avoid any changes caused by exposure to air. An 

estimation of the drinks' saturation (calculated according to [75]) with regard to 

calciumhy droxyapatite can also be found in Table 2-1. 

Water "Toothkind" 

Ribena 

Lemon and lime 

juice drink 

pH 7.2 3.8 2.6 

itratable acidity [%w/w]' 0.0 0.32 1.49 

Citric acid [g/L] 0.0 3.68 13.65 

Calcium [mg/L] 55 382 30 

Phosphate [mg/L] 0.01 54 94 

Degree of saturation` 1.168 0.110 0.004 

a Titratable acidity [%w/w] expressed as citric acid monohydrate 

Citiric acid and citrate concentration expressed as citric acid anhydrous 
Calculated on the basis of the calcium, phosphate, and citrate concentrations, as 

well as the titratable acidity and pHs of the drinks. 

A saturated solution with regard to hydroxyapatite has a degree of saturation of 1 

[75]. 

Table 2-1. Chemical Properties of the three drinks used in this experiment 

A Digital Instruments Multimode Nanoscope IIIa, operating in the tapping 

mode (tips: TESP-70, DI), was used for the erosion measurements. Surface height 

variations of a sample are represented by differences in grey scale, where white 
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represents the highest surface features and black indicates the lowest features of 

the scale. 
Each tooth sample was imaged prior to exposure to the drink (baseline) with 

the AFM. Subsequently the selected drink was brought into contact with the 

enamel surface by depositing a 0.2 ml drop of the liquid at room temperature on 

the enamel surface. The liquid drop was exchanged every 15 minutes. After 15 

minutes, 30 minutes, one hour, two hours and three hours respectively the 

dissolution process was stopped by rinsing the surface with water. At these times 

images of the surface were recorded with the AFM. The areas of the surface 

imaged (image size 50 µm x 50 pm) showed both the native enamel as well as the 

gold reference layer. For the quantification of the material loss, each image 

underwent a first order flattening with the Nanoscope IIIa software (Digital 

Instruments, personal communication). Images (25 µm x 25 µm) of exactly the 

same areas on each image were obtained by zooming in on the original images. 

The zoomed baseline images were subtracted from zoomed images after each 

erosive step. The resulting images showed changes (height differences) in the 

surface topography of the enamel surface and were analysed (section analysed) to 

quantify the enamel loss. Five measurements in areas on the enamel surface 

exhibiting maximum material loss were obtained in the subtracted images and the 

average of these measurements was calculated as the material loss for the 

particular sample at the given time. Ten enamel samples per drink tested were 

measured in this way; i. e. 50 measurements per drink and exposure time were 

obtained. 

An increase in standard deviation with the degree of dissolution was 

observed in the present study (see Table 2-2). This phenomenon is common for 

biological samples [177] and required a transformation of the data before a 

statistical analysis could be performed. A logarithmic transformation of the mean 

maximum material of enamel loss was therefore used which is applicable when 

there is heteroscedasticity and the standard deviations are proportional to the 

means i. e., there is a constant coefficient of variation [177]. After the 

transformation, it is possible to evaluate the data with parametric tests. The data 

were analysed with a two-way ANOVA at the 95% confidence level, factors 
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being time and drink. A multiple range test (Fisher's LSD procedure) at a 95% 

confidence level was performed to identify statistically homogenous groups. A 

more detailed discussion of the statistical methods applied can be found in 

Appendix C. 

2.3 Results 

AFM images of an enamel sample prior to dissolution and after contact with the 

lemon and lime juice drink for 60 minutes are shown in Figure 2-1 a and b, 

respectively. 
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Figure 2-1. Native enamel samples prior to demineralisation a) and after an 
exposure of 60 min to the lemon and lime juice drink b). Note the distinct material 
loss in aprismatic enamel areas compared to only a slight roughening of the enamel 
surface in the prismatic areas. A: surface covered with gold; B: native enamel 
surface. The aprismatic enamel surface can be seen in the lower right part and the 
prismatic in the upper right part of the picture. The black line in the image 

separates the gold-coated from the uncoated surface. Some areas on the gold- 
covered side look slightly darker in b) than in a). This is due to an o-*er emphasising 
of contrast in image b). The actual difference between these areas in a) and h) is less 

than 30 nm and is therefore well in the discussed error margins. 

In Figure 2-2 a zoomed subtracted image (square surface area in Figure 2-la 

minus square surface area in Figure 2-1 b) is shown. In this subtracted image an 

example of a section analysis being performed in the area of maxima» material 

loss is shown. The example in Figure 2-2 shows a material loss of 0.9 µm. 
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Figure 2-2. Subtracted image of zoomed-in areas (squares) in Figure 2-1 a) and b), 

showing an area of high material loss (dark colour) in the right-hand corner of the 
image. An example of one of five sections, which have been analysed, is shown. In 
this particular section an enamel loss of 0.9 p. m was measured. 

The means and standard deviations for the maximum amount of mineral loss 

of the different drinks are shown in Table 2-2. The corresponding raw data can be 

found in Appendix B. 

Drinks Material loss [µmß (standard deviation) 

15 min 30 min 1h 2h 3h 

Water 0.05 (0.02) 0.05 (0.02) 0.06 (0.02) 0.06 (0.03) 0.06 (0.04) 

"Toothkind" Ribena 0.06 (0.02) 0.07 (0.03) 0.06 (0.02) 0.09 (0.04) 0.09 (0.06) 

Lemon and lime juice 0.27 (0.13) 0.48 (0.23) 0.85 (0.37) 1.48 (0.55) 2.13 (0.80) 

Table 2-2. Mean maximum material loss of native tooth surfaces in vitro due to 
contact with water, "toothkind" Ribena, and a lemon and lime juice. 

Figure 2-3 shows the amount of material loss as a function of contact time 

between the different drinks and the surface. For better clarity the results for water 

and the "toothkind" blackcurrant drink are shown in Figure 2-4 also but on a 

different scale. 
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Figure 2-3. Mean maximum material loss as a function of time for three different 
drinks measured on native enamel surface. For better clarity the error bars have 
been discarded. A regression line has been added for the lemon and lime juice (black 
line). 

0.1 

r-. E 0.08 

N 0.06 
0 
E 0.04 
co 
5 0.02 

0 

Q . -"b 

11 
,. - 

EI' 

r. -' 

" Lemon 

o Blackcurrant 

" Water 

E3 Blackcurrant 

A Water 

024 
time [h] 

Figure 2-4. Mean maximum material loss as a function of time for water and 
"Toothkind" Ribena measured on native enamel surfaces. For better clarity the 
error bars have been discarded. Regression lines have been added for water and the 
blackcurrant drink. 

The material loss as a function of contact time between the lemon and lime 

juice and the enamel surface is shown in Figure 2-5 for all ten samples. The mean 

values as well as the a regression curve through the mean values (constant line), 

which were already shown in Figure 2-3, were added for comparison reason. 
Additionally, regression lines (dashed lines) for the enamel sample showing the 

highest and lowest amount of erosion have been inserted. 
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Figure 2-5. Material losses as a function of time for all ten lemon and lime juice 
samples as well as their mean values (black squares). Samples with a higher than 
mean material loss are indicated by red squares, while those with a lower than mean 
material loss are shown in blue. Regression lines (dashed) have been added for the 
samples showing the highest (red) and lowest (blue) material loss. 

Exposure to water led to the lowest enamel loss followed by the enamel loss 

caused by the "toothkind" blackcurrant drink and the lemon and lime juice drink. 

The amount of enamel loss increases for all drinks with time. For water a plateau 

of the dissolution curve seems to be reached after one-hour exposure. 

After three hours, the "toothkind" blackcurrant drink led to a 1.5 times higher 

material loss than water, which can be regarded as the negative control. The 

lemon and lime juice, on the other hand, caused a 36 times higher mean enamel 
loss then the water sample and a 24 times higher mean enamel loss then the 

"toothkind" blackcurrant drink after this exposure time. At any given time the 

maximum of enamel loss caused by water and the "toothkind" blackcurrant drink 

was below 100 nm. 
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For samples exposed to water the observed maximum loss could be described 

by the following linear function: 

Ozw = 0.006 xt+0.05, (2.1) 
where Ozw is the mean enamel loss in µm caused by water and t is the exposure 

time in hours. 

For the "toothkind" blackcurrant drink the mean maximum enamel loss was 
described by a linear function: 

Az B=0.015xt+0.06, (2.2) 
where Oz B is the mean enamel loss in µm caused by the "toothkind" blackcurrant 

drink and t is the time in hours. 

For the lemon and lime juice drink the mean maximum material loss was also 

a linear function of time, which can be described by the formula: 

AZ LL = 0.668 xt+0.14, (2.3) 

where Az LL is the mean enamel loss in µm caused by the lemon and lime juice 

and t is the time in hours. 

This function (2.3) describes accurately the average material loss, which has 

been observed. However, the determined rate of dissolution significantly varies 
between tested enamel samples (see Figure 2-5). Nevertheless the dissolution 

behaviour was in all cases best described by a linear function. A similar trend 

could not be observed for the water and blackcurrant juice treated samples since 

the overall material loss was too low to clearly distinguish between the 

susceptibility of different samples with regard to erosion. 

The two-way ANOVA showed that both of the factors drink and time have 

statistically significant effects on the natural logarithm of the data at the 95% 

confidence level (p = 0.000). Fisher's LSD test shows, that the lemon and lime 

juice drink dissolved statistically significantly more enamel than the "toothkind" 

blackcurrant drink and water (p = 0.000). There was only a small, but statistically 

significant difference in erosive potential between the "toothkind" blackcurrant 

drink and water (Figure 2-6). 
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Figure 2-6. Statistically significant differences between the three different liquids 
tested are shown at the 95% confidence level. The mean enamel loss caused by the 
lemon and lime drink is statistically significantly different from the "toothkind" 
blackcurrant drink as well as water (p=0.000). A smaller, but still statistically 
significant difference (p=0.000) can be found between the water and the "toothkind" 
blackcurrant drink. 

Table 2-3 shows homogeneous groups within all obtained mean enamel loss 

values. No significant differences in enamel loss were found within the water 

group. The mean enamel losses obtained for the lemon and lime juice drink 

samples at any given time were statistically significantly different from any of the 

water samples and any of the "toothkind" blackcurrant drink samples. A 

statistically significant difference between water and "toothkind" blackcurrant 

drink samples, after the same exposure times, was only observed after longer 

contact times (> 2 hours). 
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Drink Contact time [min] Homogeneous groups 

Water 15 x 
Water 30 xx 
Water 60 xx 
Water 120 xx 
Water 180 XXX 

"Toothkind" blackcurrant drink 15 xx 
"Toothkind" blackcurrant drink 30 XXX 

"Toothkind" blackcurrant drink 60 XXX 
"Toothkind" blackcurrant drink 120 xx 

"Toothkind" blackcurrant drink 180 x 

Lemon and lime juice drink 15 x 
Lemon and lime juice drink 30 x 
Lemon and lime juice drink 60 x 
Lemon and lime juice drink 120 x 

Lemon and lime juice drink 180 x 

Table 2-3. Homogenous groups as calculated by a multiple range test (Fisher's LSD 
procedure) at a 95% confidence level. 

The images of Figure 2-1 were recorded from the sample area showing the 

native enamel surface as well as areas covered with the evaporated gold layer. 

After exposure to lemon and lime juice the enamel surface was not dissolved 

uniformly. Greater enamel loss was observed on the aprismatic parts of the 

enamel (e. g 0.9 tm after 60 min: Figure 2-1) than on prismatic enamel (e. g. 0.1 

µm after 60 min: Figure 2-1). Such differences were not detected for the other two 

drinks due to their small overall erosive potential. The latter samples showed 

either a very small material loss after longer contact times (>_ 2 hours) exemplified 
by a slight roughening of the surface in case of the "toothkind" blackcurrant drink 

or no obvious changes in case of the water samples. An example of an enamel 

surface before and after contact with water for 180 minutes is shown in Figure 

2-7. 
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Figure 2-7. Images (25 µm x 25 µm) of a sample prior a) and after contact with 
water for 180 min b). A, area covered by the gold reference laver; H, native enamel 
surface. No obvious changes can be observed. The black line on the image separates 
the gold-coated from the uncoated area. 

2.4 Discussion 

To obtain an insight into the early stages of enamel dissolution it is important to 

quantify it. It is essential to obtain precise measurements of the material loss as a 

function of time, acidity and a number of other parameters such as temperature, 

which in future may lead to models describing the processes occurring during 

enamel dissolution. 

Errors in the measurement of the mean enamel loss in the present study are 

mainly introduced by slight lateral mismatches of the "baseline" images and the 

images of the eroded samples, when one is subtracted from the other. By 

subtracting two consecutive baseline images from one another we determined this 

error to be - 0.05 µm. The raw data of this baseline subtraction can be found in 

Appendix B. The calculated error may be responsible for the obtained offset terms 

in the equations (2.1), (2.2), (2.3). 

The relatively large standard deviations in the obtained results are due to the 

natural variation in the composition of the enamel samples [ 14]. Enamel differs in 

its composition from one person to another (inter-teeth differences) and within 

one tooth, from the surface towards the dentino-enamel junction (intra-teeth 

differences) (see chapter 1 ). Both the inter-teeth as well as the intra-teeth 
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differences could potentially be responsible for the standard deviations observed 

in this study. In the case of the samples treated with the lemon and lime juice, it is 

clear that the standard deviations are mainly affected by the variation between 

teeth from different people. In fact, for the first few microns the amount of 

material loss increased linearly for each sample, indicating a homogenous 

dissolution behaviour at the outermost surface for a specific tooth, while the slope 

of the dissolution curve differed between the teeth. 

An advantage of the approach used in this study is that it has been possible to 

measure initial stages of material loss with high accuracy in the same locations on 

enamel surfaces. This allows exact measurements of the enamel loss at defined 

surface areas and thus enables linkage of quantitative results with morphological 

information which has not been possible previously on native enamel surfaces. 

The enamel losses obtained for water are within the error margins and can 

therefore be linked to the method employed and are probably not due to a real 

material loss. This assumption is supported by the fact that the water sample used 

is supersaturated with regard to hydroxyapatite (degree of saturation > 1) and 

therefore no dissolution of enamel is expected. 

For the suggested dissolution equations (2.1), (2.2) and (2.3), only the areas 

of maximum material losses have been taken into consideration. These equations 

therefore give an indication of the worst case scenario for the dissolution of 

aprismatic enamel that can be observed under the conditions used in our study. 

The additional terms in the derived functions of 0.06 pm, 0.06 µm and 0.14 µm 

for water, the "toothkind" blackcurrant drink and the lemon and lime juice 

respectively can be completely (for water and the "toothkind" blackcurrant drink) 

and partly (for the lemon and lime juice) explained by the observed error of the 

experimental method. In addition an initial rapid progression of enamel loss may 

contribute to the offset for the lemon and lime juice drink (e. g. prior to the first 

measurement point after 15 min). This possibility is especially suggested by 

earlier studies on enamel dissolution [178]. 

The differences for enamel loss between the three drinks can be well 

explained by their chemical composition. The observed etching rate in the present 

study increases with the decrease in pH as well as with an increase in contact time 
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between the tested drinks and the enamel surface. According to studies on the 

dissolution of enamel and fluoridated enamel, pH values below 5.5 and 4.5, 

respectively should lead to a certain amount of enamel loss [49]. The fact that the 

tested "toothkind" blackcurrant drink caused hardly any chemical dissolution 

despite a pH below 4.5 can be associated with its high concentration of calcium 

compared to the lemon and lime juice. Earlier studies have shown that the amount 

of dissolution of apatite depends not only on the amount of available acids or the 

pH of the drink but also its degree of calcium and phosphate saturation [100]. If 

the amount of calcium and phosphate in the solution is closer to their saturation 

concentration at a given pH, less dissolution of the substrate should be observed. 
The fact that the "toothkind" blackcurrant drink has a degree of saturation of 

roughly 0.110 as calculated according to Shellis [75] with regard to 
hydroxyapatite and the lemon and lime juice one of 0.004, fits well with the 

observed differences in erosiveness. 
Other studies on flat ground enamel samples eroded with juices in vitro and 

in situ have been previously performed with stylus profilometry measurements 
[80]. Hughes et al. for example found an enamel loss of 2.75 µm (SD 0.94 µm) 

for the in vitro part of their study after an overall exposure time of 3 hours and 20 

minutes for the "toothkind" blackcurrant drink. In the present study, however, a 

material loss of only 0.09 µm (SD 0.06 µm) for three hours' contact was 

measured. One explanation for this difference is that in the present study native 

enamel surfaces have been used [80]. The compositional characteristics of the 

surface enamel differ significantly from the layers closer to the dentino-enamel 

junction. Surface enamel has a higher degree of mineralisation, lower water 

content, higher level of trace elements (F, Zn, Pb, Cl) and a lower carbonate 

content then the underlying layers [179,180] (see also Chapter 1). The fluoride 

concentration was found to be especially high at the enamel surface, falling to a 

plateau value in the mid enamel [181]. Moreover it has been shown that there is 

also a correlation betweep the crystal size [47] as well as the enamel structure and 
the observed dissolution rate. Crystal size and enamel structure are changed due to 

the polishing process. Measuring the chemical loss of dental hard tissue on 

polished samples may therefore show different dissolution characteristics as 
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native enamel surfaces used in the present study and may result in greater enamel 

losses. 

A further possible reason for the observed differences is that the present 

study was carried out under different hydrodynamic and thermal conditions (e. g. 

static liquid drop versus stirred liquid conditions) than those used in the study by 

Hughes et al. [80]. The differences in temperature for example should lead to a 
higher material loss in the study by Hughes et al., who conducted their study at 

the temperature occurring in the mouth while the present study was conducted at 

room temperature. Since most of the studies do not link qualitative with 

quantitative data especially at these early stages it is difficult to compare the 

obtained results with previous findings. 

Observations of the in vitro development of the chemical dissolution of 

enamel revealed distinct differences in the dissolution pattern. Areas of high 

material loss in aprismatic enamel can be distinguished from areas of prismatic 

enamel where little enamel loss was observed. This major difference in solubility 

could be easily detected with the AFM. Our results support previous findings that 

areas of aprismatic enamel namely those associated with the perikymata overlaps 

are major regions affected when attacked by acids [115,182]. In order to link this 

worst case scenario obtained on aprismatic enamel quantitatively to dissolution 

rates in prismatic enamel further investigations are necessary. The striae of 

Retzius at the enamel surface, which are incremental growth lines, extend from 

the dentine-enamel junction to the outer surface of enamel where they terminate in 

shallow furrows known as perikymata. Light microscopic examination by Darling 

led to the theory that a caries attack enters the enamel along the striae of Retzius 

[183]. Other studies support the finding that prismless enamel seems to be more 

prone to chemical dissolution [184]. The differences in the dissolution behaviour 

along the striae of Retzius may be closely linked to their structure. 
In an earlier study a possible decrease in the number of crystals in the striae 

was revealed [24], thus acids could penetrate it faster. Since the number of 

samples where prismatic and aprismatic enamel could be observed at the same 

time was rather limited, further investigations into the different dissolution rates 

should be conducted in the future to gain insight in this phenomenon. 
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The observed differences in chemical dissolution of a native enamel surface 

show the importance of not only examining dissolution processes on polished 

enamel surfaces or single crystals but also on a bulk sample as it is dissolved by 

acids. In the future it would be very useful to incorporate remineralisation solution 
in this model, such as saliva, in order to determine up to which point the observed 

material loss is reversible or can even be avoided in the oral cavity. 
The approach presented here may also be useful in clinical studies where the 

early stages of food induced native enamel dissolution could potentially be 

measured in situ. Since it was possible to obtain results for very early stages of 

enamel dissolution it should be possible to shorten clinical studies substantially 

and use an native rather than a flat ground enamel surface. 
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3 Influence of soft drinks on the in situ 

acquired pellicle layer 

3.1 Introduction 

Whilst the potential of the AFM to measure enamel erosion with high precision 
has been proven in vitro, its ability to measure processes linked with in situ 
demineralisation still needed to be evaluated. In situ exposed enamel samples are 

quickly covered with a pellicle layer. Therefore firstly the acquired pellicle layer 

was investigated since its presence in vitro may influence the amount of enamel 

material loss caused by an erosive drink. The work presented in this chapter was 

therefore aimed towards a better understanding of some of the processes involved 

in the formation of the pellicle layer and thus its influence on enamel loss in the 

oral environment. To link the observed surface structures directly to the pellicle 
layer and its composition the underlying surface features of native enamel needed 

to be eliminated. This was achieved by using polished enamel surfaces. 

A comparison of the enamel loss induced by soft drinks either in vitro or in 

situ has shown that in vitro studies often overestimate the demineralisation 

potential of a tested product by an order of magnitude [80]. This result can be well 

explained by the fact that in most in vitro studies no protective factors against 
demineralisation are taken into account. 

As already described, the acquired pellicle layer represents one of the factors 

that modifies the extent of enamel dissolution in the oral environment [85]. The 

composition of this acquired pellicle layer differs between individuals and 

changes over time. A pellicle layer produced in vitro also differs considerably 
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from one formed in situ [83] and is less protective against demineralisation than 

the latter [85]. To understand the protective role of the acquired pellicle layer in 

the oral environment against an acidic challenge, it is important not only to 

measure the observed enamel loss but also to evaluate the effect the acidic 

challenge has on the morphology and thickness of the pellicle layer itself. So far 

studies have focused on an acidic challenge in vitro on a previously in situ formed 

pellicle layer [185-187]. However these studies lead to a description of a worst 

case scenario concerning the effect acids can have on enamel covered by a pellicle 
layer. In the oral environment acids stimulate the production of saliva [49] and are 

therefore partly diluted and buffered. Thus the amount of pellicle necessary to 

protect enamel against an acidic challenge by soft drinks might be lower than 

assumed previously. In the present study it was therefore decided to challenge 

enamel by soft drinks in situ. 
While the pellicle layer protects the teeth from acidic challenges in the oral 

environment, its structure can be modified by the consumed food. It has been 

established in earlier studies that the pellicle layer and its thickness is modified by 

the consumption of milk and milk products [188,189]. It was also shown that 

ionic [107] as well as non-ionic polymers [108] and oils [190] can adhere to 

apatite and human enamel surfaces in vitro. In a recent study Addy and co- 

workers (unpublished data) demonstrated that the demineralisation potential of a 

soft drink can be reduced by adding small amounts of xanthan gum to the drink. 

The hypothesis that this additional protection might be partly due to an increased 

thickness of the acquired pellicle layer was also of interest. 

Studies on the acquired pellicle layer have been conducted so far either by 

chemical analysis [191], SEM and TEM [192] or confocal microscopy [193]. 

While the chemical analysis of the molecules adsorbed on the enamel surface 

provides information of the composition of the pellicle layer, especially with 

regard to its main protein constituents, [191,194,195] no conclusive information 

about its morphology has been obtained with this method. This information can be 

obtained by SEM and TEM [187,196]. These two techniques require the sample 

to be coated with a conducting material and the observations are performed under 
high vacuum. Under these conditions artefacts can be introduced due to a possible 
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water loss and shrinkage of the pellicle layer. In confocal microscopy artefacts 
due to the water loss can be avoided by measuring the pellicle layer thickness 

under 100 % humidity [193]. However the resolution of confocal microscopy is 

significantly lower than that of a TEM or SEM. Furthermore, a dye is often 

necessary to visualise the structures of interest which potentially is a source of 

additional artefacts [197]. 

The advantage of using the AFM for the study of the acquired pellicle layer lays 

in its ability to observe directly surface processes with nanometer resolution under 

ambient environmental conditions. No prior coating of samples is necessary and it 

has been used successfully to image a variety of biological samples. 
The purpose of this in situ investigation was to quantify the thickness of the 

acquired pellicle layer and observe its morphology after the repeated consumption 

of four different soft drinks. The dependence of the pellicle layer thickness on 
intra-oral exposure time, volunteer and type of drink was explored. The influence 

of the volunteer on the pellicle layer morphology was also investigated 

qualitatively. 

3.2 Materials and methods 

A single blind (blinded to the examiner), single centre, four-way crossover, 
healthy volunteer study was conducted after obtaining ethical approval by the 

United Bristol Healthcare NHS Trust Ethics Committee. The study was 

randomised and balanced for first order carryover effects (i. e. it was made sure 

that the order in which the volunteers consumed the drinks did not affect the 

observed xtent of erosion). 
Unerupted third molars were disinfected by storage in a 50% sodium 

hypochlorite solution for at least 24 hours. They were washed in distilled water, 

ultrasonicated in 70% ethanol for 10 minutes, sectioned with a diamond saw and 

the buccal areas were embedded in an epoxy resin. The enamel surfaces were then 

polished. Using the method of West et al. [73], the polished enamel surfaces were 

partly covered with a PVC tape, allowing a2 mm-wide surface area to be exposed 

to the oral environment (see Figure 3-1). 
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2 mm 

Tape 

Figure 3-1. Geometry of sample prepared for intra-oral exposure. E indicates 
enamel, while Ep depicts the epoxy resin used as embedding material. The sample 
was partly covered with a tape, leaving a2 mm wide zone of enamel exposed. 
(sample size: 8 mm x5 mm x2 mm) 

Twelve volunteers of either sex, aged between 18-60 years, were fitted with 

intra-oral appliances in their palatal regions. Two enamel samples were 

subsequently placed in the anterior part of each intra-oral appliance, which was 

worn by the volunteer from 9 a. m. to 5 p. m. each day. During this time the 

volunteer sipped 250 mL of a drink over a 10-minute period at 9.00,1 1.00,13.00 

and 15.00 hrs. The oral appliance was removed for one hour over lunchtime and 

during the trial only water, coffee or tea was allowed to be drunk in addition to the 

tested drink. Overnight the appliances with the enamel samples were stored in 

saline solution. The plaque build up on the specimens and appliance was 

prevented by dipping them twice per day in chlorhexidine gluconate mouthrinse 

(0.2%) for three minutes. At the end of day 2 and day 5a sample was detached 

from the appliance, dipped in chlorhexidine gluconate mouthrinse (0.2%) for 3 

minutes and the tape removed. 

Four different drinks, a mineral water (Volvic), a "toothkind" blackcurrant 

drink (Ribena Toothkind blackcurrant drink), a prototype of a new toothkind 

blackcurrant drink and an orange juice (Southern Delight Orange Juice) were used 
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in this study. More detailed information concerning the drinks (e. g. the 

manufacturers) can be found in Appendix A, while some of their chemical 

properties can be found in Table 3-1. The two blackcurrant drinks were 

concentrates, which were used after diluting them 1+4 with the mineral water 

used in this study. The main difference between the two blackcurrant drinks was 

the added amount of 0.3 g/L xanthan gum to the prototype. Xanthan gum is a 

temperature and pH stable, pseudoplastic, anionic polymer, which can be 

described as a cellulose derivative [94]. 

Water "Toothkind" Prototype Orange 

Ribena blackcurrant drink juice 

pH 7.83 3.75 (conc. ) 3.60 (conc. ) 3.80 

3.98 (diluted) 3.81 (diluted) 

Titratable acidity 0 0.88 (conc. ) 1.1 (conc. ) 0.7 

[%w/w]' 0.176 (diluted)` 0.22 (diluted) 

Calcium [mg/L] 10 950 (conc. ) 1040 (conc. ) 120 

190 (diluted)c 208 (diluted) 

Phosphate [mg/L] 3 175 (conc. ) 175 (conc. ) 115 

35 (diluted)c d 35 (diluted) c, d 

Degree of saturation 1.14 0.10 (diluted) 0.07 (diluted) 0.04 

Xanthan [%w/v] n. a. n. a. 0.03 n. a. 
' Titratable acidity [%w/w] expressed as citric acid monohydrate 

Calculated on the basis of the calcium, phosphate, and citrate concentrations, as 

well as the titratable acidity and pHs. 
A saturated solution with regard to hydroxyapatite has a degree of saturation of 1 

[75]. 

These concentrations have been calculated from the concentrated values 

according to the dilution with water. The concentrated drinks have been diluted 

1+4 with the mineral water used in this study. 
d Calculated according to juice concentration 

Table 3-1. Chemical Properties of the four drinks used in this experiment. 
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Three AFM images per sample at the border between the exposed and 

unexposed areas (image size 250 pm x 250 µm) were recorded with a Digital 

Instruments Multimode Nanoscope IIIa operating in tapping mode using TESP-70 

AFM tips (DI) (see Figure 3-2). 
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Figure 3-2. Schematic picture of a sample after in situ exposure to one of the four 
drinks and the removal of the protective tapes. F marks the protected enamel, Er 
shows the eroded enamel, while Ep indicates the epoxy resin. "A" shows an example 
of an : AFMl scan area (image size: 250 gm x250 µm) taken at the border between the 
intra-orally exposed and unexposed area. The dotted lines indicate the border 
between the exposed and unexposed enamel area. 

Surface height variations of a sample are represented by differences in grey 

scale, where white represents the highest surface features and black indicates the 

lowest features on this scale. The recorded images were section analysed by 

measuring the height difference between the exposed and unexposed reference 

areas (positive height difference), as shown in Figure 3-3 b. Subsequently, the 

acquired pellicle layer was removed chemically by storing the samples for 

prolonged periods sequentially in solutions of 0.5%'o SDS (sodium dodecylsulfate) 

in water. 70% ethanol and a proteolytic enzyme solution. The samples were re- 
imaged (image size 250 p. m x 250 µm) and the height difference between the 

exposed and unexposed areas measured again (negative height difference), as 

shown in Figure 3-3 c. By subtracting the averages of the two height differences 

for each sample the overall thickness of the pellicle layer was obtained. This 

method is summerized in Figure 3-3 a. 
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Figure 3-3 a Cross sectional representation of the pellicle layer thickness. The height 
difference beti%een the exposed (A) and reference (B) area is measured twice by 
section analyses. The first measurement is obtained after the intra-oral exposure 
leading to a positive height difference between the area A and B due to the presence 
of a pellicle layer. This measurement of the pellicle layer (here 70 nm) is indicated 
by the letter b and can be seen in Figure 3-3 b (section view (left) and plane view 
(right)). The second measurement was recorded after the pellicle layer has been 
removed, leading to a negative height difference between A and B (here -180 nm). 
This measurement of the pellicle laver is indicated by the letter c and can be seen in 
Figure 3-3 c (the section vies (left) and plane view (right)). The overall thickness of 
the pellicle laser is therefore 70 nm - (-180 nm) = 250 nm. Figure 3-3 b and c show 
images and section analyses of a sample after a5 day intra-oral exposure to the 
"toothkind" blackcurrant drink prior (b) and after (c) chemical cleaning. 
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The thickness of the pellicle layer data was statistically analysed using a 

three-way ANOVA at the 95% confidence level, factors being drinks, exposure 

time and volunteers. A multiple range test (Fisher's LSD procedure) at a 95% 

confidence level was performed to identify statistically homogenous groups, i. e. 

groups with no statistical difference. 

3.3 Results 

Representative AFM images of polished enamel surfaces after 5-days in situ 

exposure to water, orange juice, the "toothkind" blackcurrant drink and the 

blackcurrant prototype before pellicle removal are shown in Figure 3-4 a, b, c and 
d, respectively. In each image the intra-orally exposed enamel surface areas are 
indicated by an A, while aB indicates the parts which have been tape protected 
during the clinical trial. In most of the cases the exposed areas appear brighter and 

are therefore higher than the reference areas. 
While the pellicle layer caused by the exposure to water can hardly be seen, 

orange juice leads to a more pronounced pellicle layer, visible by a greater 

difference in brightness between the covered and uncovered area. Both of the 

blackcurrant drinks show an increase in the thickness of the pellicle layer 

compared to water and orange juice. The surface coverage of the exposed enamel 
is either uniform, in the case of the "toothkind" blackcurrant drink, or with an 

additional build-up at the border between the exposed and reference area in the 

case of the blackcurrant prototype. 
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Figure 3-4. Tapping mode AF'M images of polished enamel surface after a5 day 
intra-oral exposure to water a), orange juice b), "toothkind" blackcurrant drink c) 
and a "prototype" blackcurrant drink d). Areas marked with A have been exposed 
to the oral environment, while those marked by B were covered by a tape during the 
in situ trial. Note the distinct increase in the difference in height between the 
exposed and reference areas from a) to d). 
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The means and standard deviations for the thickness of the pellicle layer of the 

samples in contact with the different drinks are shown in Table 3-2. The 

corresponding raw data can be found in Appendix B. 

Sample Pellicle layer thickness [nm] 

(standard deviation) 

Day 2 Day 5 

Water 120 (70) 180 (40) 

Orange juice 170 (90) 200 (50) 

"Toothkind" blackcurrant drink 180 (70) 210 (50) 

Prototype blackcurrant drink 190 (70) 230 (40) 

Table 3-2. Mean pellicle layer thickness of in situ samples due to contact with the 
four different drinks under study. 

Exposure to water lead to the thinnest pellicle layer followed by the orange 
juice, the "toothkind" blackcurrant drink and the prototype blackcurrant drink, 

after both day 2 and day 5. For each exposure time interval the thickest pellicle 
layer was caused by the prototype of the blackcurrant drink. The thickness of the 

pellicle layer increased with time for all the drinks. 

The three-way ANOVA showed that all three factors, volunteers (p=0.0244), 

drink (p=0.0046) and exposure time (p=0.0009) have a statistically significant 

effect on the pellicle layer thickness at the 95% confidence level. A Fisher's LSD 

test shows that all water samples lead overall to a statistically significant thinner 

pellicle layer than all samples of any of the other tested drinks. The other three 

drinks form overall (i. e. considering all mean measurements from days 2 and 5) a 

statistically homogenous group, i. e. there was no overall statistically significant 
difference between the thickness of the pellicle layer caused by these drinks as 

shown in Figure 3-5. However, a trend towards a thicker pellicle layer caused by 

the prototype blackcurrant drink is visible. 
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Figure 3-5. Differences in pellicle layer thickness between the different drinks are 
shown at the 95% confidence level. The overall mean pellicle layer thickness (days 2 
and 5) of the samples exposed to water is statistically significantly lower than the 
overall mean values for any of the other drinks. 

Figure 3-6 shows the dependence of the thickness of the pellicle layer upon 

the intra-oral exposure time for all samples. An intra-oral exposure for a 5-day 

period leads to a statistically significant increase in the pellicle layer thickness 

compared to a 2-day exposure. 
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Figure 3-6. Statistically significant differences in pellicle layer thickness between the 
two exposure times for all samples at the 95% confidence level. The mean pellicle 
layer thickness of the samples exposed intra-orally for 2 days is statistically 
significantly lower than the mean value for the samples treated for 5 days. 
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The images of Figure 3-4 show the typical structure of the pellicle layer. It can 

be seen that in all cases a fairly uniform pellicle layer with an occasional build-up 

of material, visible as white blobs, close to the border between the exposed and 

reference area can be observed. However, it was found that the morphology of the 

pellicle layer, as well as its thickness, can vary between different volunteers. 

Figure 3-7 shows an example of pellicle layers with different morphologies from 

different volunteers after a 5-day intra-oral exposure to the "toothkind" 

blackcurrant drink. The reference areas are indicated by the letter B while the 

letter A marks the exposed areas. Figure 3-7 a shows a frequently encountered 

example of the pellicle layer caused by the "toothkind" blackcurrant drink. Some 

volunteers, however, did not show this homogenous type of pellicle layer, but a 

patchy (Figure 3-7 b), or in some cases none'at all (Figure 3-7 c). In Figure 3-7 b an 

area with the typical honeycomb structure of demineralised enamel is indicated by 

the square. Within the square the dark areas show holes in the pellicle layer as 

well as the dissolution of the underlying enamel, while the honeycomb structure 
itself is brighter and consists of enamel with a thin pellicle layer residual on the 

surface. The area marked by the circle is higher than the reference area and thus 

shows the presence of a more uniform residual pellicle layer on the enamel. Figure 

3-7 c shows a sample with no measurable pellicle layer. The exposed enamel 

surface is demineralised as evident from the fact that the reference area is on a 

higher level than the exposed area. 
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Figure 3-7. Tapping mode LFNI images of polished enamel surface after a5 day 
intra-oral exposure to the "toothkind" blackcurrant drink in different volunteers. 
Areas marked with A have been exposed to the oral environment, -, while those 
marked by B %%ere covered by a tape during the in situ trial. Note the distinct 
decrease in the pellicle Ia, *er thickness from a) to c), as well as the difference in 
morphology. The square in b) indicates the typical honeycomb structure of 
demineralised enamel. %s hile a residual pellicle layer is marked by the circle. Since 
the area indicated by the circle is higher than the reference area, the observed 
surface morphology is due to a residual pellicle laver on the intra-orally exposed 
enamel and not the polished enamel itself. 
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Chapter 3- Influence of soft drinks on the in situ acquired pellicle layer 

3.4 Discussion 

To understand the influence of the acquired pellicle layer on the severity of dental 

demineralisation it is important to quantitatively and qualitatively study the effect 

soft drinks, time and volunteers have on its structure. Precise measurements of the 

thickness and morphology of the acquired pellicle layer may in future lead to 

more accurate models describing the processes occurring during enamel 
dissolution in situ. 

A thin organic film, the pellicle layer, covers the enamel surface in the oral 

environment. It mainly consists of proteins and glycoproteins with saliva being 

the main source for those components [83]. 

For the first time the influence of soft drinks on the thickness and surface 

morphology of an in situ pellicle layer was investigated using the AFM. Since 

only minimal sample preparation is necessary and measurements can be obtained 

under ambient conditions the pellicle layer can be studied in its native state. 
Artefacts expected in SEM and TEM studies due to the shrinkage of the pellicle 
layer caused by a loss of water can therefore be avoided. Furthermore, it is not 

necessary to dye the pellicle layer for visualisation as required by confocal 

microscopy, thus excluding another possible source of error. 
The observation that water lead to the thinnest pellicle layer of all four drinks 

can be well explained by its composition: its lack of organic components, its 

neutral pH as well as its low ionic strength. Organic substances such as sugars can 

adhere to enamel surfaces. These substances are not available in water but to 

different extents in the other three drinks. Thus the deposition of drink 

components might contribute to the decreased layer thickness on the enamel 

surface after contact with water. Furthermore the differences in the ionic strength 

and acidity between water and the other drinks can also be responsible for the 

observed differences in the pellicle layer thickness. Earlier studies have shown 
that an increase in the ionic strength of the tested solution leads to a larger pellicle 
deposition [198]. Additionally, saliva production is increased by the acid induced 

stimulation of the salivary glands, leading to a higher amount of proteins which 

can be deposited [49]. Since water has the highest pH (neutral) and the lowest 
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ionic strength of the tested drinks, it is not surprising, that it lead to the thinnest 

pellicle layer. 

The "toothkind" blackcurrant drink and the "prototype" blackcurrant drink 

are very similar in their composition concerning pH and ionic strength. 
Nevertheless, the amount of deposited pellicle is greater, although not statistically 

significant, for the "prototype" blackcurrant drink. This is likely due to the 

presence of the thickening agent xanthan gum which is added to the prototype. It 

is well known that drink ingredients such as the milk component X-Casein can 

adhere to enamel surfaces, altering the structure of the pellicle layer [189]. Being 

an anionic polymer, xanthan gum may adhere to hydroxyapatite as has been 

shown for another anionic polymer (polyacrylic acid) [ 199]. The bonding between 

an anionic polymer and the hydroxyapatite surface occurs over very stable ionic 

bonds through calcium ions [108]. Thus the adherence of xanthan gum to the 

surface seems very likely. 

During the study the samples were dipped twice daily in Chlorhexidine. This 

treatment could potentially increase the pellicle layer thickness [200] and the 

absolute values given in this paper might therefore be exaggerated. However, in 

order to study pellicle layers for a prolonged time it is necessary to avoid the 

colonisation of the surface with oral micro-organisms. Previously this has been 

achieved by cleaning the surface with a toothbrush [201]. This procedure 
decreased the pellicle layer thickness significantly and was therefore not 

considered suitable for the present study. 
Whether other thickening agents are also able to adhere to the enamel surface 

and how strong the interaction between the surface and those polymers would be 

depends on two main factors: their ionic state, and their molecular weight. It has 

been demonstrated that the nonionic polymers dextran and 

carboxymethylcellulose can adhere to hydroxyapatite [202]. However, they 

adhere via weak hydrogen bonds thus leading to less stable adsorption on the 

enamel surface than anionic polymers [108]. At neutral pH and without any 

calcium or phosphorus ions present in the solution the net surface charge of 
hydroxyapatite is negative. In the presence of calcium ions as well as at a pH 
below 6.5, however, a change in the net surface charge from negative to positive 
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is observed [107,203]. The preferential adsorption of anionic polymers onto 
hydroxyapatite after contact with calcium rich, low pH beverages is therefore 

further enhanced. 
Misra [107] demonstrated that the molecular mass of a chosen polymer plays 

an important role in the thickness of the pellicle layer. He found that a thicker 

layer was adsorbed on hydroxyapatite if a polymer with a higher molecular weight 

was used [107]. Regarding the thickening agents allowed for use in food products, 

the anionic xanthan gum has one of the highest molecular masses (MW=2x106). It 

seems therefore likely that even though other thickening agents may adhere to an 

enamel surface, xanthan gum is expected to adsorb well and thus might lead to an 

increase in the overall pellicle layer thickness. However further studies are 

necessary to verify this hypothesis. 

A thicker pellicle layer might be beneficial with regard to enamel 
demineralisation. This was demonstrated by Amaechi et al. [193], who showed an 
inverse relationship between the degree of enamel dissolution and pellicle 
thickness. To my knowledge, no study has investigated so far whether the 

protective layer is only effective if it is built up of saliva proteins. If the thickness 

of the adsorbed layer, rather than its composition, is the key factor in this process, 
food components which can adhere to the enamel surface might offer additional 

protection. In an unpublished study Addy and co-workers have demonstrated that 

the addition of xanthan gum to an otherwise demineralising drink led to a 

reduction in the overall material loss in vitro. Furthermore van der Reijden et al. 

showed that xanthan gum can reduce demineralisation. However they could not 

explain the possible mechanism [109]. The results of the present study suggest 

that this finding might be due to the adherence of xanthan gum to the enamel 

surface. 
The pellicle layer is not only important with regard to its role in the 

demineralisation process of enamel, but also as a surface for the adherence of oral 

microorganisms. It was found that the presence of food components on an enamel 

surface can alter its surface properties sufficiently to influence the involved 

processes. A macromolecule adhering to an enamel surface, for example, might 

change the surface potential of enamel. This change can easily affect the 
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adherence of other particles including bacteria [204]. It was shown that a high 

negative surface charge could completely inhibit the adhesion of bacteria 

compared to a non-polar surface [205]. Furthermore, it was found that 

glycoltransferase, an enzyme facilitating the consecutive adherence of cariogenic 

microorganisms (e. g. streptococcus mutans), adheres readily to a hydroxyapatite 

surface coated or uncoated by saliva [206]. Some food components such as 

polyphenols and free hexoses in fruit juices, however, can effectively inhibit 

glucosyltransferase, hindering the adhesion of the bacteria [207]. The influence of 

xanthan gum on these processes needs to be further investigated. 

In the present study, the pellicle layer thickness was measured on samples 

which were carried in the upper anterior palatal region of the mouth. Compared to 

other sites, the amount of pellicle deposited in this region is the lowest [ 193]. This 

can be explained by the poor bathing of this site in saliva, the loss of pellicle due 

to the rubbing action of the tongue, as well as the fact that different glands in the 

mouth produce different types of saliva. The average thickness of the pellicle 
layer measured in this study of 165 nm (std 80 nm) on day 2, and 205 nm (std 50) 

on day 5 lies well within the observed thickness of pellicle layers for the palatal 

region. These layers have been reported to range in thickness between 50 and 150 

nm after a 24 hrs intra-oral exposure and 50 and 250 nm after 7 days exposure as 

determined by TEM [186]. The measured values are also in good agreement with 

another study, using confocal microscopy. A 0.3 pm (± 0.1 µm) thick pellicle 

layer was determined after a1 hr oral exposure [ 193] in the palatal region. 

For all drinks, the thickness of the acquired pellicle layer increased over time 

leading to a more organised structure which could play a more efficient role in the 

protection of the underlying enamel, as reported previously [208]. Recent studies, 
however, suggest that the thickness of the pellicle layer stays the same after an 

exposure time to saliva proteins of more than one hour [23,209]. This is not in 

agreement with the findings presented in this study where a statistically 

significant difference in pellicle layer thickness was determined between an 

exposure time of 2 and 5 days. This difference might be due to the fact that, in the 

present study, the pellicle layer was altered by the in situ exposure to the drinks 

not considered in previous work. 
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This study shows also that not only the thickness but also the uniformity of 

the pellicle layer is dependent on the volunteers. The difference in the thickness of 

the pellicle layer produced by the volunteers can be attributed to the fact that the 

adsorption of salivary proteins to the enamel surface varies in rate and quantity 
from person to person [194]. This difference in saliva production between the 

volunteers seems to be responsible for the observed differences in the pellicle 
layer surface morphology. Each of the volunteers produced a uniform pellicle 
layer, with a particular thickness, after drinking water. Those volunteers, however, 

who produced a thinner pellicle layer after the water exposure showed only a 

patchy pellicle layer after drinking a more acidic drink. As previously shown, the 

pellicle layer can be partly dissolved from the enamel surface due to acid 

exposure, resulting in the observed patchy structure [186]. However, this effect 

seems to be more important in the presence of a thin pellicle layer. Once the 

pellicle layer is completely removed the underlying enamel surface may be 

demineralised, as can be seen in Figure 3-7 b. 

The result of the present work suggests that the quantity of an acquired 

pellicle layer can be altered by soft drinks. Furthermore, it was shown that there is 

a statistical significant variation in the pellicle layer thickness between 

individuals, which could be one reason of the high standard deviation observed in 

in situ trials. 
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4 Demineralisation of polished enamel 

surfaces in situ studied with AFM 

4.1 Introduction 

The determination of the pellicle layer thickness described in Chapter 3 was based 

on two measurements. One at baseline (immediately after the removal of the 

samples from the oral environment) and the other after the pellicle layer was 

removed. This second measurement represents the amount of enamel loss due to 

the particular drink and can therefore be employed to test its erosive potential. 

This comparison of the erosive potential will be presented in this Chapter. 

For a better understanding of the erosive potential of soft drinks and other 

acidic products in the oral environment, it is necessary to model the processes 

involved in erosion as precisely as possible. While in vitro trials offer the 

attractive opportunity to limit the number of variables affecting the enamel loss, 

they can not completely simulate the situation in-vivo. As a result in vivo trials 

would be the best choice for testing the erosive potential of a drink. However, 

ethical considerations and difficulties in controlling variations in the volunteers' 

diet make this technique impractical. In situ tests are therefore a good compromise 

between the complete control of all variables and a natural occurring erosive 

challenge. The difference between enamel loss measured in vitro and in situ was 

demonstrated by Hughes et al. [80]. They showed that, all other variables being 

the same, in vitro trials could overestimate the erosive potential of a drink by an 

order of magnitude, when compared to in situ results. This finding was attributed 
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to the fact that in their in vitro trial no protective factors against demineralisation 

were taken into account. 
In situ studies on the erosive potential have been performed so far using 

profilometry [73,80], microhardness [210,211], microradiography [85] and other 

techniques. As already pointed out, the early stages of the erosive process are of 

particular interest since they may be reversible (remineralisation). These early 

stages however are not accessible by profilometry or microradiography due to 

their low sensitivity (see Chapter 1). Furthermore, in order to obtain reasonable 

results from profilometry and microradiography measurements, clinical trials over 

10-15 days have to be carried out, making investigations very time consuming and 

therefore less desirable from an ethical and logistical point of view. While the 

microhardness technique can resolve differences in hardness after a shorter period 

of exposure time (< 1 day), the indentation depth of 3-5 µm only lead to an 

average hardness value making an interpretation of the results difficult. 

It is clear that being able to shorten clinical trials and measure the erosive 

potential of soft drink on enamel should improve our knowledge concerning the 

onset of erosion. 

The purpose of this in situ investigation was to quantify the amount of 

enamel loss after repeated intra-oral exposure of four different drinks. The 

dependence of the enamel loss on intra-oral exposure time, volunteer and type of 
drink was explored. 

4.2 Materials and methods 

The preparation of the enamel samples as well as the basic design of the in situ 

study can be found in Chapter 3 of this thesis. Only information that is of specific 
interest for the discussion in this Chapter will be given. 

Four different drinks, a mineral water (Volvic), a "toothkind" blackcurrant 

drink (Ribena Toothkind blackcurrant drink), a prototype of a new toothkind 

blackcurrant drink and an orange juice (Southern Delight Orange Juice) were used 
in this study. More detailed information concerning the drinks (e. g. the 

manufacturers) can be found in Appendix A while some of their chemical 
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properties can be found in Table 4-1. The two blackcurrant drinks were 

concentrates, which were used after diluting them 1+4 with the mineral water 

used in this study. The main difference between the two blackcurrant drinks was 
the added amount of 0.3 g/L xanthan gum to the prototype. Xanthan gum is a 

temperature and pH stable, pseudoplastic, anionic polymer, which can be 

described as a cellulose derivative [94]. 

Water "Toothkind" Prototype Orange 

Ribena blackcurrant drink juice 

pH 7.83 3.75 (conc. ) 3.60 (conc. ) 3.80 

3.98 (diluted) 3.81 (diluted) 

Titratable acidity 0 0.88 (conc. ) 1.1 (conc. ) 0.7 

[%w/WI' 0.176 (diluted)` 0.22 (diluted)c 

Calcium [mg/L] 10 950 (conc. ) 1040 (conc. ) 120 

190 (diluted)c 208 (diluted) 

Phosphate [mg/L] 3 175 (conc. )d 175 . )d 115 

35 (diluted)`' d 35 (diluted) c, d 

Degree of saturation 1.14 0.10 (diluted) 0.07 (diluted) 0.04 

Xanthan [%w/v] n. a. n. a. 0.03 n. a. 
a Titratable acidity [%w/w] expressed as citric acid monohydrate 

Calculated on the basis of the calcium, phosphate, and citrate concentrations, as 

well as the titratable acidity and pHs. 
A saturated solution with regard to hydroxyapatite has a degree of saturation of 1 

[75]. 

These concentrations have been calculated from the concentrated values 

according to the dilution with water. The concentrated drinks have been diluted 

1+4 with the mineral water used in this study. 
d Calculated according to juice concentration 

Table 4-1. Chemical Properties of the four drinks used in this experiment 

The intra-orally exposed enamel samples were detached from the appliance at 
day 2 and 5 and dipped in chlorhexidine gluconate mouthrinse (0.2%) for 3 

minutes. After the removal of the tape, the enamel samples were stored for 

prolonged periods sequentially in solutions of 0.5% SDS (sodium 
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dodecylsulphate) in water, 70% ethanol and a proteolytic enzyme solution in order 

to remove the acquired pellicle layer. Three AFM images per sample at the border 

between the exposed and unexposed areas (image size 250 pm x 250 lIm) were 

recorded with a Digital Instruments Multimode Nanoscope Ilia operating in 

Tapping mode. 

The obtained images were analysed (section analysed) by measuring the 

height difference between the exposed areas and the unexposed reference areas, 

see Figure 4-1. 
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Figure 4-1. Example of an AF\1 section analysis. A section view (left) and its 
corresponding plane vieý% (right) of a sample after a5 day intra-oral exposure to the 
"toothkind" blackcurrant drink can be seen. The height difference (e) between the 
exposed and cleaned area (A) and the unexposed area (B) is measured by section 
analysis. The measured height difference in this example was 180 nm. 

An increase in standard deviation with the degree of dissolution was 

observed in this study. Since the standard deviations are proportional to the means 

(see Appendix C) a logarithmic transformation had to be applied prior to 

employing a parametric test, such as ANOVA, for the statistical evaluation [ 177]. 

After the logarithmic transformation, using the natural logarithm, the erosion data 

was statistically analysed using a three-way ANOVA at the 95% confidence level, 

factors being drinks, exposure time and volunteers. A multiple range test (Fisher's 

LSD procedure) at a 95% confidence level was performed to identify statistically 

homogenous groups, i. e. groups with no statistically significant difference. 
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4.3 Results 

AFM images of polished and cleaned enamel surfaces after 5 days in . situ 

exposure to water, the "toothkind" blackcurrant drink, the prototype blackcurrant 

drink and orange juice are shown in Figure 4-? a. h. c and d, respectively. 
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Figure 4-2. Tapping mode : 1F'\1 images of polished enamel surface after a5 day 
intra-oral exposure to water a), "toothkind" blackcurrant drink b), a "prototype" 
blackcurrant drink c) and orange juice d). Areas marked with A have been exposed 
to the oral environment, chile those marked by B were covered by a tape during the 
in situ trial. Note the distinct increase in the difference in height between the 
exposed and reference areas from a) to d). 
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In each image intra-orally exposed enamel surface areas are indicated by an 

A, while B marks the parts which have been tape protected during the clinical 

trial. In all cases the exposed areas are darker and therefore lower than the 

reference areas. 

While any erosion caused by water can hardly be seen, the "toothkind" 

blackcurrant juice leads to a slightly more pronounced amount of material loss as 

evident by an increased difference in brightness between the exposed and 

unexposed areas. The prototype of the blackcurrant drink shows a further increase 

in enamel loss, while the orange juice causes the most material to dissolve. The 

eroded enamel still shows similar surface features to the uneroded enamel, if only 

small amounts of material are dissolved. In Figure 4-2 a and b, for example, the 

polishing lines are still visible. If the amount of material loss is increased, the 

typical horseshoe structure of eroded enamel [212] can be identified. Figure 4-3 

shows an example of an enamel surface, which has been intra-orally exposed to 

orange juice for 5 days. The white arrow is pointing towards a region where the 

rod core has been dissolved, leading to a "horseshoe" or "fish-scale" appearance 

[212]. 
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Figure 4-3. "Tapping mode : AH 11 image of polished enamel surface after a 5-day 
intra-oral exposure to orange juice, showing the typical horseshoe or fish-scale 
appearance (%%hite arrow) of eroded enamel 12121. 
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The means and standard deviations for the amount of material loss of the 

samples exposed to the different drinks are shown in Table 4-2. 

Sample Material loss [nm] 

(standard deviation) 

Day 2 Day 5 

Water 60(30) 100 (40) 

"Toothkind" blackcurrant drink 130 (90) 190 (160) 

Prototype blackcurrant drink 130 (80) 200 (90) 

Orange juice 140 (100) 330(420) 

Table 4-2. Mean material loss of in situ samples due to contact with the four 
different drinks under study. 

Exposure to water lead to the lowest amount of material loss followed by the 
"toothkind" blackcurrant drink, the prototype blackcurrant drink and orange juice, 

after both day 2 and day 5. Demineralisation increased for all drinks over time. 

The three-way ANOVA showed that only two factors, drink (p=0.0001) and 

exposure time (p=0.0001) have a statistically significant effect on the transformed 

erosion data at the 95% confidence level, while volunteers (p=0.3349) have no 

statistically significant effect on the transformed set of data. A Fisher's LSD test 

shows that all water samples lead overall to a statistically significant lower 

amount of material loss than all samples of any of the other tested drinks. The 

other three drinks form a statistically homogenous group, i. e. there was overall no 

statistically significant difference between the amount of erosion caused by these 
drinks. However, Figure 4-4 shows the trend of the orange juice to lead to a 
higher amount of material loss than the two blackcurrant drinks. 
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Means and 95.0 Percent LSD Intervals 
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Figure 4-4. Statistically significant differences in the overall enamel loss ( day 2 and 
day 5) due to contact with the four drinks used in this study are shown at the 95% 
confidence level. The mean material loss caused by water is statistically significant 
lower than the mean value for any of the other drinks. 

Table 4-3 shows homogeneous groups within the obtained mean enamel loss 

values. 
Drink Contact time [day] Homogeneous groups 

Water 2 x 
"Toothkind" blackcurrant drink 2 x 

Prototype blackcurrant drink 2 xx 
Orange juice 2 xx 

Water 5 x 
"Toothkind" blackcurrant drink 5 XXx 

Prototype blackcurrant drink 5 xx 
Orange juice 5 x 

Table 4-3. Homogenous groups as calculated by a multiple range test (Fisher's LSD 
procedure) at a 95% confidence level. 
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At day two there was only a statistically significant difference between water 

and all other drinks at the 95% confidence level. At day five water was 

statistically significantly different from the prototype blackcurrant drink and 

orange juice, but not the "toothkind" blackcurrant drink. No statistically 

significant difference could be detected between orange juice and the two 
blackcurrant drinks at either day two or five. However orange juice after five days 

of consumption was the only drink, which was statistically significantly more 

erosive than any other drink after two days of exposure. 

4.4 Discussion 

To better understand the processes involved in the demineralisation of enamel in 

the oral environment, it is necessary to obtain precise measurements of the 

material loss in situ. In future this might lead to more complex models of the 
influence different factors such as time, acidity and saliva have on the overall 

amount of material loss. 

The high standard deviations in the results shown in this chapter are partly 
due to the natural variations in the composition of the enamel samples [14] as 

already pointed out in Chapter 2. The ratio between the standard deviation and the 

mean value ("percentage error"), measured in the in vitro experiment in Chapter 

2, varied from 30% to 70%. In this in situ trial, however, the percentage error was 

nearly doubled, leading to values ranging from 40% to 130%. It is therefore 

evident that the observed large standard deviations cannot be completely 

explained by the variations in the enamel composition, especially since polished 

enamel was used in this in situ trial. As already shown by other authors [37], the 

polishing of the enamel surface reduces its overall variability by producing a more 

uniform crystal shape and surface composition. If the enamel variability was the 

only factor influencing the standard deviation, a reduction in the percentage error 

should occur due to polishing. It is therefore likely that differences between the 

volunteers are playing a major role in the present experiment. In particular 

variations in the pellicle layer thickness, saliva flow rate, saliva buffering capacity 

and drinking habits could all potentially influence the amount of material lost 

during an erosive challenge. In contrast to this conclusion, the three-way ANOVA 
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of the experimental results does not reveal any statistically significant differences 

for volunteers at the 95% confidence level. The reasons for this discrepancy could 
lie in the overall small sample size and therefore low power of the performed 
experiment with regard to the effect of the volunteers (n=8 per volunteer) on the 

observed enamel loss. By increasing the number of samples per volunteer it might 
be possible in the future to find statistically significant differences. 

The differences for enamel loss between the four drinks can be attributed to 
their chemical composition. A decrease in pH leads to an increased amount of 

enamel loss, while the addition of calcium to an otherwise erosive formulation can 

reduce the extent to which the surface is demineralised. A factor for estimating the 

erosive potential of a drink is the degree of saturation of a solution (DS), with 
respect to calcium hydroxyapatite [100], (see Chapter 1 and 2). A higher degree of 

saturation with regard to calcium hydroxyapatite should lead to a reduced 
dissolution of a substrate. The increase in demineralisation observed from water 
(DS=1.14), to the "toothkind" blackcurrant drink (DS=0.106), to the prototype 
blackcurrant drink (DS=0.08 1) up to the orange juice (DS=0.044) is therefore in 

agreement with the calculated degree of saturation. The degree of saturation 
therefore proves useful for indicating the order of erosiveness, however due to the 

modifying factors in the oral environment, the calculated DS-value cannot be used 
to estimate the observed material loss accurately. 

Due to the high standard deviations, no statistically significant differences 
between orange juice and the other two drinks could be observed. Under the 

chosen conditions, it was therefore not possible to prove the low erosive potential 
of the "toothkind" product. Further investigations with an increased number of 
samples are therefore necessary. 

Water with its DS of 1.14 should not induce any material loss on the enamel 

surface. However, a small height difference between the exposed and unexposed 

areas could be detected at each time point. This small amount of material loss 

could be due to the location of the enamel samples in the mouth. The enamel 

samples were carried during the trial in the palatal region where they are subjected 
to the abrasive action of the tongue during speech and swallowing [193]. The 
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amount of material loss, which was determined, might therefore include some 

abrasion measurements. 
Many studies point out the moderating influence of a thick acquired pellicle 

layer on the overall amount of erosion. Amaechi et al. [193] for example reported 

an inverse relationship between the degree of erosion and the pellicle layer 

thickness. With the present study it is not possible to support or dismiss these 

findings since the drinks causing erosion all belong to one statistically 
homogenous group with regard to their erosive effect as well as the observed 

thickness in the acquired pellicle layer (see Chapter 3). However, orange juice 

showed the trend of being slightly more erosive and having a slightly thinner 

pellicle layer than the two blackcurrant drinks at day 5. It could therefore be easily 

assumed that differences in the pellicle layer thickness played an important role in 

the extent of the observed material loss. However, the observed order of the 

drinks with regard to their erosive potential can be explained well by their degree 

of saturation with respect to hydroxyapatite as mentioned earlier. It is therefore 

neither possible to link any potentially erosion-reducing properties to the pellicle 
layer thickness, nor to dismiss its effect on the observed amount of material loss 

in the present study. 

A previous in situ investigation by Hughes et al. [80] was conducted using a 

similar "toothkind" blackcurrant drink in a nearly identical in situ protocol as the 

one chosen in this study. In the earlier study a material loss of 160 nm (std: 260 

nm) [80] after 5 days of intra-oral exposure to the calcium rich blackcurrant drink 

was reported. This result is in good agreement with the measured value of 190 nm 
(std: 160 nm) after 5 days exposure found in the present study. In another clinical 
trial by the same authors, a water sample with a similar pH and calcium 

concentration as the one used in this study was tested [103]. They reported a 

material loss of 90 nm (std: 120 nm) and 50 nm (std: 120 nm) after an exposure 
time of two and five days respectively [103]. This again is in good agreement with 
the findings presented in this study of 60 nm (std: 30 run) for day two and 100 nm 
(std: 40 nm) for day 5. No comparsion for the orange juice data is possible, since 
different juices have been used in the published studies and the study 'presented 

here. 
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An important factor when comparing all the results obtained with 

profilometry to the ones measured by AFM under identical conditions is the 

observed difference in standard deviation between the two methods. For both 

methods the observed mean material loss (where comparable data was available) 
is in good agreement, however the precision of the AFM is much higher than of 

profilometry, as can be seen by the 2-4 times higher standard deviations for the 

values obtained with profilometry. This lower precision especially during the 

measurement of early enamel losses of profilometry compared to AFM could be 

due to the lower resolution of profilometry. Small material losses can not be 

determined with high accuracy by profilometry and therefore no statistically 

significant differences between different treatments can be detected at early stages 

of the dissolution process. 
The earlier study on the dissolution of native enamel samples in vitro, which 

is presented in Chapter 2, showed an overall material loss of 60 nm (std: 20 nm) 
after 1h and 60 nm (std: 40 nm) after 3 hours treatment with water. A "toothkind" 
blackcurrant drink lead in the same experiment to a material loss of 60 nm (std: 20 

nm) and 90 nm (std: 60 nm) after lh and 3 hours, respectively. Even though the 
drinks used in that earlier experiment are not identical to the ones used in the 

study presented in this chapter, their degrees of saturation with regard to calcium 
hydroxyapatite are very similar. The observed material loss should therefore be 

comparable. In this in situ study, however, material losses of 60 nm (std: 30 nm) 
for water and 130 nm (std: 90 nm) for the "toothkind" drink after 2 days of the 

clinical trial (equivalent to an overall exposure time of 1h 20 min to the 

respective drink) were observed. After 5 days, or 3h 20 min exposure time to the 
drinks, enamel losses of 100 nm (std: 40 nm) for water and 190 nm (std: 160 nm) 
for the "toothkind" blackcurrant drink were measured. After similar exposure 
times (i. e. 1 and 3 hours in vitro compared to Ih 20 min and 3h 20 min in situ), 
the enamel losses obtained in situ are therefore up to a factor of 2 higher than the 

ones determined in vitro. This result seems to contradict earlier findings by 

Hughes et al. [80]. They showed that, all other variables being the same, the 

amount of material lost in vitro is a factor of 10 higher compared to in situ results. 
Hughes et al. concluded, that in the in vitro trial no protective factors against 
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demineralisation, such as the buffering capacity of the saliva or the acquired 

pellicle layer, were taken into account and thus more demineralisation had to be 

expected. The discrepancy between the results reported by Hughes et al. [80] and 

the results obtained for the AFM measurements can be due to two factors: a) the 

effect of the native enamel surface on the dissolution process and b) the different 

hydrodynamic conditions in the two AFM studies. 
A major difference between the in vitro and in situ AFM study was the 

treatment of the enamel surface. While in the in vitro study native enamel surfaces 
have been used, the in situ results were based on the demineralisation of polished 

enamel. However, the compositional characteristics of the surface enamel differ 

significantly from the layers closer to the dentino-enamel junction. Surface 

enamel has a higher degree of mineralisation, lower water content, higher level of 

trace elements (F, Zn, Pb, Cl) and a lower carbonate content then the underlying 
layers [179,180], see also Chapter 1. Moreover it has been shown that there is 

also a correlation between the crystal size [47] as well as the enamel structure and 

the observed dissolution rate. A more homogenous crystal size and enamel 

structure is exposed to the erosive challenge due to the polishing process. 

Measuring the chemical loss of dental hard tissue on polished samples may 

therefore show different dissolution characteristics as native enamel surfaces and 

may result in greater enamel losses. This theory is supported by recent results 
from Ganss et al. [43]. They showed in an in vitro trial, that polished enamel 

surfaces are up to 4 times more susceptible to an erosive challenge than native 

enamel surfaces under identical experimental conditions. 
A further possible reason for the observed differences is that the two studies 

were carried out under different hydrodynamic and thermal conditions (e. g. static 
liquid drop versus swallowing). The differences in temperature for example 

should lead to a higher material loss in situ conducted at the temperature 

occurring in the mouth, while the in vitro study was conducted at room 

temperature. No attempt was made to conduct the in-vitro study at 37°C, because 

a. ) it would have been less comparable to the majority of in-vitro studies and b. ) 

37°C it not necessarily the temperature at which drinks in the oral environment 

get into contact with the teeth. In fact, it is very difficult to estimate the 
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temperature a drink, consumed at room temperature, reaches prior to any contact 

with teeth. Furthermore, the rubbing of the tongue against the enamel samples in 

situ might also be responsible for some of the observed differences. Since too 

many variables have been changed between the two experiments it is not possible 
to draw any conclusion concerning the effect polishing of the enamel surface, 

saliva flow and composition or the acquired pellicle layer have on the overall 

amount of material loss occurring during erosion processes. 
In order to clarify how much the natural enamel surface is influencing the 

amount of material lost during an erosive challenge a study employing native 

enamel surfaces in a similar in situ set-up as the one described in this chapter 

would be necessary. 
In future the presented approach should be useful for shortening clinical trials 

and obtain a detailed insight into factors influencing the demineralisation process 
in the oral environment. Using the AFM for this type of measurements gives the 

unique advantage of determining the pellicle layer thickness and structure (see 

Chapter 3) as well as the amount of material lost due to erosion. Combining these 

two observations with further studies on the saliva composition, flow rate and 
buffering capacity should lead to more complete models of the erosion process in 

situ and thus to a better prevention of this condition in vivo. 
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5 In situ demineralisation of native 

enamel surfaces studied with AFM 

5.1 Introduction 

As already pointed out in Chapter 2, enamel in its native state is less prone to 

erosion than polished enamel. To mimic the in vivo situation as close as possible 
in an in situ trial, clinical studies should therefore ideally be conducted using 

native enamel samples. However, many of the techniques used for the quantitative 

evaluation of induced demineralisation are only applicable on polished enamel 

surfaces. Furthermore these techniques are limited by the fact that they can not 

provide qualitative and quantitative data simultaneously. It is therefore not easily 

possible to link the detected erosion with any specific surface features. In the 

study presented in this chapter an attempt was made to use the AFM to measure 

changes in the surface morphology of enamel samples which were exposed in situ 
to soft drinks in a clinical trial. 

Many researchers have focused on advancing the knowledge concerning the 

processes involved in the demineralisation of enamel by conducting in vitro trials 

on the dissolution of apatite [213-217], enamel powder [218,219] or polished 

enamel surfaces [22,73,220] in acidic media under very controlled conditions. 
Depending on the employed methods and the factors, which were included in 

simulating the demineralisation process different mechanisms for the dissolution 

were suggested [33]. Even though these experiments helped to improve the 

general understanding of the impact certain changes in the demineralising solution 
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have on the amount of enamel lost, they are not able to incorporate the full range 

of possible interactions of an erosive challenge in the oral environment. 
Methods which have been used for quantifying material loss in situ were 

mainly based on the detection of microhardness changes [ 134] or material loss by 

profilometry [80]. Even though those methods proved to be very useful in gaining 

some insight into the extent of material loss caused in situ, all results were based 

on polished enamel surfaces. On those surfaces, which were found to be more 
prone to erosion [9,10], the effect of a certain substance on the overall amount of 

erosion might be exaggerated. Using natural, native enamel surfaces should 
therefore lead to the most realistic model possible for testing the erosive potential 

of a given solution. 
Chemical analysis has been applied widely for the determination of material 

loss of natural enamel surfaces [172,221]. Even though Ca and P can be 

determined with high precision, the inability to link the detected material loss 
directly to surface changes as well as the fact that chemical methods are not easily 
applicable in the oral environment makes them less useful. Besides chemical 

methods, SEM [113,222], sometimes employing a replica method [223], has been 

used to conduct tests on erosion of natural enamel surfaces. While it was possible 
to measure surface changes in the x-y plane with high precision, no information 

was available on the amount of material lost in z-direction (i. e. perpendicular to 

the native enamel surface). It was therefore impossible to quantify the observed 

changes. As a result, it is not surprising that the detailed processes involved in the 
dissolution of native enamel surfaces are not completely understood. 

In order to create experimental conditions that are very close to the actual in 

vivo situation, the feasibility of using the AFM for in situ erosion measurements 

on native enamel surfaces was tested. The morphological changes on the enamel 

surface after different exposure times were observed as well as qualitative 
differences between pellicle layers. 

5.2 Materials and methods 

A single blind (blinded to the examiner), single centre, four-way crossover, 
healthy volunteer study was conducted after obtaining ethical approval by the 
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United Bristol Healthcare NHS Trust Ethics Committee. The study was 

randomised and balanced for first order carryover effects. 

Unerupted third molars were disinfected by storage in a 50% sodium 

hypochlorite solution for at least 24 hours. They were washed in distilled water, 

ultrasonicated in 70% ethanol for 10 minutes and sectioned with a diamond saw. 

Since the enamel pieces were not embedded in epoxy resin, no standardised 

sample dimensions were attempted to be achieved. For handling purposes and to 

facilitate their use in bracelets, each sample had minimum dimensions of. 7 mini x 

7 mm x2 mm. The native surfaces were partly covered with a PVC tape, allowing 

a small surface area to be exposed to the oral environment. Two strips of tape 

were used to cover different parts of the enamel. A2 mm wide strip was applied 

first in order to cover an area in the middle of the surface (the reference area). To 

the right of this initial strip a second piece of PVC tape was adjusted in such way 

that it covered part of the first strip as well as the adjacent enamel surface. The 

width of this strip of tape varied with the overall size of the enamel block. The 

area to the left of the first tape was left uncovered (see Figure 5-1). 

Tape 

Figure 5-1. Geometry of native enamel sample prepared for intra-oral exposure. H: 
indicates uncovered enamel, R depicts the centre area of the sample, covered with 
the first tape (2 mm wide reference area), B shows the area covered by the second 
tape, while 0 depicts the overlap of the two tapes. Sd marks the width of the second 
tape, which depends on the overall dimension of the sample and was chosen so that 
the area to the right of the first tape as completely covered (overall sample size; at 
least: 7 mm x7 nom x2 mm). 
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Twelve volunteers of either sex, aged between 18-60 years, were fitted with 
intra-oral appliances in their palatal regions. One natural enamel sample was 

subsequently placed in the posterior part of each intra-oral appliance, which was 

worn by the volunteer from 9 a. m. to 5 p. m. each day. During this time the 

volunteer sipped 250 mL of a drink over a 10-minute period at 9.00,11.00,13.00 

and 15.00 hrs. The oral appliance was removed for one hour over lunchtime and 
during the trial only water, coffee or tea was allowed to be drunk in addition to the 

tested drink. Overnight the appliances with the enamel samples were stored in 

saline solution. The plaque build up on the specimens and appliance was 

prevented by dipping them twice per day in chlorhexidine gluconate mouthrinse 
(0.2%) for three minutes. At the end of day 3 the sample was detached from the 

appliance, the PVC tape covering the right side of the enamel removed and the 

sample refitted in the appliance. At the end of day 5 the sample was taken out of 

the appliance, dipped in chlorhexidine gluconate mouthrinse (0.2%) for 3 minutes 

and the remaining tape removed. This procedure led to three areas of different in 

situ exposure times on one sample. The area covered over the whole period of the 

trial was not affected by the oral treatment at all and therefore served as a 

reference area (exposure time t=0). The area, which was covered for three days of 
the in situ study, led to an overall exposure time to the intra-oral conditions of 2 

days, while the uncovered enamel was exposed for 5 days. 

Four different drinks, a mineral water (Volvic), a "toothkind" blackcurrant 

drink (Ribena Toothkind blackcurrant drink), a prototype of a new toothkind 

blackcurrant drink and an orange juice (Southern Delight Orange Juice) were used 
in this study. More detailed information concerning the drinks (e. g. the 

manufacturers) can be found in Appendix A, while some of their chemical 

properties can be found in Table 5-1. The two blackcurrant drinks were 

concentrates, which were used after diluting them 1+4 with the mineral water 

used in this study. The main difference between the two blackcurrant drinks was 

the added amount of 0.3 g/L xanthan gum to the prototype. Xanthan gum is a 

temperature and pH stable, pseudoplastic, anionic polymer, which can be 

described as a cellulose derivative [94]. 
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Water "Toothkind" Prototype Orange 

Ribena blackcurrant drink juice 

pH 7.83 3.75 (conc. ) 3.60 (conc. ) 3.80 

3.98 (diluted) 3.81 (diluted) 

Titratable acidity 0 0.88 (conc. ) 1.1 (conc. ) 0.7 

[%w/w]' 0.176 (diluted)` 0.22 (diluted)c 

Calcium [mg/L] 10 950 (conc. ) 1040 (conc. ) 120 

190 (diluted)c 208 (diluted)' 

Phosphate [mg/L] 3 175 (conc. ) 175 (conc. ) 115 

35 (diluted) c, d 35 (diluted) c, d 

Degree of saturation 1.14 0.10 (diluted) 0.07 (diluted) 0.04 

Xanthan [%w/v] n. a. n. a. 0.03 n. a. 
a Titratable acidity [%w/w] expressed as citric acid monohydrate 

Calculated on the basis of the calcium, phosphate, and citrate concentrations, as 

well as the titratable acidity and pHs. 
A saturated solution with regard to hydroxyapati te has a degree of saturation of 1 

[75]. 

These concentrations have been calculated from the concentrated values 

according to the dilution with water. The concentrated drinks have been diluted 

1+4 with the mineral water used in this study. 
Calculated according to juice concentration 

Table 5-1. Chemical Properties of the four drinks used in this experiment 

At least nine AFM images per sample (three on the reference area, three on the 

area exposed for 2 days to the oral environment and three on the area exposed for 

5 days) were recorded with a Digital Instruments Multimode Nanoscope IIIa 

operating in tapping mode (image size 75 µm x 75 µm); used tips: TESP-70). 

Furthermore, images of varying sizes were obtained at the border between the 

exposed and unexposed areas, curvature of the enamel permitting (see Figure 

5-2). 
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2 mm 

1. 

Figure 5-2. Schematic picture of a sample after in situ exposure to one of the four 
drinks and the remo%al of the protective tapes. C marks the area exposed for 5 days 
to the oral environment. R the protected enamel and 13 the area exposed intra-orally 
for 2 days. The areas 1-5 show examples of AF11 scan areas (main image size: 75 µm 
x75 µm) taken on the area exposed for 5 days (1), 0 days (3) and 2 days (5) as well as 
at the border between the intra-orally exposed and unexposed areas (2 and 4). The 
dotted lines indicate the border between areas of different times of exposure to the 
oral environment. S marks the width of the intra-orally exposed areas, which 
depend on the overall dimension of the sample. 

Subsequently, the acquired pellicle layer was removed chemically by storing 

the samples for prolonged periods sequentially in solutions of 0.5°ý, SDS (sodium 
dodecyl sulphate) in water, 70"ö ethanol and a proteolytic enzyme solution. 

Afterwards, the samples were re-imaged in the same way as already described. 

Images obtained prior and after the cleaning of the sample at the border 

between intra-orally exposed and unexposed areas were analysed (by section 

analysis) to estimate the pellicle layer thickness or amount of material loss, 

respectively. 

5.3 Results 

Pellicle 

A representative AFM image of a native enamel surface after 5 days of in . sine 

exposure to the "toothkind" blackcurrant drink, prior to the pellicle removal, is 

shown in Figure 5-3. 
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Figure 5-3. Tapping Mode . AFM1 image of native enamel surface after a5 day intra- 
oral exposure to a "toothkind" blackcurrant drink. 

Besides brighter, sometimes globular patches on the exposed enamel surfäce, 

the acquired pellicle layer is hardly visible due to the fact that it follows the 

morphology of the native enamel surface. This observation was typical for most 

of the areas after 2 and 5 days exposure to the oral environment and independent 

of the applied drink. Since native enamel itself is comparatively rough, darker 

areas in the obtained images can not directly be linked to a missing or thin pellicle 

layer. 

While the type of drink had no obvious influence on the structure of the 

deposited pellicle layer, some differences could be seen between different 

volunteers. The majority of volunteers deposited a pellicle layer similar to the one 

seen in Figure 5-3. However, one volunteer deposited a pellicle layer, which dried 

out very quickly and left a flaky type of structure on the enamel surface. Figure 

5-4 shows the acquired pellicle layer of this volunteer after an intra-oral exposure 

to orange juice a) and water b). Areas with a thicker pellicle layer are indicated by 

the letter B, while A marks the areas where the pellicle layer has been at least 

partly lost. Some globular structures are visible on the pellicle layer in Figure 5-4a 

(marked by an ellipse). 

103 

0 25.0 50.0 75.0 

U. 



Chapter 5- In situ demineralisation of native enamel surfaces studied with AFA1 

so. 0 

25.0 

m; - 
Vs 

0 
50.0 75 0 

u. 

t 

IB 
4 

a) b) 

0 

0 11111 1000 nnl 

Figure 5-4. Tapping mode : AFM image of native enamel surface after a5 day intra- 

oral exposure to orange juice a) and water b). A indicates the area where (at least) 
part of the pellicle laver has been destroyed, while B shows an area covered by a 
thicker pellicle layer. The area marked by an ellipse indicates nearly globular 
structures on the pellicle layer surface. 

Figure 5-5 shows an image obtained at the border between an unexposed 

aprismatic enamel area (A) and an enamel area, which was intra-orally exposed 

for 5 days to water (B). The observed pellicle layer is very patchy as can be seen 
in the area indicated by an ellipse. In this particular case, it was possible to 

quantify the observed pellicle layer thickness (150 nn). 
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Figure 5-5. Tapping mode AF11 image of native enamel surface after a5 day intra- 
oral exposure to water. The image was taken at the border between the area covered 
by a tape during the in 

. situ trial (A) and the area covered by a pellicle layer (B). The 
area marked by an ellipse indicates a patchy part of the pellicle laver surface. 
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Demineralisation 

All the images shown in this section were either taken on untreated surface 

areas or treated areas after the acquired pellicle layer had been removed. 

An AFM image of an aprismatic enamel surface, which had been exposed to 

water for 5 days is shown in Figure 5-6 b alongside with an unexposed area of the 

same sample (Figure 5-6 a). No major differences in the surface morphology were 

found between the treated and untreated areas of this sample, showing that water 

causes no detectable erosion under the chosen experimental conditions. Similar 

images were obtained for the "toothkind" blackcurrant drink. 
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Figure 5-6. Tapping mode : AF\I image of native enamel surface unexposed to the 
oral environment a) and after a5 day intra-oral exposure to water h). Image b) as 
taken after the removal of the acquired pellicle layer. No obvious differences in the 
surface morphology are visible. 

Exposure to the prototype of the blackcurrant drink led to a slight change in 

the surface morphology as shown in Figure 5-7. An untreated surface area is 

shown in Figure 5-7 a, while Figure 5-7 b depicts an area, which has been intra- 

orally exposed for 5 days to the blackcurrant drink prototype. The main difference 

between the two images is the roughening of the surface between the prisms (see 

ellipse). Compared to the untreated area a minimal amount of material loss has 

occurred at the prism boundaries. Similar differences were detectable on only 
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20% of the samples, while the majority behaved in a similar way to the samples 

treated with water or the "toothkind" blackcurrant drink. 
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Figure 5-7. Tapping mode . 
AFMM image of native enamel surface unexposed to the 

oral environment a) and after a5 day intra-oral exposure to the blackcurrant drink 

prototype b). Image b) was taken after the removal of the acquired pellicle layer. 
The ellipse shows an area, which is slightly effected by erosion as can be seen by the 

roughening of the prism edges. "The regular stripes on image a) are due to the 
incomplete removal of the glue residue from the tape. This phenomenon %V'as only 
observed for few samples(< 2%). 

Samples treated with the orange juice showed the highest amount of material 

loss due to the erosive challenge. Figure 5-8 a and b show two images taken at the 

border between the area covered with the tape during the in . stir trial (A) and an 

area exposed to orange juice for 5 days (B). In these images the perikymata is 

clearly visible (C) and it can be seen that the main amount of material was lost in 

the area between two perikymata. Since the two images are overlapping a 

combined image of a and b is shown in Figure 5-8 c in order to give an even 

clearer impression concerning the on-going processes. The white line indicates in 

all the images the border between the treated and untreated area. It can be seen 

that this border is very precise and nearly linear, showing a good overall adhesion 

of the tape to the native enamel surface. However, in the lower parts of the enamel 

surface, some under-etching seems to take place, as suggested by the deep pits 

directly adjacent to the border. 
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Figure 5-8. a-c) Tapping mode : tFM1 image of native enamel surface after a5 day 
intra-oral exposure to orange juice. The image was taken at the border between the 
area covered by a tape during the in situ trial (A) and the demineralised area 
covered by a pellicle laver (B). The images were taken after the removal of the 
pellicle layer. C marks the periky mats, while a white line indicates the border 
between the treated and untreated areas. Note the distinct amount of material loss 
between two perikv mats, especially in the area adjacent to the border between 
treated and untreated areas. 

In this particular case, it was possible to determine the amount of material 
loss. Areas directly adjacent to the border between the two areas showed an 

overall material loss of 1.6 µm, while areas slightly more removed, showed a 

material loss of only 400 nm. 
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5.4 Discussion 

Studying the on-going processes during erosion on native enamel surfaces in an in 

situ trial is very important for understanding the numerous factors influencing the 

extent of observed material loss. Qualitative and quantitative measurements not 

only of the pellicle layer thickness and morphology but also of the observed 

material loss may in future lead to the development of models which might be a 

very close approximation of the in vivo situation. 
It was attempted for the first time to employ the AFM for investigating the 

morphology and thickness of the acquired pellicle layer as well as the extent of in 

situ erosion caused by drinks on native enamel surfaces. The advantage of this 

approach lies in the ability of the AFM to obtain surface images with high 

accuracy with a minimum amount of sample preparation. Samples can be scanned 

under ambient conditions, reducing the number of possible artefacts linked with 
techniques such as SEM. For SEM measurements the enamel surface is usually 

coated with a conductive layer [113,186,187,223,224]. This procedure can lead 

to a "snowing under" effect, where small differences in the surface morphology 

are covered by the evaporated layer. Due to this preparation step, it is furthermore 

only possible to record an image of the surface prior to or after the removal of the 

acquired pellicle layer. This makes a direct comparison between the morphology 

of the pellicle layer and the observed material loss on the same sample impossible 

and direct links of the relationship between the pellicle layer and the observed 

material loss slightly more difficult. 

The finding that differences in the morphology of the acquired pellicle layer 

were linked to differences between the volunteers rather than the different drinks 

ties in well with the results obtained on the polished enamel surfaces. Those 

results, which were presented in Chapter 3, showed a statistically significant 
difference between the pellicle layer thickness depending on the applied drink. 

However, an influence of the drinks on the observed morphology of the pellicle 
layer could not be detected. Whether the drinks have a similar effect on the 

thickness of the pellicle layer in the study presented in this chapter cannot be 

determined. This is due to the difficulties of obtaining images directly at the 
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border between the exposed and unexposed areas. The curvature of the native 

enamel samples at the border was in around 80% of the cases too large for taking 

an image with the AFM. In those cases, where it was possible to perform 

measurements, the detected pellicle layer thickness seems to be close to the values 

measured on the polished surfaces. For example the measured pellicle layer 

thickness of a native enamel sample exposed to water for 5 days (150 nm) lies 

within the values obtained on the polished enamel surfaces (180 Mn std: 40 nm). 
However, the number of values obtained for the native enamel samples is too 

limited to draw any final conclusions. 
Differences in the morphology of the acquired pellicle layer depending on the 

volunteers, as described in Chapter 3, were also observed on the native enamel 

surfaces. Volunteers, who had produced a patchy pellicle layer on the polished 

enamel surface, showed a similar pellicle layer structure on the native samples. 
However, thicker coherent pellicle layers seen on the polished surfaces were now 
leaving a more flaky type of structure behind on the natural surfaces. Since the 

curvature of the native enamel samples made the imaging process more time- 

consuming, the pellicle layer might have dried out and shrunk, leading to the 

breaking of its surface. This shows how sensitive the pellicle layer is even towards 

a small extent of dehydration. Techniques like TEM and SEM, which have been 

used previously [187,196], requiring the treatment of the samples under high 

vacuum, are therefore bound to lead to artefacts. In light of the findings presented 
in this study, future experiments are necessary to differentiate clearly between the 

effects caused by the exposure to an acidic beverage and those due to the drying 

out of the pellicle layer with regard to its structure. Using a liquid cell in 

combination with the AFM might be the best way forward for achieving this goal. 
Morphological differences between samples exposed to either water or the 

"toothkind" blackcurrant drink could not be observed in this study, while the 

prototype of the blackcurrant drink led to very slight changes and the orange juice 

to extensive material loss. While the demineralisation caused by the orange juice 

was readily identified in a comparison between the treated and untreated areas, the 

erosive effect of the prototype blackcurrant drink was not that obvious. Only 

around 20% of the samples showed small differences in the structure of the 
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enamel after exposure to the prototype at day 5. The observed differences were 
furthermore very subtle and since the present set-up of the experiment made it 

impossible to observe changes of an identical surface area prior to and after 

erosion, some of the detected differences could have been present before the start 

of the study. However, the samples were cut from unerupted third molars which 
therefore had not been exposed to the oral environment previously. As a result no 

potentially demineralising substances could have contacted the surface. Since the 

observed material loss could also not be linked to a scratching of the surface or 
imperfections it is most likely due to the effect of the drink on the enamel surface. 

The observed variations in the extent of material loss caused by the orange 
juice in comparison to the other three drinks can be explained by the chemical 

composition of the drinks. The degree of saturation of a solution (DS), with 

respect to calcium hydroxyapatite, is a suitable measure of its erosive potential 
[100] (see discussion Chapter 1 and 2). The higher the degree of saturation of a 

solution the less material loss can be expected during an erosive challenge. It is 

therefore not surprising that orange juice, having the lowest DS of all the used 
drinks, shows the most extensive changes in the morphology of the native enamel 

surface. 
Previous studies showed that the compositional characteristics of the surface 

enamel differ significantly from the layers closer to the dentino-enamel junction 

[179,180]. Surface enamel was found to have a higher degree of mineralisation, 
lower water content, higher level of trace elements (F, Zn, Pb, Cl) and a lower 

carbonate content than the underlying layers [179,180], see also Chapter 1. The 

fluoride concentration was found to be especially high at the enamel surface, 
falling to a plateau value in the mid enamel [ 181 ]. Moreover a correlation between 

the crystal size [47] as well as the enamel structure and the observed dissolution 

rate has been identified. Since polishing removes the surface layer of the enamel, 
the amount of material dissolved from native enamel surfaces might differ from 

the ones lost from polished enamel surfaces. One of the few obtained examples of 

an erosion measurement taken at the border between unexposed enamel and 

enamel treated with orange juice over a5 day period showed differences in the 

extent of erosion depending on the overall distance between the taped and 
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untreated areas for the first 50µm. Directly adjacent to the border between the two 

areas a large amount of material loss (1.6 pm) was detected, compared to a loss of 

only 400 nm about 50µm further away. After this initial region, the amount of 

material loss stays constant. It can also be seen from the images that the area 
between the perikymata is especially effected. A slight underetching of the tape 

close to the untreated area might cause this discrepancy. Here the tape might not 
be flexible enough to follow the surface features of the enamel, thus potentially 
leaving a gap where drinks can stagnate and therefore cause an extensive amount 

of erosion. The value obtained further apart from the border is therefore more 

reliable. Comparing the lower value obtained for the overall material loss to the 

value obtained for the same volunteer on a polished enamel surface under 

otherwise identical conditions (1.581 pm) shows that native enamel might 

potentially be 4 times less effected by an erosive challenge than polished enamel 

surfaces in an in situ trial. Those findings are in good agreement with in vitro 
findings by Ganss et al. [43]. However, more experiments are required to fully 

evaluate the potentially protective effect of native enamel surface on the overall 
dissolution rate in an in situ situation. 

The AFM measures relative differences in surface height between the highest 

and lowest points in any given image, necessitating the presence of a reference 

area which is not influenced by the erosive process for obtaining quantitative 

measurements of the amount of material loss. In the present study a tape was used 

to cover part of the enamel surface. While this method was very successful in the 

in situ measurements of polished enamel surfaces, the inability to protect 

successfully a curved surface with areas of small pits makes it less useful for the 

study of native enamel surfaces. Evaporating a gold reference layer onto the 

surface of the native enamel proved to be useful for the studies in vitro. However, 

the evaporated layer was easily removed, at least partially, under mechanical 

wear. Due to the rubbing of the tongue against the reference layer in an in situ 

experiment an evaporated gold layer cannot provide the necessary reference layer. 

Even though the results obtained are very encouraging, progress in the use of 
the AFM for in situ studies can therefore only be achieved if a suitable technique 
for the provision of a reference surface can be achieved. 
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6 Nanoindentation of polished enamel 

surfaces demineralised in situ 

6.1 Introduction 

So far the quantitative experiments presented in this thesis considered cases in 

which the dissolution of part of the enamel surface was measurable as a height 

difference between exposed and unexposed areas. However, prior to the complete 
loss of parts of the enamel a surface softening is observed. This step is one of the 

earliest during demineralisation and therefore of special interest. The following 

chapter attempts to devise a way of accessing this phenomenon quantitatively and 

with high precision using a modified AFM, with a special nanoindenter head. 

A common reaction in the oral environment is the dissolution of apatite from 

enamel due to contact with acids of various origins. This demineralisation process 
leads to a loss of material at the enamel surface as well as in the bulk material due 

to diffusion processes. 
In particular three different types of acid attack have been defined: (a) surface 

"softening", which is caused by a short acid attack at a pH of 2-4 typical for 

dietary demineralisation processes such as erosion; (b) subsurface 
demineralisation (lesion formation), which is caused be an extended period of acid 

attack at a pH of 4.0-5.5 characteristic of a carious process and (c) surface 
"etching", which is the result of a very short exposure time to a strong acid as it is 

used in restorative dentistry as a preparative step of biomaterials bonding [ 136]. 

With an increase in the consumption of low pH pure fruit juices and acidic 
beverages [1] it is not surprising that a significantly increased prevalence of 
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dietary induced dental demineralisation has been observed over the last years [93]. 

Many studies in recent years have attempted better to understand the underlying 

processes of enamel demineralisation by studying, for example, the behaviour of 

apatite in water and acidic media in in vitro experiments [213,214,216,225]. By 

controlling many of the parameters influencing mineral loss such as temperature 

and the composition of the demineralisation solution with regard to pH, titratable 

acidity, ionic strength and buffering capacity, these studies led to the proposal of 

models for the dissolution process. These highly simplified conditions are not 

suitable for an accurate description of the demineralisation process in the oral 

environment. A major drawback of all in vitro studies is that the influence of 

saliva on demineralisation cannot be reliably modelled. Besides having a high 

buffering capacity, salivary proteins are also involved in building a protective 

pellicle layer on the enamel surface [49,82]. The composition of this acquired 

pellicle layer differs between individuals and changes over time. A pellicle layer 

produced in vitro differs considerably from one formed in situ [83]. It has been 

shown that in vitro studies neglecting the presence of saliva and its influence on 
demineralisation overestimate the amount of material loss caused by soft drinks 

[80]. 

It is therefore important not only to test the demineralisation potential of a 

product in an in vitro study but also to gain insight into the ongoing in situ 
demineralisation processes in a clinical trial. This is especially important for 

products claiming to have a beneficial or at least not harmful effect on teeth. A 

major drawback with clinical studies thus far is that due to the slow rate of enamel 
loss, products often have to be tested over an extended period of time [80] to 

obtain statistically significant results. The volunteers' compliance with the 

experimental protocol might therefore be as difficult to achieve as the ethical 

approval for the study. Long clinical trials also increase the cost and time spent on 

product evaluation. A means of shortening clinical trials would therefore be 

highly advantageous. 
Several studies employing a Vickers or Knoop indenter have demonstrated 

that indentation techniques are able to measure differences in the demineralisation 

potential of soft drinks at early stages in vitro [22,23,29]. A serious drawback of 
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these techniques is that a minimum indentation load of at least 100 g has to be 

used, to avoid appreciable variation of calculated hardness values with load [20]. 

This load corresponds to an indentation depth of 3 µm (Knoop indenter) -5 gm 

(Vickers indenter), which is larger than the thickness of the softened enamel layer 

at the early stages of enamel demineralisation [135]. Therefore the early stages of 
demineralisation are difficult[136] to access by these means. Furthermore, it is not 

possible to derive reduced Young's modulus values with these techniques. 

By using a smaller indenter, lighter loads and more precise depth 

measurements, the ability of nanoindention coupled with AFM to obtain reliable 
hardness values for indentation depths of less than 100 nm has been demonstrated 

on a variety of different samples [226-229]. The prior scanning of the surface with 

the AFM allows one to select areas of interest. Recently, nanoindentation and 
nanoindentation combined with AFM have also been applied in dental research to 

determine the mechanical properties of normal and demineralised dentine [121, 

122], as well as enamel and filler particles of dental restorative materials [230]. 

The purpose of this in situ pilot study was to evaluate, for the first time, the 

ability of nanoindentation in combination with AFM to measure the differences in 

demineralisation potential of three drinks on enamel surfaces. 

6.2 Materials and methods 

Unerupted third molars were disinfected by storage in a 50% sodium hypochlorite 

solution for at least a week. They were sectioned with a diamond saw and the 

buccal areas were embedded in an epoxy resin. The enamel surfaces were then 

polished on a lapping machine, using abrasive discs of decreasing grit size (up to 

800 grid). Using the method of West et al. [73], the polished enamel surfaces 

were partly covered with a dental tape, allowing a2 mm-wide zone to be exposed 

to the oral environment. A sample was subsequently fitted into an intra-oral 

appliance, which was worn by a volunteer from 9 a. m. to 5 p. m. for one day. 

During this time the volunteer sipped 250 mL of a drink over a 10-minute period 

at 9.00,11.00,13.00 and 15.00 hrs. The oral appliance was removed for one hour 

over lunchtime and stored in a saline solution. During the trial only water, coffee 
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or tea was allowed to be drunk in addition to the tested drink, with no variation of 
the amount of coffee and tea consumed on the different study days as declared by 

the volunteer. The plaque build up on the specimens and appliance was prevented 
by dipping them prior to and after the experiment in chlorhexidine gluconate 

mouthrinse (0.2%) for three minutes. At the end of each study day the sample was 
detached from the appliance and the tape was removed. For each drink, this 

procedure was repeated three times, leading to an overall of nine samples obtained 
during nine different study days. 

To remove the acquired pellicle layer the samples were chemically cleaned 
by storing them for prolonged periods (of up to one week) in solutions of 0.5 % 

SDS (sodium dodecylsulfate) in water, 70 % ethanol and an enzyme solution. 
Three different drinks, mineral water (Volvic), a "toothkind" blackcurrant 

drink, (Ribena "toothkind" blackcurrant drink) and orange juice (Tesco Orange 

Juice) were used in this study. More detailed information concerning the drinks 

(e. g. their manufacturers) can be found in Appendix A. Some of their chemical 

properties can be found in Table 6-1. 

Water "Toothkind" Ribena Orange juice 

pH 7.83 3.80 3.80 

Titratable acidity [%w/w]' 0 0.32 0.9 

Calcium [mg/L] 10 382 120 

Phosphate [mg/L] 3 54 110 

Degree of saturation 1.14 0.11 0.03 
a Titratable acidity [%w/w] expressed as citric acid monohydrate 

Calculated on the basis of the calcium, phosphate, and citrate concentrations, as 

well as the titratable acidity and pHs. 
A saturated solution with regard to hydroxyapatite has a degree of saturation of 1 

[75]. 

Table 6-1. Chemical properties of the three drinks used in this experiment. 
Three enamel samples were tested per drink. Water was chosen because it is 

considered to have none or a minimal demineralisation effect on dental enamel. 
The blackcurrant drink has been formulated to have minimal erosive potential. 
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The orange juice was expected to have a high demineralisation effect due to its 

composition. 
A Dimension 3100 multimode AFM (DI, Santa Barbara, USA) equipped with 

a transducer for nanoindentation measurements (Hysitron TriboScope®) was used 
for the experiment. A Berkovich indenter, with a calibrated area function, was 

employed in this study. This indenter consists of a three-sided pyramidal diamond 

tip (Young's modulus: 1140 GPa) with an apex angle of approximately 65.3° 

[ 133] and is especially useful for nanoindentations. A three-sided pyramid is more 
likely to lead to a point contact between the indenter and the sample compared to 

four-sided pyramids (such as the Knoop or Vickers indenters), which in most 

cases have a line at their final tip. Ten indentations per sample (five in each of the 

exposed and unexposed area) were taken, measuring the force versus depth 

curves. In most of the cases the surface hardness (H) and reduced Young's 

modulus (Er) values of the exposed and unexposed areas of each sample were 
determined immediately from the obtained data employing the method described 

by Oliver and Pharr [231], using the following equations: 

H= 
Pmax 

A 

(6.1) 

Er _S , 
_x (6.2) 

2-, 7-A- 

where PAX is the maximum load, A the projected area and S the unloading 

stiffness. 
During the loading of a sample elastic-plastic deformation occurs, while the 

initial unloading is an elastic event. The initial slope of the unloading curve 
(called stiffness) can therefore be used to calculate the reduced Young's modulus 

of the sample [133]. The reduced Young's modulus Er is different from the 

modulus of the specimen since it depends on the Poisson's ratios of the specimen 

and indenter (v, and v, ) as well as their elastic moduli (ES and E; ). Their 

relationship is shown in equation 6.3 [133]. 

1_ 1-vs 1-v; (6.3) 

E, Es E, 
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Occasionally it was not possible to evaluate the mechanical properties 
directly from the original data since the acquired pellicle layer on some samples 

was not completely removed by cleaning. In these cases the enamel surface was 
indented through the pellicle layer. The part of the curve influenced by the pellicle 
layer was identified and removed before the hardness and Young's modulus of the 

enamel surface were calculated. To determine the cut-off point (i. e. the transition 
point between the indentation through the pellicle layer and the indentation 

through the softened enamel) the first and third derivatives of the loading part of 

the original curve were calculated. The cut-off point was defined as the point of 
inflection of the first derivative of the original curve and calculated accordingly. 
(Please refer to Appendix D for the employed computer routine. ) This point was 

chosen because only curves obtained on enamel surfaces with a pellicle layer had 

a point of inflection in their first derivative. The described procedure will effect 

the calculated hardness values for the samples since they are calculated from the 

maximum indentation depth, however the reduced Young's modulus values 

should be unaffected since they are calculated from the slope of the unloading part 

of the curve. 

AFM images of the exposed and unexposed areas (image size 50µm x 50µm, 

vertical resolution <1 nm, lateral resolution: <100 nm) and of the border between 

the exposed and unexposed area were obtained using a Digital Instruments 

Mutlimode Nanoscope lila operating in tapping mode. Bulk surface material loss 

was measured as the height difference between the exposed and unexposed area 

using the section analysis option of the AFM software. This method calculates an 

average profile of the image, facilitating the determination of height differences 

between the exposed and unexposed areas. 
The hardness data were evaluated using a one-way ANOVA at the 95% 

confidence level, the factor being drink. Hardness values from all three samples 

treated by one drink were used together. A multiple range test (Fisher's LSD 

procedure) at a 95 % confidence level was performed for the normally distributed 

hardness data to identify statistically homogenous groups. For the reduced 
Young's modulus data which was not normally distributed, a Kruskal-Wallis 
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analysis combined with a Box-Whisker plot was employed to identify differences 

between the effect of the three drinks. 

6.3 Results 

AFM images of polished and cleaned enamel surfaces after in situ exposure to 

water, blackcurrant drink and orange juice are shown in Figure 6-la, b and c, 

respectively. 

a. ) hic. ) 
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n. a , 11 

W 11 

ýý 
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Figure 6-1. Surface appearance of the treated tooth enamel measured with the 
ATM: a. ) polished enamel surface after exposure to water; the surface is smooth and 
does not show any distinct changes from the original polished surfaces; b. ) surface 
roughening caused bv the blackcurrant drink, c. ) surface which was exposed tu the 
orange juice. A distinct increase in roughness between the three images is noticable. 
The material loss in the sample treated with orange juice was measured as 50 nm 
(30 nm standard variation), whereas no material loss was observed for the 
blackcurrant drink and water. 

The water treated sample surface area shows no significant changes in the 

surface topography compared to an unexposed area of the same sample. The 

surface which was treated intra-orally with the blackcurrant drink (R,, 49 nm, std: 
20 nm), is slightly rougher than the water treated samples (R:, - 40 nm, std: 14 

nm). The surface exposed to orange juice is the roughest (R,, - 69 um, std: 20 nm) 

and shows a distinct material loss of 50 nm (std: 30 nm). No surface material loss 

could be measured for water and the blackcurrant drink between the exposed and 

the unexposed surface areas. The large standard deviation in the height 

measurements for the orange juice and the inability to measure a surface material 
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loss for the other two drinks made it impossible to distinguish statistically 
between the demineralising potential of the tested drinks by height measurements. 

Figure 6-2 shows the typical indentation curves on treated (gý ey, five 

indentations depth curves) and untreated (black, five indentations depth curves) 

areas of a water treated sample. The two groups are not separated from each other 
indicating that the hardness of the sample was not altered by exposure to water. 

550C 

450C 

3500 
r-, z 

aý 2500 

0 
LL 1500 

500 

-500 

Indentation depth [nm] 

W treated -" -- W untreated 

Figure 6-2. Typical indentation curves for polished enamel samples exposed to water 
and chemically cleaned. The grey curves (w untreated) indicate indentations placed 
in the area not exposed to the oral environment, while the black curves (w treated) 
belong to areas which have been intra-orally exposed. The fact that the water 
treatment did not lead to any measurable change in hardness is illustrated by the 
fact that all curves fall into one group. 

In Figure 6-3 however, which shows measurements on a sample partly 

exposed to orange juice two different groups of indentations can be distinguished. 

Here the untreated area is considerably harder than the treated one as evident from 

smaller indentation depths under the same force. In both cases the indentations 

have been obtained on clean surfaces. 
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Figure 6-3. Typical indentation curves for polished enamel samples, which have 
been exposed to orange juice and chemically cleaned. The grey curves (0 untreated) 
indicate indentations placed in the area not exposed to the oral environment, while 
the black once (0 treated) belong to areas which have been intra-orally exposed. 
The indentations taken on the treated and untreated areas fall into two distinct 
groups. 

Samples exposed to the blackcurrant drink show also two distinguishable 

groups, but to a lesser degree than orange juice. The indentations in the treated 

and untreated areas display a minimal splitting into two distinguished groups. This 

indicates that the surface of these samples is slightly softened by the treatment. 

As mentioned in the materials and methods section a thin pellicle layer 

remained on some of the sample surfaces. An example of indentations taken on 

such a sample can be found in Figure 6-4. In this case three indentations on a 

sample exposed to the blackcurrant drink are shown. For comparison reasons one 
indentation taken in the untreated area (curve 1) as well as one taken in a clean 

part of the treated area (curve 2) are shown alongside an indentation in a treated 

area still covered by part of the acquired pellicle layer (curve 3). On curve 3 the 

loading (L) and unloading (U) part of the curve are indicated as well as the cut-off 

point (C). Two different regions can be distinguished in the loading part of this 

indentation curve: a first section which is rather flat and a second region, which is 

characterised by a steep slope. The straight dotted line is an extrapolation of the 

straight part of the curve and has been drawn to emphasise the discussed point. 
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The first part of this curve is due to the indentation through a thin layer of very 

soft material which could be the remainder of the acquired pellicle lay r. Since 

this part of the curve does not describe the change in hardness of the enamel 

surface, it was necessary to remove it prior to hardness calculations as described 

in the materials and method section and Appendix D. 
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Figure 6-4. Indentation curves which have been taken on a sample after the 
consumption of the blackcurrant drink. The grey curves (B untreated, curve 1) 
indicate an indentation placed in the area not exposed to the oral environment, while 
the black ones (B treated, curves 2 and 3) belong to areas which have been intra- 
orally exposed. Curve 2, shows an indentation into a clean area, while th curve 3 
was taken by indenting in an area still covered by the acquired pellicle layer. "L" 
indicates the loading part of the curve, while "U" marks the unloading part. The 
straight dotted line in the figure was added to emphasise the linear behaviour of the 
first part of the loading curve obtained by measuring through a soft surface layer. 
The "C" marks the cut-off point as described in the text. 

Figure 6-5 shows the result of this calculation for the curves shown in Figure 

6-4 alongside with the rest of the indentations taken on this particular sample. It is 

evident that the curves belonging to the treated area are now showing a more 

homogenous behaviour. It can also be seen that the two groups of indentations (on 

treated and untreated enamel) are further separated than they were after treatment 

with water (see Figure 6-2). Nevertheless there is a less distinct ditTerence 

between them as shown in samples exposed to orange juice (see Figure 6-3). 
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Figure 6-5. Curves from Figure 6-4 after the correction for the pellicle layer 
influence, along with the rest of the indentations taken on this particular sample. 
The curves belonging to the treated area are showing a more homogenous behaviour 
after the described corrections. 

The means and standard deviations for the calculated hardness and reduced 

Young's modulus can be found in Table 6-2. 

Sample Hardness [GPa] 

(standard deviation) 

Modulus [GPa[ 

(standard deviation) 

Untreated Treated Untreated Treated 

Water 3.51 (0.90) 3.39 (0.93) 102.45 (18.39) 104.66 (23.65) 

"Toothkind" 

blackcurrant drink 

3.64 (1.21) 2.26 (0.60) 104.75 (16.63) 93.12 (20.08) 

Orange juice 3.02 (0.82) 1.21 (0.96) 95.54 (11.72) 61.56 (30.22) 

Table 6-2. Means and standard deviations for Hardness and reduced Young's 
Modulus of polished enamel surfaces before and after a1 day in situ exposure to 
water, the prototype of a blackcurrant drink and orange juice. 

This table shows the results for the areas taped during the trial (untreated areas) 

and those intra-orally exposed (treated areas). The values for the treated areas 

were obtained in two different ways. In one case the pellicle layer had been 

completely removed prior to the measurement and the hardness and the Young's 

modulus were calculated directly from the indentation curves. In a second case the 

mechanical properties were obtained from samples which could only be partially 

cleaned. A mathematical correction was therefore used to account for the 

influence of the pellicle layer as previously described. There was no statistically 
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significant difference in hardness and reduced Young's moduli between these two 

groups of values at a 95% confidence level (p=0.12). This conclusion was 

independent of the applied drink. It was therefore possible to use all obtained 

hardnesses and reduced Young's moduli for the statistical evaluation of the 

demineralisation potential of the different drinks. 

Exposure to water under the conditions described lead to no measurable 

change in hardness and reduced Young's modulus, while the blackcurrant drink 

and the orange juice caused a decrease in both the hardness and reduced Young's 

modulus values. 

A one-way ANOVA showed that the type of drink has a statistically 

significant effect on the hardness at a 95 % confidence level (p=0.0000). Fisher's 

LSD test shows that the orange juice weakens the surface statistically significantly 

more than either the blackcurrant or water (p = 0.000). There is also a statistically 

significant difference in hardness between the blackcurrant drink and water. Thus 

the orange juice has the highest demineralisation potential followed by the 

blackcurrant drink and water. There was no statistically significant difference 

between the hardness of water treated samples and any of the untreated areas of 

all samples (Figure 6-6). 
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Figure 6-6. Statistically significant differences in hardness between the three 
different liquids tested are shown. The mean hardness decrease caused by the 
orange juice is statistically significant different from the blackcurrant drink as well 
as water and all the untreated areas (p=0.000). A statistical significant difference 
(p=0.000) can also be found between the blackcurrant drink and the water and 
untreated areas. No statistical difference between untreated and water treated areas 
can be detected (p=0.3430). 
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Since the reduced Young's modulus data are not normally distributed, the 

statistical evaluation was carried out applying the Kruskal-Wallis test combined 

with a box-whisker-plot Figure 6-7. The Kruskal-Wallis test showed that there are 

significant differences between the treated and untreated areas of the samples at a 

95 % confidence level (p = 0.0000). The box-whisker-plot shows that there is a 

statistically significant difference between the median Young's modulus values of 

the area exposed to orange juice and all other areas, while the other treatments are 
leading to a similar reduced Young's moduli as the untreated areas. Of special 

interest is the comparison between the areas treated with water and those treated 

with the blackcurrant drink. The Kruskal-Wallis test showed no statistically 

significant differences in the reduced Young's moduli between these two areas at 

a 95% confidence level (p=O. 1524). 
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Figure 6-7. Statistically significant differences in the reduced Young's Modulus 
between the three different liquids tested are shown. In the box-Whisker plot the 
data are divided into four areas of equal frequency (quartiles). A box encloses the 
middle 50 percent, where the median is drawn as a vertical line inside the box. 
Horizontal lines, known as whiskers, extend from each end of the box. The left (or 
lower) whisker is drawn from the lower quartile to the smallest point within 1.5 
interquartile ranges from the lower quartile. The other whisker is drawn from the 
upper quartile to the largest point within 1.5 interquartile ranges from the upper 
quartile. Since the data is not normal distributed the results are shown employing a 
box-whisker-plot. The median change in the reduced Young's modulus of the orange 
juice treated areas is statistically significant different from all the other measured 
moduli (p=0.000). There is no difference between the other groups at a 95 '%o 
confidence level. 
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6.4 Discussion 

To obtain reliable, quantitative data at the very early stages of in situ enamel 
demineralisation is of great interest. Data can not only be used to determine the 
demineralisation potential of different drinks but might also lead to a better 

understanding of diffusion and demineralisation processes at the surface of dental 

enamel and the effect the thickness and composition of the acquired pellicle layer 
has on these processes. 

The high vertical displacement resolution of approximately 0.2 nm of 

nanoindentation [232] and the ability to measure load-displacement data makes it 

possible to detect very small changes in surface hardness as well as calculate the 

reduced elastic modulus with excellent resolution. It was possible to distinguish 

between the three different drinks after just 1 day of intra-oral exposure to the 

relevant drink. This has previously only been possible after at least 15 days of 
clinical trial [103]. The relatively large standard deviations in the results obtained 

are mainly due to a natural variation in the composition of the enamel samples 
[14]. 

The difference in the ability of the three drinks to weaken the enamel surface 

can be explained by their chemical composition, especially their calcium 

concentration. The weakening of the surface observed in the present study 
increases with a decrease in pH as well as the calcium concentration. Previous 

studies of the dissolution of normal and fluoridated enamel have demonstrated 

that material loss can be expected below a pH of 5.5 and 4.5 for normal and 
fluoridated enamel respectively [49]. It is therefore not surprising that no 

statistically significant difference in hardness and reduced Young's modulus can 
be detected between the untreated areas and those treated with water. In terms of 

mechanical properties however, the tested blackcurrant drink caused a smaller 

amount of demineralisation than expected for a pH below 4.5. In particular no 

statistically significant difference between the reduced Young's modulus of the 

areas treated with water and those treated with the blackcurrant drink could be 

found. This can be most likely explained by the addition of calcium (as indicated 

by the manufacturer). Earlier studies have shown that degree of calcium saturation 
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of the solution, in addition to the amount and type of available acids and the pH, 

affect the dissolution rate of calcium hydroxyapatite [100]. If the amount of 

calcium in a solution at a given pH is increased, the rate of dissolution of the 

substrate should be reduced. The maximum amount of calcium an orange juice 

contains is I IOmg/L [233] which is less than one third of the calcium value of 382 

mg/L for the blackcurrant drink. This difference in the calcium concentration is 

the main explanation for the observed differences in demineralisation potential 

since the pH of the two drinks is the same. 
Since the values obtained for the hardness are normally distributed in contrast 

to the values obtained for the reduced Young's modulus values, they are more 

amenable to statistical analysis. The difference in distribution of the hardness and 

reduced Young's moduli data may be mainly due to the small sample size. 

Nevertheless the changes in hardness and reduced Young's modulus show the 

same tendencies in that they decrease most after contact with orange juice. There 

is a lesser decrease in the mechanical properties after exposure to the blackcurrant 

drink, and no statistically significant change in mechanical properties was 

observed after exposure to water. 

Most of the hardness measurements in the literature have been obtained using 

microindentation techniques such as Vickers and Knoop hardness tests. A 

comparison between these hardness data and the ones obtain with nanoindentation 
is not straightforward. In case of Knoop or Vickers tests, hardness is defined as 

the resistance to plastic deformation, whereas nanoindentation takes the resistance 
to plastic and elastic deformation into account. This is due to the fact that Knoop 

and Vickers hardness measurements are usually based on optical measurements of 
the size of the indent ofter the indenter has been removed, while nanoindentation 
facilitates a depth-sensing device. In the first case at least part of the elastic 
deformation has disappeared (due to relaxation of the material) by the time the 

optical measurement is obtained. With the nanoindentation on the other hand the 

maximum indentation depth (rather than the remaining indentation depth after 

relaxation) is used to calculate the hardness of a material. Therefore the values of 
the hardness obtained with the conventional microindentation technique are 
higher. Accordingly, a comparison with the literature shows that the values for 
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untreated enamel (3.39 GPa, std: 0.27 GPa) presented in this study are at the 

lower end of those presented in earlier microindentation studies (3.36 GPa, std: 
0.28 GPa to 3.71 GPa, std: 0.34 GPa) [20-23]. The data presented here is however 

consistent with earlier nanoindentation work on enamel. In this earlier work a 

hardness of 3.39 GPa (std: 0.18 GPa) and a reduced Young's modulus of 90.59 

GPa (std: 16.13 GPa) [230] was obtained, compared to an average hardness of all 

the untreated areas of 3.39 GPa (std: 0.27 GPa) and an average reduced Young's 

modulus of all the untreated areas of 100.91 GPa (std: 3.91 GPa) obtained in this 

study. 

A comparison between the hardness and reduced Young's modulus for the 

softened enamel areas and the values reported in the literature is even more 
difficult since, to our knowledge, no study has addressed the issue of 

demineralisation in an in situ experiment comparable to the one presented here. 

Values obtained in in vitro trials can overestimate the demineralisation potential 

of a drink, if the protective pellicle layer is not taken into account [80]. Studies of 

enamel with an in vitro grown early salivary pellicle were performed on a 

different time scale using different drinks [23], making any comparison to the 

presented data very difficult. 

A major drawback of the microindentation studies is that to obtain data that 

does not depend on the applied load it is necessary to apply a force of at least 1N 

[20]. For Vickers and Knoop indenters, this load produces an indentation depth of 

at least 3 µm and 5 µm in sound and softened human enamel respectively [20]. 

Studies measuring the demineralisation potential of different drinks have shown 

that, after 30 min of in vitro exposure, the thickness of the softened enamel layer 

was around 1 µm [135]. This is well below the minimum indentation depth 

required by microindentation techniques. Therefore, microindentation techniques 

only give values averaged over softened and underlying unaffected enamel, 

making it impossible to obtain quantitative data of just softened enamel at an early 

stage of demineralisation. 

In in situ trials a protective pellicle layer is always present. To obtain the 

actual hardness values for the exposed enamel it is necessary to remove this layer. 

The common procedure is to ultrasonicate the sample. This leads to a loss of the 
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softened enamel [135]. If the surface is not cleaned an average of the hardness 

over the pellicle layer and the underlying enamel is obtained. The high sensitivity 

of the nanoindentation technique combined with the measurement of the load- 

displacement curves described in the present study allows one to detect the 

pellicle layer and remove its effect from the overall results. This clear advantage 

makes in situ quantitative hardness measurements of very thin softened enamel 
layers possible. 

In the future nanoindentation may help to shorten clinical trials considerably, 
improving volunteers' compliance. Further investigations with greater subject 

numbers, a larger quantity of samples and more indentations per sample are 

necessary to evaluate fully the potential of this tool for the determination of 
demineralisation caused in situ on dental enamel. However the results from this 

pilot study are very promising. 
It has been shown that nanoindentation is a useful tool for measuring early 

stages of in situ enamel surface demineralisation processes caused by soft drinks. 

Hardness and reduced Young's modulus values were measured with high 

accuracy on treated and untreated enamel surfaces by recording load-displacement 

curves. It was possible to detect a statistically significant difference in the 

demineralisation potential between all three drinks after just one day of treatment. 

As a result the time needed for a clinical trial could be potentially reduced by a 
factor of ten. Furthermore, it was also possible to obtain meaningful results by 

measuring through a pellicle layer. 
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7 Observation of 

enamel surfaces 

7.1 Introduction 

micro-organisms on 

Measuring the erosion process in situ using the AFM is only possible if the 

growth of micro-organisms on the enamel samples can be avoided. This 

prerequisite has to be fulfilled for a number of reasons. One of them is the fact 

that a layer of micro-organisms inhibits the direct observation of changes on the 

enamel surface, making it impossible to detect demineralisation. Furthermore, 

micro-organisms capable of producing acids. During the caries process for 

example, carbohydrates are fermented by bacteria in a plaque layer on the teeth, 

leading to the production of acids that as a result can dissolve the enamel. 
Observed changes in the enamel morphology could therefore not be linked 

directly to the erosive potential of a tested solution. Micro-organisms on in situ 

exposed enamel surfaces can originate from two sources: the oral environment or 

an improper treatment of the samples. During the preparation of the samples for 

the nanoindentation experiments one sample showed the growth of micro- 

organisms on its surface. This chapter is aimed towards elucidating the source of 

this contamination as well as the effect the applied cleaning method with the 

surfactant SDS has on the morphology of the bacteria. 

In situ studies aimed at the investigation of erosion can be hampered by the 

fact that oral micro-organisms readily adhere to a pellicle layer-coated surface. 
Nyvad and Kilian [234] for example found that after an exposure of 4 hours to the 

oral environment up to 106 colony forming units can be detected on a native 

r 
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enamel surface. Even though only scattered micro-organisms were observed at 
this stage, prolonged exposure times lead to a thick plaque layer with micro- 

colonies being detectable as early as 8 hours after the start of the experiment 
[235]. Avoiding this build-up of plaque during the in situ studies on erosion was 

essential to facilitate the observation of the affected surface. Since tooth brushing 

could potentially abrade part of the enamel under investigation, a dipping 

procedure with 0.2% chlorhexidine gluconate mouthrinse was adopted. This 

treatment was proven previously to be capable of reducing the number of colony 
forming units to around 103 even after a 7-day exposure to the oral environment 
[200]. Furthermore the placement of the enamel samples in the palatal region of 
the mouth should lead to less plaque growth, since micro-organisms are found 

preferentially on enamel surfaces in the mouth that are more sheltered from the 

rubbing of the tongue. 

Due to the number of samples which were investigated in the clinical trials, it 

was necessary to store obtained specimens for up to two weeks in a saline solution 

prior to the measurements. This storage presents another potential risk for the 

cross-contamination with micro-organisms. 
If colonies of micro-organisms are detected on the enamel surface it is of the 

uttermost importance to find the source for this contamination to avoid similar 

events in the future. 

7.2 Materials and methods 

An unerupted third molar was disinfected by storage in a 50% sodium 
hypochlorite solution for at least a week. It was sectioned with a diamond saw and 

the buccal areas embedded in an epoxy resin. The enamel surface was then 

polished on a lapping machine, using abrasive discs of decreasing coarseness (up 

to 800 grid). Using the method of West et al. [73], the polished enamel surfaces 

were partly covered with a dental tape, allowing a2 mm-wide zone to be exposed 
to the oral environment. A sample was subsequently fitted into an intra-oral 

appliance, which was worn by a volunteer from 9 a. m. to 5 p. m. for one day. 

During this time the volunteer sipped 250 mL of water (Volvic) over a 10-minute 

period at 9.00,11.00,13.00 and 15.00 hrs. The oral appliance was removed for 
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one hour over lunchtime and stored in a saline solution. During the trial only 

water, coffee or tea was allowed to be drunk in addition to the tested drink. The 

plaque build up on the specimens and appliance was prevented by dipping them 

prior to and after the experiment in chlorhexidine gluconate mouthrinse (0.2%) for 

three minutes. At the end of the study day the sample was detached from the 

appliance and the tape was removed briefly held under running water and stored 
in a saline solution for about a week until the measurements were performed. 

AFM images of varying sizes were taken on the enamel surface using a 
Digital Instruments Multimode Nanoscope IIIa operating in tapping mode (tips: 

TESP-70, DI, Santa Barbara, USA). Images in height and amplitude were taken 

and the size and surface structure of the observed micro-organisms measured 

using section analysis. 
Afterwards, the sample was stored in a solution containing 0.5 % of the 

surfactant SDS (sodium dodecylsulfate) in water for three weeks. Following this 

treatment the sample was re-imaged and measurements of the observed structures 

were obtained again by section analysis. Subsequently the sample was treated 

with the same solution for another two weeks. A final set of AFM images was 

obtained following this procedure. 

7.3 Results 

AFM images of a polished enamel surface covered by a layer of micro-organisms 

are shown in Figure 7-1 at different magnifications. Figure 7-1 a) shows an image 

(image size: 100 µm x 100 µm) of the overall distribution of the observed micro- 

organisms on the enamel surface. Besides areas with higher density of micro- 

organisms, there are surface areas which are virtually free of bacteria and the 

polished enamel (potentially covered by a thin pellicle layer) can be seen (red 

arrow). Figure 7-1 b) depicts a zoom in on an area with high cell density (image 

size: 20 µm x 20 µm). It can be seen that the form of the observed micro- 

organisms can be best described as rod-shaped bacteria. The imaged organisms 

are very similar in their dimensions suggesting that one species is pre-dominant. 
In Figure 7-1 c) a cell division, indicated by the circle, is depicted as well as a 
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circular high point 1/3 away from one end of the bacteria and positioned close to 

the cell wall. A smaller high point can also be seen at a similar point in the 

dividing cells. Here the smaller high point can be seen 2/3 away on either side of 

the newly build cell wall. No differences were found in either the quality or 

quantity of the observed micro-organisms between the intra-orally exposed and 

unexposed areas. 
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Figure 7-1. Tapping Mode AFM images of polished enamel surface after a day 
exposure to water in the oral environment and storage in saline for a week (different 
image sizes). The surface is mainly covered by a mono-layer of rod shaped micro- 
organisms. The circle indicates a division of micro-organisms, while the square 
indicates a circular high point approximately 1/3 from one end of the micro- 
organism and close to the surface layer of the organism. The red arrows indicate 
uncovered enamel. 
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The length (1.8 pin std: 100 nm) and width (700 nm std: 100 tiny) of the 

micro-organisms were measured using the section analysis function of the AFM. 

An example of this measurement is depicted in Figure 7-2. 
nM 

CD 0 

O 
O 

0 2.50 
Jim 

5.00 

Figure 7-2. Section analysis measuring the width of a micro-organism. 

Investigations into the morphology at a nanometer level of the observed 

micro-organisms revealed a distinct line pattern on the surface of the bacteria 

(Figure 7-3). (This pattern was observed on a number of organisms and with a 

number of different scan directions, making it unlikely to he an artefiict. ) 'T'hese 

lines were oriented parallel to the short axis (width) of the micro-organisms and 

the distance between two lines vv; i, (ictcnninL»(l ; i', yin) (Std: 0.1 uni). 
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Figure 7-3. High resolution image of the surface morphology of the observed micro- 
organisms. Note the distinct wavy pattern parallel to the width of the micro- 
organism. Distances between two peaks: 5 nm (std: 0.1 nm) 
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Figure 7-4 shows the same polished enamel surface after being stored for 

three weeks in the SDS containing solution at three different resolutions. The 

images are zoomed in on the cell wall remnants of a burst micro-organism. 
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Figure 7-4. : AFM1 images at three different resolution depicted the effect the 
treatment with the SDS-containing solution had on the micro-organisms. a) shows 
that the overall surface coverage of the enamel by micro-organisms has been 
reduced. In the white circles, cell wall remainders of burst cells can be seen. 
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The images show that after the destruction of the cell a "net-like" structure 

remains on the enamel surface. The length and width of this structure, as 
determined by section analysis, were 1.8 pm (std: 300 nm) and 960 nm (std: 100 

nm), respectively. This indicates that while the length of the micro-organism is 

only slightly effected during its destruction, the observed remnants are around 1 /3 

wider than the intact cells. 

A further storage of the enamel samples in the SDS-containing solution lead 

to a complete removal of the micro-organisms with only some loosely hound 

material remaining on the studied surfaces (sec Figure 7-5). 
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Figure 7-5. Enamel surface after 5 weeks of storage in a SI)S containing solution. 
Please note that no micro-organisms or distinct cell wall remainders are left on the 
enamel surface. 

7.4 Discussion 

Limiting the risk of contamination of the enamel samples by in icro-orgall sills is 

essential for obtaining reliable and reproducible results for studies on dental 

erosion. Precise measurements of the surface topography of treated enamel 

samples as well as the ability to gain insight into the surface morphology of 
detected micro-organisms might help to determine their source and therefore 

avoid similar contamination in the future. 

High resolution images of the distribution of micro-organisms on polished 

enamel surfaces have been obtained in Tapping Mode in air. Images showing the 
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surface fine structure of the detected micro-organisms at the micrometer level 

prior to the exposure to a surfactant as well as afterwards were taken. Since no 

preparation of the sample is necessary, the micro-organisms are imaged after only 

a minimal loss of water could have occurred. Extensive artefacts expected in SEM 

or TEM studies due to the shrinkage of the micro-organisms of up to 60 % by 

volume [235] should therefore be reduced. 
The observed micro-organisms can be best described as rod-shaped bacteria. 

Bacteria of this shape are widely distributed and have been found previously on 

intra-orally exposed enamel surfaces [235,236] as well as in water samples [237]. 

However early microbial colonisation on human dental tissue is dominated by the 

presence of cocci [235,236]. Since the observed micro-organisms seem to be 

rather uniform, with no identifiable cocci present, it is highly unlikely that the 

contamination was of oral origin. This assumption was also supported by the fact 

that the bacteria were spread evenly over the whole enamel surface. Since part of 

the surface had been covered by a tape prior to the oral exposure a pattern 

showing a thicker layer of micro-organisms on the exposed area would be 

expected. Nevertheless this distribution could not be found. However, none of 

these points could rule out an oral origin completely since the bacteria might have 

spread in the saline solution if they were better adapted to this environment than 

other micro-organisms. 

Traditionally, bacteria are classified as gram+ or gram-. This distinction is 

based on their reaction towards a colouring process introduced by Gram. Those 

bacteria that are coloured at the end of the preparation are described as gram+, 

while those, which lose the colour, are said to be gram-. A paper by Umeda et al. 

[238] demonstrated that it might be possible to differentiate between gram+ and 

gram" bacteria based on their surface morphology using the AFM. They found that 

gram" bacteria can generally be characterised by a wavy, micro-organism specific, 

surface appearance not present on gram' micro-organisms. The observed 

difference in the appearance might be due to the differences in the surface 

structure between gram+ and gram bacteria. Even though the cell wall and 

membrane of gram+ and grant bacteria consists in principle of similar 

components, the thickness of some of these components varies. Gram+ bacteria 
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show an extensive inner murein layer and a rather thin outer layer made of 

proteins, lipids and lipopolysaccharides, while gram bacteria show a reverse 

spacial distribution of the two layers (e. g. a thin murein and a thick outer layer) 
[237]. Since the observed micro-organisms show a distinct wavy surface pattern, 
they are most likely gram-. However, the structural features leading to the 

observed pttern are unknown. 
Previous research concerning the micro-organisms present in the oral 

environment showed that nearly all the rod-shaped bacteria, which are in the 

minority in an early colonisation step anyway, are gram+ [234]. Many of the 

bacteria naturally occurring in water however (e. g. Escherichia coli; length: 2-6 

µm, width: 1.1 tm std: 100 nm [239]) were identified as gram- bacteria. Based on 

all the evidence it was most likely that the contamination occurred during the 

storage in the saline solution, even though it is not possible to clearly identify the 

micro-organism. By replacing the saline solution, no further contamination was 
found on any of the around 200 subsequently imaged samples from the clinical 

trials. 

If it were possible to use the AFM for gaining taxonomical information on a 

given micro-organism it might be possible to distinguish between gram' and 

gram' bacteria even if a number of different micro-organisms are present. Since 

some groups of bacteria have distinct surface characteristics that are only visible 

at high resolution, it might be possible to identify single micro-organisms using 
the AFM. However, further work is needed in this area. 

The present results as well as other papers on the use of the AFM for the 

study of bio-films in a variety of different areas [239-242] suggest that the AFM 

could potentially be used to study the early colonisation of enamel surfaces during 

plaque formation. So far these early stages have been investigated either by 

bacteriological studies which determine the presence of certain micro-organisms 
due to their cultivation [200,234], or SEM and TEM methods, which show the 
distribution of the micro-organisms on a given surface [235,236]. However, all of 
these techniques have a number of drawbacks. Cultivation of the micro-organisms 

necessitates disturbing the plaque layer on the enamel surface, making it 

impossible to gain insight into the true spatial resolution of the bacteria. 
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Furthermore only micro-organisms that can be cultivated can be detected. Recent 

publications on periodontal disease for example showed that only 50 % of the 
involved micro-organisms seems to be culturable [243]. Having a technique 

which could potentially be used to monitor the adhesion process of the bacteria on 
the surface might increase our knowledge in this area. 

Besides the colonisation of the enamel surface during the early stages of 

plaque development, an insight into the mode of action of anti-microbial 

substances would be beneficial from a prevention point of view. If the interaction 

before anti-microbial agents and micro-organisms is better understood, more 

potent and specific substances could be developed. However, studying the 

remainder of micro-organism with the AFM could potentially be very difficult. If 

the destroyed micro-organism is for example only loosely bound to the surface, 

the AFM tip could drag it over the surface. If however the bacteria is completely 

detached immediately no insight into the on-going processes could be gained 

either. It was therefore decided to test the effect of the surfactant SDS on the 

observed bacteria. This substance is widely used for cleaning purposes. It was 

therefore assumed that it might be capable of removing the observed micro- 

organisms from the tooth surface. It was demonstrated in the present study that 

even potentially loosely bound remains of bacteria can be imaged using the AFM. 

The observed net-like structure resembled the structures found by Amro et al. on 

EDTA treated Escherichia coli using the AFM [239]. 

It can be concluded that the AFM has a great potential in the area of dental 

research. From the point of in situ studies concerning the erosive potential of 
different drinks it offers the unique ability of gaining qualitative and quantitative 
information about the examined surface at the same time, offering the ability to 

discard contaminated samples. This is not possible with either profilometry or 

microhardness tests which are two of the more commonly used techniques. Those 

techniques are therefore prone to artefacts if a micro-biological contamination 

occurs. Furthermore AFM shows the great potential of obtaining high resolution 
images of micro-organisms, which might elucidate the early stage of the 

colonisation process as well as the effect a given anti-microbial agent has on 
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them. This could be extremely useful for the study of plaque and plaque-related 

processes. However, further work is necessary. 

139 



8 Summary, conclusions and outlook 

Diet-induced demineralisation is one of the key factors in surface changes of tooth 

enamel, with soft drinks being a significant etiological agent. In recent years, the 

prevalence of erosion has consistently increased and has often been linked to the 

extensive consumption of acidic beverages. Recent research has gained better 

insight into some of the factors influencing the demineralisation process (such as 
the pH or the calcium concentration of a given solution). However, the 
information on the very early stages of dental erosion is still very limited. 

Those early stages of the dissolution process are of special interest since they 

might be reversible. It is therefore important to gain insight into the onset of the 

process as well as the modifying factors. The low resolution, unreproducibility or 
the inability of the current methods to combine qualitative and quantitative 

measurements has hampered progress in this area. 
In this thesis new techniques such as AFM and nanoindentation have been 

used to study the early stages of the erosive process. It is clear that these two 

techniques can consistently obtain qualitative and quantitative results of the 
investigated surfaces, simultaneously and with high precision. 

In a first instance, the ability of the AFM to detect statistically significant 
differences between the erosive potential of three different drinks was 
demonstrated in vitro. Material losses were measured with high accuracy on 

native enamel surfaces and it was possible to propose links between the measured 

material loss and surface characteristics. Time-dependent dissolution equations 
have been proposed for the tested drinks. It was possible to show that a 
"toothkind" blackcurrant drink was only slightly more erosive than water; a result 

explained by the high calcium content of the drink. A lemon and lime juice drink 
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dissolved statistically significantly more dental hard tissue than the tested 

"toothkind" blackcurrant drink or water. 
In situ studies are often seen as more relevant from a clinical point of view, 

since more factors influencing the rate and extent of observed material loss are 

accounted for. Being able to investigate with high precision the time-dependent 

changes of an enamel sample exposed to different drinks in the oral environment 
is therefore very desirable. By applying the AFM to the study of enamel surfaces 

exposed in situ, information on the extent of observed erosion has been obtained 

as well as details concerning the thickness and morphology of the acquired 

pellicle layer. 

It was shown that the thickness of the acquired pellicle layer depends on the 
drink used. The consumption of water lead to the thinnest pellicle layer whilst a 

xanthan-gum containing blackcurrant drink induced the thickest one. The 

determined thickness of the pellicle layer was time-dependent and increased for 

all drinks with longer intra-oral exposure times. It was also possible to show a 

correlation between the measured thickness and morphology of the pellicle layer 

and the volunteer. 
There was a statistically significant difference in the erosive potential 

between water and the other three drinks (orange juice, prototype blackcurrant 

drink and a "toothkind" blackcurrant drink) used in the clinical trial. It was 

possible to show that statistically significant differences between different drinks 

can be detected after only 2 days of intra-oral exposure, which is 5 times earlier 
than with profilometry. 

A combined AFM nanoindentation set-up was used to detect changes of the 

enamel surface at an even earlier stage. Since the first step in the dissolution 

process is characterised by a change in the mechanical properties of the enamel 

and a roughening of the surface, this combination offered the perfect tool for 

investigating those early changes. It was possible to determine differences 

between the erosive potential of three different drinks after only one day of intra- 

oral exposure, which is far earlier than achieved with previous methods. 
A very promising field of application for the AFM is caries research. It was 

shown in this work that the AFM is capable of obtaining morphological 
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information on the surface structure of micro-organisms prior to and after 

exposure to surfactants. The images obtained have a resolution comparable to 

SEM images. Scanning electron microscopy, however, necessitates the coating of 

the sample with a conductive layer, making consecutive observations on one 

sample impossible. The effect of a substance on a given micro-organism bio-film 

can therefore not be studied over time. Another drawback in SEM is the presence 

of artefacts caused by the sample preparation. Even though the detected bacteria 

in the present AFM study were most likely originating from the saline solution 

used, these results showed the potential of the technique to study the development 

as well as the destruction of an early bio-film. 

In conclusion it can be said that the AFM was capable of detecting small 

material losses and in vitro and in situ results obtained were consistent (i. e. in all 

cases a statistically significant difference between water and the "toothkind" 

blackcurrant drink was detectable). Furthermore, it was possible to obtain 

statistically significant differences between different drinks in a clinical trial five 

(with AFM) to ten (with AFM/nanoindentation) times earlier than with the most 

commonly used technique (profilometry). This is not only of importance for 

enhancing our understanding of ongoing demineralisation processes, but also for 

potentially shortening clinical trials. A shorter clinical trial would lead to a faster 

evaluation of the erosive potential of a given drink as well as a decreased 

exposure time of the subjects to a potentially harmful solution. Exploiting the 

technique of AFM and AFM/nanoindentation further seems to be the right 
decision from a scientific as well as an ethical point of view. 

Even though the results obtained are extremely promising, using the AFM for 

measurements on native enamel samples is limited by the curvature of the enamel 

sample. The AFM used for this work had a z-range of approximately 7 µm, 

making it necessary to limit the scan area and pick comparatively smooth surfaces 
for the study. 

A further difficulty in using the AFM to quantify surface changes is caused 
by the fact that only relative height differences between two areas in a given 
image can be obtained. For the quantitative determination of surface loss, an area 

which is not affected by the treatment had therefore to be present in the image. In 
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the in vitro experiment this was achieved by applying a gold reference layer to the 

enamel surface, while a PVC tape was used to cover part of the enamel sample in 

the clinical trial. Once the tape was removed, the untreated enamel served as a 

reference area to the exposed surface. While the gold reference area worked well 
for the in vitro experiment on native enamel, it can easily be abraded in the oral 

environment. On polished enamel surfaces, the PVC tape adhered well to the 

surface. However, it was not possible to protect native enamel in the oral 

environment successfully. Further work is therefore necessary for the successful 
imaging of in situ demineralised native enamel surfaces. An ideal reference layer 

would have to be very stable against abrasion and acid exposure, follow the 

curvature of the surface exactly and only cover the chosen area (without 

spreading). Furthermore it either has to be very thin, or it has to be possible to 

remove it easily without leaving any traces behind. 

Related to the issue of surface characterisation, some future work might use 
the AFM for the detection of the chemical properties of a given surface. By 

chemically modifying the tip, areas displaying distinct chemical properties can be 

detected. This might be of special interest for further studies on the pellicle layer 

and its interaction with micro-organisms. It was demonstrated that the adherence 

of bacteria on a given surface is based on the charge of the surface or on the 

presence of specific chemical groups. By modifying the chemical properties of the 

tip, areas of preferred interaction might be found. 

Another area, besides caries research, which seems to be suitable for the use 

of the AFM/nanoindentation, is the study of remineralisation processes. The 

ability of the AFM to measure small changes in the surface morphology, 

combined with the high resolution of the nanoindenter to determine changes in the 

subsurface properties, could provide vital information for new models of the 

deposition pattern during remineralisation. 
The results presented in this thesis are hoped to be a starting point for 

numerous applications of the AFM and AFM/nanoindentation in dental research. 
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Appendix A 

Drinks under investigation 

Different drinks have been tested concerning their ability to dissolve human enamel. The 

following table gives an overview of all the applied drinks in alphabetical order. A cross (x) 

indicates the study in which they have been used. 

In-vitro study Clinical trial Nanoindentation 

Chapter 2 3,4,5 6 

Buxton water x 
Prototype blackcurrant drink x 

Ribena "toothkind" concentrate x 

Ribena "toothkind" tetra-pak x x 

Southern delight orange juice x 

Tesco lemon and lime drink x 

Tesco orange juice x 

Volvic water x X 

Details concerning the ingredients, packaging, producers and labels of the different drinks 

will be given in alphabetical order. These information are enclosed to simplify the 

identification of the applied soft drinks. All drinks are available in supermarkets in the UK, 

except for the prototype blackcurrant drink. 

RDA is the abbreviation of Recommended Daily Allowance. 

174 



Buxton Water 

Product name Buxton 

Drink type Natural mineral water, still 

Distributor Coca-Cola & Schweppes Bevera ges Ltd. 

Uxbridge UB8 1 EZ, UK 

Packaging Plastic bottle 

Package size/ Quantity 50 cL 

Ingredients Water 

-according to the label- 

Additional information pH at source 7.4 

-according to the label- Calcium 55 mg/L 

Magnesium 19 mg/L 

Potassium 1 mg/L 

Sodium 24 mg/L 

Bicarbonate 248 mg/L 

Chloride 42 mg/L 

Sulphate 23 mg/L 

Nitrate < 0.1 mg/L 

Iron 0 mg/L 

Aluminium 0 mg/L 

Dry Residue at 180°C 280 mg/L 

Label 

M1 X TO N 

fir: - 

I 

; j" ý. -. '.? :;.. .1'. 
ýaI 
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Prototype Blackcurrant Drink 

Product name N. a. 
Drink type Blackcurrant juice drink (concentrate) 

Producer SmithKline Beecham Consumer Healthcare 

Brentford TW8 9BD, UK 

Packaging Glass bottle 

Package size/ Quantity 1L 

Ingredients Water 

-according to manufacturer- Blackcurrant Juice 

Vitamin C 

Calcium carbonate 

Sweeteners 

Xanthan 

Preservatives 

Additional information Dilute 1 part (30 mL) with at least 4 parts water 

-according to manufecturer- to give 150 mL serving. 

Label N. a. 
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Ribena "Toothkind" Concentrate 

Product name Ribena toothkind 

Drink type Blackcurrant juice drink (concentrate) 

Producer SmithKline Beecham Consumer Healthcare 

Brentford TW8 91313, UK 

Packaging Glass bottle 

Package size/ Quantity 1L 

Ingredients Water 

(after dilution) Blackcurrant Juice (7%) 

-according to the label- Vitamin C 

Acidity regulator (Calcium carbonate) 

Sweeteners (Aspartame, Acesulfame K) 

Flavouring 

Preservatives (Potassium sorbate, Sodium Metabisulphite) 

Colour (Anthocyanins) 

Additional information "Dilute 1 part (30mL) with at least 4 parts water to give 

-according to the label- 150m1 serving. If given to toddlers, max. 1 serving a day. 

Don't use with a dummy/bottle. Not suitable for babies 

under 1 year. 

Ribena toothkind does not encourage tooth decay and has 

been scientifically proven to minimise tooth erosion. 

The only drink accredited by the British Dental Association. 

Nutritional information: 

Carbohydrates 0.5 g/100 ml 

Vitamin C 40 mg/ 100 ml (67% RDA)" 

Label 

" 
Q, 

, 
'ºy 
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Ribena "Toothkind" Tetra-pack 

Product name Ribena toothkind 

Drink type Blackcurrant juice drink (ready-to-dri nk) 

Producer SmithKline Beecham Consumer Healthcare 

Brentford TW8 91313, UK 

Packaging Tetra-pak 

Package size/ Quantity 288 mL 

Ingredients Water 

-according to the label- Blackcurrant Juice (10.8%) 

Acidity regulator (Calcium carbonate) 

Vitamin C 

Sweeteners (Aspartame, Acesulfame K) 

Flavouring 

Additional information "Take drinks at meal times and use within a healthy 

-according to the label- balanced diet. If given to toddlers, max. 1 carton a day. 

Don't use with a dummy/bottle. Not suitable for babies 

under 1 year. 

Ribena toothkind does not encourage tooth decay and 

has been scientifically proven to minimise tooth erosion. 

The only drink accredited by the British Dental 

Association. 

Nutritional information 
Carbohydrates 0.7 g/100 ml 

Vitamin C 24 mg/100 ml (40% RDA)" 

Label 

Aasocaý.., tF T, ý. 

ýLV 

`ýill! lý .l 

ar. n=uRn\n7 
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Southern Delight Orange Juice 

Product name Southern Delight 

Drink type Orange juice 

Producer Gerber Foods Soft Drinks Ltd 

Bridgwater, Somerset TA6 7QR, UK 

Packaging Tetra-pak 

Package size// Quantity IL 

Ingredients Made with concentrated orange juice 

-according to the label- 

Additional information A 100ml serving contains 33% of your RDA of vitamin C. 

-according to the label- Nutritional information: 
Carbohydrates 10.2 g/ 100 mL 

Vitamin C 20 mg / 100 mL 

Label 

I Lo 
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Tesco Lemon and Lime Juice 

Product name Tesco Freshly squeezed lemon & lime crush 

Drink type Lemon and lime drink with juicy bits 

Producer Tesco Stores Ltd. 

Cheshunt EN8 9SL, UK 

Packaging Plastic bottle 

Package size/ Quantity 500 mL 

Ingredients Water 

-according to the label- Sugar 

Lemon juice (10.5%) 

Lime juice (5.5%) 

Additional information Nutritional information: 

-according to the label- Carbohydrates 12.3 g/ 100 mL 

Vitamin C 12 mg / 100 mL (20% RD A) 

Label 

AM% 
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Tesco Orange Juice 

Product name Tesco Pure orange juice 

Drink type Orange juice, smooth 

Producer Tesco Stores Ltd. 

Cheshunt EN8 9SL, UK 

Packaging Tetra-pak 

Package size/ Quantity 1L 

Ingredients Made with concentrated juic e. 

-according to the label- 

Additional information Nutritional information 

-according to the label- Carbohydrates 10.5 g/ 10 0 mL 

Vitamin C 25 mg / 10 0 mL (42% RDA) 

Label 

rESCO 

k 
ýä 

y 
i 

ýu 

1 Lueg 

VIII 

II 
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Volvic Water 

Product name Volvic 

Drink type Natural mineral water 

Producer Volvic. A, A company of the Da none group 

London SW 1 2 9ER, UK 

Packaging Plastic bottle 

Package size/ Quantity 1.5 L 

Ingredients Water 

-according to the label- 

Additional information pH 7 

-according to the label- Calcium 9.9 mg/L 

Magnesium 6.1 mg/L 

Potassium 5.7 mg/L 

Sodium 9.4 mg/L 

Bicarbonate 65.3 mg/L 

Chloride 8.4 mg/L 

Sulphates 6.9 mg/L 

Nitrate 6.3 mg/L 

Iron < 0.01 mg/L 

Aluminium < 0.01 mg/L 

Silica 30.0 mg/L 

Dry Residue at 180°C 109 mg/L 

Label 

C volvi 
". 

- 7w 

04 
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Materials used in this work 

Gold evaporation 

Gold wire 99.99%, 0.2mm x1m 

Mica 

Parafilm 

Sample cleaning 

SDS 
(Sodium Dodecylsulfat) 

Ethanol 

Collagenase/Dispase 

Sterilisation 

Agar Scientific Ltd., Stansted, Essex CM24 8DA, UK 

Agar Scientific Ltd., Stansted, Essex CM24 8DA, UK 

Merck Ltd., Poole, Dorset BH 15 1 TD, UK 

Merck Ltd., Poole, Dorset BH 15 1 TD, UK 

Merck Ltd., Poole, Dorset BH15 1TD, UK 

Boehringer Mannheim GmbH, Mannheim, Germany 

Thymol Merck Ltd., Poole, Dorset BH 15 1 TD, UK 

Chlorhexidine gluconate mouthrinse Adams healthcare, Leeds LS25 2JY, UK 
(0.2% Chlorhexidine gluconate in 
5% ethanol and 95% water) 

Sodium hypochlorite Merck Ltd., Poole, Dorset BH15 1TD, UK 

Tape used in clinical trials 

Tape'n'tell E. C. Moore Co., Inc., Dearborn, Michigan 48126, 
A surgical and dental colour code USA 

Embedding material 

Stycast 1266, part A Emerson & Caming speciality polymers, ICI 
Belgium, 2260 Westerlo, Belgium 

4,7,10-trioxatridecane 1,13-diamine, Emerson & Caming speciality polymers, ICI 

part B Belgium, 2260 Westerlo, Belgium 

Part A and B are mixed 25: 7 to obtain the resin 
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Appendix B 

Raw data from Chapter 2: in vitro study 
Two images taken of the same area were subtracted from each other. The height difference 

between the untreated area (covered by a gold layer) and the treated area was measured and 

used to describe the material loss caused by the exposure to the different drinks. The 

subtraction of the images and the measurement of the height differences was repeated 5 times 

per time interval and sample. The mean of these five measurements was used in the statistics 

as the material loss observed for this sample at this time point. 

Measurements of the material loss on the samples treated with 
water 

Exposure Measured material loss nm M S dd i ti d time 
min 

1 2 3 4 5 
ean 

[nm] 
tan ev a ar on 

[nm] 

15 75 62 96 83 85 80.2 12.6 
30 73 89 64 97 110 86.6 18.4 
60 67 54 83 59 64 65.4 11.0 
120 128 75 140 98 63 100.8 33.1 
180 72 82 79 85 91 81.8 7.0 

Table B 1: Material loss measured for sample 1 treated with water. 

Exposure Measured material loss nm M St d dd i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
an ar ev at on 

[nm] 

15 32 42 46 37 41 39.6 5.3 
30 30 37 42 32 45 37.2 6.4 
60 55 24 49 38 44 42.0 11.9 
120 47 56 51 65 55 54.8 6.7 
180 41 57 19 33 33 36.6 13.9 

Table B 2: Material loss measured for sample 2 treated with water. 

Exposure Measured material loss [nm M S d d time 
min 

1 2 3 4 5 
ean 

[nm] 
tan ar deviation 

[nm] 

15 29 37 33 25 31 31 4.5 
30 36 42 29 33 34 34.8 4.8 
60 33 38 34 42 39 37.2 3.7 
120 29 35 24 39 41 33.6 7.1 
180 17 50 32 42 45 37.2 13.1 

Table B 3: Material loss measured for sample 3 treated with water. 
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Exposure Measured material loss nm M S d dd i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
tan ev ar at on 

[nm] 

15 81 116 82 73 94 89.2 16.8 
30 104 112 95 84 74 93.8 15.2 
60 122 127 111 105 134 119.8 11.8 
120 144 132 103 125 117 124.2 15.4 
180 206 194 182 176 112 174.0 36.5 

Table B 4: Material loss measured for sample 4 treated with water. 

Exposure Measured material loss nm M dd S d i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ev tan ar at on 

[nm] 

15 44 39 25 20 15 28.6 12.4 
30 40 56 32 64 25 43.4 16.3 
60 39 28 65 32 55 43.8 15.7 
120 53 44 52 64 52 53.0 7.1 
180 42 58 51 45 34 46.0 9.1 

Table B 5: Material loss measured for sample 5 treated with water. 

Exposure Measured material loss nm M dd i ti d 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ev a on Stan ar 

[nm] 

15 30 39 33 34 32 33.6 3.4 
30 57 42 32 58 62 50.2 12.7 
60 54 57 44 53 59 53.4 5.8 
120 44 49 52 57 58 52.0 5.8 
180 78 63 52 43 74 62.0 14.7 

Table B 6: Material loss measured for sample 6 treated with water. 

Exposure Measured material loss [nm dd i i 
time 
[mini 1 2 3 4 5 

Mean 
[nm] 

ev at on Standar 
[nm] 

15 42 31 29 27 32 32.2 5.8 
30 37 39 42 34 32 36.8 4.0 
60 39 45 54 43 59 48.0 8.2 
120 36 45 37 49 34 40.2 6.5 
180 25 36 39 41 27 33.6 7.2 

Table B 7: Material loss measured for sample 7 treated with water. 
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Exposure Measured material loss nm 
time 
min 

1 2 3 4 5 
Mean 
[nm) 

Standard deviation 
[nm] 

15 65 56 59 63 54 59.4 4.6 
30 55 58 70 64 65 62.4 5.9 
60 68 53 62 64 59 61.2 5.6 
120 42 64 53 49 44 50.4 8.7 
180 78 60 63 75 69 69.0 7.6 

Table B 8: Material loss measured for sample 8 treated with water. 

Exposure Measured material loss nm 
time 
min 

1 2 3 4 5 
Mean 
[nm] 

Standard deviation 
[nm] 

15 29 32 25 33 21 28.0 5.0 
30 37 31 24 23 35 30.0 6.3 
60 71 50 43 62 38 52.8 13.6 
120 32 59 42 39 45 43.4 10.0 
180 37 66 79 54 43 55.8 17.0 

Table B 9: Material loss measured for sample 9 treated with water. 

Exposure Measured material loss nm 
time 
[mini 1 2 3 4 5 

Mean 
[nm] 

Standard deviation 
[nm] 

15 41 35 45 39 47 41.4 4.8 
30 34 39 54 33 44 40.8 8.6 
60 50 45 43 49 52 47.8 3.7 
120 33 45 42 37 39 39.2 4.6 
180 50 55 45 59 47 51.2 5.8 

Table B 10: Material loss measured for sample 10 treated with water. 
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Measurement of the material loss caused by water. In this table the mean per sample and time 

point was used to calculate the overall loss of material at the particular time. 

Measured material loss Inm 
Exposure time 

Iminj 
15 30 60 120 180 

Sample 1 80.2 86.6 65.4 100.8 81.8 
Sample 2 39.6 37.2 42.0 54.8 36.6 
Sample 3 31.0 34.8 37.2 33.6 37.2 
Sample 4 89.2 93.8 119.8 124.2 174.0 
Sample 5 28.6 43.4 43.8 53.0 46.0 
Sample 6 33.6 50.2 53.4 52.0 62.0 
Sample 7 32.2 36.8 48.0 40.2 33.6 
Sample 8 59.4 62.4 61.2 50.4 69.0 
Sample 9 28.0 30.0 52.8 43.4 55.8 

Sample 10 41.4 40.8 47.8 39.2 51.2 
Overall mean 46.3 51.6 57.1 59.2 64.7 

Overall SD 22.3 22.3 23.6 29.5 41.4 

Table B 11: 11ean material loss per sample and time point for samples treated with water, 
including the overall mean and overall standard deviation (S1)). 

For the statistical tests, the natural logarithm of the measured material loss was calculatcci. 

Logarithmic naturalis of material loss 
Exposure time 

Iminj 
15 30 60 120 180 

Sample 1 4.384524 4.461300 4.180522 4.6131 38 4.40477 
Sample 2 3.678829 3.616309 3.737670 4.003690 3.600048 
Sample 3 3.433987 3.549617 3.616309 3.514526 3.616309 
Sample 4 4.490881 4.541 165 4.785824 4.82 1893 5.159055 
Sample 5 3.353407 3.770459 3.779634 3.970292 3.828641 
Sample 6 3.514526 3.916015 3.977811 3.951244 4.127134 
Sample 7 3.471966 3.605498 3.871201 3.693867 3.514526 
Sample 8 4.084294 4.133565 4.1 14147 3.919991 4.234107 
Sample 9 3.332205 3.401 197 3.966511 3.770459 4.021774 

Sample 10 3.723281 3.708682 3.867026 3.668677 3.935740 
Overall mean 3.74679 3.870381 3.989665 3.992778 4.044161 

Overall SD 0.426016 0.389352 0.327032 0.415327 0.487072 

Table B 12: Natural logarithm of the measured material loss caused by the treatment with 
water, including the overall mean and overall standard deviation (SI)). 
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Measurements of the material loss on the samples treated with a 
"toothkind" blackcurrant drink 

Exposure Measured material loss nm M d dd i S i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ar ev tan at on 

[nm] 

15 39 45 36 54 63 47.4 11.1 
30 61 54 44 39 65 52.6 11.0 
60 67 61 45 69 54 59.2 9.9 
120 57 88 64 73 69 70.2 11.6 
180 60 79 82 65 73 71.8 9.3 

Table B 13: Material loss measured for sample 1 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm M d dd S i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
tan ar ev at on 

[nm] 

15 74 83 64 69 79 73.8 7.6 
30 40 42 39 33 45 39.8 4.4 
60 41 43 38 47 37 41.2 4.0 
120 48 58 63 42 55 53.2 8.3 
180 63 59 47 51 54 54.8 6.3 

Table B 14: Material loss measured for sample 2 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm M d dd S 
time 
min 

1 2 3 4 5 
ean 

[nm] 
tan ar eviation 

[nm] 

15 20 23 28 17 15 21.2 4.4 
30 32 36 48 42 43 40.2 6.3 
60 35 39 42 45 31 38.4 5.5 
120 51 45 59 53 49 51.4 5.2 
180 89 72 69 64 77 74.2 9.5 

Table B 15: Material loss measured for sample 3 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm M d St dd i ti time 
min 

1 2 3 4 5 
ean 

[nm] 
an ar ev on a 

[nm] 

15 57 82 77 62 42 64.0 16.0 
30 58 86 63 75 55 67.4 12.9 
60 54 63 51 77 69 62.8 10.7 
120 96 106 99 113 82 99.2 11.6 
180 62 74 83 69 77 73.0 8.0 

Table B 16: Material loss measured for sample 4 treated with a "toothkind" blackcurrant drink. 
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Exposure Measured material loss nm M d dd St i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
an ar ev at on 

[nm] 

15 72 68 75 67 65 69.4 4.0 
30 90 125 98 135 116 112.8 18.6 
60 77 85 71 63 92 77.6 11.4 
120 152 193 144 163 178 166.0 19.8 
180 203 221 217 197 187 205.0 14.1 

Table B 17: Material loss measured for sample 5 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm M dd ti d St 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ar evia on an 

[nm] 

15 43 44 55 37 35 42.8 7.8 
30 34 69 59 52 47 52.2 13.1 
60 53 62 65 73 78 66.2 9.7 
120 92 64 75 82 79 78.4 10.2 
180 130 180 155 176 149 158.0 20.5 

Table B 18: Material loss measured for sample 6 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm M dd d i ti St 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ar ev an a on 

[nm] 

15 52 43 55 62 57 53.8 7.0 
30 69 94 87 73 85 81.6 10.3 
60 86 99 73 82 92 86.4 9.9 
120 126 111 132 127 106 120.4 11.2 
180 101 130 121 137 125 122.8 13.6 

Table B 19: Material loss measured for sample 7 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm M d dd S i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
tan ar ev at on 

[nm] 

15 62 78 69 83 97 77.8 13.4 
30 63 89 92 75 90 81.8 12.5 
60 126 103 117 11 121 95.6 48.1 
120 88 106 95 121 135 109.0 19.1 
180 108 121 96 113 119 111.4 10.0 

Table B 20: Material loss measured for sample 8 treated with a "toothkind" blackcurrant drink. 
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Exposure Measured material loss nm 
time 
min 

1 2 3 4 5 
Mean 
[nm] 

Standard deviation 
[nm] 

15 62 50 53 44 39 49.6 8.8 
30 35 63 44 51 57 50.0 11.0 
60 60 44 43 52 36 47.0 9.2 
120 69 65 57 43 49 56.6 10.8 
180 40 45 60 65 53 52.6 10.3 

Table B 21: Material loss measured for sample 9 treated with a "toothkind" blackcurrant drink. 

Exposure Measured material loss nm 
time 
min 

1 2 3 4 5 
Mean 
[nm] 

Standard deviation 
[nm] 

15 61 53 59 63 55 58.2 4.1 
30 151 112 123 145 131 132.4 15.9 
60 53 62 73 55 67 62.0 8.3 
120 80 70 54 30 45 55.8 19.8 
180 67 83 76 84 65 75.0 8.8 

Table B 22: Material loss measured for sample 10 treated with a "toothkind" blackcurrant 
drink. 
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Measurement of the material loss caused by a "toothkind" blackcurrant drink. In this takle the 

mean per sample and time point was used to calculate the overall loss of material at the 

particular time. 

Measured material loss Inmj 
Exposure time 

Amin) 
15 30 60 120 180 

Sample 1 47.4 52.6 59.2 70.2 71. lß 
Sample 2 73.8 39.8 41.2 53.2 54.8 
Sample 3 21.2 40.2 38.4 51.4 74.2 
Sample 4 64.0 67.4 62.8 99.2 73.0 
Sample 5 69.4 118.8 77.6 166.0 204.0 
Sample 6 42.8 52.2 66.2 78.4 158.0 
Sample 7 53.8 81.6 86.4 120.4 122.8 
Sample 8 77.8 81.8 95.6 109.0 

_ 
111.4 

Sample 9 49.6 50.0 47.0 56.6 52.6 
Sample 10 58.2 132.4 62.0 55.8 75.0 

Overall mean 55.8 71.7 63.6 86.0 99.9 
Overall SD 16.8 32.2 18.8 37.5 49.4 

Table B 23: Mean material loss per sample and time point for samples treated with a 
"toothkind" blackcurrant drink, including the overall mean and overall standard dcs iation 
(SD). 

For the statistical tests, the natural logarithm of the measured material loss was calculated. 

Logarithmic naturalis of material loss 
Exposure time 

Iminj 
15 30 60 120 180 

Sample 1 3.858622 3.962716 4.080922 4.751348 4? 73884 
Sample 2 4.301359 3.683867 3.718438 3.974058 4.003690 
Sample 3 3.054001 3.693867 3.648057 3.939638 4.306764 
Sample 4 4.158883 4.210645 4.139955 4.597138 4.290459 
Sample 5 4.239887 4.777441 4.351567 5.111988 5.318120 
Sample 6 3.756538 3.955082 4.192680 4.361824 5.062595 
Sample 7 3.985273 4.401829 4.458988 4.790820 4.810557 
Sample 8 4.354141 4.404277 4.560173 4.691348 4.713127 
Sample 9 3.903991 3.912023 3.850148 4.036009 3.962716 

Sample 10 4.063885 4.885828 4.127134 4.021774 4.317488 
Overall mean 3.967658 4.188758 4.112806 4.377594 4.50594 

Overall SD 0.376571 0.422545 0.302918 0.404262 0.450683 

Table B 24: Natural logarithm of the measured material loss caused by the treatment with 
"toothkind" blackcurrant drink, including the overall mean and overall standard deviation 
(SD). 
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Measurements of the material loss on the samples treated with 
lemon and lime juice 

Exposure Measured material loss nm M dd S d i i 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ar ev tan at on 

[nm] 

15 244 174 276 198 221 222.6 39.6 
30 484 354 372 462 412 416.8 56.0 
60 588 529 565 540 576 559.6 24.6 
120 804 683 752 783 724 749.2 47.9 
180 1225 1401 1351 1365 1354 1339.2 66.9 

Table B 25: Material loss measured for sample 1 treated with lemon and lime juice. 

Exposure Measured material loss nm M dd d i ti St 
time 
[min] 1 2 3 4 

1 
5 

ean 
[nm] 

ev an ar a on 
[nm] 

15 430 471 619 513 544 515.4 72.1 
30 375 545 774 934 904 706.4 240.5 
60 1057 1282 1582 1479 1356 1351.2 200.6 
120 997 3099 2397 2578 3139 2442.0 869.8 
180 1798 3191 3570 3813 4063 3287.0 892.4 

Table B 26: Material loss measured for sample 2 treated with lemon and lime juice. 

Exposure Measured material loss nm M d dd St i ti 
time 
min 

1 2 3 4 5 
ean 

[nm] 
an ar ev a on 

[nm] 

15 235 262 293 274 282 269.2 22.2 
30 297 331 311 354 349 328.4 24.4 
60 822 1136 594 693 720 793.0 208.2 
120 1470 1568 1878 1120 1278 1462.8 289.5 
180 2905 1943 2531 2203 2451 2406.6 361.3 

Table B 27: Material loss measured for sample 3 treated with lemon and lime juice. 

Exposure Measured material loss nm M St d d 
time 
min 

1 2 3 4 5 
ean 

[nm] 
an ar deviation 

[nm] 

15 81 71 75 86 79 78.4 5.7 
30 147 128 223 189 250 187.4 50.9 
60 240 589 566 473 489 471.4 138.4 
120 747 687 676 758 689 711.4 38.0 
180 984 1257 1449 1376 1312 1275.6 178.1 

Table B 28: Material loss measured for sample 4 treated with lemon and lime juice. 
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Exposure Measured material loss nm M St d dd i ti 
time 
min 

1 2 3 4 5 
ean 

[nm] 
an ar ev a on 

[nm] 

15 251 375 305 279 324 306.8 47.0 
30 399 422 475 515 462 454.6 45.5 
60 547 521 668 691 553 596.0 77.6 
120 787 823 953 930 884 875.4 70.1 
180 1036 1112 1022 960 986 1023.2 57.9 

Table B 29: Material loss measured for sample 5 treated with lemon and lime juice. 

Exposure Measured material loss [nml M dd i ti d St 
time 
min 

1 2 3 4 5 
ean 

[nm] 
ar ev a on an 

[nm] 

15 122 163 145 131 152 142.6 16.3 
30 196 277 253 207 255 237.6 34.5 
60 312 404 782 733 544 555.0 203.2 
120 1101 1444 1697 1975 1635 1570.4 324.1 
180 2344 2349 3249 2522 2897 2672.2 393.1 

Table B 30: Material loss measured for sample 6 treated with lemon and lime juice. 

Exposure Measured material loss nm Mean Standard deviation 
time 
min 

1 2 3 4 5 [nm] [nm] 

15 365 502 396 452 473 437.6 56.1 
30 942 799 722 967 832 852.4 101.8 
60 1381 1287 1234 1051 1173 1225.2 123.7 
120 1410 1435 1818 1793 1848 1660.8 218.6 
180 1552 1651 1377 1498 1244 1464.4 158.0 

Table B 31: Material loss measured for sample 7 treated with lemon and lime juice. 

Exposure Measured material loss nm M ndard de St i ti 
time 
min 

1 2 3 4 5 
ean 

[nm] 
a v a on 

[nm] 

15 148 153 141 139 164 149.0 10.1 
30 654 603 625 634 612 625.6 19.8 
60 792 1007 893 964 859 903.0 85.0 
120 1224 1883 2012 1722 1933 1754.8 315.1 
180 3464 2524 3291 2813 3194 3057.2 381.7 

Table B 32: Material loss measured for sample 8 treated with lemon and lime juice. 
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Exposure Measured material loss nm 
time 
min 

1 2 3 4 5 
Mean 
[nm] 

Standard deviation 
[nm] 

15 250 292 116 318 264 248.0 78.3 
30 316 326 285 296 330 310.6 19.4 
60 338 504 727 653 524 549.2 149.7 
120 1526 1782 1664 1732 1602 1661.2 101.7 
180 1821 2178 2352 2317 2298 2193.2 218.1 

Table B 33: Material loss measured for sample 9 treated with lemon and lime juice. 

Exposure Measured material loss nm 
time 
min 

1 2 3 4 5 
Mean 
[nmj 

Standard deviation 
[nm] 

15 298 319 285 356 334 318.4 28.2 
30 820 621 718 753 642 710.8 81.5 
60 1096 1567 1891 1421 1299 1454.8 298.8 
120 1831 1916 1987 1864 1932 1906.0 60.7 
180 2606 2130 2466 2780 3051 2606.6 344.4 

Table B 34: Material loss measured for sample 10 treated with lemon and lime juice. 
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Measurement of the material loss caused by lemon and lime juice. In this table the mean per 

sample and time point was used to calculate the overall loss of material at the particular time. 

Measured material Ioss nml 
Exposure time 

Iminj 
15 30 60 120 1180 

Sample 1 222.6 416.8 330.6 749.2 1339.2 
Sample 2 515.4 706.4 1352.2 2442.0 3287.0 
Sample 3 269.2 328.4 793.0 1462.8 2406.6 
Sample 4 78.4 187.4 471.4 711.4 1275.6 
Sample 5 306.8 454.6 596.0 875.4 1023.2 
Sample 6 142.6 237.6 555.0 1570.4 2672.2 
Sample 7 437.6 852.4 1225.2 1660.8 1464.4 
Sample 8 149.0 625.6 903.0 1754.8 3057.2 
Sample 9 248.0 310.6 549.2 1661.2 2193.2 

Sample 10 318.4 710.8 1454.8 1906.0 2606.6 
Overall mean 268.8 483.1 846.0 1479.4 2132.5 

Overall SD 134.3 227.3 370.3 552.4 804.4 

Table B 35: dean material loss per sample and time point for samples treated with lemon and 
lime juice, including the overall mean and overall standard deviation (Sl)). 

For the statistical tests, the natural logarithm of the measured material loss was calculated. 

Logarithmic naturalis of material loss 
--------- Exposure time 

Iminj 
15 30 60 120 180 

Sample 1 5.405376 6.032606 6.327222 6.619006 7.109828 
Sam le 2 6.244943 6.560182 7.209488 7.800573 8.097731 
Sam le 3 5.595455 5.794232 6.675823 7.288108 7.785970 
Sam le 4 4.361824 5.233245 6.155707 6.567235 7.151 172 
Sample 5 5.726196 6.1 19418 6.390241 6.774681 6.930690 
Sample 6 4.960044 5.470589 6.318968 7.359086 7.890657 
Sample 7 6.081305 6.748056 7.1 10859 7.415055 7.289201 
Sample 8 5.003946 6.438711 6.805723 7.4701 10 8.025255 
Sample 9 5.513429 5.738506 6.308463 7.415296 7.6931 17 

Sample 10 5.763308 6.566391 7.282624 7.552762 7.865802 
Overall mean 5.465583 6.070194 6.658512 7.226191 7.592942 

Overall SD 0.563010 0.508988 0.420587 0.421076 0.412664 

Table B 36: Natural logarithm of the measured material loss caused bý the treatment with 
lemon and lime juice, including the overall mean and overall standard deviation (SI)). 
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Measurement of the offset due to the employed method 

In order to obtain the material lo,,,, caused by the drink under investigation, it is necessary, to 

subtract the images prior and after treatment from one another. During this procedure, slight 

mismatches during the overlapping of the two images are possible. By imaging the same area 

twice without any treatment in between and subtracting those images from each other, the 

offset due to the employed method was estimated. 

Measured material loss nm Mean Standard deviation 
Sample 

1 2 3 4 5 Inmi ýnml 

1 40 35 29 37 33 34. ß 4.1 
2 31 52 43 32 49 41.4 9.6 
3 38 59 45 63 51 51.2 10.2 
4 69 43 35 52 49 49.6 12.6 
5 58 42 36 49 55 48.0 9.1 
6 38 36 34 39 31 35.6 3.2 
7 46 53 48 62 55 52.8 6.3 
8 54 63 49 35 42 48.6 10.8 
9 49 55 63 52 61 56.0 5.9 
10 62 59 43 65 54 56.6 8.6 

Overall error 47.46 7.8 

Table B 37: Measured difference in height between the covered and uncovered area due to 
image mismatches. 
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Raw data from Chapter 3 and 4: pellicle laver and erosion - in situ 
measurements- 
The erosive potential of four different drinks was tested in an in situ trial with 12 volunteers. 
Polished enamel surfaces were partly covered with a tape and exposed to the oral 

environment. After an oral exposure time of 2 and 5 days, the samples were imaged three 

times at the border between the covered and uncovered area. After chemically cleaning the 

samples, they were re-imaged three times. The mean height difference between the exposed 

and unexposed area after the cleaning was used as a measure of the material loss caused by 

the drinks. The values obtain for the erosion are given as absolute values. This was possible 

since in all cases the exposed area was lower than the unexposed area. 
For the measurements prior to cleaning, however, it was necessary to indicate the direction of 
the height difference between the two areas. A negative value indicates that the exposed area 

was lower than the unexposed area and a positive value that the exposed area was higher than 

the unexposed area. 
The overall thickness of the pellicle layer was determined by adding the mean height 

difference between the exposed and unexposed area before and after the chemical cleaning. 
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Measurements for samples treated with water after 2-days in situ 

Volun- 
teer 

Measure- 
ment 

Height difference prior to 
cleaning mnm 

Height difference after 
cleaning erosion) Inm 

Mean 
pellicle 

Indiviual 
measurement 

(nm] 

Mean (SD) 
mnm] 

Individual 
measurement 

[nmi 

Mean (SD) 
Innil 

layer 
thickness 

1111111 
1 1 234 40 
1 2 260 232 (28.5) 51 48(6.7) 280 
1 3 203 52 
2 1 28 33 
2 2 40 30(9.2) 34 33 (1.5) 63 
2 3 22 31 
3 1 42 56 
3 2 37 35 (8.2) 49 53 (3.8) 88 
3 3 26 55 
4 1 165 55 
4 2 195 173 (18.9) 56 56 (1.0) 221) 
4 3 160 57 
5 1 29 90 
5 2 43 38(7.6) 167 121 (40.6) 151) 
5 3 41 106 

- ---- - 6 1 23 47 
6 2 91 55 (34.1) 49 46(3.1) 102 
6 3 52 43 
7 1 48 43 
7 2 51 57(13.7) 53 46(5.8) 104 
7 3 73 43 
8 1 2 51 
8 2 14 7(6.1) 58 55 (3.5) 62 
8 3 6 55 
9 1 54 57 
9 2 80 72 (15.6) 76 64 (10.7) 136 
9 3 82 58 
10 1 33 43 
10 2 70 54(19) 41 39(4.7) 93 
10 3 59 34 
11 1 -76 

110 
11 2 -12 -43(32.1) 113 108 (6.2) 65 
11 3 -40 101 
12 1 13 113 
12 2 15 13 (2.0) 102 96 (20.7) 109 
12 3 11 73 

Overall mean nmi - - - 63.8 124.1 
Overall SD [nm] - - - 28.5 68.2 

Table B 38: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle layer for all samples treated with water for 2-days in -situ. The individual 

measurements as well as the means and standard deviations (SD) are given. 

198 



Measurements for samples treated with water after 5-days in situ 

Volun- 
teer 

Nlfeasure- 
ment 

, 
Height difference prior to 

cleanin nm 
Height difference after 
cleaning (erosion) nm 

Mean 
pellicle 

Individual 

measurement 
(nml 

Mean (SD) 
Inmi 

Individual 
measurement 

Inml 

Mean (SD) 
Inmi 

layer 
thickness 

Innil 

1 1 121 84 
1 2 132 148 (37.1) 96 92(6.9) 240 
1 3 190 96 
2 1 22 75 
2 2 92 78 (50.5) 69 73 (3.5) 151 
2 3 120 75 
3 1 181 80 
3 2 127 130 (49.6) 74 75 (4.6) 205 
3 3 82 71 
4 1 21 100 
4 2 35 27(7.4) 159 113(41.1) 140 
4 3 24 80 
5 1 49 215 
5 2 55 51 (3.5) 189 180 (40.8) 231 
5 3 49 135 
6 1 83 125 
6 2 92 75 (21.5) 163 132 (28.6) 207 
6 3 51 107 
7 1 34 86 
7 2 85 62 (25.8) 89 82 (9.1) 144 
7 3 66 72 
8 1 18 56 
8 2 152 91 (67.8) 67 66(9.1) 157 
8 3 103 74 
9 1 79 63 
9 2 71 82 (12.2) 79 75 (10.2) 156 
9 3 95 82 
10 1 193 92 
10 2 88 135 (53.3) 104 100 (7.2) 236 
10 3 125 105 
11 1 26 129 
11 2 15 14 (12.2) 172 152 (21.6) 166 
11 3 1 154 
12 1 56 81 
12 2 58 56(1.5) 78 106 (45.9) 162 
12 3 55 159 

Overall mean nm - - - 103.8 182.8 
Overall SD nm 

1 
- - - 35.2 38.0 

Table B 39: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle laver for all samples treated with water for 5-day's in situ. The indi%idual 
measurements as well as the means and standard deviations (SI)) are given. 
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Measurements for samples treated with a "toothkind" blackcurrant 
drink after 2-days in situ 
Volun- 

teer 
Measure- Height difference prior to 

ment cleaning nm 
Height difference after 
cleaning erosion) [nmi 

Mean 
pellicle 

Individual 
measurement 

Innil 

Mean (SD) 
mnml 

Individual 
measurement 

Innil 

Mean (SD) 
(nmi 

layer 
thickness 

Inml 
1 1 224 103 
1 2 199 213 (12.7) 95 97(4.9) 310 
1 3 215 94 
2 1 43 81 
2 2 50 44(6.0) 70 75 (5.5) 119 
2 3 38 75 
3 1 98 69 
3 2 93 96(2.9) 64 69 (4.5) 165 
3 3 98 73 
4 1 93 125 
4 2 104 117 (33.1) 109 119(9.0) 237 
4 3 155 124 
5 1 99 87 
5 2 123 106 (14.5) 84 82(5.7) 189 
5 3 97 76 
6 1 172 106 
6 2 57 109 (58.2) 113 112(5.1) 221 
6 3 99 116 
7 1 55 89 
7 2 87 83 (26.7) 49 71 (20.4) 155 
7 3 108 76 
8 1 24 67 
8 2 20 24 (4.0) 87 82 (13.6) 106 
8 3 28 93 
9 1 -275 360 
9 2 -96 -168 (94.7) 264 320 (50.0) 152 
9 3 -132 336 
10 1 109 70 
10 2 129 124 (13.6) 68 67(3.1) 192 
10 3 135 64 
11 1 -85 166 
11 2 -92 -98 (17.4) 115 149 (29.2) 50 
11 3 -118 165 
12 1 -59 340 
12 2 -61 -83 (40.4) 290 310 (26.7) 226 
12 3 -130 299 

Overall mean nm - - - 129.5 176.8 
Overall SD Inm - - - 89.9 68.5 

Table B 40: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle laver for all samples treated with a "toothkind" blackcurrant drink for 2-days 
in situ. The individual measurements as well as the mean and standard deviation (Sl)) are given. 
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Measurements for samples treated with a "toothkind" blackcurrant 
drink after 5-days in situ 
Volun- Measure- Height difference prior to 

teer ment cleaning nm 
Height difference after 
cleaning (erosion) nm 

Mean 
pellicle 

Indio idual Mean (SD) 
measurement (nm] 

Innil 

Individual 
measurement 

nm 

Mean (SD) 
(nmI 

layer 
thickness 

(nmi 
1 1 141 84 
1 2 47 85 (49.3) 99 99 (14.5) 184 
1 3 68 113 
2 1 65 112 
2 2 46 56(9.6) 155 1 18 (34.8) 174 
2 3 58 86 
3 1 125 79 
3 2 123 114 (17.9) 39 59 (20.0) 173 
3 3 93 59 
4 1 101 52 
4 2 94 99 (4.0) 61 110(93.4) 209 
4 3 101 218 
5 1 87 125 
5 2 68 63 (26.3) 118 119(6.0) 182 
5 3 35 113 
6 1 23 147 
6 2 49 35 (13.1) 165 154 (9.6) 189 
6 3 33 150 
7 1 158 111 
7 2 145 145 (12.5) 83 100 (15.0) 245 
7 3 133 106 
8 1 90 94 
8 2 50 75 (21.8) 95 95 (1.0) 170 
8 3 85 96 
9 1 -163 431 
9 2 -153 -162 (8.5) 268 431 (163.5) 269 
9 3 -170 595 
10 1 137 51 
10 2 140 148 (15.9) 82 101 (61.2) 248 
10 3 166 169 
11 1 -261 506 
11 2 -175 -261 (86.5) 364 448 (74.3) 186 
11 3 -348 473 
12 1 -186 448 
12 2 -114 -133(46.9) 526 474(4-5.0) 341 
12 3 -98 448 

Overall mean nm - - - 192.3 214.3 
Overall SD ml - - 

1 
- 157.8 52.2 

Table B 41: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle layer for all samples treated with a "toothkind" blackcurrant drink for 5-days 
in situ. The indi-, idual measurements, the means and the standard deviations (SI)) are given. 
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Measurements for samples treated with a prototype blackcurrant 
drink after 2-days in situ 
Volun- 

teer 
Measure- 

ment 

1 Height difference prior to 
cleanin nm 

Height difference after 
cleaning (erosion) nm] 

Mean 
pellicle 

Individual 
measurement 

(nm 

Mean (SD) 
[nm] 

Individual 
measurement 

nm 

Mean (SD) 
mnm) 

(aver 
thickness 

jnmi 
1 1 190 93 
1 2 200 184 (20.3) 85 102 (22.3) 285 
1 3 161 127 
2 1 -43 111 
2 2 -44 -16 (47.6) 126 121 (8.4) 105 
2 3 39 125 
3 1 21 81 
3 2 15 22(7.0) 145 116(32.5) 138 
3 3 29 123 
4 1 153 102 
4 2 141 173 (45.4) 78 87 (12.9) 260 
4 3 225 82 
5 1 46 111 
5 2 49 53 (9.1) 111 122 (18.5) 174 
5 3 63 143 
6 1 54 100 
6 2 18 54 (36.0) 117 105 (20.1) 159 

6 3 90 99 
7 1 130 133 
7 2 66 125 (56.2) 164 176 (49.5) 300 
7 3 178 230 
8 1 33 198 
8 2 133 86 (50.3) 90 171 (71.1) 257 
8 3 92 224 
9 1 -171 340 
9 2 -186 -164(26.2) 480 347 (129.6) 183 
9 3 -135 221 
10 1 103 135 
10 2 190 123 (59.6) 73 98 (32.5) 221 
10 3 76 87 
11 1 17 49 
11 2 36 24 (10.7) 28 44 (13.8) 67 
11 3 18 54 
12 1 126 73 
12 2 61 104 (37.5) 71 75 (5.9) 180 
12 3 126 82 

Overall mean nm - - - 130.3 194.2 
L Overall SD ýnm - - - 77.4 72.5 

Table B 42: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle laver for all samples treated with a prototype blackcurrant drink for 2-days in 

situ. The individual measurements as well as the means and standard deviations (SU) are given. 
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Measurements for samples treated with a prototype blackcurrant 
drink after 5-days in situ 
Volun- Measure- Height difference prior to 

teer ment cleaning mnm 
Height difference after 
cleaning (erosion) nmI 

Mean 
pellicle 

Indisidual Mean (SD) 
measurement Inm] 

Innil 

Individual 
measurement 

Innil 

Mean (SD) 
Inmi 

layer 
thickness 

Innil 
1 1 124 133 
1 2 136 117(23.9) 146 133 (13.5) 249 
1 3 90 119 
2 1 -33 224 
2 2 60 13 (46.5) 241 190 (73.5) 204 
2 3 13 106 
3 1 112 74 
3 2 75 106 (28.0) 107 102 (25.9) 208 
3 3 130 125 
4 1 145 96 
4 2 124 124(21.5) 95 90(9.0) 214 
4 3 102 80 
5 1 47 192 
5 2 -53 2 (50.7) 236 191 (46.0) 193 
5 3 12 144 
6 1 64 93 
6 2 64 80 (27.7) 83 79 (16.4) 159 
6 3 112 61 
7 1 -111 382 
7 2 -71 -64 (50.3) 210 307 (88.0) 242 
7 3 -11 328 
8 1 47 254 
8 2 49 24 (41.0) 259 242 (25.8) 266 
8 3 -23 212 
9 1 -127 404 
9 2 -107 -144 (47.3) 313 378 (56.7) 234 
9 3 -197 417 
10 1 35 303 
10 2 32 34(1.7) 203 260 (51.3) 294 
10 3 35 273 
11 1 -31 234 
11 2 -25 -27 (3.8) 252 275 (56.7) 249 
11 3 -24 340 
12 1 149 100 
12 2 132 139 (8.9) 155 143 (38.8) 282 
12 3 136 175 

Overall mean nm - - - 199.1 232.8 
Overall SD nm - - - 94.5 39.0 

Table B 43: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle layer for all samples treated with a prototype blackcurrant drink for 5-days in 

. situ. The individual measurements as well as the means and standard deviations (SI)) are given. 

IU 3 



Measurements for samples treated with orange juice after 2-days in 
situ 
Volun- Measure- Height difference prior to 

teer ment cleaning nm 
Height difference after 
cleaning (erosion) mnm 

Mean 
pellicle 

Individual Mean (SD) 
measurement Inml 

nm 

Individual 
measurement 

nm 

Mean (SD) 
(nm) 

layer 
thickness 

Inmf 

I1 87 137 
1 2 136 121 (29.5) 137 120 (28.9) 241 
1 3 140 87 
2 1 25 245 
2 2 20 22 (2.9) 231 220 (32.5) 241 
2 3 20 183 
3 1 43 124 
3 2 25 38 (11.0) 92 112(17.4) 150 
3 3 45 120 
4 1 116 111 
4 2 105 104 (13.1) 158 149 (34.3) 253 
4 3 90 178 
5 1 22 65 
5 2 44 31 (11.7) 70 66(4.0) 96 
5 3 26 62 
6 1 13 97 
6 2 -24 13 (36.5) 105 99(5.7) 111 
6 3 49 94 
7 1 129 73 
7 2 69 91 (33.0) 91 84(9.9) 175 
7 3 75 89 
8 1 -12 126 
8 2 -39 -27(13.9) 124 117(14.5) 89 
8 3 -31 100 
9 1 -86 478 
9 2 -79 -76(11.8) 386 437 (46.7) 361 
9 3 -63 446 
10 1 96 85 
10 2 101 111 (21.8) 76 77(8.0) 188 
10 3 136 69 
11 1 24 80 
11 2 5 12 (10.4) 88 78 (10.6) 90 
11 3 7 67 
12 1 -26 130 
12 2 -41 -37(9.3) 110 128 (16.6) 91 
12 3 -43 143 

Overall mean nm - - - 140.5 173.9 
Overall SD InmL - - - 102.0 86.3 

Table B 44: Height difference prior and after cleaning (erosion) as well as the thickness of the 
acquired pellicle layer for all samples treated with orange juice for 2-days in 

. situ. The single 
measurements as well as the mean and standard deviation (SD) are given. 
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Measurements for samples treated with orange juice after 5-days in 
situ 
Volun- Measure- Height difference prior to 

teer ment cleaning (nm 
Height difference after 
cleaning (erosion) tnml 

! 11ean 

pellicle 
IndiNidual Mean (SD) 

measurement Inmi 
nm 

Individual 
measurement 

Inm' 

Mean (SD) 
InmI 

laver 
thickness 

inn 
11 9 107 
12 14 10(3.2) 200 141 (51.3) 151 
13 8 116 
2 1 61 160 
2 2 22 44 (20.1) 138 142 (16.8) 186 
2 3 50 127 
3 1 55 128 
3 2 -24 37(54.3) 131 136(10.8) 173 
3 3 80 148 
4 1 -32 406 
42 -95 -84 (47.0) 286 318 (77.5) 234 
43 -124 261 
5 1 43 123 
5 2 71 53 (15.9) 127 123 (4.5) 175 
5 3 44 118 
6 1 94 102 
6 2 82 87(6.2) 108 119(23.9) 206 
6 3 85 146 
7 1 101 81 
7 2 71 86 (15.0) 85 83 (2.1) 168 
7 3 85 82 
8 1 -35 187 
8 2 -30 -32 (2.5) 386 255 (113.2) 223 
8 3 -32 193 
9 1 -1341 1833 
9 2 -1421 -1398 (49.3) 1624 1581 (276.0) 183 
9 3 -1431 1286 
10 1 19 119 
10 2 27 27(8) 137 129 (9.1) 156 
10 3 35 130 
Il 1 -267 655 
Il2 -292 -260(36.0) 579 599(49.2) 339 
11 3 -221 563 
12 1 -106 367 
12 2 -79 -95 (14.4) 224 298 (71.6) 202 
12 3 -101 302 

Overall mean Innil, - - - 326.8 199.7 
Overall SD [nm - - - 420.2 50.6 

Table B 45: Height difference prior and after cleaning (erosion) as well as the thickness of file 
acquired pellicle laser for all samples treated %%ith orange juice for ä-days in cite. The individual 
measurements as %% ell as the means and standard de-, iations (SI)) are Eiken. 
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Clinical data for erosion after natural logarithmic transformation 

For the statistical eN aluation of the erosion measurements, the natural logarithm of the 

measured material loss was calculated. 

Volunteer Water "Toothkind" 
blackcurrant 

Prototype 
blackcurrant 

Orange juice 

Day 2 Dav 5 Day 2 Dav 5 Dav 2 Day 5 Day 2 Day 5 
1 3.864 4.522 4.578 4.592 4.622 4.888 28.868 4.949 
2 3.486 4.290 4.322 4.768 4.793 5.249 32.517 4.953 
3 3.977 4.317 4.229 4.078 4.756 4.625 17.436 4.910 
4 4.025 4.727 4.782 4.704 4.470 4.504 34.395 5.761 
5 4.796 5.191 4.411 4.776 4.801 5.251 4.041 4.809 
6 3.836 4.880 4.716 5.037 4.657 4.369 5.686 4.776 
7 3.836 4.411 4.267 4.605 5.169 5.726 9.866 4.415 
8 4.001 4.185 4.411 4.554 5.140 5.488 14.468 5.543 
9 4.154 4.313 5.768 6.067 5.849 5.935 46.705 7.366 
10 3.672 4.608 4.210 4.612 4.588 5.559 8.021 4.857 
11 4.682 5.022 5.002 6.104 3.777 5.618 10.599 6.395 
12 4.564 4.663 5.735 6.161 4.322 4.965 16.623 5.696 

Overall 

mean 
4.0745 4.5942 4.7026 5.0047 4.7453 5.1813 4.7920 5.3692 

Overall 
SD 

0.4067 0.3160 0.5465 0.7021 0.5046 0.5101 0.5221 0.8382 

Table B 46: Natural logarithm of the measured material loss caused by the treatment with the 
four different drinks. The table includes also the overall mean and overall standard deviation 
(SD). 
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Raw data from Chapter 6: Nanoindentation 

Three sample,, per drink were measured. On each sample, five indentations in the treated and 

five indentations in the untreated area were obtained. 

Measurements of the hardness and modulus for samples treated 
with water 

Hardness IGPa Modulus GPa 
Sample I Measurement 

i Untreated Treated Untreated Treated 
1 1 4.241 3.007 98.94 97.85 
1 2 2.409 3.129 85.42 117.41 
1 3 2.821 2.413 88.47 82.65 
1 4 2.640 2.320 97.21 86.51 
1 5 3.368 3.960 111.36 150.41 

2 1 4.798 3.984 92.64 106.77 
2 2 2.066 3.443 78.22 93.47 
2 3 3.679 4.833 94.05 127.90 
2 4 2.619 4.560 88.70 116.45 
2 5 3.360 1.622 108.47 62.35 

3 1 3.778 4.463 107.58 146.10 
3 2 4.623 3.145 104.74 100.09 

3 3 4.898 3.116 121.24 98.85 

3 4 3.206 4.203 104.72 92.05 
3 5 4.114 2.702 154.98 90.97 

Overall mean 3.5081 3.3934 102.449 104.655 
Overall SD 0.8977 0.9255 18.356 23.654 

Table B 47: Hardness and reduced Modulus of water treated samples, including the overall 
mean and overall standard deviation (SD). 
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Measurements of the hardness and modulus for samples treated 
with a "toothkind" blackcurrant drink 

S l 
Hardness CPa Modulus CPa 

amp e Measurement Untreated Treated Untreated Treated 
1 1 5.553 1.846 120.60 76.54 
1 2 5.178 1.742 119.87 112.16 
1 3 4.994 1.694 105.99 49.27 
1 4 5.442 1.477 119.00 132.59 
1 5 3.238 1.817 94.77 103.30 

2 1 2.019 2.243 81.60 87.49 
2 2 2.404 2.141 98.32 82.84 
2 3 2.494 2.255 93.60 80.16 
2 4 2.704 2.274 99.26 92.43 
2 5 2.170 2.368 82.94 84.95 

3 1 3.502 2.311 110.56 117.15 
3 2 3.986 1.971 105.43 82.49 
3 3 3.748 2.890 143.90 86.91 
3 4 3.087 3.764 87.38 110.38 
3 5 4.122 3.139 107.96 98.12 

Overall mean 3.6427 2.2622 104.746 93.118 
Overall SD 1.2090 0.6044 16.627 20.082 

Table B 48: Hardness and reduced Modulus of samples treated with a "toothkind" blackcurrant 
drink including the overall mean and overall standard deviation (SI)). 

208 



Measurements of the hardness and modulus for samples treated 
with orange juice 

Hardness GPa Modulus GPa 
Sample Measurement Untreated Treated Untreated Treated 

11 1.949 2.044 106.16 77.97 
1 2 2.472 0.027 94.94 9.70 
1 3 3.468 0.084 101.66 20.91 
1 4 2.663 0.167 87.43 23.03 
1 5 3.195 0.130 94.36 22.63 

2 1 4.625 2.227 112.36 85.70 
2 2 3.127 2.431 91.19 79.56 
2 3 3.034 3.209 97.43 119.31 
2 4 4.521 1.519 121.34 68.50 
2 5 3.966 1.627 104.34 65.42 

3 1 2.591 1.034 81.93 80.71 
3 2 2.083 1.160 85.78 79.13 
3 3 2.378 0.752 80.81 53.14 
3 4 2.409 0.854 88.33 66.05 
35 2.804 0.954 85.11 71.59 

Overall mean 3.0190 1.2146 95.544 61.558 
Overall SD 0.8209 0.9579 11.725 30.317 

Table B 49: Hardness and reduced Modulus of samples treated with orange juice including the 
o%erall mean and o%erall standard de%iation (SD). 
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Appendix C 
The statistical calculations have been performed using Statgraphics Plus 4.0 (Manugistics, 

Inc.; Rockville, USA). All the calculations are based on the statistical formulas and 

considerations given in this appendix. They have been cited either from the Statgraphics 

programme manual or the included literature. Occasionally formulas summarising two or 

more equations from the cited literature are presented. Formulas for calculations, which need 

extensive computing (like ANOVA) are not included, since their detailed explanation lies 

outside the purposes of the present thesis. 

List of abbreviations 
Abbreviation Name 

ANOVA Analysis of Variance 

g1 Skewness 

g2 Kurtosis 

i Integer value between 1 and n 

LSD Least Significant Difference 

M Median of the sample population 

n Sample size 

s Standard deviation 

s2 Variance 

X Measured value 
X Sample mean, for simplicity reasons it will be referred to as "mean" 
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Calculations of the mean, median, variance and standard deviation 

Mean 

The arithmetic sample mean equals the sum of all measurements in the sample divided by the 

number of measurements in the sample ([244], chapter 3.1). 

I, 
xi C. 1 

µn 

Median 

The median is the middle measurement in an ordered set of data ([244], chapter 3.2). 

Al = X(R+t)n C. 2 

For odd sample sizes, the subscript in C. 2 is an integer and indicates, which datum is the 

middle data in an ordered sample. If, however, the sample size is even, the subscript in C. 2 

will be a half integer, indicating that there is not one, but two middle values in the particular 

set of data. In this case the median is defined as the midpoint between them ([244], chapter 

3.2). 

Variance 

Variance is the mean sum of the squares of the deviations from the mean ([244], chapter 4.4). 

n 
y(X, 

_, V)2 

s2=r-' 

n-1 

Standard deviation 

The standard deviation is the positive square root of the variance ([244], chapter 4.5). 

i(x, 
-X)2 

r=t 
s= 

n-1 

C. 3 

C. 4 
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Skewness and kurtosis 
Skewness 

The skewness of a population is a measurement for its symmetry (the formula is summarised 
from equations given in [244], chapter 6.1). 

Il 

nt (X, 
- X)3 

I_] 
C. 5 

gý (n-1)x(n-2)xs` 

Three different cases can be distinguished: 

a. ) The sample comes from a population, which is symmetrical (normal) distributed around 

its mean: g, = 0. (red curve in figure C 1), 

b. ) The samples comes from a population that is skewed to the left: g, < 0 (green curve in 

figure C 1), 

c. ) The samples comes from a population that is skewed to the right: g, >0 (blue curve in 

figure C 1), ([244], chapter 6.1). 

Figure C 1: The graph illustrates distributions with different skewness. The frequency of a 
variable is drawn against its values. The red curve shows the normal distribution while the blue 
one is positively skewed and the green one negatively (12441, chapter 3.2). 
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Kurtosis 

The kurtosis of a population is a measurement for its "tail thickness" (the formula is 

summarised from equations given in [244], chapter 6.1). 

nt(X, -X)4 x(n+l)/(n-1)-3 (X, 
-X)2 

g' (n-2)x(n-3)xs`' 

Three different cases can be distinguished: 

a. ) The sample comes from a population, normal distributed around its mean: g, 0. (red 

curve in figure C 2), this population is mesokurtic, 

b. ) The samples comes from a population that has more values in its "tail" than a normal 
distribution: g, <0 (green curve in figure C 2), this population is platykurtic, 

c. ) The samples comes from a population that has less values in its "tail" than a normal 

distribution: g, > 0 (blue curve in figure C 2), this population is leptokurtic (12441, 

chapter 6.1. 

Figure C 2: The three curves illustrate distributions with different kurtosis. The frequency of a 
variable is drawn against its values. The red curve shows the normal or mesokurtic distribution 
while the blue one is leptokurtic and the green one platykurtic, (12441, chapter 6.1). 
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ANOVA 

One of the most common questions in the statistical evaluation of experimental data is 

whether differences exist between the sampled populations. For two populations a two-sample 

test can be easily employed. However, two-sample tests are not suitable for comparing more 

than two populations with each other since the probability of wrongly concluding that two 

means come from statistically significant different groups (Type I error) increases with the 

number of two-sample tests conducted. If for example multiple t-tests are employed to test for 

the difference among 10 means, the probability at the 95% confidence level of conducting a 
Type I error is p=1 - 0.9510 = 0.9 ([244], chapter 10). 

To compare the means of more than two populations it is therefore necessary to employ a 

multi-sample analysis such as ANOVA. Depending on the number of factors, which can 
influence the measured values for the populations, either a one-way (for one factor), a two- 

way (for two factors) or three-way (for three factors) ANOVA is used ([244], chapter 10). 

In simple terms, the ANOVA calculates whether the obtained sample means are different, 

considering the pooled variance common to all populations. If these populations are equal the 

pooled variance is identical to the among-groups variance as well as the within-groups 

variance. However, if the among-groups variance is statistically significantly greater than the 

within-groups variance, at the chosen confidence level, the population means are not equal 
([244], chapter 10.1,12.1 and 14.1). 

Based on these considerations, it is clear that certain assumptions are underlying the ANOVA. 

1. The variances of all populations are the same. 

If this is not the case, it might be concluded wrongly that there is no difference between 

the populations, nevertheless only severe deviations from this assumption lead to an 
invalidation of the analysis of variance ([244], chapter 10.1). 

2. Each of the populations is normal distributed. 

Only severe deviations from this assumption can lead to an invalid analysis for large 

sample numbers. With small sample sizes, like the ones presented in this thesis, however 

the power of the ANOVA can be influenced by deviations of the data from normality. If 

the underlying populations are very much platykurtic the power of the ANOVA decreases, 

while a leptokurtic distribution leads to an increase in the power of the ANOVA ([244], 

chapter 10.1). 

If the studied populations deviate extremely from the underlying assumptions nonparametric 

procedures, such as the Kruskal-Wallis test should be used ([244], chapter 10.1 and 10.4). 
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Kruskal-Wallis Test 

The Kruskal-Wallis test is a non-parametric test, which is often called an "analysis of variance 
by ranks". It can be used on any set of data. Compared to the parametric ANOVA, the 

Kruskal-Wallis test is 95% as powerful as the ANOVA when used on normal distributed data. 

However, if the ANOVA is not applicable, the Kruskal-Wallis test might even be the more 

powerful test ([244] chapter 10.4). In the Kruskal-Wallis test statistic, ranks are assigned to 

the original data and the statistic is based on the comparison of these ranks rather than the 

original values. As for the ANOVA it is possible to distinguish between different types of 
Kruskal-Wallis tests depending on the number of factors which are compared (e. g. single- 
factor analysis). More details on multi-sample tests can be found in standard statistical 

literature ([244] chapter 10.4). 

Choosing the appropriate method 
To decide which multi-sample test is suitable for the obtained data, the Bartlett's test is 

employed to check the homogeneity of the variance of all populations ([244], chapter 10.6). 

To check the normality of the populations, the powerful Shapiro-Wilks-W test is used ([244] 

chapter 6.5). This test is appropriate for the data presented in the present work, because it is 

valid for small sample sizes n? 3 [245]. The formulas for the two methods can be found 

elsewhere ([244], chapter 10.6) [245]. If statistically significant deviations from the 

underlying assumptions of the ANOVA are detected, it becomes necessary to further 

investigate the reasons for these deviations. In particular, it will be tested whether it might be 

possible to transform the data, in order to obtain a normal distributed and/or homoscedastic 

set of data, which can still be used in the ANOVA. The transformation of the data is preferred 

to using non-parametric tests due to the greater power of the ANOVA. 

As already pointed out, it is stated in the literature that only severe deviations from the 

underlying assumptions can lead to an invalid result in the ANOVA ([244], chapter 10.1). 

However, no limits are given with regard to when "a severe" deviation of the data is present. 
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Further analysis of the data 

The null hypothesis in an ANOVA and Kruskal-Wallis test is that, either the means 

(ANOVA) or the medians (Kruskal-Wallis test) of all tested populations are equal. If this 

hypothesis is rejected, it does not mean that there is a statistically significant difference 

between all the populations. It is impossible to tell from an ANOVA or a Kruskal-Wallis test, 

how many differences are present between the populations and which populations are 
involved. It is therefore necessary to use multiple comparison tests to identify the populations 

with different means or medians ([244], chapter 11). 

For parametric data, the Fisher's LSD test is used to determine differences between the 

populations. In this test, an upper and lower limit is calculated for each mean in such a way 

that at the 95% confidence level the intervals around two means will overlap 95% of the time, 

if two means are the same [246]. Generally speaking the same assumptions are underlying the 

ANOVA and the Fisher's LSD test. However, due to the fact that the upper and lower limits 

are determined by taking the average standard deviation for all the groups into account, the 

homogeneity of variance assumption is more important for the validity of the Fisher's LSD 

than the normal distribution of the data. This test is therefore not applicable if 

heteroscedasticity of the data was determined ([244], chapter 11). Graphical ways of showing 

the results of a Fisher's LSD test are the LSD means plot and tables of homogenous groups. 

The LSD means plot shows the mean of the population together with the calculated 95% 

confidence interval (upper and lower limits) around each mean [246]. If the intervals of two 

populations overlap, there is no statistical significant difference between these populations. In 

a table of homogenous groups the differences between populations, are highlighted by the use 

of crosses which indicate the spread of the data. A statistical significant difference is 

established, if the crosses of two populations do not overlap vertically at any point [246]. 

For not normal distributed data a further analysis is graphically conducted by employing a 
Box-and-Whisker Plot. In this plot the data is divided into four areas of equal frequency with 

a central box indicating the middle 50% of the data [246]. A vertical line shows the median, 

while the mean is represented by a single point. From each side of the box (the lower and 

upper quartiles) whiskers extend to the smallest and biggest points of the population within 
1.5 interquartile ranges from the lower and upper quartile, respectively [246]. Values outside 

the whiskers are drawn as individual points. In order to compare the medians with each other 

the median notch option is used, where a notch is added, representing a 95% confidence 
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interval for the median. If the notches of two populations overlap, there is no statistical 

significant difference detectable between these populations [246]. 

Analysis of the data 

All the data (see Appendix B) are tested concerning their homogeneity of variance and normal 
distribution at the 95% confidence level, using the Bartlett's test and Shapiro-Wilks W 

statistic, respectively. For a probability of p>0.05, the underlying assumption, e. g. the data are 
homogenous or the data are normal distributed is fulfilled. For the results of the Shapiro- 

Wilk's W test, crosses (x) are used in the following tables, if p>0.05, to simplify the 

presentation of the results. If, p<0.05 however, the calculated values will be given. If the data 

is not normal distributed the skewness and kurtosis of the data will be determined. 

In-vitro study 

Test concerning the homogeneity of the data: 

The result for the Bartlett's test used to evaluate the raw data has a p-value of p=0.00. This 

shows that the assumption that all the populations have the same variance is violated and 
therefore non-parametric tests should be used. However, under certain circumstances, simple 

mathematical procedures can be employed for transforming a heteroscedastic set of data into a 
homoscedastic one. To find a suitable transformation, the standard deviation of the 

populations is drawn versus their means. In figure C3 this is done for the raw data of the 
lemon and lime juice samples, since they show the largest spread in the standard deviation. 
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Figure C 3: Standard deviations of the Tesco lemon and lime samples at each time point drawn 
against their mean values; the line indicates a linear regression curve, R2=0.9965 
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A linear regression curve is the most suitable way of describing the relationship between the 

means of the measured material loss and the standard deviation at each time point, indicating 

that the standard deviations are proportional to the means. In this case a logarithmic 

transformation of the data is applicable to obtain a homoscedastic set of data ([244], chapter 
13.1). After the transformation the result of the Bartlett's test is p=0.97, indicating that 

parametric tests can be now applied if the populations of the logarithmic data set are normal 
distributed. 

Test concerning the distribution of the data. 

Since it is necessary to use the logarithmic data rather than the raw data in the consecutive 

analysis, if parametric tests are to be applied, the test for the normality has to be conducted on 

the transformed data rather than the raw data as well. We have to distinguish between 15 

populations (three drinks tested at 5 different time points) with n=10 samples per population, 

which all have to be normal distributed ([244] chapter 12 and 10.1). 

Results for the Shapiro-Wilks W test: 

Time Drink 

Water Blackcurrant Lemon and lime 

15 min x x x 

30 min x x x 

60 min x x x 

2h x x x 

3h x x x 

Table C 1: Results of the Shapiro-Wilks W test of the transformed data obtained in the in-vitro 
study. A cross (x) indicates that the calculated p-value is >0.05. For those populations the 
hypothesis that the transformed data is normal distributed can therefore not be rejected at the 
95% confidence level. 

As can be seen in table C1 the transformed data of all populations is normal distributed. It is 

therefore possible to use parametric tests in the statistical analysis (results: see Chapter 2). 

Clinical trial, pellicle laver: 

Three factors (drink, day and volunteer) can theoretically influence the thickness of the 

acquired pellicle layer in the clinical trial. Due to the study design there is only one value 
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available for each combination of these factors (e. g. n=1 for all cells). In this situation, where 

there are no replications, it is not possible to test the data concerning its homogeneity and 

normality. According to the literature ([244], chapter 12.3) a two-way ANOVA can still be 

performed. However, its power to find statistically significant differences between 

populations will be decreased since no factor interactions can be tested. If a statistically 

significant difference is concluded nevertheless, this conclusion may be accepted ([244], 

chapter 12.3). Similar considerations should apply for a three-way ANOVA. 

As shown in Chapter 3a statistically significant difference was determined for all three 

factors (day: p=0.0009, drink: p=0.0046 and volunteer: p=0.0244) using a three-way ANOVA 

at the 95% confidence level. If the interactions between the factors could have been taken into 

account, all of these p-values would either be reduced or stay the same, making the calculated 

p-values rather conservative estimations of the statistical effect of the factors under 

investigation ([244], chapter 12.3). Similar considerations are valid for the consecutive 

Fisher's LSD. 

Clinical trial, erosion: 

Similar considerations apply for the erosion measurements. However, in the case of the 

erosion study an additional factor has to be taken into account: the chemical composition of 

the enamel samples used in the clinical trial. Since the chemical composition of different 

enamel samples is not identical, their composition might influence the variance of the data. 

This fact has already been observed in the in-vitro study (see Chapter 2), making a 

transformation of the data necessary in order to use parametric tests. It was therefore decided 

to test the obtained data for any possible effect of the enamel composition on the measured 

material loss. The easiest way to do so, is by plotting the standard deviations of each drink at 

each time point versus the means of these groups, using the measurement per volunteer as 

replications. If the enamel composition does not influence the measured material loss, the 

points should be more or less randomly spread, as it is the case for the pellicle layer 

measurements (see figure C 4). 

219 



, _, 
100 

= 90 
C 80 i 
o 70 
ä 60 
.ý 50 

40 
m 30- 
"a 20 

10 
cn 0 

0 50 100 150 200 250 

Mean value [nm] 

Figure C 4: Standard deviations of the pellicle layer thickness plotted against the mean values 
for each time-drink combination using the measurements per volunteer as replications; no clear 
pattern between the mean values and the standard deviations can be observed. 

For the raw data of the erosion measurements however, a linear regression curve can be used 

to describe the behaviour of the different points (see figure C 5). 
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Figure C 5: Standard deviations of the material loss plotted against the mean values for each 
time-drink combination using the measurements per volunteer as replications; the line indicates 
a linear regression curve, R2=0.8855 

The R2-value is highest if the relationship between the standard deviations and the means is 

estimated by a linear regression curve (R2=0.8855). It is considerably lower than the R2-value 

obtained for the in-vitro data, but this is due to the fact that the variations are dependent on the 

composition of the enamel as well as the volunteer. In order to eliminate the effect of the 
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enamel composition on the measured set of data, the raw data is transformed using the natural 

logarithm prior to the statistical analysis. 

Nanoindentation, hardness measurements 

Test concerning the homogeneity of the data: 

The result for the Bartlett's test used to evaluate the raw data has a p-value of p= 0.26. 

The assumption that the data is homoscedastic is therefore valid and parametric test can be 

employed, if the data are found to be normal distributed as well. 

Results for the Shapiro-Wilks W test for normality: 

Hardness Drink 

Water Blackcurrant Orange juice 

Treated area x x x 

Untreated area x x x 

Table C 2: Results of the Shapiro-Wilks W test for the hardness raw data. A cross (x) indicates 
that the calculated p-value is >0.05. For those populations the hypothesis that the data is normal 
distributed can not be rejected at the 95% confidence level. 

Since all the populations are normal distributed and homoscedasticity was established for the 

data, parametric tests can be used for the statistical analysis of the hardness values. 

Nanoindentation. reduced Young's modulus measurements 

Test concerning the homogeneity of the data: 

The result for the Bartlett's test used to evaluate the raw data has a p-value of p= 0.02. 

This shows that the assumption that all the populations have the same variance is violated and 

therefore non-parametric tests should be used. As previously described it is possible in certain 

circumstances to transform the data in order to obtain comparable variances. In figure C6 the 

standard deviations for each drink-area combination are plotted versus their mean value. 
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Figure C 6: Standard deviations of the reduced Young's modulus values plotted versus the mean 
values for each area-drink combination; no clear relationship is observed. 

Since no clear relationship between the means and their respective standard deviation is 

apparent, no transformation of the data can be attempted in order to fulfil one of the 

underlying assumptions of the ANOVA. 

Results for the Shapiro-Wilks W test for normality: 

Reduced Young's Drink 

modulus Water Blackcurrant Orange juice 

Treated area x x x 

Untreated area p=0.03 x x 

Table C 3: Results of the Shapiro-Wilks W test for the raw data of the reduced Young's 
modulus. A cross (x) indicates that the calculated p-value is >0.05. For those populations the 
hypothesis that the data is normal distributed can not be rejected at the 95% confidence level. 
For one population, however, this hypothesis has to be rejected. 

As can be seen in table C3 one population is not normal distributed at the 95% confidence 
level. This population is leptokurtic (g, = 4.18) and skewed to the right (g2 = 1.68). Even 

though a leptokurtic distribution can lead to a higher power of an employed ANOVA, the fact 

that this population is also skewed to the right, leads to a severe deviation from the underlying 

assumption, that all the populations are normal distributed. 
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Since the data for the reduced Young's modulus violates the assumption of homogeneity as 

well as the assumption of normality, non-parametric tests have to be employed for the 

statistical analyses. 
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Appendix D 

The cut off point in the nanoindentation experiment has been calculated for each individual 

indentation curve using a programme written in Mathematica 4.0 (Wolfram Research, 

Illinois, USA) as described in the following flow chart: 

Read the experimental data and plot the curve 

Select the data for approach 

Invert the axis from: load vs depth to: depth vs load 

Disregard the first unreliable data 
(indentation depth usually less than 25 nm) 

Create a function y(load) by interpolating the data points 

no 
Is the interpolation accurate? Check the original data 

yes 

Plot the: 
"Interpolation function 
-Its first derivative 
-Its second derivative 

Input the min and max values around the minimum in 
the second derivative 

Find the x-coordinate of the minimum 

Display the co-ordinates (load, depth) of the point where 
the slope changes (cut off point) in the experimental data 

Check that the load co-ordinate no 
of the second derivative and of 

the experimental data 
correspond 

yes 

End of programme 
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Routine written in Mathematica for the determination of the change in slope in 

the approach part of the nanoindentation curves 

The routine is explained by using a random indentation curve as an example. 

The first step is to read and plot the original data. 

SetDirectory["Macintosh HD: samplel"]; 
Id = Read List["IN5A8D. TXT", Number, RecordLists -> True]; 
fig1 = ListPlot[Id, PlotJoined -> True] 
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Afterwards the approach part ofWcurve is extracted and inverted (load vs depth) - (depth 

vs load) and the first few unreliable data are disregarded (dl -º dlred). The rest of the data 

set is interpolated (dared -' y). 
The low signal to noise ratio, at the beginning of the indentation curves, is responsible for a 

non-monotonic behaviour. The first few data points (usually up to a maximum indentation 

depth of 25 nm) are therefore not considered in order to obtain a monotonic distribution 

with respect to the load values. 

IengO = Length[ld]; 
maxdepth = 

Position[Table[Id[[i, 2]], {i, lengO}], 
Max[Table[Id[[i, 2]], {i, lengO}]]][[1]][[1]] - 50; 

dl = Table[{Id[[i, 2]], ld[[i, 1]]}, {i, 1, maxdepth}]; 
xdl = Table[dl[[i, 1]], {i, 1, maxdepth}]; 
ydl = Table[dl[[i, 2]], {i, 1, maxdepth}]; 
ep = 0; 
Do[ 
epi = Flatten[Position[xdl, xdl[[i]] ] ]; 
If[Length[epi] > 1, ep = i, ep = ep], 
{i, 1, maxdepth}] 

ep = ep + 1; 
Print["the first ", ep, " data are cut"] 
dlred = Take[d], -(maxdepth - ep)]; 
y= Interpolation[dlred, InterpolationOrder -> 3]; 
Print["the interpolated function y goes between ", y[[l]][[l]][[l]], " and ", y[[l]][[1]][[2]]] 
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the next part of the routine, the inverted data (black) and the interpolated function 

(magenta) are plotted together in one graph in order to check that they match. 

fig1 = ListPlot[dlred] 
fig2 = Plot[Y[x], {x, y[[1]][[1]][[1]], y[[1]][[1]][[2]])] 
Show[figl, fig2] 
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In order to visualise the area of interest, a zoomed-in graph of the interpolated function 

(black) and the first (blue) and second (red) derivative is plotted. 

figO=Plot [y[x], {x, 0,200}, PlotRange->{-100,200}] 
fig1=Plot [y'[x], {x, 0,200}, PlotRange->{-100,200}] 
fig2=Plot [y"[x], {x, 0,200}, PlotRange->{-100,200}] 
Show [figO, fig1, fig2, PlotRange->{-100,200}] 
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-position of the absolute minimum in the second derivative and the corresponding 

values in the experimental data (load, depth) are calculated. In the end it is checked that the 

load co-ordinate of the second derivative and the experimental data correspond. 

leftvalue = 20; 
rightvalue = 50; 
n=1; 
While[dl[[(n =n+ 1), 1]] < leftvalue, min = n]; 
n=1; 
While[dl[[(n =n+ 1), 1]] < rightvalue, max = n]; 
grad2 = Table[{xdl[[i]], y"[xdl[[i]]]}, {i, min, max}]; 
grad2x = Table[grad2[[i, 1]], (i, 1, Length [grad 2]1]; 
grad2y = Table[Abs[grad2[[i, 2]]], {i, 1, Length [grad2]1]; 
maxposition = Position[grad2y, Max[grad2y]][[1]][[1]] + min - 1; 

Print["THE CHANGE IN SLOPE IS AT: ", dl[[maxposition]]]; 
Print["Check that the following number equals the x-coordinate: 
grad2x[[Position[grad2y, Max[grad2y]][[1 ]][[1 ]]]]]; 

In this example the cut off point was calculated to be at a load of 37.509919 µN and an 

indentation depth of 75.153713 nm. 
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