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Abstract 

Dental caries is a highly prevalent chronic disease, the treatment of which, forms a 

significant financial burden. Furthermore, due to the invasive nature and relatively high 

long-term failure rate of established treatments, focus has been placed on effective 

prevention strategies in order to instead circumvent the problem before it occurs. 

Prevalence of dental caries is particularly high in adolescents due to the increased 

susceptibility of newly erupted teeth to acid dissolution. A transient vulnerability that is 

gradually lost with time through a post-eruptive maturation process.  

Post-eruptive maturation (PEM) refers to chemical and physical changes that occur in 

the outer enamel layers following exposure of newly erupted teeth to the oral 

environment. Whilst little is known about the underlying mechanism, it is believed to be 

a result of the natural fluctuation between de- and remineralising states within the oral 

cavity. To date, most literature regarding PEM places focus on measuring the 

outcomes of the process (Which include increased surface hardness, decreased 

porosity and a decrease in susceptibility to acid dissolution) as opposed to investigating 

the reasoning behind such changes. One reason for this focus is the difficulties faced 

when initially approaching the study of PEM, as there is currently no established model 

or protocol for recreating the process in vitro.  

In order to address this problem, the current work outlines the development process of 

a proposed pH-cycling model for use in the study of PEM. The efficacy of the model 

was initially assessed though its ability to reduce acid dissolution and then also through 

its effect on surface microhardness. The often speculated role of repeated sub-clinical 

caries events as the basis to PEM was confirmed through the observation of 

significantly reduced mineral loss in enamel previously exposed to plaque-fluid-relevant 

pH-cycling conditions. Further to this, the ability of Fluoride, Zinc and Strontium to 

supplement this effect was demonstrated, in addition their ability to replicate the 

increased surface microhardness observed during PEM.    

The 20-day, plaque-fluid-relevant, pH-cycling model proposed within this work has the 

potential to allow much greater insight into the underlying chemical mechanisms 

underpinning PEM, particularly the potential incorporation of ions such as F and Zn, in 

addition to allowing the testing and identification of agents to enhance the observed 

effects. As such, this work provides a much-needed springboard from which the clinical 

potential of PEM can be unlocked.  
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Chapter One: Background and 

Introduction 

1.1 Dental caries  

1.1.1 The Burden of Dental Caries 

Dental caries is of the most pervasive diseases on the planet (Selwitz et. al. 2007, Vos 

et. al. 2015) and therefore forms a significant impediment to world health (Bedi et. al. 

2016). Whilst it is not a threat to life, its high prevalence throughout the world and 

particularly within developed countries, where almost 100% of the population is 

affected to some degree, means that the financial burden of caries treatment is high. 

This can be illustrated best through referring to past statistics on caries treatment 

costs. Back in 2012 the World Health Organisation (WHO) placed dental caries as the 

4th costliest disease within developed countries and as affecting 60-90% of 

schoolchildren worldwide (WHO Factsheet 318, 2012). Furthermore, in 2006, the NHS 

spent around £1977 million on dental interventions in England alone (NHS Report 

2008). Whilst preventative measures have greatly improved over the past 60 years, the 

increased popularity and availability of fermentable carbohydrate-based foods, along 

with the increasing popularity of “little and often” diets have ensured dental caries 

remains a global problem. On a personal level, dental caries is painful and has a 

sizeable impact on speech, eating, confidence and other social behaviours (Locker 

1992). As such, it can be highly detrimental to a patient’s quality of life (Low et. al. 

1999, Gerritsen et. al. 2010).  

Dental Caries can be defined as the demineralisation and eventual destruction of tooth 

mineral through acidic challenges generated by acid-producing bacteria in plaque. The 

process starts in the outer enamel, but if untreated can progress to the dentine, the 

pulp and, in some cases, the root of the tooth.   
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1.1.2 Caries Development 

Caries is a complex multifactorial disease caused by the interaction of several local 

factors including the presence of acid-producing bacteria, the availability of fermentable 

carbohydrate, the composition of the saliva and the tooth itself. Additionally, there are a 

also a range of wider risk factors for caries development, including, but not limited to, 

income, hygiene levels, diet and socio-economic status (Figure 1.1).  

   

Figure 1.1: Factors Involved in Caries Development. Diagram highlighting the 

multi-factorial nature of dental caries. Central Venn diagram contains direct 

causative factors, whilst outer circles represent the oral environment and wider 

personal influences. Adapted from Fejerskov and Manji (1990). 
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During the caries development process, the enamel provides a surface upon which 

bacteria can colonise and eventually form into a mixed-species biofilm (Marsh 2004). A 

biofilm can be defined as a thin microbial layer, adhered to a structural surface 

alongside a secreted polymer matrix (Costerton et. al. 1999, Marsh 1992). Following 

biofilm formation, the conditions within the oral cavity provide a stable environment 

which serves to provide nutrients and encourage population growth (Marsh and Martin 

1999). At this point the provision of fermentable carbohydrates from diet can cause this 

oral eco-system to promote acid-producing bacteria, which in turn lower the pH of the 

oral environment. This reduced pH leads to the dissolution of the underlying enamel 

surface and development of dental caries. It is important to note at this point that the 

oral environment is in a permanent state of flux between conditions that favour net de-

and re-mineralisation and it is when the balance is tipped in favour of demineralisation 

that carious lesions are formed (Fejerskov et. al. 2008). This process was 

demonstrated in practice by Stephan (1940), who showed that within 2-4 minutes of 

exposure to glucose or sucrose, the pH of dental plaque dropped to 5, before restoring 

back to normal within 40 minutes. Whilst this observation forms a cornerstone of our 

understanding of the caries process, other authors have suggested that, whilst the 

same overall effect occurs, there is a much more significant drop in pH, which can take 

up to two hours to return to a resting, neutral pH (Graf and Muhlemann 1966, De 

Boever et. al. 1969). It is also important to appreciate that dental caries form over time 

and are the result of repeated exposure to acidic conditions over an extended period 

and not a single acidic event. It can therefore be considered the product of an overall 

net shift of the oral environment to favour demineralisation (Figure 1.2).  
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Figure 1.2: Schematic of Caries Development. Left: Illustration demonstrating the 

stages of caries development through the different tooth layers. Adapted from Pitts 

(2004). Right: Schematic of the caries process highlighting the dynamic balance 

between de- and re-mineralising conditions. Adapted from Kidd and Joyston-Bechal 

(1997). 

1.1.3 Diagnosis and Treatment of Dental Caries 

Dental caries can be diagnosed visually, providing a clean, dry-tooth surface and 

appropriate lighting are achieved, however such examination is difficult for the 

detection of early caries. Radiography is therefore the predominant method of clinical 

identification (Nyvad et. al. 2008, Mejare and Kidd 2008). Treatments for developed 

dental caries are invasive and subject to potential failure with time. It has therefore 

become a primary focus of both dental research and clinical care to focus first and 

foremost on prevention in a bid to circumvent the problem before it arises (Burt 1998). 

Classically, prevention focuses on a reduction in both the frequency and amount of 

sugar intake, combined with good oral hygiene practices (Ruxton et. al. 1999). 

Significant time and research has led to several novel and innovative active 

ingredients, being developed and implemented, the most notable of which being 

fluoride (Ripa 1991, Bratthal et. al. 1996, ten Cate 1997, Featherstone 1999). There is, 

however, still continuous time and effort dedicated to understanding the caries process 
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and natural resistance mechanisms with an aim of developing new and more 

appropriate ways to contribute to the caries decline.  

1.2 Structure of Dental Enamel 

Dental enamel is the hardest tissue in the human body (Bechtle et. al. 2010), with 

human teeth able to withstand forces over 700N during mastication (Hagberg 1987). It 

is also the most mineralised, showing higher crystallinity than dentine and bone when 

analysed by X-ray diffraction (LeGeros et. al. 1996). Composition-wise, it is acellular 

and made up of 95% carbonised apatite, 4-5% water and less than 1% organic matter 

(Angmar et. al. 1963, Robinson et. al. 1983, Elliot 1998, ten Cate 2007). When 

considered in terms of volume, enamel is 87% mineral, with the remaining 13% of 

space taken up by water and protein (LeGeros 1991). Structurally, enamel is formed of 

mineral rich prisms embedded in an organic sheath (Low et. al. 2008) (Figure 1.3). 

Each prism consists of many hexagonal carbonated-apatite crystals approximately 

50x25nm and up to 1mm in length (Johansen 1965, Selvig and Halse 1972). The 

space between crystals is occupied by a mixed inorganic and organic matrix. Each 

prism is around 3-7µm in diameter (Gwinnett 1992, Cuy et. al. 2002) and extends from 

the dentine towards the surface (Johansen 1965). When viewed cross-sectionally, 

prisms appear keyhole- or fish scale-like and may fuse together along their length. 

Prisms can, in some cases, run along the full enamel depth (Daculsi et. al. 1984). At 

the interface between prisms there is an interprismatic space, containing water (11% 

Vol) and organic material (2% Vol), which is believed to be important for diffusion within 

the enamel tissue (Boyde 1989). At the enamel surface, there is an up to 100µm thick 

solid aprismatic layer, which is formed towards the end of the pre-eruptive maturation 

process (Boyde 1989, Gwinnett 1967, Kodaka 1989). The mineral content, and 

therefore porosity of dental enamel, is not uniform, with the prism density decreasing 

from the surface to the dentine (Robinson et. al. 2000). This is inverse to the porosity, 

organic material and fluid content, all of which increase from the surface to the enamel-
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dentine junction (EDJ) (Hall et. al. 2000). The apatite crystal size is larger in the outer 

layers than the underlying enamel (LeGeros et. al. 1996).  

 

Figure 1.3: Structure of Dental Enamel. Schematic of enamel structure. Keyhole-

shaped prisms 3-6µm in diameter are arranged within interprismatic space. Each 

prism consists of tightly packed enamel crystals 50x25nm in size. Adapted from 

Fulmer et. al. (2014).  

 

Enamel is made up largely of carbonised apatite that contains several calcium 

substitutions. However, in order to fully understand its behaviour within the oral 

environment it is important to first consider the structure of stoichiometric 

hydroxyapatite (HAp), the formula of which is Ca₁₀(PO₄)₆(OH)₂ (Kay et. al.  1964). 

Within the hydroxyapatite, ions are arranged around a central hydroxyl column 

(Robinson et. al. 1995a). Each hydroxyl ion is surrounded by a triangle of calcium II 

ions, along with a triangle of phosphate ions at a 60° angle. These are then in turn 

surrounded by a hexagon of calcium I ions. These hexagonal plates stack on top of 

one another in the c-axis direction to form the crystal structure of the enamel (Figure 

1.4). Therefore, by weight, enamel crystals are 37% Ca, 52% P and 3% OH.  
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Figure 1.4 Crystal Structure of Hydroxyapatite. HPA Crystal is formed of stacked 

hexagonal plates along a hydroxyl central column. Each plate consists of a central 

OH with calcium II and Phosphate triangles at 60º to one another. These are 

surrounded by a hexagon of calcium I ions. Adapted from Robinson et. al. (2000). 

 

In reality the HAp in dental enamel varies from the stoichiometric structure described 

above. These changes take the form largely of missing or substituted calcium (Posner 

and Perloff 1957, Winand et. al. 1961) and hydroxyl (Myrberg 1968) groups. In fact, the 

hydroxyl content of enamel has been reported to be up to 30 percent lower than that of 

stoichiometric HAp (Young and Spooner 1969). Substituted ions within the HAp include 

carbonate, fluoride and magnesium amongst others and have a significant effect on the 

behaviour of the enamel when presented with an acid challenge (Robinson et. al. 

1995a, Robinson et. al. 2000). This is illustrated by comparing the solubility product of 

stoichiometric HAp (3.04 x 10ˉ⁵ ) (Mc Dowell et. al. 1977) to those reported for enamel 

mineral (7.2 x 10ˉ⁵  to 6.4 x 10ˉ⁵ ) (Patel and Brown 1975). Additionally, “pure” HAp 

has been shown to be both denser and harder than dental enamel (3.16 g/cm³ and 

2.95 g/cm³, 430KHN and 370KHN respectively) (Bardow et. al. 2008). The hardness 

throughout the enamel is not uniform, with increased hardness in the outer layers 
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compared to areas near the EDJ (Roy and Basu 2008). Impurities within the apatite 

vary in their distribution through the enamel, with some, such as fluoride, zinc, tin and 

lead found in high concentrations at the surface as opposed to the underlying enamel 

(Robinson et. al. 1995b, Lindh and Tveit 2007). In contrast, others such as carbonate, 

magnesium and sodium show the reverse, with higher concentrations being found 

towards the EDJ (Little and Brudevold 1958, Robinson et. al. 2000, Watson et. al. 

1967, Weatherell et. al. 1968, LeGeros et. al. 1996). Other ions, such as strontium and 

copper, exhibit a more even distribution across enamel depths (Larsen and Bruun 

1994).  

1.3 The Enamel and caries 

 

Figure 1.5 Stephan Curve. Stephan Curve showing changes in pH following a 

glucose rinse. The “critical” pH threshold is also presented.  Adapted from Stephan 

et. al. (1943). 

 

Due to the acellular nature of dental enamel, demineralisation can be considered as a 

chemical, as opposed to biological process. Fundamentally, it is caused by changes in 
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pH causing the oral fluids and interprismatic spaces to undergo a change in the degree 

of saturation (DS) with respect to Calcium and Phosphorous. When the fluids become 

under saturated with respect to Ca and P, dissolution of the enamel occurs. This is 

usually caused by a pH lower than the “critical” pH of 5.5 (Dawes 2003), above which 

remineralisation occurs. This is demonstrated in Figure 1.5 above. The DS is 

calculated by dividing the ionic activity product by the solubility product constant (KSP). 

For dental enamel this is not straightforward, as, although the KSP has been estimated 

(Fosdick and Stark 1939, Aoba 2004), substitutions that occur within the mineral can 

affect the value, making it hard to accurately predict (Francis 1965, Patel and Brown 

1975, LeGeros 1981). During demineralisation more soluble aspects of the enamel, 

such as magnesium and carbonate, usually within the inner layers, are preferentially 

lost (LeGeros et. al. 1996, Robinson 2009) and then replaced during the subsequent 

remineralisation phase with alternative ions such as fluoride (Aoba et. al. 2003). This 

allows the mineral content to change with time and whether such changes are 

destructive is dependent on whether the oral environment is balanced towards 

dissolution or remineralisation (Kirkham et. al. 1994). There is evidence to suggest that 

in vivo both de- and remineralisation occur simultaneously (Robinson et. al. 2000).  

Carious lesions characteristically form as an intact surface with an area of subsurface 

demineralisation (Silverstone 1968), this is distinct to erosive lesions, in which the 

mineral is lost from the surface itself (Larsen 1991). When viewed under polarising 

light, a caries lesion can be divided into four distinct zones, which are illustrated in 

Figure 1.6. The first, the translucent zone, is the found at the advancing edge of the 

lesion. It is the first recognised change in the mineral. Superficial to the translucent 

zone is the dark zone, which forms part of the advancing lesion. Whereas the 

translucent zone is only observed in some lesions, the dark zone occurs in 85-90% of 

lesions (Silverstone 1967).  The body of the lesion is an area of enlarged pores where 

the most mineral has been lost. The body of the lesion lies under the surface zone, 
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which is an area of relatively unaffected enamel at the surface of the lesion usually 20-

40µm in depth (Silverstone 1968). It is believed that this layer is a product of the 

dynamic nature of carious lesions and the alternating periods of de- and 

remineralisation.  

 

 

Figure 1.6: The Four Zones of a Caries Lesion. Illustration depicting the four 

zones of a caries lesion. The translucent and dark zones form the advancing front of 

the lesion, whilst the body of the lesion contains the largest area of demineralisation. 

At the enamel surface there is a layer of relatively intact enamel known as the 

surface zone. 

 

1.4 Post-eruptive Maturation  

Studies have shown that newly erupted teeth are more susceptible to acid challenges 

than those that have withstood the oral environment for a period of time, particularly 

those in the first 2-4 years post-eruption (Carlos and Gittelsohn 1965). It is believed this 

is due to the enamel undergoing a post-eruptive maturation process upon exposure to 

the oral environment.  
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Post-eruptive maturation (PEM) can be defined as the chemical and physical changes 

that occur in the outer layers of the dental enamel following the eruption of the tooth 

into the oral cavity (Crabb 1976, Woltgens et. al. 1981a). It is important to note that it is 

distinct from the pre-eruptive process of ameleogenesis, which is also commonly 

referred to as “maturation” within the literature. For the purposes of this thesis, it can be 

assumed that maturation is always used in reference to the post-eruptive process 

described above unless otherwise stated.  

Early research into PEM was grounded on the observation that the molars of Sprague-

Dawley rats that had not been fed a cariogenic diet possessed hypomineralised areas 

(HMA) which were indistinguishable from caries lesions when stained with silver nitrate 

(Francis and Briner 1966). However, when the rats were fed a regular lab diet for 70 

days the number and severity of these areas decreased significantly. Whilst they 

suggested this could represent carious lesions formed 1-2 days from eruption, they 

noted that previous studies had reported that immature, un-erupted enamel stains in a 

similar manner. From this they concluded that newly-erupted enamel must undergo 

changes in mineralisation upon exposure to the oral environment.  

Whilst the exact mechanism behind PEM is not known, it is believed that exposure to 

the constantly changing oral environment is the main driving force behind the process 

(Figure 1.7). The idea that the cyclic change from an acid challenge to remineralisation 

has the potential to change the structure of the enamel is supported by reports of the in 

vivo occurrence of laminated caries lesions, which possess areas of varying 

mineralisation within a single lesion (Lagerweij et. al. 2006). 
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Figure 1.7: Schematic of the Proposed Mechanism Behind PEM. Outline of the 

proposed cyclic exposure to sub-clinical caries events and remineralising conditions 

believed to form the basis for the PEM process. 

 

This idea is further demonstrated by in vitro studies that have shown arrested caries 

lesions to be less susceptible than sound enamel to an acid challenge (ten Cate and 

Duijsters 1982, Maltz et. al. 2006). Additionally, evidence has demonstrated that the 

surface layers of enamel are less susceptible to acid dissolution than the deeper layers 

(Brudevold 1948), which fits with the concept of outer surface remodelling during PEM. 

When enamel of two different post-eruptive ages (6mths/4yrs) was subjected to a lactic 

acid gel demineralisation, a significant difference in Ca and P loss was observed at a 

depth between 25 and 60µm, with the “younger” teeth demineralising at a greater rate 

(Woltgens et. al. 1981b). This supports the notion that acid vulnerability varies with 

eruptive exposure to the oral environment.  
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In situ studies that have compared the changes in mineralisation between white spot 

lesions (WS) and sound enamel have demonstrated that such lesions were less 

susceptible to acid challenges than sound enamel (Iijima and Takagi 2000). 

Additionally, whilst sound enamel formed a typical subsurface caries lesions, the WS 

lesions only lost mineral from below the surface. This makes sense, as the acid would 

bypass the difficult to demineralise surface areas, in favour of the more soluble area 

below the surface. This supports the idea that demineralisation followed by 

remineralisation is able to chemically and physically change the surface layers of 

enamel to be more resistant to acid challenges. This is further supported by additional 

in situ research that has created arrested carious lesions then subjected them to a 

further acid challenge (Maltz et. al. 2006), which found that the hardness of such 

lesions remained comparable to that of sound enamel subjected to the same 

challenge.  

In terms of the ability for PEM to occur, the balance between the cyclic oral conditions 

appears to be of importance, as too severe an acid challenge would lead to carious 

lesion development, as opposed to the desired sub-clinical levels of demineralisation 

required (Fejerskov et. al, 1994). This was demonstrated in principle by the 

aforementioned animal studies (Francis and Briner 1966), where rats fed an un-

supplemented cariogenic diet did not show the same reduction in HMA. They 

hypothesised that is was due to the extent of the acid challenge pushing the balance to 

a DS that favours net demineralisation.   

To a certain extent, PEM has also been shown to also occur in the primary dentition, as 

changes in levels of trace elements within the enamel following eruption have been 

reported (Sabel et. al. 2009). This is supported by longitudinal studies that observed 

greater susceptibility to acid in newly erupted permanent teeth when compared to 

established deciduous ones, even though the primary enamel is historically more 

porous than its permanent counterpart (Gruythuysen et. al. 1991).   
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1.5 PEM Timeframe    

Whilst some studies have suggested complete maturation can occur after 15 months 

(Schulte et. al. 1999), others have reported that the maturation process was not 

complete 66 months post-eruption (Kataoka et. al. 2007). Similarly, early electrical 

resistance studies found that a 36mth test period was not long enough to identify 

enamel as “matured”, suggesting that the actual time taken for enamel to fully mature 

might actually be much higher.  This is demonstrated by research comparing enamel 

density between 18-24 year olds and 25-55 year olds, which determined that the 

enamel of the older group had a higher mineral density. This suggests that the enamel 

of 18-24 year olds is yet to reach full maturation (He et. al. 2011). 

When hardness measurements are considered, significant changes have been 

reported within 2-3 yrs of eruption, however, it has been suggested that it may take 

over 10 years for enamel to reach its maximum level of hardness (Cardoso et. al. 2009, 

Palti et. al. 2008). Interestingly, it has also been noted that late eruption of a tooth does 

not have any effect in its ability to undergo PEM (Virtanen et. al. 1996). As such, it 

appears that the main indicative factor for PEM is the length of exposure of the enamel 

to the oral environment (Lynch 2013).  

1.6 Physical changes within the enamel  

1.6.1 Hardness 

An increase in surface hardness following PEM has been reported for both animal 

models and human enamel. Such changes are believed to be due to increased crystal 

growth causing a decrease in intercrystalline space (Brudevold et. al. 1982, Briner et. 

al. 1971). It has been reported that enamel becomes significantly harder following 2-3 

yrs exposure to the oral environment (Cardoso et. al. 2009), however it has been 

suggested that the much longer exposure is needed (Palti et. al. 2008). Such changes 

are believed to occur largely in the first 330µm of the enamel and be a product of 
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chemical changes such as the incorporation of fluoride. There is evidence that post-

eruptive maturation serves to increase the crystallinity of enamel up to a depth of 

between 0.5 and 1mm (Brudevold et. al. 1982, Driessens et. al. 1982). 

1.6.2 Porosity 

The outer layer of enamel is highly porous at the time of tooth eruption and it has been 

shown that the PEM process has an effect on this porosity (Brudevold et. al. 1982). 

Unerupted teeth show higher permeability than those which have erupted (Silverstone 

and Johnson 1971) and, furthermore, teeth obtained 6-12 mths following eruption can 

have electrical resistance values inferring a level of porosity similar to that of carious 

enamel. Such studies have also shown that the electrical resistance increases and 

therefore porosity of first molars decreases with increasing post-eruptive age (Schulte 

et. al. 1999, Kataoka et. al. 2007).  

1.7 Chemical Changes within the Enamel  

1.7.1 Calcium and Phosphate 

Ion exchange is constantly occurring at the enamel surface (Sognnaes 1975). 

Research has shown that the Ca and P content of human premolar enamel decreases 

from the surface towards the EDJ, before levelling off at a depth of around 60µm 

(Woltgens et. al. 1981a). Given the chemical composition of hydroxyapatite it is 

unsurprising that calcium and phosphate ions appear to be key to the maturation 

process, Briner et. al. (1971) even went as far as to define the entire maturation 

process as the accumulation of Ca and P by the enamel. Support for the post-eruptive 

effects of Ca and P can be found in animal studies in which hamsters were fed a bone 

meal supplemented diet. Researchers found that whilst supplemented dietary Ca and P 

had no pre-eruptive effect, it served to reduce subsequent caries when given post-

eruptively (Gustafson et. al. 1968). It is, however, worth noting that this observation 
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may be a product of increased Ca and P availability changing the degree of saturation 

(DS) to reduce demineralisation as opposed to PEM-related incorporation.   

He et. al. (2011) compared the Ca and P weight percent of younger (18-24yrs) and 

older (up to 55yrs) age groups and found that it was significantly higher in the older 

group.  This difference was only present in the outer layers of the enamel, which is 

consistent with what would be expected during PEM. They also noted that there was a 

gradient of Ca and P from the surface to the dentine. Interestingly Woltgens et. al. 

(1981a) found the greatest post-eruptive differences were found at a depth of 25µm, 

where the Ca and P content decreased with age. It is possible that this is due, in part, 

to the substitution of calcium for other ions such as zinc.  

Early studies by Francis and Briner (1966) using silver nitrate, demonstrated that 

Sprague-Dawley rats fed with a phosphate supplemented cariogenic diet possessed a 

significantly decreased incidence of HMA, similar to those fed a non-cariogenic diet. 

The authors suggested that this may be down to either the phosphate possessing an 

ability to inhibit lesion formation or to permit remineralisation.  

1.7.2 Carbonate 

Even before experimental evidence was obtained, it was speculated that carbonate 

was particularly susceptible to caries (Sobel 1962). This was supported by evidence 

that carbonate interferes with the crystal structure of HPA (Bachra and Trautz 1962) 

thorough replacement of either hydroxyl (Elliot et. al. 1985) or phosphate (LeGeros and 

Tung 1983) groups within the lattice. When incorporated into the HPA, carbonate is 

larger and therefore more difficult for the crystal to accommodate (Marshall and 

Lawless 1981). As such, the centres of the crystals become less ordered and therefore 

the stability of the mineral is reduced. This in turn leads to a higher KSP, leaving the 

enamel more susceptible to subsequent acid dissolution (Robinson et. al. 2000).  
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The incorporation of carbonate into the enamel occurs entirely pre-eruptively during 

enamel formation and a higher concentration is observed at the dentine than the 

surface (Robinson et. al. 2000, Watson et. al. 1967, Weatherell et. al. 1968, LeGeros 

et. al. 1996). This, along with the magnesium content, may serve to explain the smaller 

crystal dimensions and lower crystallinity observed in the inner layers of HPA (LeGeros 

et. al. 1996). Carbonate incorporation is believed to explain in part why newly erupted 

enamel is more soluble than matured enamel, as the loss or substitution of carbonate 

following eruption would serve to reduce the solubility product of the enamel. Evidence 

suggests that carbonate is preferentially lost during enamel demineralisation, as such, 

it makes sense that carbonate is lost at an early stage upon exposure of the enamel to 

the oral environment (Bachra and Trautz 1962, Woltgens et. al. 1981b).  

1.7.3 Magnesium 

Whilst magnesium is most commonly found on crystal surfaces or as a separate 

mineral phase, there is evidence that indicates to a certain extent it is also able to be 

incorporated into the HPA lattice in the place of calcium groups (Featherstone et. al. 

1983). In such cases, the charge density of magnesium would cause a similar 

destabilising effect on the enamel to that observed with carbonate (LeGeros et. al. 

1967, LeGeros 1984, Okazaki and LeGeros 1996, Robinson et. al. 2000). Beyond their 

similar effect on the solubility of dental enamel, it has also been suggested that 

magnesium and carbonate have a synergistic effect on one another’s incorporation into 

HPA (LeGeros 1984, LeGeros et. al. 1996, Okazaki and LeGeros 1996). In addition to 

its effect on the structure of the HPA itself, Mg has been shown to inhibit crystal growth 

(Thiradilok and Feagin 1978, LeGeros et. al. 1996). Therefore, there is potential that 

Mg released during acid demineralisation could in turn inhibit the subsequent 

remineralisation process. The replacement of Mg during the PEM process would, 

therefore, also serve to reduce this occurrence during subsequent acid challenges.  
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Once again in a similar fashion to carbonate (Weatherell et. al. 1968), magnesium 

incorporation is believed to occur pre-eruptively during enamel formation (Robinson et. 

al. 2000) and is increased at higher temperatures, higher pH and in the presence of 

carbonate and fluoride (LeGeros et. al. 1996). A gradient from the dentine to the 

surface does to an extent seem to exist (Little and Brudevold 1958), but it is less 

defined than for carbonate and there are often pockets of high concentrations of Mg 

near the dentine (Robinson et. al. 1981). In a similar manner to carbonate, it makes 

sense to presume that the loss or replacement of magnesium from the HPA following 

eruption forms part of the chemical PEM process. In addition, magnesium, like 

carbonate, has been shown to be selectively removed during demineralisation 

(Hallsworth et. al. 1972), which is in keeping with the idea that it is lost as a part of the 

PEM process (Woltgens et. al. 1981b). Further to this, it has been hypothesised that in 

addition to the preferential loss of magnesium and carbonate, a preferential formation 

of apatite low in Carbonate and magnesium and high in fluoride is preferentially 

deposited during remineralisation, providing further support the proposed loss of Mg 

during PEM (LeGeros et. al. 1996).  

 In the case of magnesium, one further rationale for its preferential loss during carious 

attack is that the magnesium detected is actually bound to the enamel proteins as 

opposed to the mineral itself (Robinson et. al. 1981). This would explain the observed 

presence of concentrations higher than 0.1%, which would not be expected to be 

possible for hydroxyapatite formation (Boskey and Posner 1974). This notion is 

supported by the pattern of distribution of Mg which tends to be at higher in less dense 

areas and follows a similar pattern to that of enamel proteins (Robinson et. al. 1981). It 

would also serve to explain the preferential loss of Mg during dissolution, as protein 

and other organic material is more soluble than HPA mineral and would therefore be 

removed first.  
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1.7.4 Fluoride 

Fluoride is commonly used in a wide range of preventative measures and treatments 

for dental caries. As such, it has been deemed responsible for a worldwide drop in 

caries incidence (Bratthall et. al. 1996). Whilst there is debate as to the need for 

systemic fluoride-based interventions such as water fluoridation, it is widely accepted 

that the majority of fluorides efficacy can be attributed to effects from topical application 

(Featherstone et. al. 1990, Ten Cate 1990). Whilst F is known to have anti-microbial 

effects, it is the chemical influences which will be focused upon here.  

Given the well-established efficacy of fluoride as an aid to remineralisation, it makes 

sense to consider its potential within the maturation process. Early studies often 

mention the ability of fluoride to “enhance” the maturation process (Briner and Rosen 

1967, 1968, Briner et. al. 1971), but as such research was carried out before the 

mechanisms of action of fluoride were fully understood, they fail to go into any further 

detail than observing a higher degree of mineralisation in its presence.  

Further evidence for the role of fluoride within the maturation process is provided by the 

observation that fluoride is seen to accumulate in the surface layers of enamel shortly 

after eruption (Weatherell et. al. 1972). Research into fluoride uptake by enamel has 

demonstrated a much higher affinity to fluoride in newly-erupted as opposed to 

“matured” enamel (Mellberg and Nicholson 1968, Bruun 1973).  In addition, topical 

fluoride studies have shown increased effects in teeth that erupt during the course of 

the investigation, than those already present (Wellock et. al. 1965, DePaola and 

Mellberg 1973). The increased uptake of fluoride by newly-erupted enamel may in part 

be due to the increased permeability of the newly erupted enamel, allowing greater 

diffusion (Brudevold et. al. 1982) A gradient of fluoride has been shown to exist within 

carious lesions from the surface towards the sound enamel underneath and fluoride 

has even been shown to be able to penetrate into the sound enamel beyond (Lagerweij 
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et. al. 2006).  Importantly, fluoride has been shown to be able to penetrate not only 

carious, but also sound enamel up to depth of 100µm.   

The incorporation of fluoride into the enamel structure is thought to occur through its 

replacement of hydroxyl ions (Young 1975, Aoba et. al. 2003). Once substituted, the 

symmetry and high charge density of the fluoride ion in comparison to the hydroxyl it 

replaces allows it to fit much tighter into the Ca II “triangles”. In an opposite way to 

carbonate, this serves to reduce the solubility product (KSP) of the enamel through 

stabilising the crystal structure and leading to a more difficult to dissolve fluoridated 

crystal (Robinson et. al. 2000). Fluorapatite has a lower dissolving pH than HAp (4.5-

5), so it makes sense to assume that HAp with fluoride incorporated would also have a 

lower dissolution pH than standard HAp. Fluoride concentrations as low as 0.05ppm 

have been shown to reduce solubility of the enamel HAp to that of stoichmetric HAp 

(Manly and Harrington 1959, Featherstone et. al. 1990). Furthermore, a logarithmic 

relationship between the amount of fluoride present and the decrease in solubility has 

been demonstrated (Featherstone et. al. 1990).  

Fluorapatite forms is situations where acid is present along with fluoride at a 

concentration of approx. 50ppm. Alternatively, in situations where the F concentration 

at the enamel surface is greater than 100ppm a protective layer of calcium fluoride can 

also form on the enamel surface (Christofferson et. al. 1995).  

Fluoride is believed to diffuse into the enamel from the plaque fluid at the same time as 

acid produced by plaque, upon which it binds to the enamel surface (Featherstone 

1999). This affords some protection and acid will then selectively dissolve the non-

fluoride bound apatite (Arends and Christofferson 1990). In addition to plaque-fluid 

fluoride levels, fluoride content of saliva, and particularly the balance between the two, 

has been shown to play an important role in fluoride action (Edgar and Higham 1995).  
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The cyclic change in environment proposed to be the driving force behind PEM fits 

within the idea of fluoride incorporation, as most post-eruptive incorporation of fluoride 

is believed to occur as part of de- and remineralisation events (Fejerskov et. al. 1994). 

Further to this, it has been shown that partially demineralised enamel is more 

susceptible to fluoride diffusion (Lynch and Smith 2012). In fact, the thermodynamic 

conditions at a neutral pH are unfavourable for passive diffusion of fluoride into the 

enamel (Lynch 2013). 

Interestingly early research does highlight this, as germ-free rats treated topically with a 

1% NaF solution showed no greater degree of “maturation” than regular rats treated 

with water (Briner and Rosen 1968), whereas regular rats with a 1% penicillin 

supplemented diet showed an increase. This highlights that both the acid challenge 

and the subsequent exposure to remineralisation are important and exposure to agents 

such a fluoride alone is not effective. The study mentioned hypothesised that oral 

bacteria must be important for fluoride action, and that it is the anti-microbial action of 

fluoride that is important. However, with advances in our understanding of the 

mechanism of fluoride it makes more sense to assume that is a combination of the oral 

biofilm increasing the availability of fluoride at the enamel surface and the 

remineralising action of fluoride within the enamel mineral, as opposed to an anti-

bacterial effect that drives the maturation process observed (Watson et. al. 2005, 

Garcia-Godoy and Hicks 2008).  

1.7.5 Zinc 

Zinc is widely used in toothpastes as an anti-microbial agent, to reduce malodour and 

as an inhibitor of calculus crystal growth (Segreto et. al. 1991, Cummins and Creeth 

1992, Young et. al. 2003). In terms of salivary clearance following product use, zinc 

exhibits similar bimodal clearance behaviour to fluoride (Cummins and Creeth 1992). 

Initial clearance over the first hour post-treatment is rapid, as loosely-bound zinc is 

cleared. Following this, clearance of the remaining, more tightly bound, zinc occurs 
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over several hours (Harrap et. al. 1984, Gilbert and Ingram 1988, Cummins and Creeth 

1992). Clearance from plaque occurs in a similar fashion, with elevated levels 

detectable for up to 12 hours post-application. Additionally, plaque had been shown to 

demonstrate a build-up of zinc upon repeated application in a similar manner to fluoride 

(Afseth et. al. 1983, Hall et. al. 2003).  Very little (1%) of zinc is found within the Plaque 

Fluid (PF) (Saxton et. al. 1986).  

Zinc is present in both saliva and plaque (Menegario et. al. 2001, Burguera-Pascu et. 

al. 2007), with reported values ranging from 0.01-0.24ppm for saliva and 7.86-31.6ppm 

for plaque (Lynch 2011). It is also found naturally present in teeth (Brudevold et. al. 

1963, Frank et. al. 1989), with most zinc deposition happening pre-eruptively, 

suggesting it has a use upon eruption (Brudevold et. al. 1963).  Further to this zinc has 

also been shown to accumulate at the surface of the enamel following eruption, before 

being gradually lost over time (Brudevold et. al. 1963, Weatherell et. al. 1972). This 

suggests that it plays a role within the PEM process before being no longer needed 

and removed, possibly through deposition during sub-clinical caries events in a similar 

manner to other ions such as fluoride (Fejerskov et. al. 1994). The level of zinc in the 

surface areas of enamel varies between 430 and 2100 ppm dependent upon the 

placement of the tooth within the mouth. It is distributed within the enamel in the same 

manner as fluoride, but is deposited in a less regular fashion (Brudevold et. al. 1963).  

An interesting feature of zinc is that whilst several studies have demonstrated its ability 

to reduce solubility of enamel (Brudevold et. al. 1963, Dedhiya et. al. 1973, Abdullah et. 

al. 2006), it has also been demonstrated as an inhibitor of crystal growth (LeGeros 

1997). This ability to contribute to both the de- and remineralisation of enamel 

highlights its potential as a key player in the PEM process. Zinc has demonstrated 

potential to reduce dissolution of enamel to a similar degree as fluoride (Brudevold et. 

al. 1963). Furthermore, it is believed that in some conditions zinc is able to soften the 

surface of the enamel allowing fluoride to penetrate further into the surface layers of 
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the enamel, improving remineralisation (Lynch 2013). This would serve some 

explanation as to their similar distribution. Furthermore, animal studies in rats have 

shown that zinc-deficient rats presented more carious lesions than those fed a zinc-

supplemented diet (Fang et. al. 1980). Studies using synthetic hydroxyapatite have 

shown that zinc is able to compete with calcium II ions to incorporate into the HPA 

lattice (Brudevold et. al. 1963, Mayer et. al. 1994, Terra et. al. 2002, Tang et. al. 2009), 

reducing solubility (Mayer and Featherstone 2000, Costa et. al. 2003). It is believed this 

occurs due to a reduction in crystal disorder, particularly when applied in combination 

with fluoride (Featherstone and Nelson 1980, Mayer and Featherstone 2000). 

Research studies using a HPA substrate have shown two potential interactions 

between enamel and zinc; incorporation into the lattice and adsorption onto the surface 

(Ingram et. al. 1992, Mayer et. al. 1994).  This is supported by rat-based research that 

showed that when fed a zinc-supplemented diet, rats showed increased zinc and 

decreased skeletal calcium (Fang et. al. 1980). However experimental results reported 

for zinc are highly variable and often contradictory, with several studies reporting no 

effect of zinc on de- or remineralisation of enamel (Ingram et. al. 1984, Ripa et. al. 

1990, ten Cate 1993, Laucello et. al. 2007). Furthermore, data relating to zinc 

incorporation to enamel within the mouth suggests very small concentrations, which 

would not be compatible with incorporation into the HPA lattice (Matsunaga et. al. 

2009, Lynch et. al. 2011).  

1.7.6 Other Ions  

Given the nature of PEM, any component of the carbonated apatite may have an 

effect, however small. Several other trace elements, such as strontium, tin and copper 

have been shown to occur within the enamel, however the role they play, if any, within 

the structure is not entirely understood. Ions such as chlorine and tin, which are largely 

found in the surface layers of enamel are of particular interest, as this is where the 

majority of PEM changes are thought to occur (LeGeros et. al. 1996). Whilst not found 
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concentrated at the surface, the potential role of strontium (Sr) in PEM bears 

consideration. Studies have shown the ability of Sr to aid remineralisation (Thuy et. al. 

2008) particularly when combined with fluoride, suggesting it may interact in a similar 

manner to zinc. Results of such studies, however, are highly variable and the exact 

mechanisms by which it exerts these effects are not fully understood (Lippert and Hara 

2013).  

1.7.7 Organic Components of Enamel 

As 2% of dental enamel is formed of organic components, it makes sense to consider 

the role they may have in the PEM process (Boyde 1989). This is supported by the 

observation that the nitrogen content of enamel also seems to decrease with post-

eruptive age (Savory and Brudevold 1959). Where enamel rods and inter-rod enamel 

meet, an area of inorganic matrix known as the enamel rod sheath is present and 

serves to connect rods to one another (ten Cate 1998). Rod sheath is comparatively 

less mineralised than other areas of the enamel and as such has a higher protein 

content. Rod sheath has been observed decrease with post-eruptive tooth age, 

particularly within the outer layers of the enamel (Miake et. al. 2016), or in unerupted 

enamel exposed to saliva (Nakajima et. al. 2003). This presumably occurs as the 

enamel becomes more mineralised due to PEM and it therefore follows that the protein 

content of matured enamel would be lower than that of immature, newly-erupted 

counterparts. The organic material found in the interprismatic regions of enamel has 

been shown to have raised solubility when subjected to acidic challenge than the rest 

of the enamel (Shellis 1996), supporting this idea, as it would therefore be preferentially 

lost.   

This would, however, appear to be counter-intuitive to reducing the susceptibility of the 

enamel to caries, as several studies have demonstrated the role of proteins in reducing 

acid dissolution by decreasing acid penetration through the enamel and helping to 

maintain surface charge density (Epinosa et. al. 2010, Lubarsky et. al.  2012, 2014, 
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Baumann et. al. 2015). Whilst nanoindentation studies have found high protein-

containing enamel to be softer (Xie, et. al. 2007), it has been argued that the small 

measurement area of a single prism employed by this technique does not represent the 

effect removing protein has on the interprismatic space (Baumann et. al. 2015). They 

go on to demonstrate that when Knoop surface microhardness over a larger area is 

conducted, surface softening is observed upon deprotonation.  

Salivary proteins appear to play an important role in the PEM process (Brudevold et. al. 

1982, Nakajima et. al. 2003), which is particularly highlighted by animal studies that 

have reported a reduction in observed levels of PEM following desalivation (Larson and 

Keyes 1967, Speirs 1967).  

1.8 Approaches used for the Investigation of PEM  

1.8.1 In vivo  
 

Early studies into PEM focused on the use of in vivo animal models (Brudevold et. al. 

1982). Whilst these are able to account for the entire in vivo process (White 1992), 

studies have shown that there is often variation between effects observed within such 

models and those observed within a clinical setting (Stookey et. al. 1985). One key 

variation that has been noted between rodent models in particular, is a naturally higher 

salivary pH than that reported for human saliva (Ericsson 1962).  Additionally, reported 

calcium and phosphate content has also been shown to differ between rodent and 

human enamel (Murray 1936).From an experimental perspective, the ethical 

consideration of in vivo research must also be taken into account. Ethical approval and 

appropriate training can be lengthy and time-consuming and therefore it is generally 

better to use alternative approaches where suitable. This attitude falls in line with current 

government initiatives such as the National Centre for the 3 Rs (NC3Rs), which aim to 

reduce the levels of in vivo animal research where possible (Kilkenny et. al. 2010).  Whilst 

some in vivo research has been conducted using human subjects, these have been 



 

 
27 

largely limited to superficial investigations recording changes in porosity over time using 

electrical resistance (Schulte et. al. 1999, Kataoka et. al. 2007).  

1.8.2 In vitro 

Whilst reductionist in nature (White 1995), it cannot be denied that in vitro microbe-free 

research, particularly demineralisation and remineralisation studies, has made a 

significant impact on our understanding of the caries process and of the structure of 

enamel itself (NIH 2001). One of the main advantages of such techniques is the ability 

to have tighter control over the parameters of an experiment, allowing specific criteria 

to be investigated (White 1995). De-/Remineralisation experiments are focused on the 

chemical basis of dental caries, and in principle involve the manipulation of the ionic 

environment to induce dissolution of deposition of mineral within an enamel substrate 

depending on what outcome is required. This approach has been used successfully 

within multiple studies to gain a better understanding of the chemical and physical 

changes that occur within dental enamel during both periods of acidic challenge (ten 

Cate and Duijsters 1983, Arends et. al. 1984) and remineralisation (Koulourides et. al. 

1965, Reynolds 1997, Amaechi and Higham 2001). They have also been widely 

applied to the investigation of ion additions for potential therapeutic use, such as 

fluoride and zinc (Lippert et. al. 2012, Lynch 2011). The exclusion of additional 

variables and the biological variation naturally present in vitro makes such approaches 

effective at initial identification and investigation of such agents (White 1995, Valappil 

et. al. 2014), however secondary work beyond the limited in vitro environment is then 

required to validate the observed effects further (Lambrechts et. al. 2006).  

Whilst the use of such approaches may raise concerns over the transferability of 

research conducted using “artificially-created” lesions to those which occur naturally in 

vivo, studies have shown that whilst there are some differences, lesions produced this 

way possess many similarities to those occurring in vivo (Arends and Christoffersen 

1986).  
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Several approaches have been applied to demineralise enamel in vitro including the 

use of both chemically designed solutions (Larsen 1974, Moreno and Zahradnik 1974) 

as well as acidic gels (Silverstone and Johnson 1971, Groeneveld and Arends 1975).  

1.8.2-1 pH-cycling 
 

In principle, pH-cycling studies aim to re-create the changeable in vivo chemical 

environment of the mouth within a controlled in vitro setting. It is formed through 

exposure of substrate to several intermittent periods of both conditions favouring de- 

and re-mineralisation. They have been successfully applied to both sound enamel and 

pre-created lesions (ten Cate et. al. 1988, Demato et. al. 1990) and can be designed to 

provide a net result of both de- or re-mineralisation over the experimental time-frame 

(ten Cate and Duijsters 1982). Furthermore, they can be conducted entirely using 

inorganic solutions, or with the incorporation of saliva to account for the effects of 

salivary enzymes and other organic components (White 1987). The state of flux 

provided by the varied experimental solutions and ability to introduce saliva, make pH-

cycling more representative than traditional de- and re-mineralisation counterparts.  

As outlined generally for de- and remineralisation approaches above, pH-cycling has 

been used to test the effects of exposure to therapeutic agents both in solution (ten 

Cate et. al. 1988) and within novel materials, such as bio-reactive glasses (Valappil et. 

al. 2014) on both the de- and re-mineralisation processes.  One of the main 

advantages of this type of approach is the wealth of analysis options afforded. Data 

can be collected both by assessing the changes in composition of the test solutions 

throughout the experimental period and by analysing the substrate both before and at 

its conclusion. The absence of a biological component also allows greater ability to halt 

the chemical process at intervals to allow data points to be taken longitudinally using a 

single specimen.  
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1.8.3 Biological Models: Constant Depth Film Fermenter (CDFF) 
 

In an attempt to combat the reductionist nature of in vitro approaches, biological 

models have been developed that aim to apply key aspects from the in vivo situation 

into in vitro research (Arends 1995). Whilst they are less focused on the ionic basis of 

the caries process, they allow investigation of the microbial component within a much 

more standardised and relatively less variable environment than that present in vivo 

(Sissons et. al. 2007).  

An example of one such biological model is the constant depth film fermenter (CDFF) 

(Coombe et. al. 1982), which is often regarded as one of the most advanced (Peters 

and Wimpenny 1988). The model is capable of supporting the production of oral biofilm 

upon the substrate, whilst still allowing control over most external variables (Kinniment 

et. al. 1996). This level of external control is one of the main advantages of this 

approach over those conducted on the in vivo environment. In comparison to other 

available biological models, the CDFF is also able to control the physical parameters 

during biofilm formation (Sissons 1997). In principle, the CDFF allows biofilm formation 

within a sealed and sterilised environment designed to allow gas exchange without 

contamination from the outside environment. Substrate is placed into pans that allow a 

recessed area for biofilm formation within a rotating turntable to ensure a constant 

thickness. It allows a range of external factors to be introduced over time such as 

growth media, sucrose and therapeutic agents such as fluoride using timed pumps.    

In order to further reduce variability within the system, a dual-CDFF design has been 

created which allows a shared inoculum to be used between two units simultaneously 

(Hope et. al. 2012). This provides an inbuilt control condition to any introduced 

variables and helps to combat the issues associated with variability that arise from the 

use of microcosm inoculums (Sissons 1997). To date the CDFF model has been used 
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to create enamel lesions both in the absence and presence of fluoride (Owens 2013, 

Bahkt 2014).  

1.8.4 In situ 
 

In situ approaches aim to bridge the gap between the wider range of analysis options 

afforded by in vitro techniques and the representative in vivo environment. Within the 

dental field they usually involve the placement of a substrate into the mouth either 

attached to a fixed appliance or built into a removable one to observe the effects of the 

oral environment (Manning and Edgar 1992, West et. al. 2003, Amaechi and Higham 

2001). The main advantage of such an approach is that it allows pre-treatment of the 

substrate, such as lesion creation, in addition to the use of destructive analysis 

techniques, whilst still allowing exposure to the in vivo environment. However, it is 

worth noting that some researchers have suggested that placement of an intra-oral 

appliance may actually cause change to the oral environment, moving away from a 

“true” in vivo situation (Brill et. al. 1977). Whilst they have largely been successfully 

used in the testing of novel therapeutic interventions (ten Cate 1994), they can also be 

used to investigate the effect of diet conditions on the enamel in greater detail 

(Komarov et. al. 2016). The greatest obstacles faced by this type of approach are 

based around the requirement for participants. This leads to issues surrounding both 

the ethical and financial considerations for such studies in addition to the need to 

subject compliance for accurate experimental results. Additionally, unlike in vitro based 

approaches, which are able to model the caries process over a much shorter period of 

time, in situ approaches require much longer experimental periods in order to achieve 

the same levels of demineralisation or remineralisation.  

1.8.5 Enamel Substrates 
 

Whilst human enamel is the ideal experimental substrate for use in research studies, 

sourcing intact, caries-free human teeth is becoming difficult and as such they are a 
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limited resource within the research environment. It therefore makes sense for 

researchers to explore alternative options where possible. The most common 

alternative enamel substrate used in such cases is bovine, although the use of other 

animal enamel substrates has also been explored (Featherstone and Mellberg 1981, 

Edmunds et. al. 1988).  

Bovine and human enamel share a similar microstructure, however interprismatic 

spaces are larger in bovine enamel and contain fibril-like aggregations (Fonseca et. al. 

2008). Bovine enamel is larger than its human counterpart, both in terms of overall and 

crystal size, with bovine enamel crystals usually being around 1.6 times larger (Arends 

and Jongebloed 1978). This difference in size means that there is potential to produce 

larger or even multiple samples from the same tooth, allowing same-tooth controls. 

Human incisors, in contrast, are much smaller and therefore do not afford this ability 

(Zero 1995). The reported calcium content by weight of bovine and human enamel 

when measured by electron microprobe shows similarity (37.9% and 36.8% 

respectively), although the distribution is more even throughout bovine enamel than 

human (Davidson et. al.  1973). Furthermore, the Ca/P ratio and hardness are 

comparable for both enamel types following exposure to a demineralisation event 

(Feagin et. al. 1969, Tantbirojn et. al. 2008).  

When the protein of bovine and human enamel is considered, a similar molecular 

weight is observed. Bovine enamel protein, however, is deficient in alanine, resulting in 

bovine enamel being more porous than its human counterpart (Fincham et. al. 1982, 

Edmunds et. al. 1988, Arends et. al. 1989). This is highlighted by calcium release 

studies, which have shown significantly higher Ca ion release for bovine enamel when 

subjected to dissolution (Carmargo et. al. 2006).  

In comparison to available human enamel, which is often only extracted due to caries 

or other defects, sound bovine enamel samples are relatively easy to obtain. Unlike 

sourcing human enamel, the age and source of bovine enamel can be defined and 
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controlled. Factors such as geographical location, gender and individual diet have been 

demonstrated to affect dental enamel composition (Lane and Peach 1997, Vernois et. 

al. 1989). Whilst some variation between bovine sources will still occur, sourcing 

bovine enamel allows much greater control over key parameters such as geographic 

location, diet and fluoride intake than is possible for human enamel (Zero 1995, Wright 

et. al. 2008).  

In terms of experimental performance, the increased porosity of bovine enamel causes 

it to demineralise at a faster rate when exposed to an erosive challenge (White et. al. 

2010, Amaechi et. al. 1999, Arends et. al. 1989). Microradiographically, lesions created 

in bovine enamel are deeper, with higher mineral loss. Observed differences, however, 

only seem to occur when exposure to acid is above a certain threshold, as erosion 

studies have shown no difference in microhardness between both enamel types when 

subjected to a short erosive challenge (up to 60 seconds in pH 3.2 citric acid) (White et. 

al. 2010). This suggests that the differences between bovine and human enamel are 

more pronounced within the enamel as opposed to at the outermost surface.  

Interestingly, the age at which a bovine enamel specimen is obtained appears to affect 

its properties, most notably, surface microhardness (Fonseca et. al. 2008). When 

enamel obtained from younger (20-30 month) and older (>30 months) cattle were 

compared to enamel from 20-30-year-old humans, the older bovine enamel had a 

comparable surface hardness, whilst the younger enamel was significantly softer. From 

this the authors recommended the use of bovine enamel from older cattle, however the 

change in hardness suggests, in the context of this work, that bovine enamel may 

undergo, to a certain extent, a PEM process. As such, it would appear that in order to 

use bovine enamel as a substitute for human enamel in the study of PEM, it is 

advisable to try and use enamel obtained from sources younger than 30 months, as 

these may be “immature” and therefore more representative.   
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1.9 Analysis Techniques for the investigation of PEM  

1.9.1 Hypomineralised Areas (HMA) 

Early studies used silver nitrate staining to investigate the PEM process (Francis and 

Briner 1966). This technique was based on the fact that Hypomineralised areas (HMA) 

of enamel stain with silver nitrate in a similar way to carious lesions. They noted that 

newly erupted enamel possesses several HMA, which are gradually reduced after 

exposure to the oral environment. Whilst the significance of this method for providing 

the pioneering research into PEM cannot be denied, safer and more effective analysis 

methods have since been developed that are more appropriate to use.    

1.9.2 Electrical Resistance 

Electrical resistance can be used to measure porosity of enamel, as the more porous 

enamel is the more water and soluble electrolytes are present within the enamel. One 

of the main benefits of this method for the study of PEM is that it allows the porosity of 

a single tooth to be studied over time and due to its non-destructive and relatively non-

invasive nature can be used in vivo (Schulte et. al. 1999). In the context of PEM, it has 

been particularly useful in estimating the amount of time taken for PEM to occur, as it 

allows the measurement of a single tooth from eruption through several time-points 

post-eruption. Porosity values of teeth vary in vitro to in situ, this highlights the 

importance of the surrounding environment for representative values (Tarbet and 

Fosdick 1971) and therefore make this approach more suitable for in vivo experiments.  
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1.9.3 Surface Microhardness (SMH) 

 

Figure 1.8: Illustration of Different Hardness Indenter Shapes. Schematic 

showing the varying indenter geometry between Knoop (A) and Vickers (B) 

indenters. 

 

Hardness measurements based on the use of an indenter of known area that is driven 

into the surface of interest with a known force. The area of the resulting indentation is 

then used to calculate the hardness, as the softer the surface, the larger an indentation 

would be created. There are two main types of microhardness indenter used within 

dental research; these are Knoop and Vickers (Figure 1.8). Knoop microhardness is 

particularly commonly used for cross-sectional hardness, as it creates a relatively 

superficial indentation, making it suitable for thin or brittle materials. Knoop hardness 

values of between 272 and 440 have been reported for human enamel, with an 

increase in hardness observed towards the surface (Roy and Basu 2008, He et. al. 

2010, Meredith et. al. 1996). Given the hardness of the HPA crystals from which 

enamel is formed, the deformation observed upon indentation appears to be caused by 

sliding within the interprismatic, protein-rich areas as opposed to the prisms 

themselves, which remain intact (He and Swain 2007).  
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Whilst microhardness works well when categorising materials with a planar-parallel 

surface, the calculation relies on the assumption that all surfaces of the indenter 

interact equally with the surface of interest (Brennecke and Radlanski 1995). This 

brings into question its suitability for use on enamel that has not been pre-prepared to 

be planar-parallel. This is supported by SEM measurements taken of Vickers 

indentations, which showed many lacked a clear square-shaped indent (Gutierrez-

Salazar and Reyes-Gasga 2003). Measurement of surface hardness via indentation 

causes a permanent change to the enamel surface with each reading taken. This 

damage is important to take into account when combining SMH with further analysis 

techniques.  

One important limitation of indentation-based hardness measurements is the 

requirement for the user to define the boundaries of the indentation created. Recorded 

data can be highly variable depending on the experience of the user and as such the 

accuracy of the results can be affected.  

Recent advances in this technology have led to the development of nanoindentation-

based hardness testing. Nanoindentation has been successfully applied to determine 

both the hardness and elastic modulus of enamel (Ge et. al. 2005, Low et. al. 2008). 

Nanoindentation works on the same principle as other Microhardness testers, but using 

a much smaller scale indenter. This allows the investigation of much smaller 

microstructures (several µm) in addition to reducing the damage to the surface caused 

by the indentation. However, Nanoindentation is even more affected by non-planar-

parallel surfaces than traditional indentation methods, which has been reflected by the 

production of force curves in human enamel that demonstrate abnormal features due to 

load-dependant behaviour (He and Swain 2007).  
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1.9.4 Surface Profilometry 
 

Surface profilometry involves taking scans across the surface of a sample in order to 

analyse the topography. Traditionally it involves a diamond-tipped stylus 1.5-2.5µm in 

size being drawn repeatedly across the surface (Stachowiak and Batchelor 2004) 

whilst the vertical movement is recorded. Whilst the constant contact of the stylus 

allows a relatively large vertical range (2-250µm), the diamond tip can cause damage 

to the surface. Additionally, the measurements can be confounded by external 

vibrations or movements.  

Modern profilometry techniques have shifted to a non-contact approach, using a laser 

as opposed to a stylus to make measurements. In these approaches, a light spot less 

than 100µm in diameter is drawn across the surface and either the deflection of the 

beam or the confocal principle is used to determine the surface topography (Rodriguez 

et. al. 2008, McBride and Maul 2004). Whilst non-contact surface profilometry (NCSP) 

can overcome some of the issues of its stylus-based predecessor, it has been 

recognised that the results can be affected by the colour and transparency of the 

sample being measured. When surface roughness values are calculated, lighter and 

more transparent surfaces record a lower average roughness than darker, more 

opaque counterparts (Rodriguez et. al. 2008, McBride and Maul 2004).  

1.9.5 Scanning Electron Microscopy (SEM) 
 

Scanning electron microscopy (SEM) has been widely used within dental research to 

look at surface changes in enamel (Boyde and Lester 1967, Ferrazzano et. al. 2008). 

SEM is based on scattering electrons at the sample surface in order to evaluate the 

composition and topography. The technique has the potential to produce high 

resolution 3-D images with a large depth of field. Traditionally, SEM imaging requires 

the sample to be coated with a conductive material, usually gold, to prevent 

electrostatic charge accumulating on the surface. A large drawback of this is the 
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irreversible change to the images sample and therefore an inability to use it for further 

analysis. Modern SEM systems, however, have been developed to allow the imaging of 

uncoated samples using an environmental system, based within a pressurised 

container. This is advantageous over other, more traditional SEM systems, as it does 

not require alternation of the sample and following imaging the sample can be removed 

from the holder and used for further analysis.  

1.10 Thesis Aims 
 

One of the most reasonable explanations for the lack of understanding as to the 

underlying process behind post-eruptive enamel maturation is the absence of any 

appropriate methodology by which to approach such research. As such, the work 

contained within this thesis aimed to develop a suitable method by which the PEM 

process could be studied. The following objectives were therefore defined:  

 To evaluate the ability of pH-cycling to simulate post-eruptive maturation of 

enamel 

 To develop an in vitro model of post-eruptive maturation 

 To assess of the ability of the proposed model to reduce susceptibility to an 

acid challenge 

 To evaluate the ability of the proposed model to simulate the physical changes, 

such as increased surface microhardness, reported during PEM in vitro. 

 Investigate the role of Zinc and Fluoride within the PEM process 

 Assess the effect of strontium and fluoride-containing remineralisation solutions 

within the proposed model 
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Chapter Two: Materials and 

Methods 

2.1 Basic Introduction to the Proposed Model 
 

The model of PEM proposed within this work can be broken down into three stages. 

(Figure 2.1). Firstly, bovine enamel blocks are prepared and subjected to any pre-

treatments. Blocks are then exposed to a pH-cycling regime and any additional 

treatments. Finally, the effect of the pH-cycling exposure is tested using a standard 72h 

demineralisation challenge. Whilst parameters pertaining to the specifics of the model 

may change between chapters, the basic structure outlined here will remain constant.  

 

 

Figure 2.1: Outline of PEM Model. The proposed model consists of three distinct 

stages, preparation, pH-cycling and a demineralisation challenge. 
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2.2 Preparation of Bovine Enamel Blocks 

Bovine incisors were collected from a local abattoir (Battlefield Road Abattoir, 

Harlescott, UK). Source cattle were no older than 36 months and had been exposed to 

non- fluoridated water sources. Teeth were stored refrigerated in a 1% w/v 

thymol/deionised water solution prior to use (BDH Laboratory Supplies, Poole, UK). 

Any remaining flesh and the root itself were removed prior to experimental use. Visual 

examination, quantitative light induced fluorescence (QLF-D) and multispectral imaging 

(MSI) were used to select teeth free from defects such as cracks and areas of 

demineralisation. Examples of excluded and accepted teeth are given in Figure 2.2.  

 

Figure 2.2: Tooth Selection Criteria. White light and QLF-D images showing 

selected (A and C) and excluded (B and D) teeth. B: Arrows highlight surface defects 

such as deep grooves or damage. D: Arrows indicate dark patches representing 

either mineral loss or areas of over-abraded enamel. 

 

The surfaces of selected teeth were abraded with wet abrasive sheets from a rough 

(p240) to fine grade (p1500) to remove the outermost surface (Rhynowet Sheets, 

Insasa, Industria de Abrasivos, Spain). Care was taken to ensure teeth were kept 
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water-cooled to reduce any damage to the organic components of the enamel from the 

heat generated during the abrading process.  

Prepared teeth were mounted onto a ceramic anvil using Green-Stick impression 

compound (Kerr Corporation, California, USA) and cut using a water-cooled precision 

diamond wire saw (Model 3241; Well Diamantdrahtsagen GmbH, Mannheim, 

Germany) to produce blocks approximately 10x4mm in size (Figure 2.3).  

 

Figure 2.3: Creation of Bovine Enamel Blocks. Illustration of mounting and 

sectioning process to produce 10x4mm bovine enamel blocks.  

 

The enamel surface of each block was polished with a pumice and deionised water 

slurry using a rotating brush attached to a motorised hand-piece. coated in clear acid 

resistant nail varnish (MaxFactor Nailfinity, Procter and Gamble, Weybridge, UK) to 

seal the edges and create a 9x3mm experimental window on the polished enamel 

surface, which can be seen illustrated in Figure 2.4.  
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Figure 2.4: Schematic of Prepared Experimental Block. Illustration of fully 

prepared bovine enamel block with a 9x3mm experimental window on the polished 

surface. 

 

Blocks were mounted in threes with Green-Stick impression compound into 50ml 

disposable Sterilin containers (Sterilin Ltd. Newport, UK) using a glass rod placed 

through the lid as illustrated below (Figure 2.5).   

 

Figure 2.5: Mounting Process for Bovine Enamel Blocks. Illustration depicting 

mounting of experimental blocks in groups of three within Sterilin containers.  
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2.3 Design and Test of Demineralisation Solution 
 

In order to address the chemical importance of PF composition within the model a 

demineralisation solution designed to represent ion concentrations and pH 

representative of plaque-fluid was devised for this work. Ion concentrations and pH 

values used during solution design were based on those obtained by Vogel et. al. 

(2000) for plaque fluid during an acid challenge. Values were calculated by taking the 

average of values obtained from upper and lower molar sites. The resulting solution 

can be seen in Table 2.1 below.  

The pH-cycling model outlined below was designed not to produce clinically-detectable 

levels of demineralisation as a net result. In order to ensure this, three bovine enamel 

incisors were abraded and polished as previously described (Section 2.2) and an 

experimental window created using acid-resistant varnish. Teeth were subjected to 72h 

demineralisation and imaged using MSI at 1, 3, 6, 9, 24, and 72h. MSI was selected 

due previous findings from highlighting its ability to detect demineralisation at an earlier 

point than the QLF-D system (Adeyemi et. al. 2013, Desmons et. al. 2013). Additionally 

selection of a 72h total demineralisation time was informed by the aforementioned 

studies, which demonstrated production of clearly visible lesions when measured using 

MSI following this length of exposure to a standard demineralisation solution, such as 

the one illustrated in Table 2.2.  

2.4 Exposure to Demineralisation Pre-treatment 
 

Blocks were divided into 1-3 groups, and subjected to either 0, 1 or 3 hours 

demineralisation with agitation via a magnetic stirrer and flea using the solution outlined 

below (Table 2.1). Following exposure one third of the experimental window of each 

block was covered using acid-resistant nail varnish, as illustrated below (Figure 2.6), to 

provide a protected area for baseline values.  
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Figure 2.6: Preparation for Baseline Analysis. In order to keep an area for 

baseline analysis, one third of the experimental window was covered.  

 

2.5 Exposure to pH-Cycling Regime 
 

A pH-Cycling system designed for net remineralisation was used in order to expose 

the blocks to an acid challenge without creating detectable lesions. Blocks were 

subjected to a three 30min demineralisation-per-day pH-cycling regime for periods 

ranging from 0 to 20 days. A schematic of the pH-cycling process is presented 

below (Figure 2.7).  

 9am-9:30am   dH₂O Rinse/ Demineralising solution   

 9:30am-12:30pm   dH₂O Rinse / Remineralising solution   

 12:30pm-1pm   dH₂O Rinse / Demineralising solution   

 1pm-4pm               dH₂O Rinse / Remineralising solution   

 4pm-4:30pm   dH₂O Rinse / Demineralising solution   

 4:30pm-9am          dH₂O Rinse / Remineralising solution   
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Figure 2.7: Outline of pH-cycling Regime. Schematic of daily pH-cycling protocol 

observed for 0 to 20 days. Blocks are kept in remineralisation solution with the 

exception of three 30min demineralisation periods per day. 

 

As described previously, solutions were designed to have ion concentrations and pH 

representative of plaque-fluid. The demineralisation solution was devised as described 

previously (Section 2.3). The plaque-fluid-based remineralisation solution described by 

Lynch et. al. (2011) was used (Table 2.1), with the addition of 5.7µM Fluoride (From 

resting levels reported by Vogel et. al. (2000). Reagents used were obtained from BDH 

Laboratory Supplies (Poole, UK), with the exception of HEPES (Sigma-Aldrich Ltd., 

Dorset, UK).  

Solutions were kept at room temperature under agitation with a magnetic stirrer and 

flea. Separate disposable Sterilin containers were used for each solution and blocks 

were rinsed in deionised water at each change. Solutions were refreshed at the start of 

each day.  
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Reagent Demineralisation 

Solution 

Remineralisation 

Solution 

CaCl₂ 2.25mM 1mM 

KH₂PO₄ 17.65mM 12.7mM 

Lactic Acid 32.9mM - 

KCL - 130mM 

HEPES - 20mM 

NaF 4.25µM 5.7µM 

pH 5.11 6.58 

 

Table 2.1: Plaque-Fluid-Relevant (PF) Solutions. Outline of chemical composition 

of demineralisation solution devised from PF measurements by Vogel et. al. 2000 

and remineralisation solution described by Lynch et. al. 2007 with the addition of 

NaF. 

 

Following pH-cycling an additional third of the experimental window of each block was 

covered using acid-resistant nail varnish to protect it for analysis (Figure 2.8).  

 

Figure 2.8: Allocation of pH-cycled enamel for analysis. Following exposure to 

pH-cycling, the second third of the experimental window was covered to preserve 

area for analysis.  
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2.6 Acid Challenge 
 

 

 

 

 

 

Table 2.2: Standard Demineralisation Solution. Chemical composition of standard 

acetic acid demineralisation solution. 

In order to test the effect of the pH-cycling regime on the acid susceptibility of the 

enamel, blocks were subjected to a 72-hour demineralisation challenge at room 

temperature, using a standard acetic acid-based solution, the contents of which are 

presented above (Table 2.2). Constant agitation was provided by a magnetic stirrer and 

flea. Following demineralisation, the final third of the enamel block was ready to be 

analysed (Figure 2.9). 

 

Figure 2.9: Bovine enamel blocks prepared for analysis. Schematic of bovine 

enamel blocks with the experimental window divided into thirds to provide areas of 

baseline, pH-cycled and demineralised enamel for analysis. 

 

 

Reagent Concentration 

CaCl₂ 2.2mM 

KH₂PO₄ 2.2mM 

Acetic Acid 50mM 

NaF 0.05ppm 

pH 4.5 
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2.7 Non-Contact Surface Profilometry (NCSP) 
 

Following the removal of all nail varnish using acetone, Non-contact surface 

profilometry (NCSP) (Proscan 2000, Scantron Industrial Products LTD) data was 

collected with an S5/03 scan-head (resolution 0.01μm, measuring range 0.3mm with a 

spot size of 4μm) at a sensor rate of 300 Hz with the averaging (Kalfman) filter set at 2. 

Each scan included the entire exposed window on the enamel surface. Mean surface 

roughness, Ra, was calculated by taking three measurements from each area. Data 

was stored in PRS file format and analysed using manufacturer provided software 

(Proscan 2000, Version 2.1.1.15). This process is illustrated in Figure 2.10. 

 

 

Figure 2.10: Outline of NCSP analysis process. NCSP scans were taken across 

the entire experimental window. Surface roughness (Ra) measurements were taken 

three times for each analysis area.  
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2.8 Quantitative Light-Induced Fluorescence (QLF) 
 

Enamel blocks were allowed to air-dry before being imaged using the QLF-D system 

illustrated in Figure 2.11. In brief, the system consists of a tripod mounted digital SLR 

camera (Cannon EOS 450D; Cannon UK Ltd., Surrey, UK) with an attached QLF bio-

illuminator with a working light emission wavelength of 405nm and a high pass 520nm 

filter (QLF-D; C3 Version 1.20.0.0; Inspektor Research Systems BV., Amsterdam). 

Images were taken at baseline, and at various time-points throughout the 72h 

demineralisation. Images were saved in BMP format and analysed using the 

accompanying QA2 software (QA2 Version 1.25.0.0; Inspektor Research Systems BV., 

Amsterdam). In brief, analysis is conducted by selecting an area of sound enamel 

encasing the lesion. The software then calculates a reconstruction of the sound surface 

and measured the difference between that and the actual image. This process is 

illustrated below in Figure 2.12.  

 

 

Figure 2.11: Illustration of QLF-D System. QLF-D system. A Biluminator is 

connected to a tripod-mounted digital SLR camera with a 520nm high pass filter. A 

connected laptop is used to take both a white light and QLF (490nm blue light) 

image. 
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Figure 2.12: QLF-D Analysis Process. Illustration depicting the basic process for 

quantifying fluorescence loss using the QA2 software. A: Example of block with 

lesion. B: A ring of sound enamel is selected around the area of interest. C: The 

software then creates a reconstructed sound surface. D: This is then used to 

calculate the change in fluorescence to give a numerical value. 

 

2.9 Multispectral Imaging (MSI) 
 

 

Figure 2.13: MSI System. Illustration of the MSI system. A billuminator and 460nm 

filter is connected to a tripod-mounted multi-spectral camera. A connected PC is 

used to capture an image “cube”. 

 

 

Enamel blocks were allowed to air-dry before being imaged using custom-built 

multispectral imaging system which is illustrated in Figure 2.13. The system consists of 

a tripod mounted multispectral camera (Nuance, CRi Inc. USA) with an attached QLF 
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bio-illuminator and a 460nm high-pass filter. Images were taken at baseline and at 

various points during the 72h exposure to demineralisation. Images were extracted at 

520nm and saved in TIFF format. Images were then converted into BMP format and 

analysed using the QA2 software as described previously for QLF-D.  

2.10 Transverse Microradiography (TMR) 
 

An overview of the TMR preparation process is presented in Figure 2.14. Blocks were 

mounted onto ceramic anvils with Green-Stick Impression Compound and cut into 

transverse sections approximately 1.2mm in width using a precision diamond wire saw. 

Four sections from each were then mounted onto brass anvils using nail varnish and 

polished down to approximately 80µm in thickness using a diamond impregnated disc.  

 

 

Figure 2.14: TMR Preparation Protocol. Sections were mounted and cut into 

1.2mm transverse sections across all three areas of interest. Four sections from 

each area were mounted on anvils and ground to 80µm in thickness. 

Sections were removed using acetone and mounted onto an acetate template using 

double sided tape and covered with a protective layer of clear film (3525 Ultralene 

Spex Sample Prep, New York, USA) as shown in Figure 2.15. Templates were 
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mounted with a 13-step aluminium step-wedge against a high-resolution x-ray film plate 

(Kodak type 1A High-Resolution Plates; Kodak, Rochester, USA). Plates were exposed 

to a CuKα X-ray source operating at 20mA and 20kV for 12 minutes at a distance of 

57cm from the source.  Radiographic plates were developed and fixed (Kodak D-19 

Professional Developer; Kodak, Rochester, UK and Kodak Unifix; Kodak, Rochester, 

USA) for 10 minutes per stage and rinsed in water before being dried in an oven at 

64˚C. 

 

Figure 2.15: TMR Mounting Process. Illustration of mounted transverse sections, 

with the enamel edge positioned over the windows. An aluminium step-wedge is 

mounted in the centre as a reference. 

 

An optical microscope with a CCD camera was used to calibrate the slide against the 

aluminium step-wedge and capture 4-5 images per section (magnification: 20x) using 

TMR 2000 software (Version 2.0.27.16; Inspektor Research Systems BV., 

Amsterdam). A correlation of no less than 0.9992 and an inhomogeneity value of below 

1.5% were required to ensure that the radiograph was of adequate quality. TMR 2006 

(Version 3.0.0.15; Inspektor Research Systems BV., Amsterdam) was then used to 

quantitatively determine the integrated mineral loss (ΔZ) and lesion depth (LD) and 
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average mineral loss (R, calculated as ΔZ/LD). In brief, this process involves selecting 

the area of interest, in addition to an area of underlying sound enamel and an area of 

the background as a “zero” reference. The software then uses the calibrated step-

wedge to reconstruct the mineral content as a function of depth for the sample area. 

This process is illustrated below in Figure 2.16.  

 

Figure 2.16: TMR Analysis Process. Basic illustration of the TMR analysis process. 

Following calibration of the step-wedge and image capture, an area of interest is 

selected containing both an area of sound enamel and a “zero patch” outside of the 

section. This is used by the software to calculate lesion parameters of interest. 

 

2.11 Surface Microhardness (SMH) 
 

Surface microhardness measurements were taken of baseline and pH-cycled enamel 

using a Vickers indenter with a load of 200g and a dwelling time of 15s (Buehler 

Micromet, Buelher, Illinois, USA). In brief the sample of interest was placed on the 

stage and the microscope used to focus on the surface. An indentation was then made 

on the surface with the Vickers indenter. The microscope was used to define the 
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outline of the indented area to allow the calculation of a Vickers hardness value. Six 

measurements were taken from each area of interest (Figure 2.17).  

 

Figure 2.17: Schematic of SMH Measurement Process. 6 measurements were 

taken from each baseline and pH-Cycled area using a Vickers indenter 

2.12 Scanning Electron Microscopy (SEM) 
  

 

Figure 2.18: SEM Mounting Process. Schematic of the preparation process for 

SEM analysis. Blocks are mounted onto metal holders using carbon discs. 

 

For the purposes of this work, samples were required for further analysis following 

SEM imaging. Therefore, a desktop SEM system compatible with non-coated samples 

was used (Phenom Pro, Phenom-World B.V. Netherlands). Samples were dried and 
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cleaned using acetone. Carbon discs were then used to mount each sample onto a 

metal holder, taking care to ensure it was secure (Figure 2.18). Mounted samples were 

cleaned using compressed air and mounted onto the desktop SEM sample holder for 

analysis using a desktop SEM system. Accompanying software was used for both 

image capture and EDX analysis (EID software package, Phenom-World B.V. 

Netherlands).  

2.13 Electron Microprobe Analysis (EPMA) 
 

One randomly selected section from each group was sent to Dr S. Kearns (University of 

Bristol), for electron microprobe analysis EMPA. The calcium, phosphorous, fluorine and 

zinc content of the enamel were measured to a depth of 100µm from the enamel surface.  

2.14 Statistical Analysis 
 

Data analysis was conducted using SPSS Statistics 22 (IBM UK Ltd., Portsmouth, UK) 

and Microsoft Excel 2013 (Microsoft Ltd., Berkshire, UK). Analysis was initially 

conducted un-blinded, but due to risk of bias blinding was introduced in later chapters 

(6 & 7). Means and standard error were calculated using Microsoft Excel 2013. 

Standard deviation measurements and Unpaired T-Test calculations were conducted 

using SPSS.  Due to the increased introduction of error from repeated T-test 

calculations it is noted that an alternative approach, such as analysis of variance 

(ANOVA) should be applied to future work. For statistical tests a 95% confidence 

interval was applied (P≤0.05).  
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Chapter Three: Development of an 

in vitro pH-cycling Model of PEM 

3.1. Background 

3.1.1 Importance of Developing a PEM Model 

One of the key barriers to the study of PEM highlighted upon review of the literature 

was the absence of a readily established investigation technique appropriate for the 

study of the PEM process itself, as many existing papers focus instead on describing 

the overall effects, such as decreased porosity and increased hardness (Kataoka et. al. 

2007, Cardoso et. al. 2009). A large proportion of the supporting literature investigating 

PEM directly has been conducted either in vivo using a combination of animal models 

and non-invasive techniques such as electrical resistance (Schulte et. al. 1999, 

Kataoka et. al. 2007), or in vitro using extracted, sound, newly erupted molars (Palti et. 

al.  2008). For the purpose of this work, an in vivo approach was deemed unsuitable 

as, whilst it would provide an all-round more representative picture of the actual oral 

environment, they limit the use of destructive or invasive techniques and offer little 

ability to vary and control said environment. In a similar vein, whilst conducting in vitro 

studies on sound, newly-erupted extracted molars is in theory the perfect approach, the 

reality is they are not widely available. It is therefore crucial that the first stage of any 

investigation into PEM is to develop a suitable in vitro model with which it can be 

studied, making use of techniques and resources available.  

3.1.2 Relevance of the Composition of Plaque-Fluid 

Dental plaque is composed of 80-90% water, with the remaining dry weight made up of 

bacteria (70%) and a mixture of polysaccharides and glycoproteins (30%) (Marsh and 

Bradshaw 1995). Plaque-fluid (PF) can therefore be defined as the aqueous phase, of 
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which the composition is crucial to any chemical interactions at the enamel surface, 

due to its action as an ion reservoir. As discussed previously (Section 1.3), the degree 

of saturation of the PF with regards to Ca and P in relation to the enamel determines 

whether de- or remineralisation takes place at the enamel surface. The higher the DS 

in relation to enamel, the lower the probability that demineralisation will occur (Margolis 

and Moreno 1992). Furthermore, the availability of fluoride within the plaque fluid also 

affects both bacterial activity and, through its ability to diffuse into the enamel with 

bacteria-produced acid, the surface crystal structure (Featherstone 1999). Based on 

this principle, Margolis (1990), highlighted the importance of assessing the DS of ions 

within the plaque-fluid when assessing cariogenicity for research purposes. With this in 

mind, it is important that any attempt to model the complex in vivo chemical conditions 

required for PEM, cannot ignore the importance of PF composition. The current work 

therefore aimed to ensure that pH-cycling conditions were designed to be plaque-fluid 

relevant. Whilst several studies have categorised the contents of the PF (Moreno and 

Margolis 1988, Margolis and Moreno 1992, Gao et. al. 2001), the values obtained by 

Vogel et. al. (2000) were used for the purposes of this work.  

3.2 Aims 

This initial experiment aimed to determine whether exposure to plaque-fluid-relevant 

pH-cycling conditions could serve to reduce susceptibility of polished bovine enamel to 

a subsequent acid challenge. It also aimed to investigate the effect of a 

demineralisation pre-treatment on any such effect along with the length of exposure to 

the pH-cycling regime. In turn, this study aimed to determine whether this type pf pH-

cycling regime could be used to form a suitable basis for the development of an in vitro 

bovine enamel model of post-eruptive maturation.  
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3.3 Materials and Methods 

3.3.1 Outline of Proposed PEM Model 
 

For the current chapter, the three-stage model outlined in the previous chapter (Section 

2.1) was applied. Blocks were subjected to 0, 1 or 3h pre-treatment and a pH-cycling 

regime of either 0, 2, 4, 6, 8, 10, or 12 days. Assessment of the model was carried out 

in terms of a subsequent demineralisation, the extent of which was measured using 

QLF-D, MSI and TMR. In addition, NCSP analysis was conducted on all blocks. A 

summary of the current model protocol is illustrated in Figure 3.1 below.  

 

 

Figure 3.1: Summary of Current Model Protocol. Outline of the current 

experimental procedure, broken down into the three stages of the proposed model. 
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3.3.2 pH-Cycling Regime Specifics 

The previously-described pH-Cycling system designed for net remineralisation was 

used in order to expose the blocks to an acid challenge without creating detectable 

lesions (Section 2.5). Blocks were subjected to a three 30min demineralisation-per-

day pH-cycling regime for a total of 0, 2, 4, 6, 8, or 12 days. A schematic of the pH-

cycling process is presented below (Figure 3.2).   

 

Figure 3.2: Outline of pH-cycling Regime. Schematic of daily pH-cycling protocol 

observed for 0 to 12 days. Blocks are kept in remineralisation solution with the 

exception of three 30min demineralisation periods per day. 
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3.3.3 Analysis Specifics 

NCSP and TMR analysis was conducted for baseline, pH-cycled and demineralised 

enamel. QLF-D and MSI images were captured and analysed at baseline, following 

exposure to pH-cycling and at 0, 1, 3, 6, 9, 12, 24, 48 and 72h time points during the 

subsequent demineralisation challenge. 

3.4 Results 

3.4.1 Demineralisation Solution Test  

Results from the PF demineralisation solution test demonstrated no detectable visual 

or quantitative changes in fluorescence loss and therefore mineral from baseline were 

observed. MSI images taken at baseline and following 72h solution exposure are 

presented in Figure 3.3 below.  

 

Figure 3.3: PF Demineralisation Solution Test Using MSI. MSI images at baseline 

(A) and following 72h exposure to a plaque-fluid-relevant demineralisation solution 

(B). 

.  
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3.4.2 Analysis of pH-cycled Enamel 

 

Figure 3.4: Change in Fluorescence Following 12 Days pH-cycling.  MSI image 

of bovine enamel block following exposure to a 12-day pH-cycling regime. 

 

Following exposure to the pH-cycling regime, no difference between baseline sound 

enamel and cycled enamel could be determined by either fluorescence-based 

techniques (Figure 3.4) or TMR (Figure 3.5), even for enamel exposed to the full 12-

day pH-cycling regime. The presence or absence of a demineralisation pre-treatment 

had no effect on this outcome.  

 

  

Figure 3.5: Change in Mineral Following 12 Days pH-cycling. TMR Image and 

profile following 12-days exposure to pH-Cycling. 
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3.4.3 Surface Roughness (Ra) of Enamel Following pH-cycling and 

Subsequent Demineralisation  

 

Pre-Treatment  Sound ± 

SE 

Cycled ± 

SE 

Lesion ± 

SE 

None  non cycled 2.66 ± 0.29 2.40 ± 0.20 1.99 ± 0.41 

 pH-cycled 2.76 ± 0.61 2.65 ± 0.30 2.60 ± 0.08 

1h non cycled 2.30 ± 0.37 3.25 ± 0.91 3.75 ± 1.51 

 pH-cycled 2.79 ± 0.22 2.46 ± 0.27 2.14 ± 0.42 

3h non cycled 1.78 ± 0.75 2.11 ± 1.30 2.47 ± 1.74 

 pH-cycled 2.74 ± 1.24 3.29 ± 1.80 2.76 ± 1.06 

 

Table 3.1: Effect of pH-cycling on Surface Roughness (Ra). NCSP data 

representing surface roughness (Ra) of baseline (sound), pH-cycled and 

demineralised (Lesion) enamel for both cycled enamel and non-cycled controls 

subjected to 0, 1 or 3h demineralisation pre-treatment. Data presented along with the 

standard error of the mean. n=3. 

 

Production of non-contact surface profilometry (NCSP) scans proved difficult, due to 

the large size of the scan area and natural curvature of the enamel surface, however 

scans of the entire experimental window were achieved for each experimental block. 

Surface roughness (Ra) values obtained via NCSP for sound, pH-cycled and 72h 

demineralised enamel are presented in Table 3.1. NCSP found no relationship 

between exposure to 12d pH-cycling and surface roughness (Ra) of sound, cycled and 

demineralised enamel. Additionally, exposure to a demineralisation pre-treatment 

demonstrated no effect on Ra (Figure 3.6). 
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Figure 3.6: Graphical Representation of Changes in Ra. Average (AVG) surface 

roughness (Ra) values for Sound, pH-cycled and demineralised enamel as 

measured using NCSP. Blocks were subjected to 0, 1 or 3h demineralisation pre-

treatment. Error bars represent the standard error of the mean. n=3. 

 

3.4.4 Assessment of Demineralisation Using Quantitative Light Induced 

Fluorescence (QLF-D)  
 

Total Fluorescence Loss: 0 Vs 12d Exposure 
 

Fluorescence loss values (ΔF) measured using QLF-D for both enamel exposed to the 

full 12d pH-cycling regime and non-cycled controls are presented in Table 3.2 above. 

When the total fluorescence loss is compared, a significant decrease was observed for 

blocks exposed to a 1 or 3-hour demineralisation pre-treatment (P=0.042 and 0.036 

respectively). For blocks not subjected to a demineralisation pre-treatment, a non-

significant increase was observed for 12d pH-cycled enamel when considered against 

uncycled counterparts (Figure 3.7).   
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 0 Days ∆F ± SE 12 Days ∆F ± SE 

None 6.53 ± 0.78 6.80 ± 0.94 

1h 7.60 ± 0.31 1.90 ± 1.55 

3h 7.13 ± 0.17 1.73 ± 1.42 

 

Table 3.2: Total Fluorescence Loss 0 vs 12 Days Exposure to pH-cycling. QLF-

D data for demineralised bovine enamel blocks previously subjected to 0 or 12 days 

exposure to pH-cycling. Blocks were pre-treated for 0, 1 or 3h in demineralisation 

solution. Data is presented alongside the SE of the mean. n=3. 

 

Total Fluorescence Loss at Varying Lengths of pH-cycling Exposure  
 

Images captured using the QLF-D system following 72h exposure to a demineralisation 

challenge are displayed below (Figure 3.8). When images of lesions produced in the no 

pre-treatment group are examined visually, no relationship between length of exposure 

to pH-cycling and lesion appearance can be established.  

 

Figure 3.7: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using QLF-D. Data comparing non-cycled blocks to those exposed to the 

full 12-day regime for enamel pre-treated for 0, 1 or 3h in demineralisation solution. 

Error Bars represent SE of the mean. *= P<0.05. n=3.  
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In contrast, when lesions induced in enamel subjected to a 1h demineralisation pre-

treatment are examined visually by QLF-D, lesions created in enamel subjected to 10 

or 12 days pH-cycling appear lighter and more uneven that non-cycled counterparts. 

No discernible differences were observed for enamel subjected to shorter regimes and, 

in some cases (2 and 8 days), lesions appeared darker than those not subjected to a 

cycling regime.   

Interestingly, when the same examination is conducted for enamel subjected to a 3h 

demineralisation pre-treatment, an inverse relationship between pH-cycling regime 

length fluorescence loss can be seen. In visual-terms, lesions created in enamel 

exposed to pH-cycling, present as lighter and less even in appearance than equivalent 

non-cycled controls.   

 

Figure 3.8: QLF-D Images Following 72h Demineralisation for Differing Lengths 

of pH-cycling Exposure. QLF-D images visually comparing non-cycled enamel to 

that subjected to 0, 2, 4, 6, 8, 10, 12d pH-cycling for enamel pre-treated with 0, 1 or 

3h exposure to demineralisation.  

 

The quantitative fluorescence loss values (ΔF) obtained for lesions created following a 

72h demineralisation are presented in Table 3.3.  For blocks not exposed to a 

demineralisation pre-treatment, no differences were observed between pH-cycled 
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blocks and non-cycled controls. In comparison a decrease in fluorescence loss was 

observed for all pH-cycled blocks exposed to a 1h demineralisation pre-treatment when 

compared to non-cycled controls. This observed decrease was significant for blocks 

pH-cycled for the full 12 days only (P=0.042).  

Length of pH-

cycling 

No Demin ΔF ± SE 1h ΔF ± SE 3h ΔF ± SE 

0 Days 6.53 ± 0.78 7.60 ± 0.31 7.13 ± 0.17 

2 Days 4.23 ± 1.74 7.47 ± 0.38 8.10 ± 0.34 

4 Days 1.90 ± 1.55 3.97 ± 1.63 4.40 ± 1.81 

6 Days 6.07 ± 0.75 5.43 ± 2.59 3.87 ± 1.59 

8 Days 6.47 ± 0.66 7.43 ± 1.05 5.70 ± 0.22 

10 Days 5.10 ± 2.32 5.00 ± 2.33 4.50 ± 1.84 

12 Days 6.80 ± 0.94 1.90 ± 1.55 1.73 ± 1.42 

 

Table 3.3: ΔF following 72h demineralisation for enamel exposed to 0, 2, 4, 6, 8, 10 or 

12 days pH-cycling. Fluorescence loss values measured using QLF-D for 0, 1 or 3 

demineralisation pre-treated enamel exposed to 0-12d pH-cycling following a subsequent 

72h demineralisation challenge. Data is presented with the SE of the mean. n=3.  

 

For blocks subjected to a 3h demineralisation pre-treatment, a decrease in 

fluorescence loss was observed for all pH-cycled blocks when considered against non-

cycled controls, with the exception of those subjected to a 2-day pH-cycling regime. 

Observed decreases were found to be significant for blocks subjected to 8 and 12 days 

of pH-cycling (P=0.013 and 0.036 respectively). However, a clear linear relationship 

between length of pH-cycling exposure and subsequent changes in fluorescence 

following demineralisation could not be established (Figure 3.9). 
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Figure 3.9: Graphical Representation of ΔF in relation to pH-cycling Exposure 

Length. QLF-D fluorescence loss values for 0, 1 and 3h pre-treated enamel 

subjected to 0-12d pH-cycling and a subsequent 72h demineralisation. Error Bars 

Represent the SE of the mean. * = P<0.05. n=3. 

 

Progress of Fluorescence Loss over 72h Demineralisation 
 

No Pre-Treatment: 

 

When the progress of the lesions over the 72h demineralisation challenge is observed 

visually for enamel blocks in the no pre-treatment group, no patterns can be observed 

between the appearance of the lesions and the length of exposure of the blocks to pH-

cycling. Additionally, no differences were observed for the initial time point at which 

lesions are first visible with relation to pH-cycling exposure.  
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Figure 3.10: Visual QLF-D Lesion Progression in Non-Pre-Treated Enamel 

subjected to varying pH-cycling Regime Lengths. Images captured using QLF-D 

demonstrating longitudinal lesion formation in non-pre-treated enamel subjected to 

varying pH-cycling exposures and a subsequent 72h demineralisation.    

 

When the numerical fluorescence loss (ΔF) values are considered, lesion progression 

was detected earlier for non-cycled enamel (9h) than that exposed to a pH-cycling 

regime. Additionally, enamel exposed to 4d pH-cycling demonstrated significantly lower 

ΔF values at 24 and 48h demineralisation than non-cycled controls (P=0.001 and 0.035 

respectively). However, beyond that, no relationship between the length of pH-cycling 

regime the enamel was exposed to and the level of fluorescence loss could be 

established.  
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

0d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.77 ± 

1.77 

2.03 ± 

2.03 

4.77 ± 

2.73 

5.65 ± 

0.88 

6.53 ± 

0.78 

4d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.80 ± 

2.20 

1.90 ± 

1.55 

8d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

4.00 ± 

1.94 

4.40 ± 

2.71 

4.73 ± 

2.91 

6.47 ± 

0.66 

12d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

2.03 ± 

2.49 

2.10 ± 

2.57 

6.80 ± 

0.94 

 

Table 3.4: Progression of Fluorescence Loss over 72h for non-pre-treated enamel 

subjected to 0-12d pH-cycling. QLF-D-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 

and 72h demineralisation time points for non-pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3.  

 

 

Figure 3.11: Graphical Representation of Demineralisation Progression over 

72h for Varying pH-cycling Regime Lengths. QLF-D data expressing ΔF changes 

over 72h exposure to demineralisation solution for non-pre-treated enamel subjected 

to 0-12d pH-cycling. Error Bars Represent the SE of the mean. *=P<0.05. n=3.  
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1h Pre-treated Enamel: 

 

When visual examination is conducted for enamel blocks exposed to a 1h 

demineralisation pre-treatment a similar situation to that demonstrated for the no 

treatment group was observed, as no clear relationship between the appearance of 

lesions exposed to differing extents of pH-cycling at equivalent time points is seen. 

QLF-D images are displayed in Figure 3.12 below.  

 

Figure 3.12: Visual QLF-D Lesion Progression in 1h Pre-treated Enamel 

subjected to varying pH-cycling Regime Lengths. Images captured using QLF-D 

demonstrating longitudinal lesion formation in 1h pre-treated enamel subjected to 

varying pH-cycling exposures and a subsequent 72h demineralisation. 

 

 When the numerical fluorescence loss values are taken into consideration (Table 3.5), 

enamel exposed to 0 or 8d pH-cycling behaved very similarly. In contrast, exposure to 

4 or 12d pH-cycling resulted in lower fluorescence loss values at all comparable time 

points. Additionally, the lesions for these time points were first detected later than for 

those exposed to 0 or 8d pH-cycling. This is represented graphically in Figure 3.13 

below.  

 



 

 
70 

 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

0d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.83 ± 

2.25 

6.20 ± 

0.07 

7.60 ± 

0.31 

4d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.73 ± 

2.12 

3.97 ± 

1.63 

8d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

2.17 ± 

2.65 

6.10 ± 

0.68 

7.43 ± 

1.05 

12d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.95 ± 

0.95 

1.90 ± 

1.55 

 

Table 3.5: Progression of Fluorescence Loss over 72h for 1h pre-treated enamel 

subjected to 0-12d pH-cycling. QLF-D-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 

and 72h demineralisation time points for 1h pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3. 

 

 

 

Figure 3.13: Graphical Representation of Demineralisation Progression over 

72h for Varying pH-cycling Regime Lengths. QLF-D data expressing ΔF changes 

over 72h exposure to demineralisation solution for 1h pre-treated enamel subjected 

to 0-12d pH-cycling. Error Bars Represent the SE of the mean. n=3. 
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3h Pre-treated Enamel: 

 

 

Figure 3.14: Visual QLF-D Lesion Progression in 3h Pre-treated Enamel 

subjected to varying pH-cycling Regime Lengths. Images captured using QLF-D 

demonstrating longitudinal lesion formation in 3h pre-treated enamel subjected to 

varying pH-cycling exposures and a subsequent 72h demineralisation. 

 

Unlike the previous experimental groups, when blocks subjected to a 3h 

demineralisation pre-treatment are examined visually (Figure 3.14), a difference can be 

observed between non-cycled enamel and that subjected to a pH-cycling regime. 

Enamel exposed to pH-cycling regimes of all lengths demonstrated lesions lighter and 

less even in appearance than non-cycled controls at comparable time points. 

Additionally, lesions were visually detectable after less exposure to the acid solution for 

non-cycled enamel (9-12h), than that exposed to pH-cycling (6h).  

Reported quantitative fluorescence loss values reflect the observations noted visually 

(Table 3.6), with first detection occurring at an earlier time point for non-cycled enamel 

blocks (24h vs 48/72h). Additionally, fluorescence loss values were lower for all lesions 

created in blocks exposed to a pH-cycling regime, when considered against non-cycled 

controls. This is presented graphically in Figure 3.15.  
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

0d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

3.93 ± 

2.41 

6.47 ± 

0.22 

7.13 ± 

0.17 

4d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.70 ± 

2.08 

4.40 ± 

1.81 

8d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

5.70 ± 

0.22 

12d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.73 ± 

1.42 

 

Table 3.6: Progression of Fluorescence Loss over 72h for 3h pre-treated enamel 

subjected to 0-12d pH-cycling. QLF-D-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 

and 72h demineralisation time points for 3h pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3. 

 

.  

Figure 3.15: Graphical Representation of Demineralisation Progression over 

72h for Varying pH-cycling Regime Lengths. QLF-D data expressing ΔF changes 

over 72h exposure to demineralisation solution for 1h pre-treated enamel subjected 

to 0-12d pH-cycling. Error Bars Represent the SE of the mean. n=3. 
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3.4.5 Multispectral Imaging (MSI) Analysis of Created Lesions 
 

Total Fluorescence Loss: 0 Vs 12d pH-cycling Exposure 
 

 0 Days ∆Z ± SE 12 Days ∆Z ± SE 

None 13.00 ± 1.25 7.43 ± 1.86 

1h 12.03 ± 1.39 6.50 ± 0.21 

3h 9.73 ± 1.00 2.63 ± 2.15 

 

Table 3.7: Total Fluorescence Loss 0 vs 12 Days Exposure to pH-cycling. MSI data 

for demineralised bovine enamel blocks previously subjected to 0 or 12 days exposure to 

pH-cycling. Blocks were pre-treated for 0, 1 or 3h in demineralisation solution n=3. 

 

For lesions imaged using the MSI system, total fluorescence loss for non-cycled 

controls was higher than that for 12-day pH-cycled counterparts (Table 3.7). When 

analysed statistically, only the difference observed for blocks exposed to a 1h 

demineralisation pre-treatment was significant (p=0.032) (Figure 3.16).  

 

Figure 3.16: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using MSI. Data comparing non-cycled blocks to those exposed to the 

full 12-day regime for enamel pre-treated for 0, 1 or 3h in demineralisation solution. 

Error Bars represent SE of the mean. *= P<0.05. n=3. 
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Total Fluorescence Loss for Enamel Subjected to Varying Lengths of pH-cycling Exposure

  
 

 

Figure 3.17: MSI Images Following 72h Demineralisation for Differing Lengths 

of pH-cycling Exposure. MSI images visually comparing non-cycled enamel to that 

subjected to 0, 2, 4, 6, 8, 10, 12d pH-cycling for enamel pre-treated with 0, 1 or 3h 

demineralisation. 

 

Visual examination of images obtained using the MSI system for enamel in the no 

treatment group and that subjected to a 1h demineralisation pre-treatment showed a 

similar lack of relationship between lesion appearance and length of exposure to pH-

cycling as reported above for those produced using QLF-D (Figure 3.17). 

The MSI images obtained from 3h demineralisation pre-treated enamel also show 

consensus with those obtained via QLF-D when examined, demonstrating lesions that 

appear paler and less even for pH-cycled enamel when compared to non-cycled 

controls.   
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Length of pH-

cycling 

No Demin ΔF ± SE 1h ΔF ± SE 3h ΔF ± SE 

0 Days 13.00 ± 1.25 12.03 ± 1.39 9.73 ± 1.00 

2 Days 8.67 ± 2.26 11.33 ± 0.27 11.00 ± 0.47 

4 Days 7.97 ± 0.98 8.93 ± 0.32 8.70 ± 0.57 

6 Days 8.07 ± 1.28 10.50 ± 3.88 7.27 ± 0.98 

8 Days 7.40 ± 2.28 10.50 ± 1.78 5.23 ± 2.17 

10 Days 8.30 ± 7.94 10.40 ± 3.12 6.87 ± 2.82 

12 Days 7.43 ± 1.86 6.50 ± 0.21 2.63 ± 2.15 

 

Table 3.8: ΔF following 72h demineralisation for enamel exposed to 0, 2, 4, 6, 8, 10 or 

12 days pH-cycling. Fluorescence loss values measured using MSI for 0, 1 or 3 

demineralisation pre-treated enamel exposed to 0-12d pH-cycling following a subsequent 

72h demineralisation challenge. Data is presented with the SE of the mean. n=3. 

 

With the exception or 3h pre-treatment, 8 days, all blocks exposed to pH-cycling 

showed an observed decrease in fluorescence loss when considered in relation to non-

cycled controls (Table 3.8). For the no pre-treatment group, this decrease was found to 

be significant in blocks exposed to 4, 6 and 8 days of pH-cycling (P=0.04, 0.05 and 

0.022 respectively). For blocks subjected to a 1h demineralisation pre-treatment such 

observations were significant for blocks cycled for the total 12 days only (P=0.032). 

None of the observed decreases for 3h pre-treated blocks were found to be significant 

when analysed statistically (Figure 3.18).  
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Figure 3.18: Graphical Representation of ΔF in relation to pH-cycling Exposure 

Length. MSI fluorescence loss values for 0, 1 and 3h pre-treated enamel subjected 

to 0-12d pH-cycling and a subsequent 72h demineralisation. Error Bars Represent 

the SE of the mean. * = P<0.05. n=3. 

 

Progress of Fluorescence Loss over 72h Demineralisation 

 

No Pre-Treatment: 

 

When the progression of the lesions formed from non-pre-treated enamel is observed 

visually using MSI (Figure 3.19), unlike for QLF-D, a difference was observed between 

pH-cycled enamel and non-cycled controls. In a similar manner to QLF-D images 

obtained for 3h pre-treated enamel, lesions produced in pH-cycled enamel appeared 

lighter and less even than those produced in non-cycled controls.  
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Figure 3.19: Visual MSI Lesion Progression in Non-Pre-Treated Enamel 

subjected to varying pH-cycling Regime Lengths. Images captured using MSI 

demonstrating longitudinal lesion formation in non-pre-treated enamel subjected to 

varying pH-cycling exposures and a subsequent 72h demineralisation.    

 

The visual differences observed for MSI images when compared to QLF-D are 

supported by recorded numerical fluorescence loss values (Table 3.9). A decrease in 

fluorescence loss was observed for all pH-cycled blocks in comparison to non-cycled 

controls at all comparable time points. Additionally, lesions were numerically detectable 

at an earlier time point for non-cycled enamel than that subjected to a pH-cycling 

regime. There was, however, no clear relationship between the length of exposure to 

pH-cycling and subsequent fluorescence loss (Figure 3.20). 
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

0d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

1.97 ± 

1.97 

6.00 ± 

0.35 

6.87 ± 

0.52 

7.33 ± 

0.84 

7.47 ± 

0.92 

11.13 ± 

0.87 

13.00 ± 

1.53 

4d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.83 ± 

1.83 

1.90 ± 

1.90 

4.20 ± 

2.11 

4.53 ± 

2.29 

4.93 ± 

2.47 

7.97 ± 

0.98 

8d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

2.17 ± 

2.17 

3.97 ± 

2.06 

6.27 ± 

2.18 

6.90 ± 

2.34 

7.53 ± 

4.24 

7.40 ± 

2.28 

12d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

2.13 ± 

2.13 

4.10 ± 

2.07 

4.30 ± 

2.18 

4.60 ± 

2.34 

6.00 ± 

4.24 

7.43 ± 

1.86 

 

Table 3.9: Progression of Fluorescence Loss over 72h for non-pre-treated enamel 

subjected to 0-12d pH-cycling. MSI-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 and 

72h demineralisation time points for non-pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3. 

 

 

Figure 3.20: Graphical Representation of Demineralisation Progression over 

72h for Varying pH-cycling Regime Lengths. MSI data expressing ΔF changes 

over 72h exposure to demineralisation solution for non-pre-treated enamel subjected 

to 0-12d pH-cycling. Error Bars Represent the SE of the mean. n=3. 
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1h Pre-treated Enamel: 

 

 

Figure 3.21: Visual MSI Lesion Progression in 1h Pre-treated Enamel subjected 

to varying pH-cycling Regime Lengths. Images captured using MSI demonstrating 

longitudinal lesion formation in 1h pre-treated enamel subjected to varying pH-

cycling exposures and a subsequent 72h demineralisation. 

 

MSI images obtained for 1h pre-treated enamel were mixed (Figure 3.21). Whilst 

lesions created in 4 and 12d pH-cycled enamel appear lighter at most time points in 

comparison to non-cycled controls, the differences are not clearly defined at the 72h 

time point. For 8h pH-cycled enamel, lesions actually appeared darker than non-cycled 

controls, however with more of an uneven appearance.  

Numerically, the fluorescence loss values show a similar effect to the no pre-treatment 

group (Table 3.10). For any given time-point, a decrease in fluorescence loss was 

observed for pH-cycled enamel when considered against non-cycled controls. 

Additionally, fluorescence loss was detected at an earlier time point in non-cycled 

enamel in a similar manner to the previous results (Figure 3.22).  
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

0d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

3.67 ± 

3.67 

4.50 ± 

2.27 

6.30 ± 

0.72 

7.40 ± 

0.40 

8.20 ± 

3.04 

9.00 ± 

0.50 

12.03 

± 1.39 

4d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.73 ± 

1.73 

2.03 ± 

2.03 

4.17 ± 

2.10 

5.40 ± 

1.23 

6.63 ± 

0.57 

8.93 ± 

0.32 

8d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.70 ± 

1.70 

4.27 ± 

2.16 

6.23 ± 

0.52 

7.23 ± 

0.84 

8.17 ± 

1.43 

10.50 

± 1.78 

12d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.90 ± 

1.90 

4.20 ± 

1.14 

6.50 ± 

0.65 

6.50 ± 

0.21 

 

Table 3.10: Progression of Fluorescence Loss over 72h for 1h pre-treated enamel 

subjected to 0-12d pH-cycling. MSI-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 and 

72h demineralisation time points for 1h pre-treated enamel exposed to varying pH-cycling 

regime lengths. Data is presented with SE of the mean. n=3. 

 

Figure 3.22: Graphical Representation of Demineralisation Progression over 

72h for Varying pH-cycling Regime Lengths. MSI data expressing ΔF changes 

over 72h exposure to demineralisation solution for 1h pre-treated enamel subjected 

to 0-12d pH-cycling. Error Bars Represent the SE of the mean. n=3. 
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3h Pre-treated Enamel: 

 

 

Figure 3.23: Visual MSI Lesion Progression in 3h Pre-treated Enamel subjected 

to varying pH-cycling Regime Lengths. Images captured using MSI demonstrating 

longitudinal lesion formation in 3h pre-treated enamel subjected to varying pH-

cycling exposures and a subsequent 72h demineralisation. 

 

Similar to the images obtained for QLF-D, 3h pre-treated enamel blocks showed 

reduced lesion visibility for pH-cycled enamel than that of non-cycled controls (Figure 

3.23). In addition, lesions created in pH-cycled appeared less-even than those created 

in non-cycled enamel. Lesions were visually detectable at an earlier stage (3h) for non-

cycled enamel than counterparts exposed to a pH-cycling regime (6h).  

When numerical fluorescence loss values obtained by MSI are considered (Table 

3.11), the visual difference observed for 4d pH-cycled enamel in comparison to non-

cycled controls was less defined. A clear difference, however was observed for enamel 

subjected to 8 and 12d pH-cycling, where fluorescence loss values were lower than 

those for non-cycled controls at all comparable time points. Furthermore, lesions were 

first detectable 6-18h earlier when created using non-cycled controls (Figure 3.24).  
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

0d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

2.00 ± 

2.00 

4.06 ± 

2.13 

4.43 ± 

2.27 

7.37 ± 

1.04 

7.87 ± 

1.05 

9.73 ± 

1.00 

4d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.67 ± 

1.67 

3.90 ± 

1.96 

4.07 ± 

2.05 

6.67 ± 

0.57 

7.00 ± 

0.40 

8.70 ± 

0.57 

8d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

3.67 ± 

1.84 

4.73 ± 

2.42 

5.23 ± 

2.17 

12d 3 0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

0.00 ± 

0.00 

1.97 ± 

1.97 

1.97 ± 

1.97 

2.20 ± 

2.25 

2.63 ± 

2.15 

 

Table 3.11: Progression of Fluorescence Loss over 72h for 3h pre-treated enamel 

subjected to 0-12d pH-cycling. MSI-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 and 

72h demineralisation time points for 3h pre-treated enamel exposed to varying pH-cycling 

regime lengths. Data is presented with SE of the mean. n=3. 

 

Figure 3.24: Graphical Representation of Demineralisation Progression over 

72h for Varying pH-cycling Regime Lengths. MSI data expressing ΔF changes 

over 72h exposure to demineralisation solution for 1h pre-treated enamel subjected 

to 0-12d pH-cycling. Error Bars Represent the SE of the mean. n=3. 
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3.4.6 Transverse Microradiography (TMR) Measurement of 

Demineralised Enamel 
 

Total Mineral Loss: 0 Vs 12d Exposure to pH-cycling 
 

During preparation of the TMR sections, some sections were damaged during the 

grinding process. It was, however, ensured, through the grinding of additional sections, 

that at least three sections were radiographed per area of interest for analysis. Analysis 

was conducted by taking the mean mineral loss value for each section, before 

averaging obtained means to give a single value per block. Data reported below was 

then taken as the average of the three blocks for each condition.  

 0 Days ∆Z ± SE 12 Days ∆Z ± SE 

None 1891.42 ± 69.98 2161.67 ± 536.06 

1h 1782.85 ± 304.99 895.31 ± 49.44 

3h 1842.92 ± 448.99 793.15 ± 189.99 

 

Table 3.12: Total Mineral Loss 0 vs 12 Days Exposure to pH-cycling. TMR data 

for demineralised bovine enamel blocks previously subjected to 0 or 12 days 

exposure to pH-cycling. Blocks were pre-treated for 0, 1 or 3h in demineralisation 

solution. Data is presented with the SE of the mean. n=3. 

 

When the total mineral loss following 72h demineralisation was compared between 

non-cycled controls and samples exposed to the full 12 days pH-cycling (Table 3.12), a 

non-significant decrease in ΔZ was observed for blocks exposed to a 1 or 3-hour 

demineralisation pre-treatment. A non-significant increase in subsequent mineral loss 

was observed for enamel blocks not subjected to a pre-treatment.  This is presented 

graphically in Figure 3.25 below. 
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Figure 3.25: Mineral Loss (ΔZ) values following 72h demineralisation as 

measured using TMR. Data comparing non-cycled blocks to those exposed to the 

full 12-day regime for enamel pre-treated for 0, 1 or 3h in demineralisation solution. 

Error Bars represent SE of the mean. n=3. 

 

 

Figure 3.26: Mineral Loss as a Function of Depth. Lesion profile created from 

TMR data for lesions created in 0, 1 and 3h demineralisation pre-treated enamel 

subjected to 0 or 12d pH-cycling.  
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When the mineral loss is considered as a function of depth (Figure 3.26), the 

differences between enamel exposed to pH-cycling and relevant controls are subtle. 

For enamel not subjected to a demineralisation pre-treatment, observed lesions were 

similar, although a slightly more defined surface zone was present in enamel subjected 

to pH-cycling. In contrast, the profiles of lesions created in pre-demineralised enamel 

subjected to cycling demonstrated features much closer to that of sound enamel in 

contrast to the typical lesion features observed in comparable controls.  

Mineral Loss in Enamel Subjected to Varying Lengths of pH-cycling Exposure  
 

No Pre-Treatment: 

 

pH-Cycling 
Length 
(Days) 

Number 
of 

Blocks 
(n) 

 

ΔZ ± SE 

 

LD ± SE 

 

R ± SE 

0 3 1891.42 ± 69.98 98.56 ± 10.61 17.03 ± 1.20 

2 3 890.56 ± 405.67 46.75 ± 25.04 21.72 ± 1.97 

4 3 1247.72 ± 234.68 59.13 ± 5.21 22.72 ± 5.33 

6 3 1785.41 ± 219.73 90.70 ± 6.90 19.70 ± 0.86 

8 3 1514.72 ± 415.97 84.63 ± 16.70 22.04 ± 4.96 

10 3 986.46 ± 69.79  71.64 ± 1.00 13.93 ± 1.24 

12 3 2161.67 ± 536.06 110.93 ± 29.57 20.12 ± 4.54 

 

Table 3.13: ΔZ, LD and R Values for Demineralised Enamel with Varying 

Lengths of pH-cycling Exposure. TMR data for lesions created in non-pre-treated 

enamel subjected to 0-12d pH-cycling exposure. Data is presented with the SE of 

the mean. n=3. 
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For blocks not subjected to any pre-treatment, no differences in mineral loss (ΔZ), 

lesion depth (LD) or R (%Vol) were observed between non-cycled enamel and that 

exposed to pH-cycling (Table 3.13). This is presented graphically in Figure 3.27 

below. 

 

 

Figure 3.27: Graphical Representation of TMR Data for Demineralised Enamel 

with Varying Lengths of pH-cycling Exposure. TMR data for lesions created in 

non-pre-treated enamel subjected to 0-12d pH-cycling exposure. Error bars 

represent the SE of the mean. n=3. 

 

1h Pre-treated Enamel: 

 

For blocks subjected to a 1h pre-treatment, a decrease in both mineral loss and lesion 

depth was observed for all blocks exposed to pH-cycling when compared against non-

cycled controls with the exception of those exposed to 2 days of cycling (Table 3.14).  

None of the observed decreases were found to be significant. No differences in R 

(%Vol) were observed between cycled and non-cycled enamel (Figure 3.28). 
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pH-Cycling 
Length 
(Days) 

Number 
of 

Blocks 
(n) 

 

ΔZ ± SE 

 

LD ± SE 

 

R ± SE 

0 3 1782.85 ± 304.99 91.17 ± 18.32 19.59 ± 1.82 

2 3 1776.83 ± 430.61 103.14 ± 16.97 18.32 ± 1.04 

4 3 1680.08 ± 432.56 91.78 ± 14.20 17.28 ± 2.29 

6 3 1151.57 ± 172.00 74.26 ± 13.84 16.18 ± 1.12 

8 3 1256.83 ± 388.94 66.70 ± 20.49 22.83 ± 2.86 

10 3 882.44 ± 328.24 47.39 ± 16.41 21.98 ± 1.17 

12 3 895.31 ± 49.44 57.07 ± 5.90 18.32 ± 2.93 

 

Table 3.14: ΔZ, LD and R Values for 1h Pre-treated Demineralised Enamel with 

Varying Lengths of pH-cycling Exposure. TMR data for lesions created in 1h pre-

treated enamel subjected to 0-12d pH-cycling exposure. Data is presented with the 

SE of the mean. n=3 

 

 

Figure 3.28: Graphical Representation of TMR Data for 1h Pre-treated 

Demineralised Enamel with Varying Lengths of pH-cycling Exposure. TMR data 

for lesions created in 1h pre-treated enamel subjected to 0-12d pH-cycling exposure. 

Error bars represent the SE of the mean. n=3. 
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3h Pre-treated Enamel 

For blocks subjected to a 3h pre-treatment, a non-significant decrease in both mineral 

loss and lesion depth was observed for all blocks exposed to pH-cycling when related 

to values obtained for non-cycled controls with the exception of the 2d of cycling 

condition (Table 3.15). No differences in R (%Vol) were reported when pH-cycled and 

non-cycled enamel were contrasted (Figure 3.29). 

 

pH-Cycling 
Length 
(Days) 

Number 
of 

Blocks 
(n) 

 

ΔZ ± SE 

 

LD ± SE 

 

R ± SE 

0 3 1842.92 ± 448.99 89.15 ± 17.90 22.50 ± 2.12 

2 3 3356.56 ± 1797.34 123.16 ± 43.07 25.39 ± 5.82 

4 3 1175.90 ± 325.86 65.84 ± 18.77 19.49 ± 1.25 

6 3 1132.91 ± 158.93 52.46 ± 7.60 23.97 ± 1.27 

8 3 1722.08 ± 307.27 89.35 ± 8.23 18.98 ± 2.14 

10 3 1314.58 ± 117.92 77.83 ± 1.91 18.10 ± 1.93 

12 3 793.15 ± 189.99 42.20 ± 14.56 23.04 ± 2.74 

 

Table 3.15: ΔZ, LD and R Values for 3h Pre-treated Demineralised Enamel with 

Varying Lengths of pH-cycling Exposure. TMR data for lesions created in 3h pre-

treated enamel subjected to 0-12d pH-cycling exposure. Data is presented with the 

SE of the mean. n=3 
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Figure 3.29: Graphical Representation of TMR Data for 3h Pre-treated 

Demineralised Enamel with Varying Lengths of pH-cycling Exposure. TMR data 

for lesions created in 3h pre-treated enamel subjected to 0-12d pH-cycling exposure. 

Error bars represent the SE of the mean. n=3. 

 

3.4.7 Surface Chemical Changes in Produced Lesions Following Exposure to 

pH-cycling Measured by EPMA 

 

Results from electron microprobe analysis were limited due to damage incurred to 

sections during both the polishing process and transportation. From the results 

obtained, it was, however, possible to draw comparisons between lesion samples 

created in enamel subjected to the full 12-day pH-cycling regime and non-cycled 

controls for enamel not subjected to a pre-treatment and those given the full 3h 

demineralisation pre-treatment. When the results for Ca and P content displayed 

graphically below (Figure 3.30) are considered, a decrease in both Ca and P at the 

surface can be observed for pH-cycled enamel in comparison to non-cycled controls 

regardless of pre-treatment conditions. For non-pre-treated enamel not subjected to a 
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cycling regime, a slight surface decrease in both Ca and P content can be observed, 

however the drop in P is more defined. Interestingly the surface decreases observed 

for pH-cycled counterparts are markedly more pronounced for Ca. This larger 

displacement of calcium at the surface for pH-cycled enamel is also reflected in 3h pre-

treated enamel, however the Ca and P values for non-cycled controls are relatively 

even throughout the measured depth.  

 

Figure 3.30: EMPA Analysis of Ca and P Content as a Function of Depth. Ca 

and P content of lesions created in 0 (A) and 3h (B) pre-treated enamel subjected to 

0 or 12d pH-cycling. 

 

EPMA analysis was also conducted for F and Zn content within the same samples and 

the results are presented graphically in Figure 3.31. For sound, non-pre-treated 

enamel, fluoride and zinc content decreased rapidly from the surface before levelling 

out at around 55nm. In comparison, enamel subjected to 12 days in PF-relevant pH-

cycling conditions showed a lower concentration of zinc at the surface, but overall a 

similar pattern, with a sharp drop, before zinc levels reaching a plateau at around 

15nm. For fluoride content, the results for pH-cycled enamel are more interesting. 
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Unlike sound enamel, where F content dropped sharply from the surface, F in cycled 

enamel stayed constant for the first 15µm, before following the same pattern of falling 

before levelling out.  

For enamel subjected to a 3h demineralisation pre-treatment, F content follows a 

similar pattern to that’s which was not subjected to a pre-treatment, however zinc levels 

were consistently low throughout the entire depth. The is in contrast to pH-cycled 

counterparts, which demonstrated higher levels of zinc at the surface in a similar 

manner to tested sound enamel. Fluoride content for 3h pre-treated cycled enamel 

presented similarly to that for non-treated, the exception being that fluoride content 

showed a slight increase over the initial 15nm.  

 

 

Figure 3.32: EMPA Analysis of F and Zn Content as a Function of Depth. F and 

Zn content of lesions created in 0 (A) and 3h (B) pre-treated enamel subjected to 0 

or 12d pH-cycling 
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3.5 Discussion 

Post-eruptive maturation is believed to be the result of exposure to subclinical caries 

events due to the cyclic nature of the oral environment (Lynch 2013). Therefore, the 

current study aimed to determine whether exposure to Plaque-fluid-relevant pH-cycling 

conditions could serve to reduce mineral loss during a subsequent acid challenge.  

When total fluorescence loss values obtained by QLF-D were initially compared for 

enamel subjected to a full 12-day pH-cycling regime and non-cycled controls, the 

results appear promising. A significant decrease in fluorescence loss was observed for 

lesions created in pH-cycled enamel for both 1 and 3-hour pre-demineralised enamel. 

Similarly, the corresponding MSI images showed decreases for all three conditions, of 

which the 1h result was deemed significant. The TMR results also appear in 

consensus, however the situation is not as straightforward as it may appear from these 

results. When a wider range of pH-cycling regime lengths are taken into account, the 

situation appears to be much less clear-cut. It is for this reason that for the initial 

development of this model a range of regime lengths were used, to try and provide 

confirmation that observed relationships are a product of the pH-cycling as opposed to 

other factors. When these additional regime lengths are taken into account, there still 

does appear to be evidence that pre-treated enamel, particularly the longer 3h pre-

treated enamel does appear to have the potential to demonstrate reduced 

fluorescence/mineral loss when exposed to pH-cycling conditions, however the 

relationship is not a strong as first perceived.   

One of the main advantages of fluorescence-based detection methods is their ability to 

follow the progression of the created lesions over the 72h demineralisation period. 

When this is taken into consideration, whilst visually only blocks within the 3h pre-

treatment condition appeared to demonstrate pH-cycling-related effects, lesions 

created in pH-cycled enamel, for the most part, developed at later time points than non-

cycled counterparts. The combination of these findings provides support for the use of 
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pH-cycling, whilst also supporting the notion that enamel exposed to alternating periods 

of de- and re-mineralisation, demonstrates reduced mineral loss when subjected to a 

subsequent acid challenge (ten Cate and Duijsters 1982, Iijima and Takagi 2000, Maltz 

et. al. 2006) 

When EPMA data is considered, the observation of a concentrated surface area of 

fluoride for both pH-cycled conditions that is not observed for non-cycled counterparts, 

particularly in conjunction with raised zinc for the 3h pre-treated condition hints at the 

synergistic behaviour occasionally reported in the literature (Lynch 2013). The EPMA 

results, however interesting, must be viewed with caution. When the rest of the 

collected data is considered, no differences in produced lesions were observed for 

blocks not previously exposed to a demineralisation pre-treatment. Furthermore, when 

the Ca and P data is also considered, very little loss is reported for lesions created in 

non-pH-cycled 3h pre-treated enamel, which does not match other reported findings 

within this study. One possible explanation for this would be that sections sent were on 

boundary of the lesion therefore were not representative of the lesion. In future, 

selection criteria should be applied to reduce further such occurrences.  

The fact that reductions in fluorescence/mineral loss were observed more readily in 

enamel subjected to a 3h demineralisation pre-treatment makes sense when the 

changes that are theorised to occur during PEM are taken into account. It is believed 

that chemical changes, such as the incorporation of fluoride and other ions occur 

through their ability to replace particular aspects of the HPA lattice (Young 1975, Aoba 

et. al. 2003). Fluoride, in particular, has been shown to diffuse into the surface enamel 

simultaneously to bacterial acids (Featherstone 1999). This combined with the 

evidential support for slightly acidic dentifrices (Alves et. al. 2007, Brighenti et. al. 2013) 

suggests that the presence of the simultaneous dissolution and remineralising ions 

facilitates access to the enamel surface, making it easier for them to bind.   
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Additionally, TMR data shows whilst there was a perceived decrease in both mineral 

loss and lesion depth, the ratio data shows no difference in the characteristics of the 

lesion. This may be partially due to absence of the additional fluoride prophylaxis 

provided in vivo by daily brushing. Studies have shown that fluoride and other ions are 

capable of binding to the enamel surface, however for this to happen a high 

concentration is required, as opposed to the minimal values included in the PF 

solutions used here (Young 1975, Featherstone et. al. 1990).  

When the results of NCSP are considered, reported values for surface roughness 

showed no discernible relationships between exposure to pH-cycling and surface 

roughness, even for 3-hour pre-treated enamel. Whilst this may also be a factor of the 

small sample sizes used in this initial experiment, it may also be due to several other 

possible factors. The first factor that may be causing a lack of observable differences 

between cycled and non-cycled enamel is the nature of caries lesions on comparison 

to other forms of mineral loss such as erosion. Whilst erosive lesions initially involve 

loss of the surface layers of enamel, allowing them to be readily detected by NCSP, 

caries lesions characteristically form with an intact surface area and an underlying 

subsurface area of demineralisation (Silverstone 1968, Larsen 1991).  If the effects of 

the lesions are purely confined to below the surface, the surface-limited detection 

capability of NCSP would not detect any changes, as the roughness would not be 

affected. The second main limitation of the NCSP measurements taken here is the 

enamel blocks themselves and their effect on NCSP accuracy. NCSP measurements 

rely on detecting very slight changes in depth of a surface and are therefore 

confounded when the surface to be measured is itself not flat. Whilst the software is 

designed to account for some curvature, the relatively large size of the blocks used 

here result in the inclusion of the natural curve present in the bovine incisors from 

which they were made. This may be leading to reduction in the ability of the NCSP to 

detect subtle changes in surface roughness.  
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To summarise, whilst the initial results obtained from this study show promise, the 

small sample size used combined with the limited pH-cycling exposure times mean that 

it is difficult to confirm the observed effects without further work using longer exposure 

periods and larger sample sizes.  
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Chapter Four: Effect of Increased 
pH-cycling Exposure Time within 

an in vitro PEM Model 
4.1 Background 

4.1.1 Timescale of the PEM Process with Consideration to an in vitro 

Model 
 

Previous research has failed to come to a consensus as to the required length of time 

for PEM to occur. Whilst some studies claim that full maturation was observed within 

15 months (Schulte et. al. 1999), others claim it can take over 10 years for full 

maturation to be reached (Palti et. al. 2008). This failure to agree, may be, in part, due 

to a lack of understanding of the PEM process underlying the observed changes and 

therefore no clear parameters by which to define enamel as being “fully matured”. This 

suggests that only the development of techniques to study the underlying process and 

improve our understanding will allow a clear idea of the actual timescale of PEM in 

vivo.  

One of the main issues with the proposed model outline in the previous chapter is the 

pH-cycling times are not long enough to produce the same effects as years’ worth of 

exposure to the oral environment. Whilst it would be naïve to think that such a process 

can be fully replicated within a relatively short in vitro system, the results from the 

previous chapter indicate that, with some modification and an extended exposure time, 

maturation to a certain extent could be observed. Whilst this will not serve to produce 

“fully matured” enamel, it may be able to recreate the process to enough of a degree 

for it to be studied and our understanding furthered. This concept is supported by 

studies that have shown that marked decreases in caries susceptibility can occur within 
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the first few years of eruption, regardless of whether the enamel has reached full 

maturation (Schulte et. al. 1999, Cardoso et. al. 2009). 

4.1.2 Refinement of the Proposed in vitro PEM Model 
 

Building on the work from the previous chapter, the current study aims to refine the 

proposed pH-cycling model primarily though the employment of a significantly longer 

length 20-day pH-cycling regime in comparison to the 12 day-regime used previously. 

Additionally, in order to streamline the model to make it easier to reproduce, only two 

demineralisation pre-treatment conditions, 0 and 3h will be used. In a similar vein, the 

intermittent regime lengths were also excluded, largely because including so many 

variations would make scaling up the sample-sizes at later stages unmanageable. The 

updated model outline can be seen in Figure 4.1 below.  

 

Figure 4.1: Summary of Current Model Protocol. Outline of the current 

experimental procedure, broken down into the three stages of the proposed model 
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4.2 Aims 

The present study aimed to build upon the work described in the previous chapter by 

refining the proposed pH-cycling model of post-eruptive maturation. Secondly it also 

aimed to determine the effect of a longer exposure time to plaque-fluid-relevant pH-

cycling conditions on the subsequent demineralisation of bovine enamel.  

4.3 Materials and Methods 

4.3.1 Selection and Preparation of Bovine Enamel Blocks 

12 blocks prepared from bovine incisors and mounted as described previously (Section 

2.2). Blocks were divided into two groups and subjected to either 0 or 3 hours 

demineralisation with agitation via a magnetic stirrer and flea. The PF demineralisation 

solution previously described was used (Section 2.3).   

4.3.2 pH-Cycling Regime 

The same pH-Cycling system designed for net remineralisation previously described 

(Section 2.5) was used with the length of exposure changed to a total of either 0 or 20 

days (Figure 4.2). 

4.3.3. Acid Challenge 

In order to test the effect of the pH-cycling regime on the acid susceptibility of the 

enamel, blocks were subjected to a standard 72-hour acetic acid demineralisation 

challenge (Section 2.6). 

4.3.4 Assessment of Demineralisation  

Following the removal of all nail varnish using acetone, blocks were subjected to 

NCSP, QLF-D, MSI and TMR analysis (Section 2.7-2.10). MSI, QLF-D and TMR 

measurements were obtained at baseline, following pH-cycling and following 72h 
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demineralisation. Additionally, QLF-D and MSI images were taken at 0, 1, 3, 6, 9, 12, 

24, 48h time points during the demineralisation challenge.  

 

Figure 4.2: Outline of pH-cycling Regime. Schematic of daily pH-cycling protocol 

observed for 0 to 20 days. Blocks are kept in remineralisation solution with the 

exception of three 30min demineralisation periods per day. 

4.4 Results 

4.4.1 Effect of pH-cycling on Changes in Surface Roughness  

For blocks in the no pre-treatment group, non-contact surface profilometry results were 

variable and no real pattern was observed between sound, pH-cycled and lesion areas 

for either cycled enamel or un-cycled controls (Table 4.1). For blocks subjected to a 3h 

demineralisation pre-treatment, NCSP results were similarly varied, although showed 

lower levels of variation than those not pre-treated. Once again no relationship 

between the different areas of enamel and surface roughness (Ra) was found (Figure 

4.3).  
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Pre-

Treatment 

 Sound Cycled Lesion 

None non cycled 0.70 ± 0.37 0.54 ± 0.21 0.49 ± 0.13 

 pH-cycled 1.28 ± 0.74 0.98 ± 0.45 1.11 ± 0.62 

3h non cycled 0.52 ± 0.03 0.45 ± 0.03 0.96 ± 0.36 

 pH-cycled 0.36 ± 0.07 0.35 ± 0.06 0.35 ± 0.04 

 

Table 4.1: Effect of pH-cycling on Surface Roughness (Ra). NCSP data 

representing surface roughness (Ra) of baseline (sound), pH-cycled and 

demineralised (Lesion) enamel for both 20d cycled enamel and non-cycled controls 

subjected to 0 or 3h demineralisation pre-treatment. Data presented along with the 

standard error of the mean. n=3. 

 

Figure 4.3: Graphical Representation of Changes in Ra. Average (AVG) surface 

roughness (Ra) values for Sound, pH-cycled and demineralised enamel as 

measured using NCSP. Blocks were subjected to 0 (A) or 3h (B) demineralisation 

pre-treatment and 0 or 20d pH-cycling. Error bars represent the standard error of the 

mean. n=3. 
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4.4.2 Assessment of Changes in Fluorescence Loss by QLF-D Following 

pH-cycling   
 

Total Fluorescence Loss 

  

 

Figure 4.4: QLF-D Images Comparing Lesions Created in Cycled and Non-

Cycled Enamel. QLF-D images captured for lesions created in 0 (A/B) and 1h (C/D) 

pre-treated enamel subjected to 0 (A/C) or 20d (B/D) pH-cycling.  

 

When the QLF-D images were subjected to visual examination (Figure 4.4), lesions 

created on pH-cycled enamel appeared lighter in colour than those created on 

untreated, sound enamel. Additionally, such lesions appear to be less consistent in 

colour, patchy and uneven.  

Pre-Treatment Pre-

Treatment 

n Non-Cycled ΔF ± SE Cycled ΔF ± SE 

None None 3 13.00 ± 5.48 10.33 ± 2.67 

3h 3h 3 13.23 ± 3.35 11.13 ± 2.87 

Table 4.2: Total Fluorescence Loss Measured by QLF-D. QLF-D data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. Blocks 

were pre-treated for 0 or 3h in demineralisation solution n=3. 
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For blocks not exposed to a demineralisation pre-treatment, a non-significant decrease 

in fluorescence loss was observed between pH-cycled blocks and non-cycled controls 

following a 72h demineralisation challenge (Table 4.2). Similarly, a non-significant 

decrease in fluorescence loss was observed for all pH-cycled blocks exposed to a 3h 

demineralisation pre-treatment in comparison to non-cycled controls. This is presented 

graphically in Figure 4.5 below.   

 

Figure 4.5: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using QLF-D. Data comparing non-cycled blocks to those exposed to 20-

day regime for enamel pre-treated for 0 or 3h in demineralisation solution. Error Bars 

represent SE of the mean. n=3. 

 

Progress of Fluorescence Loss over 72h Demineralisation 

 
No Pre-Treatment: 

 

Visual examination of lesion development over a 72h period via QLF-D imaging 

demonstrated that a dark area was first faintly visible at the 3h period for uncycled 

enamel and 9h for that exposed to pH-cycling for 20days (Figure 4.6). Similarly, a 

lesion was clearly visible from 6 days for un-cycled enamel in comparison to 12h for 

pH-cycled counterparts. All lesions observed for enamel subjected to the 20-day pH-
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cycling regime appeared paler and more uneven in appearance when compared to 

non-cycled enamel exposed to the same amount of time in demineralisation solution.   

 

Figure 4.6: Visual QLF-D Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling. Images captured using QLF-D demonstrating 

longitudinal lesion formation in non-pre-treated enamel subjected to pH-cycling for 0 

(A) or 20d (B) and a subsequent 72h demineralisation. 

 

 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h 

± SE 

24h 

± SE 

48h 

± SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

6.10 

± 

0.26 

6.13 

± 

0.26 

6.93 

± 

0.44 

9.80 

± 

1.42 

11.87 

± 

2.68 

13.00 

± 

5.48 

Cyc 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.97 

± 

1.97 

2.30 

± 

2.30 

7.63 

± 

0.55 

10.17 

± 

0.55 

10.33 

± 

2.67 

 

Table 4.3: Progression of Fluorescence Loss over 72h for non-pre-

treated enamel subjected to 0 or 20d pH-cycling. QLF-D-measured ΔF 

values at 0, 1, 3, 6, 9, 12, 24, 48 and 72h demineralisation time points for 

non-pre-treated enamel exposed to varying pH-cycling regime lengths. Data 

is presented with SE of the mean. n=3. 

 

Whilst a dark area was visually detectable at 3h for non-cycled enamel, fluorescence 

loss was not detected by the QLF-D software until the 6h time point (Table 4.3). 

Numerically, fluorescence loss values were lower for pH-cycled enamel when related to 
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un-cycled controls at all comparable time points, however only the difference at 6h 

showed statistical significance (P=0.0001). Additionally, fluorescence loss values 

support the visual observation that lesions were detected at an earlier time point for 

non-cycled controls (6h) than enamel exposed to pH-cycling (9h). This is presented 

graphically in Figure 4.7 below. 

 

Figure 4.7: Graphical Representation of Demineralisation Progression over 72h 

for 0 and 20d pH-cycling Exposure. QLF-D data expressing ΔF changes over 72h 

exposure to demineralisation solution for non-pre-treated enamel subjected to 0 or 

20d pH-cycling. Error Bars Represent the SE of the mean. n=3. 

 

3h Pre-treated Enamel: 

 

Visual examination of lesion development over a 72h period via QLF-D imaging 

demonstrated that a dark area was first observed at the 6h period for uncycled enamel 

and 9h for that exposed to pH-cycling for 20days (Figure 4.8). Additionally, a lesion 

was clearly visible from 9 days for un-cycled enamel as opposed to 12h for pH-cycled 

counterparts. All lesions observed for enamel subjected to the 20-day pH-cycling 

regime once again appeared paler and more uneven in appearance when related to 

non-cycled enamel exposed to the same amount of time in demineralisation solution. 
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Figure 4.8: Visual QLF-D Lesion Progression in 3h Pre-treated Enamel 

subjected to 0 or 20d pH-cycling. Images captured using QLF-D demonstrating 

longitudinal lesion formation in 3h pre-treated enamel subjected to pH-cycling for 0 

(A) or 20d (B) and a subsequent 72h demineralisation. 

 

 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h 

± SE 

24h 

± SE 

48h 

± SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

5.37 

± 

0.03 

5.60 

± 

0.00 

7.27 

± 

0.18 

11.60 

± 

1,65 

13.23 

± 

3.35 

Cyc 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.97 

± 

1.97 

4.07 

± 

2.05 

7.43 

± 

1.13 

9.47 

± 

2.27 

11.13 

± 

2.87 

 

Table 4.4: Progression of Fluorescence Loss over 72h for 3h pre-treated enamel 

subjected to 0 or 20d pH-cycling. QLF-D-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 

and 72h demineralisation time points for 3h pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3. 

 

In a Similar manner to the non-treated group, dark areas were visually detectable for 

non-cycled enamel at earlier time points (6h) than were numerically detected by the 

QLF-D software (9h) (Table 4.4). Numerically, fluorescence loss values were lower for 

pH-cycled enamel than un-cycled counterparts at all time-points with the exception of 

24h, where it was slightly higher (0.16 difference). Additionally, ΔF values do not 
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support the visual observation that lesions were detected at an earlier time point for 

non-cycled controls (6h) in comparison to enamel exposed to pH-cycling (9h) (Figure 

4.9). 

 

Figure 4.9: Graphical Representation of Demineralisation Progression over 72h 

for 0 and 20d pH-cycling Exposure. QLF-D data expressing ΔF changes over 72h 

exposure to demineralisation solution for 3h pre-treated enamel subjected to 0 or 

20d pH-cycling. Error Bars Represent the SE of the mean. n=3. 

 

 

4.4.3 Impact of pH-cycling on Fluorescence Loss Measured by MSI  
 

Total Fluorescence Loss 

 

When the MSI images of lesions created following 72h demineralisation are examined 

visually (Figure 4.20), those created on 20d pH-cycled enamel appear lighter in colour 

than those created on non-cycled, sound enamel controls. Additionally, such lesions 

appear to be uneven and variable in colour across the lesion area in a similar manner 

to that observed by QLF-D imaging above.  
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Figure 4.10: MSI Images Comparing Lesions Created in Cycled and Non-Cycled 

Enamel. MSI images captured for lesions created in 0 (A/B) and 1h (C/D) pre-

treated enamel subjected to 0 (A/C) or 20d (B/D) pH-cycling. 

 

Pre-Treatment Pre-Treatment n Non-Cycled ΔF ± SE Cycled ΔF ± SE 

None None 3 24.30 ± 6.17 21.37 ± 1.01 

3h 3h 3 24.67 ± 0.77 17.97 ± 6.33 

Table 4.5: Total Fluorescence Loss Measured by MSI. MSI data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. Blocks 

were pre-treated for 0 or 3h in demineralisation solution n=3. 

 

When quantitative analysis was conducted for non-pre-treated blocks subjected to a 

72h demineralisation, a non-significant decrease in fluorescence loss was observed 

between pH-cycled blocks and non-cycled controls (Table 4.5). Additionally, a non-

significant decrease in fluorescence loss was also observed for all pH-cycled blocks 

exposed to a 3h demineralisation pre-treatment in comparison to non-cycled controls. 

This is presented graphically in Figure 4.11 below.  
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Figure 4.11: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using MSI. Data comparing non-cycled blocks to those exposed to 20-

day regime for enamel pre-treated for 0 or 3h in demineralisation solution. Error Bars 

represent SE of the mean. n=3. 

 

Progress of Fluorescence Loss over 72h Demineralisation 

 
No Pre-Treatment: 

 

 

Figure 4.12: Visual MSI Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling. Images captured using MSI demonstrating 

longitudinal lesion formation in non-pre-treated enamel subjected to pH-cycling for 0 

(A) or 20d (B) and a subsequent 72h demineralisation. 
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When MSI images of lesion progression over a 72h demineralisation period were 

examined, a dark area was first faintly visible at the 3h period for un-cycled enamel and 

6h for that exposed to a 20-day pH-cycling regime (Figure 4.12). Furthermore, a lesion 

was clearly visible from 6 days for un-cycled enamel and 12h for pH-cycled counterparts. 

All observed lesions created on 20-day pH-cycled enamel appeared lighter and more 

variable in appearance when compared to non-cycled enamel controls subjected to the 

same demineralisation conditions. 

Whilst MSI images showed a visually detectable lesion at 3h for non-cycled enamel, 

fluorescence loss was detected by the MSI software at the earlier 1h time point (Table 

4.6). Similarly, the earliest fluorescence loss values for pH-cycled enamel were detected 

at 3h, as opposed to the 6h reported from visual examination. Numerically, fluorescence 

loss values were lower for pH-cycled enamel in comparison to un-cycled controls at all 

comparable time points, however none of the observed differences demonstrated 

statistical significance (P<0.05). Additionally, fluorescence loss values support the visual 

observation that lesions were detected at an earlier time point for non-cycled controls 

(1h) in comparison to enamel exposed to pH-cycling (3h) (Figure 4.13). 

 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 ± 

0.00 

2.17 ± 

2.17 

7.87 ± 

0.33 

10.33 ± 

1.02 

12.67 ± 

1.41 

19.20 

± 3.74 

22.53 

± 5.60 

24.30 

± 6.17 

Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

7.20 ± 

0.36 

7.60 ± 

0.89 

10.33 ± 

1.39 

12.23 

± 1.17 

16.90 

± 1.46 

21.37 

± 1.01 

 

Table 4.6: Progression of Fluorescence Loss over 72h for non-pre-treated enamel 

subjected to 0 or 20d pH-cycling. MSI-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 

and 72h demineralisation time points for non-pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3. 
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Figure 4.13: Graphical Representation of Demineralisation Progression over 

72h for 0 and 20d pH-cycling Exposure. MSI data expressing ΔF changes over 

72h exposure to demineralisation solution for non-pre-treated enamel subjected to 0 

or 20d pH-cycling. Error Bars Represent the SE of the mean. n=3. 

 

3h Pre-treated Enamel: 

 

Figure 4.14: Visual MSI Lesion Progression in 3h Pre-treated Enamel subjected 

to 0 or 20d pH-cycling. Images captured using MSI demonstrating longitudinal 

lesion formation in 3h pre-treated enamel subjected to pH-cycling for 0 (A) or 20d (B) 

and a subsequent 72h demineralisation. 
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Visual examination of lesion development over a 72h period using MSI imaging 

demonstrated that a lesion was first visible by eye at the 3h period for uncycled enamel 

and 12h for that exposed to pH-cycling for 20days (Figure 4.14). The observed lesion 

was classed as clearly visible from 6 days for un-cycled enamel as opposed to 24h for 

pH-cycled counterparts. All lesions observed for enamel subjected to the 20-day pH-

cycling regime appeared fainter and more uneven in appearance than those created 

using non-cycled enamel controls at the same time point during the demineralisation 

process. 

 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 ± 

0.00 

2.00 ± 

2.00 

6.23 ± 

0.20 

7.30 ± 

0.25 

10.57 ± 

0.91 

15.23 ± 

1.25 

22.23 

± 1.09 

24.67 

± 0.77 

Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

2.33 ± 

2.33 

7.17 ± 

1.17 

9.03 ± 

1.33 

11.57 ± 

2.67 

15.80 

± 4.97 

17.97 

± 6.33 

 

Table 4.7: Progression of Fluorescence Loss over 72h for 3h pre-treated enamel 

subjected to 0 or 20d pH-cycling. MSI-measured ΔF values at 0, 1, 3, 6, 9, 12, 24, 48 

and 72h demineralisation time points for 3h pre-treated enamel exposed to varying pH-

cycling regime lengths. Data is presented with SE of the mean. n=3 

 

Whilst a dark area was visually detectable at 3h for non-cycled enamel, fluorescence 

loss was once again detected by the MSI software from the earlier 1h time point (Table 

4.7). Similarly, the earliest fluorescence loss values for pH-cycled enamel were 

detected at 3h, as opposed to the 12h reported from visual examination. Numerically, 

MSI fluorescence loss values were non-significantly lower for pH-cycled enamel than 

that not subjected to pH-cycling at all comparable time points (P<0.05). The 

fluorescence loss values obtained demonstrate that lesions were detectable at an 

earlier time point for non-cycled controls (1h) than enamel exposed to the 20-day pH-

cycling regime (3h). 
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Figure 4.15: Graphical Representation of Demineralisation Progression over 

72h for 0 and 20d pH-cycling Exposure. MSI data expressing ΔF changes over 

72h exposure to demineralisation solution for 3h pre-treated enamel subjected to 0 

or 20d pH-cycling. Error Bars Represent the SE of the mean. n=3. 

 

4.4.4 TMR Evaluation of effect of pH-cycling Exposure on Subsequent 

Mineral Loss 

 No pH-Cycling pH-Cycled 

ND 1143.33 ± 56.67 649.17 ± 125.29 

3h 1966.12 ± 165.83 565.08 ± 252.58 

 

Table 4.8: Total Mineral Loss 0 vs 20 Days Exposure to pH-cycling. TMR data 

for demineralised bovine enamel blocks previously subjected to 0 or 20 days 

exposure to pH-cycling. Blocks were pre-treated for 0 or 3h in demineralisation 

solution. Data is presented with the SE of the mean. n=3. 

 

For enamel not subjected to a demineralisation pre-treatment, a non-significant 

decrease in mineral loss was observed for enamel subjected to a 20 day pH-cycling 

regime when considered in relation to non-cycled controls (Table 4.8). A similar 
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observation was also reported for enamel blocks subjected to a 3h demineralisation 

pre-treatment. This is presented graphically in Figure 4.16.   

 

Figure 4.16: Mineral Loss (ΔZ) values following 72h demineralisation as 

measured using TMR. Data comparing non-cycled blocks to those exposed to the 

full 12-day regime for enamel pre-treated for 0 or 3h in demineralisation solution. 

Error Bars represent SE of the mean. n=3 

 

In terms of changes in mineral over the depth of the lesion, no pre-treatment group 

demonstrated a similar profile for both non-cycled and pH-cycled enamel, although 

lesions created in pH-cycled enamel were smaller (Figure 4.17). In contrast, lesions 

created in pre-treated enamel had varying profiles depending on whether they were 

exposed to pH-cycling. Lesions created in non-cycled controls demonstrated a 

traditional lesion profile, with a defined surface layer, whereas pH-cycled enamel 

lesions had a much flatter profile, closer to that expected for sound enamel.  
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Figure 4.17: Mineral Loss as a Function of Depth. Lesion profile created from 

TMR data for lesions created in 0 and 3h demineralisation pre-treated enamel 

subjected to 0 or 20d pH-cycling. 

4.5 Discussion 

One of the limitations of the study presented in the previous chapter was the relatively 

short length of exposure of the enamel to the pH-cycling regime. It was optimistic to 

attempt to condense a process that has, in some cases, been reported to take over 10 

years (Palti et. al. 2008) in to 12 days, however due to the limitations of a PhD project a 

balance must be found between what is desirable and what is feasible. As such the 

current work aimed to try and strike such a balance by increasing the length of the pH-

cycling regime from 12 to 20 days. Whilst this may still seem a short time, it is worth 

noting that the effects of PEM have been observed after just 15 months following 

eruption (Schulte et. al. 1999). Additionally, in comparison to the in vivo situation, the in 

vitro model used here is simplified and reduced from the natural oral environment and, 

as such, should have a quicker effect than if an in situ or in vivo approach were used. It 

is also worth noting that most reported time frames focus on the point at which PEM is 

deemed to be complete (Schulte et. al 1999, Kataoka et. al. 2007, He et. al. 2011), as 

such it is possible that whilst the in vitro model outlined here may not succeed in 

producing “fully matured” enamel, it may still allow the ongoing process to occur and be 

observed in order to further our understanding.  
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The data collected appears to support this, as for both 3h demineralisation pre-

treatment enamel and non-pre-treated sound enamel the desired decrease in 

demineralisation for pH-cycled enamel as opposed to non-cycled controls when 

demineralised was observed for both fluorescence and radiography based methods. 

Furthermore, enamel subjected to the pH-cycling regime showed detectable 

demineralisation at a later time point in comparison to controls when subjected to an 

acid challenge. This provides support for both the ability of the model to represent the 

PEM process, as well as previous research that has suggested that exposure to the 

oral environment, particularly acid challenges followed by remineralisation, is able to 

render the enamel less susceptible to a subsequent acid challenge (Iijima and Takagi 

2000, Lagerweij and ten Cate 2006, Maltz et. al. 2006).  

In the previous chapter, the desirable effects were only observed in enamel subjected 

to a demineralisation pre-treatment and not sound enamel. It was suggested that this 

was due to softening of the surface allowing the chemical changes to occur at the 

surface more easily and helping to compensate for the short length of the pH-cycling 

regime. Interestingly, the work described here demonstrated very similar effects for 

both 3h pre-treated and sound enamel when exposed to the 20-day pH-cycling regime.  

This is promising, as it not only provides support for the use of the longer regime for 

this model, but also suggested that the model is suitable for use to “mature” sound 

enamel specimens in vitro, which is more desirable for producing work that can be 

extended to in vivo research down the line.  

Whilst the developments made to the model in this chapter show promise, there are 

still several limitations that still need to be addressed. Whilst the sample sizes used are 

appropriate for initial studies to determine what does and does not work, they are 

limiting and as such, most of the observed differences between cycled enamel and 

controls are not deemed to be statistically significant. As such, future studies with 
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larger samples are needed to verify the findings and to provide support and validation 

to the model.  

Additionally, when reviewing the literature, a focus was placed on the key involvement 

of ions such as Calcium, Phosphate, Fluoride and Zinc (Brudevold et. al. 1963, Briner 

et. al. 1971, Bruun 1973, He et. al. 2011) within the PEM process, however the work up 

to this stage has largely overlooked this. Whilst care has been taken to create pH-

cycling solutions representative of plaque-fluid, particularly with regards to Ca and P 

levels, as opposed to using standard solutions with the stoichemistry of hydroxyapatite, 

very little care has been taken to introduce F or Zn in to the system. Whilst there are 

low levels of F present in both the demineralisation and remineralisation solutions, this 

level is more representative of the base level of F in the plaque fluid and does not take 

into account the periodic higher levels of F provided by tooth brushing. Furthermore, 

there is no zinc available from either solution and, as all water used is deionised, there 

is no availability from the water source either. Reflecting on this it is important that the 

ongoing work takes into account the importance of such ions within the literature and 

aims to investigate their role and importance within an in vitro PEM model.  
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Chapter Five: Influence of Zn and F 

on PEM within an in vitro Model 

5.1 Background 
 

5.1.1 Zinc and Fluoride and Their Involvement in Caries 
 

Both zinc and fluoride are common features of commercial toothpaste formulations, 

and have demonstrated anti-microbial properties (van Loveren 1990, Cummins and 

Creeth 1992). In terms of hard tissue, the protective effect of fluoride is widely 

established, with the recent caries decline heavily attributed to its use (Brathall et.al. 

1996), however the role of zinc within caries chemistry is less defined. Data pertaining 

to the hard tissue effects of zinc is conflicting with it appearing to possess the ability to 

both enhance mineralisation and inhibit crystal growth dependant on the experimental 

parameters applied (Brudevold et. al. 1963, Dedhiya et. al. 1973, LeGeros 1997, 

Abdullah et. al. 2006). In terms of its interaction with fluoride, in certain conditions zinc 

has been shown to improve remineralisation by stopping the formation of a 

hypermineralised outer surface area. This may be due to the inhibition of crystal growth 

at the surface allowing deeper penetration of the fluoride into the lesion.  

When this information is considered in the context of PEM, zinc may play a role in 

allowing fluoride to penetrate the enamel by softening the surface. This would explain 

why both ions appear to accumulate at the surface shortly after eruption before being 

gradually lost over time (Brudevold et. al. 1963, Weatherell et. al. 1972).  

5.1.2 Incorporation of Zn and F within the Proposed PEM Model 
 

Building on the work from the previous chapter, the current study aims to refine the 

proposed pH-cycling model primarily though the inclusion of additional zinc and fluoride 
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treatments during the pH-cycling regime.  Beyond this, the 0 and 20d pH-cycling 

exposure times and 0 and 3h demineralisation pre-treatments will be continued. The 

updated model outline can be seen in Figure 5.1 below.  

 

Figure 5.1: Summary of Current Model Protocol. Outline of the current 

experimental procedure, broken down into the three stages of the proposed model 

5.2 Aims 

The work within this chapter aimed to address some of the concerns about the 

developed PEM model outlines in the previous chapter, most notably, the lack of 

external ions such as fluoride and zinc. As such, it aimed to determine whether 

exposure to fluoride, zinc or a combination of the two served to reduce 

demineralisation during an acid challenge. Additionally, it aimed to investigate the 

effect of fluoride, zinc and a combination of the two on enamel exposed to plaque-fluid-

relevant pH-cycling conditions.  
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5.3 Materials and Methods 

5.3.1 Selection and Preparation of Bovine Enamel Blocks 

48 blocks approximately 10x4mm in size were prepared and mounted from bovine 

incisors as described previously (Section 2.2). Blocks were subjected to 0 or 3h 

demineralisation pre-treatment using the PF demineralisation solution (Section 2.3)  

5.3.2 pH-Cycling Regime 

 

The pH-cycling regime outlined previously was applied for 0 or 20d (Section 2.5). 

The regime used in this chapter is presented in Figure 5.2 below: 

 

Figure 5.2: Outline of pH-cycling Regime. Schematic of daily pH-cycling protocol 

observed for 0 to 20 days. Blocks are kept in remineralisation solution with the 

exception of three 30min demineralisation periods per day. 2min Zn and F 

treatments were conducted at each solution change. 
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At each solution change blocks were either left as controls or treated for 2mins with 

either 231µm zinc Sulphate, 228ppm fluoride (as NaF) or a combination of the two. The 

zinc value was based on previous valued used by Lynch et. al. (2011), whilst the 

228ppm fluoride was based on levels reported by Vogel et. al. (2000) for oral levels 

following dentifrice use.  

5.3.3 Acid Challenge 

To test the effect of pH-cycling a standard 72h demineralisation challenge was 

conducted at outline previously (Section 2.6).  

5.3.4 Assessment of Demineralisation  

Following demineralisation, blocks were subjected to NCSP, QLF-D, MSI and TMR 

analysis (Section 2.7-2.10). MSI, QLF-D and TMR measurements were obtained at 

baseline, following pH-cycling and following 72h demineralisation. In addition, QLF-D 

and MSI images were also taken at 0, 1, 3, 6, 9, 12, 24, 48h time points during the 72h 

demineralisation period.  

5.4 Results 

5.4.1 Effect of pH-cycling on Surface Roughness 

No Pre-Treatment: 

 

For blocks not exposed to a demineralisation pre-treatment, surface roughness values 

obtained by NCSP were highly variable (Table 5.1). As a result, no clear distinction 

between sound, treated and demineralised enamel could be identified. Data is 

presented graphically in Figure 5.3 below.  
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 No 

Treatment 

pH-

cycled 

Fluoride Fluoride 

Cycled 

Zinc Zinc 

Cycled 

Zn/f Zn/f 

Cycled 

Sound 0.70 ± 

0.37 

1.28 ± 

0.74 

0.38 ± 

0.04 

0.64 ± 

0.25 

0.35 ± 

0.05 

0.32 ± 

0.03 

0.41 ± 

0.08 

0.54 ± 

0.24 

Treated 0.54 ± 

0.21 

0.98 ± 

0.45 

0.48 ± 

0.08 

0.53 ± 

0.15 

0.32 ± 

0.04 

0.37 ± 

0.06 

0.38 ± 

0.04 

0.48 ± 

0.23 

Lesion 0.49 ± 

0.13 

1.11 ± 

0.62 

0.46 ± 

0.05 

0.50 ± 

0.12 

0.38 ± 

0.08 

0.42 ± 

0.08 

0.66 ± 

0.19 

0.57 ± 

0.31 

 

Table 5.1: Effect of pH-cycling on Surface Roughness (Ra) for Non-pre-treated 

Enamel. NCSP data representing surface roughness (Ra) of baseline (sound), pH-cycled 

and demineralised (Lesion) enamel for both 0 and 20d pH-cycled enamel not subjected to 

a demineralisation pre-treatment. Data presented along with the standard error of the 

mean. n=3. 

. 

 

Figure 5.3: Graphical Representation of Changes in Ra. Average (AVG) surface 

roughness (Ra) values for Sound, pH-cycled and demineralised enamel as 

measured using NCSP. Blocks were subjected to 0h demineralisation pre-treatment 

and 0 or 20d pH-cycling. n=3. 
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3h Pre-treated Enamel: 

 

Bovine enamel blocks subjected to a 3h demineralisation pre-treatment also showed 

highly variable surface roughness (Ra) values (Table 5.2). In a similar manner to 

untreated blocks, no relationship between surface roughness and the treatment 

conditions applied could be determined. Data is displayed graphically below in Figure 

5.4. 

 No 

Treatment 

pH-

cycled 

Fluoride Fluoride 

Cycled 

Zinc Zinc 

Cycled 

Zn/f Zn/f 

Cycled 

Sound 0.52 ± 

0.03 

0.36 ± 

0.07 

0.52 ± 

0.23 

0.30 ± 

0.04 

0.86 ± 

0.22 

0.41 ± 

0.02 

0.45 ± 

0.10 

0.30 ± 

0.02 

Treated 0.45 ± 

0.03 

0.35 ± 

0.06 

0.55 ± 

0.26 

0.30 ± 

0.04 

0.75 ± 

0.26 

0.39 ± 

0.02 

0.44 ± 

0.18 

0.24 ± 

0.02 

Lesion 0.96 ± 

0.36 

0.35 ± 

0.04 

0.48 ± 

0.14 

0.32 ± 

0.02 

0.88 ± 

0.14 

0.47 ± 

0.08 

0.57 ± 

0.26 

0.27 ± 

0.07 

Table 5.2: Effect of pH-cycling on Surface Roughness (Ra) for 3h Pre-treated 

Enamel. NCSP data representing surface roughness (Ra) of baseline (sound), pH-cycled 

and demineralised (Lesion) enamel for both 0 and 20d pH-cycled enamel subjected to a 3h 

demineralisation pre-treatment. Data presented along with the standard error of the mean. 

n=3. 

 

 

Figure 5.4: Graphical Representation of Changes in Ra. Average (AVG) surface 

roughness (Ra) values for Sound, pH-cycled and demineralised enamel as 

measured using NCSP. Blocks were subjected to 3h demineralisation pre-treatment 

and 0 or 20d pH-cycling. n=3 
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5.4.2 QLF-D Assessment of Fluorescence Loss  

Total Fluorescence Loss 
 

 

Figure 5.5: QLF-D Images Comparing Lesions Created in Non-pre-treated 

Cycled and Non-Cycled Enamel. QLF-D images captured for lesions created in 

non-pre-treated enamel subjected to 0 or 20d pH-cycling in the presence of Zn and 

F. 

 

Figure 5.6: QLF-D Images Comparing Lesions Created in 3h Pre-treated Cycled 

and Non-Cycled Enamel. QLF-D images captured for lesions created in 3h pre-

treated enamel subjected to 0 or 20d pH-cycling in the presence of Zn and F. 
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When acquired QLF-D images are examined visually (Figure 5.5), lesions created in 

non-cycled enamel appeared darker and more uniform than counterparts created in 

enamel subjected to a 20-day pH-cycling regime. Furthermore, the same effect was 

seen for lesions created in enamel exposed to fluoride and zinc treatments in 

conjunction with cycling regimes when contrasted to Zn and F treatments alone. Visual 

observations for 3h pre-treated enamel follow a similar pattern (Figure 5.6).  

 Pre-Treatment n Non-Cycled ΔF ± SE Cycled ΔF ± SE 

Untreated None 3 13.00 ± 5.48 10.33 ± 2.67 

 3h 3 13.23 ± 3.35 8.47 ± 4.97 

F None 3 10.33 ± 2.17 8.47 ± 2.67 

 3h 3 9.13 ± 0.12 8.47 ± 0.95 

Zn None 3 12.03 ± 4.33 8.7 ± 0.26 

 3h 3 7.83 ± 1.56 7.8 ± 0.60 

Zn +F None 3 11.07 ± 4.45 7.37 ± 0.93 

 3h 3 8.13 ± 1.17 8.37 ± 1.65 

Table 5.3: Total Fluorescence Loss Measured by QLF-D. QLF-D data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. Blocks 

were pre-treated for 0 or 3h in demineralisation solution and assigned to Zn and F 

treatment groups. Data is presented with the SE of the mean.  n=3. 

 

For enamel blocks in the no pre-treatment group, a non-significant decrease in 

fluorescence loss was observed for all blocks subjected to 20 days pH-cycling when 

compared with non-cycled controls (Table 5.3). The greatest difference in fluorescence 

loss (3.70) observed between cycled and non-cycled enamel was reported for blocks 

subjected to additional Zn/F treatments at each solution change (Figure 5.7). For 

blocks subjected to a 3h demineralisation pre-treatment a non-significant decrease in 

fluorescence loss was observed for cycled blocks that were not subjected to treatments 

and those treated with F only, when related to non-cycled controls. Very little to no 
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differences (<1) were observed between cycled and non-cycled enamel treated with Zn 

or Zn/F (Figure 5.8). 

 

Figure 5.7: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using QLF-D for Non-pre-treated Enamel. Data comparing non-cycled 

blocks to those exposed to 20-day regime in addition to Zn and F treatments for 

enamel pre-treated for 0h in demineralisation solution. Error Bars represent SE of 

the mean. n=3. 

 

Figure 5.8: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using QLF-D for 3h Pre-treated Enamel. Data comparing non-cycled 

blocks to those exposed to 20-day regime in addition to Zn and F treatments for 

enamel pre-treated for 3h in demineralisation solution. Error Bars represent SE of 

the mean. n=3. 
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Progress of Fluorescence Loss over 72h Demineralisation Period 
 

No Pre-Treatment: 

 

When the progression of lesions formed in no pre-treatment group subjected to 

fluoride/zinc treatments are examined visually (Figures 5.9-5.11), created lesions can 

be detected at an earlier time point when created in non-cycled enamel in comparison 

to that subjected to a 20-day pH-cycling regime. Additionally, the lesions produced in 

pH-cycled enamel appear lighter and less even than non-cycled counterparts in a 

similar manner to the previous chapters. 

The quantitative fluorescence loss values calculated using the QLF-D system support 

the observations made during visual analysis, with lesion progression occurring later in 

the 72h period and to a lesser extent for enamel subjected to pH-cycling in comparison 

to equivalent non-cycled controls (Table 5.4). Differences in ΔF between cycled enamel 

and non-cycled controls were significant for F: 6 and 9h (P=0.0001), Zn: 12h 

(P=0.0001) and Zn/F: 6h (P=0.0011). It was also noted that when presented graphically 

(Figure 5.12), lesion progression in blocks pH-cycled in conditions containing fluoride 

treatments occurred at a faster rate than for non-cycled controls.  

 

Figure 5.9: Visual QLF-D Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling and F Treatments. Images captured using QLF-

D demonstrating longitudinal lesion formation in non-pre-treated enamel subjected 

to pH-cycling for 0 (A) or 20d (B), 228ppm NaF Treatments, and a subsequent 72h 

demineralisation. 
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Figure 5.10: Visual QLF-D Lesion Progression in No-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling and Zn Treatments. Images captured using 

QLF-D demonstrating longitudinal lesion formation in non-pre-treated enamel 

subjected to pH-cycling for 0 (A) or 20d (B), 231µm ZnSO₄ Treatments, and a 

subsequent 72h demineralisation. 

 

 

Figure 5.11: Visual QLF-D Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling and Zn/F Treatments. Images captured using 

QLF-D demonstrating longitudinal lesion formation in non-pre-treated enamel 

subjected to pH-cycling for 0 (A) or 20d (B), 228ppm NaF and 231µm ZnSO₄ 

Treatments, and a subsequent 72h demineralisation. 
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

6.10 

± 

0.26 

6.13 

± 

0.26 

6.93 

± 

0.44 

9.80 

± 

1.42 

11.87 

± 

2.68 

13.00 

± 

5.48 

Cyc 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.97 

± 

1.97 

2.30 

± 

2.30 

7.63 

± 

0.55 

10.17 

± 

0.55 

10.33 

± 

2.67 

F 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

5.53 

± 

0.09 

5.70 

± 

0.35 

5.67 

± 

0.15 

8.07 

± 

0.46 

10.33 

± 

0.93 

10.33 

± 

2.17 

F Cyc 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.90 

± 

1.90 

6.43 

± 

0.54 

8.57 

± 

1.52 

8.47 

± 

2.67 

Zn 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.83 

± 

1.83 

4.47 

± 

2.40 

6.07 

± 

0.09 

8.73 

± 

1.12 

11.23 

± 

2.52 

12.03 

± 

4.33 

Zn 

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

3.97 

± 

2.01 

5.07 

± 

2.53 

8.7 

 ± 

0.26 

Zn/F 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

3.83 

± 

1.95 

3.87 

± 

1.96 

4.80 

± 

2.66 

8.83 

± 

2.39 

9.97 

± 

2.38 

11.07 

± 

4.45 

Zn/F 

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

3.90 

± 

1.96 

6.77 

± 

0.74 

7.37 

± 

0.93 

 

Table 5.4: Progression of Fluorescence Loss over 72h for non-pre-treated enamel 

subjected to 0 or 20d pH-cycling with Zn and F Treatments. QLF-D-measured ΔF 

values at 0, 1, 3, 6, 9, 12, 24, 48 and 72h demineralisation time points for non-pre-treated 

enamel exposed 0 and 20 pH-cycling (Cyc) in conjunction with Zn and F treatments. Data 

is presented with SE of the mean. n=3. 
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Figure 5.12: Graphical Representation of Demineralisation Progression over 

72h for Zn and F Treated enamel with 0 and 20d pH-cycling Exposure. QLF-D 

data expressing ΔF changes over 72h exposure to demineralisation solution for non-

pre-treated enamel subjected to 0 or 20d pH-cycling in addition to Zn and F 

treatments.  Error Bars Represent the SE of the mean. *= P<0.05. n=3. 

 

3h Pre-treated Enamel: 

 

When the progression of lesions formed in 3h demineralisation pre-treated enamel 

treated with fluoride and zinc separately are subject to visual examination (Figure 5.13-

5.15), lesions can be detected at an earlier time point for non-cycled enamel in 

comparison to that subjected to a 20-day pH-cycling regime in a similar manner to that 

observed for the no pre-treatment group above, however the differences are much less 

defined. Very little difference was observable between cycled and non-cycled enamel 

subjected to combined Zn + F treatments.  

Numerical fluorescence loss values obtained for 3h pre-treated enamel subjected to 

both zinc treatment conditions show very similar patterns of lesions progression for 

both cycled and non-cycled enamel, with non-cycled blocks showing much slower 
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lesion progression than their non-zinc treated counterparts (Table 5.5). For fluoride-

only treated enamel, results were more similar to those observed for non-pre-treated 

enamel previously, although the difference was less marked. ΔF values are presented 

in Figure 5.16.   

 

Figure 5.13: Visual QLF-D Lesion Progression in 3h Pre-treated Enamel 

subjected to 0 or 20d pH-cycling and F Treatments. Images captured using QLF-

D demonstrating longitudinal lesion formation in 3h pre-treated enamel subjected to 

pH-cycling for 0 (A) or 20d (B), 228ppm NaF Treatments, and a subsequent 72h 

demineralisation. 

 

Figure 5.14: Visual QLF-D Lesion Progression in 3h Pre-treated Enamel 

subjected to 0 or 20d pH-cycling and Zn Treatments. Images captured using 

QLF-D demonstrating longitudinal lesion formation in 3h pre-treated enamel 

subjected to pH-cycling for 0 (A) or 20d (B), 231µm ZnSO₄ Treatments, and a 

subsequent 72h demineralisation. 
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Figure 5.15: Visual QLF-D Lesion Progression in 3h Pre-treated Enamel 

subjected to 0 or 20d pH-cycling and Zn/F Treatments. Images captured using 

QLF-D demonstrating longitudinal lesion formation in 3h pre-treated enamel 

subjected to pH-cycling for 0 (A) or 20d (B), 228ppm NaF and 231µm ZnSO₄ 

Treatments, and a subsequent 72h demineralisation. 

 

 

0Figure 5.16: Graphical Representation of Demineralisation Progression over 

72h for Zn and F Treated enamel with 0 and 20d pH-cycling Exposure. QLF-D 

data expressing ΔF changes over 72h exposure to demineralisation solution for 3h 

pre-treated enamel subjected to 0 or 20d pH-cycling in addition to Zn and F 

treatments.  Error Bars Represent the SE of the mean. n=3. 
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ± 

SE 

9h ± 

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.77 

± 

1.77 

5.60 

± 

0.00 

7.27 

± 

0.18 

11.60 

± 

1,65 

13.23 

± 

3.35 

Cyc 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

4.13 

± 

2.07 

4.07 

± 

2.05 

7.43 

± 

1.13 

9.47 

± 

2.27 

8.47 

± 

4.97 

F 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

1.73 

± 

1.73 

5.37 

± 

0.17 

5.77 

± 

0.32 

7.27 

± 

0.72 

9.30 

± 

0.85 

9.13 

± 

0.12 

F Cyc 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

4.00 

± 

2.01 

7.30 

± 

0.87 

6.90 

± 

0.21 

8.47 

± 

0.95 

Zn 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

6.03 

± 

0.22 

7.23 

± 

0.91 

7.83 

± 

1.56 

Zn 

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

2.00 

± 

2.00 

6.87 

± 

0.22 

7.80 

± 

0.61 

7.8  

± 

0.60 

Zn/F 3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

3.97 

± 

1.99 

6.40 

± 

0.70 

8.13 

± 

1.17 

Zn/F 

Cyc 

3 0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

0.00 

± 

0.00 

6.97 

± 

0.78 

9.10 

± 

1.90 

8.37 

± 

1.65 

 

Table 5.5: Progression of Fluorescence Loss over 72h for 3h pre-treated enamel 

subjected to 0 or 20d pH-cycling with Zn and F Treatments. QLF-D-measured ΔF 

values at 0, 1, 3, 6, 9, 12, 24, 48 and 72h demineralisation time points for 3h pre-treated 

enamel exposed 0 and 20 pH-cycling in conjunction with Zn and F treatments. Data is 

presented with SE of the mean. n=3. 
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5.4.3 Impact of Treatment Groups on Demineralisation measured via 

QLF-D 
 

 n Untreated ΔF ± SE Treated ΔF ± SE 

pH-Cycling 12 10.60 ± 0.74 8.83 ± 0.45 

F 6 11.93 ± 0.71 9.09 ± 1.00 

Zn 6 11.93 ± 0.71 9.10 ± 0.44 

Zn +F 6 11.93 ± 0.71 8.73 ± 0.81 

Table 5.6: Effect of Treatment Groups on ΔF as Measured using QLF-D. 

Fluorescence loss values obtained via QLF-D for lesions created in enamel 

subjected to pH-cycling, F, Zn and Zn/F treatments and non-treated controls. Data is 

presented with the SE of the mean and n values. 

 

In order to investigate the effects of the different treatments conditions, data was 

grouped into treated and untreated enamel based on the following criteria: pH-cycling, 

F, Zn and Zn/F (Table 5.6). A decrease in fluorescence loss was observed between 

treated and untreated blocks for each criterion, however only the difference between 

pH-cycled and non-cycled control blocks was significant (P=0.008). Values are 

presented graphically in Figure 5.17.   

 

Figure 5.17: ΔF Measured using QLF-D for Varying Treatment Groups. 

Fluorescence loss values obtained via QLF-D for lesions created in enamel 

subjected to pH-cycling, F, Zn and Zn/F treatments and non-treated controls. Error 

bars represent the SE of the mean. **=P<0.01. n values are reported in Table 5.4.  
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5.4.4 Effect of pH-cycling on demineralisation as measured via MSI 

Total Fluorescence Loss 
 

 

Figure 5.18: MSI Images Comparing Lesions Created in Non-pre-treated Cycled 

and Non-Cycled Enamel. MSI images captured for lesions created in non-pre-

treated enamel subjected to 0 or 20d pH-cycling in the presence of Zn and F. 

 

Figure 5.19: MSI Images Comparing Lesions Created in 3h pre-treated Cycled 

and Non-Cycled Enamel. MSI images captured for lesions created in 3h pre-treated 

enamel subjected to 0 or 20d pH-cycling in the presence of Zn and F. 
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Visual analysis of the progression of lesions formed in non-pre-treated enamel 

subjected to fluoride/zinc treatments demonstrate a visual change at an earlier time 

point for non-cycled enamel in comparison to that subjected to a 20-day pH-cycling 

regime (Figure 5.18). In a similar manner to previously observed, lesions produced in 

pH-cycled enamel appear lighter and less even than non-cycled counterparts.  Visual 

observations for 3h demineralisation-pre-treated enamel display similar results (Figure 

5.19), although little change in lesion appearance was observed for enamel treated 

with both Zn and F together.  

 Pre-

Treatment 

n Non-Cycled ΔF 

± SE 

Cycled ΔF 

 ± SE 

Untreated None 3 24.30 ± 7.56 21.37 ± 1.24 

 3h 3 24.67 ± 1.33 17.97 ± 10.96 

F None 3 20.83 ± 2.76 15.73 ± 5.24 

 3h 3 20.60 ± 1.66 17.47 ± 4.67 

Zn None 3 20.93 ± 6.79 13.50 ± 1.90 

 3h 3 16.53 ± 3.04 15.87 ± 0.95 

Zn +F None 3 23.17 ± 6.47 11.53 ± 2.79 

 3h 3 15.40 ± 3.29 15.20 ± 4.28 

Table 5.7: Total Fluorescence Loss Measured by MSI. MSI data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. 

Blocks were pre-treated for 0 or 3h in demineralisation solution and assigned to Zn 

and F treatment groups. Data is presented with the SE of the mean.  n=3. 

 

For blocks in the no pre-treatment group, a non-significant decrease in fluorescence 

loss was observed for all blocks subjected to 20 days pH-cycling when compared with 

non-cycled controls (Table 5.7). The greatest difference in fluorescence loss (11.64) 

observed between cycled and non-cycled enamel was observed for blocks also 

subjected to additional Zn/F treatments at each change (Figure 5.20). For blocks 

subjected to a 3h demineralisation pre-treatment a non-significant decrease in 
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fluorescence loss was observed for cycled blocks that were not subjected to treatments 

and those treated with F only, when related to non-cycled controls. Very little to no 

differences (<1) were observed between cycled and non-cycled enamel treated with Zn 

or Zn/F (Figure 5.21). 

 

Figure 5.20: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using MSI for Non-pre-treated Enamel. Data comparing non-cycled 

blocks to those exposed to 20-day regime in addition to Zn and F treatments for 

enamel pre-treated for 0h in demineralisation solution. Error Bars represent SE of 

the mean. n=3. 

 

Figure 5.21: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using MSI for 3h Pre-treated Enamel. Data comparing non-cycled 

blocks to those exposed to 20-day regime in addition to Zn and F treatments for 

enamel pre-treated for 3h in demineralisation solution. Error Bars represent SE of 

the mean. n=3. 
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Progress of Fluorescence Loss over 72h Demineralisation 
 

No Pre-Treatment: 

 

When the progression of the lesion during the 72h acid-exposure is observed visually 

using MSI (Figures 5.22-5.24), lesions produced in enamel subjected to both pH-

cycling and individual fluoride and zinc treatments appear less even than non-cycled 

counterparts. Whilst they also exhibit the slower progression and lighter appearance 

noted for images taken using the QLF-D system, the difference is less 

distinguishable. In contrast, a clear reduction in both progression time and lesion 

intensity was observed for pH-cycled enamel subjected to joint Zn + F treatments.   

Reported visual differences were mirrored by calculated numerical fluorescence loss 

values (Table 5.8), with lesion progression occurring later and to a reduced extent for 

enamel exposed to 20-days pH-cycling. Differences in ΔF between pH-cycled 

enamel and non-cycled controls were significant for the 6, 12 and 24h time-points for 

F-treated blocks (P=0.0045, 0.0117 and 0.0377 respectively) and 6h for those 

treated with Zn (P=0.0019). Data is presented graphically in Figure 5.25 below.  

 

Figure 5.22: Visual MSI Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling and F Treatments. Images captured using MSI 

demonstrating longitudinal lesion formation in non-pre-treated enamel subjected to 

pH-cycling for 0 (A) or 20d (B), 228ppm NaF Treatments, and a subsequent 72h 

demineralisation 
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Figure 5.23: Visual MSI Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling and Zn Treatments. Images captured using MSI 

demonstrating longitudinal lesion formation in non-pre-treated enamel subjected to 

pH-cycling for 0 (A) or 20d (B), 231µm ZnSO₄ Treatments, and a subsequent 72h 

demineralisation. 

 

 

Figure 5.24: Visual MSI Lesion Progression in Non-Pre-Treated Enamel 

subjected to 0 or 20d pH-cycling and Zn/F Treatments. Images captured using 

MSI demonstrating longitudinal lesion formation in non-pre-treated enamel subjected 

to pH-cycling for 0 (A) or 20d (B), 228ppm NaF and 231µm ZnSO₄ Treatments, and a 

subsequent 72h demineralisation. 
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Figure 5.25: Graphical Representation of Demineralisation Progression over 

72h for Zn and F Treated enamel with 0 and 20d pH-cycling Exposure. MSI data 

expressing ΔF changes over 72h exposure to demineralisation solution for non-pre-

treated enamel subjected to 0 or 20d pH-cycling in addition to Zn and F treatments.  

Error Bars Represent the SE of the mean. *= P<0.05. n=3. 
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ±  

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 ± 

0.00 

2.17 ± 

2.17 

7.87 ± 

0.33 

10.33 ± 

1.02 

12.67 ± 

1.41 

19.20 

± 3.74 

22.53 

± 5.60 

24.30 

± 7.56 

Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

7.20 ± 

0.36 

7.60 ± 

0.89 

10.33 ± 

1.39 

12.23 

± 1.17 

16.90 

± 1.46 

21.37 

± 1.24 

F 3 0.00 ± 

0.00 

4.77 ± 

2.40 

7.70 ± 

0.78 

9.67 ± 

0.37 

11.50 ± 

0.60 

16.20 

± 0.83 

21.47 

± 1.23 

20.83 

± 2.76 

F Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

6.20 ± 

0.56 

6.77 ± 

0.34 

8.33 ± 

0.39 

11.17 

± 1.42 

16.17 

± 3.88 

15.73 

± 5.24 

Zn 3 0.00 ± 

0.00 

0.00 ± 

0.00 

6.53 ± 

0.54 

8.37 ± 

0.33 

9.23 ± 

0.92 

15.07 

± 2.79 

22.17 

± 5.58 

20.93 

± 6.79 

Zn Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

1.93 ± 

1.93 

5.77 ± 

0.15 

6.87 ± 

0.60 

8.53 ± 

1.25 

11.90 

± 0.92 

13.50 

± 1.90 

Zn/F 3 0.00 ± 

0.00 

3.70 ± 

1.85 

8.50 ± 

1.30 

10.67 ± 

2.15 

13.13 ± 

3.17 

17.40 

± 5.11 

18.83 

± 5.49 

23.17 

± 6.47 

Zn/F 

Cyc 

3 0.00 ± 

0.00 

0.00 ± 

0.00 

4.00 ± 

2.03 

3.90 ± 

2.00 

6.27 ± 

0.27 

7.87 ± 

0.82 

9.73 ± 

1.62 

11.53 

± 2.79 

Table 5.8: Progression of Fluorescence Loss over 72h for non-pre-treated 

enamel subjected to 0 or 20d pH-cycling with Zn and F Treatments. MSI-

measured ΔF values at 0, 1, 3, 6, 12, 24, 48 and 72h demineralisation time points for 

non-pre-treated enamel exposed 0 and 20 pH-cycling in conjunction with Zn and F 

treatments. Data is presented with SE of the mean. n=3. 

 

3h Pre-Treatment: 

 

When lesion progression is visually examined for lesions created in 3h demineralisation 

pre-treated enamel, the clear differences observed for the no pre-treatment group are 

not reflected (Figures 5.26-5.28). Lesions treated with Zn and F treatments appear less 

defined than untreated controls, but little difference is observed between their pH-

cycled and non-cycled variants. Non-treated enamel subjected to pH-cycled shows a 

visual decrease in lesion appearance in comparison to non-cycled controls.  
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When considered in numerical terms (Table 5.9), non-treated and F-only treated blocks 

do appear to demonstrate a mild difference between pH-cycled and non-cycled blocks. 

Little difference in reported ΔF values was observed between pH-cycled enamel and 

non-cycled controls when blocks were also subjected to Zn or Zn/F treatments. This is 

represented graphically in Figure 5.29.  

 

Figure 5.26: Visual MSI Lesion Progression in 3h Pre-treated Enamel subjected 

to 0 or 20d pH-cycling and F Treatments. Images captured using MSI 

demonstrating longitudinal lesion formation in 3h pre-treated enamel subjected to 

pH-cycling for 0 (A) or 20d (B), 228ppm NaF Treatments, and a subsequent 72h 

demineralisation. 

 

Figure 5.27: Visual MSI Lesion Progression in 3h Pre-treated Enamel subjected 

to 0 or 20d pH-cycling and Zn Treatments. Images captured using MSI 

demonstrating longitudinal lesion formation in 3h pre-treated enamel subjected to 

pH-cycling for 0 (A) or 20d (B), 231µm ZnSO₄ Treatments, and a subsequent 72h 

demineralisation. 
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Figure 5.28: Visual MSI Lesion Progression in 3h Pre-treated Enamel subjected 

to 0 or 20d pH-cycling and Zn/F Treatments. Images captured using MSI 

demonstrating longitudinal lesion formation in 3h pre-treated enamel subjected to 

pH-cycling for 0 (A) or 20d (B), 228ppm NaF and 231µm ZnSO₄ Treatments, and a 

subsequent 72h demineralisation. 

 

Figure 5.29: Graphical Representation of Demineralisation Progression over 

72h for Zn and F Treated enamel with 0 and 20d pH-cycling Exposure. MSI data 

expressing ΔF changes over 72h exposure to demineralisation solution for 3h pre-

treated enamel subjected to 0 or 20d pH-cycling in addition to Zn and F treatments.  

Error Bars Represent the SE of the mean. n=3. 
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 n 0h ± 

SE 

1h ± 

SE 

3h ± 

SE 

6h ±  

SE 

12h ± 

SE 

24h ± 

SE 

48h ± 

SE 

72h ± 

SE 

Non-

Cyc 

3 0.00 ± 

0.00 

2.00 ± 

2.00 

6.23 ± 

0.20 

7.30 ± 

0.25 

10.57 ± 

0.91 

15.23 

± 1.25 

22.23 

± 1.09 

24.67 ± 

1.33 

Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

2.33 ± 

2.33 

7.17 ± 

1.17 

9.03 ± 

1.33 

11.57 

± 2.67 

15.80 

± 4.97 

17.97 ± 

10.96 

F 3 0.00 ± 

0.00 

3.80 ± 

1.90 

5.93 ± 

0.15 

7.97 ± 

0.82 

9.97 ± 

0.76 

15.20 

± 2.81 

18.80 

± 2.92 

20.83 ± 

2.76 

F Cyc 3 0.00 ± 

0.00 

0.00 ± 

0.00 

2.03 ± 

2.03 

7.37 ± 

0.79 

7.87 ± 

0.85 

10.60 

± 0.91 

15.90 

± 1.27 

15.73 ± 

5.24 

Zn 3 0.00 ± 

0.00 

3.80 ± 

1.90 

5.80 ± 

0.12 

6.13 ± 

0.12 

7.00 ± 

0.26 

9.43 ± 

0.87 

13.27 

± 2.39 

15.73 ± 

5.24 

Zn 

Cyc 

3 0.00 ± 

0.00 

1.83 ± 

1.83 

4.07 ± 

2.10 

4.57 ± 

2.32 

7.57 ± 

1.05 

9.73 ± 

1.18 

9.87 ± 

1.27 

15.87 ± 

0.95 

Zn/F 3 0.00 ± 

0.00 

3.70 ± 

1.85 

5.77 ± 

0.24 

6.50 ± 

0.23 

9.73 ± 

0.95 

9.60 ± 

1.12 

9.87 ± 

1.73 

15.40 ± 

3.29 

Zn/F 

Cyc 

3 0.00 ± 

0.00 

1.83 ± 

1.83 

3.67 ± 

1.83 

4.53 ± 

2.29 

7.57 ± 

0.58 

9.73 ± 

0.67 

9.87 ± 

1.73 

15.20 ± 

4.28 

Table 5.9: Progression of Fluorescence Loss over 72h for 3h pre-treated 

enamel subjected to 0 or 20d pH-cycling with Zn and F Treatments. MSI-

measured ΔF values at 0, 1, 3, 6, 12, 24, 48 and 72h demineralisation time points for 

3h pre-treated enamel exposed 0 and 20 pH-cycling in conjunction with Zn and F 

treatments. Data is presented with SE of the mean. n=3. 

 

5.4.5 Impact of Treatment Groups on Demineralisation as Measured via 

MSI 
 n Untreated ΔF ± SE Treated ΔF ± SE 

pH-Cycling 12 24.30 ± 10.69 21.37 ± 1.76 

F 6 20.83 ± 3.90 15.73 ± 7.41 

Zn 6 20.93 ± 9.60 13.50 ± 2.69 

Zn +F 6 23.17 ± 9.15 11.53 ± 3.95 

Table 5.10: Effect of Treatment Groups on ΔF as Measured using MSI. 

Fluorescence loss values obtained via MSI for lesions created in enamel subjected 

to pH-cycling, F, Zn and Zn/F treatments and non-treated controls. Data is presented 

with the SE of the mean and n values. 
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When data was grouped into treated and untreated enamel based on the following 

criteria: pH-cycling, F, Zn and Zn/F (Table 5.10), a decrease in fluorescence loss was 

observed between treated and untreated blocks for each treatment condition. In terms 

of statistical significance, this was only displayed for ΔF values between pH-cycled and 

non-cycled controls (P=0.028). Values are presented graphically below (Figure 5.30).  

 

Figure 5.30: ΔF Measured using MSI for Varying Treatment Groups. 

Fluorescence loss values obtained via MSI for lesions created in enamel subjected 

to pH-cycling, F, Zn and Zn/F treatments and non-treated controls. Error bars 

represent the SE of the mean. n values are reported in Table 5.4. 

 

5.4.6 Effect of pH-cycling on Demineralisation as Measured via TMR  
 

Mineral loss values reported for lesions created in blocks allocated to the no pre-

treatment group demonstrated decreased mineral loss when enamel subjected to 20-

day pH-cycling regimes when compared to those left un-cycled (Table 5.11). Similar 

differences were also observed for 3h pre-demineralised enamel, however with the 

exception of the untreated group, differences were less defined.  No difference in 

mineral loss was observed for cycled and non-cycled 3h pre-treated enamel subjected 

to combined Zn + F treatments. This can be observed graphically in Figure 5.31/5.32.   
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 Pre-

Treatment 

n Non-Cycled ΔZ ± 

SE 

Cycled ΔZ ± SE 

Untreated None 3 1143.33 ± 56.67 649.17 ± 165.83 

 3h 3 1966.12 ± 125.29 565.08 ± 252.58 

F None 3 900.69 ± 178.19 552.38 ± 247.62 

 3h 3 948.28 ± 259.80 695.87 ± 401.64 

Zn None 3 857.48 ± 321.37 491.81 ± 85.69 

 3h 3 619.03 ± 527.48 543.40 ± 141.21 

Zn +F None 3 558.78 ± 736.59 482.25 ± 132.75 

 3h 3 532.88 ± 104.13 529.75 ± 29.75 

 

Table 5.11: Total Mineral Loss Measured by TMR. TMR data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. 

Blocks were pre-treated for 0 or 3h in demineralisation solution and assigned to Zn 

and F treatment groups. Data is presented with the SE of the mean.  n=3 

 

 

Figure 5.31: Mineral Loss (ΔZ) values following 72h demineralisation as 

measured using TMR for Non-pre-treated Enamel. Data comparing non-cycled 

blocks to those exposed to a 20-day pH-cycling regime in conjunction with Zn and F 

treatments for non-pre-treated enamel. Error Bars represent SE of the mean. n=3. 
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Figure 5.32: Mineral Loss (ΔZ) values following 72h demineralisation as 

measured using TMR for 3h Pre-treated Enamel. Data comparing non-cycled 

blocks to those exposed to a 20-day pH-cycling regime in conjunction with Zn and F 

treatments for 3h pre-treated enamel. Error Bars represent SE of the mean. n=3. 

 

In terms of shape, lesions created in enamel subjected to fluoride treatments 

demonstrated the greatest difference between lesions formed in enamel subjected to 

pH-cycling and non-cycled controls, however a similar pattern to previous chapters was 

observed, with flatter, profiles close to those expected for sound enamel reported for 

lesions created in pH-cycled enamel subjected to all three treatments (Figure 

5.33/5.34). Lesions created in non-cycled enamel displayed a more typical lesion 

shape, however were less defined than those observed in non-treated enamel. Enamel 

subjected to both zinc and fluoride demonstrated very little mineral loss, regardless of 

exposure to pH-cycling. Similar effects were observed regardless of pre-treatment 

group.  
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Figure 5.33: Mineral Loss as a Function of Depth for Non-pre-treated Enamel. 

Lesion profile created from TMR data for lesions created in non-pre-treated enamel 

subjected to 0 or 20d pH-cycling in addition to Zn and F treatments.  

 

 

Figure 5.34: Mineral Loss as a Function of Depth for 3h pre-treated Enamel. 

Lesion profile created from TMR data for lesions created in 3h pre-treated enamel 

subjected to 0 or 20d pH-cycling in addition to Zn and F treatments. 
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5.4.7 TMR Evaluation of the Impact of Treatment Groups on 

Demineralisation  
 

When results are grouped to investigate the effects of the 4 treatment groups, a 

decrease between treated and untreated blocks can be observed for all groups. 

However only the difference observed for the effect of pH-cycling demonstrated 

statistical significance (p=0.021) (Figure 5.35).  

 
Figure 5.35: ΔZ Measured using TMR for Varying Treatment Groups. Mineral 

loss values obtained via TMR for lesions created in enamel subjected to pH-cycling, 

F, Zn and Zn/F treatments and non-treated controls. Error bars represent the SE of 

the mean. pH-cycling: n=12 otherwise n=6. 

 

5.5 Discussion 

Whilst the work outlined in the previous chapters has served to demonstrate the basis 

for the use of PF-relevant pH-cycling conditions to model the decreased susceptibility 

to acid dissolution observed during post-eruptive maturation, it has failed thus far to 

properly account for the importance of availability of ions such as zinc and fluoride for 

chemical changes to occur. Therefore, the present study aimed to observe the effects 

of regular Zn and F treatments within the model parameters previously outlined.  
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When lesions obtained from exposing non-pre-treated sound enamel to 20 days pH-

cycling are compared visually to non-cycled controls, they appear lighter and less even 

in appearance for both the QLF-D and MSI imaging systems. Quantitative fluorescence 

loss data supports these observations, as a non-significant reduction in fluorescence 

loss was observed for all pH-cycled blocks in comparison to equivalent non-cycled 

controls. These results were also reflected for mineral loss, however TMR results were 

variable, largely due to the use of small sample sizes.  

When development of the lesions is monitored by QLD-D and MSI, it can be seen that 

lesions created in pH-cycled enamel develop later than non-cycled counterparts and 

report lower ΔF values at any given time point. It is worth noting that these differences 

are more pronounced for the QLF-D imaging system in comparison to the MSI system, 

however this will be addressed at a later stage.   

In contrast to the results obtained in chapter one, the differences observed above were 

not seen to the same extent for the 3h pre-treatment group. For this group differences 

between pH-cycled and non-cycled controls for groups exposed to zinc and fluoride 

treatments were less defined, particularly when both agents are provided. This is 

interesting as it implies that whilst in the absence of such treatments, a pre-

demineralisation can serve to improve ion availability at the enamel surface, but when 

the ions are readily available, it has little effect. This makes sense in consideration of 

the literature, as F, in particular, has been shown to incorporate as part of the dynamic 

demineralisation process (Featherstone 1999, Fejerskov et. al. 1994, Lynch and Smith 

2012), therefore a separate pre-demineralisation would have any influence on such 

conditions.  Additionally, F has been reported to possess the ability to penetrate sound 

in addition to demineralising enamel (Lagerweij and ten Cate 2006).  

 
Fluoride and Zinc have been shown to possess the ability to afford protective effects to 

enamel when faced with an acid challenge and to aid subsequent remineralisation 
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(Brudevold et. al. 1963, Dedhiya et. al. 1973, Abdullah et. al. 2006, Manly and 

Harrington 1959, Featherstone et. al. 1990).  When the data recorded for lesions 

created in enamel not subjected to pH-cycled, but exposed to 2m F and Zn treatments 

6 times a day for 20days (each pH-cycling solution change), a reduction in 

demineralisation can be observed that supports the established literature. Interestingly 

the protective effect appears to particularly pronounced in enamel subjected to 

combined Zn and F, which is in keeping with the suggestion that the two ions are able 

to have a synergistic effect of one another in terms of remineralisation and 

incorporation into the HPA (Lynch 2013). Another feature of the model worth noting 

when Zn and F treatments are included is that the protective effect of pH-cycling 

exposure reported in the previous chapter for non-treated enamel is reduced, 

presumably due to the already protective effect of the ions alone.  

The observed differences in the behaviour of enamel subjected or not subjected to 

demineralisation pre-treatments, may, in part, also be due to the influence of the 

additional Zn and F, as, F in particular, has been shown to incorporate into HPa and 

aid remineralisation more effectively in enamel that is more porous (Brudevold et. al. 

1982).  

Similarly, to previous chapters, surface roughness values obtained from NSCP analysis 

were variable and did not provide any insight of note into the effects of the model. The 

rationale behind why the NCSP data is not providing any information of note have been 

addressed previously, and, as the situation has not varied, the decision as to whether 

to include the technique going forward needs to be addressed.  

Overall the progress made in this chapter provides further support for the use of the 

pH-cycling conditions laid out in the previous chapter, but highlights the importance of 

ion availability for chemical changes to occur. However, the same limitations regarding 

the validation of thesis findings still need to be addressed. Going forward the work 
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presented here needs to be conducted on larger sample sizes and to consider 

parameters outside of lesion formation as an assessment.  
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Chapter Six: Refinement of the 

Proposed PEM Model 

6.1 Background 

 

 6.1.1 Lesion Creation Methods 
 

In order to study the demineralisation and remineralisation process in vitro several 

approaches have been devised in order to create artificial caries lesions. At their most 

simple, they involve the exposure of an enamel substrate to an acidic solution 

containing Ca and P designed to be under-saturated in comparison to HPA. Whilst 

more reductionist than some other lesion-creation methods, the relative ease makes it 

an effective way to mass produce lesions on order conduct remineralisation 

experiments. Further to this, the composition of the solution used can be altered to 

change the parameters of the created lesion to a certain extent.  

One way in which this approach has been modified to make it more representative is to 

include alternating periods of remineralisation though pH-cycling. Described previously, 

this technique aims to simulate the cyclic conditions present in vivo and therefore to 

create more representative artificial lesions.  

An alternate path which researchers have followed in an attempt to better re-create the 

in vivo conditions upon which carious lesions form is to try and change the texture of 

the dissolution media to be more representative. Such approaches involve the use of 

an acid-based hydroxyethylcellulose gel within which the substrate is submerged. This 

is designed to simulate plaque. In some cases, an additional top layer formed of an 

acid solution is also used.  
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6.1.2 Refinement of the Proposed in vitro PEM Model 
  

Building on the work from the previous chapter, the current study aims to refine the 

proposed pH-cycling model primarily though the inclusion larger sample sizes.  Beyond 

this, the 0 and 20d pH-cycling exposure times and Zn and F treatment groups will be 

continued. The Pre-treatment step has been removed, with only sound enamel being 

subjected to experimental conditions. The 72h demineralisation has been altered from 

an acetic acid solution to a lactic acid gel. Additionally, in order to investigate the 

physical changes in the enamel following pH-cycling exposure, surface microhardness 

measurements and SEM images will be taken. The updated model outline can be seen 

in Figure 6.1 below.  

 

Figure 6.1: Summary of Current Model Protocol. Outline of the current 

experimental procedure, broken down into the three stages of the proposed model 
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6.2 Aims 

The present study aimed to validate the findings of the previous chapter through the 

use of large sample sizes. Additionally, it aimed to improve upon the proposed model 

though the addition of a more-realistic demineralisation technique and the investigation 

of physical changes though the incorporation of surface micro hardness 

measurements.  

6.3 Materials and Methods 

6.3.1 Selection and Preparation of Bovine Enamel Blocks 

80 blocks approximately 10x4mm in size were prepared from bovine incisors as 

described previously, but were subjected to an additional abrasion step using a 

weighted, water-cooled motorised polisher to make the blocks plane-parallel with 

respect to the enamel surface (EcoMet / AutoMet 250 & 300, Buelher, Illinois, USA).  

Blocks were mounted in fives with Green-Stick impression compound into 50ml 

disposable Sterilin containers (Sterilin Ltd. Newport, UK) using a glass rod placed 

through the lid (Figure 6.2).  

 

Figure 6.2: Schematic of Mounted Blocks. Illustration depicting mounting of blocks 

in fives into Sterilin containers using Green Stick Impression Compound. 
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6.3.2 pH-Cycling Regime 

The previously described pH-cycling regime was followed for 0 or 20 days (Figure 

5.2). 

6.3.3 Acid Challenge 

In order to test the effect of the pH-cycling regime on the acid susceptibility of the 

enamel, blocks were subjected to a 72-hour demineralisation challenge as before, but 

instead of an acetic acid solution, a lactic acid-containing hydroxyethylcellulose gel was 

used (pH 4.5, hydroxylethylcellulose: Sigma-Aldrich Ltd., Dorset, UK). Following 

Exposure to acid challenge, samples were blinded to reduce bias during analysis.  

6.3.4 Assessment of Physical Changes 

Blocks were subjected to Vickers’s SMH analysis at baseline and following pH-cycling 

using the method described previously (Section 2.11). Selected blocks were also 

imaged using SEM (Section 2.12). 

6.3.5 Assessment of Demineralisation 

Enamel blocks were allowed to air-dry before being imaged and analysed as described 

previously using QLF-D and MSI. Images were taken at baseline, and following the 72h 

demineralisation challenge. TMR analysis was conducted outlined in Chapter 2 

(Section 2.10).   

6.4 Results 

6.4.1 QLF-D Assessment of Fluorescence Loss 

 

A significant decrease in fluorescence loss was observed for all cycled enamel blocks 

in comparison to non-cycled controls with the exception of those treated with Zn (No 

Treatment: P=0.0004, F: P=0.0001 and Zn/F: P=0.0001) (Table 6.1). The largest 
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decrease in fluorescence loss between non-cycled and cycled enamel was observed 

for non-treated enamel (14.96). Data is presented graphically in Figure 6.3 below.  

 n Non-Cycled ΔF ± SE Cycled ΔF ± SE 

Untreated 10 28.77 ± 3.40 13.81 ± 0.78 

F 10 17.39 ± 1.01 12.01 ± 0.39 

Zn 10 20.08 ± 1.37 16.33 ± 1.19 

Zn +F 10 19.63 ± 1.60 11.29 ± 0.41 

 

Table 6.1: Total Fluorescence Loss Measured by QLF-D. QLF-D data for 

demineralised bovine enamel blocks previously subjected to 0 or 20 days exposure 

to pH-cycling. Blocks were assigned to Zn and F treatment groups. Data is presented 

with the SE of the mean.  n=10. 

 

 

Figure 6.3: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using QLF-D. Data comparing non-cycled blocks to those exposed to 20-

day regime for enamel subjected to Zn and F treatments. Error Bars represent SE of 

the mean. ***= P<0.001. n=10. 
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6.4.2 Fluorescence Loss Measured via MSI 

 

  n Non-Cycled ΔF ± SE Cycled ΔF ± SE 

Untreated 10 53.09 ± 4.97 31.39 ± 2.99 

F 10 35.24 ± 1.40 22.68 ± 1.58 

Zn 10 43.97 ± 3.37 32.63 ± 3.47 

Zn+F 10 38.77 ± 1.22 24.58 ± 1.22 

 

Table 6.2: Total Fluorescence Loss Measured by MSI. MSI data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. 

Blocks were assigned to Zn and F treatment groups. Data is presented with the SE 

of the mean.  n=10. 

 

Fluorescence loss values recorded via MSI followed a similar pattern to results 

obtained using the QLF-D system: a significant decrease in fluorescence loss was 

observed for all lesions created in pH-cycled enamel blocks when compared to those 

created in non-cycled controls (No Treatment: P=0.0015, F: P=0.0001, Zn: P= 0.0308 

and Zn/F: P=0.0001). The largest change in fluorescence loss between non-cycled and 

pH-cycled enamel lesions was observed for enamel not subjected to Zn and F 

treatments (21.70). ΔF values are presented graphically below (Figure 6.4).  
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Figure 6.4: Fluorescence loss (ΔF) values following 72h demineralisation as 

measured using MSI. Data comparing non-cycled blocks to those exposed to 20-

day regime for enamel subjected to Zn and F treatments. Error Bars represent SE of 

the mean. ***= P<0.001, **=P<0.01, *=P<0.001. n=10. 

 

6.4.3 Effect of pH-cycling on Surface Microhardness 

 

 Cycled? n Sound SMH ± 

SE 

Cycled SMH ± 

SE 

Untreated N 10 348.33 ± 16.74 340.44 ± 35.07 

 Y 10 351.00 ± 42.72 354.90 ± 38.30 

F N 10 359.20 ± 31.59 337.89 ± 32.22 

 Y 5* 302.20 ± 46.39 337.80 ± 34.79 

Zn N 10 345.00 ± 35.67 343.80 ± 30.92 

 Y 10 359.40 ± 24.49 347.40 ± 32.75 

Zn + F N 10 354.60 ± 15.29  365.80 ± 19.79 

 Y 5* 349.80 ± 14.02 374.40 ± 7.57 

 

Table 6.3: SMH for Sound and pH-cycled Enamel. Vickers SMH measurements 

taken at baseline and following 0/20d exposure to pH-cycling and Zn and F 

treatments. Data is presented with the SE of the Mean. n=10 (* Some blocks were 

excluded due to soft surface deposits). 
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Reported Vickers hardness values were variable, however an increase was observed 

for both cycled (24.60) and non-cycled (11.20) enamel subjected to Zn/F treatments. 

This increase was significant for the enamel also exposed to 20 days pH-cycling 

(P=0.0087). A non-significant decrease in SMH was observed for cycled enamel 

treated with zinc (12.00). From Table 6.3 it can be noted that the number of samples 

for both the pH-cycled group treated with F and that treated with combined Zn and F is 

reduced to 5. This was due to the presence of a soft deposit on the enamel surface that 

could not be removed and, as such, required them to be excluded from SMH analysis. 

Data is presented graphically in Figure 6.5.  

 

Figure 6.5: Vickers Surface Micro hardness (SMH) values comparing non-

cycled areas to those exposed to 20 days of pH-cycling. The standard error of 

the mean is displayed with each recorded value. ** represents significance at the 

P<0.01 level. n values are reported in Table 6.3. 
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6.4.4 Scanning Electron Microscopy (SEM) Imaging 

 

Figure 6.6: SEM image of Sound Enamel. SEM image of sound enamel 

demonstrating the presence of enamel prisms. Damage sustained during the SEM 

process can also be observed.   

 
When SEM as used to image areas of sound enamel at a magnification of 4200x 

(Figure 6.6), striations from the polishing process during preparation can be seen along 

with areas of damage caused by the vacuum conditions required for imaging. In 

addition to induced-features, horseshoe-shaped marks can be seen across the surface 

indicating the boundaries of enamel prisms.   
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Figure 6.7: Lesion Boundary Imaged Using SEM for Sound Enamel. SEM image 

demonstrating the gradual transition at the lesion boundary. 

 

When areas at lesion boundaries are viewed, the surface appearance between sound 

and demineralised enamel is distinct. Sound enamel appears even in colour and 

smooth aside from slight grooves created during polishing. In comparison, the lesion 

appears more textured, with the enamel prism structure clearly visible. When the 

magnification is increased, the boundary between the lesion and sound area can be 

seen to be not clearly defined and an intermediate area is visible between the two 

areas. Interestingly, when the lesion boundary is observed for pH-cycled enamel, the 

intermediate area is much smaller and the lesion is much more clearly defined from the 

surrounding enamel.  
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Figure 6.8: Lesion Boundary Imaged Using SEM for pH-cycled Enamel. SEM 

image demonstrating the more defined lesion edge observed for pH-cycled enamel. 

 

6.4.5 Investigating surface deposits present in pH-cycled blocks exposed 

to F/Zn 

  

Figure 6.9: Surface Deposits Imaged Using SEM. SEM image demonstrating the 

presence of a deposit on the enamel surface against demineralised (Left) and pH-

cycled (Right) enamel. 
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In order to try and better understand the surface deposit described in the previous 

section, scanning electron microscopy images were captured (Figure 6.9) and a basic 

EDX analysis conducted (Figure 6.10/6.11). The ability to use this technique was, 

however, limited as exposure to the vacuum caused damage to the enamel block, 

particularly in lesion areas. From the results displayed below, it can be seen that the 

deposits contain a higher ratio of fluorine in comparison to both underlying pH-cycled 

and lesion areas of enamel. In addition, deposits present a higher ratio of P to Ca than 

the underlying enamel areas. Interestingly, the pH-cycled area of underlying enamel 

demonstrated the presence of Zn, which was not observed in the other measurements 

taken.  

 

 

Figure 6.10: EDX Analysis for Surface Deposit and pH-cycled Enamel. SEM 

image and basic EDX analysis demonstrating differences in the proportion of 

different elements such as Ca, P and F. 

 



 

 
164 

 

Figure 6.11: EDX Analysis for Surface Deposit and Lesion. SEM image and 

basic EDX analysis demonstrating differences in the proportion of different elements 

such as Ca, P and F for surface deposit and underlying demineralised enamel. 

 

6.4.6 pH-cycling Dependent Changed in Mineral Loss Measured via TMR 

 n Non-Cycled ΔZ ± SE Cycled ΔZ ± SE 

Untreated 10 2244.43 ± 234.01 1155.15 ± 91.07 

F 10 1520.67 ± 86.21 1191.17 ± 244.55 

Zn 10 1701.02 ± 162.20 1549.63 ± 117.80 

Zn +F 10 1476.10 ± 105.98 1476.10 ± 154.12 

 

Table 6.4: Total Mineral Loss Measured by TMR. TMR data for demineralised 

bovine enamel blocks previously subjected to 0 or 20 days exposure to pH-cycling. 

Blocks were assigned to Zn and F treatment groups. Data is presented with the SE 

of the mean.  n=10. 

 

When mineral loss values obtained through TMR are observed (Table 6.4), a 

significant reduction in mineral loss following demineralisation was observed for lesions 

created in pH-cycled enamel in comparison to those created in non-cycled controls for 

untreated enamel (P=0.0004) and that subjected to combined zinc and fluoride 

treatments (P=0.0184). Additionally, a non-significant decrease was observed for pH-
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cycled vs non-cycled enamel for the fluoride and zinc separate treatment groups. A 

decrease in mineral loss was also observed for non-cycled enamel exposed to all 

fluoride and zinc treatment groups in comparison to non-treated controls. Such 

differences were not observed for pH-cycled enamel.  Data is presented graphically in 

Figure 6.12.  

 

Figure 6.12: Mineral loss (ΔZ) values following 72h demineralisation as 

measured using TMR. Data comparing non-cycled blocks to those exposed to 20-

day regime for enamel subjected to Zn and F treatments. Error Bars represent SE of 

the mean. ***= P<0.001, * =P<0.05. n=10. 

 

When the effect of pH-cycling on parameters other than mineral loss are considered, a 

decrease in lesion depth was observed for lesions created in pH-cycled enamel when 

considered against non-cycled counterparts, with the exception of those in the fluoride 

treatment group. The ratio, or R, did not vary between lesions created on sound or pH-

cycled enamel when a zinc-inclusive treatment was also administered, but was lower 

for cycled enamel than sound in the non-treated and F-treated conditions (Figure 6.13).  
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Figure 6.13: LD and R for Lesions Created in Sound and pH-cycled Enamel. 

TMR data for LD and R for lesions created in sound enamel and that subjected to 

20d pH-cycling. Zn and F treatments were also administered over 20d. Error bars 

represent the SE of the Mean. n=10.  

 

Upon further investigation of lesion characteristics, the profile of lesions varied 

depending on which treatment group they were allocated to (Figure 6.14). For non-

treated enamel, lesions created in both cycled and non-cycled enamel demonstrated a 

classical lesion profile, with a shallower lesion with a larger surface area produced in 

pH-cycled blocks. In contrast, lesions created in sound blocks subjected to F 

treatments displayed lesions with a profile more comparable to an erosive than a 

carious lesion. Comparable pH-cycled blocks demonstrated a profile similar to that of 

sound enamel. Lesions created in blocks within the zinc treatment group formed a 

subsurface lesion, when created in sound enamel, but this area was much smaller and 

less defined when blocks were also subjected to pH-cycling. Blocks exposed to Zn/F 

treatments in combination with pH-cycling demonstrated very little demineralisation and 

a profile akin to that of sound enamel. When not combined with cycling, Zn/F 

treatments produced shallow lesions with a relatively undefined surface layer.  
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Figure 6.14: Mineral Loss as a Function of Depth. Lesion profile created from 

TMR data for lesions created in sound enamel subjected to 0 or 20d pH-cycling in 

addition to Zn and F treatments. 

 

6.5 Discussion 

The work within this chapter aimed to provide validation for the results obtained in 

previous chapters by using larger sample sizes and by including a means by which to 

assess the physical effect of the pH-cycling exposure on the enamel.  

When the previously used parameter of reduced fluorescence/mineral loss as a marker 

for maturation is assessed, results show support for the model. A reduction in 

fluorescence loss was observed for all cycled groups when compared to non-cycled 

controls for both techniques. Additionally, the differences demonstrated statistical 

significance, with the exception of the zinc treatment group for QLF-D. These findings 

are further supported by the mineral loss values obtained by TMR, in which a decrease 

was also observed for each pH-cycled group in comparison to non-cycled counterparts, 

of which were significant for both the pH-cycling only and Zn + F treatment groups. 



 

 
168 

During the process of reviewing the literature a common theme within PEM research 

appears to be a tendency to define the process by its effects as opposed to the 

underlying process itself. This is largely due to a lack of understanding of both the 

mechanism behind the process itself as well as fundamental understanding we now 

have, such as the mechanisms and actions of fluoride. Regardless of the rationale 

behind this trend, it has led to the main parameters for the definition of PEM being a 

reduction in caries susceptibility, decreased porosity and increased surface micro 

hardness (Carlos and Gittelsohn 1965, Cardoso et. al. 2009, Kataoka et. al. 2007). 

Whilst the work to this point has primarily addressed the first parameter as a means of 

validating the presence of a maturation effect, the current chapter aimed to strengthen 

this by also taking into account the physical effects of the regime though the use of 

surface micro hardness.  

For all treatment groups except zinc, an increase in SMH was observed for blocks 

subjected to pH-cycling, when compared to baseline. The effect was particularly 

pronounced for the combined zinc and fluoride treatment group. When referenced back 

to the literature, the observed hardness changes make sense. Fluoride has been 

shown, when present in high enough concentrations, to be able to bind to the surface 

enamel, particularly in the presence of acids (Christofferson et. al. 1995, Featherstone 

1999). This is achieved through its ability to substitute in place of hydroxyl/phosphate 

groups, replacing lost carbonate within the HPA (Young 1975, Aoba et. al. 2003). Once 

bound the smaller fluoride ion is able to bind closer, reducing the porosity and 

strengthening the enamel. Whilst this explains the slight increase in SMH observed for 

the fluoride treatment group, it does not account for the markedly greater effect of the 

combined F and Zn group. To understand this difference, the role of the zinc must also 

be taken into account. Whilst fluoride has a proven track record as a catalyst to the 

remineralisation process, its effect has a tendency to be confined to the outer surface 

layers of the enamel. This can lead to the development of a hyper-mineralised surface, 
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with a large lesion underneath, as acids bypass the surface in favour of the more easily 

dissolved mineral. Zinc has been shown to possess the ability to increase the ability of 

fluoride to penetrate deeper into the enamel (Lynch et. al. 2011). This is believed to be 

due to the surface-softening action of zinc and as such also explains the reduction in 

SMH observed in the zinc-only treatment group.  

For both fluoride-containing treatment groups, 50% of the pH-cycled blocks had to be 

excluded from SMH testing due to the presence of a deposit on the enamel surface 

that could not be removed through washing in water or acetone. Additionally, the 

deposit could not be removed though force when a small area was tested. In order to 

try and gain a better understanding of what may have caused it, scanning electron 

microscopy was used with a basic EDX analysis. Due to the unreliability of the EDX for 

estimating concentrations accurately, only the relative amounts of elements to one 

another were taken into account. When compared with the underlying pH-cycled 

enamel, the deposit contained a much larger proportion of fluoride. Whilst this may be 

due to some form of contamination, it may also suggest the potential for calcium 

fluoride deposits, which have been shown to form spherical globules with a crystalline 

structure on the enamel surface in the presence of surface fluoride availability greater 

than 100ppm (Christofferson et. al. 1995). If this was the case, it would be expected 

that the ratio of calcium would also be higher in the deposit than the underlying enamel, 

however, this is not the case here, where the ratio of Ca and P is actually lower. Whilst 

this does not completely exclude the possibility, as calcium fluoride forms mixed with 

phosphate, it would normally dissolve when formed in vivo due to the DS of the oral 

environment. The presence of calcium fluoride deposits would therefore suggest that 

the model is not effective at maintaining PF-relevant conditions and therefore actions, 

such as more frequent solution refreshes may need to be taken. The fact that only half 

the samples in each group were affected, suggests that the deposit may be a product 

of variation, during the pH-cycling process, as blocks were grouped into fives (n=10). 
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No conclusion could be drawn as to the true nature of the deposit without the 

employment of more detailed chemical analysis.    

Overall, the findings of the chapter provide support for the previously proposed pH-

cycling model, particularly when consideration is given to the fact that the Pre-

demineralisation steps were completely removed and the observed changes were 

produced from sound enamel. Additionally, the SMH results also provide initial 

evidence that the model is also able to produce the physical changes reported to take 

place during PEM.  
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Chapter Seven: Effect of Strontium 

and Fluoride-Containing 

Remineralisation Solutions on PEM 

7.1 Testing the Flexibility of the Proposed PEM Model 

Building on the work from the previous chapter, the current study aimed to evaluate the 

ability to vary the parameters of the proposed model through the incorporation of 

varying remineralisation solutions in addition to exploring the effects of strontium on 

PEM. As such three Sr and F-containing remineralisation solutions were used. The 

updated model outline is presented in Figure 7.1 below.  

 

Figure 7.1: Summary of Current Model Protocol. Outline of the current 

experimental procedure, broken down into the three stages of the proposed model 
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7.2 Aims 

The present work aimed to investigate the effect of remineralisation solutions 

containing varying combinations of strontium and fluoride within a plaque-fluid relevant 

pH-cycling model of PEM. It also aimed to determine the viability changing parameters 

of interest within the model on its ability to function as intended.   

7.3 Materials and Methods 

7.3.1 Selection and Preparation of Bovine Enamel Blocks 

40 plane-parallel blocks approximately 10x4mm in size were prepared from bovine 

incisors and mounted in fives as described previously (Section 2.2/6.3.1).  

7.3.2 pH-Cycling Regime 

The base pH-cycling system previously described was used for a total of 0 or 20 

days (Section 2.5) with changes made to the remineralisation solutions applied. 

The demineralisation solution described previously was used, but the 

remineralisation solution varied between groups to contain 5.7µM Fluoride (as 

NaF), 10ppm Strontium (as SrCl₂ (Sigma-Aldrich Ltd., Dorset, UK)) or a 

combination of the two (Table 7.1).  

Reagent F Remin Solution Sr Remin Solution Sr/F Remin 

Solution 

KH₂PO₄ 1mM 1mM 1mM 

CaCl₂ 12.7mM 12.7mM 12.7mM 

KCL 130mM 130mM 130mM 

HEPES 20mM 20mM 20mM 

F (as NaF) 5.7µM - 5.7µM 

Sr (as SrCl₂) - 10ppm 10ppm 

pH 6.58 6.58 6.58 

Table 7.1: Breakdown of varying remineralisation solutions used for pH-

cycling. Solutions were stored at room temperature and refreshed each day. 
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7.3.3 Acid Challenge 
 

In order to test the effect of the pH-cycling regime on the acid susceptibility of the 

enamel, blocks were subjected to a 72-hour demineralisation challenge using the lactic 

acid gel previously described (Section 6.3.3).   

7.3.4 Assessment of Physical Changes 

Blocks were subjected to Vickers’s SMH analysis at baseline and following pH-cycling 

(Method: Section 2.11). Selected blocks were also imaged using SEM with EDX 

analysis (Method: Section 2.12/2.13). 

7.3.5 Assessment of Demineralisation 

Enamel blocks were allowed to air-dry before being imaged and using QLF-D and MSI. 

Images were taken at baseline, and following the 72h demineralisation challenge. TMR 

analysis was conducted outlined previously (Methods: Sections 2.8-2.10).   

7.4 Results 
 

7.4.1 Impact of Sr and F on demineralisation as measured via QLF-D 

 
Figure 7.2: QLF-D Images Following 72h Demineralisation. QLF-D images for 

lesions created in sound enamel exposed to 0 or 20d pH-cycling in the presence of F 

and Sr containing remineralisation solutions. 
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When QLF-D images of lesions created in sound enamel and that exposed to 20d pH-

cycling in F, Sr and Sr/F remineralisation solutions are considered, those created in 

pH-cycled enamel appear lighter in colour (Figure 7.2). Numerically, a significant 

decrease in fluorescence loss was reported for all lesions created in pH-cycled enamel 

in comparison to non-cycled controls (F: P=0.0004, Sr: P=0.0132 and Sr/F: P=0.0341) 

(Table 7.2). The largest difference was observed for blocks pH-cycled with the Fluoride 

only containing remineralisation solution (14.96). Data is presented graphically in 

Figure 7.3.  

 n  ΔF ± SE 

Untreated 10 28.77 ± 3.40 

F 10 13.81 ± 0.78 

Sr 10 15.24 ± 3.56 

Sr + F 10 20.03 ± 1.71 

Table 7.2: ΔF Values Following 72h Demineralisation. QLF-D data for lesions 

created in sound enamel exposed to 0 or 20d pH-cycling in the presence of F and Sr 

containing remineralisation solutions. Data is presented with the SE of the mean. 

n=10. 

 

 

Figure 7.3: ΔF Values Following 72h Demineralisation Obtained by QLF-D. QLF-

D data for lesions created in sound enamel exposed to 0 or 20d pH-cycling in the 

presence of F and Sr containing remineralisation solutions. Error bars represent the 

SE of the mean. ***= P<0.001, *= P<0.05. n=10. 
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7.4.2 MSI Assessment of the Effect of Varying Remineralisation 

Conditions on Fluorescence Loss 

 

Figure 7.4: MSI Images Following 72h Demineralisation. MSI images for lesions 

created in sound enamel exposed to 0 or 20d pH-cycling in the presence of F and Sr 

containing remineralisation solutions. 

 

When MSI images are visually analysed, lesions produced in pH-cycled enamel appear 

less pronounced than those created in sound enamel (Figure 7.4), however the 

observed difference is reduced in comparison to the previously reported QLF-D 

images. Lesions produced in blocks subjected to pH-cycling in the F-only solution 

group demonstrated the most marked visual difference in lesion appearance. A 

Significant decrease in fluorescence loss was reported for lesions created in enamel 

pH-cycled with remineralisation solutions containing F and Sr individually when related 

to non-cycled controls (F: P=0.0015 and Sr: P=0.0070) (Table 7.3). A non-significant 

decrease was observed lesions created in blocks cycled for 20 days with a 

remineralisation solution containing both Sr and F (6.04). The largest decrease was 

observed for blocks pH-cycled with the Fluoride only containing remineralisation 

solution (21.70). Data is represented graphically below (Figure 7.5).  
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 n  ΔF ± SE 

Untreated 10 53.09 ± 4.97 

F 10 31.39 ± 2.99 

Sr 10 32.40 ± 4.63 

Sr + F 10 47.05 ± 3.08 

 

Table 7.3: ΔF Values Following 72h Demineralisation Obtained via MSI. MSI 

data for lesions created in sound enamel exposed to 0 or 20d pH-cycling in the 

presence of F and Sr containing remineralisation solutions. Data is presented with 

the SE of the mean. n=10. 

 

 

Figure 7.5: Fluorescence loss following 72h demineralisation as measured by 

MSI. Data comparing non-cycled blocks to those exposed to 20 days of pH-cycling 

with remineralisation solutions containing F, Sr or Sr/F. Error bars represent the 

standard error of the mean (SE). ** and * Indicate significance at the P<0.01 and 

0.05 levels respectively. n=10. 
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7.4.3 Surface Microhardness Analysis of Sound and pH-cycled Enamel 

 

 n Sound SMH ± 

SE 

Cycled SMH ± 

SE 

Untreated 10 348.33 ± 16.74 340.44 ± 35.07 

F 10 351.00 ± 42.72 354.90 ± 38.30 

Sr 10 364.50 ± 8.86 385.70 ± 18.96 

Sr + F 10 347.40 ± 18.47 376.70 ± 15.57 

 

Table 7.4: SMH at Baseline and Following pH-cycling. Vickers Surface 

Microhardness (SMH) values comparing non-cycled areas to those exposed to 20 

days of pH-cycling with remineralisation solutions containing F, Sr and Sr/F. The 

standard error of the mean is displayed with each recorded value. n =10. 

 

Microhardness readings for the non-cycled controls and fluoride only groups were 

variable (Table 7.4), but a significant increase in micro hardness was observed from 

baseline in blocks subjected to remineralisation solutions containing Sr and Sr and F 

combined (P=0.0049 and 0.0012 respectively). SMH values are represented 

graphically in Figure 7.6.  
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Figure 7.6: Vickers Surface Microhardness (SMH) Values. Data comparing non-

cycled areas to those exposed to 20 days of pH-cycling with remineralisation 

solutions containing F, Sr and Sr/F. The standard error of the mean is displayed with 

each recorded value. ** represents significance at the P<0.01 level. n=10. 

 

7.4.4 TMR Assessment of Changes in Mineral Loss  

 

  n ΔZ ± SE 

Untreated 10 2244.43 ± 234.01 

F 10 1155.15 ± 91.07 

Sr 10 1433.62 ± 221.91 

Sr + F 10 1817.65 ± 245.15 

 

Table 7.5: ΔZ Values Following 72h Demineralisation Obtained via TMR. TMR 

data for lesions created in sound enamel exposed to 0 or 20d pH-cycling in the 

presence of F and Sr containing remineralisation solutions. Data is presented with 

the SE of the mean. n=10. 
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When mineral loss values obtained by TMR are considered (Table7.5), a significant 

decrease was observed for lesions created in enamel exposed to 20d pH-cycling with 

remineralising solutions containing Fluoride (P=0.0004) and strontium (P=0.0217) 

separately. Additionally, a non-significant decrease was observed for lesion created in 

enamel blocks subjected to a 20-day pH-cycling regime using a remineralising solution 

containing both fluoride and strontium when compared against those created in non-

cycled controls (Figure 7.7).  

 

Figure 7.7: Mineral loss following 72h demineralisation as measured by TMR. 

Data comparing non-cycled blocks to those exposed to 20 days of pH-cycling (cyc) 

with remineralisation solutions containing F, Sr or Sr/F. Error bars represent the 

standard error of the mean (SE). *** and * Indicate significance at the P<0.001 and 

0.05 levels respectively. n=10. 

 

When the shape and characteristics of created lesions are considered, a decrease in 

both lesion depth and the ratio, R, can be seen for all pH-cycled conditions when 

considered against non-cycled controls (Figure 7.8). in terms of lesion profile, created 

lesions followed a typical caries lesion shape, with the exception of the Sr-only group, 

which formed a lesion with a small, less defined surface area (Figure 7.9). The surface 

area in lesions produced in both fluoride containing groups demonstrated a larger 

surface area than non-cycled counterparts.   
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Figure 7.8: LD and R for Lesions Created in Sound and pH-cycled Enamel. TMR 

data for LD and R for lesions created in sound enamel and that subjected to 0/20d 

pH-cycling with Sr and F containing remineralisation solutions. Error bars represent 

the SE of the Mean. n=10. 

 

 

Figure 7.9: Lesion Profiles for Lesions Created in Sound and pH-cycled 

Enamel. Lesion profiles created from TMR data for lesions created in sound enamel 

and that subjected to 0/20d pH-cycling with Sr and F containing remineralisation 

solutions. 

 

7.4.5 Effect of Sr on Enamel as Viewed using SEM 

When scanning electron microscopy was used, vacuum conditions caused damage to 

the enamel surface which can be observed as visible cracks in the below SEM images 

(Figure 7.10). However, from the data that was collected, basic EDX analysis suggests 
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a higher Sr content (as related to other elements) for enamel pH-cycled with a Sr-only 

containing remineralisation solution when compared to sound enamel. 

 

Figure 7.10: EDX Analysis for Sound and pH-cycled Enamel. SEM image and 

basic EDX analysis demonstrating differences in the proportion of different elements 

such as Zn, Sr and F following exposure to 20d pH-cycling with Sr. 

 

7.5 Discussion 

Following on from the findings of the experiments reported in the previous chapter, to 

further test and validate the proposed pH-cycling model, the current chapter aimed to 

determine the suitability for the model to still function when the parameters are altered. 

This is an important feature, as in order for it to be used to gain an understanding of the 

PEM process, it must be able to demonstrate the effects of different solution and 

treatment combinations.  
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Due to the varied findings on the potential remineralising capabilities of Sr reported in 

the literature (Lippert and Hara 2013), it was difficult to predict how it would behave 

when substituted into the PEM model.  Whilst a reduction in fluorescence/mineral loss 

was observed for all pH-cycled blocks in comparison to the non-cycled controls, 

regardless of remineralisation solution, the standard F-only remineralising solution was 

still the most effective. Most evidence for Sr as a remineralisation agent is formed 

around its dual administration with F in the concentrations used for this work (Thuy et. 

al. 2008). This is hypothesised to potentially occur through a similar mechanism to zinc, 

where surface softening affords F better access to the lesion and therefore a larger 

surface area to bind. The results obtained in this study do not provide support for this 

idea, as, whilst effective compared to non-cycled controls, the Sr + F group was the 

least effective. The reduced performance of the combined Sr and F Solution when 

compared to F alone, suggests that the simultaneous application may actually be 

inhibiting the effect of the F to a certain degree.  Even more interesting, is the fact that 

the Sr-only solution was more effective. The reason behind this is not apparently clear, 

but it is worth noting at this point that the Sr-only groups were still exposed to F, as 

whilst the remineralising solution was F-free, the demineralisation solution contained 

4.25µm F, as NaF. This raises the possibility that the timing of dual Sr and F 

administrations is a factor, and that alternating, not simultaneous, administration is 

more effective.  

When an SEM-EDX combination is used to give an estimate of relative content of the 

sound and pH-cycled enamel for the Sr-only group, a second possible explanation for 

the varying Sr behaviour is highlighted.  Cycled enamel showed elevated strontium in 

comparison with other elements. This suggests potential for the Sr to be binding to the 

enamel at the surface and therefore it may be the case that the dual application of Sr 

+F is leading to competition in some aspect of the process, reducing the action of both 

substances.  
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When the physical effects of the different solutions are taken into account, the impact 

of Sr is markedly different. Whilst a slight increase was reported in SMH for F-only 

enamel following pH-cycling, there was no strong evidence for an increase in hardness. 

In comparison, a marked increase in SMH, similar to that observed for blocks treated 

with Zn +F (Section 6.4.3) was observed for both the Sr containing groups. However, to 

determine the underlying mechanism by which these changes occur requires repetition 

with more in depth chemical characterisation of both sound and cycled enamel.  

One of the aims set out at the beginning of this development process was that the 

proposed model should be amenable to the substitution and incorporation of differing 

experimental variables, whilst maintaining its intended function. The data reported in 

this chapter provides support for the ability of the current model to meet such 

expectations, as the substitution of external 2m treatments for varying remineralisation 

solution compositions was still able to produce pH-cycled enamel that demonstrated 

key features of PEM such as reduced susceptibility to acid and increased SMH.  

In summary, the current study, in addition to providing further support for the general 

basis for the model, demonstrates its ability to be applied as a tool to investigate the 

ability of different conditions on the ability to replicate the effects of PEM in vitro.  
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Chapter Eight: Validation of 

Fluorescence-Based Methods for 

Detecting Demineralisation 

8.1 Background 

Whilst there is no currently defined indicator of the occurrence of PEM, studies have 

reported a decrease in caries susceptibility following exposure of enamel to the oral 

environment (Carlos and Gittelsohn 1965). In addition, the other two most commonly 

reported effects of the process are in increase in surface hardness and a decrease in 

porosity, both of which would contribute to the observed increased resistance to 

demineralisation for matured enamel. It therefore made sense to test the ability of the 

current model to “mature” enamel in vitro through an acid challenge and assessment 

the level of demineralisation between matured and control enamel. It is therefore 

important that reliable and validated quantitative methods for the detection of 

demineralisation, particularly at relatively low levels are used.   

8.1.1 TMR 

First described by Angmar et. al. (1963), Transverse Microradiography (TMR) is widely 

regarded as the gold standard for assessing mineral changes within the dental field. 

The technique is based on the production of a radiograph of a transverse section of 

enamel and comparing the x-ray adsorption to a step-wedge standard exposed 

simultaneously (ten Bosch and Angmar-Mansson 1991). This allows the calculation of 

a volume percentage of mineral (%Vol) as a function of depth from the enamel surface 

(µm) and has a proven track record for detecting changes in mineral due to de- and re-

mineralisation (Arends et. al. 1983a, 1983b). In order to automate the process, 

dedicated software has been developed to allow quantification and analysis of such 

changes (de Josselin de Jong et. al. 1987). However, the main drawback of TMR is the 
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destructive nature of the preparation process. This means that TMR is not suitable for 

in vivo use and when used in vitro, samples only have limited further use. Further to 

this, the preparation process can result in damage to or loss of samples, which can 

affect subsequent results (Anderson et. al. 1998).  

8.1.2 QLF-D 

Quantitative light induced florescence is a caries detection system based on assessing 

changes in fluorescence of dental hard tissues following demineralisation. It is based 

on the established auto-fluorescence properties of dental enamel which were first 

demonstrated under UV light conditions (Stubel 1911, Armstrong 1963, Alfano and Yao 

1981). Measurable fluorescence from enamel is proportional to the amount of material 

present, therefore demineralised enamel emits a lower level than that of sound enamel. 

More specifically, the increased scattering coefficient of demineralised enamel reduces 

the chances of fluorophores of being emitted and therefore detected (de Josselin de 

Jong et. al. 1995, 2009). The QLF system is able to detect this difference and quantify 

it to allow numerical analysis. As this technique relies only on the detection of 

fluorescence, one of its main advantages over more classical techniques, such as 

TMR, is that it is non-destructive and can therefore be used to monitor progress over 

time, in vivo and can be combined with other, more destructive techniques. Further to 

this, it also is possible to use QLF clinically, with several units designed specifically for 

such use.  

An example QLF system, the Inspektor Biluminator™ (Inspektor Research Systems, 

Netherlands), uses a digital SLR camera fitted with a biluminator tube containing 4 

white and 12 high-power blue LED lights. The system uses associated software to 

capture an image using he blue light through a 520nm high pass yellow filter. A regular 

white light image is also captured as a reference. Visually, areas of demineralisation 

appear darker than adjacent sound enamel and the coupled analysis software is able 

to quantify this difference to produce a %fluorescence loss value (ΔF).  
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Whilst it is not considered a “gold standard” like TMR, the use of QLF-D for the 

assessment of demineralisation has been validated both alone and against TMR and 

results have been found to be reproducible (Pretty et. al. 2004). The system has been 

proved suitable for a range of both clinical and in vitro research applications.  

8.1.3 MSI 

With modern advances in fluorescence loss-based caries detection systems, a focus 

has been placed on the merit of multi-spectral imaging systems. Such systems follow a 

similar setup to previously described QLF-D, but instead of taking a single SLR image 

through a 520nm filter, images are taken through a range of different wavelengths 

using a specially designed camera to create a composite “cube” which can then be 

analysed and different wavelengths extracted and the resulting spectra compared.  In 

addition, extracted images can be analysed through the QLF-D analysis software 

allowing it to be used in a comparable manner to assess mineral loss. The main 

drawback of using such novel techniques is the lack of research comparing and 

validating them against the accepted standards and as such they can often need to be 

conducted in conjunction with more traditional techniques.  

8.2 Aims 

The present work aimed to compare the ability of a newly-developed MSI system to 

assess fluorescence loss due to demineralisation, against an established QLF-D 

system. In addition, it aimed to compare the demineralisation detection capability of 

fluorescence loss-based technologies to the current “gold standard” for assessing 

changes in mineral (TMR).  



 

 
187 

8.3 Methods 

8.3.1 Block Preparation 

Bovine enamel was sourced, stored and prepared as previously described being 

mounted onto a ceramic anvil using Green-Stick impression compound (Kerr 

Corporation, California, USA) and cut using a water-cooled precision diamond wire saw 

(Model 3241; Well Diamantdrahtsagen GmbH, Mannheim, Germany) to produce 18 

blocks approximately 10x10mm in size (Figure 8.1). In addition to the experimental 

block, a 10mmx5mm block was cut from each tooth to provide a baseline for TMR 

analysis.  

 

Figure 8.1: Illustration of Block Creation Process. Schematic of mounting and 

cutting process to produce 10x10mm bovine enamel blocks in addition to 5x10mm 

baseline controls. 

 

Blocks were coated in clear acid resistant nail varnish (MaxFactor Nailfinity, Procter 

and Gamble, Weybridge, UK) with the exception of a 9x9mm experimental window on 

the polished enamel surface. Following air-drying, blocks were mounted individually 

with Green-Stick impression compound into 50ml disposable Sterilin containers 
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(Sterilin Ltd. Newport, UK) using a glass rod placed through the lid. This process is 

illustrated below (Figure 8.2).   

 

Figure 8.2: Illustration of block Preparation and Mounting. Schematic of 

varnished block with a 9x9mm experimental window, mounted within a Sterilin 

container with green stick. 

 

8.3.2 Lesion Creation 

 

Blocks were subjected to the standard acetic acid demineralisation challenge outlined 

previously (Section 2.6). At the 12h, 24h and 48h time points, blocks were removed 

from the solution, rinsed in de-ionised water. Blocks were then imaged using the QLF-

D and MSI systems and a quarter of each block removed for TMR analysis. Before 

being placed back into the solution the exposed area of the block was sealed using 

acid resistant nail varnish (Figure 8.3).  

 

 



 

 
189 

 

Figure 8.3: Schematic of Demineralisation Protocol. Illustration on 

demineralisation process showing removal of lesion area of analysis at 12, 24 and 

48h time points. 

8.3.3 TMR 

TMR was mostly conducted as previously described (Section 2.10).  Baseline and 

quarter blocks were mounted onto ceramic anvils with Green-Stick Impression 

Compound and cut into transverse sections approximately 1.2mm in width using a 

precision diamond wire saw. Three sections from each were then mounted onto brass 

anvils using nail varnish and polished down to approximately 80µm in thickness using a 

diamond impregnated disc.  

 

 

 

Figure 8.4: Illustration of TMR Section Preparation. Schematic of mounting and 

cutting of blocks to produce 1.2mm transverse sections. Sections are mounted onto 

brass anvils in threes and ground using a custom-built diamond disc and ball-bearing 

system to produce sections 80µm in thickness. 
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8.4 Results 

8.4.1 Comment on the Ease of Operation of Each Technique.  

 

When the process involved for each analysis technique is considered, fluorescence-

based detection methods were relatively quicker and less labour intensive than TMR to 

carry-out. In terms of preparation, QLF-D and MSI only required air-drying samples, 

whereas the TMR preparation process takes several days to complete. Image capture 

for QLF-D is almost instant, whereas MSI takes around 30 seconds to construct an 

image cube. TMR requires a radiograph exposure time of 12 minutes followed by a 50-

minute development process. A similar pattern is observed for analysis, with QLF-D 

having a relatively quick process in comparison to TMR, which requires manual 

calibration of the step wedge and capture of each area of interest. MSI analysis is 

conducted in the same manner as QLF-D, but requires extra steps to extract the 

520nm image and convert it into a compatible file format. In terms of the ability for an 

individual to use each method, QLF-D and MSI are relatively accessible to new users, 

particularly QLF-D, as the process is fairly automatic and only requires placement of 

the sample and a few mouse clicks. MSI follows a similar process, but requires manual 

operation of the bioluminator and knowledge of the correct settings to select when 

capturing an image. On the other hand, the TMR process is less accessible to new 

users, as it requires learning the use of several pieces of equipment, practice of the 

preparation and image capture techniques and training in using the radiographic 

equipment. Information is presented in Table 8.1. 
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 QLF-D MSI TMR 

Preparation Time 1h 1h Several Days 

Preparation 

Process 

Air-Drying Air-Drying Sectioning, 

grinding and 

mounting 

Image Capture 

Time 

<10 seconds 2mins >1h 

Image Capture 

Process 

Place Sample, 

Focus, Select 

Capture 

Place Sample, 

Focus, Set Light, 

Set Exposure, 

Select Capture 

Mount samples 

with stepwedge 

and plate, 

Exposure to X-

rays, Develop, Fix, 

Wash 

Analysis Process Open analysis 

software, Select 

area of interest, 

select ok 

Extract 520nm 

image, convert to 

BMP, Open 

analysis software, 

select area of 

interest, select ok 

Calibrate 

stepwedge, 

Capture areas of 

interest as images, 

Open analysis 

software, select 

area of interest, 

select ok 

Table 8.1: Comparison of Methods. Table comparing the user-friendliness of the 

three demineralisation detection techniques. 
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8.4.2 Images Produced by Each Approach 
 

When placed together, visual data collected using QLF-D and MSI appears similar, 

with the area of demineralisation appearing as a darker square that increases in 

intensity at longer demineralisation times (Figure 8.5). For both techniques, the area of 

demineralisation is first visible following 3h exposure to acid, however the area is more 

pronounced in the images obtained via MSI. This trend extends to all time-points, with 

the demineralisation appearing darker and more apparent in MSI images than QLF-D 

counterparts.  

 

Figure 8.5: QLF-D and MSI Images During 72h Demineralisation. Visual 

comparison between images obtained via QLF-D and MSI at 0, 3, 6, 9, 12, 24, 48 

and 72h exposure to acetic acid demineralisation. 

 

In contrast to fluorescence-based methods, radiographs produced using TMR were 

only taken after 12 hours exposure, as the ability to detect lesions prior to this is 

limited, as is the amount of material that can be removed to create each time point.  

TMR images demonstrate the lesion as a dark area below an intact surface region that 

continues along the length of the section. In a similar manner to the previous 

techniques, the lesion area appears darker and more pronounced at longer acid 

exposure times (Figure 8.6).  
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Figure 8.6: Radiographic images during exposure to acid. Radiographic images 

of transverse sections of enamel captured using TMR at 12, 24, 48 and 72h 

exposure to demineralisation. 

 

8.4.3 Comparison between Quantitative Data Collected 
 

When the numerical data obtained via the two fluorescence-based techniques is 

considered (Figure 8.7), the same difference in intensity observed visually is reflected. 

Whilst both methods detected an average change in fluorescence at the 3h time point, 

this change was only observed in 3/18 blocks for QLF-D as opposed to 17/18 for MSI. 

Additionally, all 18 blocks demonstrated a change in fluorescence by 6h for MSI as 

opposed to QLF-D which did not detect loss in all blocks until 24h exposure to acid. 

Recorded fluorescence loss values are consistently higher for MSI than QLF-D at 

comparable time-points. When TMR data is considered, reported mineral loss values 

increased with demineralisation time and followed a pattern that was more comparable 

to MSI than QLF-D. 
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Figure 8.7: Graphical Representation of Data Collected Using Different 

Approaches. Graph comparing mean changes in mineral as recorded by 

QLF-D and MSI (ΔF) and TMR (ΔZ). 

 

When the spread of the data recorded by comparable methods is considered, a large 

amount of variation is observed, particularly at higher levels of demineralisation (Figure 

8.8).   

 

Figure 8.8: Scatter Plots Comparing Agreement Between Analysis Techniques. 

Scatter plots fitted with regression (R) lines to demonstrate the agreement between 

measurements taken of the same lesion. 
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8.4.4 Additional Features – MSI 
 

Unlike the QLF-D system, which takes a single image, the MSI system scans through a 

wavelength range whilst capturing the image to produce a composite “cube”. 

Therefore, in addition to extracting an image at a single wavelength for analysis, the 

entire spectral cube can be analysed. When an area of interest is identified, a colour 

can be assigned and the spectral profile for that area is displayed. This can be 

repeated for multiple areas of interest, such as the experimental window and 

surrounding sound enamel as illustrated below. The software can then be used to 

“Unmix” the desired areas and produce a composite image of where the spectral profile 

of the image matches the areas selected. For baseline enamel and early 

demineralisation, the height difference between the spectra of the two areas is small 

and as such no clear definition between the two was observed, although it is worth 

noting that a slight difference was recorded even at baseline. In more heavily 

demineralised enamel the height difference between the spectra was more defined and 

as a result the unmixed images displayed two distinct areas of colour. In this case the 

recorded changes are only in the height of the same spectral profile as opposed to 

areas exhibiting different spectral features. An example of this feature is presented in 

Figure 8.9. 
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Figure 8.9: Spectral Analysis Using MSI. Graphs following the changes in spectral 

profiled of the lesion and surrounding enamel during demineralisation. A visual 

representation of the different areas represented is also provided (Top). 

 

8.4.5 Additional Features – TMR 

In addition to recording mineral loss, the images above also highlight the additional 

ability of TMR to identify the surface zone of the lesion. The TMR analysis software is 

capable of producing a profile on the lesion by plotting %Vol mineral as a function of 

depth allowing the characteristics of the lesion, particularly the surface area, to be 

visualised (Figure 8.10). This also affords the ability to distinguish between erosive and 

subsurface lesions. In addition to the profile and mineral loss values, the TMR analysis 

software can also give information on the depth and ratio of the lesion. 
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Figure 8.10: Profile of lesion following 72h demineralisation. Lesion profile 

obtained via TMR expressing the %vol mineral as a function of depth for enamel 

subjected to a 72h acetic acid demineralisation challenge. 

 

8.5 Discussion 

In terms of usability, the fluorescence-based techniques were easier to both learn and 

conduct in comparison with TMR. This provides support for previous authors who have 

expressed concern over the destructive nature of the TMR preparation process and the 

loss of samples incurred as a result (Anderson et. al. 1998).  This may serve in part to 

explain the variability observed from the presented scatter plots, when comparing TMR 

with the other methods. Another explanation for the variability observed is the differing 

capability of the different methods to detect demineralisation, which is particularly 

evident when the images produced by the two fluorescence-based techniques are 

considered visually. The difference, combined with the different measurement scale 

used for TMR made statistical comparisons to determine the agreement of the methods 

challenging, as traditional approaches, such as Bland-Altman plots are designed to 

compare two methods using the same scale and assume that the same value is 

desired by both methods at each measurement point (Myles 2007).  
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Whilst the agreement between TMR and QLF-D observed here was less than that 

reported previously (Angmar-Mansson and ten Bosch 2001, Pretty et. al. 2004), the 

MSI data showed higher comparability. This may be due to its apparent increased 

ability to detect demineralisation. The difference between the two fluorescence-based 

techniques appears to be due to the camera used within the MSI system being more 

sensitive, as the rest of the equipment and process behind the two methods is the 

same.  

When the information obtained by each method is considered, it is understandable that 

TMR is considered the “gold standard”, as it was the only method able to provide 

information on the characteristics of the lesion beyond mineral loss. This is important 

when considering in vitro use, as the surface area is a defining feature of caries lesions 

over other types of mineral loss such as erosion (Silverstone 1968, Larsen 1991), and 

can give valuable information, particularly in studies where fluoride and other 

therapeutic agents are used.  

The ability for the MSI system to produce spectra that can be mapped onto the image 

is a really interesting feature, although its use within the type of work presented here is 

limited, as it does not provide any information not already available through visual 

examination and fluorescence loss data. It does however, have a range of applications 

within the dental field, as in cases where the spectral profiles of areas of interest differ, 

such as distinguishing between enamel, plaque and calculus, it would provide 

information not available through other methods.  

To summarise, both fluorescence-based and microradiography techniques were able to 

demonstrate increasing mineral loss over a 72h demineralisation period, however the 

levels of agreement between methods previously observed in the literature were not 

recorded in this study. The MSI technique is particularly interesting, as it is able to 

detect demineralisation at an earlier time point than the other methods.   
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Chapter Nine: General Discussion 

9.1 Selection of an in vitro PEM Model 

Whilst several approaches widely used within the dental field would serve as a basis of 

an in vitro model of PEM, the main two considered for the work presented here were 

the use of a biological caries model, such as a constant-depth film fermenter (CDFF) or 

a chemical-based pH-cycling model, both of which are discussed previously (Section 

1.8). After considering the suitability of both approaches, a pH-cycling method was 

chosen. It is widely accepted that, whilst the exact mechanism by which PEM occurs is 

not known, it is believed to be the result of exposure to the cyclic nature of the oral 

environment, causing intermittent periods of conditions favouring de- and 

remineralisation (Lynch 2013). pH-cycling provides a way to re-create alternating 

periods of acidic and remineralising conditions in vitro, whilst also affording the ability to 

have control over the parameters by which these periods occur and their frequency. 

The use of such a technique as the basis allows the development of a model within 

which the conditions can theoretically be easily varied to allow a range of investigations 

to be conducted. This ability to control the chemical components of the test solutions 

used, should serve to reduce variability from one experiment to another and is one of 

the main reasons for the choice of a chemical-based model as opposed to a biological 

one. The aim being development of a model which, once established, could be adapted 

to and tested within a more variable biological model.  

9.2 Effect of pH-cycling on Enamel 

Throughout the chapters presented in this thesis, exposure to plaque-fluid relevant pH-

cycling conditions has shown an ability to confer changes to the outer layers of the 

enamel, as demonstrated by a decrease in susceptibility to an acid challenge when 
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compared with non-cycled enamel. This is in keeping with the literature, where a 

previously remineralised enamel, particularly in the case of arrested caries, has been 

shown to be similar, if not less susceptible than sound enamel to a repeated acidic 

challenge (ten Cate and Duijsters 1982, Lagerweij and ten Cate 2006). Additionally, the 

incorporation of fluoride, a known factor in acid resistance, is known to occur more 

effectively during periods of demineralisation as opposed to when applied to sound 

enamel (Fejerskov et. al. 1994, Featherstone 1999, Lynch and Smith 2012, Lynch 

2013).  This is also an important outcome of this work when the overall aims are taken 

into consideration, as it provides previously lacking, evidence for the proposed 

mechanism of PEM being the cyclic conditions of the mouth leading he observed 

chemical and physical changes.  

9.3 Evaluation of Proposed Model 

When addressing the main aims of this project it is important to assess the ability of the 

end result to meet the goals set out. When considering the ability of the model to allow 

the future detailed study of the PEM process, it is first required to assess whether the 

model can be classed as creating “matured” enamel. Whilst little has been done to 

chemically categorise mature human enamel, the ability of matured human enamel to 

present decreased susceptibility to acid challenges when compared with “immature” 

counterparts has been widely reported (Carlos and Gittelsohn 1965, Francis and Briner 

1966). If considering the model against this requirement, it can be argued that, yes, it is 

effective at re-creating the observed effects of PEM, as reported mineral loss values for 

cycled enamel when matched with non-cycled controls has been repeatedly presented 

throughout this work.  

The second parameter by which PEM is often defined within the literature is an 

increase in surface hardness observed following exposure to the oral environment and 

PEM occurring (Brudevold et. al. 1982, Palti et. al. 2008, Cardoso et. al. 2009). Whilst 
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the model has demonstrated an ability to incorporate this as a parameter, the ability for 

it to produce “mature” enamel by this condition is less well demonstrated, as only 

enamel in certain conditions within the model (Zn/F and Sr-containing) was reported to 

have increased surface microhardness following pH-cycling. However, it can be argued 

that these elements have been shown to be present in the enamel following eruption, 

that these conditions within the model may therefore be the most representative of the 

in vivo PEM process in terms of ion availability. This seems particularly relevant for the 

Zn/F treatment condition, as both Zn and F have been shown to accumulate in the 

surface layers of enamel shortly after eruption before being gradually lost (Brudevold 

et. al. 1963, Weatherell et. al. 1972), suggesting a role in the PEM process.  

The third reported measure of PEM is the one that this model has not yet demonstrated 

an ability to address. Newly-erupted enamel has been shown to become less porous 

following exposure to the oral environment (Brudevold et. al. 1982, Schulte et. al. 1999, 

Kataoka et. al. 2007), probably due to the loss of HPA impurities such as Carbonate 

and magnesium in addition to more soluble organic material (Marshall and Lawless 

1981, Robinson et. al. 2000). To this point, the effect of the proposed pH-cycling model 

on enamel porosity has not been demonstrated, and therefore, in terms of this criteria, 

it cannot claim to have fully reproduced the reported effects of PEM. There would, 

however, be an easy additional outcome measure to incorporate within the current 

design and would feature highly on a list of future steps that need to be taken to 

continue the work started here.  

9.4 Role of Ions 

In addition to assessing the ability of the model to re-create the PEM process in vitro, 

the work within this thesis also provides the material to discuss the interactions 

between ions such as F, Zn and Sr with dental enamel and their possible roles within 

the PEM process.  The ability of fluoride to reduce susceptibility of enamel to acid 
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challenges is widely established (Bratthall et. al. 1996), therefore, in that regard the 

results reported within this work are not surprising, as they support this observation. It 

is, however, more interesting to consider the interactions of F with the other ions used 

in the PEM model. It has been suggested that zinc is capable of both inhibiting and 

facilitating remineralisation of enamel (Brudevold et. al. 1963, Dedhiya et. al. 1973, 

LeGeros 1997, Abdullah et. al. 2006). This is supported by the findings from the model 

where in some cases zinc treatments produced smaller amounts of mineral loss than 

controls, whilst in others it appeared to cause more demineralisation as opposed to 

inferring any sort of protection. When then considered in conjunction with fluoride, the 

Zn/F treatment group consistently demonstrated reduced mineral loss than controls 

when administered both with and without pH-cycling.  One explanation that has been 

proposed for this is the surface-softening characteristic of zinc allowing better 

penetration of F into the lesion, as it commonly congregates in the outer layers 

otherwise (Lynch 2013). When the lesion profiles recorded using TMR in chapter six 

are considered, this appears to a reasonable suggestion, as profiles for the F treatment 

group displayed a more defined surface area when compared the relatively flat, shallow 

lesions created in blocks from the combined Zn/F group. Even more interestingly, 

profiles for the combined Sr/F group presented in chapter seven also demonstrate this 

shallow lesion-effect, which may be an indication that strontium and fluoride are also 

able to interact in a similar manner.  

When the limited EPMA results from chapter 2 are also considered, they appear to 

provide support for the ability of the pH-cycling process to aid the incorporation of 

fluoride into the surface enamel, however, as discussed previously, the samples may 

not be fully representative and, as such, further work is needed to use such techniques 

within the refined version of the model and with a more appropriate sample size.  
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9.5 Clinical Relevance 

It is important when conducting any dental-based research to consider the findings and 

how they apply to the wider clinical situation. When the incredibly high prevalence and 

financial burden of dental caries is considered, any information that can aid the 

reduction of the disease is worth obtaining (Selwitz et. al. 2007, NHS Report 2008, Vos 

et. al. 2015). As PEM is a naturally occurring phenomenon that serves to decrease 

enamel susceptibility to acid dissolution, understanding more about how this process 

works is of clinical interest, particularly as the focus has shifted towards prevention as 

opposed to treatment after-the-fact (Carlos and Gittelsohn 1965, Woltgens et. al. 

1981b, ten Cate and Duijsters 1982, Maltz et. al. 2006). The model that has been 

proposed within this work allows the PEM process to be re-created to a certain extent 

in vitro, allowing the mechanisms to be better understood. This would allow the 

construction of advice tailored to those at tooth eruption age to ensure that they do 

things to aid and even enhance the process and avoid potentially antagonistic 

practices. To this effect even just the act of conducting research to revive the subject is 

useful, as increased awareness of the existence of the process can serve to remind 

both clinicians and patients about the increased caries risk of newly erupted teeth. The 

importance of this is highlighted by the high caries prevalence in teenagers, which may 

in part be due to the eruption of “immature” teeth that are more susceptible (NHS 

2013). Additionally, the model allows the investigation of the effect of different 

conditions and treatments on the process, providing the potential to devise product and 

treatments aimed at improving the ability of the enamel to resist acid dissolution.  

9.6 Future Work 

Whilst the work presented here forms a foundation for the study of PEM and serves to 

provide evidence for previously only hypothesised explanations regarding its 

mechanisms, much more work is needed. Initially, in order to make the model more 
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rounded in terms of what is understood about PEM, a method for assessing the 

porosity of the enamel pre-and post-cycling should be introduced. The model already 

addresses two of the three reported outcomes of the PEM process, introducing porosity 

would bring this up to all three.  

In light of modern advances in technology and the wide range of chemical analysis 

techniques available, it would be of interest to investigate the effect of pH-cycling on 

the composition of the enamel. Whilst some EPMA was used within this work, it was 

conducted before the model was properly defined and unfortunately the sections 

selected were subject to damage It would therefore be interesting to see the 

composition over depth in the refined model, especially with the Zn and F treatments 

included.  

With such adjustment, it would then be of interest to continue to substitute the 

parameters of the model in order to assess the effect of different ion concentrations 

and other agents on the “artificially matured” enamel and subsequent lesions. This 

would help further our understanding and help to achieve the clinical aims described 

above. One particular area of interest would be to investigate the effect of different F 

salts.  

On area that has not been addressed in the previous literature that would be of interest 

to approach is the effect of the model when the demineralisation challenge is 

substituted for an erosive one. Given the established effects of ions such as fluoride to 

reduce erosion and the fact that erosion affects the outer enamel surface, it makes 

sense to speculate that the PEM process would serve to reduce the susceptibility of 

enamel to erosion to a certain extent. One of the advantages of the model proposed 

within this thesis is that such an investigation would be relatively simple to conduct, as 

the only change that would need to be made is to substitute the acid-gel 

demineralisation for exposure to an established erosive agent such as citric acid or 
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orange juice. Additionally, the previously excluded NCSP analysis could be re-

introduced to provide further information on the resulting surface-loss.  

Whilst the use of bovine enamel is well established within the cariology field, there are 

known differences in the structure and behaviour between bovine and human enamel 

when used in vitro. As such it important for both the validation of the model and our 

understanding of the PEM process to substitute the bovine enamel substrate used 

within the model for human enamel. Any differences in behaviour between the two can 

then be addresses and the model refined is necessary.  

Along a similar vein, it would also be of interest to try and apply the parameters of this 

pH-cycling model within a more representative biological model such as a CDFF. This 

would allow the impact of the microbial biofilm to be assessed and would help inform 

subsequent advances towards clinical research.  
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