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The early stages of chemical tooth decay are governed by dynamic processes of 

demineralization and remineralization of dental enamel that initiates along the surface of the 

tooth. Conventional diagnostic techniques lack the spatial resolution required to analyze near-

surface structural changes in enamel at the submicron level. In this study, slabs of highly-

polished, decay-free human enamel were subjected to 0.12M EDTA and buffered lactic acid 

demineralizing agents and MI Paste™  and calcifying (0.1 ppm F) remineralizing treatments in 

vitro. Grazing incidence x-ray diffraction (GIXD), a technique typically used for thin film 

analysis, provided depth profiles of crystallinity changes in surface enamel with a resolution 

better than 100 nm. In conjunction with nanoindentation, a technique gaining acceptance as a 

means of examining the mechanical properties of sound enamel, these results were corroborated 

with well-established microscopy and Raman techniques to assess the nanohardness, 

morphologies and chemical nature of treated enamel.  

Interestingly, the average crystallite size of surface enamel along its c-axis dimension 

increased by nearly 40% after a 60 min EDTA treatment as detected by GIXD. This result was in 

direct contrast to the obvious surface degradation observed by microscopic and confocal Raman 

imaging. A decrease in nanohardness from 4.86 ± 0.44 GPa to 0.28 ± 0.10 GPa was observed.  
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Collective results suggest that mineral dissolution characteristics evident on the micron scale 

may not be fully translated to the nanoscale in assessing the integrity of chemically-modified 

tooth enamel. While an intuitive decrease in enamel crystallinity was observed with buffered 

lactic acid-treated samples, demineralization was too slow to adequately quantify the enamel 

property changes seen. MI Paste™ treatment of EDTA-demineralized enamel showed 

preferential growth along the a-axis direction. Calcifying solution treatments of both 

demineralized sample types appeared to have negligible effects on enamel crystallinity. Both 

remineralizing agents provided an increase in resiliency within the enamel surface layers.  

Findings from this study may prove useful in identifying more effective methods to 

prevent enamel demineralization and to promote and/or enhance remineralization for the 

treatment of tooth decay. Careful consideration of the nanoscale properties of treated surface 

enamel may lead to an understanding of how to truly regenerate decomposed enamel mineral 

from the inside out.  
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CHAPTER 1 
INTRODUCTION 

Biological apatite is a major constituent of a variety of naturally-occurring hard tissues, 

namely bone and teeth. Apatite dissolution is known to compromise the structural integrity and, 

consequently, the desired functionality of these materials. This research examines the 

degradation of the hardest tissue in the human body—tooth enamel—as it relates to the process 

of decay, or demineralization. 

Prevalence of Chemical Tooth Decay 

Enamel demineralization, and subsequent increase in surface porosity, is characteristic of 

the chemical decay and erosion often experienced by the tooth. The formation of acid in dental 

plaque through the metabolism of sugary substances in vivo slowly decomposes the enamel 

surface of the tooth. Left untreated, tooth decay eventually spreads to underlying layers of dental 

tissue, forming highly-demineralized zones called caries lesions. A likely consequence of 

advanced tooth decay is irreversible cavitation. In extreme cases, necrosis of the innervated 

pulpal tissue will occur. The inconvenient, costly, and often painful, circumstances surrounding 

tooth decay may require treatments ranging from protective sealant applications to root canal 

surgeries. Considered the most commonly treated human oral disease to date, the battle with 

tooth decay is likely to be fought throughout an individual’s lifetime. According to the U.S. 

Department of Health and Human Services, nearly 20% of small children aged 2-4 years have 

shown signs of potential cavitation through the development of precursory caries lesions.[1] A 

vast 80% of the American population has had at least one cavity by late adolescence. Over 66% 

of adults aged 35-44 years have lost one permanent tooth through caries-induced decay, and 

approximately 25% of adults between the ages of 65 and 74 have lost all of their permanent 

teeth.[1]  
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Similarly, frequent or prolonged exposure to acidic agents that work to induce enamel 

erosion is a recurring problem. Data collected from San Antonio, TX, as part of an on-going 

nationwide study, suggested a 30% prevalence rate among preteens.[2] With detected erosion 

rates of nearly 50% in Western European countries among the teenage and younger populations, 

erosion is gaining attention in the area of dental pathology.[3]   

Clinical Concerns 

Although the advent of fluoridated drinking water and topical fluoride treatments has 

tremendously improved the state of oral health worldwide, the statistics suggest that more work 

is needed. The depressed state of oral health in America has prompted a shift in focus from 

reactive to preventative dental care.[4] The earlier that enamel dissolution can be detected and 

treated by cost-effective, minimally-invasive means, the greater the chance for preservation of 

the structural integrity and functionality of the tooth. This proposition is especially relevant for 

residents in low socioeconomic environments, who often have limited access to the resources 

necessary to combat the advanced stages of tooth decay. Progress in early caries treatments, 

materials selection for tooth restoration and an increased understanding of the overall caries 

development process has made preventive dental care a possibility.[5] Interestingly, reports have 

indicated that clinicians are hesitant to adopt this strategy in practice. There is weak evidence 

supporting the ability of current diagnostic techniques to accurately detect the earliest stages of 

tooth decay. A review performed for the 2001 NIH Consensus Development Conference on 

caries management suggested that several diagnostic tests—including microradiographic, laser 

fluorescence and electrical conductance methods—yielded results that were largely inconclusive, 

with great variance due to operator error and data relevance. As such, a baseline protocol to 

clinically assess early stages of tooth decay has yet to be developed.[6] An increased 

understanding of the crystallinity, chemical and mechanical changes resulting from early enamel 
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decomposition correlated with morphological changes along the tooth surface layers should 

prove beneficial. The process of enamel remineralization, primarily driven by the use of fluoride-

containing topical treatments, refers to the “reconstruction” of partially-decomposed enamel. 

There is much controversy over the underlying mechanisms surrounding this process. Debate 

most often ensues among the theories of actual enamel mineral regeneration, the formation of a 

mineral-like substance in place of the decomposed enamel, or enamel strengthening through 

means other than mineral enhancement. Analysis of the submicron-level changes of the enamel 

mineral under both demineralization and remineralization conditions may help to explain 

crystallinity effects of these processes within surface enamel. Such an understanding from the 

smallest structural unit of enamel to the macroscale may prove beneficial in serving as an aid in 

the future development of preventative treatments.   

Outline of Dissertation 

This research attempts to address the aforementioned concerns posed by the scientific 

community regarding the earliest stages of tooth decay, with a focus on activity within the 

enamel surface layers. Chapter 2 describes the overall structure of the tooth and material 

properties specific to enamel. The dynamic processes of enamel dissolution and regeneration—

namely demineralization and remineralization—are explained. A survey of current 

characterization techniques used to assess changes in enamel structural integrity—such as 

microradiography, profilometry, microhardness testing and conventional x-ray diffraction 

studies—was performed. The tooth decay process is governed by enamel-oral fluid interactions 

at the atomic level. As such, current diagnostic techniques lack the resolution necessary to 

quantify changes in the surface enamel crystal structure due to early demineralization. The 

characterization of chemically-modified enamel on the submicron scale is needed. Chapter 3 

outlines the general experimental plan for this research, including enamel surface sample 
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preparation and relevance of the demineralization and remineralization agents used. High-

resolution x-ray methods, grazing incidence x-ray diffraction (GIXD) and x-ray reflectivity 

(XRR), were used to test the hypothesis that crystallinity changes can be resolved in near-surface 

enamel. Nanoindentation, a technique gaining acceptance as a means of examining the 

mechanical properties of sound enamel, was performed. These results were corroborated with 

well-established microscopy, nanomechanical and Raman techniques for validation purposes. 

Chapter 4 provides a thorough characterization of untreated tooth enamel, which served as a 

baseline for subsequent studies in this research. Chapter 5 examines the effects of enamel 

demineralization on the structure of surface enamel. Chapter 6 tests the hypothesis that epitaxial 

regrowth of demineralized enamel occurred due to remineralization, as detected by GIXD. 

Finally, Chapter 7 provides a summary of all major results, suggested future work and discussion 

of the implications of the research for the ongoing development of relevant dental decay 

treatments.   
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CHAPTER 2 
LITERATURE REVIEW 

Tooth Structure 

Dental enamel is the hard, protective covering of the crown of the tooth. It is the most 

highly mineralized of human tissues, surpassing bone. Apatite, a crystalline calcium phosphate, 

comprises 96 wt% of its mineral content. Structurally similar to hydroxyapatite (HAP), 

Ca10(PO4)6(OH)2, enamel crystallites are hexagonal in shape and elongated along their c-axes 

(Figure 2-1). Bundles of crystallites form rows of densely-packed rods positioned perpendicular 

to the tooth’s surface (Figure 2-2). The crystallites are oriented parallel to the vertical axis of the 

enamel rod, and fan out to angles of 10-40° along the periphery.[7] The enamel rods measure  

4 to 7 μm in diameter, and are layered to give an overall enamel thickness of 1 to 2 mm  

(Figure 2-3).[8] The remaining 4 wt% of enamel consists of a protein- and polysaccharide-based 

matter intertwined in a fine network among the rods and between crystallites, and water.[9] 

Enamel may be considered a composite material, consisting of ordered arrays of “fiber-like” 

crystals held together by a permeable organic matrix.   

Beneath the enamel layer is the softer, more porous, yellowish dentin. Like enamel, it 

consists of a HAP-like mineral phase comprised of smaller crystallites. This tissue is most 

similar in structure to bone. Dentin contains only 68 wt% apatite. An organic matrix of 

collagenous proteins surrounds the mineral, serving as the structural backbone of this phase.[10] 

These microstructural characteristics render dentin more reactive and susceptible to chemical 

attack relative to enamel. Dentin, the most abundant dental tissue, determines the size and shape 

of the tooth (Figure 2-3). The dentinoenamel junction (DEJ) serves as an interface between the 

dentin and enamel. The innervated pulpal cavity is found at the center of the tooth. The root of 

the tooth is protected by an extension of enamel, the cementum, within the oral gingiva.    
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Enamel Material Properties 

Stoichiometric HAP most commonly forms a hexagonal crystal structure of the space 

group P63/m (No. 176), with 3-fold axis symmetry. Its lattice parameters are defined as a = b = 

9.432 Å and c = 6.881 Å.[11] Calcium, phosphorus and hydroxyl positioning in the HAP unit cell 

is illustrated in Figure 2-5. Enamel’s hard, brittle nature is susceptible to a chipping type of 

fracture. A combination of the interlocking pattern of the enamel rods and the resilient dentin 

sublayer helps to resist crack propagation and fracture through the DEJ.[10] The translucent 

coloring of the tooth ranges in shade from light yellow to grayish white. The color is 

representative of that of dentin, filtered by the thickness of the enamel.[12] Enamel has a 

refractive index of 1.62 and an average density in the range of 2.95–2.97 g/cm3.[10]  

During enamel formation and maturation, impurity ions penetrate the apatite crystal lattice, 

introducing structural defects. The organic matrix provides a diffusion pathway for travel to 

deeper tissue layers. Carbonated HAP (cHAP), Ca10(PO4)6(CO3)x(OH)2, 0<x<2, is developed 

through the substitution of PO4
3- for CO3

2-. This impurity is present in enamel from conception 

through amelogenesis.[13] Incorporation of the carbonate ion results in the contraction of the a-

axis dimension and an increase in the c-axis dimension. The overall result is a decrease in 

crystallinity, rendering the enamel more susceptible to chemical attack.[10] Within the surface 

layers of the tooth, hydroxyl groups are often replaced with fluoride ions found in oral saliva. F- 

absorption into the enamel helps to counteract the negative effects of CO3
2- incorporation, 

producing relatively stable fluorapatite (FAP), Ca10(PO4)6F2.[14] As a result of these 

developmental and environmental factors, the outer surface of enamel is more precisely a 

combination of carbonate- and fluoride-rich hydroxyapatite. A listing of other enamel impurity 

ions, their relative concentrations and effects on the enamel crystal lattice are listed in Table 2-1. 
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Considering the high mineral content of enamel, evaluation of crystallinity may provide 

valuable information to better understand the structural implications of early enamel dissolution 

and remineralization. An important aspect is the examination of the chemical reactions involved 

in these processes. Since these reactions occur in vivo at the tooth-oral fluid interface, surface 

enamel should be investigated.    

Enamel Demineralization 

In vivo demineralization occurs through the chemical attack of tooth enamel, resulting in 

the loss of calcium and phosphate ions (as well as other substitutional impurities present, such as 

carbonate) through dissolution and diffusion. Under ideal conditions saliva is supersaturated with 

respect to enamel components, containing natural levels of calcium and phosphate at neutral pH. 

This encourages homeostasis within the mouth.[12] Eating and drinking tends to upset this 

balance. In caries lesion development, oral bacteria—specifically Streptococcus mutans  

(S. mutans) and lactobacilli—convert dietary sugars into weak acids (e.g. lactic, acetic). The 

bacteria, sugar, and saliva combine to form a biofilm of plaque, which can adhere to tooth 

surfaces within 20 min of eating.[9] If not removed on a routine basis, the acidic plaque begins to 

decompose the enamel surface. Acid production causes the plaque pH to fall below the critical 

value of approximately 5.5, favoring enamel dissolution (Figure 2-6). Basic solubility laws allow 

for diffusion of the Ca2+, PO4
3-, and OH- ions from the apatite crystals, through the plaque to the 

saliva, compromising the strength and structure of enamel. This process is defined by  

Equation 2-1. Acid dissolution occurs because the enamel becomes undersaturated with respect 

to its most  

Ca10(PO4)6(OH)2 + 8H+   →   10Ca2+ + 6HPO4
2- + 2H2O                     (2-1) 

important structural constituents due to the removal of these critical ions.[15]   
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As stated earlier, enamel dissolution through acidic by-products of bacterial origin may 

give rise to caries lesions. Covering an area that is 20 to 50 µm thick, they are found beneath a 

well-mineralized, “protective” surface layer of highly-fluoridated enamel. The lesions are 

described as partially-demineralized enamel, typically experiencing mineral loss of  

30 to 50%.[12, 14] Early caries lesions appear to the naked eye as opaque ‘white spots’ on the 

enamel surface. Microstructurally, the decay produce pitted surfaces. Caries lesions develop over 

a relatively long period of time, often years. The acid-buffering effects of saliva, removal of 

plaque from the tooth surface and regulating dietary sugar intake limits the rate of lesion 

formation. Caries lesions serve as precursors to cavities when the decay progresses beyond the 

point of repair. Conditions encouraging the possible regeneration of decayed enamel are 

discussed in Section 2.4.  

Dental erosion is governed by similar solubility laws followed by caries lesion formation, 

as acid comes into direct contact with the enamel surface. Eroded lesions are formed by acids of 

nonbacterial origin, such as those typically found in food and drink. Lesions commonly appear 

on tooth surfaces that do not come in direct contact with plaque. Early erosion, also known as 

enamel softening, extends to depths of 1–5 µm.[16-19] Advanced-stage erosion is characterized by 

the complete layer-by-layer dissolution of enamel, which can make it difficult to measure in 

terms of relative mineral loss (Figure 2-7).[20] The tooth displays a polished, shiny appearance to 

the naked eye, making the condition difficult to detect (Figure 2-8). Eroded lesion formation 

occurs relatively quickly; it can occur within a few minutes. Enamel (and dentin) 

demineralization can also be initiated by dental clinicians as a means to treat severe decay 

problems through an acid-etching process. In enamel, selective crystallite dissolution occurs, 

leaving behind a relatively porous surface. The tooth appears white and chalky to the naked eye, 
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similar to a caries lesion white spot. Microstructurally, the enamel rod pattern is exposed, as seen 

by electron microscopy (Figure 2-9). Etched lesions typically extend to depths of 10 µm. The 

increased surface area of etched dental tissue proves ideal for tooth bonding treatments, which 

are often initiated with phosphoric or ethylenediamine tetraacetic acid (EDTA).[21] Treatment 

times may vary from a few seconds to several minutes, and is highly dependent upon the etchant 

used. 

While the chemical processes surrounding enamel dissolution are well-defined, there is a 

lack of information concerning the structural considerations involved—particularly along the 

enamel surface. This may be due to the limited means available to access structural and chemical 

changes in tooth enamel at its most basic structural level—along the nanoscale. Current methods 

for the detection of tooth decay must be considered, as these are the primary ones used to 

monitor changes in enamel as a result of dissolution.   

Microradiography (MR) 

The use of x-ray absorption to examine the mineral structure of dental enamel was 

introduced by J. Thewlis[22] in 1940. This concept has evolved into the MR methods used today, 

long regarded as the standard means to assess dissolution of hard dental tissue. The most popular 

form of MR for decay detection is transverse microradiography (TMR). A CuKα x-ray beam is 

directed toward a thinly-sliced sample (<100 μm for enamel) and a nearby calibration wedge. 

This set-up is enclosed in a light-proof casing, with radiographic film placed beneath the sample 

and wedge.[23] Monochromatic x-rays interact with the sample, wedge and film to produce a 

microradiographic image. Microdensitometry tracing of the image allows calculations of the gray 

levels present in comparison to a standard. Lighter areas on the micrograph indicate intact 

enamel; darker areas correspond to those of deficient mineral content. Data indicating enamel 

mineral loss (ΔZ) and decay lesion depth (Ld) can be extracted. The mineral volume %, V(x), at 
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a specified lateral position is calculated using a formula developed by Angmar et al.[24] (Equation 

2-2), where An,slice(x) is the x-ray absorbance of the tooth at a specified lateral 

V(x) = 100 * (An,slice(x) / t) - µo ) / (µm - µo)    (vol %) (2-2)  

position, t is the thickness of the tooth sample, µm is the linear x-ray attenuation coefficient of 

HAP, µo is the attenuation coefficient of the organic component of the tooth. A typical MR plot 

modeling a subsurface caries lesion is shown in Figure 2-10. This concept has been expounded 

upon and extended to clinical use in the form of dental x-rays. This technique serves as a great 

aid to visual and manual evaluations of dissolved enamel.  

As caries lesions initiate and progress beneath the tooth surface, this method has proven to 

be an effective means of identifying this form of tooth decay. A major limitation of the TMR 

technique is detection resolution. TMR is unable to observe enamel mineral changes less than  

10 µm from the tooth surface due to densitometer slit restrictions and sample curvature.[25] This 

poses a problem when attempting to evaluate the earliest stages of caries development and 

erosion. At best, MR can indirectly measure structural changes in demineralized enamel on the 

micron scale. 

Profilometry  

Profilometry, or surfometry, is a method typically used to measure erosion along the 

enamel surface.[23, 26-28] Traditional experiments have used a diamond stylus, tens of microns in 

diameter, to scan across the sample surface at a specified rate. A comparison of profilometric 

traces produced by both untreated and eroded sample surface scans can provide a lesion depth 

profile with micron resolution. Profilometric experiments conducted with a laser stylus provide 

the added benefit of a potential three-dimensional interpretation of the erosion lesion due to 

focusing and maneuverability of the laser beam, an example of which is shown in Figure 2-11. 

The laser beam does not physically touch the sample surface, eliminating potential damage 
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through abrasion. Conditions for the profilometric study of demineralized enamel are a flat, 

baseline surface with reflective properties. In examining tooth enamel, the latter requires a shiny, 

metallic coating. Although profilometry has proven to be a quick, reliable method to measure 

mineral surface topographical changes, it also only gives an indirect measurement of near-

surface structural changes. 

Mechanical Testing  

Microhardness testing has long been an acceptable means of assessing mechanical property 

changes upon enamel demineralization.[29] Vickers or Knoop diamond indenters are applied 

under specified load and time conditions to a tooth sample. The size of the indent is measured. In 

surface microhardness testing, the indenter is applied perpendicular to the flat, polished, outer 

surface of the tooth. The indent size alone can give a relative indication of the extent of 

demineralization, but must be correlated with a quantitative technique (typically MR) to 

accurately assess mineral loss.[25] In cross-sectional microhardness, a Knoop indenter is typically 

applied to a sample cut parallel to the tooth’s biting surface. A mineral profile of enamel from 

the outer surface of the sample inward can be obtained. This provides an indirect method to 

quantitatively measure changes in mineral content. Although providing more accurate mineral 

content data compared with surface microhardness, a major drawback is that the outer 25 µm of 

the sample cannot be measured.[25] Mechanical changes in surface enamel due to early 

demineralization cannot be accurately determined.  

Although microhardness testing has been considered the standard in determining the 

mechanical properties of teeth, such a relatively large-scale method cannot resolve surface 

characteristics instrumental in early enamel dissolution. A more precise measurement technique 

is desirable. Nanoindentation is typically used to characterize the mechanical properties of thin 

films on the submicron scale. Under normal testing conditions, the material is subjected to a 
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predetermined, submicron force applied at a controlled rate. Indentation depths of less than 1 μm 

can be reached.[30] Real-time applied force and displacement data are recorded during penetration 

of the material, generating load-displacement curves. Data extracted from the unloading portion 

of the curves are used to calculate properties such as hardness and reduced elastic modulus 

(Figure 2-12).  

Recently, nanoindentation has been gaining acceptance as a viable means of calculating the 

mechanical properties of dental tissue. This technique is reported to produce indents in healthy 

enamel to depths of approximately 200 nm.[18] Sound enamel hardness and elastic modulus 

values from the literature based on the nanoindentation technique are listed in Table 2-2. 

Numerous nanoindentation studies have been attempted on demineralized enamel.[18, 31-33] These 

studies suggest that nanoindentation data are superior to data obtained from the force, 

displacement and spatial resolutions of more traditional mechanical testing procedures when 

characterizing surface enamel.      

X-ray Diffraction (XRD) 

Improvements in decay detection resolution have been realized using XRD. Unit cell 

dimensions of the enamel crystallites, as well as an estimation of their physical sizes, can be 

calculated. During XRD analysis, a monochromatic beam irradiates the sample of interest. The 

x-ray beam penetrates the sample 0.1–10 mm, depending upon the material analyzed and the 

radiation wavelength.[34] Scattered x-ray photons from the sample are detected and converted 

into voltage pulses, producing a characteristic spectrum of diffraction peaks.[35] Constructive 

interference of the scattered x-ray waves emitted at specific diffraction angles (2θ) and reflected 

from corresponding families of lattice planes must satisfy Bragg’s law to produce peak data 

(Figure 2-13). While the angular positioning of the spectrum peaks describe material crystal 

structure and phase symmetry, the peak geometries provide information about the crystallite 
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sizes, lattice defects and interplanar strain. The peak intensity provides information about the 

quantity of a particular phase in the material while peak width (indicated by the full width at half 

maximum, FWHM) determines relative crystallite sizes and the presence of defects.[36] The 

intensity of a peak, indicating the amount of scattered radiation detected at 2θ, defines its height. 

In materials where interplanar strain is assumed negligible, the Scherrer equation may be used to 

determine average crystallite size (D) as follows  

D = Κλ / β cos θ                                                        (2-3) 

where Κ is the Scherrer constant (0.9 for HAP), λ is the x-ray wavelength, β is the conditioned 

FWHM breadth of the diffraction peak and θ is the diffraction angle for a specified diffraction 

peak. Broadening of a diffraction peak suggests a decrease in average crystallite size and/or 

increase in lattice defects.[36] Factors such as the multiplicity effect of material planes of the same 

family encountering the incident x-ray beam at the same diffraction angle, the structural effect of 

the material atomic positions on detected peak discernment and the polarization effect of x-ray 

wave propagation in relation to diffractometer detector position must be considered.[35]   

 Conventional θ-2θ XRD studies have been reported in the literature in the evaluation of 

untreated and demineralized enamel. Gawda et al.[37] positively correlated the velocity derived 

from ultrasonic measurements to crystallite size in dental tissue using XRD. The average 

crystallite size in enamel in the c-axis direction was found to be 45.4 ± 5.2 nm and 26.0 ± 4.4 nm 

in the a-plane. Crystallinity data were calculated from the (002) and (310) reflections, 

respectively. Dentin crystallite size was reported as 23.9 ± 13.0 nm along the c-axis and  

6.6 ± 1.2 nm within the a-plane. It should be noted that sample slabs were cut such that they 

contained overlapping enamel, dentin and cementum portions of the tooth, thereby affecting the 

true calculated crystallinity of each designated tissue component. In an attempt to characterize 
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surface vs. bulk enamel crystallites, Sakae[38] used XRD to analyze powdered enamel samples 

from both inner and outer enamel layers. Peak data from the (002) reflection of outer layer 

enamel showed an average FWHM value of 0.23, corresponding to an average unit cell length in 

the c-direction of 0.6884 nm. The (300) reflection, an indication of crystallinity in the a-axis 

direction, showed average FWHM and unit cell length values of 0.3000 and 0.9450 nm, 

respectively. Inner layer enamel exhibited slightly larger FWHM and unit cell length values 

compared with outer enamel, suggesting a decrease in enamel crystallite size with depth into the 

tooth in all directions. While conventional XRD techniques can provide a direct structural 

evaluation of tooth enamel, it lacks the surface sensitivity to detect changes in the near-surface 

layers.  

Transmission Electron Microscopy (TEM) 

TEM characterization is based on examining the microstructure of enamel crystallites, as 

well as analyzing the lattice periodicity of thin sections of intact enamel. The hexagonal shape of 

enamel crystallites has been verified through bright-field imaging studies (Figure 2-14). Of 

particular interest is the presence of a dark line bisecting the crystallite thickness in untreated 

enamel. White spots were also spotted in the vicinity of the line[39]. Marshall and Lawless[40] 

observed a similar phenomenon, suggesting that the line represents a planar defect along the 

(100) plane. Expounding upon this theory is the suggestion of a localized modification in 

chemical composition, perhaps indicating the presence of a crystalline phase. One suggestion is 

that this core region contains carbonate, an impurity known to make HAP more susceptible to 

chemical dissolution. There may be some validity to this theory in that the core regions of 

enamel crystallites are often the first to show signs of acid dissolution via TEM (Figure 2-15). 

Simmelink and Abrigo[41] reported centralized crystallite dissolution processes with duration of 
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acidic exposure until the demineralization effects spread to the periphery of the crystal, leaving 

mere fragments of mineral behind. Structural integrity is completely compromised at this point. 

Untreated sections of tooth enamel examined by TEM exhibited a lattice structure similar 

to stoichiometric HAP in applicable studies. Brès and Hutchison[42] suggested the influence of 

enamel matrix proteins on crystallite growth. They found that growth control by the matrix 

proteins only occurs on the {120} planes. An examination of the matrix showed the presence of 

poorly-crystalline, HAP-like phases, which were shown to form grain boundaries with the 

enamel crystallites.  

While the aforementioned techniques provide insight into mineral changes that occur as a 

result of enamel dissolution, they are inadequate in examining such changes representative of 

that at the tooth-oral fluid interface. Higher resolution surface analysis techniques would prove 

more helpful, and may assist in treatment of tooth decay. As with bone, albeit through different 

mechanisms, partially-decomposed enamel may be regenerated. This process has been termed 

“remineralization,” and may occur in carious, and in some cases eroded and etched enamel.  

Enamel Remineralization 

After periods of demineralization, in vivo, the tooth has a propensity to naturally repair 

itself. Partially-dissolved enamel has the ability to be regenerated to a near-healthy state via the 

transformation of enamel crystals. Partial enamel dissolution that leaves behind a suitable 

mineral substrate act as nucleation sites for growth. When the bulk saliva pH rises above the 

critical pH for enamel dissolution, there is a shift in equilibrium whereby the saliva becomes 

supersaturated with Ca2+ and PO4
3-.[14] Demineralization wanes and remineralization dominates, 

driving the calcium and phosphate ions to diffuse into the decomposed enamel to form new or 

modified apatite. The dynamic, interchangeable, and sometimes concurrent processes of 

demineralization and remineralization in vivo conduct a balancing act in reacting to disruptions 
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in the oral environment (Figure 2-16). The process of apatite remineralization has been described 

by researchers in one of three ways[39] 

• Regeneration of partially-dissolved crystals 
• Emergence of newly-formed crystals 
• Additional growth of existing crystals 

 
Fluoride is important to the remineralization process as it renders the enamel more resistant 

to acid dissolution. Fluoride absorption into the enamel has also been seen to enhance the 

chemical reactions that allow for apatite redeposition. The presence of relatively small fluoride 

ions in the apatite lattice reduces the free energy of the enamel surface, thereby inhibiting the 

absorption of harmful salivary impurities.[12] Increased strength and resistance to fracture and 

wear of the enamel is due to the formation of fluorapatite (FAP), which dominates the upper  

100 µm of surface enamel.[43] The semipermeable nature of enamel allows for the absorption of 

F- from saliva to form FAP, strengthening the enamel structure and protecting the tooth against 

subsequent acid attack (Equation 2-4). The most effective incorporation of fluoride  

Ca10(PO4)6(OH)2 + 2F-  →  Ca10(PO4)6F2 + 2OH-                                 (2-4) 

in the oral environment is through the use of topical agents, such as fluorinated toothpastes, 

mouthrinses and waters.[44] These agents provide a reservoir of Ca2+ and PO4
3- and F- available 

for diffusion into surface enamel. At relatively high F concentrations, a CaF2-like layer of 

material may form on the surface.[45-47] Fluoride efficacy in enamel remineralization has been 

studied extensively through pH cycling studies.[48-50] The enamel sample is subjected to a series 

of demineralizing and remineralizing solutions over a specified period of time. Each solution is 

saturated with respect to HAP and FAP to simulate the formation of caries lesions in vitro.[51] 

Fluoride may be added in specified concentrations to the treatment solutions, or applied topically 

during cycling, to evaluate its reported positive effects on enamel stability. This action most 
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closely mimics the changes in pH experienced in vivo due to eating and drinking throughout the 

day.   

The phenomenon of remineralization, as well as the influence of fluoride, has been 

extensively reported in the literature. Amaechi et al.[52] reported an increase in mineral content 

after a1-hr exposure to orange juice in situ during subsequent exposure to the participant’s own 

saliva. MR detected at least a 48% decrease in lesion depth due to remineralization. Silverstone 

and Wefel[53] reported an increase in enamel mineral content, driven by an increase in crystallite 

diameter, when subjected to calcifying remineralization solutions. Collys et al.[54] reported an 

increase in enamel microhardness as a result of remineralization via calcifying solution in the 

presence of low levels of fluoride or enhanced levels of phosphate. Conversely, Lippert et al.[33] 

reported no significant increase in softened enamel protection from toothbrush abrasion as a 

result of artificial saliva remineralization analyzed via nanoindentation studies, suggesting the 

formation of an unstable remineralized enamel phase. The same group of researchers further 

substantiated their claim by conducting pH cycling studies and subsequent nanoindentation tests 

on the treated enamel. A collapse of the enamel surface layer due to subsurface demineralization 

was reported during testing, yielding results largely unrepresentative of the true nature of the 

remineralized layer.[55] Aoba et al.[56] observed a decrease in FWHM and an increase in the 

integrated intensities of the (004) and (310) reflections along the surface of artificial HAP pellets 

upon acid dissolution. A well-mineralized surface layer formed on the pellets during subsurface 

dissolution, an occurrence that some researchers label as “remineralization” of the HAP surface 

layers. These results suggest an improvement in HAP crystallinity along the surface, driven by 

an overall increase in crystallite size. A study performed by Vieria et al.[57] used finely-ground 

human enamel samples subjected to fluoridated water from various regions for θ-2θ XRD 
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characterization. Results showed that peak broadening along the (002) and (310) reflections 

occurred with fluoridation, suggesting a correlation between crystallinity and enamel F- content. 

Many of the same characterization techniques used to evaluate demineralized enamel have 

carried over to the study of remineralized enamel. 

The process of biomineral remineralization is the least understood. While the beneficial 

effects of enamel remineralization has been observed through various experimental studies, there 

is debate within the scientific community surrounding the validity of remineralization as 

explained by the structural regeneration—or regrowth—of demineralized enamel. Early TEM 

studies by Muhlemann et al.[58] concluded that a fine-grained, amorphous precipitate infiltrated 

intercrystalline spaces in enamel eliciting the possible rehardening effects of remineralization. 

The amorphous precipitate was not identified in the study. The presence of this intercrystalline 

amorphous precipitate contradicts later claims of enamel mineral phase transformation during 

remineralization. A study by Kawasaki et al.[59] suggested through high-resolution TEM studies 

that enamel transforms to a tetracalcium diphosphate monoxide phase upon remineralization. 

This conclusion was reached as a result of visual comparisons of TEM lattice fringe data with 

JCPDS data for HAP. At best, the literature cites indirect means to deduce crystal growth as a 

result of remineralization based on microhardness, MR and XRD results. A true remineralization 

phase, aside from FAP, has yet to be identified. Additionally, there has been no definitive 

conclusion as to the role of fluorine in the remineralization process. The question remains as to 

whether the enhanced properties of fluoridated enamel alone are capable of combating enamel 

dissolution, or if fluorine acts as a catalyst working in conjunction with specific conditions 

within the mouth to make the tooth more resistant to decay. Insight into the answers to questions 

such as these may be gained by examining what happens to enamel that has been remineralized 
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within the surface layers. This becomes important when choosing ways to treat early signs of 

tooth decay in hopes of preventing cavitation. 
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Figure 2- 1. Schematic of an enamel crystallite. 

 

 

 

 

Figure 2- 2. Schematic of enamel rods, highlighting crystallite and rod orientation.[32] 
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Figure 2- 3. Photograph of a lower first premolar human tooth slice showing enamel rod 
orientation.[60] 

 

 

 

Figure 2- 4. Schematic highlighting major components of the tooth.[61] 
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Table 2- 1. Minor inorganic constituents in sound human tooth enamel. 

Constituent Concentration Range 
(wt%)[62] Substitutes For[63] Effect on Enamel 

Crystallinity[63] 
CO3

2- 2.4–4.2 PO4
3- Decrease 

F-* 0.05–0.9 OH-, Cl- Increase 
Mg2+  0.04–0.68 Ca2+ Decrease 
Na+  0.17–1.16 Ca2+ None 
Cl-               0.16–0.7 OH- None 

*Present in highly variable amounts; F often considered a trace element. 
 
 
 
 
 
 
 
 

 

Figure 2- 5. The idealized crystal structure of HAP, as viewed along the c-axis.[61] 
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Figure 2- 6. Factors contributing to caries lesion development in vivo.[64] 

 

Figure 2- 7. SEM image of enamel eroded with citric acid for 30 min.[20] 
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Figure 2- 8. Photograph of facial erosion with shiny and smooth appearance.[4]  

 

 

 

Figure 2- 9. Scanning electron microscope of enamel etched with EDTA. Arrow head indicates  
    an enamel rod. Scale bar = 5 µm[65] 
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Figure 2- 10. Schematic of an average enamel mineral content MR profile showing the mineral 
loss lesion (ΔZ) and the lesion depth (Ld).[66] 

 

 

Figure 2- 11. Profilometric trace of eroded enamel lesion by a demineralizing agent for 30 min. 
Scale is in µm[67] 
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Figure 2- 12. Typical load-displacement curve produced by nanoindentation.[68]  

 

 

 

Table 2- 2. Sampling of sound tooth enamel hardness and modulus values. 
Lead Author Hardness (GPa) Elastic Modulus (GPa) 

Bhushan, B. (Ed.)  [69] 2.7 – 5.2 89 – 106 
Finke, M [18] 3.51 ± 0.90 102.45 ± 18.39  
Habelitz, S [32] 3.9 ± 0.3 87.5 ± 2.2 
Barbour, M E [31] 4.74 ± 0.14 104.8 ± 2.8  
Lippert, F [33] 4.55 ± 0.17 106.0 ± 2.8 
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Figure 2- 13. XRD schematic illustrating Bragg’s Law.[70]  

 

 

 

 

Figure 2- 14. TEM image of a cross-section of an enamel crystallite c-axis. Arrow points to a 
central dark line.[39]  
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Figure 2- 15. TEM image of cross-sections of demineralized enamel crystallite c- axes.[71] 

 

 

 

 

 

Figure 2- 16. Schematic illustrating the balance of demineralization and remineralization 
       processes with regard to tooth decay.[64] 
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CHAPTER 3 
EXPERIMENTAL METHODS  

Sample preparation of the dental enamel used in this experimental study will be discussed 

in this chapter. The rationale behind the selection of demineralization and remineralization 

agents is explained. Finally, the characterization techniques used to identify structural, 

morphological, mechanical and chemical changes in treated enamel are highlighted.  

Enamel Sample Preparation 

Extracted human incisor teeth were collected from the University of Florida dental clinics 

for use in this research. The dental history of the tooth donors was unknown. The teeth were 

sterilized by gamma radiation, using a Co60 radiation source at 0.5 Mrad for at least 9 hours.[72] 

After sterilization, the teeth were stored in 0.1% thymol until needed.  

The sterilized teeth were set in a cold-cure epoxy (Epofix™, Cleveland, OH) for ease of 

handling during sample preparation. First, the extraneous root sections of the teeth were ground 

away using 60 grit SiC abrasive paper. The teeth were positioned labial-side down to allow for 

easier access to the enamel surface. The epoxied samples were then successively ground with 

SiC abrasive papers to a 1200 grit finish. Alumina slurries, ending with a 0.05 μm grit 

suspension, provided a highly-polished, flat enamel surface of approximately 5.0 mm2. Care was 

taken to remove at least 100 µm of enamel, eliminating any traces of FAP for standardization 

purposes (Appendix A).[73] Finally, the samples were sliced into 2.0 ± 1.0 mm thick slabs with a 

low-speed diamond saw. These highly-polished enamel samples were termed “as-received,” as 

they had not yet been subjected to any chemical surface treatments (Figure 3-1). The teeth were 

then ultrasonically cleaned with distilled water and stored in a hydrated environment, awaiting 

characterization or further treatment. 
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Enamel Surface Treatments 

The enamel slabs were subjected to demineralization and remineralization agents, chosen 

based on their noted contributory effects to mineral changes in the oral environment. Diffusion 

of Ca2+, PO4
3-, F- and other impurity ions into and out of tooth enamel is primarily governed by 

the pH solubility of enamel. The critical pH for enamel dissolution, which is approximately 5.5, 

drives ion diffusion such that it defines a dividing line between super- and undersaturation of the 

oral fluids with respect to the enamel. Degrees of oral fluid saturation with respect to HAP and 

FAP as a function of pH at salivary concentrations of Ca are indicated in Figure 3-2. When the 

pH of the fluid falls well below the critical pH value, typically in a range of 1–4, undersaturation 

with respect to both HAP and FAP is observed.[74] In this pH range, the protective action of 

fluoride is not strong enough to prevent enamel dissolution. Dental erosion, or etching, occurs. 

As the fluid pH increases to a range of approximately 4.5–6.0, it is undersaturated with respect to 

HAP but supersaturated with respect to FAP. Caries lesions, defined as subsurface zones of 

partially-demineralized enamel, can form in this region. A relatively dissolution-resistant surface 

layer comprised of FAP forms over the lesion. The formation of this surface layer is often 

thought to represent a form of remineralization, where apatite crystal growth is reportedly 

enhanced by the presence of F. These basic dissolution principles govern the action of enamel 

lesion formation and have been considered in choosing treatment solutions for this research.   

Demineralization 

0.12M Ethylenediamine tetraacetic acid (EDTA) 

In addition to pH considerations, the method and extent of enamel dissolution in acid 

solution is a function of acid type, relevant ion concentration (particularly that for Ca2+, PO4
3- 

and F-) and duration/frequency of attack. The chelating ability of certain acids also has an effect 

on apatite mineral stability.[75] Chelation, the calcium-binding ability of a compound, is usually 
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prevalent in organic acids containing more than one carboxyl (-COOH) group. In the oral 

environment, chelating acids bind to the calcium ions present in saliva to encourage 

undersaturation and subsequent enamel dissolution. The effect of pH for etching is negligible in 

this case. The greater the chelating ability of the acid, the more extensive the enamel 

demineralization. The action of chelators mimic the effects of typical acid etching on dental 

tissue.[76] Ethylenediamine tetraacetic acid (EDTA) has been extensively used as a conditioner 

for enamel and dentin for adhesive bonding purposes.[65, 77-79] 

In this study, 0.12M EDTA (pH = 7.025 ± 0.035) was used to produce etched enamel 

lesions.[79, 80] In a typical experiment, as-received enamel slabs were immersed in at least 25 ml 

of EDTA solution at time intervals up to 60 min. The solution remained at room temperature 

during the treatment, without agitation. Longer etch times were used to examine the 

demineralization microstructural pattern and progressive dissolution of enamel as a result of the 

EDTA treatment.  

Buffered lactic acid  

Lactic acid is a by-product of oral bacterial interaction with fermentable carbohydrates 

during caries lesion formation in vivo. Demineralization recipes containing lactic or other 

organic acids and various concentrations of calcium, phosphate and low levels (ppm) of fluoride 

have been developed to produce solutions encouraging the formation of caries lesions.[73, 81-84] 

Buffering of the lactic acid solution was intended to mimic the buffering effects of saliva  

in vitro.   

In this study, a buffered lactic acid demineralizing solution based on a formulation by ten 

Cate and Duijsters[51] (pH = 4.55 ± 0.014; [F] = 0.5 ppm) was used to simulate bacteria-induced 

demineralization in vitro (Table 3-1). As-received enamel slabs were immersed in at least 25 ml 

of solution for 30 min at human body (37°C) and room (20°C) temperatures, without agitation. A 



 

47 

treatment time of 30 min was selected as it has been cited as being the amount of time needed for 

acid clearance in the mouth after a meal.[49] Demineralization effects were intended to represent 

those seen along the enamel surface as a result of early caries lesion development.  

Remineralization  

Calcifying solution 

Saliva is known to aid in the remineralization of enamel through its buffering effect on 

acids found in the oral environment and when supersaturated with calcium and phosphate with 

respect to demineralized enamel. It also contains trace amounts of fluoride (≤ 0.1 ppm), which is 

widely accepted as a means to shift the decay process to favor remineralization and to facilitate 

the diffusion of calcium and phosphate ions from the saliva back into the enamel crystal 

structure.[52, 85, 86] This action may also encourage the production of FAP.[87, 88] The use of 

artificial saliva or calcifying solutions in vitro has introduced the saliva effect into the evaluation 

of eroded and caries-induced demineralization. These solutions often contain an organic buffer, 

such as N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), and supersaturated 

concentrations of calcium and phosphate.  

In this study, a calcifying remineralization solution[51] (pH = 6.97; [F] = 0.1 ppm) was used 

to simulate artificial saliva effects in vitro (Table 3-2). As-received enamel slabs were immersed 

in at least 25 ml of solution for up to 8 h, without agitation. The long treatment time was chosen 

to simulate the remineralization effects of the saliva overnight.  

MI Paste™ topical cream 

Topical fluoride treatments—namely dentifrices, mouthrinses and gels—have proven 

effective in protecting the tooth against enamel dissolution. Containing relatively high 

concentrations of fluoride (up to tens of thousands of ppm), some treatments have the ability to 

form a calcium fluoride-like substance in plaque and on surface enamel to provide a reservoir of 
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enamel-rich ions available for remineralization.[44-46, 89] MI Paste™ (CG Corporation, Tokyo, 

Japan), a topical cream containing a casein phosphopeptide-amorphous calcium phosphate  

(CPP-ACP) complex, provides a reservoir of freely-available calcium and phosphate ions when 

adhered to the surface of the tooth. CPP has the ability to bind to amorphous calcium phosphate, 

stabilizing these ions in solution.[90] The bioactive ACP works to release these ions from enamel 

to maintain a supersaturated state near the enamel surface.[91] Based on Recaldent™ (originators 

of CPP-ACP complex) technology, MI Paste™ may serve as a bioavailable source of calcium 

and phosphate without the influence of fluoride. Various studies have reported its efficacy in the 

remineralization of eroded and carious subsurface lesions.[91-93]   

MI Paste™ was applied to demineralized enamel slabs for up to 10 min, in 5 min intervals. 

Following each treatment, the cream was removed, rinsed and sonicated for 1 min in distilled 

water.  

Enamel Characterization 

Acids involved in enamel dissolution must first interact with and penetrate the surface of 

the tooth in vivo. A mineral density gradient forms as a result, with a decrease in mineral content 

in areas affected by the acid as it travels more deeply into the dentition. The structural integrity 

of the demineralized enamel layers is compromised with respect to bulk enamel, causing a 

discrepancy in the material properties displayed by both regions. Early enamel dissolution, which 

produces ‘softened’ enamel, is defined as demineralization that extends 2 to 5 µm from the 

physical tooth surface.[17] Remineralization of early demineralized lesions works to regenerate 

lost mineral, whose effects can be fully realized within the softened enamel regime. 

Dimensionally, treated enamel is on the scale of that of a thin film, ranging from an atomic layer 

to several micron thicknesses. Thin films have found application in the semiconductor, 

microelectronics, communications and material coating industries where the use of small-scale 



 

49 

components is common.[94-97] As such, the samples used in this research may be analogous to the 

structure of a polycrystalline thin film/substrate combination in that the treated surface layer is 

representative of a thin film atop an untreated, bulk enamel substrate (Figure 3-3). To accurately 

evaluate treated enamel, characterization methods sensitive to surface interactions are desirable. 

Various high-resolution characterization techniques were used to describe changes in 

surface morphology, structure, mechanical properties and chemistry after the demineralization 

and remineralization of tooth enamel. Grazing incidence x-ray diffraction (GIXD) and x-ray 

reflectivity (XRR), techniques widely used in thin film analyses, were used to assess structural 

changes in the surface layers of enamel upon treatment. High-resolution x-ray scattering results 

were corroborated with nanoindentation studies and confocal Raman microscopy performed on 

select samples to assess changes in mechanical properties and surface layer chemistry, 

respectively. Surface imaging was done using scanning electron microscopy (SEM) and atomic 

force microscopy (AFM), performed to examine the topographical features of as-received and 

treated enamel samples.     

High Resolution X-ray Scattering 

Advanced x-ray scattering methods were used to assess crystallinity changes in tooth 

enamel as a result of demineralization and remineralization treatments. X-ray diffraction studies 

were performed using an X’Pert Pro Materials Research Diffractometer (PANalytical, 

Westborough, MA). With regard to this research, its high resolution capabilities were most 

suitable for XRR and GIXD phase analyses. Use of the X’Pert provides a nondestructive 

evaluation of the structural, and to a degree, chemical characteristics of the material of interest.     

The X’Pert Pro uses a four-axis goniometer system that allows for precise sample, beam 

and detector placement for material analysis. The 2θ parameter, which defines the angle between 

the incident and diffracted beams, controls the positioning of the detector. The omega (ω) 
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parameter defines the angle between the sample and incident beam. The rotation parameter, phi 

(φ), turns the longitudinal plane of the sample. The tilt parameter, psi (ψ), allows for horizontal 

tilting of the sample. The latter two parameters are controlled by the movement of the sample 

stage, which has a 0–90° range of motion (Figure 3-4). The x-ray source is a tungsten filament, 

which interacts with a copper anode for x-ray production.  

Primary and secondary optics are placed in the line of the beam for conditioning purposes. 

The primary (incident) beam optics prepares the x-ray beam for sample interaction as it leaves 

the filament tube. The x-ray mirror device suppresses the Kβ radiation to produce a beam 

consisting primarily of Kα radiation. Reflection of the beam onto a parabolic mirror converts it 

into a quasi-parallel state. An automatic attenuator is attached to the x-ray mirror device to 

prohibit damage to the x-ray detectors; it can be set to allow no more than 500,000 counts per 

second (cps) at its maximum. After interactions with the sample, the beam is further conditioned 

through the secondary optics. A parallel plate collimator, used to further decrease x-ray beam 

intensity, attached to a xenon detector completes this set-up. A beam mask may be inserted into 

the secondary optics set-up to decrease the height of the beam, if necessary.     

X-ray reflectivity (XRR) 

Specular XRR relies on the constructive interference of x-rays reflected at layered 

interfaces within a sample, distinguishable by varying material electron densities. While ω 

remains below a critical angle θc, specular reflection of the x-ray beam from the sample occurs. 

As ω increases to values above θc, x-ray penetration occurs. The critical angle for total x-ray 

reflection is sample-specific and has a value of 0.05–1.50° for most materials.[34] This value is 

dependent upon the sample electron density and x-ray wavelength. Determination of θc is based 

on the refractive properties of the sample. The refractive index (n) is defined as 

n = 1 – δ                                                           (3-1) 
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where δ is a dispersion term based on the electron density of the sample defined as        

δ = (λ2/2π) re NA ρ (Z+ƒ’/A) (3-2)  

where λ is the x-ray wavelength, re is the classical electron radius, NA is Avogadro’s number, ρ is 

the mass density, Z is the atomic number, ƒ’ is a dispersion correction factor and A is the atomic 

mass.  Using Snell’s law of refraction and assuming nair ~ 1.0, nsample < 1.0 and total reflection of 

the x-ray beam (θrefraction = 0°), θc is defined as 

 θc  = √2δ (3-3) 

θc has been approximated at 0.25° for HAP.[98] Below θc, the x-ray beam penetration depth (d) is 

calculated by 

d = λ / 2π (θc
2 – ω2)1/2

                         (3-4) 

Above θc, d is calculated as 

d = 2ω / µm                         (3-5) 

When the incidence and reflected angles are the same, differences in electron densities 

among the sample surface and internal layers can be detected.[99] The resultant XRR curve can be 

matched against a simulated mathematical model to estimate surface and/or multilayer thickness, 

roughness and mass density.     

The periodicity of interference fringes often found along the XRR curve determines the 

thickness of a single layer (tl) based on the relationship 

tl = λ / 2Δω                                                               (3-6) 

Surface roughness enhances diffusive x-ray scattering, which lowers the overall intensity of the 

specular XRR curve. The roughness between layers and a decrease in mass density are indicated 

by a decrease in the amplitude of the interference fringes. The calculated density of each sample 
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layer can be exacted from the δ and θc values calculated from Equations (3-2) and (3-3), 

respectively.[100]  

Grazing incidence x-ray diffraction (GIXD) 

During GIXD, the x-ray beam penetrates the sample a few thousand angstroms, irradiating 

a large area along its surface. In contrast to conventional θ-2θ and similar to XRR studies, the 

beam is directed toward the sample at a small incidence angle (ω) around θc. A portion of the 

beam is diffracted (not reflected) by the sample and is used to generate GIXD patterns of the 

surface layers of the material.  

With a GIXD measurement, ω remains constant as the x-ray detector moves in the plane of 

2θ. Varying ω for each measurement creates a depth profile of crystallinity (peak) information 

within the surface region (Figure 3-5). A relatively large ω value (above ~7.0°) above the critical 

angle will cause x-ray penetration into the bulk, in which case the bulk diffraction peaks may 

obstruct those of smaller intensity from the surface. The GIXD geometry does not allow the 

presence of strong diffraction lines from the sample substrate (i.e., the bulk) from interfering 

with the spectra of the sample itself. Figure 3-6 displays its strength in resolving surface layer 

crystallinity in titania deposited onto a glass substrate. The amorphous nature of the glass 

detected by conventional XRD methods produced a halo that overshadowed the crystallinity data 

exploited by GIXD in the same region. GIXD is capable of detecting crystallinity changes at 

depths of 10–100 nm from the sample surface.  

Experimental set-up 

In this research, copper Kα radiation (λ = 1.542 Å) was used. All measurements were made 

as continuous scans in the powder mode. The machine operated at 45 kV and 40 mA under the 

line focus of the x-ray beam. The Cu Kα attenuation length for HAP, which describes the depths 

from which diffraction data are extracted, is shown in Figure 3–7. For θ-2θ measurements, a 1/2° 
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divergence slit was used. A step size of 0.02° and time per step of 7.0 s were used to produce a 

high signal to noise ratio. For GIXD, the same scan parameters were used, except for the use of a 

1/8° divergence slit. In addition, a succession of ω values between 0.15° and 0.4° were used to 

monitor changes near the surface of the samples. Grazing incidence beam values of 0.8° and 1.0° 

were also run and extrapolated to θ-2θ to trace crystallinity changes into bulk enamel. Portions of 

the resultant spectra were modeled with ProFit curve fitting software.[101] For XRR 

measurements, a 1/32° divergence and 0.1 mm receiving slits were used. A step size of 0.005° 

and time per step of 6.0 s within the scan range of interest were used.  

Nanoindentation 

Nanomechanical testing on tooth enamel can be used to quantify changes in surface 

structure. A diamond indenter is typically used for probing. The probe contacts the sample 

surface with a predetermined force at a particular rate. A force-displacement curve is generated, 

which can be used to determine the mechanical properties of the sample.[69] Using a power law 

relationship, the applied load (P) is determined as  

P = A(h0-hf)m  (3-7) 

where A is the surface area, h0 as the initial penetration depth, hf as the final depth, and m = 2 

(conical).  The stiffness (S) of the material is defined as the derivative of the load with respect to 

the penetration depth at the maximum load, Pmax  

S = dP / dh at Pmax                                                     (3-8) 

The contact depth (hc) of the probe at a particular instant is defined as 

hc = hmax – 0.75(Pmax / S)   (3-9) 

Finally, the hardness (H) and reduced modulus (Er) values were found by 

H = Pmax / Ahc                                                       (3-10) 

Er = [S √π] [2 √(Ahc)]                                               (3-11) 



 

54 

The reduced modulus, which accounts for the mechanical properties of both the sample and the 

indenter, can be related to Young’s modulus by 

1 / Er = (1 - νs
2) / Es + (1 - νi

2) / Ei  (3-12) 

where νs and Es are Poisson’s ratio and Young’s modulus of the sample and νi and Ei are those of 

the indenter, respectively. Poisson’s ratio for HAP is estimated at 0.28.[102] For a standard 

diamond indenter, Ei is 1141 GPa and νi is 0.07.     

A TriboIndenter® (Hysitron, Minneapolis, MN) was used for nanomechanical testing of 

as-received and treated enamel slabs. A Berkovich diamond indenter was used as a probe for 

sample testing. Nanoindentation curves illustrating changes in hardness and elastic modulus as a 

function of contact depth were used to quantify mechanical changes along the enamel surface. 

Nanomechanical calculations were executed based on methods refined by Oliver and Pharr.[30]   

Confocal Raman Microscopy 

A WITec alpha300R confocal Raman microscope (Ulm, Germany) was used to derive 

chemical information in the form of Raman spectra and chemical maps from surface and depth 

profile scans of as-received and treated enamel. This nondestructive technique focused a 

monochromatic laser light onto a sample to induce inelastic scattering of its photons, effectively 

measuring the vibrational energies of the molecules within the sample.[103] Averaged spectra of 

Raman bands, corresponding to vibrational frequencies unique to specific functional groups 

within the enamel surface layers were generated (Table 3–3). The spatial distribution of areas 

representative mineral and organic phases in the sample, from which Raman spectra can be 

derived, were mapped with the confocal portion of the microscope.          

Scanning Electron Microscopy (SEM)   

SEM was the preferred method used for the imaging enamel surface features.[65, 104-106] A 

JEOL SEM 6400 (Tokyo, Japan) was used to examine micron-scale variations in enamel upon 



 

55 

treatment. Sample preparation consisted of dehydrating and coating all samples with Au-Pd 

alloy. Secondary and backscattered electron images were recorded with an accelerating voltage 

of 5 kV. Images were taken in areas highlighting the effects of demineralization and 

remineralization on the enamel rods, the prominent structural components of tooth enamel. 

Additional changes in enamel microstructure were imaged with a JEOL JSM-6335F  

field-emission SEM (FE-SEM). Its high-density electron beam at a relatively small spot size 

provided maximum brightness to discern features as small as 5 nm at 5 kV.     

Atomic Force Microscopy (AFM) 

For imaging as-received and select treated samples, a Dimension 3100 AFM  

(Veeco, Plainview, NY) was used. Since coating the sample is not necessary for AFM analyses, 

better contrast and resolution of finely-polished enamel samples could be realized. For this 

research, the AFM was operated in the tapping mode. Average RMS roughness values were 

extracted in representative areas along select samples. All analyses were performed under 

atmospheric conditions using standard Si3Ni4 tips.          

Attempted TEM Characterization 

TEM analyses of as-received and chemically-treated enamel were attempted for this 

research. Due to difficulties encountered in sample preparation for this method, results were not 

obtained. The cross-sectional examination of intact enamel from the surface toward the bulk was 

desired. A depth profiling of changes in electron density and/or lattice mismatch would have 

been correlated with high-resolution x-ray scattering data. Energy dispersive spectrometry (EDS) 

were to be attempted with the surface region of the enamel samples to more accurately pinpoint 

any phase changes that may have occurred during enamel treatment.  

Although the preparation of thin enamel samples for TEM analysis have been prepared 

most often through ultramicrotomy, the high deformation induced often leads to cracking of the 
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brittle enamel matter. To help eliminate this problem, focused ion beam (FIB) milling has been a 

proposed method for sample thinning. FIB has been attempted on synthetic apatite materials,[107] 

and recently on actual tooth enamel[108, 109] and dentin[110, 111] tissue. Although HAP is cited as 

being resistant to ion beam damage, less stable apatitic stages may amorphize.[112] This condition 

may alter the chemistry of remineralized enamel surfaces. As the FIB process is  

time-consuming and takes great precision and accuracy, we had difficulty developing a sample 

preparation method compatible with the Strata DB235 (FEI, Hillsboro, OR) system available for 

use. Due to lack of FIB sample availability, TEM analysis was not attempted.   

Statistical Considerations 

Due to the limited number of suitable teeth available for analysis, significant statistical 

analyses could not be achieved. For crystallite size calculations, at least three samples from each 

treatment stage were analyzed. Results were plotted in a line graph showing an averaged 

crystallite size with error bars indicating the standard deviations of the sizes calculated. While 

the results may not be statistically relevant, trends in enamel crystallite behavior could be 

observed. Differences in between as-received and treated enamel groups analyzed by 

nanoindentation and XRD calculation of average crystallite size were determined with 95% 

confidence. 
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Figure 3- 1. Extracted human tooth and epoxied enamel slab. 

 
 

 

 
 

Figure 3- 2. Solubility isotherms expressing the relationship between the enamel mineral ions 
(Ca) and pH at saturation for HAP and FAP. The arrow marks approximate [Ca2+] in 
oral fluids.[74]  
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Table 3-1. Composition of buffered lactic acid demineralization solution.[51]  
Component Concentration (mM) 
CaCl2•2H20 2.2 
NaH2PO4•H20 2.2 
85% C3H6O3 (lactic acid) 50 
F (via NaF) 0.5 ppm 
pH ~ 4.5 Adjusted with NaOH 

 

 

 

 

Table 3-2. Composition of calcifying remineralization solution.[51] 
Component Concentration (mM) 
CaCl2•2H20 2.2 
KH2PO4 0.9 
KCl 130 
HEPES 20 
F (via NaF) 0.1 ppm 
pH ~ 7.0 Adjusted with NaOH 

 

 

 

 

 

Figure 3- 3. Schematic illustrating the analogy of an enamel surface layer on an untreated, sound 
enamel substrate to a thin film model.[17] 
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Figure 3- 4.  PANalytical X’PERT MRD PRO four-axis set-up. A) Goniometer and secondary 
optics. B) Goniometer angle designations. 

A 
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Figure 3- 5. GIXD geometry.[113] 

 

 

 

 

Figure 3- 6. Comparison of XRD spectra of TiO2 on a glass substrate produced by conventional  
θ-2θ geometry and GIXD surface-specific geometry.[113] 
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Figure 3- 7. X-ray attenuation length of Cu Kα radiation in HAP. 

 
 
 

 

 

 

 

 

Table 3-3. Raman frequencies and PO4
3- vibrational modes associated with tooth enamel.[103]  

Vibrational Mode Frequency (cm-1) 
ν3 1045 
ν1 960 
ν4 590 
ν2 430 
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CHAPTER 4 
ENAMEL CHARACTERIZATION  

Introduction 

An adequate assessment of changes in surface-treated enamel requires comparisons to 

sound, untreated enamel. Characterization of such a sample provides a baseline for relative 

comparisons of structural, mechanical and chemical changes in the enamel upon 

demineralization and remineralization. The microstructure of enamel, with enamel crystallite 

dimensions as small as tens of nanometers, requires careful consideration and precision in 

describing its material properties.  

The hierarchal microstructure of enamel results in anisotropic mechanical and structural 

properties due primarily to its preferred crystallite/enamel rod orientation. Enamel crystallites—

bundled to form enamel rods—are orthogonally-positioned relative to the outer tooth surface. A 

pliable, organic matrix cushions the rods and absorbs compressive forces induced by chewing 

and biting. In essence, enamel is analogous to a more generalized description of a fiber-

reinforced composite.[114, 115] The literature cites evaluations of mechanical properties parallel 

and orthogonal to the occlusal (biting) surface of human molars, schematically represented in 

Figure 4-1. Cuy et al.[116] found slight variations in hardness and elastic modulus along the tooth 

surface, with the highest values measured along the occlusal surface. Interestingly, variation 

from the enamel surface to DEJ varied greatly. Mechanical property dependence on orientation 

provides an example of the influence of the crystal structure of tooth enamel on tooth form and 

function, a topic explored throughout this research. 

In addition to local variance in mechanical property values, changes in crystallite size and 

overall enamel thickness with position were also reported. Low[98] reported that enamel had a 

graded nature in terms of crystallite size, with an average decrease in size from the tooth surface 
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inward to the DEJ. For human incisor teeth, a difference in enamel thickness was reported by 

Gillings and Buonocore,[8] with the greatest thickness at approximately 2 mm from the occlusal 

surface of the tooth. The natural variance seen in the tooth, a true biological material, will affect 

the treatment and characterization results obtained from each enamel sample.     

In this experimental study, as-received human incisor enamel slabs were used to determine 

baseline enamel material properties. Surface morphology was examined using AFM and SEM. 

Comparisons were made using the conventional θ-2θ XRD and GIXD techniques to examine the 

crystal structure within the bulk and surface layers of enamel, respectively. The nanoindentation 

technique was used to provide nanohardness and elastic moduli data. Confocal Raman data were 

extracted to provide a depth profile and chemical data within the enamel surface layers. In 

combination, these surface characterization techniques provided an adequate description of 

prominent characteristics of tooth enamel affected by demineralization and remineralization. 

Materials and Methods 

Enamel slabs were prepared and characterized as outlined in Chapter 3.  

AFM 

Two-dimensional images and representative roughness (RMS) values were taken of  

as-received enamel using the AFM. Observation of the surface morphology, without the possible 

obstruction of coatings required for SEM analysis, was exploited.   

SEM 

Secondary electron images were taken of as-received enamel using the FE-SEM. Image 

magnification was greater than the sizes of the primary enamel microstructure, namely the 

enamel rods. 
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XRD 

Conventional θ-2θ XRD scans were obtained for as-received enamel. A 2θ scan range of 

20° to 55° was selected to display a full range of prominent enamel diffraction peaks.  

High resolution x-ray scattering was performed using the X’Pert system. For generation of 

the XRR curve, a 2θ scan range of 0.1° to 2° was selected to highlight the critical angle for total 

x-ray reflection. For GIXD, a 2θ scan range of 25° to 35° was selected to highlight the most 

prominent diffraction peaks reportedly affected by the demineralization and remineralization 

processes to be used in subsequent experiments. Special emphasis was placed on the 25°-27° 2θ 

range, the location of (002) reflection indicative of the enamel crystallite c-axis direction.  

Data analysis was performed with software used in conjunction with the X’Pert system. 

Conventional XRD and GIXD scans were evaluated for crystallinity using the ProFit program, a 

curve fitting application capable of extracting accurate FWHM data.  

Nanoindentation 

The Triboindenter® system was used to perform nanomechanical testing. A three-sided, 

pyramidal Berkovich indenter tip was used to probe the enamel slabs. With a total included angle 

of 142.3º, half angle of 65.35º and radius of curvature between 100 nm and 200 nm, this tip 

allows for maximum spatial resolution when probing surface and localized structures within 

highly-mineralized enamel. A tip area function calibration was performed on a fused quartz 

standard, which determined the projected tip contact area within the material at peak load. Indent 

grid patterns, 10 x 10 in size with indents spaced 10 μm apart, were applied to the central region 

of each sample. A trapezoidal load function, with drift control, was used to minimize any creep 

effects produced in softer areas of the tooth. A typical experiment included a constant load 

application of 1500 μN based on the procedure outlined in Habelitz et al.[32]  
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Confocal Raman Microscopy 

Confocal imaging provided X-Y surface and X-Z depth profile images of as-received 

enamel. The images were color-coded to highlight the location of specific phases within each 

sample. A 532 nm laser was used for bond excitation, along with a 100x air objective lens (N.A. 

= 0.9) for focusing. An averaged Raman spectrum was extracted to highlight the vibrational 

energies of the phases present in tooth enamel. 

Results 

Figure 4-2 is an AFM image of as-received enamel. There are traces of debris and the 

presence of fine polishing lines. No discernable microstructure was observed. RMS roughness 

observed over the entire image was 9.66 nm. An FE-SEM image showed outlines of aggregated 

enamel crystallites in Figure 4-3. Cracks were visible due to dehydration of the enamel sample. 

Conventional θ-2θ XRD spectra of as-received enamel and a powdered NIST HAP standard 

(#2912) were in agreement in terms of visible peak position according to JCPDS #09-472,[117] 

although many of the enamel peaks were not resolved (Figure 4-4). The full enamel XRD pattern 

was much lower in intensity than that for the HAP standard, the presence of a halo among the 

low-order reflections. The θ-2θ and GIXD spectra comparison in Figure 4-5 showed even fewer 

peaks in the latter spectrum, with the emergence of the (200) reflection. The critical angle for 

total x-ray reflection, as estimated from the XRR curve in Figure 4-6, is approximately 0.25°. 

Each (002) reflection was modeled with the ProFit software to extract accurate FWHM values, 

as illustrated in Figure 4-7. A depth profile highlighting changes in FWHM along the c-axis 

direction from the enamel surface into the bulk is shown in Figure 4-8.            

Nanoindentation testing revealed as-received enamel hardness and elastic modulus values 

of 4.86 ± 0.44 GPa and 95.87 ± 5.58 GPa, respectively. These values were derived from 

averaged load vs. displacements plots, an example of which is seen in Figure 4-9.  
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Confocal Raman studies of as-received enamel showed an X-Y surface scan consisting of 

an array of enamel rod outlines. They appeared to correspond to the terminal ends of the 

vertically-aligned enamel rods seen in cross-section in Figure 4-10. The images were color-

coded in orange by averaging the highest-intensity ν1(PO) band across the images. The black 

areas within the mineral regions of the images represent the organic matrix. The averaged Raman 

spectrum indicated the presence of rather sharp phosphate band vibrational peaks at 432/cm, 

586/cm, 959/cm and 1070/cm (Figure 4-11). A C-H stretching band, which indicates the 

presence of organic material, was seen.  

Discussion 

Tooth Enamel Defined 

FE-SEM imaging showed the terminal ends of relatively intact enamel crystallites, with 

surface flattening via polishing working to expose preferential orientation along their c-axis 

directions. AFM imaging did not resolve crystallite features due, in part, to the scan size 

selected, a decision that will become more obvious in later experimental studies. Crystal 

orientation is further corroborated by the presence of only a few reflections of the total number 

possible in the θ-2θ spectrum of the enamel. This indicates texturing within the material. The 

(002) reflection has the highest intensity, indicating that the greatest number of x-rays are 

reflected from the (002) planes. This provides further evidence of the crystallite c-axis direction 

as the preferred orientation. A lack in overall enamel spectrum intensity as compared with pure 

HAP may indicate the relatively poor crystalline quality of enamel and x-ray scattering 

interference from the organic material present in enamel. The organic material is indicated by the 

presence of a broad amorphous peak, or halo, in the θ-2θ spectrum. The benefit of the GIXD 

technique is illustrated in Figure 4-5, where the presence of the (200) reflection within surface 

enamel is resolved. This peak cannot be discerned with conventional XRD techniques. A 
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drawback is a further decrease in peak intensity of the GIXD spectrum. This is a result of the 

shallow x-ray attenuation length used in GIXD. Fewer crystallites are available for scattering, 

therefore producing peaks of lower intensity.[36] The XRR curve will serve as a baseline for 

examining shifts in θc after selected enamel surface treatments. This action is indirectly related to 

changes in enamel density as seen in Equation 3-3. 

Nanohardness and elastic modulus values obtained for both as-received enamel and dentin 

were comparable to values reported in the literature (Table 2-2). Acceptable data for evaluating 

mechanical properties at the nanoscale using this technique included deviations from the average 

calculated values of no more than ± 10%. Fewer data were deemed acceptable in the analyses for 

dentin as opposed to enamel. This may be due to the relatively pliable surface observed for 

dentin.[118] Lateral variance in mechanical properties may be partly responsible for the error 

spread seen when applying nanoindentation studies to biological materials in general.   

Confocal Raman microscopy further verified the preferential orientation and structure of 

tooth enamel used for this research. Raman laser scattering induced strong phosphate band 

excitation in enamel, a group of which are better suited for Raman enamel studies due to their 

high intensities relative to Ca-OH bands in the 300/cm-range.[119] The presence of sharp 

phosphate bands, especially at 959/cm, is an indication of relatively strong, intact enamel.       

Due to the anticipated high variability of enamel material properties and the precision with 

which the enamel samples were characterized, using the same tooth for each complete cycle of 

treatments and/or set of characterizations is desirable.   

Characterization Concerns 

Biological materials introduce unique challenges in experimental execution. Tooth-to-tooth 

variability among individuals within a sample population can be expected based on genetics and 
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oral care over the lifetime of the teeth. Lateral and depth variability in enamel thickness, 

hardness and crystallinity for each enamel sample must be considered during data analysis.  

In addition to inherent structural variability, experimental environment plays an important 

role. Whole teeth thrive in a warm (i.e., human body temperature of 37 °C), moist environment 

in vivo. Deviations from the tooth’s natural state were incorporated into this research. All 

experimentation was performed in vitro and at room temperature, unless otherwise specified. 

Due to high vacuum needs of the SEM, the enamel samples were dehydrated prior to coating. 

This made the enamel samples more susceptible to cracking. Enamel polishing was necessary to 

provide a relatively large, flat surface area with minimal roughness, important for instrument 

error reduction in high-resolution XRD and nanoindentation studies. Polishing also allowed for 

better standardization of the enamel studied in that the natural curvature of the incisor teeth was 

flattened and outer layers of fluoridated enamel was removed. Unfortunately, polishing induces 

physical trauma to the tooth, introducing possible defects. Finally, tooth storage methods after 

polishing and prior to characterization may affect enamel material properties. Reports indicated 

that the storage of tooth enamel sections in deionized water causes a decrease of its 

nanomechanical properties by 50% after 1 week of exposure, as determined by nanoindentation 

studies.[120] Diffusion processes extracted the structurally-important Ca2+ and PO4
3- ions from the 

enamel into the water, causing demineralization. As such, the enamel samples were treated 

and/or characterized shortly after polishing to decrease idle storage time. When stored, the teeth 

were kept hydrated, although not fully immersed, in distilled water. 
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Figure 4- 1. Average values of enamel hardness (a) and elastic modulus (b) as reported 
  earlier by other researchers for the mesial half of a maxillary M2 as determined by 

nanoindentation. The standard deviations for these averages range from 0.2 to 0.3 
GPa for hardness and from 2 to 5 GPa for elastic modulus.[116] 
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Figure 4- 2. AFM images of as-received human tooth enamel. Scale = 20 µm2 

 

 

 

Figure 4- 3. FE-SEM image of as-received enamel.    
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Figure 4- 4. Conventional θ-2θ XRD comparison of as-received enamel and NIST calcium HAP 
   standard #2910. Spectra vertically displaced for clarity. Pattern indexed according to   
                    JCPDS PDF #09-472. 
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Figure 4- 5. Comparison of as-received enamel analyzed by conventional θ-2θ XRD and 
   GIXD (ω = 0.4°). Note emergence of (200) reflection. 
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Figure 4- 6. Representative XRR curve of as-received enamel. 
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Figure 4- 7. ProFit (002) peak modeling. 
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Figure 4- 8. Depth profile of the average crystallite sizes along the c-axis from the enamel 
surface into the bulk. 

 

 

Figure 4- 9. Representative force (load)-displacement nanoindentation curve for as-received 
enamel. 
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Figure 4- 10. Confocal microscopy images of as-received enamel. A) X-Y surface scan. B) X-Z 
cross-sectional scan. 

 

 
 
Figure 4- 11. Averaged Raman spectrum of as-received enamel. Both apatitic and organic  
      components are shown. 
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CHAPTER 5 
ENAMEL DEMINERALIZATION 

Introduction 

The study of enamel dissolution in vitro is performed by the intentional acid attack of the 

apatite surfaces. While conditions such as experimental temperature, acid type and attack 

frequency/duration are regulated to mimic oral conditions as closely as possible in caries lesions 

and fluoride efficacy testing, acid production by bacterial metabolism of sugars in vivo can only 

be simulated. Other factors, such as the ever-changing concentrations of Ca, PO4, F and other 

trace elements in oral fluids and the buffering effects of the acquired pellicle absorbed onto the 

enamel surface, are difficult to model. A goal of this research is to examine structural changes in 

surface enamel upon demineralization at the submicron level. As such, etched enamel—which 

exploits the intentional acid attack of enamel for restorative purposes—appeared a suitable 

means by which to examine enamel material property changes upon demineralization. For 

comparison purposes, buffered lactic acid was used as an additional demineralization agent to 

better simulate enamel dissolution activities in vivo.  

EDTA is an etchant used to condition tooth enamel and dentin for use in dental 

restorations. A highly-roughened, porous surface is produced, increasing the surface area 

available for adhesion of sealants and other bonding materials to enamel. In cases of extensive 

tissue damage, collagen tubule exposure in dentin is needed to enhance attachment to this softer 

region, creating a suitable interfacial layer.[77] 37% phosphoric acid at pH< 2.5 is most 

commonly used for etching purposes.[79, 121] A 30 s treatment is strong enough to penetrate the 

enamel and permeate into dentin, effectively causing collagen dissolution. Unfortunately, 

excessive acid penetration experienced at higher acid concentrations may create dissolution 

channels so deep to where the restorative material cannot reach, introducing voids and potential 
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leaking at the adhesive/ tooth bonding sites.[77] A milder acid treatment that encourages 

demineralization within the dentin tubules, leaving the remainder of the organic matrix intact is 

desired. EDTA can achieve this goal. This acid type is unique in that it can cause enamel 

dissolution at neutral pH through chelating. Some bacterial acids involved in the caries formation 

process were found to have chelating properties, although their degrees of influence on the 

enamel dissolution in vivo have not been well researched.[122]            

Buffered lactic acid solutions have been extensively used to create artificial subsurface 

caries lesions in vitro.[51, 53, 73, 84, 123, 124] In such solutions, also containing varying concentrations 

of calcium, phosphate and fluorine, lesion formation typically occurred over the course of 

several weeks. The addition of F to the demineralization solution encourages a form of 

remineralization through the formation of a mineral-rich surface layer above a scarcely-

mineralized caries lesion zone. Often rich in F, this ‘remineralized’ layer inhibits the subsequent 

demineralization of the surface enamel. The dissolution potential of lactic acid is decreased in 

this solution, thus explaining the long treatment time for caries lesion formation. The focus of 

this research is on the surface effects of enamel dissolution; extensive demineralization times are 

not needed. 

In this study, as-received human incisor enamel slabs were immersed in 0.12M EDTA and 

buffered lactic acid to illicit enamel surface dissolution. Effective topographical changes were 

examined using AFM and SEM. Crystallinity studies were performed using the conventional  

θ-2θ XRD and GIXD techniques to analyze the bulk and demineralized surface layers of enamel, 

respectively. Nanoindentation compared hardness and elastic moduli data to that calculated from 

as-received enamel. Raman data, correlated with confocal imaging, provided relative chemical 

information within the demineralized enamel surface layers.  
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Materials and Methods 

Enamel Demineralization Treatments 

Select samples evaluated in Chapter 4 were immersed in 0.12M EDTA for 10, 30 and 60 

min time intervals as outlined in Chapter 3. The remaining as-received samples were immersed 

in a buffered lactic acid solution for 30 min at human body (37°C) and room (20°C) 

temperatures. The treated samples were characterized as outlined in Chapter 3, unless otherwise 

indicated.  

Demineralized Enamel Characterization 

Two-dimensional AFM images and representative roughness (RMS) values of enamel 

treated with EDTA and buffered lactic acid were generated. Amplitude signal images, 

representative of the topographical changes experienced by samples, were produced. 

Additionally, height signal images of the same regions mapped surface depth information. A 

flattening function was performed on all height-signaling images to remove unwanted artifacts 

prior to roughness analyses.  

Additional SEM images of enamel treated with EDTA were generated. Demineralization 

patterns in surface enamel as a result of acid treatment time were explored.  

High resolution x-ray scattering was performed on enamel treated with EDTA and buffered 

lactic acid. In some cases, conventional θ-2θ XRD scans were generated for comparison 

purposes. Special emphasis was placed on evaluating the dimensional changes in enamel 

crystallites upon demineralization in the c-axis direction.  

Nanomechanical studies were performed on enamel treated with EDTA and buffered lactic 

acid as outlined in Chapter 4. These results were intended to highlight the structural stability of 

surface enamel subjected to varying degrees of demineralization.  
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Confocal imaging was performed on select enamel samples treated with EDTA and 

buffered lactic acid as outlined in Chapter 4 to confirm microstructural changes observed by 

AFM/SEM. These images, in combination with Raman spectra generated from them, provided 

information regarding the surface chemistry of the analyzed enamel layers. 

Results 

Demineralization ― 0.12M EDTA  

Figure 5-1 shows AFM images of the transformation of as-received enamel upon 

demineralization with 0.12M EDTA for 30 min. Texturing of the enamel was seen in the 

amplitude signal image—a typical indication of surface demineralization. The height differences 

depicted by the height-signal image suggest that the linear imprints along the sample surface, 

likely produced by polishing, dominate any noticeable depth changes that may have occurred  

upon dissolution. An RMS roughness value of 315 nm was calculated from the textured enamel 

area. The same transformation of as-received to EDTA-demineralized enamel is shown by a 

secondary electron FE-SEM image in Figure 5-2. An increase in surface roughness, and the 

nonuniform emergence of enamel rod outlines, was seen. Additional FE-SEM images 

highlighting the enamel dissolution extremes chosen for this study are shown in Figures 5-3 and 

5-4. After a treatment time of 10 min, the nonuniform emergence of enamel rod outlines was 

seen. Large areas of polished enamel remained, indicating a slight degree of dissolution. 

Conversely, highly-roughened surface enamel observed after a 60 min EDTA treatment showed 

preferential demineralization of the peripheries of the enamel rods, with voided areas 

intermittently dispersed along the enamel surface. 

In early dissolution experiments, enamel slabs were immersed in small volumes of 

solution—less than 25 ml—during treatment. Upon visual inspection, a decrease in intensity of 

the (002) reflection and increase in that of the (112) reflection was observed by GIXD (ω = 0.8°) 
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after a 60 min EDTA treatment (Figure 5-5). The emergence of the (211) reflection was seen as a 

shoulder on the (112) reflection, a peak typically resolved in bulk enamel XRD spectra. The 

latter occurrence was not seen during the relatively short, 10 min treatment. In a single 

experiment, crystallite size in the [002] direction increased from 25.56 nm to 28.71 nm as the 

EDTA treatment time increased from 10 min to 60 min. These results suggested a change in the 

near-surface enamel crystal structure under the aforementioned experimental conditions, an 

observation with a direct influence upon subsequent experimental design. As mechanical 

property and topographical evaluations of these samples were not performed, the potential 

resistance of apatite dissolution after the 60 min treatment time could not be verified. In an 

attempt to evaluate enamel dissolution effects only, future experimental conditions were adjusted 

such that a greater volume of treatment solution was used.  

A subsequent dissolution experiment on a representative EDTA-treated sample showed 

GIXD spectra depth profile comparisons (ω = 0.4°) of as-received enamel and that treated for  

30 and 60 min. A progressive slight sharpening of the enamel peaks with treatment time was 

observed (Figure 5-6). The emergence of the (211) reflection after the 60 min treatment was not 

detected. More obvious progressive improvements in crystallinity were seen with the (112) 

reflections. Figures 5-7 shows an averaged depth profile of changes in enamel crystallite size 

from the surface toward bulk enamel. An increase in crystallite size with treatment time was 

observed closest to the enamel surface (Figure 5-8). The greatest changes in crystallite size were 

calculated with the 60 min treatment closest to the enamel surface at ω = 0.15°. There was a 

positive correlation (R2 = 0.9541) between enamel crystallite size and EDTA treatment duration 

per the conditions of this experiment (Figure 5-9). The crystallite sizes appeared to converge to a 

smaller value range closer to bulk enamel, suggesting that demineralization had negligible 
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effects on crystallinity in this region, or that the effects could not be resolved by XRD methods. 

Figure 5-10 shows a downward shift of the enamel XRR curve upon a 30 min EDTA treatment, 

suggesting a decrease in mass density along the surface.  

Results of nanoindentation testing for EDTA-treated enamel, as compared to as-received 

enamel, are displayed in Table 5-1. Comparable nanomechanical property values were calculated 

for as-received enamel and that treated for 10 min, although the latter showed a slight advantage 

(Figures 5-11 and 5-12). Representative load vs. displacement curves are shown in Figure 5-13. 

After the 60 min treatment, the enamel showed a sharp decrease in nanohardness with values 

along the same order of magnitude as that for dentin. The stiffness of dentin is calculated to be 

higher than that of the 60 min demineralized enamel, as evidenced by the discrepancy in elastic 

modulus values. A graphical representation of the nanomechanical behavior of enamel treated 

with EDTA for 60 min and dentin is shown in Figure 5-14.  

Confocal Raman studies on enamel treated with EDTA for 60 min showed a highly 

roughened surface, highlighting the irregular detection of enamel apatite (Figure 5-15). Brighter 

areas, color-coded as orange, on the X-Y image represented areas of higher apatite concentration. 

The X-Z depth profile showed barely-distinguishable outlines of enamel rods, with brighter 

apatitic areas along the enamel surface. The averaged Raman spectrum indicated a relative 

decrease in phosphate band intensity and an overall noisy spectrum (Figure 5-16). The presence 

of amorphous carbon peaks in the 1200/cm to 1850/cm range indicated laser burning of the 

sample. The C-H stretching band present in the as-received Raman spectrum appeared to be 

overshadowed by noise in the spectrum produced by demineralized enamel. Black regions of the 

confocal images likely reflect the presence of organic material and/or underfocused areas.   
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Demineralization ― Buffered Lactic Acid 

Figure 5-17 shows AFM images of as-received enamel upon demineralization with 

buffered lactic acid at 20°C. Small patches of seemingly-punctured enamel, indicating potential 

demineralization as evidenced by mineral loss in these regions, were seen. Evidence of polishing 

lines disappeared in the amplitude-signal image, but their presence was detected in the height-

signal image. An RMS roughness value of 28.4 nm was calculated. Treated enamel at 37°C 

showed less evidence of microstructural transformation, as seen in Figure 5-18. In addition to the 

surface debris detected, faint polishing lines were still visible. An RMS roughness value of  

14.1 nm was calculated. SEM images of an additional room temperature treatment of enamel are 

shown in Figure 5-19. Backscatter imaging was used in addition to secondary electron imaging 

to show better contrast between the surface features. Uniform pitting was observed; no polishing 

lines were discerned. There was a slight curvature to some of the pits, potentially indicating the 

beginning stages of enamel rod dissolution. Treatment duration for all of the representative 

images shown was 30 min.  

A GIXD-derived depth profile comparison of as-received enamel and that treated for 30 

min at 37°C shows a slight decrease in crystallite size closest to the enamel surface at ω = 0.15°, 

although there was quite a bit of overlap throughout the plot (Figure 5-20). Conversely, a 

representative GIXD spectra comparison of as-received enamel and that treated at 37°C  

(ω = 0.4°) in Figure 5-21 shows an overall decrease in peak intensity. The (200) reflection also 

disappeared after treatment. Similar crystallinity results were observed upon treatment of as-

received enamel at 20°C. Figure 5-22 indicates a slight decrease in crystallite size with treatment 

at ω = 0.15°. A comparison of as-received and buffered lactic acid-treated XRR curves in Figure 

5- 23 shows negligible change in the θc for the enamel, but a downward shift in the lower portion 

of the curve. This indicates an increase in roughness upon treatment.  
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Results of nanoindentation testing for enamel treated with buffered lactic acid at 37°C and 

20°C, as compared to as-received enamel, are displayed in Table 5-1. Comparable 

nanomechanical property values were calculated for both treatment temperatures (Figures 5-24 

and 5-25). Representative load vs. displacement curves are shown in Figure 5-26. Interestingly, 

significant decreases in nanohardness and elastic moduli were observed upon treatment. These 

values appear to contradict the minimal demineralization effects seen with AFM/SEM imaging.  

Confocal Raman studies on enamel treated with buffered lactic acid at 20°C showed a 

rather smooth surface, similar to that seen for as-received enamel in Section 4.3 (Figure 5-27). 

Red color-coded areas on the X-Y image represent apatite. The averaged Raman spectrum 

indicated the presence of sharp ν1-ν4 phosphate bands, but at lower relative intensities than those 

seen for as-received enamel (Figure 5-28). Negligible organic material was detected.  

Discussion 

Enamel demineralization tends to occur in areas most susceptible to dissolution. These 

regions may vary locally along the enamel surface due to impurity concentration gradients and 

the presence of microstructural defects, causing selective enamel dissolution. This may explain 

the laterally inhomogeneous dissolution pattern seen produced during the shorter EDTA 

treatment times. The highly-roughened surface produced upon prolonged EDTA treatment 

verified the preferential dissolution of enamel near the enamel rod peripheries, a phenomenon 

widely reported in the literature.[80, 106, 125] This is different than the etch patterns produced by 

other etchants, such as phosphoric and certain concentrations of citric acids, where the formation 

of ‘craters’ along the central regions of enamel rods has been reported.[31, 52] A possible 

explanation, reported by Johnson et al.,[106] suggested that the large size of the EDTA molecule 

restricts it from easily penetrating the enamel structure except for regions between enamel rods 

and/or where crystallite orientation is not parallel to the c-axis enamel rod direction. Buffered 
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lactic acid dissolution effects were relatively mild, with few areas of minor demineralization 

along the enamel surface. Enamel rod dissolution appeared to be in its earliest stages after a 30 

min treatment, as opposed to instances of full peripheral demineralization with EDTA after 10 

min. As such, 0.12M EDTA is a more aggressive demineralization agent. The buffering effect of 

the lactic acid solution was realized by the lack of texturing of the surface layer, particularly 

evident after the body temperature treatment. Dissolution, although slight and represented by pits 

along the enamel surface, appeared to be more aggressive at room temperature. As buffered acid 

solutions are commonly used to create caries lesions in enamel by artificial means, a 

demineralization agent that encourages subsurface lesion development beneath a well-

mineralized surface layer is desirable. As such, initial enamel surface “protection” is expected. 

Based solely upon AFM image comparisons, a higher treatment temperature may decrease the 

extent of buffered lactic acid enamel demineralization.               

In earlier experimental studies, the enamel slabs were immersed in less than 25 ml of 

EDTA for solution conservation purposes. This was just enough to cover the surfaces of the 

enamel slabs. The unexpected emergence of the (211) reflection after the 60 min treatment 

suggested a possible enamel structural change at the surface upon demineralization. As stated in 

Chapter 4, texturing properties and the positioning of the sample within the diffractometer 

prevented this reflection from being resolved in GIXD studies of as-received enamel. It is 

assumed that enamel dissolution through the removal of Ca2+ and PO4
3- caused an increase in ion 

concentration in solution so great that it reached a supersaturated state, encouraging redeposition 

of the apatite onto the enamel surface. An increase in intensity of (112) suggests an increase in 

the number of properly-oriented crystal grains available for diffraction, another indication of 

possible redeposition or crystallite growth along the [112] direction. The calculated increase in 
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crystallite size in the c-axis, [002], direction also supports this conclusion. It is interesting note 

that redeposition did not follow the crystal orientation pattern observed at the surface, but 

showed greater similarity to that seen in bulk enamel. Redeposition of enamel crystallites during 

demineralization has been reported, and is described in terms of the self-inhibiting dissolution 

behavior of HAP.[126, 127] This idea was based on the concept of constant composition solution 

techniques used for enamel remineralization studies.[128] A form of the constant composition 

technique called flow-through, or high volume, controls the saturation levels of important ions in 

solution necessary for remineralization.[123] Unbalanced ion concentrations in solution do not 

occur, which may cause unfavorable shifts in the calcium and phosphate supersaturation levels 

required for remineralization. The remineralization process will not cease prematurely. Based on 

this concept, it was hypothesized that undersaturation of the treatment solution will encourage 

demineralization. Once the solution becomes saturated with HAP structural ions, 

demineralization will cease. Intuitively, enamel dissolution effects observed through AFM and 

SEM imaging would translate to a decrease in crystallinity of the apatite mineral. These effects 

were initially thought to be masked by this occurrence of enamel redeposition/growth. As such, 

larger volumes of solution were used to more closely simulate the constant-composition 

experimental design.     

EDTA- and buffered lactic acid-based experiments produced contradictory results 

regarding enamel surface crystallinity. Enamel progressively treated with EDTA showed an 

increase in crystallite size in the c-axis direction as a function of treatment time. This is 

counterintuitive, as acid attack is known to degrade the mineral structure of enamel. In an 

individual crystallite, enamel dissolution begins along the c-axis of the central core region. A 

dark line in this region, thought to represent a different form of apatite or a planar defect, was 



 

85 
 

observed in TEM studies as mentioned in Chapter 2. As dissolution continues, the crystallite 

hollows, leaving a tubular shell of apatite.[129] Further dissolution causes fracturing of these 

hollow tubes into mere fragments of apatite. In this study, perhaps smaller-sized enamel 

crystallites that have experienced some degree of dissolution previously had completely 

dissolved after treatment. When performing XRD experiments, the diminishing effects of these 

smaller crystallites would not be a contributing factor in peak geometry. As such, the XRD peaks 

would not exhibit the broadening effects resulting from the presence of smaller crystals. Such an 

occurrence may have basis in the Gibbs-Thompson[130] effect for nanoscale particle dissolution 

and has been previously reported as an effect of the acid demineralization of bone.[131] Enamel 

dissolution kinetics may also play a role in the observed increase in crystallinity. Crystallite 

surface diffusion occurring during the enamel dissolution process may encourage the bonding, or 

“fusion,” of neighboring crystallites, potentially creating larger regions of planar alignment. This 

phenomenon has been observed in HR-TEM enamel caries lesion development and enamel 

crystal growth studies.[39, 71] Since XRD crystallinity is detected as crystal grains of similar lattice 

orientation, it would be enhanced in this case. That is, larger crystallites would be detected by 

XRD. It is important to note that crystallite bonding does not lead to perfectly-aligned lattices by 

the individual crystals. Defects such as edge dislocations and small boundary grain boundaries 

can be expected from such a process. The literature has cited instances of lattice mismatch 

between bonded crystallites on the order of 1-2°, a negligible consideration for XRD detection 

(Figure 5-29). XRR studies showed a decrease in density and increase in roughness upon EDTA 

demineralization. 

A decrease in enamel crystallite size closest to the surface in the buffered lactic acid 

experiments may reflect a dissolution condition synonymous to that which has been observed on 
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the micron scale. The convergence of calculated crystallite sizes and the great overlap 

experienced in the bulk suggests that the acid solutions only affected the upper surface layers in 

this study. The selected composition of the lactic acid solution illicits demineralization that can 

take several days or weeks to produce artificial caries lesions, and may take a similar amount of 

time for discernable demineralization indicators to appear on the enamel surface. XRR curve 

comparisons suggest a negligible change in mineral density upon demineralization, yet an 

increase in surface roughness.  

Based on the nanoindentation results observed in this study, enamel hardness and stiffness 

is compromised with extent of EDTA demineralization. Extensive EDTA demineralization 

yields enamel deformation closest to that of dentin in this study, although dentin appears to be 

more resilient. Subsurface demineralization of the buffered lactic acid-treated samples may have 

occurred, accounting for limited enamel surface roughness observed by AFM and SEM. The 

increase in mechanical property values imply that demineralization has occurred, although 

enamel integrity appears to be at a relatively optimal level under human body demineralization 

conditions as seen in Figure 5-26. The increase in enamel crystallite size on the nanoscale does 

not appear to increase the overall hardness or strength of enamel. This effect may be due to 

nanoindentation probe placement and/or the inhomogeneous nature of demineralized enamel. 

Erroneous data may be produced from areas where the probe cannot achieve adequate contact 

with the sample surface. Sample roughness will also limit the accuracy of nanoindentation 

results.[18, 33, 132] While more consistent results were achieved with as-received enamel, there is 

higher data variability when greater surface irregularities are introduced. As such, 

nanoindentation results of treated enamel are better discussed in relative terms.  
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Confocal Raman microscopy showed extensive destruction of the enamel structure after a 

60 min EDTA treatment, which correlates with a major decrease in hardness calculated by 

nanoindentation. Relatively bright areas of apatite along the upper portions of select enamel rods 

may reflect areas of greater mineral content. This may support the increase in crystallite size 

observed through GIXD crystallite calculations upon demineralization. As the Raman technique 

is based on laser light-scattering effects, the debilitating refractive properties of the highly-

demineralized enamel produced a rather noisy spectrum. The amorphous carbon by-product may 

have been generated by the interaction of the laser with organic material within the tooth, which 

may have been easily exposed to the laser due to the extensive damage done to the enamel 

apatite structure. In the case of the buffered lactic acid-treated enamel, negligible organic 

material was detected along the sample surface. This further supports the suggested formation of 

an apatitic surface layer upon treatment.  

Enamel dissolution is a complicated process that includes a combination of extensive 

topographical dissolution at the micron level, a decrease in mechanical integrity on the nanoscale 

and some structural improvement at the crystalline level. As seen in this research, assumptions 

about improved crystallinity, and its enhancing effects on the structural integrity of surface 

enamel, cannot be made relying solely upon changes in mineral structure seen on the micron 

scale. Demineralization agent selection and enamel treatment time greatly affects the extent of 

enamel damage, an important consideration in tooth decay treatment option therapy. Lastly, 

stringent experimental conditions and precise calibration and operation of the characterization 

equipment are necessary to provide accurate assessments of mineral changes that occur during 

early enamel dissolution.   
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Subsequent remineralization evaluations performed by this research will focus on apatite 

“regeneration” effects on EDTA-treated enamel, due to the greater degree of material property 

changes observed upon demineralization. Examples of the remineralization of buffered lactic 

acid-treated enamel substrates will be included for comparison purposes.   
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Figure 5- 1. AFM images highlighting transformation of as-received enamel upon 0.12M EDTA        
   demineralization for 30 min. Scale = 10 µm2 

 
 
 
 

 
 

Figure 5- 2. FE-SEM image highlighting transformation of as-received enamel upon 0.12M  
                    EDTA demineralization for 30 min.                    
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Figure 5- 3. FE-SEM image of as-received enamel treated with 0.12M EDTA for 10 min. 

 

 

 

 

Figure 5- 4. FE-SEM image of as-received enamel treated with 0.12M EDTA for 60 min. 
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Figure 5- 5. Representative GIXD spectra comparison of as-received enamel treated with  
< 25 ml of 0.12M EDTA solution at ω = 0.8°. A) 10 min treatment. B) 60 min 
treatment.  

 

 

Figure 5- 6. Representative GIXD spectra comparison of as-received and EDTA-treated enamel 
at ω = 0.4°. A) As-received. B) 0.12M EDTA treatment for 30 min. C) 0.12M EDTA 
treatment for 60 min. 
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Figure 5- 7. Depth profile of the average enamel crystallite size along the c-axis as a function of 
ω for EDTA enamel treatment regime. 
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Figure 5- 8. Depth profile of the average surface enamel crystallite sizes along the c-axis as a 

function of ω for EDTA enamel treatment regime. Error bars represent 95% 
confidence. 
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Figure 5- 9. Correlation of EDTA treatment time with crystallite size at ω = 0.15°. 
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Figure 5- 10. Representative XRR curve comparison of as-received and EDTA-treated (30 min) 

enamel. 

 



 

94 
 

Table 5-1. Comparison of as-received and demineralized enamel hardness and modulus values. 
Treatment Hardness (GPa) Elastic Modulus (GPa) 
As-Received 4.86 ± 0.44 95.87 ± 5.58 
As-Received Dentin* 0.59 ± 0.26 21.08 ± 6.44 
0.12M EDTA – 10 min 4.87 ± 1.26 102.63 ± 18.87  
0.12M EDTA – 60 min               0.28 ± 0.10   4.82 ± 1.25 
Lactic Acid – 37°C 1.65 ± 0.36 73.27 ± 8.87  
Lactic Acid – 20°C 1.74 ± 0.87   63.04 ± 18.08 
*Included for comparison purposes only 
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Figure 5- 11. Comparison of as-received and EDTA-treated enamel nanohardness values. Error 
bars represent 95% confidence.  
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Figure 5- 12. Comparison of as-received and EDTA-treated enamel elastic modulus values. Error 
bars represent 95% confidence. 

 

 

Figure 5- 13. Comparison of representative force (load)-displacement curves for as-received and 
EDTA-treated enamel. A) As-received. B) 10 min EDTA treatment. C) 60 min EDTA 
treatment. 
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Figure 5- 14. Comparison of representative force (load)-displacement curves for EDTA-treated 
enamel and as-received dentin. A) 60 min EDTA treatment. B) As-received dentin.  

 

Figure 5- 15. Confocal microscopy images of as-received enamel treated with 0.12M EDTA for 
60 min. A) X-Y surface scan. B) X-Z cross-sectional scan. 
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Figure 5- 16. Averaged Raman spectrum of as-received enamel treated with 0.12M EDTA for 
                       60 min. Note  the prominent amorphous carbon bands due to laser burning of the  
                        sample. 

 

 

Figure 5- 17. AFM images of as-received enamel treated with buffered lactic acid for 30 min at 
room temperature. Scale = 20 µm2 
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Figure 5- 18. AFM images of as-received enamel treated with buffered lactic acid for 30 min at 
human body temperature. Scale = 10 µm2 

 

 

 

 

Figure 5- 19. SEM images of as-received enamel treated with buffered lactic acid for 30 min at 
room temperature. Scale bar = 20 µm. A) Secondary electron image. B) Backscattered 
electron image.  
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Figure 5- 20. Depth profile of the average enamel crystallite size along the c-axis as a function of 

ω for a 30 min buffered lactic acid treatment at human body temperature. 

 

Figure 5- 21. Figure 5-20. Representative GIXD spectra comparison of as-received and buffered 
lactic acid-treated enamel at ω = 0.4°. A) As-received. B) Buffered lactic acid 
treatment for 30 min at human body temperature. 
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Figure 5- 22. Depth profile of the average enamel crystallite size along the c-axis as a function of 
ω for a 30 min buffered lactic acid treatment at room temperature. 

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

0.2 0.5 0.7 1.0 1.2 1.5 1.7 2.0

lo
g 

In
te

ns
ity

 (a
.u

.)

°2Theta

As-Received
30 min - Room Temp

 

Figure 5- 23. Representative XRR curve comparison of as-received enamel and treated with 
buffered lactic acid for 30 min at room temperature. 
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Figure 5- 24. Comparison of as-received and buffered lactic acid-treated enamel nanohardness 
values. Error bars represent 95% confidence. 
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Figure 5- 25. Comparison of as-received and EDTA-treated enamel elastic modulus values. Error 
bars represent 95% confidence. 

 

 



 

102 
 

 

Figure 5- 26. Comparison of representative force (load)-displacement curves for as-received and 
30 min buffered lactic acid-treated enamel. A) As-received. B) Human body 
temperature treatment. C) Room temperature treatment. 

 

Figure 5- 27. Confocal microscopy X-Y surface image of as-received enamel treated with 
buffered lactic acid for 30 min at room temperature.   
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Figure 5- 28. Averaged Raman spectrum of enamel treated with buffered lactic acid for 30 min 
     at room temperature. Note absence of organic material bands within 2000/cm to  
          2500/cm range.  
 
 

 
 

Figure 5- 29. TEM image showing the bonding of neighboring crystallites within a caries lesion. 
The white arrow indicates the central dark line. As the crystal grows toward the left, it 
begins to “fuse” (black arrow) with a neighboring crystal. Lattices of the original 
crystal (broken line) are 1° out of alignment with lattices of the neighboring crystal 
(solid line).[39] 
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CHAPTER 6 
ENAMEL REMINERALIZATION 

Introduction 

The lack of scientific evidence to complement observations of enamel ‘remineralization’ 

has been a subject of controversy among researchers. As stated in Section 2.4, the process of 

remineralization has been determined to ensue in one of three ways: 

• regeneration of partially-dissolved crystals 
• emergence of newly-formed crystals 
• additional growth of existing crystals 

 
The first of these mechanisms is most commonly referred to as ‘remineralization’ in the 

literature. Although numerous radiographic studies involving subsurface caries lesions have 

reported the (re)generation of apatite upon treatment,[73] there is uncertainty surrounding how 

this process occurs. Has enamel mineral regrowth occurred or has a compositionally-different 

apatite phase been precipitated? Solution-mediated apatite phase transformations occur and tend 

to be influenced by solution pH, temperature, ion concentration, and composition. For example, 

dicalcium phosphate dihydrate (DCPD) can precipitate onto apatitic surfaces during 

demineralization in phosphate-rich acidic solutions (pH 3-6) at temperatures of 37°C.[133] This is 

most relevant in caries lesion development. At higher solution pH values, octacalcium phosphate 

(OCD) forms at a pH of 6.8 to 7.0, reprecipitated apatite forms at a pH of 7.5 to 11.0. Enamel 

impurity concentrations may also have an effect on apatite phase transformation. For example, 

amorphous calcium phosphate may transform to DCPD at pH values equal to or greater than 7 in 

the presence of Mg2+.[63] Microhardness studies have cited an increase in hardness of enamel 

with remineralization, garnering increased support for the theory of enamel mineral 

rebuilding.[91, 134-136] It is assumed that an increase in the mechanical properties directly correlates 

with an increase in the structural integrity of tooth enamel. While there is extensive data 
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supporting the occurrence of remineralization as measured on the micron scale, there is little 

evidence that this phenomenon occurs on the submicron scale. 

When discussing remineralization, the influence of fluoride cannot be ignored. Low 

concentrations of F added to calcium- and phosphate-rich remineralization solutions, on the sub- 

ppm scale, have been reported to encourage enamel mineral regeneration.[137] Other studies have 

shown that the inclusion of 0.1 ppm F in solution during remineralization has prompted calcium 

uptake, but no enhancing effects of F on demineralized enamel were detected.[138] The 

remineralization of the inner subsurface caries lesion zone and outer surface layer was reported 

at F concentrations within the range of 2 to10 ppm.[81] TEM imaging studies have proven that an 

increase in enamel crystallite size occurs when subjected to the aforementioned solution types, 

and this effect is claimed to be influenced by the presence of F.[41] The “filling” of centrally-

hollowed demineralized crystallites with apatite upon remineralization was also demonstrated, 

suggesting mineral enhancement on the submicron level.[71] These results have been corroborated 

by XRD studies, which cite an increase in crystallite c-axis length and a-axis width 

dimensions.[57] While F does appear to have an enhancing effect on the regeneration of enamel 

mineral, is it a necessary component or does it act as a catalyst for the remineralization process?  

In this study, selected EDTA-treated enamel slabs were subjected to MI Paste™ and a 

synthetic calcifying solution (0.1 ppm F) to illicit enamel surface reconstruction. Resultant 

surface enamel microstructural changes were examined by AFM and SEM. Crystallinity studies 

were performed using GIXD techniques to analyze the demineralized surface layers of enamel. 

Nanoindentation provided a relative comparison of hardness and elastic moduli data relative to 

the data calculated from EDTA-demineralized enamel. Raman data, correlate with confocal 

imaging observations, and provide relative chemical information within the remineralized 
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enamel surface layers. Selected buffered lactic acid-treated enamel slabs were remineralized with 

MI Paste™ and the calcifying solution for microstructural and limited crystallinity comparison 

purposes only.  

Materials and Methods 

Enamel Remineralization Treatments 

Selected EDTA-treated samples evaluated in Chapter 5 were subjected to MI Paste™ for 

5- and 10-min time intervals as outlined in Chapter 3. Other EDTA-treated samples were 

immersed in a calcifying solution for 8 h. For comparison purposes, selected buffered lactic-

acid-treated samples were similarly remineralized. Characterization was performed as outlined in 

Chapters 3 and 4. Since limited data were generated for the buffered lactic acid substrate 

samples, the statistical significance of those results were not confirmed in this study.  

Remineralized Enamel Characterization 

Two-dimensional AFM images and representative roughness (RMS) values of the 

remineralized enamel samples were generated. Topographical comparisons of the remineralized 

surface enamel, as a result of remineralizing agent type, were made.  

Secondary electron SEM images of remineralized enamel samples were generated. 

Remineralization effects as a result of remineralization treatment type were explored.  

High resolution x-ray scattering was performed on remineralized enamel samples. Special 

emphasis was placed on discerning the dimensional changes in enamel crystallites upon 

demineralization in the c-axis direction.  

Nanomechanical studies were performed on remineralized enamel samples. These results 

were intended to highlight the structural stability of surface enamel subjected to differing sources 

of remineralization.  
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Confocal imaging was performed on selected remineralized enamel samples to confirm 

microstructural changes observed by AFM/SEM. These images, in combination with Raman 

spectra extracted from color-coded enamel phases, provided information regarding the chemistry 

within the enamel surface layers. 

Results 

MI Paste™ Treatments 

EDTA-treated enamel substrate 

Figure 6-1 shows AFM images of demineralized enamel (0.12M EDTA for 30 min) after a 

5-min treatment with MI Paste™. Irregularly-shaped, raised patches were dispersed uniformly 

along the surface, with little evidence of the extent of demineralization observed in Figure 5-1. 

An averaged RMS roughness value of 29.2 nm was calculated over the entire image. A 

secondary electron FE-SEM image of a similarly-prepared sample is shown in Figure 6-2. The 

enamel rod outlines are more defined, with a greater accumulation of material within the center 

of the enamel rods and along their peripheries (Figure 6-3). An image focusing on the central 

region of a single enamel rod shows bundled regions of what appears to be enamel crystallites 

(Figure 6-4).   

A representative GIXD spectra depth profile (ω = 0.4°) of enamel treatments, culminating 

with a 5-min MI Paste™ application, showed a pronounced decrease in crystallinity along the 

crystallite c-axis direction after remineralization (Figure 6-5). This is clearly depicted by the 

(002) relative peak intensity distribution in Figure 6-6. A second 5-min application of the paste 

did little to enhance crystallinity. No new phases, indicated by the emergence of new diffraction 

peaks, were seen. A depth profile graph of crystallite size changes from the surface toward bulk 

enamel in Figure 6-7 shows little evidence of improved crystallinity with remineralization in the 

[002] direction. A decrease in crystallite size was detected on the scale of that observed after a 
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10-min EDTA treatment of as-received enamel (Figure 6-8). A surprising consequence of 

remineralization was the enhanced crystallinity depicted by the (200) and, to a lesser degree, 

(111) reflections shown in Figure 6-5. Evidence of increased (200) peak intensity/narrowing with 

remineralization is highlighted in Figure 6-9, which was enhanced with a second application of 

paste. In terms of the stability of remineralized enamel treated by MI Paste™, an average 

increase in enamel crystallinity in the c-axis direction of 5 nm was determined after immersion 

of the remineralized enamel slab in distilled water for 24 h (Figure 6-10). The results depicted in 

this figure are based on the GIXD analysis of a single enamel slab.  

Results of nanoindentation testing for the MI Paste™ remineralization potential of EDTA-

treated enamel, as compared to previously-reported as-received and demineralized enamel 

values, are summarized in Table 6-1. Nanohardness results are comparable to those calculated 

for  60-min EDTA-treated enamel, although the former showed a slight advantage. There is 

overlap in the calculated values, making it difficult to propose significant differences in enamel 

hardness (Figure 6-11). The average elastic modulus value for the remineralized enamel was an 

order of magnitude higher than that of the EDTA-treated enamel (Figure 6-12). Representative 

load vs. displacement curves are shown in Figure 6-13.   

Confocal Raman results were extracted from the region enclosed in the red square from the 

video image of textured enamel shown in Part A of Figure 6-14. Confocal imaging of this area 

produced an X-Y scan in Part B of the figure, highlighting patches of apatite (red) among 

potential residue from the paste (blue) and a combination of both (pink). The lower region 

burned by the laser was omitted as indicated. A depth profile of the sample surface layers in 

Figure 6-15 showed sporadic bright red areas of apatite within the paste residue. Black regions 

within the confocal images likely reflect underfocused sample surface areas. The averaged 
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Raman spectrum extracted from the X-Y scan showed rather sharp ν1– ν4 phosphate bands in the 

lower spectral region, in addition to bands indicative of organic material at the higher 

wavenumber value ranges (Figure 6-16). The C-H stretching band present in the as-received 

Raman spectrum, which may be shifted in the EDTA-treated Raman spectra, was replaced by a 

stronger organic material presence. This is indicated by the relatively, well-defined peaks toward 

the higher end of the spectrum.  

Buffered lactic acid-treated enamel substrate 

AFM images of a 5-min MI Paste™ treatment on buffered lactic-acid-demineralized 

enamel in Figure 6-17 show granular patches of matter dispersed randomly along the sample 

surface. Enamel rod outlines were faintly detected in some areas. An RMS roughness value of 

99.4 nm was calculated over the entire image, perhaps primarily due to the two large humps 

observed on the surface. Figure 6-18 shows a decrease in crystallite size in the [002] direction 

closest to the surface, with a marked increase in crystallinity at depths greater than 120 nm.      

Calcifying Solution Treatments 

EDTA-treated enamel substrate 

Figure 6-19 shows AFM images of demineralized enamel (0.12M EDTA for 30 min) after 

an 8 h treatment with the calcifying solution. The demineralized enamel microstructure was still 

fairly visible, with raised patches of matter randomly distributed along the surface. An averaged 

RMS roughness value of 408 nm was calculated over the entire image. 

A representative GIXD spectra comparison (ω = 0.4°) of EDTA-demineralized enamel 

immersed for 8 h in a calcifying solution showed such an overall decrease in peak intensity such 

that the peaks could barely be discerned (Figure 6-20). There was also a decrease in peak 

intensity within the halo region. A representative depth profile graph of crystallite size changes 

from the surface toward bulk enamel in Figure 6-21 showed a negligible change in crystallinity 
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with remineralization in the [002] direction beyond that originally detected for as-received 

enamel. The effects of the MI Paste™ treatment appeared to be negated. This behavior ensued to 

depths of approximately 228 nm. 

Results of nanoindentation testing for the calcifying solution remineralization of EDTA-

treated enamel, as compared to previously-reported as-received and demineralized enamel 

values, are displayed in Table 6-1. Average nanohardness was significantly higher than that 

calculated for the 60-min, EDTA-treated enamel. The average elastic modulus for the 

remineralized enamel was an order of magnitude higher than that for the EDTA-treated enamel, 

although statistically lower than that calculated after MI Paste™ remineralization. Representative 

load vs. displacement curves are shown in Figure 6-13.   

Buffered lactic acid-treated enamel substrate 

AFM images of an 8-h calcifying solution treatment on buffered lactic acid-demineralized 

enamel in Figure 6-22 showed a sample surface of variable height, with irregularly-shaped 

globules of lightly-textured matter randomly dispersed. Enamel surface height was less uniform 

than in samples evaluated elsewhere for this research. An RMS roughness value of 20 nm was 

calculated over the entire image, a value closer to that calculated for buffered lactic acid-treated 

enamel at human body temperature. Figure 6-23 shows random aggregation of enamel 

crystallites similar to that seen in EDTA-demineralized and MI Paste™-remineralized enamel. A 

representative increase in crystallite size in the [002] direction closest to the surface was seen in 

Figure 6-24; this behavior dropped sharply as surface enamel transitioned into bulk.      

Discussion 

MI Paste™ Treatments 

Upon remineralization with MI Paste™, AFM imaging suggests that a reaction between 

the demineralized enamel and the paste occurred sporadically on the surfaces of both EDTA- and 
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buffered lactic acid-treated samples. This is represented by patches of textured enamel not 

observed through pure demineralization. Through visual observation it is unclear whether the 

surface layer consists of precipitates, enamel that has undergone a phase transformation or a 

combination of both. In FE-SEM images of the EDTA-treated substrate, MI Paste™ appears to 

have enhanced the sizes and/or accumulation of enamel crystallites in the central and peripheral 

regions of the enamel rods. One particular claim as to the functionality of the paste is the ability 

to bind calcium and phosphate to dental surfaces.[139] Crystallite agglomeration may have 

occurred as a result of the adhesion forces between the paste and apatite. A previously-done  

FE-SEM study of remineralization using a diluted CPP-ACP paste reported rather smooth 

enamel surface appearance upon subsequent demineralization, barring faint enamel rod 

outlines.[140] This supports the theory that MI Paste™ discourages demineralization, perhaps 

through the additional buffering action of an actual surface layer that adheres to dental tissue. A 

remnant of this layer is perhaps seen on the buffered lactic acid substrate. Structural and 

chemical analyses would provide insight into the degree of crystallinity (vs. amorphous nature) 

present along the remineralized surfaces, as well as identify any new phases formed. 

A representative GIXD spectra comparison of an MI Paste™-treated sample on an EDTA-

demineralized substrate showed a decrease in crystallinity in the apatite c-axis direction. This can 

be attributed to a dominating surface layer that may be partly amorphous in nature, limiting 

GIXD detection of crystalline apatite along the (002) plane. A complementary GIXD depth 

profile of crystallite size changes from the surface toward the bulk showed the potential for 

increased crystallinity (on average) from an as-received enamel state, but the sample size was too 

small to make a statistically sound assessment. Of particular interest was the decrease in enamel 

crystallinity depicted by the (200) reflection upon EDTA demineralization and the subsequent 
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increase in crystallinity upon MI Paste™ remineralization shown by a representative sample 

analyzed in Figures 6-6 and 6-9. The (200) plane belongs to the family, of which the (300) plane 

(2θ = 32.9°)[117] is a member. The latter is the reflection typically used in θ-2θ XRD analyses to 

determine HAP crystallite size in the a-axis direction.[38, 141-143] As such, dimensional changes in 

the [200] direction may correlate to enamel crystallite changes along the a-axis direction. As 

stated in Chapter 4, the (200) reflection is typically not resolved in conventional XRD analyses. 

Its presence in GIXD spectra may compensate for this loss in assessing a-axis crystallite 

dimensions along the surface. Also, widening of the enamel crystallite as a result of MI Paste™ 

remineralization may cause a decrease in the crystallite length dimension, assuming constant 

crystallite volume. Nevertheless, preferential ‘growth’ along the (200) plane seems to occur upon 

MI Paste™ remineralization. The peaks from each representative spectrum in Figure 6-5 appear 

well-aligned with respect to their 2θ positions, suggesting that a phase transformation was 

unlikely.  

Another interesting occurrence was the apparent enhancement of the MI Paste™ 

remineralization capabilities upon immersion in distilled water. The fluid appears to serve as a 

catalyst in driving the ion diffusion processes necessary for potential enamel regeneration. 

Improved crystallinity on the order of 5 nm was observed in the [002] direction closest to the 

surface after immersion. This suggests promise for the interaction of the paste with saliva,  

in vivo, in producing enhanced enamel crystallinity results when in contact with fluid.  

Nanoindentation studies detected, at best, a minimal improvement in remineralized enamel 

hardness due to the processes explored in this study. This finding contradicts the improvements 

in enamel microhardness reported in the literature by MI Paste™ remineralization of 

demineralized enamel.[91] Another study of remineralization via a calcifying solution (5 ppm F) 
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suggested that enamel rehardening did not occur based on microhardness studies.[58] Instead, 

intercrystalline spaces in enamel were filled with finely-grained, amorphous precipitates upon 

remineralization to improve hardness of the enamel tissue, collectively. This may actually 

account for improvements in mineral vol% observed by microradiography studies claiming 

enamel remineralization. Extending this rationale to MI Paste™ remineralization effects, the 

accumulation of crystallites observed in enamel rod core regions and around their peripheries 

may be mechanically stable. Intercrystalline space is present between enamel rods in the form of 

the enamel organic matrix. Mineral dissolution in the core regions is often accompanied by an 

increase in intercrystalline space. Nanoindenter probing of such areas would yield lower 

hardness results, but improvements in enamel stiffness due to the increased presence of apatite 

material in these regions. Based on nanoindentation curve comparisons in Figure 6-13, 

remineralization improves the resiliency of the enamel examined in this research. 

Chemical analyses performed within the surface layers of remineralized enamel by 

confocal Raman microscopy identified the patches of textured material as apatite. Unfortunately, 

the representative apatitic phase could not be discerned due to instrumental limitations. Confocal 

Raman analyses also detected the presence of organic material along the surface, likely due to 

the complex carbohydrate and polymer-based components found in MI Paste™.[144] Likewise, 

Raman could not discern the precise chemical composition of the detected organic material. 

Energy dispersive spectroscopy (EDS) has the ability to extract relative concentrations of key 

compositional elements to aid in stoichiometry determination, and would prove useful in 

identifying the phases present as a result of enamel remineralization.  

Analysis of the MI Paste™ remineralization of a buffered lactic acid-demineralized 

substrate showed little effect on crystallinity at the enamel surface, with possible measurement 
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errors in deeper layers showing improved crystallinity in the crystallite [002] direction. Due to a 

lack of statistically-relevant crystallinity and nanoindentation data, the true effects of MI Paste™ 

remineralization cannot be verified. 

Calcifying Solution Treatments 

Upon remineralization with a calcifying solution (0.1 ppm F), a slight surface layer seemed 

to form on both EDTA- and buffered lactic acid-demineralized enamel samples. This assumption 

was verified for the EDTA-treated substrate through a GIXD spectra comparison near the surface 

of remineralized enamel highlighting the obvious decrease in peak, and amorphous halo, 

intensities. For EDTA-demineralized enamel, a decrease in crystallite size below that of as-

received enamel was detected by GIXD. These results suggest that an amorphous surface layer 

may have obstructed pertinent peak detection by GIXD. For buffered lactic acid-demineralized 

enamel, an increase in crystallite size along the enamel surface was seen. This may be due to 

compound effects influenced by F on the relatively well-mineralized substrate produced by the 

buffered lactic acid (0.5 ppm F) demineralization, although it is interesting to note that there 

appeared to be little change in crystallite size based on SEM observation between the MI 

Paste™- and calcifying solution-treated enamel. Of course, in such an instance, the underlying 

demineralization effects on crystallite size cannot be ignored.  

Enamel remineralization appears to be a complicated process that depends on a variety of 

factors, namely enamel F concentration, the state of demineralized enamel and experimental 

environment/conditions. In evaluating remineralization effects through changes in XRD 

crystallinity, a crystallite size comparison of as-received and remineralized enamel may be most 

appropriate in drawing conclusions about the integrity of tooth enamel upon remineralization, as 

this study cannot confirm the validity of the structural effects seen as a result of 

demineralization. A more focused study utilizing a greater sample size, utilizing instrumentation 
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with the ability to conduct elemental analyses at the enamel surface, would provide a better 

indication of structural mechanisms behind enamel remineralization.  
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Figure 6- 1.  AFM images of EDTA-treated enamel (30 min) subjected to MI Paste™ for 5 min.    
                   Scale = 20 µm2 

 

 

 

 

Figure 6- 2. FE-SEM image of EDTA-treated enamel (30 min) subjected to MI Paste™ for  
5 min.  
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Figure 6- 3. FE-SEM image of EDTA-treated enamel (30 min) subjected to MI Paste™ for  
        5 min, highlighting a single enamel rod.  

 

 

 

 

Figure 6- 4. FE-SEM image of EDTA-treated enamel (30 min) subjected to MI Paste™ for  
   5 min, highlighting central region of a single enamel rod.  
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Figure 6- 5. Representative GIXD spectra comparison of as-received, EDTA- and MI Paste™-
treated enamel at ω = 0.4°. A) As-received. B) 0.12M EDTA treatment for 30 min. C) 
EDTA + MI Paste™ treatment for 5 min. 
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Figure 6- 6. (002) GIXD spectra comparison for as-received, EDTA-treated (30 min) and 
 MI Paste™-treated (5 and 10 min) enamel at ω = 0.4°.  
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Figure 6- 7. Depth profile of the average enamel crystallite size along the c-axis as a function of 
ω for as-received enamel progressively treated with EDTA, ending with a 5 min  
MI Paste™ treatment.  
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Figure 6- 8. Depth profile of the average surface enamel crystallite sizes along the c-axis as a 
function of ω for as-received enamel progressively treated with EDTA, ending with a 
5 min MI Paste™ treatment. Error bars represent 95% confidence. 
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Figure 6- 9. (002) GIXD spectra comparison for as-received, EDTA-treated (30 min) and  
MI Paste™-treated (5 and 10 min) enamel at ω = 0.4°.  
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Figure 6- 10. Representative depth profile of the average enamel crystallite size along the c-axis 
as a function of ω for as-received enamel treated with EDTA for 60 min, ending with 
a 5 min MI Paste™ treatment. Treatment stability highlighted upon immersion in 
distilled water for 24 h.   
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Table 6-1. Comparison of hardness and elastic modulus values of as-received, EDTA-
demineralized and enamel remineralized with MI Paste™ and a calcifying solution 
(0.1 ppm F).  

Treatment Hardness (GPa) Elastic Modulus (GPa) 
As-Received 4.9 ± 0.4 95.9 ± 5.6 
0.12M EDTA – 60 min          0.3 ± 0.1   4.8 ± 1.3 
0.12M EDTA + MI Paste™ 0.2 ± 0.2   19.1 ± 13.5 
0.12M EDTA + Calcifying Soln 0.4 ± 0.3 12.6 ± 8.1  
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Figure 6- 11. Comparison of EDTA-treated and subsequently remineralized enamel  
                     nanohardness values. Error bars represent 95% confidence. 
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Figure 6- 12. Comparison of EDTA-treated and subsequently remineralized enamel  
                     elastic modulus values. Error bars represent 95% confidence. 

 

 

 

Figure 6- 13. Comparison of representative force (load)-displacement curves for as-received,  
60 min EDTA-treated and remineralized enamel. A) As-received. B) 60 min 
EDTA treatment. C) EDTA + 8 h calcifying soln treatment. D) EDTA + 5 min  
MI Paste™ treatment. 

 



 

123 

 

Figure 6- 14. X-Y surface images of 60 min EDTA + MI Paste™-treated (5 min) enamel.  
A) Video image; Scale bar = 10 µm. B) Confocal microscopy image;  
Scale bar = 6 µm 

 

 

 

 

Figure 6- 15. Confocal microscope X-Z cross-sectional image of 60 min EDTA + MI Paste™-
treated (5 min) enamel. Scale bar = 6 µm 
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Figure 6- 16. Averaged Raman spectrum of 60 min EDTA + MI Paste™-treated (5 min) enamel. 
     Note heavy presence of organic material bands within 1250/cm to 3500/cm range. 

 

 

Figure 6- 17. AFM images of buffered lactic acid-treated enamel (room temperature) subjected 
to MI Paste™ for 5 min. Scale = 20 µm2 

 



 

125 

20

22

24

26

28

30

32

34

36

0.15 0.2 0.25 0.3 0.4 0.8 1.0 T-2T

C
ry

st
al

lit
e 

Si
ze

 (n
m

)

Grazing Incidence Angle, ω (°)

As-Received 30 min - Room Temp

MI Paste (5 min)

 

Figure 6- 18. Representative depth profile of the average enamel crystallite size along the c-axis 
as a function of ω for as-received and buffered lactic acid-treated enamel, ending with 
a 5 min MI Paste™ treatment.  

 

 

Figure 6- 19. AFM images of 60 min EDTA-treated enamel subjected to a calcifying solution for 
8 h. Scale = 20 µm2 
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Figure 6- 20. GIXD spectra comparison of as-received, EDTA- and calcifying solution-treated 
enamel at ω = 0.4°. A) As-received. B) 0.12M EDTA treatment for 30 min. C) 
Calcifying soln treatment for 8 h. 
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Figure 6- 21. Representative depth profile of the average enamel crystallite size along the c-axis 
as a function of ω for as-received and 60 min EDTA-treated enamel, ending with a 5 
min MI Paste™ and a 8 h calcifying solution treatment. 
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Figure 6- 22. AFM images of buffered lactic acid-treated enamel (room temperature) subjected 
to a calcifying solution for 8 h. Scale = 20 µm2 

 

 

Figure 6- 23. FE-SEM image of 30 min buffered lactic acid-treated enamel (room temperature) 
subjected to a calcifying solution for 8 h, highlighting the central region of a single 
enamel rod. 
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Figure 6- 24. Representative depth profile of the average enamel crystallite size along the c-axis 
as a function of ω for as-received and 30 min buffered lactic acid-treated enamel, 
ending with an 8 h calcifying solution treatment. 
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CHAPTER 7 
CONCLUSIONS 

Important Findings from the Research  

The purpose of this study was to determine structural changes within the surface layers of 

tooth enamel upon demineralization and remineralization on the submicron scale. GIXD 

provided a depth profiling of crystallinity changes from the surface to several hundreds of 

nanometers into the enamel, a resolution only achieved through TEM methods. The 

nanoindentation process was refined for as-received enamel to achieve results comparable to 

those cited in the literature. The nanomechanical behavior of treated enamel was compared to 

these baseline values to determine relative mechanical effects. These results were corroborated 

with well-established morphological imaging and Raman scattering techniques in hopes of 

providing greater insight into the mechanisms surrounding early stages of enamel dissolution and 

regeneration. Similarly, GIXD was used to examine the nature of the material produced along 

surface enamel as a result of remineralization. This study also aimed to determine whether 

epitaxial regrowth of apatite occurred on partially-demineralized enamel, as proposed by a 

number of researchers based on microradiography, microhardness and conventional θ-2θ XRD 

studies.     

Enamel slabs, cut from intact human incisor teeth, were highly-polished to a relative 

mirror-like finish for standardization purposes throughout this study. Through GIXD 

experiments, surface enamel was found to have a slightly different crystal structure along its 

surface. The emergence of the (200) peak, which is unable to be discerned through conventional 

XRD methods, was evident. Upon the treatment of surface enamel with 0.12M EDTA, SEM 

imaging showed decomposed regions of distinct enamel rod outlines randomly dispersed along 

an otherwise smooth enamel surface after 10 min which progressed into extensive dissolution 
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near the periphery of the enamel rod walls after 60 min. Confocal Raman imaging and spectral 

changes after a 60-min EDTA treatment confirmed major enamel demineralization. On the 

crystalline level, GIXD detected an increase in crystallinity upon 0.12M EDTA treatment most 

evident to approximately 1000 nm below the enamel surface. This counterintuitive result may be 

a function of the dissolution of smaller enamel crystallites upon demineralization, or the bonded 

of neighboring crystallites as a result of surface diffusion processes. Nanoindentation studies 

showed appreciable difference in hardness and elastic modulus after an extensive 60-min EDTA 

treatment, with values shifting from 4.86 ± 0.44 GPa for as-received enamel to 0.28 ± 0.10 GPa 

and from 102.63 ± 18.87 GPa to 4.82 ± 1.25 GPa, respectively. Although errors may convolute 

the true effects of the treatments on the mechanical properties calculated, these relative changes 

appear reasonable. Collective results suggest that mineral dissolution evident on the micron scale 

may be governed by an increase in enamel crystallinity on the nanoscale, leading to extensive 

decomposition and highly increased fragility of tooth enamel. While an intuitive decrease in 

enamel crystallinity was observed with buffered lactic acid-treated samples, demineralization 

was too slow to adequately quantify the enamel property changes seen.  

The remineralization of extensively-demineralized enamel substrates showed preferential 

growth along the (200) plane (crystallite a-axis dimension) upon treatment with a CPP-ACP 

topical paste. This did not translate to an increase in nanohardness of the enamel, as its average 

value remained relatively constant at 0.2 ± 0.2 GPa. The elastic modulus increased to  

19.1 ± 13.5 GPa, suggesting an increase in mechanical resiliency upon remineralization. 

Structural effects of the calcifying solution (0.5 ppm F) were inconclusive as a surface layer 

appeared to form on the enamel substrate. While remineralization studies with the topical paste 

and calcifying solution were also conducted on buffered lactic acid-demineralized enamel 



 

131 

substrates, it was difficult to determine significant changes seen due to the limited 

demineralization effects experienced by the samples.   

Although most of the results from this research cannot be substantiated through statistical 

means due to limitations in samples sizes for each treatment and other resources, many collective 

sets of data showed anticipated trends that may be considered in future studies of the surface 

structural effects of demineralization and remineralization. 

Future Work 

General trends and variability in calculated enamel crystallinity, hardness and modulus 

suggests that the enamel dissolution and remineralization are much more complicated processes 

than originally thought. In order to substantiate the findings of this research, additional studies in 

the area of surface crystallinity are needed. Studies conducted on a larger scale would help in 

verifying trends in such a variable experimental substrate as tooth enamel. Dissolution studies 

incorporating a constant-composition experimental design would ensure that adequate solution 

ion concentration levels are maintained in order better control the demineralization process.  

HR-TEM studies would provide information on the true action of enamel crystallites subject to 

EDTA demineralization, namely whether crystallite bonding does truly occur. The  

cross-sectional examination of enamel surface layers with the TEM may be achieved upon 

improvements in sample preparation methods realized by the FIB. The brittle nature of as-

received enamel, and potential high reactivity of treated enamel with the ion beam, makes this 

technique a difficult one. If sample preparation is achieved, a depth profiling of the enamel 

electron density changes upon treatment can be correlated with surface x-ray scattering studies. 

High-resolution EDS elemental analysis would also provide insight into possible apatite phase 

changes so slight that they are difficult to discern with XRD studies alone. Finally, a refinement 

of the nanoindentation testing process for treated enamel may prove useful in accounting for 
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greatly enhanced surface roughness and potential pliability of the enamel surface. Further down 

the line, the introduction of environmental factors affecting enamel dissolution and regeneration 

to better simulate intraoral conditions would prove useful. 
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APPENDIX A 
ENAMEL POLISHING 

Introduction 
 

To aid in the standardization of enamel sample surfaces prior to characterization, a 

polishing study was performed. Fluoridated enamel is typically found within the uppermost  

100 µm of enamel measured from the physical surfaces of the tooth. The incorporation of F into 

the apatite crystal structure produces a more stable enamel region of improved crystallinity. 

Since the concentration of F is highly dependent on the oral care practices and/or consumption of 

fluoridated water by an individual, its presence in enamel tends to vary greatly from  

tooth-to-tooth. Discerning the potential F effects on enamel crystallinity, morphology and 

mechanical properties is a challenging task. Removal of the fluoridated apatite layer would leave 

behind a more suitable substrate for subsequent surface enamel evaluations.   

Materials and Methods 

Seven epoxied tooth samples were successively polished with SiC abrasive papers, of a 

240–1200 grit size range, to expose highly-polished, enamel surfaces. In this study, SiC papers 

of select grit sizes were chosen based on anticipated enamel removal relative to the abrasive 

paper particle sizes. The samples were attached to a hand-held disc grinder to aid in producing 

level, flat surfaces. The samples were polished on a Polimet polisher (Buehler Ltd., Evanston, 

IL) at a wheel speed setting of 5 (moderate). Each sample was polished by applying moderate 

pressure for 5–10 s at each grit size. After polishing at each grit size, the sample was rotated 90° 

to ensure removal of any previously-made scratches or debris.  

The epoxied samples were intermittently monitored for amount of enamel loss using a 

penetrometer (Lab-Line Instruments, Melrose Park, IL). The instrument probe was lightly 

positioned in the central region of each enamel surface, effectively measuring the relative heights 
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of the sample. A smaller height measurement was an indication of enamel loss. Baseline 

measurements were taken after minimal polishing of the samples with a combination of 180 and 

240 grit papers. The best resolution available from the penetrometer was 0.1 mm. The samples 

were also visually inspected prior to each measurement to check for exposure of the underlying 

dentin tissue.   

Prior to characterization, the enamel slabs were additionally subjected to an alumina slurry 

polishing regimen as outlined in Chapter 3. It was determined that enamel loss due to slurry 

polishing was too small to be detected by the penetrometer. As such, those measurements were 

omitted from this study. 

Results 

Relative sample thicknesses of epoxied samples are listed in Table A-1. An average 

enamel loss of 0.4 ± 0.075 mm was calculated. Upon visual inspection, all samples appeared to 

expose enamel only at the surface.  

Discussion 

As the average mineral loss detected was much greater than 100 µm (0.1 mm), this 

polishing regimen seems suitable for the removal of fluoridated enamel from the sample surface. 

In addition to F content, overall enamel thickness varies from tooth-to-tooth. The possible 

exposure of dentin is a concern, and must be monitored carefully. In addition to visual surface 

inspections, cross-sectional examinations of the remaining enamel thickness of each sample 

should be considered in this research. 
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Table A-1. Epoxied tooth sample thickness values after polishing at specified SiC abrasive  
  grit sizes.  

 Sample Thickness (mm) 
SiC Grit Size 1 2 3 4 5 6 7 

180/240 5.2 6.1 7.2 5.4 5.3 4.0 3.9 
320/400 5.1 6.0 6.9 5.1 5.1 3.7 3.5 
600/1200 4.9 5.8 6.9 5.0 5.0 3.6 3.4 

Overall Loss 
(mm) 0.3 0.3 0.4 0.4 0.3 0.4 0.5 
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