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Abstract 

Understanding the pathways and mechanisms of human tooth decay is central to the 

development of both prophylaxes and treatments, but only limited information is presently 

available about the initiation of caries at the nanoscale. By combining atom probe tomography 

and high-resolution electron microscopy, we have found three distinct initial sites for human 

dental enamel dissolution: a) along the central dark line (CDL) within carbonated apatite 

nanocrystals, b) at organic-rich precipitates and c) along high-angle grain boundaries.  

3D maps of the atoms within hydroxyapatite nanocrystallites in sound and naturally-decayed 

human dental enamel reveal a higher concentration of Mg and Na in the CDL. The CDL is 

therefore thought to provide a pathway for the exchange of ions during demineralization and 

remineralization. Mg and Na enrichment of the CDL also suggests that it is associated with the 

ribbon-like organic-rich precursor in amelogenesis. Organic-rich precipitates and high-angle 

grain boundaries were also shown to be more vulnerable to corrosion while low-angle grain 

boundaries remained intact. This is attributed to the lower crystallinity in these regions. 
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1. Introduction 

Tooth decay, also known as dental caries, is an irreversible microbial disease and the most 

frequent infectious human disease worldwide[1]. It is a major health problem that causes a 

huge global economic burden. Dental enamel, the external tooth tissue, is the hardest and the 

most highly mineralized tissue in vertebrates, including humans. Not only is enamel able to 

defend itself against oral bacteria, but it also plays a critical role in mastication of a wide range 

of food sources of differing pH[2]. It is composed predominantly of carbonated hydroxyapatite 

(HAP, Ca10(PO4)6(OH)2), with trace amounts of inorganic impurities, residual organic 

molecules, and aqueous materials[3], and is organized into a remarkable hierarchical structure 

that provides superior toughness and wear resistance, far exceeding those of synthetic apatite, 

which would fracture under the typical forces experienced during mastication[4].  

Bulk human tooth enamel (Fig. 1) has a microstructure that consists of rods (prisms) with a 

diameter of 3~5 μm, which are woven together in a complex pattern that is easily revealed by 

acid etching (Fig. 1c). Each rod is composed of thousands of well-aligned HAP nanocrystallites. 

Between the rods are regions comprised of poorly aligned crystallites enriched with 

proteinaceous components (interrod or interprismatic substance)[5]. At the atomic scale, the 

HAP unit cell has a hexagonal symmetry and the grains form a rhombohedral outline[6], visible 

when viewed in cross-section (Fig. 1d). Although the hierarchical structure of enamel has been 

well documented, this biological mineral is not pure hydroxyapatite, but contains hydrogen 

phosphate, carbonate, and magnesium ions incorporated into the HAP lattice to form a less 

stable apatite with higher ion solubility[7]. Understanding the structure and chemistry of the 

tissue at the nanoscale is essential to elucidate the process of enamel dissolution and 

subsequently develop novel treatments and prophylactics for dental caries. 



 

Figure 1 Hierarchical structure of human dental enamel from macroscale to nanoscale. 

(a) Schematic profile of a longitudinal-section of the molar. Enamel is the white outer layer 

that covers the dental crown. (b) Optical image showing the edge of the longitudinal section of 

a molar with a clear interface between enamel and dentin. (c) SEM image of etched enamel 

showing the interrods and rods, which have similar crystal structure but differ in orientation. 

(d) Transmission electron microscopy image of a cross-section of enamel showing elongated 

nanoscale HAP crystallites. 

 

Carious lesions in enamel are the end result of acid attack by cariogenic biofilm bacteria[8]. 

The biofilm produces an acidic environment (to pH ~3) causing dissolution of the underlying 

mineralized tissue. Unlike other mineralized tissues such as bone and dentin, enamel is 

acellular and does not have the capacity to self-regenerate[9]. Destructive demineralization and 

restorative remineralization occur constantly either simultaneously or alternately[8]. In 

crystallographic terms, demineralization is crystal dissolution, and remineralization is the 

restoration of partially dissolved crystals, new crystal formation, and growth of surviving 

crystals[10]. Previous high-resolution TEM observations of dental HAP crystallites have 

shown two types of mineral dissolution: dissolution from the grain periphery[11] and 

dissolution occurring at the center[12]. In the former, removal of unit cells results in a saw-

tooth dissolution-site rim. The latter type of crystal dissolution is called central perforation 

because of the hole created at the crystal center. This perforation occurs at a part of the 



crystallites named the “central dark line” (CDL), which appears as a dark line of ~1 nm width 

along the crystal center both in plan (transversal) and cross-section views[13]. Several 

possibilities for the CDL have been proposed. The structure may be a planar defect, consistent 

with atomic force microscopy data from human tooth enamel crystals[14]. Another possibility 

is that CDL is a layer of transformational mismatch from octacalcium phosphate (OCP) to 

HAP[15]. A third possibility is that the CDL is a Ca-rich region within crystallites and thus 

cannot be the residual mismatch from OCP to HAP[16]. The CDL in human tooth enamel 

crystallites is of particular interest because this zone is thought to undergo preferential 

dissolution during caries. Fluoride-treated human enamel shows a high concentration of 

F/Mg/Na in CDL region indicating that solute is able to be transported through this region[17]. 

However, further information about the structure, properties and chemical composition of the 

CDL is required to fully understand the dissolution process during caries.  

Besides CDL being a weak point, it has been postulated that the susceptibility of HAP to acid 

dissolution is also affected by the presence of impurity ions including magnesium, carbonate, 

and fluoride. For example, Mg2+ substitution for Ca2+ or CO3
2– substitution for either PO4

3– or 

OH– results in increased solubility in an acidic environment[18]. Mg2+ also plays a critical role 

in the stabilization of the ACP precursor phase and retards HAP crystal growth, constraining 

the radial growth to the nanoscale during amelogenesis (i.e. enamel formation)[19]. Given the 

smaller ionic radius and higher crystallographic symmetry, F–  substituting for OH– is thought 

to decrease enamel susceptibility to acid attack and enhance remineralization[20]. Another 

channel ion Cl- is also mainly incorporated into the HAP crystal lattice and forming chlorapatite 

(Ca10(PO4)6Cl2), instead of being accommodated into an amorphous intergranular phase[21].  

Recent atom probe tomography (APT) research on rodent tooth enamel[22, 23] and healthy  

human enamel[24] revealed the presence of residual organic materials (C, H, N) and carbonates, 

and identified that Mg-substituted amorphous calcium phosphate (Mg-ACP) is located in an 



inter-crystalline phase. This Mg-rich phase is thought to be the source of highly anisotropic 

acid etching of enamel from the periphery of HAP crystallites, and is proposed to provide short 

circuit pathways for fluoride diffusion[22]. However, so far only limited information is 

available about the distribution of impurity ions inside HAP nanocrystallites and their 

relationship with dental caries. 

Here we use laser-assisted APT in combination with HRTEM to correlate 3D sub-nanometer 

chemical mapping with the structural characteristics of HAP crystallites in sound (healthy) 

human enamel and naturally decayed enamel lesions. In particular, we investigate the regions 

where HAP dissolution emerges and compare the distribution of trace elements (Mg, Na, Cl, 

C, and H) before and after caries, with the aim of obtaining a more detailed nanoscale pathology 

mechanism for dental enamel caries. 

2. Materials and Methods 

2.1 Sample Preparation 

Samples were collected from Sydney Dental Hospital with approval from the Ethics Review 

Committee of Sydney South West Area Health Service, protocol No X12-0065.  

Premolar and molar teeth extracted for orthodontic reasons without any fillings or chemical 

treatments were collected from donors whose age ranged from 18-30 years with written consent. 

Healthy teeth without any defects and teeth with pit and fissure caries were separated for 

comparison. Teeth with caries were graded as to the severity of the lesion based on the 

International Caries Detection and Assessment System (ICDAS). After disinfecting with 

Milton’s solution for 10 min and thorough washing with distilled water, samples were 

embedded in a cold-curing epoxy resin (Epofix, Struers, Copenhagen, Denmark). The samples 

were subsequently cut, using a low speed saw (Isomet, Buehler Ltd., Lake Bluff, USA) under 

water irrigation, ensuring that the enamel prism direction was oriented perpendicular to the top 



surface and parallel to the cross-section. The cut and dried teeth sections were then embedded 

in Epo-Tek 301 epoxy, which was polymerized overnight at room temperature. All bulk 

samples were polished with two machines (RotoPol-22, Struers, Copenhagen, Denmark; 

TegraPol-25, Struers, Denmark) using 800, 1200 and 4000-grit SiC papers and following the 

standard colloidal silica suspension to 0.6 μm alumina polishing paste. Once prepared, teeth 

were briefly stored in distilled water at 4℃.  

To prepare APT tripod samples, the parallel teeth sections were cut to 3×3 mm squares with 

a thickness of 1 mm. Diamond lapping films 30, 9, 3, and 1 μm (Allied High Tech Products, 

U.S.A.) on a tripod (Allied High Tech Products, U.S.A.) were used to polish the teeth sections 

to a thin wedge of around 1~10 μm. After being attached a 3 mm half copper grid, thin wedge 

samples were stored overnight for optical imaging. A Leica DM6000 optical microscope was 

used in reflective light mode to obtain the optical images. 

2.2 Scanning Electron Microscopy 

Embedded bulk section samples were secured to an aluminum stub and coated with ~5 nm of 

Pt with an Ion Beam Sputter Deposition and Etching System (IBS/e, South Bay Technologies, 

San Clemente, CA) with two ion guns operating at 8 kV and 4 mA per gun. Tripod samples 

attached to the half copper grids were coated with ~5 nm Pt several times to reduce charging 

effects under the SEM/focused ion beam (FIB) (Auriga, Zeiss, Oberkochen, Germany). Posts 

were prepared that were about 5 μm wide and with 50 - 100 μm clearance. The samples were 

then annularly milled to form APT tips, 60 – 100 nm in diameter, with final milling carried out 

using a low acceleration voltage (10 kV) in order to minimize Ga implantation and 

crystallographic damage. 

2.3 High-resolution transmission electron microscopy  



Scanning transmission electron microscopy (STEM) and HRTEM lamellae were prepared 

using an established FIB lift-out technique [25]. The majority of the surface amorphisation and 

gallium implantation was removed in the final stages or preparation by low angle milling (~7º) 

at 10 kV (10 pA) and the sample was thinned to approximately 60-80 nm. 

STEM and HRTEM imaging and FFT analysis were carried out to investigate the crystallite 

lattice structure by using a JEOL 2200 operating at 200 kV. As enamel is an electron-beam-

sensitive material, the specimen was tested under a divergent electron beam (spot size 3 and 

condenser lens aperture size 2) to reduce electron radiation damage such as knock-on and 

thermal expansion. Considering Recognizing that CDL disappears at Gaussian focus and 

inverts contrast at de- and over-focus [26], Some TEM bright field images were captured in 

an under-focused condition. 

2.4 Atom Probe Tomography 

APT analyses were conducted in a Cameca LEAP 4000X Si TM atom probe equipped with a 

picosecond-pulse ultraviolet laser (λ = 355 nm, 100 kHz, 20 pJ per pulse). The DC potential 

on a microtip during APT was controlled to maintain an evaporation rate of 0.005 to 0.01 ions 

per laser pulse. The base temperature was maintained at 40 K and the ambient vacuum pressure 

was below 10-9 Pa. Ranges of the mass-to-charge-state ratio peaks were defined as the entire 

visible peak, and background subtraction was performed using built-in routines in CAMECA’s 

Integrated Visualization and Analysis Software (IVAS). 

Three-dimensional reconstruction of APT data was performed using IVAS, based on published 

standard reconstruction parameters [27]. A field factor (Kf) of 3.3 and image compression 

factor (ξ) of 1.33, was used, together with an electric field-dependent tip radius (r). Average 

atomic volumes for the reconstruction were calculated based on the HAP crystal structure [28].  



For compositional analysis of crystallites and grain boundaries, the cores of the grains or grain 

boundaries were manually isolated with multiple rectangular prism regions of interest to isolate 

them from other regions and organic-rich precipitates. 8 APT datasets were collected from two 

healthy teeth and 8 more were prepared from two carious teeth. 

 

3. Results and Discussion 

3.1 HRTEM imaging of demineralized enamel crystallites 

Samples were obtained from 2 healthy human molars without any caries or hard tissue defects 

(Fig. S1a) and 2 molars with moderate pit and fissure caries (ICDAS code 3), where chalk and 

yellow plaque can be seen at the enamel surface (Fig. S1b). In the cross-sectional TEM 

specimens, the HAP crystalline nanowires were aligned along the c-axis. Fig. 2a is a bright-

field TEM image of a sound enamel region, in which the contrast between the HAP nanowire 

grains is due to diffraction. Elongated hexagonal crystallites have an average width of around 

70 nm and thickness of 35-50 nm. A previous TEM study indicated that a CDL of 0.8-2 nm in 

width could be observed in at least 20% of HAP crystals in sound enamel[29]. Fig. 2b shows 

an enamel grain with a CDL located in roughly the center. Fast Fourier transformation (FFT) 

analysis of the white square confirms that the viewing direction is along the [0001] zone axis 

and the CDL lies along (11̅00) planes, consistent with recent STEM observations[30]. The 

bright-field image of a carious lesion (Fig. 2d) reveals that most of the cavities occur as central 

perforation and that some large cavities encompass whole grains. Dissolution occurred at the 

CDL while the crystal periphery remains dissolution-free and is almost unaffected. Fig. 2f 

contains a clear central perforation dissolution. FFT analysis confirms that the periphery region 

(white dash square 1) is crystalline whereas the center (white dash square 2) is amorphous.  



As shown in the area marked with an arrow in Fig. 2d, some high-angle grain boundaries have 

also been dissolved while the adjacent parallel grain boundaries are still intact. It is worth 

noting that even the low-angle triple grain boundaries are mostly dissolution-free in the carious 

samples (yellow arrow in Fig. 2d, more detailed in Fig. S4), indicating that triple points and 

grain boundaries in human tooth enamel are not necessarily susceptible to demineralization, 

which is a different finding to previous results from experiments performed on etched rodent 

tooth enamel[22]. In the discussion of their previous work[24], some of the present authors 

proposed that decay occurs via dissolution along the enamel rod boundaries and triple lines. 

Here we find that most dissolution occurs at the CDL, and suggest that the nature of the grain 

boundary (high or low angle) may distinguish whether decay will occur. These results are 

supported by our APT chemical mapping below. 

 

Figure 2 TEM observation of sound tooth enamel (a-c) and a carious lesion (d-f).  

A cross-section of HAP crystallites (a) shows the elongated hexagonal configuration. (b) and 

(c) show a 0.5 nm central dark line, marked with an arrow in (c). Indexed FFT images show 



that figures a-f are along {0001} zone. The image from the carious lesion (d) reveal that most 

dissolution occurred at the center of the crystallite (black arrows) while the crystal periphery 

is dissolution-free. The white arrow in (d) points out a dissolved 113.5° (=66.5°) high-angle 

grain boundary while the adjacent parallel grain boundaries are still intact. An intact low 

angle triple junction is indicated by a yellow arrow. The HAP orientation differences around 

this triple junction is 5.5°, 16° and 21.5° respectively. (e) and (f) show a dissolved central 

region. FFT images (f) reveals that the central part of the dissolved CDL area is amorphous. 

 

3.2 3D chemical mapping and formation mechanism of CDL  

5 APT datasets including 2 tips from healthy enamel and 3 tips from carious enamel are 

presented here. The APT mass spectra from all samples exhibit the typical features of biological 

HAP[31],[32], containing predominantly Ca, P and O, a small quantity of substitutional 

elements such as Mg, Na and Cl, and residual organic elements such as C and N. However, the 

mass spectra from the different sample types (sound or carious) differed in quality even under 

identical operational parameters: laser (100 kHz, 20 pJ), temperature (40 K) and similar 

voltages (4000~6000 V). Pores and density fluctuations in the carious samples result in a 

slower heat dissipation between laser pulses, degrading the mass spectra by broadening the 

peaks and escalating the thermal noise level. These differences in the mass spectra (Fig. S2) 

make it difficult to compare the elemental compositions between different samples. For this 

reason, instead of providing a direct comparison of elemental composition between different 

samples, we took a simpler approach, qualitatively comparing the 3D datasets reconstructed 

from each sample. 

The intergranular phase between HAP nanowires was previously reported to be a Mg-rich 

amorphous calcium phosphate phase in both rodent enamel [22] and healthy human enamel 



[24]. Here we use a 0.8 at. % Mg-rich isoconcentration surface to mark out the parallel grain 

boundaries in each sample (Fig. 3, Movie S1 and S2). Consistent with previous observations, 

this concentration exceeds the empirically-measured Mg solubility limit of HAP crystallites[33] 

and is therefore thought to be accommodated in an amorphous intergranular phase. Na and C 

concentrations were also elevated in the grain boundary phase. Examination of the APT mass 

spectrum (Fig. S2) reveals that the main Mg peaks, located at 12, 12.5 and 13 Da contain less 

background noise than the Na+ peak at 23 Da, which is located after the main peak of Ca2+ at 

20 Da and overlaps with the long thermal tail of Ca2+.  C and H are found in both the grain 

boundary phases and organic-rich precipitates (shown later).  

 

Figure 3 APT reconstruction and compositional profiles of both sound and carious enamel  

3D reconstruction of Mg atoms map and 0.8 at. % Mg isosurface shows Mg-rich parallel grain 

boundaries between HAP crystallites in both sound and carious enamel. (a) 1D profile of sound 

enamel shows a small Mg/Na-rich and Cl-lean region that appears at the midpoint between 

two grain boundaries (the CDL), illustrating segregation of impurity ions that would be 

expected to be associated with a lower degree of crystallization. White arrows indicate the c-

axis [0001] direction of HAP crystals. (b) Cross-sectional view of a typical carious region 

showing the hexagonal HAP crystallites. 1D concentration profiles perpendicular to the grain 

boundaries reveal that grain widths in carious enamel are 35~50 nm, similar to sound enamel. 

The FWHM of the Mg concentration in the parallel grain boundaries width is marginally 



larger (average 10 nm wide compared to 7 nm for sound enamel). The width (Mg FWHM) of 

the CDL in caries enamel (~ 9 nm) is almost three times that of healthy enamel (~ 3 nm), 

indicating that the caries propagates from the CDL, consistent with TEM observations. 

 

The observation that both sound enamel and carious lesions show parallel HAP nanocrystallites 

aligned along the c-axis with elongated hexagonal cross-sections is in agreement with the 

HRTEM findings. For a quantitative analysis, we measured one-dimensional (1D) 

concentration profiles across the parallel grain boundaries. In a typical healthy tooth enamel, 

as shown in Fig. 3a, the thickness of two grains measured from 1D profiles were 36 nm and 42 

nm respectively, which is consistent with the reported enamel crystal size-range[34]. At the 

center of the HAP crystallite, small Mg/Na-rich and Cl-lean peaks are detected, together with 

a change to the Ca/P peak ratio, which is also an indicator of the degree of mineralization in 

calcium phosphate minerals at the macroscale[35]. The slightly segregated Mg2+ and Na+ 

impurity cations, together with a depletion in Cl- (assumed to be a HAP channel ion), suggest 

a lower degree of crystallinity in the CDL region. It is worth noting that the width of CDL in 

HRTEM images is around 0.5 nm in sound enamel, while the full width at half maximum 

(FWHM) of the Mg concentration profile across the CDL in the atom probe data from the same 

sample is around 3 nm. Trajectory aberrations can lead to broadening of the measured species 

across grain boundaries in atom probe data[36]. It is therefore possible that the peak 

concentration of Mg2+ and Na+ impurity cations are even higher in the narrow CDL region than 

is reported here, which would be consistent with our observations that the CDL is prone to lose 

mineral content in acidic environment. These findings are consistent with previous atom probe 

observations that fluoride-treated human enamel shows a high concentration of Mg and Na in 

CDL region[17].  Previous attempts to generate chemical information from the CDL from 

healthy enamel by using electron energy loss spectroscopy (EELS) and X-ray energy dispersive 



spectroscopy (EDS) failed to find any difference between CDL and the rest of the enamel HAP 

crystallite[37].  

Here, with the assistance of laser-APT we report, for the first time, the chemical footprint of 

the CDL in healthy, untreated human enamel. Notably, there is a significant change to the size 

and composition of the CDL region after acid attack. Fig. 3b shows a typical reconstructed 

volume from the body lesion of a naturally decayed tooth sample. Prior to APT, TEM bright-

field imaging reveals that the tips of the carious sample contained translucent dissolved areas 

and tiny pores (~5 nm) (Fig. S1b). When acid corrosion occurs, removal of atoms from the unit 

cells of the HAP crystal is thought to lead to a wider low-crystallinity area, represented by the 

Cl-lean region on the 3D chemical map. The severely damaged area may even become 

amorphous (Fig. 2f), consistent with the Mg/Na enrichment observed in the APT composition 

map. Due to the high thermal noise in the carious sample mass spectra (due to its porous 

structure), it was not possible to accurately measure the fluctuations in Cl content (Fig. S2). 

Therefore, we rely solely on the Mg concentration profiles to depict the low-crystallinity area.  

The 1D profiles perpendicular to the Mg-rich planes (Fig. 3) show that grain widths are similar 

for sound and carious enamel (35~50 nm). The FWHM of Mg/Na-rich peaks at low-angle grain 

boundaries are around 10 nm wide in carious enamel, slightly wider than the 7 nm grain 

boundaries observed in sound enamel. However, the measured width of the CDL in carious 

lesions (~ 9 nm) is three times that of sound enamel (~ 3 nm). The significantly wider Mg2+/ 

Na+ concentration peaks in CDL area are consistent with the TEM observations that show that 

mineral dissolution propagates from the CDL. 

Fig. 3a also shows that chlorine exhibits the opposite distribution to other trace elements in the 

enamel crystallites: Cl is enriched within the HAP crystallite and lean in the intercrystalline 

regions. Detected as Cl+, ClO+, CaCl2
+ and CaClO2

+, chlorine was observed in every sample. 

At 0.65 at. % the average Cl concentration is considerable, especially considering that, unlike 



for F-, very little Cl- from the daily diet is expected to be incorporated into enamel as Cl- does 

not substitute readily for OH- in HAP due to its large ionic size[38]. Chlorine is abundant in 

the human body and is actively involved in ion exchange in the blood circulatory system[39]. 

The majority of Cl- in human tooth enamel is therefore considered to be the residual trace 

element from the enamel formation period before teeth eruption. Electron probe quantitative 

studies found that no statistical differences in chlorine concentration between adult enamel and 

un-erupted enamel[40], therefore no additional Cl- is expected to be incorporated into the 

completely crystalized HAP after human dental enamel is detached form the organic matrix.  

Assuming it is indeed an original component of enamel HAP, Cl- is an excellent indicator of 

the degree of HAP crystallinity. These results are consistent with previous atom probe 

measurements of the composition of rodent enamel[23], where Cl atoms were also found to be 

richer within the HAP crystal than in the intergranular phases. 

Our FFT analysis of human enamel HRTEM images showed that the CDL lies along [1100] 

planes. A 3D crystallographic sketch of human dental enamel HAP unit cell along this 

orientation is shown on Fig. 4a. Ordering of OH- ions results in the monoclinic space group 

P21/b instead of the hexagonal lattice structure in human dental enamel HAP[41]. Results from 

previous work using convergent beam electron diffraction (CBED) and automated electron 

diffraction tomography (ADT) also provided evidence of noncentrosymmetry in human tooth 

HAP crystals[42]. This noncentrosymmetric lattice structure impacts the natural growth 

morphology of HAP crystals. Because the unit cell of HAP is asymmetric about the (1100) 

plane, when the crystal starts to grow (i.e. the amorphous precursor starts to crystallize) from 

this center ridgeline, it can form an antiphase boundary (APB) that is common in monoclinic 

crystals. The lattice on both sides of APB is exactly the same but staggered by half atomic 

plane, resulting in higher energy than the bulk crystal[43], which provides a driving force for 

the segregation of impurity ions, and may also provide a pathway for the diffusion of atoms, 



explaining why it is so susceptible to demineralization. This asymmetric ridge plane remains 

as a ~0.8 nm planar defect after the crystallization of enamel HAP during tooth formation. Our 

observation that the CDL in sound enamel is Mg-rich, Na-rich and Cl-lean (Fig. 3a) supports 

this hypothesis.  

 

 

Figure 4 HAP unit cell and a schematic description of the CDL perforation  

(a) The HAP unit cell is asymmetric on both sides of the (1100) plane. When a crystal starts 

to grow, or the amorphous phase begins to crystallize from this center ridgeline, this site can 

form an antiphase domain wall with higher energy, adsorbing impurity ions from the entire 

crystallite so they are concentrated here. (b) The segregation of higher energy impurity ions 

like Mg2+, Na+ to the CDL that make it prone to lose mineral content under external acid attack. 

 

3.3 Localized trace elements around organic-rich precipitates 

Precipitates containing elements consistent with organic matter, previously been detected in 

sound human enamel [24] were also observed in the present study (Fig. S3). We also found a 

relatively large organic precipitate in the carious region (the atom probe data is shown in Fig. 



5a and 5b). Concentration profiles from the precipitates are shown in Fig. 5c and 5d. In addition 

to an extremely high concentration of organic matter (evidenced by C, H, N), the precipitate is 

also rich in Mg and Na and depleted in Cl, like the inorganic intergranular Mg-ACP. Based on 

previous analyses of carbon in atom probe data from human enamel [24], the C that evaporates 

as 28CO+ and 29COH+ is thought to originate from both organic and inorganic matter, the C in 

the form of 12C
2+ is thought to be organic matter, and the C from 44CO2

+ is thought to originate 

from carbonates. Although fluorine ions have been found in intergranular ACP in fluorine-

treated rodent enamel[22], traces of fluorine haven’t previously been detected in atom probe 

data from natural human tooth enamel. Here by separating the mass spectrum of the large 

organic-rich region (Fig. S2), we found organic C-F bonds as 19F
+, 31CF+ and 69CF3+ meanwhile 

the inorganic F as fluorapatite (FAP, Ca10(PO4)6F2) evaporating at 59CaF+ and 82PO2F
+. Fig. 5d 

reveals the organic C-F bonds and the inorganic FAP exhibit opposite distributions around the 

organic-rich precipitate, where C-F bonds are localized in the precipitate while FAP is closer 

to HAP crystals. Considering that caries reduction by using fluoride-treatment has to be 

balanced against the increasing risk of dental fluorosis, systemic control of the form and 

position of induced F in dental enamel is necessary for maximum benefit. This discovery and 

further research on fluorine diffusion will facilitate more accurate and effective clinical fluorine 

treatment for protection and remineralization of superficial caries. Although the organic-rich 

precipitate may provide a pathway for beneficial ions like F, it also has higher dissolution rates 

in acidic environments compared to the HAP crystallites[18]. Fig. 5f is a 1D concentration 

profile along the grain boundary, through the organic-rich precipitate and into the bulk crystal 

(the region is marked by the yellow F label in Fig. 5b). A low level of Cl is consistent with 

poor crystallinity within the organic-rich precipitate, which makes it more susceptible to acid 

attack. 



 

Figure 5 An organic-rich precipitate within a carious APT tip.  

(a) Atom maps of the impurity Mg and organic matter C, H, N and C-F molecules. Mg atoms 

are concentrated at both the grain boundary and the precipitate while other organic matter is 

only present in the precipitate. (b) A single grain boundary is highlighted by a Mg 0.6 at. % 

isosurface and an organic-rich precipitate is highlighted by a Mg 1.3 at. % isosurface. (c, d) 

1D concentration profiles through the organic precipitate. (e) 1D profile through the single 

grain boundary, similar to Fig. 3b. (f) 1D profile along the length of the regular grain boundary, 

through the organic-rich precipitate and into the bulk crystal. Low levels of Cl reveal the poor 

crystallinity of HAP within the organic-rich precipitate, which is consistent with a higher 

dissolution susceptibility in this region. 



3.4 Compositional gradient through a high-angle grain boundary in a carious sample 

The HRTEM data from carious lesions revealed that most of the parallel grain boundaries 

remain intact irrespective of whether they are grain boundaries or triple junctions. Among grain 

boundaries, cavities were only observed at high-angle grain boundaries (Fig. 2d). We found a 

90° grain boundary in our carious APT sample as shown in Fig. 6 (Movie S3).  Although it is 

difficult to distinguish the H atoms in the instrument chamber from the H in the sample, sharp 

localized increases of H in specific features within one APT reconstructed volume suggest that 

the H is coming from the sample. Therefore, the significantly increased H in the 90° grain 

boundary may be remnant H+ from the acidic biofilm. At the same time, reduced Cl reflects a 

low degree of mineralization, indicating this region suffered from acid attack and was 

demineralized. Typical models to calculate grain boundary energy like coincident site lattice 

and O lattice models for close-packed hcp materials (such as HAP) are limited to within 0~15°, 

where the array of dislocations and their energy are a function of the misorientation between 

crystals[44, 45]. The majority of high-angle grain boundaries we observed in the carious 

sample have misorientations of 60~90°, with a measured boundary width larger than 10 nm. 

This type of grain boundary is considerably more disordered, with large areas of misfit and a 

comparatively open structure. The much higher energy from the disordered area means that the 

high-angle grain boundary also undergoes preferential dissolution during early carious process. 

We therefore propose that the three preferential sites for decay are CDL planar defects, organic-

rich precipitates and high angle boundaries. 



 

Figure 6 APT reconstruction of a high-angle grain boundary 

(a) Sudden voltage drops on the APT voltage history indicate when micro-fractures occur 

during field evaporation, which often arise at heterogeneities such as changes in chemical 

composition and/or crystal orientation. 3 volumes were reconstructed before and after 

significant micro-fractures. Black arrows in the three figures indicate a point in the dataset 

after which the nature of the data changes. (b) In volume 1 (V1), prior to this point, it is easy 

to distinguish a number of parallel grains, with the Mg-rich intergranular layer between them. 

Beyond this point, these layers can only be seen if the dataset is rotated by 90°. To demonstrate, 

V3 is shown from two different orientations. This indicates that the point marked with an arrow 

corresponds to a high angle grain boundary. (c) 1D concentration profile along the z-axis 

shows higher H+ and lower Cl- in vicinity of the 90° grain boundary, which may be an 

indication of acid attack. 

 

 



4. Conclusions 

Nanometer scale analysis of healthy and carious enamel HAP illustrated the presence of three 

regions that are subject to dissolution when human teeth are exposed to an acidic environment: 

high angle grain boundaries, CDL planar defects and organic-rich precipitates. We established 

a model that describes the CDL as a planar defect that remains from the asymmetrical center 

ridge plane (11̅00) of the amorphous precursor during the HAP crystallization process before 

teeth erupt into the oral cavity. Higher energy, segregated impurity ions Mg2+ and Na+ affect 

the solubility of the CDL region, making it the most vulnerable region during demineralization. 

We found that organic C-F bonds displayed the opposite distribution to inorganic F-, 

substituting for apatite around the organic-rich precipitate, different to the form and position of 

clinically-induced F in HAP crystal. We also observed that high-angle grain boundaries were 

more susceptible to decay than low-angle grain boundaries, independent of whether they are 

ordinary grain boundaries or triple lines. These results show the three hidden nanoscale 

pathways of human tooth decay, explain the proposed demineralization mechanisms and will 

inform future research into the prevention and treatment of dental caries.  
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Supplementary Materials 

 

Figure S1 Atom probe sample preparation procedure 

 

Figure S1 Atom probe sample preparation procedure indicates the positions of sound enamel 

tips and caries tips. (a) Longitudinal section of sound enamel tripod samples and TEM image 

of a typical sound tip before APT. (b) Longitudinal section of a natural caries tooth. Caries 

lesions are distinctive under optical microscopy based on the changed refractive index derived 

from caries pores. SEM image before FIB/SEM annular milling shows caries tips are located 

in the body lesion of caries enamel. TEM bright field image of a typical caries tip shows more 

translucent dissolved area and porous area than sound enamel tips. 

 

 

 

 

 



Figure S2 Mass spectra differences between sound, caries and organic-rich precipitate 

samples 

 

Figure S2 Atom probe mass spectra of samples in different condition.  

The spectra from sound enamel have good mass resolution, containing clear, distinct peaks. 

Peaks of elements associated with organic matter, like C, N, F ions and molecules, are only 

clearly detected in the regions that contain organic-rich precipitates. For the carious samples, 

the main peaks become wider and small peaks, including isotopes, merge into main peaks or 

become submerged by thermal noise after Ca2+ and O2
+ peaks, which can be attributed to the 

poor thermal conductivity of the porous structure. Many carious samples also failed before 

data was successfully obtained. 

 

  



Figure S3 Organic-rich precipitates in a sound enamel tip 

 

Figure S3 Organic-rich precipitates within a sound enamel APT tip.  

(a) Mg-rich isosurfaces outline the parallel grain boundaries with 2 precipitates. The organic 

matter H, C and F are also highly concentrated in the precipitates. (b) Proximity histogram 

(proxigram) from organic-rich precipitates is based on 1.2 at. % Mg isosurfaces. Compared 

to the concentration profiles through a dissolved organic-rich precipitate (Fig. 5c), both the 

increase of H (1.3 at. % compared with 1.8 at. %) and decrease of Cl (0.26 at. % compared 

with 0.61 at. %) are smaller. 



Figure S4 HRTEM observation of high- and low- angle grain boundaries 

 

Figure S4 HRTEM observation of high- and low- angle grain boundaries in sound tooth 

enamel (a-b) and an ICDAS code 3 carious lesion (c-d). 

 (a) The cross-sectional sound enamel shows the ~4.5nm HAGB and ~0.8nm LAGBs 

surrounding an elongated hexagonal HAP crystal. (b) Indexed FFT images present the 74° 

HAGB (between square 1 and 2) and 2.2° LAGB between 2 and its right-side adjacent 

crystallites (not shown in the figure). (c) The observation from the carious lesion reveals that 

while CDL and HAGB are severely demineralized, most of the parallel LAGBs are dissolution-

free. FFT images in (d) points out a dissolved 65.5° HAGB (white arrow) while the adjacent 

parallel LAGBs (black arrows) are still intact. An intact low angle triple junction is indicated 

by a yellow arrow. The angle differences around this triple junction is 5.5°, 16° and 21.5° 

respectively. 

  



Movie S1 3D atom probe reconstruction movie of a sound enamel tip 

(See attached Movie S1 sound enamel. mp4 please) 

Movie S2 3D atom probe reconstruction movie of a carious enamel tip 

(See attached Movie S2 carious enamel. mp4 please) 

Movie S2 3D atom probe reconstruction movie of a carious HAGB tip 

(See attached Movie S3 carious HAGB. mp4 please) 

 

 

 


