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Abstract: Caries is a chronic disease that causes the alteration of the structure of dental tissues
by acid dissolution (in enamel, dentine and cementum) and proteolytic degradation (dentine and
cementum) and generates an important cost of care. There is a need to visualise and characterise the
acid dissolution process on enamel due to its hierarchical structure leading to complex structural
modifications. The process starts at the enamel surface and progresses into depth, which necessitates
the study of the internal enamel structure. Artificial demineralisation is usually employed to simulate
the process experimentally. In the present study, the demineralisation of human enamel was studied
using surface analysis carried out with atomic force microscopy as well as 3D internal analysis using
synchrotron X-ray tomography during acid exposure with repeated scans to generate a time-lapse
visualisation sequence. Two-dimensional analysis from projections and virtual slices and 3D analysis
of the enamel mass provided details of tissue changes at the level of the rods and inter-rod substance.
In addition to the visualisation of structural modifications, the rate of dissolution was determined,
which demonstrated the feasibility and usefulness of these techniques. The temporal analysis of
enamel demineralisation is not limited to dissolution and can be applied to other experimental
conditions for the analysis of treated enamel or remineralisation.

Keywords: human enamel; in situ demineralisation; synchrotron X-ray tomography; image analysis; AFM

1. Introduction

Caries are a worldwide problem that causes damage to dental tissue, affecting billions
of people [1,2]. Numerous studies have been dedicated to the investigation of enamel caries,
but there remains a lack of therapeutic methods to reverse the damage. The comprehensive
characterisation of structural changes in enamel from the micro to nanoscale during disease
progression is essential to support the development of new treatments. Many novel
analytical techniques have been able to push the limits of resolution in this field.

The dissolution of enamel in caries results from the effect of acid produced by bacte-
ria (e.g., Streptococcus mutans (S. mutans)) [3–5] and the inhomogeneous structure of the
enamel [6,7]. To be able to study this slow anisotropic dissolution process, artificial etching
(using acidic solutions) has been widely used to simulate this dynamic process. Recently,
analysis using synchrotron radiation, particularly X-ray micro-computed tomography, has
been used to examine the natural and artificial demineralisation of human enamel with
high-resolution 3D imaging. A detailed statistical analysis of the structure of normal and
carious enamel has also been reported recently, including the localised visualisation and
quantification of the demineralised regions [6,8]. Furthermore, the fast acquisition (less
than 30 min) for large datasets using X-ray micro-computed tomography has revealed
a need to understand structural modifications at all scale levels [9]. This study expands
on our previous findings, which analysed enamel in 3D [6,8], and extends the scope by
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performing in situ analysis using synchrotron X-ray tomography in a microfluidic setup to
provide methods for characterising the dissolution of enamel.

Enamel has a hierarchical structure [6,8,10–12], which requires a multi-scale study
for its full characterisation. It is mainly constituted of minerals and a small percentage
of water and protein [13,14]. At the nanoscale, it is composed of mineral hydroxyapatite
nanocrystallites [15,16] with different orientations [17,18]. At the micro-scale, these crys-
tallites are organised into rods and inter-rod substances with dimensions of around 5 and
2 µm, respectively, which are organised in an ordered, although not a perfectly repetitive
pattern [10,15,19–21]. At larger scales, enamel features change in the mineralisation density
known as the striae of Retzius and also undergo variations due to the changes in the
direction of the rods, known as the Hunter–Schreger bands (HSBs) [22,23]. Enamel has
outstanding mechanical and thermal properties; however, its resistance to acids is very
low, which results in the removal of ions (calcium and phosphate), the formation of pores,
and, eventually, cavitation. While research has been conducted to understand the origin
of demineralisation at the nanoscale level [16,18,24], the visualisation and analysis of the
progression of demineralisation in 3D at a high-resolution and high speed have not yet
been extensively detailed to date in dental tissues [25,26].

Enamel caries is a dynamic process of the dissolution and precipitation of minerals,
conditioned by the environmental pH [27], that requires not only post-dissolution analysis
but also in situ characterisation to characterise the pathway of the acid and the progression
of enamel dissolution. In a static condition, the structure has been analysed using mi-
croscopy techniques, including scanning electron microscopy (SEM) [28], focused ion beam
(FIB)-SEM [6], atomic force microscopy (AFM) [29], and transmission electron microscopy
to study preferential demineralisation in nanocrystallites [30]. X-rays were also applied
to study the enamel, including radiography [31], tomography [8], ptychography and XRF,
covering structural and chemical details [18].

Dynamic experiments were implemented in the study of enamel and caries. While
AFM provided details on the onset of dissolution [32–36], as well as the metabolic activities
of S. mutans [37], there was a lack of information regarding the dissolution volume in large
regions. Radiography with fast acquisitions has been used to study the time-lapse evolution
of greyscale data from enamel using fast scans; however, the time-lapse of 3D structural
details was not apparent [31].

In addition to imaging, in situ wide- and small-angle X-ray scattering (WAXS and
SAXS) analyses were used to determine the orientation and dimension of crystals during
dissolution but did not allow visualisation [38]. In situ X-ray tomography has been used for
various applications and provides abundant information on the modifications of structures
in 3D. To analyse the demineralisation process over time, there is a requirement to develop
and set up the use of fluidic devices that could lead to the development of four-dimensional
(4D) tomography and provide structural information across time points [39,40].

Previously, in situ tomography was used to examine various materials such as the
structure in bones [41], the process of alloy solidification [42–44], ice cream and magma
crystallisation [45,46], solid electrolyte [47], magma [48], as well as corrosion [49]. The
evolution of the dissolution of enamel has been studied using standard X-ray micro-
computed tomography and for remineralisation in fluoride after one week [50]. The
demineralisation of enamel was studied with 2.6 h per tomogram and a voxel size of
30 µm [51] correlated with the enamel structure at scales of around 4–5 rods/inter-rods.
In vitro experiments were also conducted with teeth exposed to acid at different times [52].
However, for real-time 3D analysis, conventional X-ray imaging was not suitable as it
could not analyse dynamic changes with a high-resolution and rapid acquisition. Recently,
this combination of fast acquisition per tomogram and high-resolution using synchrotron
beams was used to study the demineralisation and dimensions of dentine tubules with
time [26].

In the present study, in situ analysis using synchrotron X-ray tomography in combina-
tion with fluidics to analyse the progression of enamel dissolution was performed. This
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process was also examined using in situ AFM analysis. Physical information, such as the
rate of dissolution, area and volume, was extracted from tomography data to examine
gradual structural changes in local regions of enamel. To the best of our knowledge, this is
the first report covering various visualisations and analyses on human enamel examined in
situ with tomography at a high resolution with less than a 30 min gap between datasets,
with a voxel size of 325 nm and a field of view of 0.83 × 0.7 mm. This innovative method
to study enamel can also be applied to other applications, such as enamel remineralisation
and metal corrosion.

2. Methods
2.1. SEM

A sample containing enamel and dentine was analysed using an SEM Tescan Lyra 3
(Tescan, Czech Republic) with a voltage of 5 keV. The sample was polished down to 0.1 µm
using diamond suspension and then mounted on an SEM stub for imaging.

2.2. AFM

Atomic force microscopy topography measurements were acquired on a Cypher ES
from Oxford Instruments Asylum Research (OIAR) with an FS-1500 probe that was also
from OIAR. The microscope was equipped with a liquid perfusion cell that allowed the ex-
change of buffers during measurements. A sample was measured in different pH solutions
(2.2–10% v/v lactic acid; 4.3 acetate buffer—2.2 mM calcium, 2.2 mM phosphate, 75 mM ac-
etate) [31,53,54] and in dry conditions at room temperature. For time-lapse measurements,
images were acquired at a rate of 36 s per frame. The remaining images were acquired at a
rate of 52 and 128 s per frame. Scans from 30.1 × 30.1 µm to ~1.7 × 1.7 µm were acquired
at a resolution of 256 × 256 pixels. AFM topography images and corresponding height
profiles from line sections were studied, with a step of 64 nm as well as the details of root
mean square roughness Rq and average roughness Ra. The images were analysed with
Gwyddion, OIAR software, Matlab and OriginPro.

2.3. Experimental Setup
2.3.1. Sample Preparation for Tomography Analysis, Optical Profilometry and AFM

Pristine human third molars extracted for non-caries were related to therapeutic rea-
sons (National Research Ethics Committee; NHS-REC ref. 14/EM/1128, ref BCHCDent
332.1531.TB). The samples were fixed in a buffered solution of 10% formalin (Sigma Aldrich,
Merk, Dorset, UK) after the removal of the root tips using a low-speed rotating diamond
saw (IsoMet, Buehler, Germany). For synchrotron analysis, the tooth was removed from
the sterilizing solution after four days and rinsed under running water before being sec-
tioned radially into a thick slice with an intact outer enamel surface (an IsoMet diamond
wafering blade with the bone saw to cut the tooth section). A flat-tipped 300 µm diame-
ter needle (Septodont, Saint-Maur-des-Fossés, France) was clamped perpendicularly on
the intact outer enamel surface, and the remaining surfaces were coated with a commer-
cially available nail varnish mixed with methylene blue for better visualisation as shown
in Supplementary Materials Figure S1a. An exposed window of a ~300 µm diameter
circular non-varnished area was observed on the slice upon the removal of the needle
(Supplementary Materials Figure S1a). The samples were stored in phosphate-buffered
saline (PBS) at room temperature before further use.

Prior to the synchrotron experiment, the sample was mounted on a plastic stick fixed
inside an in-house custom-designed process cell (Supplementary Materials Figure S1b).
The process cell was a 2 mL polypropylene test tube with an inlet and an outlet. The outlet
was linked to a waste liquid collection container via long flexible tubing with a micro-valve.
The upper inlet was connected to a luer fitting onto which a normal syringe was used
to add the experimental liquid in the static mode at room temperature. The process cell
was filled with PBS prior to use. An acidic solution of lactic acid served as the test liquid
for simulating the cariogenic environment with a reasonable timescale in line with the
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synchrotron experiments and lactic acid solution (10% volume) at pH 2.2 [31]. The sample
before the experiment was imaged using an optical profilometer, Alicona profilometer
(Bruker, Coventry, UK).

For AFM, a tooth slice was cut (Diamond wafering blade, Buehler, Leinfelden-
Echterdingen, Germany, IsoMet, Buehler, Leinfelden-Echterdingen, Germany) and polished
down to 0.1 µm (Struers, Cleveland, OH, USA, Spectrographic Limited, Guiseley, UK) prior
to analysis.

2.3.2. Synchrotron Beamline Experiment

X-ray micro-tomography experiments were performed at the Diamond Manchester
Imaging Branchline (I13-2, Diamond Light Source (Harwell, Didcot, UK)) [55,56]. The
experiment was carried out using a modified method based on our previous work on static
conditions at this beamline [6,8,12]. A lactic acid solution at pH 2.2 was injected into the
flow cell, where the sample was exposed to acid for 10 h in a closed container. Several
consecutive X-ray synchrotron tomography acquisitions were carried out at an interval of
~25 min (time of one acquisition), from 0 to 180◦ for 2500 projections with an acquisition
time of 500 ms using ‘pink X-ray beam’ (weighted mean energy of 22 keV with a standard
deviation of 3.5 keV). For each tomogram, the sample container was set up and rotated
continuously in synchronisation with the camera data acquisition (called flyscan mode)
to obtain the set of projections for each tomogram. Before the projections were collected,
dark field and flat field images were acquired. A 10x objective lens pco.edge camera was
used with a maximum field of view of 0.83 × 0.7 mm to obtain high-resolution scans with
a voxel size of 0.325 µm. The study was carried out at room temperature without flow
to study the feasibility of the analysis. However, to extend the analysis of caries, more
research is needed at 37 ◦C, with the addition of flow and other solutions (e.g., artificial
saliva [57]) to approach the condition of the oral environment.

2.3.3. Analysis of the Tomography Data

Reconstructions were made using Savu and plugins, and the process list was similar
to our previous work [8]. An analysis of the reconstructed data and projections was
carried out using Avizo software (Thermo Fisher Scientific, Waltham, MA, USA) and
imageJ/Fiji [58–60]. Prior to the analysis of the 3D data at different points, a manual
alignment of the dataset was carried out at each time point, followed by a rigid 3D alignment
in Avizo. Finally, the dataset coordinate was transformed to match the reference volume,
which was the first time point of the data analysed. This led to a dataset series with
the same dimensions and coordinates, including 1280 × 871 × 550 pixels (415.675 ×
282.75 × 178.425 µm). The volumetric data were reduced and filtered using a median
and a non-local mean filter to decrease the noise. A region of interest was then defined,
812 × 514 × 410 pixels (263.575 × 166.725 × 132.925 µm), and then the caries lesion was
segmented (Supplementary Materials Figure S2). Additional details of the process for the
reconstruction and analysis can be found in [6,8], with details on the thickness, Euclidean
distance in 3D, and other 2D and 3D analyses of tomography data.

Using the experiment within an in situ/operando setup, each tomogram acquired
was defined as a time point, which created a time-lapse of the process that was rich in
information. Data in each slice, volume and time could be analysed (as detailed in this
section). The time reference was defined as t0, and ti or ti−1 for the other time points.
Two types of measurement were obtained, including incremental (difference from two
successive data points or non-consecutive data points, for instance) and absolute, from
the reference dataset with each time point data. As an initial reference, the first dataset
corresponded at time t0 = 122 min. This time corresponded with the exposure of acid and
the record time of the final projections per tomogram.

From the segmented region of the demineralisation region, several measurements
were extracted ‘radius distance’ on extracted slices, and the area and volume were studied.
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• ‘Radius distance’ is the distance from one point (equivalent to a seed) on the virtual
slice to the last segmented data on the same slice at a specific angle. This was computed
using Matlab and is detailed in Supplementary Materials Figure S3. This analysis
can be conducted either on the reconstructed virtual slice after segmentation or on
the projection after segmentation. The total distance at each time point could be
determined, and then two other pieces of information on the distances were obtained:
the absolute distance dabs at a certain time ti from a reference dataset, here t0, and the
cumulative distance dcum:

dabs = dti − dt0 µm
dcum = dti − dt(i−1) µm

Statistics data can be obtained if several points are taken into consideration. Distance
difference at each time point analysed dacc%:

dacc% =
dti − dt0

dti

%

From these values of distances and the temporal resolution, two rates of progression
of demineralisation along these lines could be calculated:

dabsr =
dti−dt0

ti−t0
µm · s−1

dcumr =
dti−dt(i−1)

ti−t(i−1)
µm · s−1

• The area with the temporal evolution of the surface of the lesion in virtual slices could
be identified from 2D information. The total area per plane of the demineralised region
referred to as Areati in µm2 was extracted, as well as the ratio of the area at time ti,
which was referred to as Areati and the initial area demineralised at t0, Areat0 , and
was annotated Area f d:

Area f d =
Areati

Areat0

The normalisation of the data was carried out with the percentage of increase in the
demineralised area with time from the reference time t0, Area_abs%:

Area_abs% =
Areati − Areat0

Areat0

× 100 in %

and the percentage of increase between each time from the cumulative measurements
between two increments, Area%:

Area% =
Areati − Areati−1

Areati

× 100 in%

In addition to the details of the area of the demineralised region at a different time
point, the progression was evaluated based on the total area of the virtual slice used
Areatote (equivalent to the non-demineralised region, total enamel region). Each virtual
slice analysed contained an enamel region and different degrees of demineralisation, and
this fraction was compared with the time and was referred to as Area f e:

Area f e =
Areati

Areatote
× 100 in %

Similar to the distance and the calculation of the rate of the demineralisation along
this distance, the same methods were conducted for the area to determine the rate of
the demineralisation of the area in µm2·s−1. Two rates were determined: the rate of the
absolute area referred to as Arearate, which was conducted using the time reference t0:

Arearate =
Areati − Areat0

ti − t0
in µm2 · s−1
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and the ‘area cumulative’ referred to as Areacrate (which detailed how fast a new deminer-
alised region ti per time point evolved compared to the previous region t(i−1):

Areacrate =
Areati − Areat(i−1)

ti − t(i−1)
in µm2 · s−1

• The evolution of the demineralised volume was also studied with visualisation and
analysis. These measurements were similar to the area. The ratio of the volume of the
demineralised region at time ti, Vti and the initial demineralised volume at the time
reference t0, Vt0 , were referred to as V f :

V f =
Vti

Vt0

The ‘volume absolute’ from the reference time t0 was referred to as Vol%:

Vol% =
Vti − Vt0

Vti

× 100 in %

The volume fraction of the demineralised region with the volume of enamel per time
point ti, was referred to as V f e:

V f e =
Vti

Vtote

The rate of the progression of the demineralised volume was extracted from the time
point analysed and was conducted for two rates, ‘volume rate absolute’, which were
determined from the initial demineralised volume and the volume at a different time point,
referred to as Vrateabs:

Vrateabs =
Vti − Vt0

ti − t0
µm3 · s−1

Additionally, the rate of the demineralisation per time point Vcrate, related to the
‘volume rate cumulative’:

Vcrate =
Vti − Vt(i−1)

ti − t(i−1)
µm3 · s−1

The binary dataset in 2D and 3D of the demineralised region was carried out with
Avizo, and the area, rate, and distance were analysed along with the plot of the Matlab and
OriginPro software.

3. Results—Discussion
3.1. AFM

Figure 1a shows a time-lapse of the AFM height profiles of demineralised enamel
with pH 4.3 and 2.2. The rod shape in the images could be visualised before the dem-
ineralisation carried out here due to the presence of rod boundaries which were revealed
upon fine polishing, as shown by SEM imaging (Supplementary Materials Figure S4).
During demineralisation, the AFM height profile of the sample changed, and from the
overall measurement, the rod demineralised faster than the inter-rod, as seen from the
line profile extracted along the boundary. However, in the rods, heterogeneous regions
could be identified, as highlighted in Figure 1 (additional details on surface analysis in
Supplementary Materials Table S1). This experiment showed the onset of demineralisation,
which, in the initial time frame, could not be obtained with tomography. However, the
region analysed in the AFM was small. It was also important to take into consideration the
shape of the tip in comparison with the crystallite organization [61]. The height profile in
locations where the crystallites were packed may have been underestimated as the tip is not
able to reach the deepest height. This onset of demineralisation was identified with AFM
analysis at different time points after stopping immersion in acid [32]. Figure 1b shows
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images of the enamel after demineralisation at different scales in a wet environment and
after drying. On a larger scale, the rod shape was visualised from the remaining boundary.
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Figure 1. In situ AFM analysis of human enamel. (a) Time-lapse of AFM images showing the AFM
height profiles of enamel during exposure to different pH 4.3 and 2.2, and the measurement of Rq, Ra
and the minimum and maximum of the height reported. (b) Height line profile analysis from the
locations in (a) highlighted with orange arrow on the first image, and (c) AFM analysis at a lower
and higher magnification in a wet condition, and (d) in a dry condition.

3.2. Synchrotron Tomography Data
3.2.1. Projection

From the raw data of the tomography analysis, enamel demineralisation was visi-
ble. The projections of a few datasets from the tomography acquisition are detailed in
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Supplementary Materials Figure S5 after the dark field and flat field correction. Zooming
into a region at those time points is detailed in Supplementary Materials Figure S6. A line
profile on the last time point highlights the features and variation in greyscale and reveals
the rod dimensions (Supplementary Materials Figure S5c). The demineralisation region
can be seen as a modification of image contrast with the formation of channels, similar to
previous descriptions [8]. Interestingly, no significant changes, in contrast, were seen in the
normal regions of enamel. On the projection images, the presence of bubbles was found,
which interfered with the quality of the reconstruction; however, structural details could
still be observed and analysed. These bubbles, as previously reported [26], were suggested
to occur from the interaction of the X-ray beam with the water in the solutions used.

3.2.2. 2D Analysis of the Tomography Data

Virtual slices of the reconstructed data are shown in Figure 2 for the xy orientation and
Supplementary Materials Figures S7 and S8 for the other two orientations (their locations
are shown in Figure 2b) with the enamel structure that could be resolved as well as
cracks. These images allow for the visualisation and evolution of the demineralisation with
time and an increase in the dark regions (corresponding with the loss of material) which
indicated a decrease in density (Beer-Lambert law [62]). Those changes appeared to be non-
homogenous—anisotropic; this is highlighted in Figure 2 and Supplementary Materials
Figure S9 with two slices from a one-time frame, and the view of the demineralisation and
modification of the structure, based on the assignment of the rod and inter-rod regions. In
the non-demineralised region, the enamel structure rods and inter-rods were not visualised
using this setup, as noticed in a previous study from another setup [6]. These datasets,
at each time point, were rich in information, and demineralisation was apparent in each
reconstructed dataset. A more mineralised region could be seen at the surface of the
enamel (which was also found in non-cavitated carious enamel lesions) and referred
to as region 1 or the surface zone [63,64]. The analysis of this region was detailed in
Supplementary Materials Figure S10 using three-line grey value profiles and a 3D view.
The change in the grey value of the slices with time provided information on the dynamic
gradual changes during dissolution, using an operando analysis, and no interruption on
the exposure of enamel to the acid was necessary [65].

With progression in time, it was possible to visualise the rods and inter-rod with
high resolution, and thus, time points could be processed (see Supplementary Materials
Movie S1 with time-lapse of the virtual slices) to highlight the dynamic changes in the
structure and in parallel with the acquisition of the data.

3.2.3. 3D Analysis and the Addition of Time

A 4D visualisation and analysis of the dataset were carried out on the segmented
region across several time points, as shown in Figure 3. All the analysed tomograms
showed a demineralised region in the enamel structure. A variation in the volume and
progression of the demineralisation could be seen with time. It was found that at the
advanced front, the inter-rod substance was preferentially demineralised in comparison
with the rods. This can be seen in Figure 3, Supplementary Materials Figures S11 and S12.
These findings were different from the ones found in AFM; however, there were differences
in the analysis. In the AFM, the sample was polished and already had surface modification,
and the analysis was based on the surface and on the initial time of demineralisation. In
comparison to the tomography data, in this one, the sample was not polished, and the
image analysis tracked the modifications after a long period of demineralisation without
the start of the modification of the structure from the 3D analysis. This could explain the
disparities in the results of the demineralisation seen, and more studies are required to
evaluate these changes.
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Figure 2. Illustration of the progression of the dissolution from one virtual slice of each time point
tomogram. (a) Virtual slices in xy axis, from the first time point t0 to the last time point tend (scale bar
50 µm), and (b) 3D view with the highlight of the plane displayed, data non-filtered, additional slices
from the other axis in Supplementary Materials Figures S7 and S8. The varnish was also visualised
on the virtual slices.
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Figure 3. 3D renderings of the segmented region of several datasets. (a) Illustration of the rendering
of the volume of enamel (1280 × 871 × 550 pixels) and background with an overlap of the segmented
region from the region of interest 812 × 514 × 410 pixels (263.575 × 166.725 × 132.925 µm, voxel size
0.325 µm) for the data t7 (last dataset). A plot of the dataset with time, where arrows highlight the
time points illustrated in Figure. (b,c) A sequence of 3D rendering of the segmented dataset with time
located in (a) with different orientations. See Supplementary Materials Figure S12 for more details on
the region segmented. (c) 3D renderings of the different time points illustrating the progression of
the demineralisation and the colour assigned to the time points. Additional details of the volumes
are in Supplementary Materials Movies S2 and S3.
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A pattern in the rod structure (HSBs suggested) was also apparent along the depth
of the volume (Supplementary Materials Movie S4 with the details of one dataset). This
structure was only revealed after demineralisation took place. The progression of the lesion
volume with time was plotted (Figure 4) to reveal the progression of demineralisation. In
addition, the cumulative volume was determined, as well as the rate of demineralisation, as
shown in Figure 4c, where the rate was found to be non-linear and was visualised from the
variation in rate around 4 h and 12 h. Supplementary Materials Figures S11 and S13–S15
showed the demineralisation pathways around the rods and striations, highlighting the
progression of the demineralisation of the enamel structure.
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Figure 4. Analysis of the volume of the demineralised regions of several datasets with time. (a) A
plot of the dataset with time, where arrows highlight the time points illustrated in Figure. (b) The
volume of the segmented region at each time point Vti (in black), and ratio with the total volume of
the enamel highlighting the evolution of the fraction of demineralised region per time point (in red).
(c) A plot of the rate of the cumulative (in red) and absolute volume (in black) showing the variation
in the rate of demineralisation with time.
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In addition to the visualisation of the demineralised region, Euclidean maps were deter-
mined from a few regions in the enamel, showing differences in the remaining enamel in and
outside the lesion in Supplementary Materials Figure S16. A small region was analysed to
visualise the progression of the lesion along a few rods (detailed Supplementary Materials
Figure S17) and showed the anisotropy in the progression of the lesion between two-time
points t3 and t7, confirming the necessity to perform 3D analysis and not only projections
to provide the progression of the lesions with high spatial and resolution details.

3.3. Area Evolution

The evolution of the area of the demineralisation regions at each time point and plane
location in the dataset was investigated. The evolution of the segmented lesion in different
datasets clearly showed the evolution of the dissolution (Figure 5) with time. This could be
carried out on each virtual slice, where Figure 5 displays some of them, and the locations
of the slices were highlighted on the 3D rendering of the enamel. The progression of the
area was found to be non-linear. A decrease in the area was found with the depth in
the sample (Figure 5a), which approached the border of the demineralised region. The
visualisation of the demineralisation process was important, but this could be extended
further by the quantification of the process. The demineralised area was extracted in the
dataset at different time points, and Figure 5b details the progression of the demineralised
area with time with an accumulated and absolute measurement. The measurement of the
area was carried out in many datasets to extract a representative slice (Figure 5b). Overall,
a decrease in the progression of the demineralised area with time was seen with the drop
in the cumulative area and a drop in the progression of Area f with time. This provided
information on the demineralisation but missed the 3D progression of the demineralisation,
as seen in the Volume section of this manuscript. From the computation of the area, it was
possible then to extract the rates of demineralisation, which were non-linear and varied
between different slices, Figure 6.

3.4. Distance Evolution

The 3D reconstruction also enabled the extraction of 1D profiles. Thus, the distance
of the demineralisation region was measured from one point on the slice (equivalent
to a seed) to the front of the lesion on the same virtual slice and along different angles
(Figures 7 and S3), which was then carried out on the different time point. The measure-
ment of the distance of demineralisation at various angles showed the anisotropy of the
dissolution in a high resolution in the structure with different distances and times. Figure 7
details the measurements of the distance of the demineralisation with location and time.
It can be observed that there were differences in the progression of the lesion at different
locations in the structure, Figure 7a,b. The distance of the front demineralisation increased
with time but non-linearly. This allowed the demineralisation to be tracked. The rates from
the distance cumulated and absolute were also extracted, and inhomogeneity was found
(Figure 7c). Localised rates were calculated at different locations in the 3D reconstruction of
the sample. The maximum rate was found to be ~5.58 nm·s−1 in the region analysed, and a
variation in the average rate was visualised. The rate calculated could be compared with
previous studies containing enamel and is summarised in Table 1. There were variations in
the rate found, which could be explained for several reasons, including differences in the
setup, the sample, pH, and the time of demineralisation. It also highlighted the importance
of visualising and analysing the structure to have more details on these rates due to the
inhomogeneity of the demineralisation, as well as the difficulty in providing only one value
for the rate for the line analysis. In comparison with the remineralisation study of a recent
study demonstrating the remineralisation of enamel using biomimetic mineralisation, the
rate of remineralisation could be 400 times less in order of magnitude compared with the
demineralisation process. This indicated the difficulty of reversing the demineralisation
process in terms of speed but also in terms of location.
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Figure 5. Analysis of the area of the demineralised region in several datasets and with time.
(a) Volume rendering of the dataset t7 with two virtual slices and the plot of the evolution of the area
(xy plane) and the slice corresponding with the depth of the sample along z axis, and the thickness
of each slice 0.325 µm. Illustration of a few slices from t2 and t7 (scale bar 80 µm). The time points
are detailed in Figure 4a. (b) A plot of the total area, the Area f e, and progression of the area with
time for one slice extracted in the different datasets highlights the variation in the evolution of
the demineralisation. Illustration of the region analysed; in blue is the total area, in orange is the
difference between consecutive increments and green represents the difference from t0, see methods
section for additional details.
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the segmented regions. (a) Analysis of the distance with statistics and distance dabs and distance
dcum in (b). (c) Rate details at different locations and times. For increment 7 equivalent to t7 − t6 in
terms of duration (first one being t0, the details of the datasets used are described in Figure 4a). On a
first indication, a similar approach could be carried on the projection but was not carried out here
because the reconstructed virtual slices were analysed.

Table 1. Studies of the rate of demineralisation and remineralisation of enamel. The table summarises
some studies on the artificial demineralisation of enamel with the condition used, the rate measured
and a comparison with a remineralised study.

Technique pH—Condition Rate Measurement Reference

Tomography 2.2 lactic acid 0.54–5.58 nm·s−1 (see Figure 7)
Line profile
after ~7.7 h This study

Tomography 2.2 lactic acid 38.14 × 1010 nm3·s−1

(see Figure 4)
Volume after ~7 h 40 min This study

SAXS 2.2 lactic acid 1.4 nm·s−1 Line profile [38]
Radiography 2.2 lactic acid 3.4 nm·s−1 Line profile longest distance after 85 h [31]
Tomography 4 acetic acid 1.45 × 1013 nm3·s−1 Volume after 6 days [51]
Tomography 4 acetic acid 1.5 nm·s−1 Distance after 6 days [51]

SEM Remineralisation 0.015 nm·s−1 Distance [66]
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This study showed the feasibility of analysing the demineralisation of enamel with fast
acquisition and high resolution. This provided insight into the analysis of enamel caries
and should be transferred to additional demineralised and remineralised studies. Based on
this study, it was suggested that enamel could be further characterised with this technique
and using alternating processes of remineralisation and demineralisation occurring in the
oral environment.

4. Conclusions

This study shows the feasibility of the in situ analysis of enamel with high spatial and
temporal resolutions to better understand the dynamic process of enamel dissolution.

Using X-ray tomography in a fluidic setup, it was found that the rate of demineralisa-
tion varied at different locations in enamel with temporal changes. The 3D reconstructed
data enabled the comprehensive analysis of the rate of demineralisation ranging from 1D
to 3D. Furthermore, the visualisation of the structural changes across different regions
confirmed the inhomogeneity of the demineralisation. With the use of in situ AFM imaging,
structural changes could be monitored at the nanoscale with the advantage of being able to
identify the onset of demineralisation.

Overall, this correlative imaging technique opened up the possibility of understanding
dynamic processes from 1D to 4D under different conditions, e.g., pH, flow rate and
different demineralisation and remineralisation solutions. This could be further combined
with other analytical techniques, e.g., WAXS, for crystallographic information such as
crystal orientation and dimension.
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56. Rau, C.; Wagner, U.; Pešić, Z.; De Fanis, A. Coherent imaging at the Diamond beamline I13. Phys. Status Solidi (a) 2011, 208,
2522–2525. [CrossRef]

57. Eisenburger, M.; Addy, M.; Hughes, J.A.; Shellis, R.P. Effect of Time on the Remineralisation of Enamel by Synthetic Saliva after
Citric Acid Erosion. Caries Res. 2001, 35, 211–215. [CrossRef]

58. Scientific, T. User’s Guide Avizo Software 2019; Thermo Fisher Scientific: Waltman, MA, USA, 2019.
59. Rasband, W.S. ImageJ.; U.S. National Institutes of Health: Bethesda, MD, USA, 2018. Available online: https://imagej.nih.gov/ij/

(accessed on 20 March 2023).
60. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,

B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]
61. Vitkov, L.; Kastner, M.; Kienberger, F.; Hinterdorfer, P.; Schilcher, K.; Grunert, I.; Dumfahrt, H.; Krautgartner, W.D. Correlations

between AFM and SEM Imaging of Acid-Etched Tooth Enamel. Ultrastruct. Pathol. 2008, 32, 1–4. [CrossRef]
62. Kastner, J.; Heinzl, C. X-ray tomography. In Handbook of Advanced Non-Destructive Evaluation; Ida, N., Meyendorf, N., Eds.;

Springer Nature Switzerland AG: Cham, Switzerland, 2018; pp. 1–72. [CrossRef]
63. Goldberg, M. Enamel softening (dental erosion)-enamel etching-the early enamel carious lesion. In Understanding Dental Caries;

Goldberg, M., Ed.; Springer International Publishing: Cham, Switzerland, 2016; Chapter 2–4.
64. Goldberg, M. Deciduous tooth and dental caries. Ann. Pediatr. Child Health 2017, 5, 1120.
65. Shahani, A.J.; Xiao, X.; Lauridsen, E.M.; Voorhees, P.W. Characterization of metals in four dimensions. Mater. Res. Lett. 2020,

8, 462–476. [CrossRef]
66. Shao, C.; Jin, B.; Mu, Z.; Lu, H.; Zhao, Y.; Wu, Z.; Yan, L.; Zhang, Z.; Zhou, Y.; Pan, H.; et al. Repair of tooth enamel by a

biomimetic mineralization frontier ensuring epitaxial growth. Sci. Adv. 2019, 5, eaaw9569. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-018-26644-6
https://www.ncbi.nlm.nih.gov/pubmed/29849174
https://doi.org/10.1016/j.nanoen.2021.105744
https://doi.org/10.3389/feart.2019.00346
https://doi.org/10.1016/j.corsci.2015.12.027
https://doi.org/10.1117/12.2529334
https://doi.org/10.1016/j.jdent.2017.11.010
https://doi.org/10.1159/000070865
https://doi.org/10.1159/000261133
https://doi.org/10.1117/12.2274514
https://doi.org/10.1002/pssa.201184272
https://doi.org/10.1159/000047458
https://imagej.nih.gov/ij/
https://doi.org/10.1038/nmeth.2019
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1080/01913120701808065
https://doi.org/10.1007/978-3-319-30050-4_5-1
https://doi.org/10.1080/21663831.2020.1809544
https://doi.org/10.1126/sciadv.aaw9569
https://www.ncbi.nlm.nih.gov/pubmed/31497647

	Introduction 
	Methods 
	SEM 
	AFM 
	Experimental Setup 
	Sample Preparation for Tomography Analysis, Optical Profilometry and AFM 
	Synchrotron Beamline Experiment 
	Analysis of the Tomography Data 


	Results—Discussion 
	AFM 
	Synchrotron Tomography Data 
	Projection 
	2D Analysis of the Tomography Data 
	3D Analysis and the Addition of Time 

	Area Evolution 
	Distance Evolution 

	Conclusions 
	References

