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‡Fakultaẗ für Naturwissenschaften, Technische Universitaẗ Chemnitz, Reichenhainer Str. 70, 09107 Chemnitz, Germany
§Labor für Strukturanalyse Messerschmidt, Hallesche Str. 10, 06246 Bad Lauchstad̈t, Germany

*S Supporting Information

ABSTRACT: Using atomic force microscopy, we monitored the
nanoscale surface morphology of human teeth at the dentin−enamel
junction after performing successive demineralization steps with an
acidic soft drink. Subsequently, we studied the remineralization
process with a paste containing calcium and phosphate ions. Repeated
atomic force microscopy imaging of the same sample areas on the
sample allowed us to draw detailed conclusions regarding the specific
mechanism of the demineralization process and the subsequent
remineralization process. The about 1-μm-deep grooves that are
caused by the demineralization process were preferentially filled with
deposited nanoparticles, leading to smoother enamel and dentine surfaces after 90 min exposure to the remineralizing agent. The
deposited material is found to homogeneously cover the enamel and dentine surfaces in the same manner. The temporal
evolution of the surface roughness indicates that the remineralization caused by the repair paste proceeds in two distinct
successive phases.
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■ INTRODUCTION

Dental erosion or demineralization (DEM) is the destruction of
dental hard tissue triggered by acids from acidic food and
beverages. Additionally, abrasions caused by mechanical impact
can also cause material loss. Dental erosion in the form of
enamel depletion is a possible initial step in caries formation:
The resulting increase in roughness enables the acids produced
by bacteria (mainly Streptococcus mutans, lactobacilli, and
actinomycetes)1−5 to more effectively attack the dental hard
tissues. In contrast, remineralization (REM) is the formation of
hydroxyapatite Ca5(PO4)3OH due to the precipitation and
deposition of calcium phosphates from oversaturated calcium
phosphate solutions or from protein complexes, such as
caseinates from milk products or statherines6 from native
saliva. The proteins form soluble complexes with calcium
phosphate nanoclusters, maintaining supersaturation and
making these ions bioavailable. Therefore, the proteins act as
transport vehicles supplying an ion reservoir.
The human tooth enamel is always exposed to a competition

between DEM and REM. In the past 50 years, nutrition habits
have changed and the DEM of enamel has become a serious
problem.7,8 Alimentation with mainly fast food or even with
mainly fruit as well as the consumption of acidic or fruit drinks
of natural origin cause a high degree of DEM.9,10 Thus, it is
necessary to find and study ways that REM can keep teeth

healthy. The gingival recession and the erosion of enamel
uncover the underlying dentine, which, in the majority of cases,
is more vulnerable to attack from acids than enamel.11

Therefore, we focused our research on the dentine−enamel
junction (DEJ), because this region is the most vulnerable area
on the tooth for demineralization processes.
There are a number of studies regarding the demineralization

of dental hard tissue, dentine, and enamel, by acids and acidic
drinks; these studies have shown that the tooth surface
becomes rough as a result of minerals being leached
out.9,12−14 This process has been tracked by atomic force
microscopy (AFM),15 attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR),16 and nano-
indentation experiments.17−21 The effect of calcium-phosphate-
loaded casein (calcium phosphopeptide-amorphous calcium
phosphate, CPP-ACP complex) on affected tooth surfaces has
also been studied.20−24 The complex was shown to reduce the
surface roughness of eroded dentine and enamel samples25,26

and to reduce dentine hypersensitivities.27−29 The application
of the CPP-ACP complex combined with clinical tooth
bleaching processes or the application together with self-
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etching bonding agents resulted in less erosion of the enamel
surfaces but also in reduced microshear bond strengths.30

Furthermore, the paste is known to inhibit the growth of
bacterial biofilms of Streptococcus mutans as well as fibroblasts
on the tooth surface.31,32

AFM has been used to study the influence of different
acids,15,33 acidic soft drinks,34 Tooth Mousse,26,35 and other
toothpaste formulations36 on enamel and dentine surfaces. In
these studies, a statistical analysis of the average roughness of
polished tooth specimens was performed. For instance, Poggio
et al.25,26,35 reported that etching enamel first with an acidic soft
drink and treating immediately afterward with a remineralizing
paste caused a decrease in surface roughness compared to the
roughness of samples that were only etched without any further
treatment. With this methodology a remineralization effect on
dentin was also reported for other toothpaste formulations.36

Cheng and co-workers12 proposed that etching the enamel
produces a three-layer structure consisting of an outermost
native layer which is completely removed by the acid, a
softened layer in the middle, and a bottom transition layer
which is not affected by the acid at all.
Here we monitor the nanoscale surface morphology at the

dentin−enamel junction during demineralization with an acidic
soft drink and subsequent remineralization with a repair paste.
With tapping mode AFM (TM-AFM), we imaged the same
area on the sample after successive de- and remineralization
treatments. The study of the morphological changes at the
dentin−enamel junction allows for a direct comparison of the
behavior of these two different types of dental hard tissue. First,
DEM was carried out by gradually treating polished human
tooth slices with the acidic soft drink Coca-Cola. Then, REM
was initiated by treating the specimens with a mixture of a paste
containing calcium and phosphate ions (Tooth Mousse)26 and
saliva. Tooth Mousse paste is a water-based, sugar-free
extraction from bovine milk and contains micellar calcium
caseinate complexes made up of casein phosphopeptide (CCP)
and amorphous calcium phosphate (ACP) nanoclusters.9,24,37

Taking into account that the presence of saliva has a remarkable
influence on the REM process due to its buffer properties and
its natural content of calcium and phosphate ions,38,39 the
demineralized human tooth slices were treated with a mixture
of Tooth Mousse paste and native saliva. For comparison, we
also studied the mineralization effect on teeth treated only with
native saliva.

■ MATERIALS AND METHODS
Sample Preparation. The human teeth used were caries-free adult

incisors (collected at the dental practice Messerschmidt in Halle
(Saale), Germany) from adult (30−60-year-old) female donors. After
extraction, the teeth were mechanically cleaned and stored in
bactericidal aqueous 0.5% Chloramine-T solution (Carl Roth GmbH
& Co. KG, Karlsruhe, Germany) at 5 °C until being used within a few
days. Since the tooth’s exterior is corrugated and concave-curved at the
native DEJ (position 2 in Figure 1a), this area is very difficult to access
with the AFM tip. Therefore, we prepared thin slices and studied an
artificial DEJ (position 1 in Figure 1a) which is not exposed to the oral
cavity in vivo but is easily accessible with AFM. Before embedding the
tooth in Technovit 3040 resin (Heraeus Kulzer GmbH, Wehrheim,
Germany), the tooth was rinsed with water and immersed for 5 min in
absolute ethanol (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
to remove the aqueous solution from the tooth’s exterior surface. After
the resin hardened (2 h at ambient temperature), the tooth was sawed
with a Minitom precision cutoff machine (Struers GmbH, Willich,
Germany) parallel to the tooth longitudinal axis within the sagittal
plane of the tooth to produce slices with 1 mm thickness (Figure 1a).

The sawing direction was chosen so as to avoid uncovering the dentine
tubules. Open dentine tubules often lead to artifacts in the AFM
images due to the enormous height differences the AFM tip has to
overcome. A scalpel was used to apply an artificial scratch to the tooth
slices next to the region of interest and almost perpendicular to the
DEJ (Figure 1b). The scratch, the dentin enamel interface, and
polishing marks allow the AFM tip to be repositioned to the same area
of interest after each treatment step. To produce flat surfaces, the
tooth slices were mechanically ground using Microsent silicon carbide
abrasive papers (with a granularity from P1200 to P4000; Buehler
GmbH, Düsseldorf, Germany) under water irrigation. For surface
finishing, the samples were polished with a suspension of diamond
particles 1 μm in diameter (Buehler GmbH, Düsseldorf, Germany).

De- and Remineralization Procedures. For DEM, the human
tooth slices were etched in vitro with fresh, well carbonated Coca-Cola
(20 mL, pH = 2.42 measured at 20 °C) for 30 s. The etching solution
was kept at room temperature and was not stirred. Subsequently, the
specimens were rinsed with distilled water and immediately dried in an
air stream. For every sample, the etching and drying procedure was
repeated nine times and AFM measurements were carried out after
each step. The total soft-drink application time (4.5 min) was
specifically chosen as a range of time likely to reflect a person’s
possible daily ingestion of soft drinks. The amount of soft drink at each
etching step and the application time (30 s) mimic a few sips.

After this demineralization procedure, the tooth slices were treated
in vitro with a mixture of 3 mg of Tooth Mousse paste (GC, Tokyo,
Japan) and ca. 5 mL of native saliva. The saliva was taken from one
person after thorough teeth brushing and intensive irrigation with
water, followed by a waiting time of 5 min. The remineralization
process was conducted seven times for each sample with a 10 min
incubation time, which corresponds to the recommended application
time of the Tooth Mousse paste. After the seven REM steps, we added
two treatments with a 30 min incubation time. After each treatment,
the paste residues were removed by rinsing with water, and the slices
were air-dried and then imaged with AFM.

With a control group of specimens, we investigated the REM
activity of pure salvia. Four tooth slices from two caries-free adult
incisors were first etched stepwise with the acidic soft drink as
described before and then treated in vitro only with saliva (5 mL) in
steps of 10 and 30 min as described above. The DEJ at position 1
(Figure 1a) was imaged with AFM after each treatment step.

More than 20 tooth slices from 6 different teeth were investigated
within this study. Excessive drying of the tooth samples was prevented

Figure 1. (a) Optical micrograph of a tooth slice with cut direction
along the tooth longitudinal axis a in the sagittal plane. The enamel
(E), the dentine (D), and the resin (R) are clearly distinguishable.
Position 1 was studied with AFM; the native enamel−dentine junction
is at position 2. (b) Optical micrograph of the AFM tip at the
dentine−enamel junction at the position 1. The anticipated
longitudinally oriented dentine tubules appear as dark stripes in the
dentine region.
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by storing them in bactericidal aqueous solution and preventing long
periods (>60 min) without water contact during the measurements.
All the treatment steps and imaging were performed at room
temperature.
Imaging with AFM. The investigations were carried out with a

MultiMode atomic force microscope with a Nanoscope IV controller
(Digital Instruments, Santa Barbara, CA) coupled with a reflected-light
microscope (Olympus MM10, Olympus Europa Holding GmbH,
Hamburg, Germany). A scratch and characteristic features on the
sample surface were used to reposition the AFM tip to the same area
of interest after each processing step (Figure 1b). The specimen
samples were measured in air in tapping mode (TM-AFM) using
NCH-type silicon cantilevers (NanoWorld, Neuchat̂el, Switzerland)
with nominal tip radii smaller than 10 nm and a spring constant of 42
N/m. The AFM images were recorded over an area of 40 μm × 40 μm
in the region of the tooth crown at the lingual or vestibular DEJ
(position 1 in Figure 1a) with an acquisition speed of 12 μm/s (0.15
Hz line rate) and a lateral resolution of 512 pixels × 512 pixels. A first-
order plane was fitted to the AFM height images and subtracted to
correct for sample tilt. For the animated sequence of AFM height
images, the images were registered by a rigid body transformation,
using the tool StackReg40 in the image software Fiji.41

■ RESULTS

Figure 2 shows a series of TM-AFM height images of a polished
tooth slice after stepwise demineralization with the acidic soft
drink Coca-Cola. The first image (Figure 2a) shows the ground

and polished tooth surface without chemical treatment. The
dashed yellow line indicates the interface between enamel
(upper-left) and dentine (lower-right). The numbered white
labels mark characteristic positions on the sample. The criss-
cross structure (indicated by blue arrows) are marks caused by
the mechanical polishing. Figure 2b−e shows the effect of the
etching process. With increasing DEM time, the roughness of
the surface increases (see the yellow ellipses in Figure 2a and e)
and ridges and grooves appear at the enamel and the dentine
side of the specimen. Due to this increase in roughness, the z-
scale (height) of the last two images (Figure 2d and e) was
adjusted from 1 to 2 μm. It should be noted that the most
remarkable changes happen at the interface region between the
dentine and the enamel (Figure 2e, dashed yellow line).
To follow the changes within the interface region in more

detail, the surface roughness and the maximal depth of the
interface cleft, obtained from cross section measurements, are
plotted versus the DEM time tDEM in Figure 3. Cross sections

were taken of each image, spanning the interfacial region as
indicated in Figure 2e and f. The maximal depth of the
interfacial cleft increases with the DEM time from 200 nm
initially up to 400 nm after tDEM = 3 min. The process becomes
much more pronounced for tDEM > 3 min, and the depth
increases to 1.4 μm (Figure 3b). Additionally, the root-mean-
square (RMS) roughness was measured in three 5 μm × 5 μm
large areas within the 40 μm × 40 μm large AFM images,
excluding the deep cleft at the DEJ. The average RMS
roughness is plotted as a function of the DEM time (Figure 3a)
with error bars indicating the standard deviation. The RMS
roughness increases continuously with DEM time. This
increase is also reflected by the increase in the standard
deviation.
Subsequently, the remineralization was carried out by

applying a mixture of Tooth Mousse paste and native saliva

Figure 2. TM-AFM height images of the junction between the dentine
(right) and enamel (left) after treatment with the acidic soft drink. (a)
After mechanical grinding; after (b) 30 s, (c) 90 s, (d) 180 s, and (e)
240 s exposure to the acidic soft drink. Panels (a−e) show the same
region on the specimen as indicated by characteristic positions (white
arrows) and polishing marks (blue arrows). The yellow dashed lines
indicate the junction between the dentine and enamel. (f) Height
profile extracted along the white line shown in (e).

Figure 3. RMS roughness (a, b) and maximal depth of the cleft at the
dentine−enamel junction (c, d) as determined from cross section
measurements at the position indicated in Figure 2e as a function of
DEM time (a, c) and REM time (b, d); the lines are guides to the eye.
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to the same (maximally demineralized) sample. The numbered
white triangles in Figure 4 indicate identical positions on the

sample surface. After 20 min of REM (Figure 4b), it is obvious
that nanoparticles have been deposited on the surfaces of both
the dentine and enamel (yellow arrows). Such particles are not
only deposited on the flat areas but also in the deep cleft, which
is notable at the dentin-enamel junction (yellow rectangle,

Figure 4a, c, and d). Moreover, after 130 min of treatment with
the Tooth Mousse and saliva mixture, the cleft at the dentin−
enamel junction is refilled almost completely, resulting in a
smoother surface with a smaller RMS roughness (40 nm) and
only a small groove between the enamel and dentine (Figure
4d).
For the REM process, the depth of the cleft and the RMS

surface roughness have been determined and plotted versus the
REM time tREM (Figure 3b, d). Both the RMS roughness and
the depth of the cleft decrease with increasing REM time with a
considerable decrease after 60 min REM time. This indicates
that the temporal evolution of the remineralization of the
dentine and enamel surface as well as the filling of the interface
cleft is characterized by two distinct successive phases.
Figure 5 shows the TM-AFM height and phase contrast

images of another de- and remineralization experiment
performed in the same way as described previously. On the
left side of the images, the enamel face can be seen, and on the
right side, the dentine. The yellow dashed line indicates the
interface between the two areas. After mechanical polishing
(Figure 5a, d), the difference between the enamel and dentine
regions in terms of the tip−sample interaction at the surface is
small, as indicated by the phase contrast (Figure 5d). We note
that many factors contribute to the phase contrast, like
viscoelastic surface properties, adhesion forces, and local
roughness. Due to the grinding process, there is an all-over
covering with ablated enamel, dentine, and material from the
resin matrix (Technovit 3040). Upon etching, the native tooth
structures are uncovered (Figure 5b), and the different surface
properties of dentine and enamel are clearly visible in the phase
images (Figure 5e). After 240 s of etching followed by 130 min
of remineralization, no differences between the enamel and
dentine region are distinguishable in the phase-contrast image
(Figure 5f), indicating that the same material is deposited on
the two different surfaces.

Figure 4. TM-AFM height images of the dentine (right) and enamel
(left) after gradually etching with the acidic soft drink for a total of 240
s and REM with a mixture of Tooth Mousse and native saliva for 10
min (a), 40 min (b), 70 min (c), and 130 min (d). White markers
show characteristic positions; yellow arrows mark deposited artificial
enamel nanoparticles; yellow rectangles emphasize the cleft at the
dentine−enamel junction.

Figure 5. TM-AFM height (a−c) and phase (d−f) images of the dentine (right) and enamel (left) after grinding and polishing (a, d), after etching
with the acidic soft drink for 240 s (b, e), and after REM with a mixture of Tooth Mousse and native saliva for 70 min (c, f). The dashed line marks
the dentine−enamel junction. An animated sequence of all the AFM height images taken after successive de- and remineralization steps is shown in
the Supporting Information.
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For comparison, we also studied the impact of pure saliva on
the REM process. Tooth slices were first gradually eroded with
the acidic soft drink and then treated with pure saliva under the
in vitro conditions described previously (Figure 6). Even after

very long treatment times (190 min, Figure 6d), no detectable
degree of REM is seen. This result shows that the REM effect
caused by the mixture of saliva and the tooth repair paste is
mainly caused by the repair paste containing calcium and
phosphate ions.

■ DISCUSSION
In the present study, we used the tapping mode AFM
technique to study the nanoscale erosion processes induced
by an acidic soft drink on human tooth enamel and dentine at
the dentine−enamel junction as well as to study the subsequent
remineralization process and the effect of exposing both dental
hard tissues to either a mixture of Tooth Mousse paste and
saliva (experimental group) or just native saliva (control
group). The application times were chosen to mimic a typical
consumption pattern of an acidic soft drink and the
recommended repeated application of remineralization pastes.
At room temperature, the etching rate of dentine and enamel is
∼20% smaller than that at 37 °C,42 the crystallization rate of
hydroxyapatite is 2/3 of that at 37 °C,43 and the enamel
remineralization rate is 1/3 of that at 37 °C,44 but the general
processes are qualitatively the same as those at 37 °C. The key
distinguishing characteristic of our study is that we could image
the same position at the dentin−enamel junction during DEM
and REM, thus revealing detailed information on the
nanometer scale regarding the changes as they occurred over
time. In particular, we were able to observe the local change of
the nanoscale surface morphology and roughness.
The progressive impact of an acidic drink on the teeth leads

to considerable depletion of the material on the dentine and on
the enamel surfaces (Figure 2). Treatment with the acidic soft

drink for 30 s, which is comparable to a few sips, already led to
an observable degradation of the tooth surfaces (Figure 2b).
After further treatment with the acidic soft drink, the deep criss-
cross structure, which originated from the grinding process,
vanishes and the natural surface morphology of the material
becomes apparent (Figure 2c, d). Enamel prisms are oriented
oblique to the imaging plane and are therefore not visible.
During the entire etching process, the roughness of the surface
increases. For total DEM times shorter than 180 s, we observe a
moderate increase in surface roughness with respect to
increasing DEM time, whereas for total DEM times longer
than 180 s, a significant increase in roughness can be seen.
Possibly, during the first 180 s of total DEM time, the erosion
process involves the softening of the dental materials; after this
time, the process just involves the removal of plain material.
The loss of material from the dentine region is significantly
larger than from the enamel region, since dentine is somewhat
softer than enamel and has a lower mineral content and higher
protein (collagen) content. However, the most remarkable
erosion occurs at the interface region between both materials
(at the dentin−enamel junction), where a cleft is formed. With
progressing DEM time, this interface cleft becomes deeper
(Figure 3c). We expect that this demineralization process is
typical in the case of a soft drink containing phosphoric acid.
The formation of trenches in both enamel and dentine and the
formation of a cleft at the DEJ resemble the morphology
formed during intergranular corrosion. Recent work on rodent
enamel shows that the increased solubility of grain boundaries
during acid etching is due to their amorphous structure and
different chemical compostion.42

REM occurs much more slowly than DEM, and therefore,
longer treatment times were chosen (10 and 30 min). After 10
min of treatment with the remineralizing agent, there is no
visible change in the surface topography (Figure 4a). During
further REM, material in the form of globular particles
(presumably hydroxyapatite or inorganic calcium phosphate)45

is observed to refill the grooves (Figure 4b−d). This
smoothening is also reflected in the decrease of the RMS
roughness and the decrease of the depth of the cleft at the
dentin−enamel junction (Figure 3c, d).
Figure 7 shows a model for the DEM and REM processes on

enamel and dentine. The model is partly based on the model

proposed in refs 46 and 47. It illustrates the structural change of
dental hard tissue surfaces (position S, in Figure 7a), the
process of mineral loss (Figure 7b), and the deposition of
material (Figure 7c) in the form of small deposited particles
(DP) growing within the native enamel prisms (EP, black bars).
Particles are also deposited upon the eroded dentine surface.

Figure 6. TM-AFM height images of the dentine (bottom) and
enamel (top) after gradually etching with the acidic soft drink for a
total of 240 s (a) and after treatment with native saliva for 20 min (b),
60 min (c), and 190 min (d). White markers show characteristic
positions; the yellow ellipse marks a sector of the dentine−enamel
junction region.

Figure 7. Schematic representation of the de- and remineralization
processes. (a) Native enamel and dentine surface, (b) mineral loss
after treatment with acidic drinks and alteration of the tooth surface S,
and (c) mineral deposition during REM. EP is an enamel prism, and
DP is the deposited particle material.
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We observe that the deposition of material on etched dentine
surfaces occurs in the same way as on enamel surfaces. Thus,
the new material is deposited on native enamel, on native
dentine, as well as on the interface region, resulting a
homogeneous covering. We expect the deposited inorganic
particles to be calcium phosphate. In the process, the particles’
morphology and orientation depends on several aspects, like
the viscosity of the REM agents, local variations of the chemical
composition, and the local interaction pattern with the protein
casein.48−50

In the AFM phase images, we can distinguish between the
enamel and dentine by a slight difference in the phase shift
values measured on the polished sample (Figure 5d); this
difference becomes even more evident after the sample is
treated with the acidic soft drink (Figure 5e). After REM, the
enamel and dentine regions can hardly be distinguished in the
AFM phase image (Figure 5f). From this, we conclude that the
same material is deposited on both the dentine and enamel
surfaces, resulting in a homogeneous covering of both surfaces.
Therefore, REM techniques like the one used in this study
might be suitable for covering free-standing dentine areas which
are present due to gingival regression or local plenary enamel
depletion. Also, it might be possible to cover exposed dentine
tubule apertures to achieve an analgesic effect. Such an effect
has been reported for polished dentine specimens.36

When we compare the surface roughness after 240 s of
etching to the surface roughness after 130 min of REM (Figure
3b), it is clear that the REM process does not lead to the same
smooth surface as obtained by polishing. This indicates that the
in vitro experiments performed here are still different than the
in vivo situation. In the latter case, the REM process induced by
saliva will probably be present immediately after the DEM
process. The surface roughness of the tooth will also depend on
the individual tooth care measures used by the individual, which
determine the presence or absence of bacterial biofilms.
With REM under the applied conditions, it takes about 2 h to

completely cover the eroded surface. This suggests that the
thickness of the deposited layer in an in vivo application is
probably much smaller, as the usual application time of Tooth
Mousse paste is only about 20 min. However, in everyday life,
the demineralization will probably be less severe compared to
the demineralization resulting from the conditions used in our
study, because remineralization will also occur due to the
presence of saliva with its natural content of calcium and
phosphate ions during the intermittent consumption of acidic
drinks and food. Furthermore, natural saliva acts as a buffer and
thus reduces the acidic erosion at the tooth surface. Saliva
seems to play a crucial role for the formation and precipitation
of enamel.38 Thus, there might be an additional REM
contribution of saliva in between the Tooth Mousse
applications irrespective of the paste’s impact in vivo.

■ SUMMARY
We monitored the nanoscale surface morphology at the
dentine−enamel junction upon exposure to an acidic soft
drink and during the subsequent remineralization process with
a mixture of saliva and a paste containing calcium and
phosphate ions. Our experiments model the de- and
remineralization process of teeth occurring in everyday life.
Successive AFM imaging reveals how the dentine−enamel
junction is gradually eroded over time and an about 1-μm-deep
cleft is formed. The subsequent exposure of the specimen to
the remineralization agent leads to the deposition of mineral

nanoparticles, homogeneously covering both enamel and
dentine, in a similar manner. The temporal evolution of the
surface roughness shows that the remineralization process
occurs much more slowly than previously expected and that it
proceeds in two distinct successive phases.
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