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Particulate synthetic hydroxyapatite (HAP) is rapidly gaining importance as a biomimetic agent in oral care products. The
prerequisite for an adequate effect of the treatment is an efficient attachment of the HAP particles to the tooth
substance. However, quantitative data about the interaction and affinity parameters involved are scarce. The authors
used an in vitro approach with standardized bovine tooth enamel surfaces and aqueous dispersions of chemically pure
synthetic HAP particles as a model system. Structural characterization of the HAP powder using high-resolution scanning
electron microscopy (SEM) shows that the particles are micrometer-sized stable clusters of crystallites that closely
resemble the structure of natural enamel. Using SEM image analysis, the authors investigated the influence of HAP
particle concentration and particle size on the efficiency of attachment to bovine tooth enamel based on pure
mineral–mineral interaction. The results show that both play an important role and can be tailored for optimizing the
efficiency of corresponding oral care formulations. The results also reveal the presence of structures resembling mineral
bridges at the interfaces between HAP particles and enamel that provide indications for possible interaction mechanisms.
Notation
Ar aspect ratio
dmax crystallite length
dmin crystallite width
Nparticles number of particles

1. Introduction
Human teeth consist of bone-like dentin covered with an external
layer of enamel that is essential for nutrition in constituting a hard
tissue with properties tailored for efficiently biting and grinding food
items. Healthy enamel consists of c. 97% hydroxyapatite (HAP),
Ca5(PO4)3(OH), in the form of thin elongated crystallites in
the nanometer size range. These crystallites form tightly
packed bundles with a highly organized spatial arrangement. This
so-called prismatic enamel is extremely hard and at the same
time highly fracture resistant.1,2 The enamel layer is formed in a
genetically controlled biomineralization process before the tooth
erupts.3,4 Unlike bone, the enamel is a static tissue after its
maturation and cannot be regenerated naturally. Therefore,
modern oral care focuses on the protection and preservation of
enamel with a large spectrum of treatment strategies relying
mostly on fluorides for everyday care5,6 and ceramics for repair
and replacement purposes.7,8 Despite these efforts, almost the
whole world population is affected by negative enamel conditions
with the major factors being caries and excessive erosion, which
are mainly promoted by modern dietary habits.9–11 In addition to
the established methods, bioinspired concepts that rely on
mimicking the natural structures,12,13 protective agents and
preventive effects14–17 have therefore received increasing attention
in modern oral care and dentistry within the past years. In the
field of oral care, the use of particulate HAP as an active
ingredient is on the advance because of its chemical and structural
similarity to dental enamel.18–22

Oral care formulations based on particulate HAP have been
shown to be efficient in addressing a number of clinical
indications such as prophylaxis against caries23,24 and protection
from dentin hypersensitivity by the occlusion of open dentin
tubuli.25–28 Additional effects are, for example, the improvement
of periodontal health,29 the formation of a protective layer on
enamel,30,31 biofilm management16,32 and tooth whitening.33

The necessary condition for HAP particles to take effect is that they
come into contact with the tooth surface. It has been shown that pure
HAP particles attach to pellicle-covered enamel surfaces under in situ
conditions without using any additional additives such as polymers.
With increasing time, however, a partial desorption of HAP particles
was observed.16 In vitro studies also confirmed HAP particles
adhering to enamel surfaces, where they might contribute to tooth
whitening.33,34 The by far most interesting and debated question is
whether and how particulate HAP contributes to the natural enamel
remineralization process and, depending on this, its potential to aid in
repairing, for example, lesions caused by caries or erosion as well as
its ability to form a biomimetic coating.35–37 In this context, the
group of Yamagishi et al.38 reported on a HAP paste for rapid tooth
repair where an enamel-repairing effect was demonstrated by
transmission electron microscopy (TEM) and atomic force
microscopy. The remineralization of early enamel caries lesions was
1
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studied in vitro using different concentrations of particulate HAP by
Huang et al.39 It was found that for this purpose, 10% HAP might be
most efficient. Remineralizing effects similar to those induced by
fluorides were observed in situ using microradiography.40 An ex–in
vivo study by Lelli et al.30 demonstrated the formation of a
biomimetic coating on enamel surfaces after application of a HAP-
containing toothpaste. However, other studies failed to detect an
inhibition of caries-mediated demineralization in vitro.41

To date, the interaction mechanisms between HAP particles and
enamel surfaces that lead to the remineralization phenomenon are
not yet understood in detail.33 A possible mechanism currently
under discussion is that HAP particles may induce crystallization
by functioning as nuclei that attract calcium and phosphate ions
from saliva.19

While the direct interaction of HAP particles with enamel and
pellicle surfaces is qualitatively well proven,16,21,30,31,33,34 only very
little is known about the influence of quantitative parameters on
HAP applications. The main parameters expected to influence
potentially the efficacy of HAP as an active ingredient in oral care
products are concentration, particle size and additives that may
influence the adhesion properties. For fluoride-based toothpastes, it
has been shown that the caries prophylactic effect increases with
fluoride concentration.42 For particulate HAP, understanding the
dose–response relationship of attachment is crucial for optimizing
the efficiency of corresponding oral care approaches. The particle
size is an important factor for adhesion efficiency, which is
supported by experimental data indicating that adhesion of smaller
particles to enamel is favored.34 Finally, the qualitative studies
available indicate that HAP particles adhere better if organic
material is present such as in enamel covered with the
proteinaceous pellicle and dentin, which has a much higher organic
material content (about 20%) than enamel (about 1·5%).43,44

The aim of this study is to bridge this gap and provide quantitative
information about the correlation of concentration and particle size
with adhesion efficiency between chemically pure synthetic
particulate HAP and polished organic-free enamel surfaces in vitro.
For this, the authors prepared standardized bovine enamel surfaces
that allow studying the pure mineral–mineral interaction without the
influence of individual patient-related parameters or additives. The
results of the adhesion experiments were analyzed using high-
resolution scanning electron microscopy (SEM), followed by a
comprehensive quantitative analysis based on images obtained from
randomized sample locations. The results are expected to shed light
on the interaction mechanisms between particulate HAP and tooth
enamel and provide parameters that can be used to optimize the
efficiency of HAP-based oral care formulations.
2. Materials and methods

2.1 HAP powder characterization
For this study, the authors used a chemically pure HAP powder
that is commercially available. To assess the similarity of the
2
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material to human dental enamel and to characterize the particle
size distribution in the powder, a structural analysis was
performed using high-resolution SEM. For this, a thin layer of
HAP powder was spread on aluminum SEM sample holders
covered with self-adhesive carbon foil pads. The samples were
sputter-coated with a 4 nm thick layer of platinum (Gatan
Precision Etching Coating System 682) prior to inspection with a
Zeiss Crossbeam 1540 XB scanning electron microscope. SEM
images of randomly chosen sample areas were used to determine
semiquantitatively the dimensions of the particles’ crystallite
subunits (length, width, aspect ratio). A set of three sample
images recorded at ×2000 magnification was used for quantitative
particle size determination following the procedure used for the
adhesion experiments (see Section 2.4 and Figure S10 in the
online supplementary material). A clinically extracted permanent
human premolar was used as a reference sample for crystallite
structure. The tooth surface was gently etched with phosphoric
acid (0·07%, 20 s) to remove the pellicle layer and expose the
HAP crystallites. After being washed in demineralized water (5 s),
the sample was mounted to an aluminum SEM sample holder and
air-dried overnight. Subsequently, the tooth was sputter-coated
with 4 nm platinum before inspection through SEM.

2.2 Bovine tooth enamel model
Complete lower jaws of domestic cattle were acquired from a
local meat producer with their own breeding and processing
facilities (Laame GmbH & Co. KG, Wuppertal, Germany). The
jaws originate from male animals aged 24 months and were
obtained fresh. In the next step, all teeth were extracted intact and
thoroughly cleaned from any adhering tissue and bone. The root
tips were cut off to clean also the root channels and pulp
chambers. Subsequently, the teeth were stored in 0·1% aqueous
thymol solution45 in order to avoid any unwanted effects from
desiccation or bacterial decay of the organic phase. For the
experiments, the authors used the incisors and canines due to their
geometrical and morphological resemblance to human teeth. To
obtain flat samples with a maximum of enamel surface area, each
tooth was clamped using the root and consecutively cut four times
using a water-cooled cutting disk (Buehler, IsoMet 5000, linear
precision saw, 3000 revolutions per minute (rpm), 2 mm/min;
Figure 1(a)): perpendicular and along the median line, followed
by two transversal cuts. This yielded a total of eight tooth pieces
with roughly similar dimensions, four exposing the labial surface
and four exposing the lingual surface (Figure 1(b)). All samples
were stored in 0·1% aqueous thymol solution until further
processing. The preparation steps necessary to obtain enamel
surfaces of high and reproducible quality were all carried out
consecutively, including the application of HAP dispersion, to
exclude unwanted effects from desiccation or interim storage. In
the first step, the samples were washed in demineralized water to
remove adhering thymol solution. Then, the inner surface of every
tooth piece was ground manually using dry 600 grit abrasive
paper until the outer enamel surface and inner dentin surface
formed parallel planes (Figure 1(c)). These flat sample pieces
were fixed on standard aluminum SEM holders using instant
icense 
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adhesive. Subsequently, the exposed enamel surface of each
sample was carefully polished on a water-cooled rotating lab
grinder parallel to the sample holder’s surface at 150 rpm using
2500–4000 grit abrasive papers (Figure 1(c)). After a quick
cleaning step with water, all samples were polished using a
textile-covered disk with 1 mm diamond particle suspension. The
final polishing step was carried out using several drops of a silica
particle (~50 nm dia.) suspension alone for ~30 s, after which
the process was continued under continuous water flow.
Subsequently, the samples were thoroughly cleaned with 100%
ethanol and subjected to a 30 s cleaning step in an ultrasound bath
submersed in ethanol. The final preparation step was to etch the
polished surface gently for 5 s in 0·07% phosphoric acid, after
which the samples were submerged in demineralized water for
5 s. Excess water was removed using tissue paper. After this, each
sample was subjected to the adhesion experiment immediately to
avoid desiccation and thus the formation of cracks in the polished
surface.
 [] on [27/05/19]. Published with permission by the ICE under the CC-BY licens
2.3 Adhesion experiments
Three dispersions containing 1, 5 and 10wt% of HAP powder were
prepared using demineralized water (pH 7·0) without any additives
and aliquoted in 250ml glass beakers. The highest concentration
was limited to 10% because this quantity corresponds to the
amount of HAP commonly found in various commercial oral care
mouth rinse formulations. For the adhesion experiments, the
authors used three polished samples originating from different
animals and teeth for each concentration. Each sample was exposed
to the dispersion for 1 min under continuous stirring at ~100 rpm
such that the polished surface was oriented perpendicular to the
flow direction. Thus, the particles in the dispersion were enabled to
impact the sample surface directly, simulating the application
procedure of a commercial mouth rinse (Figure 1(d)). Subsequently,
the samples were submerged in demineralized water for 5 s to
remove loose material followed by a quick wash in 100% methanol
to remove the water. Then, the samples were dried in a warm,
gentle air stream and prepared for SEM analysis.
(a) (b)

(c) (d)

1 2 3 + 4

Labial

Lingual

aoi Tooth sample

HAP 
dispersion:

1, 5 and 10%

Enamel

Ground basal surface
Dentin

200 nm

Figure 1. (a) A bovine incisor mounted in the cutting device. (b) Sequential cuts (1–4) were performed to obtain eight flat enamel samples.
(c) Cross-section of a tooth sample showing the enamel layer on top of the inner dentin. The lower sample edge to be ground is indicated by
the dashed line. The insert schematically indicates the next preparation steps where the samples are mounted and the area of interest (aoi) is
polished. (d) Schematic depiction of the mouth rinse-inspired procedure used to apply the HAP particles to the enamel surface
3
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2.4 SEM documentation and image analysis
The air-dried enamel samples were sputter-coated with 4 nm of
platinum using a Gatan PECS 682 coating device. Subsequently,
all samples were inspected using a Zeiss Crossbeam 1540 XB
focused ion beam SEM microscope. To randomize the choice of
areas for quantitative analysis, each sample was first inspected at
×45 magnification. For the samples treated with 1 and 5% HAP,
five approximately evenly distributed areas were chosen that were
digitally marked on the recorded image, and for the samples
treated with 10% HAP, three (panels A and B of Figures S1–S9 in
the online supplementary material). Subsequently, the coordinates
of the chosen enamel areas of interest were saved and images at a
magnification of ×10 000 were recorded at each location. Only in
cases where an obvious defect such as a large crack in the enamel
was situated in the image, the imaging site was shifted to adjacent
defect-free areas. All images were saved at a pixel resolution of
1024 × 768 and further used to mark the particles for quantitative
analysis. For this, the authors used the software Adobe Photoshop
CS5 Extended, version 12.1 (Adobe Inc.). Using selection tools
and image layers, the particles were manually marked to generate
a color mask of their planar projections. The number of pixels of
each image was constant, and the absolute surface area of an
individual pixel could be calculated using the scale bar length
ported from the SEM software. Thus, the area occupied by the
planar projection of each HAP particle could be quantified. The
image analysis tools integrated in Photoshop were used to
automatically determine the number of individual particles and the
area that each particle occupied for each sampled location to
obtain the particle size distribution of both the used HAP powder
4
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stock and the adhering particles after application of the
dispersions, respectively. Since the use of area (mm2) as a unit
of particle size is not intuitive, these values were geometrically
converted to particle diameter (mm) where necessary. Under the
simplified assumption that the particles are spherical, their circular
area represented by the planar projection was used to calculate the
corresponding diameter. From the pooled particle data, the degree
of coverage was calculated for every HAP concentration assessed
by simple subtraction of the area occupied by particles from the
total image area that represents the enamel surface background.
For preparation of the figures, brightness and contrast of the SEM
micrographs were adjusted using Adobe Photoshop CS5
Extended, version 12.1 (Adobe Inc.) where necessary. The graphs
and statistical analysis were prepared using Excel 2010
(Microsoft) and OriginPro 8.6 (OriginLab Corporation).
3. Results

3.1 Structural characterization of synthetic HAP
particles

The individual particles constituting the used synthetic HAP
powder consist of small, rod-shaped HAP crystallites that cluster
to form micrometer-sized particles (Figure 2(a)). The crystallites
have relatively uniform dimensions with a thickness of about
30 nm and a length of about 80 nm, resulting in an aspect ratio of
0·38 (Table 1). Within a particle, the crystallites are densely
packed without an apparent preferential spatial orientation
(Figure 2(a)). The HAP crystallites observed in cleaned human
(Figure 2(b)) and bovine enamel (Figures 5 and 7) have similar
200 nm 200 nm

Tooth surface

200 nm
(a) (b) (c)

Figure 2. SEM micrographs showing the microstructure of (a) the HAP microclusters used for the adhesion experiments in comparison
with the microstructures of (b) human tooth enamel surfaces gently etched with phosphoric acid and (c) fractured human enamel just
below the tooth surface. (b) and (c) are both samples from human permanent premolars
Table 1. Size and shape of crystallites constituting the HAP powder used for the adhesion experiments (calculated from 51 crystallites;
based on SEM images)
Crystallite length dmax: nm
 Crystallite width dmin: nm
icense 
Aspect ratio (Ar = dmin/dmax)
Mean with SD
 81·6 ± 30·7
 30·6 ± 9·3
 0·38

Median
 80
 30
 0·38
SD, standard deviation
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thicknesses. Their lengths are difficult to determine since their
anisotropic parallel arrangement in both prismatic and
interprismatic enamel does rarely permit observing where an
individual crystallite ends. In fractured untreated human enamel
close to the tooth surface, the crystallites are thicker, but their
lengths roughly correspond to the synthetic ones (Figure 2(c)).

The crystallite particles have irregular shapes with a tendency of
being roughly spherical (Figures 3(a) and 3(b)), and their size
greatly varies within the powder (Figure 3(a)). Individual
nanoscopic crystallites were very only exceptionally observed in
the powder samples (Figure 3(b)). To account for the broad
 [] on [27/05/19]. Published with permission by the ICE under the CC-BY licens
particle size distribution of the synthetic HAP powder, the images
used for quantitative particle size determination were recorded at
a lower magnification (×2000, Figures 3(a) and S10 in the online
supplementary material) than those used for the adhesion
experiment evaluation (×10 000, Figures 4 and S1–S9 in the
online supplementary material). Thus, particles in the smaller
size range are not well resolved. However, their presence is
confirmed by high-resolution SEM analysis of the native
powder (Figure 3(b)) and the results of the adhesion experiments
(Figures 4 and S1–S9 in the online supplementary material).
Figure 3(c) shows the distribution of different particle sizes as a
percentage of the total particle number (Nparticles total: 16 499)
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Figure 3. (a) SEM micrograph of the HAP powder showing the broad size distribution of the mostly spherical particles. (b) Higher
magnification reveals the presence of submicrometer-sized particles and the absence of individual crystallites. (c) Quantitative analysis of
particle size distribution in the powder derived from SEM micrographs (Nparticles powder analysis: 2236, black blocks) and from the pooled
adhesion experiment results alone (gray blocks). The very large particles are allotted to one class (14–1500 mm2) for clarity of representation
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allotted to different size classes. The graph contains both particles
analyzed from powder samples and those analyzed from the
adhesion experiments. The area projections of the smallest
particles observed cover 500–750 nm2, corresponding to
diameters of roughly 25–30 nm. It must be noted that this size
range represents the resolution limit of this study’s quantitative
analysis, since in this size range a particle is rarely represented by
more than a single pixel. The largest particles encountered had an
area projection of just below 1500 mm2, corresponding to a
diameter of about 40 mm. The majority of the particles show a
Gaussian distribution and have area projections between 2500 nm2

and 1·25 mm2, corresponding to diameters ranging from about
60 nm to about 1·3 mm. The most abundant class of particles in
the powder have area projections between 0·01 and 0·025 mm2,
corresponding to diameters between about 110 and 180 nm. This
particle class represents ~24% of all analyzed particles and forms
the maximum of the distribution curve. The other abundant size
classes all make up at least 2% of the total particle count.
Particles below 2500 nm2 and above 1·5 mm2 are rare, and each of
their size categories represents less than 1% of the total particle
count (Figure 3(c)). Solely the very large particles are notably
abundant with a fraction of about 1%.

3.2 Quantitative analysis of the affinity of HAP
particles to enamel surfaces

3.2.1 Concentration dependence of particle adhesion
The evaluation of the adhesion experiments shows that the degree
of coverage of the enamel surfaces increases with increasing
6
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concentration of the applied HAP particle dispersion. Application
of the HAP dispersions resulted in an average total enamel area
coverage of 9·6 ± 6·1% for 1% HAP concentration, 13·4 ± 8·9%
for 5% HAP concentration and 32·2 ± 11·7% for 10% HAP
concentration (Figure 4). Figure 5 shows representative images of
enamel samples treated with the different dispersions. The
SEM analysis shows that, independent of the used concentrations,
the coverage of the sample surfaces was not uniform
(Figures S1–S9 in the online supplementary material). This is
reflected by the high standard deviations obtained. With HAP
concentrations increasing from 1 to 10%, the standard deviation
of the covered area percentage, however, decreases (Figure 4),
and the particle coverage density of the sampled areas becomes
more uniform (Figures S1–S9 in the online supplementary
material).

3.2.2 Size distribution of adhering particles
The results of the adhesion experiments were used to determine
the size distributions of the particles that remained on the enamel
sample surfaces after application of the different HAP dispersions
and the following preparation steps. Compared to the particle size
distribution of the used powder (Figure 3(c)), the most obvious
difference is that for all three concentrations, very large particles
are virtually absent. The adhering particles from the largest class
(14–1500 mm2) represent only 0·17% for the 1% HAP dispersion,
0·1% for the 5% dispersion and 0·16% of the total particle
number for the 10% dispersion. In the used powder, 0·81% of all
particles belong to the largest class. As described for the powder,
the lower size boundary for adhering particles is about 30 nm as
calculated from the area projections of the smallest particle class
(500–750 nm2). The largest particles still adhering in significant
numbers belong to the class with area projections between 1 and
1·25 mm2, which corresponds to a maximal diameter of roughly
1·3 mm. Between the two threshold values, the sizes of the
adhering particles show a Gaussian distribution with the largest
number of particles belonging to the class with area projections
between 0·01 and 0·025 mm2 (diameters about 110 and 180 nm)
for all three used HAP concentrations. The second highest
abundance was observed for particles with area projections
between 0·1 and 0·25 mm2 (diameters about 400 and 650 nm),
which represent 13 and 11% of all adhering particles in the
samples treated with 1 and 10% HAP dispersions, respectively.
For the 5% HAP dispersion, these particles represent only a
fraction of 8%. Overall, the results obtained for the three different
HAP concentrations differ for each particle size class in the range
of a few percent. The general trend, however, is similar and
reflects the size distribution observed in the dry powder
(Figure 3(c)) for particles with area projections above 0·01 mm2.
In the samples treated with 1 and 5% HAP dispersions, virtually
all observed particles adhere to the enamel surface directly
(Figures 4(a) and 4(b) and S1–S6 in the online supplementary
material). Solely in the samples treated with the 10% HAP
dispersion did the authors observe a tendency of the particles to
form larger clusters, meaning a small fraction of the particles
adhere to other particles already situated on the enamel surface.
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Figure 4. Dose–response relationship of HAP particle adhesion to
standardized bovine tooth enamel surfaces in vitro. Fifteen areas
distributed on three different enamel samples were analyzed for
the 1% (Nparticles: 2345) and 5% HAP dispersions (Nparticles: 5912),
and nine areas distributed on three different samples for the 10%
HAP dispersion (Nparticles: 6006). Each analyzed area had a size of
453·12 mm2. Coverage is expressed as percentage of the total
analyzed area with standard deviations
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3.3 Structural characterization of the interface
between enamel and adhering HAP particles

High-resolution SEM was used to analyze the interface between the
standardized bovine enamel surfaces and the adhering HAP
particles (Figure 7). The results obtained on the flat samples
inspected from above show that at the scale of observation, there is
 [] on [27/05/19]. Published with permission by the ICE under the CC-BY licens
no recognizable interphase present between particles and surface
(Figure 7(a)). This is confirmed at very high magnifications, where
the crystallite clusters were observed touching the crystallites of the
enamel directly (Figure 7(b)). Since in this configuration the actual
interface is concealed, the authors also inspected the margins of the
enamel occurring at the dentin–enamel junction occasionally
Raw SEM images

(a)

SEM images processed for particle analysis

2 µm2 µm

2 µm2 µm

2 µm2 µm

(1% HAP) (1% HAP)

(5% HAP) (5% HAP)

(10% HAP) (10% HAP)

(d)

(b) (e)

(c) (f)

Figure 5. Representative SEM micrographs of the standardized bovine enamel sample surfaces after treatment with dispersions containing
(a) 1, (b) 5 and (c) 10% HAP particles from the same powder stock. (d), (e) and (f) show images of the same areas, respectively, with the
particles marked that were used for determination of coverage and particle size distribution. Images of all analyzed samples are shown in
Figures S1–S9 in the online supplementary material
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present in the samples. Here, the dentin surface was recessed with
respect to the enamel surface. This is an artifact from the polishing
process caused by the lower hardness of dentin, which leads to a
quicker abrasion compared to the harder enamel. Particles adhering
to these sloped enamel areas were inspected at an oblique angle,
allowing observing their interface with the enamel (Figure 7(c)).
While the absence of foreign substances was confirmed, the authors
frequently observed connections between particle structures and
surface structure that resemble HAP crystallites in shape and
dimensions. It was not possible to discern whether these are
crystallites originally belonging to either HAP particles or the
enamel surface that fused at their contact areas or connecting
mineral ‘bridges’ that grew between neighboring crystallites during
or after the application of the HAP dispersion.

4. Discussion
To understand the role that particulate HAP can play in the
natural remineralization process and thus how it functions as a
biomimetic active ingredient in oral care products, detailed
knowledge is needed on how it interacts with tooth enamel,
ideally with that of human teeth. A systematic quantitative in vitro
study requires a large number of samples with constant quality.
Since healthy human teeth are hard to acquire, the authors
decided to use bovine teeth as basic material for enamel samples.
The structure and properties of bovine teeth, particularly of the
incisors, are very similar to human teeth.46 They are an
established model material used for both in vitro31 and in situ16,32

studies. With the authors’ preparation protocol, relatively large flat
areas of exposed enamel are achieved that are virtually free of
contaminations in the form of organic residues (e.g. pellicle
residues) and of diamond and silica particles from grinding and
polishing. A number of studies have shown that HAP particles
adhere well to enamel surfaces.16,21,30,31,33,34,38,40 However, the in
vitro studies used enamel surfaces that were covered with an
artificial organic pellicle layer or applied HAP in a form where
the mixture contained additional organic ingredients. In the in situ
studies, the cleaned test specimens inevitably develop a pellicle
layer due to their exposure to saliva. Thus, it is difficult to assess
whether the HAP particles adhere to the enamel due to intrinsic
mineral properties or because proteins and other organic
molecules act as bonding agents. Therefore, the authors chose to
use clean enamel specimens and aqueous HAP dispersions with
neutral pH and studied particle adhesion based on pure
mineral–mineral interaction.

An important prerequisite for a biomimetic oral care agent is its
similarity to the target substance, in this case tooth enamel. High-
resolution SEM inspection of the commercially available HAP
powder that the authors used shows that the particles are actually
clusters consisting of crystallites that resemble those constituting
the smallest building blocks of both human (Figure 2(b)) and
bovine (Figure 7(a)) enamel. The crystallite dimensions (Table 1)
and the rod-like shape correspond well to dimensions of
crystallites from permanent human teeth documented by Daculsi
and Kerebel47 using TEM. HAP crystallites with similar
8
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morphology have been synthesized48 and were used for
remineralization studies.21 However, other studies also report
different morphologies such as spherical crystallites.36 While the
morphology of individual crystallites in this study’s HAP particles
corresponds to that in enamel, their spatial arrangement is much
more random in contrast to the highly ordered, directionally
arranged crystallites in the prisms and interprismatic enamel
(Figure 2(b)). Interestingly, neither the initial HAP powder nor the
fraction adhering to the enamel samples after application as
aqueous dispersion contained noteworthy amounts of free
individual crystallites. The morphology of the crystallites (Figure
2(a)) did not change upon contact with water. Since HAP has the
lowest solubility of all calcium phosphates,2 it is not surprising
that it is inert to dissolution in this medium at neutral pH
(Figures 7(b) and 7(d)). The particle clusters also remained intact,
indicating that the bonding between the crystallites is stable
enough to prevent their disintegration in water. Therefore, it is
safe to assume that the prepared dispersions were free of
nanoparticles, which is an important requirement for using them
in oral care applications. The dipole properties of HAP and the
resulting electrostatic forces have been postulated as being
responsible for the cohesion of the crystallite clusters.49 However,
the authors’ high-resolution SEM images indicate that the
majority of the crystallites are actually fused with their neighbors
(Figure 2(a)), probably by the formation of mineral at their
surfaces. This would also explain the absence of individual
crystallites in the powder. If this would be the case, it must have
happened already during the synthesis process. At present, the
authors can only speculate about the nature of their bonding.

For the particle size distribution, the authors marked the particles
on the SEM images manually, since the gray-scale contrast of the
SEM images was not sufficient to obtain reliable particle
recognition with automated image analysis tools such as ImageJ.
While being more labor intensive, this procedure grants the best
possible accuracy of the data. Subsequently, the authors calculated
the planar projection area for each particle by using the analysis
tool integrated in Photoshop. Since many particles are in contact
with their neighbors, extreme care was taken to avoid the software
recognizing multiple particles as one. However, this case cannot
be fully excluded, and, therefore, a small systematic error has to
be expected in the data. This affects mainly the analysis of the
powder (Figure 3) due to the high density of particles in the
images. The adhesion experiments are less affected. For the class
of the largest particles with area projections between 14 and
1500 mm2 in the powder, the authors sometimes observed that
individual particles cluster to form larger aggregates (Figure 3(b)).
In air, these particles adhere most probably by electrostatic forces.
In some cases, it was difficult to discern whether a large particle
consists of several smaller ones from the SEM images. The
majority of the particles in the powder are in the size range
between 100 and 200 nm. Around this size class, the particle size
forms a Gaussian distribution with the lower boundary at around
30 nm and the upper boundary at around 1·3 mm (Figure 3(c)).
This size range corresponds well to the HAP microcluster size
icense 
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reported from commercial mouth rinses in other studies (e.g. the
study of Kensche et al.16).

Surface units are certainly not the ideal way to represent particle
sizes, but must be considered the most accurate way given the
limitation to two-dimensional data inherent to a study based on
SEM analysis. The actual diameters that the authors present are a
very rough approximation due to the irregular shape of the
particles and should be considered as a help to get a more
intuitive idea of the obtained data. However, surface units as a
representation method is ideally suited to describe the correlation
between HAP particle concentration and the degree of coverage
achieved on this study’s enamel test specimens. For application of
HAP particle dispersions to the enamel surface samples, the
authors developed a protocol that mimics the application of a
mouth rinse. Controlled agitation of the dispersion through
stirring and adjusting the position of the sample off-center and
against the flow direction ensures that the type and direction of
forces acting between particles and surface are comparable to
those of the process happening in the mouth (Figure 1(d)). An
exposure time of 1 min was also chosen according to the
recommendations for commercial mouth rinse products. The data
obtained under this study’s experimental conditions clearly show
a significant dose–response relationship: With increasing HAP
particle concentration, the average coverage increases from 9·6%
for 1% HAP to 13·4% for 5% HAP and up to 32·2% for 10%
HAP of the total sample area (Figure 4). Against the authors’
expectation, the increase in coverage is not linear and the
difference between the 1 and 5% dispersion concentrations is
much smaller than the difference between the 5 and 10%
dispersion concentrations. Since the enamel test specimens were
pooled from different animals, teeth and tooth locations before
being randomly distributed for the test series, differences in
sample quality can be excluded as a reason for this. However, the
authors observed great variations in the coverage density in
individual samples (see Figures S1–S9 in the online
supplementary material), which explains the large standard
deviations of the results (Figure 4). With increasing HAP
concentration, these variations become less pronounced and the
coverage becomes more uniform (Figures S1–S9 in the online
supplementary material). This is also reflected in the decrease in
the standard deviation relative to the total area covered by
particles from low to high concentration. It can thus be concluded
that under this study’s experimental conditions, the affinity of
HAP particles toward enamel surfaces is not uniform. This study’s
results do not offer a concise explanation for this, since the
surface quality of all used enamel test specimens was equally
good. Possible reasons may be the differences in the orientation
of the enamel crystallites at the surface, which result from the
different angles at which the prisms were sectioned during
polishing. This phenomenon manifests as different shapes of the
prisms ranging from circular if cut perpendicularly to oval if cut
obliquely (e.g. Figures 5(a)–5(c)). However, the authors did not
observe a clear correlation between this and different particle
density on the samples. Since a particular affinity of particles to
 [] on [27/05/19]. Published with permission by the ICE under the CC-BY licens
attach to prism boundaries was not observed, these local
depressions with inherently different crystallite arrangement can
also be excluded. Despite this, the number of samples and
particles analyzed for each concentration (15 areas on three
different samples for the 1% (Nparticles: 2345) and 5% HAP
dispersions (Nparticles: 5912), nine areas on three different samples
for the 10% HAP dispersion (Nparticles: 6006)) is high enough to
support confidently that an increase in particle concentration leads
to an increase in coverage. At a HAP concentration of 10%
(Figures 5(c) and S7–S9 in the online supplementary material), it
is also observed that particles start to adhere to other particles
instead of directly to the enamel as it was the case for the 1 and
5% concentrations (Figures 5(a) and 5(b) and S1–S6 in the online
supplementary material).

From the viewpoint of possible remineralization effects, a
cohesive monolayer of HAP particles in close contact with the
enamel would be the most favorable condition. From the authors’
observations, they hypothesize that, although not tested,
concentrations of more than 10% HAP in mouth rinses would
lead to the formation of particle clusters where those in the top
layer cannot efficiently interact with the enamel anymore. Such
particles would also easily be removed due to weak adhesion to
other particles. Other effects of HAP have been shown to occur
already at concentrations lower than 10%. It has been reported
that 5% HAP particles in a mouth rinse already efficiently reduce
bacterial colonization on enamel samples in situ.16 Even far lower
concentrations of HAP in the oral cavity have the potential to act
as attachment sites for bacteria, thereby impeding their attachment
to the tooth surface.

Analysis of the size distribution of the adhering particles
(Figure 6) shows that virtually all of the size classes present in the
powder (Figure 3(c)) do also adhere to the enamel in vitro with the
exception of the very large ones with diameters above 4 mm.
While slight differences are observed in the abundance of certain
size classes for the different concentrations, the distributions
follow the same trend. Solely the size classes with area projections
larger than 0·1 mm2 are slightly less abundant after the experiment,
but the differences compared to the powder are very small (1–2%).
However, this indicates that larger particles adhere less well than
the smaller ones. The very large particles with area projections
between 14 and 1500 mm2 make up about 1% of the total number
of particles in the powder that the authors use, but only around
0·1% of the ones adhering to enamel. This indicates that there is a
size limit for HAP particles above which they do not adhere to or
remain attached to enamel surfaces. This limit is most probably
defined by the adhesive forces between a particle and the enamel
and the mass of the particle. Particles whose masses are larger than
the adhesive forces at their contact area may adhere to the enamel
while the sample is still in the aqueous dispersion, but will fall off
when the sample is removed from the beaker or during the
subsequent washing steps. Also, smaller particles have a larger
contact area in relation to their mass than larger ones. This study’s
data suggest that for pure mineral–mineral interaction between
9
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HAP particles and bovine tooth enamel, this size boundary is at an
area projection of about 1·25 mm2 corresponding to about 1·3 mm
particle diameter assuming a spherical particle. In reality, this
value may fluctuate since the irregularly shaped particles may have
larger contact areas.

The question about the nature of the adhesive forces and their
strength can unfortunately not be answered by this study. The
presence of organic material that can act as adhesion promoter can
be excluded as shown by high-resolution SEM images of particles
on the enamel surface (Figures 7(a) and 7(b)). What can be said is
that the particles certainly interact with the enamel surface
through electrostatic forces, van der Waals forces and hydrogen
bonds inherited from their chemical composition. Here, smaller
particles will experience stronger bonding due to their higher
surface charges49 and larger contact area with respect to their size.
Another, although probably much smaller factor is mechanical
interlocking due to the nanoscopic surface roughness caused by
protruding, randomly oriented crystallites on the surface of HAP
particles and the crystallites exposed by the etching step on the
enamel surfaces (Figure 7). In future work, the authors plan to
characterize experimentally the adhesion strength by measuring
the forces necessary to separate particles from the surface using a
nanoindenter. An interesting phenomenon that the authors
observed in some of the samples was that HAP particles form
connections with the enamel at their interface. These structures
resemble outgrowths of individual crystallites that connect them
and have similar widths (Figure 7(d)). Upon close inspection,
these structures are equally stable in the electron beam as the
HAP they connect. Therefore, it is very improbable that they are
formed by organic residues that accumulated at the HAP
particle–enamel interface during the sample drying process.
10
ed by [] on [27/05/19]. Published with permission by the ICE under the CC-BY l
Another possibility is that these connections represent mineral
bridges that have formed between crystallites from the particles
and the enamel. In this case, they could have grown only through
a local mineralization process where the ions originate from local
dissolution processes and the HAP at the interface acts as
nucleation site. This would suggest real chemical bonding through
ionic bonds created by crystal growth and fusion, which would be
a very interesting perspective of how remineralization could be
explored for the optimization and development of new HAP-
based oral care formulations. However, due to the low solubility
of HAP,2 it seems improbable that local dissolution processes
occur to an extent that provides enough ions to enable the growth
of such relatively large connections, and the water used for the
dispersions was deionized. However, a recent study using atom
probe tomography correlated with TEM has shown that human
enamel crystallites are surrounded by about a 2 nm thick layer
consisting of a magnesium-rich amorphous phosphate phase.50

Amorphous mineral phases are known to have a much higher
solubility than crystalline ones.2,22 Should bovine enamel
crystallites have a similar composition, this amorphous phase
could very well be the ion donor for a mineralization process that
fuses HAP particles and enamel crystallites. Since the superficial
enamel crystallites in the authors’ samples should be devoid of
such an amorphous layer due to the phosphoric acid treatment
step that was employed, the ions would have to come from a
region below the surface. Due to the surface roughness of the
treated enamel test specimens, this would be absolutely possible.
However, the authors were only able to observe the connections
where particles adhered to inclined enamel areas. This occurred
only in samples where the dentin–enamel junction was exposed
due to polishing of a concavely curved piece of tooth. To
elucidate the nature of these connections definitely, the interface
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between particles and enamel has to be studied in cross-section
using high-resolution TEM combined with elemental analysis,
which will be subject of further work. The results can then be
used to conduct numerical methods such as molecular dynamics
simulations51,52 that can help to improve the understanding of the
adhesion process on the molecular scale in detail.

5. Conclusions
In this study, the authors present for the first time a
comprehensive quantitative analysis of the interaction between
pure synthetic HAP particles and clean enamel surfaces of bovine
origin. It is shown that the HAP powder stock used qualifies as a
biomimetic mineral due to the structural similarity between the
crystallite clusters and enamel. The adhesion experiments
demonstrate that there is a pronounced dose–response relationship
with the analyzed enamel area coverage increasing from about 10
to over 30% with the concentration of the used HAP dispersion
increasing from 1 to 10%. In addition, it is shown that at 10%
HAP concentration, the coverage is still largely a monolayer of
particles. The particle size distribution shows that only particles
with diameters up to about 1·3 mm reliably adhere to the enamel
 [] on [27/05/19]. Published with permission by the ICE under the CC-BY licens
surface, while the larger ones present in the powder do not. The
authors discuss possible reasons for this and provide evidence for
the presence of mineral bridges between crystallites at the
interface between the HAP particles and the enamel surface.
The data present a solid starting point for understanding the
mineral–mineral interaction and are suitable as a base for
optimization and refinement of HAP-based oral care formulations.
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