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Abstract

Recent advances in atomic force microscopy (AFM) have allowed the charac-
terisation of dental-associated biomaterials and biological surfaces with high
resolution. In this context, the topography of dental enamel - the hardest miner-
alised tissue in the body - has been explored with AFM-based approaches at the
microscale. With age, teeth are known to suffer changes that can impact their
structural stability and function; however, changes in enamel structure because
of ageing have not yet been explored with nanoscale resolution. Therefore, the
aim of this exploratory work was to optimise an approach to characterise the
ultrastructure of dental enamel and determine potential differences in topogra-
phy, hydroxyapatite (HA) crystal size, and surface roughness at the nanoscale
associated to ageing. For this, a total of six teeth were collected from human
donors from which enamel specimens were prepared. By employing intermittent
contact (AC mode) imaging, HA crystals were characterised in both transver-
sal and longitudinal orientation (respect to surface plane) with high resolution
in environmental conditions. The external enamel surface displayed the pres-
ence of a pellicle-like coating on its surface that was not observable on cleaned
specimens. Acid-etching exposed crystals that were imaged and morphologically
characterised in high resolution at the nanoscale in both the external and inter-
nal regions of enamel in older and younger specimens. Our results demonstrated
important individual variations in HA crystal width and roughness parameters
across the analysed specimens; however, an increase in surface roughness and
decrease in HA width was observed for the pooled older external enamel group
compared to younger specimens. Overall, high-resolution AFM was an effective
approach for the qualitative and quantitative characterisation of human dental
enamel ultrastructure. Future work should focus on exploring the ageing of den-
tal enamel with increased sample sizes to compensate for individual differences
as well as other potential confounding factors such as behavioural habits and
mechanical forces.
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1 | INTRODUCTION

Human teeth are complex organs located in the oral cav-
ity, made up by three mineralised tissues (enamel, dentin,
cementum) and one non-mineralised tissue (dental pulp).
Among these, dental enamel is the outermost mineralised
layer that coats the visible crown portion of the tooth."?
As such, it is in direct contact with the oral environ-
ment and thus is a crucial substrate for the chemical and
mechanical protection of underlying tissues such as dentin
and the dental pulp. It is mostly constituted by a mineral
phase of hydroxyapatite (HA) - a form of calcium apatite -
although there are also very minor amounts of specialised
enamel proteins such as amelogenins and enamelins that
act as scaffolding for mineralisation.> This high degree
of mineralisation makes dental enamel the hardest tissue
in the human body and grants it mechanical stability to
endure cyclic force loading during repetitive mastication.
Protein—protein and protein—mineral interactions regu-
late the morphology and three-dimensional orientation
of hydroxyapatite crystals and determine the mechanical
properties of enamel such as high surface hardness and
resistance to fracture.*>

Within enamel, HA crystals are known to be ~50-
70 nm wide and up to several microns in length®’ and
can be found aligned within enamel rods that enhance
the mechanical properties of the tissue.® Besides being an
important structural tissue, dental enamel is also an impor-
tant substrate for the adhesion of biomaterials during
restorative treatments. In recent years, the development
of adhesive dentistry procedures allows the direct bonding
of composite resin materials to tooth structures including
enamel.” These techniques involve an initial demineral-
isation of the enamel surface with phosphoric acid to
controllably remove HA crystals. This leads to an increase
in surface energy and microroughness and facilitates the
formation of a strong restorative-tooth interphase that
will increase the long-term success of treatment.'%!' As
dental restorations can be placed either on superficial
enamel or deeper within the tissue, the ultrastructure of
enamel at different depths is clinically relevant and plays
an important role in adhesive dentistry.'”

Currently, it is known that dental tissues can suffer
important mechanical and biological changes with age-
ing. Some relevant ageing markers in teeth include dental
pulp fibrosis,'” dentinal sclerosis and increased elastic-
ity, as well as age-dependent accumulation of glycation
end-products.”® In enamel, age-associated alterations are
mostly a result of cyclic exposure to mechanical forces
(such as mastication) and erosion (due to dietary or
intrinsic factors) that modify the structure and rough-
ness of enamel over time.” Despite these observations,
little is known regarding ageing-associated ultrastructural

changes in enamel at the nanoscale that could poten-
tially impact tissue mechanics, resistance to wear and
integration with restorative biomaterials.

In recent years, the use of atomic force microscopy
(AFM) has allowed researchers to characterise biologi-
cal substrates and tissues with nanoscale resolution.'*!
For AFM, samples require minimal preparation and can
be observed in near-physiological conditions, resulting
in huge advantages for the exploration of human tis-
sue samples and specimens.'® Furthermore, AFM is not
limited to topographical characterisation as it can also pro-
vide important quantitative information such as surface
roughness and mechanical properties of specimens and
substrates.'” Previous work has utilised AFM to examine
the microstructure of enamel surfaces after acid etch-
ing but mostly focused on observing changes at the
microscale range'®2Y; however, potential enamel ultra-
structural changes associated to tooth ageing have not yet
been explored with these techniques.

Thus, the aim of this exploratory work was to opti-
mise an approach to characterise the ultrastructure of
dental enamel with nanoscale resolution in both younger
and older tooth specimens, in order to determine poten-
tial differences in topography, HA crystal size and surface
roughness at the nanoscale. Overall, understanding poten-
tial changes in enamel ultrastructure between younger and
older tooth specimens could potentially aid in the develop-
ment of novel therapeutic approaches regarding adhesive
dentistry focused on the elderly.

2 | MATERIALS AND METHODS

2.1 | Sample collection

For enamel specimen collection, a total of 6 permanent
teeth extracted due to orthodontic or restorative treatment
were obtained following informed consent (local ethical
approval #180426002). All tooth samples had an absence
of restorations or active caries at the time of extraction.
Teeth were initially washed and stored in 70% ethanol solu-
tion for 72 h for decontamination, washed 3x in PBS and
air-dried.

2.2 | Specimen preparation

Following sample collection, teeth were embedded in
acrylic resin (Marche Acrylics, Chile) and 3 transversal
thin sections — with a thickness of 200 um - were collected
from each tooth with an SP1600 hard tissue microtome
(Leica Biosystems, USA). After sectioning, tooth sam-
ples were treated with a 37% phosphoric acid solution
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Ultrastructure of superficial dental human enamel. (A) Diagram depicting enamel specimen preparations from extracted

teeth. Analysis of the sliced enamel specimens was performed at both the external (subsurface) as well as at the internal (vicinity of dentin)
areas, as illustrated by the black boxes on the light microscopy image (scale bar: 100 um). (B) Height, (C) amplitude and (D) 3D reconstruction
images of superficial enamel (in contact with the oral environment), where most HA crystals appear covered with a pellicle-like structure. (E)

Height, (F) amplitude and (G) 3D reconstruction images of cleaned superficial enamel from a younger specimen, showing the characteristic

globular morphology associated to the presence of hydroxyapatite crystals. (H) Height, (I) amplitude and (J) 3D reconstruction images of

clean surface enamel in an older sample, displaying a less-defined surface morphology

(Sigma-Aldrich, USA) for 30 s, washed 3x with ultrapure
water (dH,0) and air-dried. Furthermore, non-sectioned
superficial enamel from one younger and one older tooth
were also collected from a non-occlusal site to directly
visualise the external surface of enamel (Figure 1A).

Initial specimen characterisation was carried out with
light microscopy and scanning electron microscopy
(SEM). Briefly, specimens were immobilised onto glass
cover slides and visualised with a Panthera U (Motic,
China) light microscope, obtaining images at 4x and 10X
magnification. Subsequently, selected specimens were
submerged in a solution of 2.5% glutaraldehyde for 24 h,
dehydrated with an increasing 25%, 50%, 70%, 90%, 100%
ethanol series, gold sputter-coated and imaged with a
Hitachi TM3000 SEM (Tokyo, Japan) with an acceleration
voltage of 5 kV.

2.3 | Atomic force microscopy (AFM)

All AFM experiments were performed with an Asylum
MFP 3D-SA AFM (Asylum Research, USA) in intermittent
contact (AC mode) under environmental conditions, utilis-
ing SCOUT 350 RAu probes (NuNano, Bristol, UK). Briefly,
superficial and sectioned enamel specimens were cleaned
with a stream of N, air and immobilised onto metal discs
with the aid of double-sided tape. A free amplitude of 1
V was employed, and the imaging setpoint was adjusted
during scanning for image optimisation (~400-500 mV).
Initial exploratory 10 X 10 um scans were performed on
each sample, from where 1X1 um representative images
were obtained for nanoscale visualisation at both the inter-
nal (vicinity of dentin) and external (subsurface) enamel
regions (Figure 1A). Height, amplitude and phase channels

were recorded, and gain parameters were adjusted in real
time to optimise image acquisition at 256 X 256 pixels. For
sectioned specimens, images were acquired at both exter-
nal (adjacent to the enamel surface) and internal (adjacent
to the dentin-enamel junction) regions of enamel for each
specimen. Representative images were acquired for each
specimen slice (n = 3) at both the internal and external
location.

2.4 | Data and statistical analysis

All AFM images were processed with the Gwyddion 2.6
software. Selected trace profiles and 3D images were
obtained from the height channel. HA crystal sizes were
measured and determined with ImageJ Fiji v2.3.0 software
and graphed as box plots (median and quartiles) in Graph-
pad Prism 9. RMS roughness was determined in Gwyddion
across three independent 1 X 1 um scans per specimen
and expressed as mean =+ standard deviation. Normality
tests and statistical analysis were performed in Graphpad
Prism 9 software with either one-way ANOVA with Tukey’s
multiple comparisons, or Kruskal-Wallis test with Dunn’s
multiple comparison tests, considering significance at p
values <0.05.

3 | RESULTS AND DISCUSSION

3.1 | Characterisation of superficial
human enamel

For this exploratory study, we obtained dental enamel
specimens from a total of 6 donors from two different
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age groups. All employed teeth were free of dental
caries lesions, evident chemical modifications or previous
restorative procedures. Three of the samples were obtained
from younger individuals (20-26 years old), whereas the
other three samples were collected from older individuals
(50-69 years old). For all cases, 3 tooth slices (specimens)
was obtained via hard tissue microtome sectioning, and
sound enamel was also obtained for superficial sample
characterisation.

Enamel is the most external tissue covering the surface
of the tooth, and as such, it lies in direct contact with the
oral microenvironment.?' Thus, as an initial step, the visu-
alisation of human enamel with AC mode AFM was done
directly on the tooth surface before any cleaning proce-
dure. As such, the presence of a pellicle-like coating was
observed directly on top of the surface of enamel, partly
covering the crystal structure (Figure 1B-D). It is known
that within the oral cavity, enamel is coated with a pellicle
consisting of salivary proteins and other macromolecules
such as amylase, mucin and lipids, among others.?” There-
fore, the presence of a pellicle-like structure on the surface
of extracted human tooth enamel is expected during the
direct examination under AFM with no previous sam-
ple preparation or cleaning. It is likely that the pellicle
observed in the present samples may be due to minor
remnants of the salivary pellicle that survived sample
preparation, as previous work has shown that intact sali-
vary pellicles can form clusters up to 80 nm height when
observed with AFM.? Therefore, it is necessary to ensure
proper surface cleaning of enamel samples before AFM
ultrastructure characterisation.

After pellicle removal by surface cleaning with dH,0
and N, airflow, the morphology of enamel was clearly
observed in the form of HA crystals, which displayed
a globular aspect in high-magnification AFM images
(Figure 1E-G). Furthermore, cleaned surface enamel in
the younger specimen presented clearly demarcated HA
crystals on the surface (Figure 1E and G), while the older
specimen appeared to have less defined HA crystals with
fewer variations in surface morphology as observed in
height and amplitude images (Figure 1H-J). This obser-
vation could potentially be explained by the progressive
changes that enamel undergoes during life due to chem-
ical, bacterial or mechanical factors that can alter its
surface morphology.”*?*> Therefore, as enamel is a tissue
that once deposited cannot be remodelled or regenerated,
the cumulative effect of damage over the years results in
surface modifications that can be observed with diverse
microscopy approaches.”® As such, the observation that
older enamel is smoother and has less defined HA crystals
is expected; but nevertheless, the examination of enamel

samples across a wider range of individuals is necessary
in the future in order to determine the reproducibil-
ity of these observations at a larger population-based
level.

3.2 | Ultrastructure of enamel from tooth
cross-sections

As a second step, tooth specimens were sectioned into
200 pm slices and demineralised with a solution of 37%
phosphoric acid for 30 s. This demineralisation pro-
cess is customary during the restorative dental treatment
when utilising composite resin-based materials, in order
to expose fresh HA crystals on the surface and increase
surface energy and microretention.?”-?® This process is cru-
cial for the correct adhesion of the restorative material to
the enamel surface and long-term restoration survival.”®
Therefore, the resulting sections utilised in this study
are representative of clinical enamel surface preparation
found in the everyday restorative dentistry setting.

For an initial microscale characterisation, SEM imag-
ing was employed that confirmed etching of enamel by
HA removal and showed that different etching morpholo-
gies and crystal orientations can be present within one
sample (Figure 2A-D, obtained from a younger speci-
men). Correspondingly, when HA crystals are sectioned
across their width (Figure 2E and 2F), they are observed
in a globular fashion under AFM similar to the images
observed for superficial sound enamel (Figure 1E and F).
Obtaining surface profiles from AFM height images con-
firms the globular shape and overall dimensions of HA
crystals, with a representative size of <80 nm (illustrated
for a single crystal in Figures 2G and H and 3, n = 50
crystals per specimen per location). On the other hand,
when crystals were found in a longitudinal orientation
after sectioning, they were observed in a rod-like fashion
under the AFM with lengths <200 nm, consistent with
the expected length for individual HA crystals reported
previously in the literature (Figure 2I-L, obtained from a
younger specimen).”’ However, it is known that enamel
crystals can reach much higher lengths according to their
location within the tissue.®?° It is important to note that
both types of crystal orientations were found within the
same enamel slice across different regions of the specimen.
Nevertheless, the characterisation of HA crystal length
was not within the scope of this particular work. There-
fore, only regions with HA crystals observed in globular
appearance (such as shown in Figure 2E) were utilised for
morphological quantification as discussed in the following
section.
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Ultrastructure of hydroxyapatite crystals within human enamel slices following phosphoric acid etching. While in (A) and

(B), mineral is mostly removed from the centre of enamel rods, (C) and (D) display removal from mostly the interrod area (scale bars A, C: 10

um; B, D: 5 um). Thus, apatite crystals can be exposed either transversally or longitudinally according to their orientation for AFM

visualisation. (E) Amplitude and (F) 3D height reconstruction of HA crystals exposed by acid etching (1 X 1 um scans) in transversal
orientation. (G) 3D reconstruction of a 250 X 250 nm area of enamel, confirming the globular aspect of HA crystals. (H) Surface profile
obtained on top of HA crystal confirming the globular morphology. (I) Amplitude and (J) 3D height reconstruction of HA crystals exposed
longitudinally during sample preparation (1 X 1 um scans). (K) 3D reconstruction of a 250 X 250 nm area of enamel, on which the (L) surface

profile on a single transversal HA crystal was obtained

3.3 | Quantification of HA crystal size
and enamel nanoroughness

As a final step, AFM height images from all specimens
were utilised to characterise the morphology of HA crystals
across all individuals. In order to explore potential anatom-
ical differences within enamel, associated to depth, data
were obtained and analysed for both the external and inter-
nal areas of the tissue (Figure 1A). Overall, the mean HA
width was found to mostly cluster between ~40 and 60 nm
across all studied groups when the data is pooled from
all specimens (Figure 3A). These results are consistent
with early explorations by Habelitz et al. that also found
crystals with a diameter of about 50 nm in ground-and-
polished enamel specimens.>’ When looking at the group
pooled data, we observed a reduction in the diameter of
HA crystals for the older specimens compared to younger
enamel. Regarding this finding, Zheng et al. observed a
reduction in the diameter of HA crystals from worn human
enamel surfaces compared to control enamel.?! Therefore,
our observations may be representative of the increased
wear expected for older teeth that have been bearing com-
plex force loads within the oral cavity for decades. This
is partially believed to be a result of the breaking of HA

crystals into smaller ones due to mechanical action as
a means to dissipate forces and avoid fracture propaga-
tion towards deeper areas of the tooth.>! Therefore, the
reduction of HA crystal width would be expected to occur
mostly in the external region of enamel, as shown by our
findings. Interestingly, individual variations can be seen
within each sample group, particularly among specimens
obtained from older tooth samples that display a higher
heterogenicity across specimens from different individ-
uals at both the external and internal enamel locations
(Figure 3B).

Subsequently, the surface roughness of enamel from dif-
ferent specimens was determined with nanoprofilometry
derived from AFM height scans. Overall, the RMS values
for enamel ranged between ~5 and 30 nm across all anal-
ysed samples, which are consistent with previous reports
in the literature. For example, Lechner et al. reported
RMS values of <20 nm for control human incisor enamel
samples before demineralisation®” and Quartarone et al.
reported the average RMS roughness for human enamel
to be 50 nm.* In the present work, we observed a higher
surface roughness for the external enamel region in older
specimens compared to the younger ones (Figure 3C). It
has previously been discussed that the increase of enamel
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Exploring age-associated quantitative changes in human enamel apatite crystals with AFM. (A) Pooled (n = 450 per group;

150 per individual) and (B) individual specimen (n = 150; 50 per specimen, across 3 specimens) box plots for HA crystal width at both external
and internal locations of enamel. (C) Pooled (n = 9; 3 per individual) and (D) individual specimen (n = 3) plots for surface roughness (RMS)
at both the external and internal locations of enamel. Each point represents the RMS value of a single specimen (*p < 0.05; **p < 0.01; ***p <

0.001; ***p < 0.0001; one-way ANOVA with Tukey’s post hoc)

surface roughness can be a result of erosive processes
due to the consumption of acidic foods and beverages.*
Therefore, it remains possible that these age-associated
changes are a result of chronic exposure of teeth to ero-
sion over time. This is particularly strengthened by the
fact that significant differences in roughness were only
observed in external enamel, immediately adjacent to the
surface of the tooth, and are not observable in the deeper
regions of enamel (Figure 3C). Also, younger teeth showed
remarkable similarity for their surface roughness across
all three individual samples (Figure 3D). The opposite
was observed for older specimens, where important dif-
ferences were found among individual teeth, particularly
associated to the internal enamel region that displayed
a decrease in surface roughness with increasing ages

across the three analysed specimens (Figure 3D). As this
behaviour is observed only in the internal enamel region,
it is not believed to be strongly associated to external fac-
tors as is the case with sub-superficial enamel. However,
the reduced number of examined teeth (n = 3) makes
it difficult to determine if this pattern is coincidental,
and further work should employ an increased number of
specimens across multiple age-groups in order to clarify
this observation. Nevertheless, these results confirm the
important differences that exist among individuals and
biological tissues in ex vivo experiments and highlight the
multifactorial nature of ageing across different individuals.

Overall, this work was an initial exploratory study
- with a limited sample size - to determine potential
differences in enamel topography, HA crystal size, and
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surface roughness at the nanoscale associated with ageing.
Furthermore, the optimisation of AFM-based approaches
for the characterisation of nanoscale qualitative and quan-
titative changes in enamel is crucial towards future studies
with higher sample sizes across populations. In this con-
text, AFM has proven to be a powerful tool for the
reproducible ultrastructural characterisation of enamel
from human dental specimens with nanoscale precision.
Furthermore, the possibility of obtaining a range of quali-
tative and quantitative information from each surface scan
(i.e. topographical characterisation, surface roughness,
and HA crystal dimensions) allows for a multiparametric
analysis of dental enamel across a range of individuals and
specimens with no additional sample preparation. This
can preserve the native properties of tissues compared to
other microscopy-based approaches and allows a better
translation of lab-based results into the clinics.

In this report, our AFM-based technique was utilised to
compare different regions of enamel across a small number
of individuals from two different age groups, suggesting
that older enamel may display particular ageing mark-
ers that could play an important role — for example - in
restorative dentistry approaches. However, it is important
to consider that changes in dental tissues associated to
ageing are multifactorial, and may involve several molec-
ular, mechanical and biological alterations over time.**
Furthermore, individual differences must be considered
when analysing the resulting data, particularly as the pro-
cess of ageing is not uniform across individuals and may
have important differences from a person-to-person basis.
Therefore, future work should focus on exploring the age-
ing of mineralised dental tissues - including enamel -
across larger sample sizes in order to compensate for indi-
vidual differences as well as other potential confounding
factors such as behavioural habits and mechanical forces,
among others.

4 | CONCLUSION

AFM was an effective approach for the characterisation
and quantification of human dental enamel ultrastructure
at high resolution (nanometre range), in a non-destructive
manner and with minimal sample preparation. Despite
individual variations in the morphology, size of HA crys-
tals and surface roughness across samples, older enamel
specimens displayed and overall reduced HA size and
increased surface roughness in the sub-surface (external)
region of the tissue compared to younger enamel. This
work further confirms the need to consider individual vari-
ations when characterising and quantifying age-associated
changes in tissues including mineralised dental tissues
such as enamel with AFM-based approaches.
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