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ABSTRACT

Dental caries represents a significant global health challenge. Accurate quantification of the mechanical properties of dental
tissues is essential for understanding disease progression and guiding medical procedures. However, comprehensive compar-
ative analyses across multiple stages of natural caries progression using a unified methodological framework remain limited.
This study employs a multimodal approach, integrating several experimental techniques to evaluate the preliminary trends in
microstructure and mechanical behaviour of human enamel and dentine affected by white spot lesion in the vicinity of the
fissure apex, non-cavitated, and cavitated brown spot lesions. The preliminary results suggest that certain pathological alter-
ations, specifically within the examined brown spot lesions-affected tissues, may display enhanced mechanical properties, which
could be attributed to subsurface remineralisation and mineral deposition in sclerotic dentine. In contrast, advanced lesions,
particularly those with structural breakdown, appear to exhibit significant reductions in mechanical properties, reflecting
extensive demineralisation within the studied specimens. Furthermore, the fissure region was found to be particularly sus-
ceptible to mechanical degradation, with localised pathologically altered area seemingly influenced by morphological factors.
These initial findings highlight the critical role of microstructural features in modulating the biomechanical response of dental
tissues to pathological challenges and provide a basis for broader statistical validation.

1 | Introduction structural integrity due to pathological processes such as caries-
associated demineralisation [8-11], erosion [12], hypominerali-

Human dental hard tissues exhibit a unique hierarchical . "
zation [13], wedge-shaped defects [14], or fluorosis [15] can

structure that underpins their exceptional mechanical func-

tionality, enabling resistance to masticatory loads and environ-
mental challenges [1]. Enamel, consisting of highly organised
carbonated hydroxyapatite crystallites arranged into prisms
[2-4], and dentine, which forms a resilient, less mineralised
collagenous matrix secreted by specialised odontoblasts [5-7],
constitute a complex biomechanical system. Alterations in their

significantly compromise their overall performance [16, 17].
Although dental caries remains the most widespread non-
communicable disease globally, heavily impacting public
health across all age demographics [18-22], the precise multi-
scale mechanics governing its progression across consecutive
stages require deeper elucidation.
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Accurate quantification of the localised mechanical properties
of dental tissues is essential for understanding pathological
degradation, designing bioinspired restorative materials, and
refining non-invasive clinical interventions [23]. Nano-
indentation has emerged as a primary tool for probing
submicron-scale mechanical responses [24-26], demonstrating
extreme sensitivity to mineral variations and matrix defects [27].
Key milestones in this field include foundational reviews by
Angker and Swain [28, 29] and Sadyrin [30]. To date, various
researchers have successfully coupled nanoindentation with
complementary techniques to explore specific tooth states. For
instance, studies have evaluated artificial demineralisation/
remineralisation cycles via atomic force microscopy (AFM) [31,
32], bacterial demineralisation in carious dentine using scan-
ning electron microscopy (SEM) [33], and spatial mineral den-
sity gradients from the dentine-enamel junction (DEJ) to the
pulp via X-ray computed microtomography [34]. Since local
geometry and surface artefacts inherently influence nano-
mechanical measurements [35, 36], multimodal approaches
integrating microtomography, optical imaging, or laser speckle
analysis are frequently utilised to differentiate early carious le-
sions from sound tissues [37, 38]. Microbiological and structural
evaluations of natural white spot lesions (WSLs) and brown spot
lesions (BSLs) have highlighted significant reductions in me-
chanical properties driven by crystallite-level hierarchical
changes, even when the overall macro-architecture appears
preserved [39-41]. Furthermore, comparative insights from
animal models and natural or artificial dentine lesions indicate
complex sub-surface hardness variations and structural alter-
ations extending deeply into intertubular areas [42, 43].

However, despite the extensive use of these methods, a major
research gap persists: acomprehensive comparative analysis across
multiple consecutive stages of natural caries progression using a
unified methodological framework remains limited. Most existing
literature focuses on isolated pathological conditions or employs
varying experimental parameters, which hinders the direct com-
parison of tissue behaviour across the continuum of disease pro-
gression. To address this gap, the present study combines
nanoindentation with AFM, SEM, and optical microscopy to
enable a multimodal assessment of the mechanical properties and
microstructure in human enamel and dentine subjected to three
distinct types of natural pathological alterations: WSL in the vi-
cinity of the fissure apex, non-cavitated BSLs and cavitated BSL.

A key novelty of this work lies in the application of identical
instrumentation and testing parameters across all investigated
pathological areas within the specimens. This methodological
consistency offers a significant clinical and engineering advantage
over previous works focussing on a single pathology, allowing for a
direct, high-resolution evaluation of how mechanical and micro-
structural properties manifest through different stages of tissue
alteration. Furthermore, special attention is paid to the non-
cavitated BSLs. While demineralisation is typically associated
with tissue softening, our investigation explores the phenomenon
of local increase in mechanical properties observed in this specific
stage. We correlate these nanomechanical findings with detailed
microstructural analysis, including crystal size measurements and
surface topography changes, to elucidate the underlying mecha-
nisms of this hardening effect. By bridging the gap between
macroscopic pathology and nanoscale structural changes, this

study aims to provide a refined, case-specific understanding of how
natural pathological alterations influence the functional compe-
tence of dental hard tissues, serving as a preliminary framework for
broader multi-scale analyses.

2 | Materials and Methods

Two human molars, extracted for orthodontic reasons at the Maxi-
Dent Dental Clinic (Rostov-on-Don, Russia), were selected, and
areas of interest corresponding to sound and pathologically altered
tissues were identified:

— WSL in the vicinity of the fissure apex: characterised
macroscopically by a chalky, opaque appearance with pre-
served surface continuity; microstructurally, the alteration is
confined primarily to the enamel matrix, exhibiting early-
stage subsurface demineralisation, partial dissolution of
hydroxyapatite crystallites, and a localised porosity increase
in intercrystalline and interprism porosity;

— Non-cavitated BSLs: represent a more advanced progres-
sion that extend past the DEJ into the underlying dentine;
they display a uniform or graded brown pigmentation, yet
maintain a macroscopically non-collapsed anatomical
contour with a smooth surface;

— Cavitated BSL: presents a clear local macroscopic break-
down of enamel, resulting in a physical loss of surface
integrity, which is visually manifested as three distinct
structural cavities; this case is further characterised by
prominent brown-to-black dentine pigmentation beneath
the defect, microstructurally it reveals advanced, uncom-
pensated mineral depletion in enamel with heavily
damaged prisms in the vicinity of the fissure apex.

The study protocol was approved by the Local Independent Ethics
Committee of Don State Technical University (Decision No. 4,
dated 3 July 2025), and written informed consent was obtained
from all patients prior to tooth extraction. Immediately after
extraction, the teeth were stored in Hanks' Balanced Salt Solution
(HBSS) supplemented with thymol granules (Unifarm, Slavyansk-
on-Kuban, Russia) for disinfection and prevention of fungal
growth. The storage container was kept in a refrigerated pharma-
ceutical cabinet at 4 £+ 2°C. The thymol concentration was main-
tained at 0.03 g per 30 mL of HBSS.

To facilitate precise sectioning, custom polyethylene terephthalate
mounting fixtures were manufactured using a 3D printer.
Epoxy-embedded samples were securely positioned within these
mounts. Longitudinal sections containing the regions of interest
were prepared using a precision saw (Isomet 4000, Buehler, Lake
Bluff, IL, USA) equipped with an Al,Os-based abrasive disc (Met-
Disc-T, MetCata GmbH, Kaufering, Germany). Three parallel
sections were obtained from each sample. Section parallelism was
maintained using the integrated micrometre adjustment system of
the cutting device. The disc rotation speed was set to 4000 rpm, and
the feed speed rate was 1.2 mm/min.

The surfaces of the ground sections adjacent to the regions of
interest were initially refined using an Al,03-based abrasive disc
(P1200 grit) on a Buehler MetaServ 250 grinding/polishing
machine (Buehler) under continuous water cooling. Subsequent
polishing was performed in multiple stages to achieve a high
degree of surface smoothness while preserving the native
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microstructure of dental hard tissues and avoiding defects such
as microcracks, indentations, or smearing.

The multi-stage polishing protocol employed sequentially
finer abrasive suspensions and specialised polishing cloths
optimised for brittle, biomineralised materials. In the first stage,
rough polishing was conducted using a 15-um diamond sus-
pension in water applied to the Plan B polishing cloth (Allied
High Tech Products Inc., Cerritos, CA, USA)—a dense polyester
fabric—effectively removing residual damage from prior cutting
and grinding with minimal structural alteration. The second stage
utilised a 3-um diamond suspension on the Vel-Cloth (Allied
High Tech Products Inc.), composed of soft synthetic flock,
yielding a significantly smoother surface topography. Both stages
were carried out with the GreenLube lubricant (Allied High Tech
Products Inc.) to minimise thermal and mechanical stress. The
final step involved finish polishing with a 0.05-um aqueous
colloidal alumina (Al,Os) suspension on the Chem-Pol cloth
(Allied High Tech Products Inc.), without additional lubricant.
This stage eliminated residual micro-scratches and produced an
optically flat, artefact-free surface suitable for high-resolution
microscopic and micromechanical characterisation. Between
each grinding and polishing stage, samples were ultrasonically
cleaned in the Sonorex RK 31 bath (Bandelin, Berlin, Germany)
for 5-6 min to ensure complete removal of abrasive residues, wear
debris, and contaminants from both the surface and microrelief,
thereby preventing cross-contamination and measurement arte-
facts in subsequent analyses.

Overview images of the prepared samples were acquired using the
Zeiss Stereo Discovery V20 stereomicroscope (Carl Zeiss Micro-
scopy GmbH, Oberkochen, Germany) configured according to
the Abbe imaging principle [44]. Image acquisition relied on the
ZEN 3.0 software (Carl Zeiss Microscopy GmbH) without subse-
quent focus stacking. Regions of interest for further experimental
analyses were identified based on the resulting micrographs.
Pigmentation associated with caries progression in enamel in the
transmitted light was observed using the Stemi 305 optical ste-
reomicroscope (Carl Zeiss AG, Oberkochen, Germany) with the
Greenough illumination and the Axiocam 105 colour video
camera (Carl Zeiss AG, Oberkochen, Germany).

The mechanical properties of sound and pathologically altered
regions of human dental tissues were evaluated using nano-
indentation performed on the NanoTest 600 Platform 3 system
(Micro Materials Ltd. Wrexham, UK). All experiments were
conducted in the enclosed chamber of the instrument under
strict temperature control (27.0 £ 0.1°C). The Berkovich dia-
mond indenter was employed, with loading applied via the
pendulum method according to the following protocol: initial
preload of 0.05 mN (used as the reference point for constructing
the load-displacement curve), followed by loading at the rate of
1.8 mN/s up to a maximum load (Ppy) of 50 mN. The tem-
perature drift during testing was compensated in real time using
the nanoindentation system built-in software. To prevent
structural defects due to uncontrolled dehydration, the samples
were periodically moistened with distilled water between
indentation tests. For each tested region, the contact stiffness
(S), reduced Young's modulus (E,), and indentation hardness
(H) were calculated using the Oliver—Pharr method [45, 46].
Additionally, creep behaviour during the hold segment at the

peak load was recorded to enable deeper viscoelastic analysis.
The geometric correction factor 8 = 1.034 was applied in the
reduced elastic modulus calculation, as recommended in [47].
Calculation algorithm and the detailed workflow are given in
Appendix A. Optical microscopy of the tissue regions sur-
rounding the residual imprints was performed using the inte-
grated optical system of the nanoindentation instrument,
equipped with an Olympus U-TLU objective lens and an
Olympus TH4-200 illumination source (Olympus Corp., Tokyo,
Japan).To ensure the accuracy of the contact area function
calibration, standard fused silica (fused quartz) and sapphire
reference samples were used prior to the experiments.

The surface topography of the regions under study was acquired
using the NT-206 AFM (Microtest Machines, Gomel, Belarus).
Samples were secured to a removable magnetic stage using ad-
hesive carbon tape, identical to that employed in SEM sample
preparation. Prior to each imaging session, the AFM was cali-
brated using a TGZ1 silicon calibration grating [48]. This pro-
cedure included adjustment of the scan frame's dimensional
scale. Both the calibration grating and the samples were imaged
using a two-pass scanning mode. Scan parameters were optimised
for each region: the scan delay was increased as needed to
enhance image quality, while the height and width settings were
adjusted to define the field of view. All scans were performed with
a resolution of 256 x 256 pixels, resulting in a lateral sampling
pitch of 45.7 nm. Imaging was carried out using new NSCI11
probes (MikroMasch, Innovative Solutions Bulgaria Ltd., Sofia,
Bulgaria), featuring a tip radius of curvature of approximately
10.0 nm and a nominal cantilever spring constant of 48 N/m. To
rigorously monitor the tip condition, the probe radius was eval-
uated using SEM. The Gwyddion 2.69 software (Czech Metrology
Institute, Brno, Czech Republic) was used for image processing.
The Gaussian filter with a 1-pixel standard deviation was applied.

The surfaces of the dental tissues were visualised using the
Crossbeam 340 SEM (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany). Prior to analysis, the sections underwent sequential
chemical cleaning and dehydration: immersion in 3.25% NaClO
solution for 3 min, followed by graded dehydration in isopropyl
alcohol (25%, 50%, and 70% v/v for 5 min each; 80%, 90%, and 95%
v/v for 15 min each), and final dehydration in 100% isopropyl
alcohol (v/v) for 30 min with two solution changes. Sample 2,
Section 2 was additionally immersed in 100% isopropyl alcohol
(v/v). Thereafter, a 19.0-20.1-nm-thick carbon layer was depos-
ited on the section surfaces using a Quorum Q150TES Plus
turbomolecular-pumped, combined sputter coater and carbon
evaporation system (Quorum Technologies Ltd. Laughton, UK)
operated in a pulsed current mode under a vacuum of
1 x 10~* mbar. The SEM imaging of the tooth tissues was per-
formed using the Everhart-Thornley secondary electron detector
at an accelerating voltage of 2 kV and an aperture size of 30 um.

3 | Results and Discussion

Optical images of the sample sections, with regions of interest
highlighted, are shown in Figure 1. Sets of force-displacement
curves were obtained for the dental tissues, and data from un-
successful indentation tests were excluded (Figures 2-4). The
curves were analysed, and indentation parameters were pro-
cessed using the nanoindentation system software. The resulting
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mechanical properties are summarised in Tables 1-6. Analysis of
the experimental results showed that the typical mechanical
characteristics of sound enamel and dentine were obtained for
both samples and all sections [28-30].

Although data were acquired across multiple AFM channels,
only the most informative images from the Topography channel

were selected for analysis. This channel provides the highest-
resolution representation of surface topography and enables
the construction of accurate height-difference (profile) maps.

For Sample 1, Section 1 (Figures 5-7), an area of reduced me-
chanical characteristics was found, which can be attributed to
enamel demineralisation in the immediate vicinity of the fissure

FIGURE1 | Samples under research: (a) Sample 1, Section 1, (b) Sample 1, Section 2, (c) Sample 1, Section 3, (d)—Sample 2, Section 1, (¢) Sample
2, Section 2, (f) Sample 2, Section 3. The notations *AFM, NI indicate the refined measurement zones for AFM and nanoindentation experiments.

Load P, mN

1000 1500 2000
Indentation depth 4, nm

— Sound enamel
— Sound dentine

— Pathologically altered
enamel (in the fissure apex)

0 500 1000 1500 2000
Indentation depth /4, nm

— Sound dentine, mantle
— Pathologically altered
dentine

— Sound enamel
~— Sound dentine,
pulp horn

FIGURE 2 | Force-displacement curves for the Sample 1. (a) Section 1, (b) Section 2.
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Load P, mN
Load P, mN

0 400 800 1200 1600
Indentation depth 4, nm

— Sound enamel Pathologically altered dentine

0
0 500 1000 1500
Indentation depth /2, nm

—— Sound enamel —— Sound dentine

FIGURE 3 | Force-displacement curves for the (a) Sample 1, Section 3, (b) Sample 2 Section 1.

/
0 500 1000 1500

Indentation depth 4, nm
—Sound enamel — Sound dentine

—Enamel, vicinity of pathologically altered tissue
Pathologically altered dentine

Load P, mN

2000

50
z ®
ar 30
310
0 A,/
0 400 800 1200 1600 2000

Indentation depth 4, nm
—Sound enamel — Sound dentine
—Pathologically altered enamel
Pathologically altered dentine

FIGURE 4 | Force-displacement curves for the (a) Sample 2, Section 2, (b) Sample 2, Section 3.

TABLE 1 | The values of tooth tissue contact characteristics and mechanical properties.

Max. depth  Contact depth Hardness Reduced young's Stiffness S, Creep
Area under study Rmax, NM h., nm H, GPa modulus E,, GPa mN/nm Cy1, Nm
Sound enamel 678.6 + 24.6 572.7 £ 24.4 491 £ 0.35 95.12 4+ 4.59 0.35 £ 0.011 148 £ 1.6
Pathologically 1699.6 + 232.5 1557.9 £ 227.7 1.00 £ 0.22 32.11 £+ 4.34 2.65 £0.012 433 +4.5
altered enamel®
Sound dentine 1470.3 + 66.5 1297.0 + 66.4  1.27 4+ 0.10 29.54 + 1.34 0.22 + 0.005 43.1 +24
Note: Sample 1, Section 1.
*Demineralised enamel in the fissure apex.
TABLE 2 | The values of tooth tissue contact characteristics and mechanical properties.
Max. depth  Contact depth Hardness Reduced young's Stiffness S, Creep
Region of interest Rax, NM h., nm H, GPa modulus E,, GPa mN/nm Cyir, Nm
Sound enamel 7542 + 7.7 647.26 + 460  3.96 + 0.05 84.74 + 3.75 0.35 + 0.014 18.5+ 1.6
Sound 1704.8 + 56.4 1502.8 4+ 47.0 1.02 4+ 0.05 22.75 + 1.70 0.19 £ 0.010 61.5 £+ 3.3
dentine—mantle
Sound dentine—pulp 1931.3 £+ 80.8 17489 + 84.4  0.83 £+ 0.05 22.67 + 0.69 0.21 + 0.007 52.0 + 4.0
horn
Pathologically altered 1736.7 & 97.2 1557.9 4+ 99.0 0.97 £ 0.1 25.03 4+ 1.02 0.21 £ 0.005 49.7 + 2.2

dentine®

Note: Sample 1, Section 2.
*Light brown uniform pigmentation.

apex (the Young's modulus, hardness and stiffness are 2.96, 4.91
and 7.57 times lower compared to the sound enamel). From a
mechanical perspective, the complex topography of the occlusal
surface plays an important role in the localised stress-strain state in
the enamel. Classic dental biomechanics literature utilising

mathematical modelling and experimental methods has robustly
demonstrated that deep occlusal grooves induce severe stress
concentration under functional masticatory loading that may lead
to formation of localised zones with reduced enamel mineralisa-
tion [49-51]. This geometric vulnerability is well-documented
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TABLE 3 | The values of tooth tissue contact characteristics and mechanical properties.

Max. depth  Contact depth Hardness Reduced young's Stiffness S, Creep
Region of interest Rax, DM h., nm H, GPa modulus E,, GPa mN/nm Cit, NM
Sound enamel® 751.5 &+ 15.3 646.2 + 16.6 3.98 + 0.18 86.07 £ 2.02 0.36 £ 0.009 15.2 £ 0.7
Pathologically altered 1617.9 £+ 19.9 1434.8 + 21.7  1.08 £ 0.02 25.87 £ 042 0.21 + 0.004 519 £ 2.5
dentine®
Note: Sample 1, Section 3.
Cusp.
PLight brown uniform pigmentation.
TABLE 4 | The values of tooth tissue contact characteristics and mechanical properties.
Region of Max. depth Contact depth Hardness Reduced young's Stiffness S, Creep
interest Rmax, NM h., nm H, GPa modulus E,, GPa mN/nm Cit, NM
Sound enamel 677.7 £ 14.1 5743 + 14.2 3.74 £ 0.53 83.26 £ 5.69 0.19 £ 0.002 128 £1.0
Sound dentine  1725.1 + 84.6 1531.1 + 85.0 0.99 + 0.08 23.33 £ 0.94 0.36 £ 0.009 57.5+ 3.5
Note: Sample 2, Section 1.
TABLE 5 | The values of tooth tissue contact characteristics and mechanical properties.
Max. depth Contact Hardness Reduced young's Stiffness S, Creep
Region of interest Amax, nNm  depth h,, nm H, GPa modulus E,, GPa mN/nm Cyt, Nm

Sound enamel 779.6 = 53.4 674.2 £ 53.6 3.74 £ 0.52 83.26 + 5.69 0.36 = 0.002 17.5 £ 1.0
Enamel in the vicinity of the 747.8 £ 29.1 646.2 £ 28.8 3.99 £+ 0.30 89.48 + 5.00 0.37 £ 0.014 15.5 £ 0.9
pathologically altered tissue®
Sound dentine 1800.4 £ 55.0 1611.7 &+ 55.6 0.92 + 0.05 23.15 £ 1.11 0.20 = 0.009 53.5 + 6.4
Pathologically altered dentine” 2118.4 £ 77.3 1909.5 &+ 74.2 0.74 £ 0.04 18.74 £ 0.75 0.18 £ 0.003 79.9 £ 2.8

Note: Sample 2, Section 2.

“In the vicinity of dark brown localised spot.

*Dark brown localised spot.

TABLE 6 | The values of tooth tissue contact characteristics and mechanical properties.

Max. depth  Contact depth Hardness Reduced young's Stiffness S, Creep

Region of interest Rpax, NM h,, nm H, GPa modulus E,, GPa mN/nm Cit, NM
Sound enamel 753.2 £ 11.42 649.3 £ 13.9 394 +£0.14 86.90 £+ 1.51 0.36 = 0.011 16.6 £ 0.9
Pathologically altered  768.8 £ 32.8 665.0 £ 33.5 3.80 = 0.31 85.40 £ 3.38 0.36 = 0.071 15.7 £ 0.7
enamel®
Sound dentine 1620.0 £ 58.7 1437.1 £ 57.0 1.08 + 0.06 2590 + 1.13 0.21 £ 0.005 542+ 29
Pathologically altered 1862.7 + 140.5 1675.1 + 137.8  0.88 £ 0.1 22.8 £1.86 0.20 £ 0.009 57.8 £ 6.0

dentine®

Note: Sample 2, Section 3.
“Light brown uniform pigmentation.
®In the vicinity of brown-to-black localised spot.

across both clinical and computational studies. For instance,
Lagouvardos et al. [52] conducted an in vivo clinical evaluation of
molar and premolar anatomy across two hundred patients, iden-
tifying cusp geometry—specifically deep central fossae—as a pri-
mary factor predisposing teeth to structural failure. To elucidate
the underlying mechanics, Spears and Crompton [53] successfully
employed finite element analysis (FEA) to map stress gradients at
the contacting interfaces of occlusal cusps. Similarly, an FEA
approach was utilised by Magne and Belser [54] to investigate the
horizontal components of compressive forces that drive cusp

bending and wedging, which consequently induce significant
tensile stresses within the fossa region. Furthermore, the mecha-
nisms of interaction between food and the occlusal surface of the
tooth were studied by Bourdiol and Mioche [55], while Salis et al.
[56] experimentally validated these stress pathways by evaluating
the fracture patterns of a series of intact premolars subjected to
uniform loading on the lingual slopes of buccal cusps. Extant sci-
entific literature suggest that direct occlusal loading generates
intense excessive localised stress around the loading area and
further affect crack formation [57, 58]. In clinical practice [59, 60],
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such fractures were observed to propagate either longitudinally Furthermore, the progression of demineralisation in the regions
along the fissure into the underlying tooth tissue or completely in the vicinity of the fissures may be exacerbated by cariogenic
sever one of the cusps. bacteria that preferentially accumulate at fissure apices [61].

FIGURE 5 | Optical and SEM micrographs of Sample 1, Section 1: (a) sound enamel (optical image); (b) pathologically altered enamel at the fissure apex
(optical image); (c) sound enamel (SEM image); (d) pathologically altered enamel at the fissure apex (SEM image); ep—enamel prisms, ii—indentation
imprints, ¢cf—crack extending from the fissure. Insets show indentations at approximately 1.9-fold magnification relative to the main images.

deminera
prisms. |

FIGURE 6 | SEM-obtained microstructural features of Sample 1, Section 1: (a) sound enamel—enamel prism covered by smear layer, (b) sound
enamel—crack in the indentation imprint tip (marked with the arrow), (c) demineralised area beneath the fissure apex, (d) demineralised prisms;
ep—enamel prisms, ii—indentation imprints, fa—fissure apex, cf—crack extending from the fissure, es—enamel sound, ed—enamel
demineralised. Note the localised overcharging effect at the fissure apex in (c), which is a characteristic SEM imaging artefact presumably caused
by the steep local geometry and the high concentration of organic matter in the deep recess; this effect is strictly confined to the apex boundary
and does not affect the interpretation of the surrounding enamel microstructure.
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FIGURE 7 | AFM surface images of Sample 1, Section 1: (a) sound enamel; (b) pathologically altered enamel; (c) sound dentine; ep—enamel
prisms, hc—crystallites/arrays of hydroxyapatite crystallites; dt—dentinal tubules. Dotted circles mark the depressions in the enamel surface. The

sites of the absent crystallites are marked with *.

Other enamel breakdown mechanisms were also recognised,
often linked to intrinsic structural heterogeneities, microstruc-
tural peculiarities, or locally insufficient enamel thickness—all of
which predispose the tissue to subsequent demineralisation [62,
63], see less structured surface of the pathologically altered tissue
in Figure 5b (some of the crystallites were missing from the
structure, see Figure 7b) compared to the sound counterpart in
Figures 5a and 7a.

A similar phenomenon has been observed in WSL enamel [64],
albeit to a lesser degree. Moreover, the impaired load-resistance
mechanism of the tissue is reflected in the shape of the defor-
mation curves (Figure 2a, purple curve), where not only the
indentation depth under load changed, but also the slopes of the
loading and unloading branches.

Comparison of sound and pathologically altered enamel SEM im-
ages (Sample 1, Section 1) reveals distinct structural features. In
both cases, enamel prism boundaries are discernible across most
areas. Sound enamel is covered by a relatively uniform smear layer,
whereas pathologically altered enamel at the fissure apex exhibits a
more porous surface morphology with protruding hydroxyapatite
crystals. This appearance likely results from the partial dissolution
of hydroxyapatite crystallites during pathological demineralisa-
tion, which makes them more susceptible to fracture during sam-
ple preparation. Consequently, many prism outlines are obscured
by a layer of displaced crystallites (Figure 6a). While most in-
dentations lack corner cracks, isolated microcracks (Figure 6b) are

observed and are likely associated with dehydration-induced
embrittlement of the residual organic matrix (note that there
were no major cracks during nanoindentation when the sample
was hydrated, Figure 5b).

Such indentations act as stress concentration sites, promoting
crack initiation—a mechanism that likely also contributed to the
crack observed at the fissure apex (Figure 6c,d), which extends
down to the indentation area (see Figure 5d). Note the more pro-
nounced manifestation of the crack in the SEM micrograph
compared to the optical microscopy image, which is presumably
attributed to localised matrix shrinkage and stress relaxation under
high-vacuum desiccation.

Figures 8-10 represent the microstructural features of Sample 1,
Section 2, Figures 11 and 12—Sample 1, Section 3, Figures 13 and
14—Sample 2, Section 1. For the pathologically altered dentine of
Sample 1, Section 2, as well as for the enamel adjacent to patho-
logically altered tissue in Sample 2, Section 2 (Figures 15b and 16b),
a slight increase in mechanical properties was observed compared
to the sound tissues. In the dentine, the reduced Young's modulus
increased by 10.02%, hardness remained nearly unchanged, and
stiffness rose by 10.53% relative to the sound mantle dentine
(Figure 9b). Compared to the sound dentine near the pulp horn
(Figures 8b and 10c), the same altered region exhibited increases of
10.41% in reduced Young's modulus and 16.87% in hardness, while
stiffness values remained comparable. Figure 9 reveals distinct
dentine microstructural features. Firstly, the tubules of the sound
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dentine (Figure 9a) are open, and secondly, the inter-tubular space
between the peritubular mineralised cuffs around the tubules ap-
pears to be denser in the pathologically altered tissue (Figure 9b). It
should be noted that the ‘indentation load-indentation depth’
curves for such pathologically altered dentine exhibit two distinct
deformation behaviours: one more resistant to load and the other
less so (Figure 2b, orange curve), indicating that the tooth tissue is
non-uniform in its mechanical properties (which is unsurprising,
as not all tubules exhibit exactly the same microstructure as shown
in Figure 9b throughout the region of interest).

In the enamel of the Sample 2, Section 2, the tissue close to the BSL
zone showed increases of 7.47%, 6.68%, and 2.78% in reduced
Young's modulus, hardness, and stiffness, respectively, relative to
the adjacent sound enamel (Figures 15a and 16a). Figure 15f shows
a dense cluster of hydroxyapatite crystallites in the pathologically
altered tissue. The indentation load-depth curves for this enamel
are characteristic of sound tissue, as evidenced by the nearly

identical loading and unloading branches in Figure 4a (blue and
orange curves).

A comparable behaviour was noted in the enamel of Sample 2,
Section 3, where the sound tissue (Figures 17 and 18)—
pathologically altered tissue pair exhibited close values of
mechanical properties rather than the expected contrast. The
indentation load-depth curves for these tissues are similar as
well (Figure 4b, blue and orange curves). This phenomenon
may be attributed to increased mineralisation (Figure 19) of
the pathologically altered tissue—a compensatory response of
the tooth biomechanical system to caries, as described by
Shahmoradi and Swain [65].

BSLs are clinically regarded as arrested and partially remin-
eralised carious lesions [66], although the relationship between
their characteristic colouration and remineralisation status
remains a subject of debate. Several studies have reported

FIGURE 8 | Indentation impressions on the regions of under study of Sample 1, Section 2: (a) sound enamel, (b) sound dentine—pulp horn,
(c) sound mantle dentine, (d) pathologically altered dentine. Note the darker background contrast of the sound enamel (a) compared to the
wiped overview images; this variation is an optical effect caused by the continuous presence of a fluid layer maintained during the in situ

nanoindentation experiments to prevent tissue dehydration.

FIGURE 9 | Dentinal tubules in Sample 1, Section 2: (a) sound dentine—pulp horn, (b) pathologically altered dentine.
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FIGURE 10 | AFM surface images of Sample 1, Section 2: (a) sound enamel; (b) sound dentine—mantle; (c) sound dentine in the vicinity of the
pulp horn; (d) pathologically altered dentine; hc—crystallites/arrays of hydroxyapatite crystallites; dt—dentinal tubules.

FIGURE 11 Indentation impressions on the regions under study of Sample 1, Section 3: (a) sound enamel, (b) pathologically altered dentine.
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FIGURE 12 | AFM surface images of Sample 1, Section 3: (a) sound enamel; (b) pathologically altered dentine; ep—enamel prisms,
hce—crystallites/arrays of hydroxyapatite crystallites; dt—dentinal tubules. Dotted circles mark the depressions in the enamel surface.

increased mineral content and enhanced mechanical resistance spatial distribution of minerals within BSLs have not yet been
of the BSL outer layer [67, 68], suggesting a surface reminer- investigated extensively, particularly using high-resolution
alisation degree. Nevertheless, the internal microstructure and nanoindentation techniques.
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FIGURE 13 | Indentation impressions on the regions under study of Sample 2, Section 1: (a) sound enamel, (b) sound dentine.
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FIGURE 14 | AFM surface images of Sample 2, Section 1: (a) sound enamel, (b) sound dentine; hc—crystallites/arrays of hydroxyapatite
crystallites; dt—dentinal tubules. Dotted circles mark the depressions in the enamel surface.

FIGURE 15 | Optical and SEM micrographs of Sample 2, Section 2: (a) indentation imprints in sound enamel (optical image), (b) indentation
imprints in enamel in the pathologically altered tissue vicinity (optical image), (c) indentation imprints in sound dentine (optical image),
(d) indentation imprints in pathologically altered dentine (optical image), (e) pathologically altered dentine, (f) cluster of hydroxyapatite
crystallites in pathologically altered enamel. Insets show the imprints at approximately 1.8-fold magnification relative to the main images. Note
the darker background contrast of the sound enamel (a) compared to the wiped overview images; this variation is an optical effect caused by the
continuous presence of a fluid layer maintained during the in situ nanoindentation experiments to prevent tissue dehydration.

Biosurface and Biotribology, 2026 11 of 21

85UBD17 SUOLLILLIOD SAIRERID 3|qedldde au) Ag pausenob ake sl YO 18N J0 S3InJ 10} ArIgITaUIUO A3]IA UO (SUOIPLOD-PUE-SWLBIALIOD A8 | 1M ARe1q)1 U1 IUO//SdNY) SUORIPUOD PUe SULB L 8U1 39S *[9202/80/6T] U0 Afeiqiaulluo Ao1im euiydaueIye0) Aq £200L 2asa/610T 0T/10p/w00" A8 |IM AL 1[BuIUO'U0 JEssa.1 1//:SaNY W14 papeo|umod ‘T ‘9202 ‘8TSYS0re



he
2um W
e

77.8

40

20

38.2
nm

2 um

2 pm

FIGURE 16 | AFM surface images of Sample 2, Section 2: (a) sound enamel, (b) enamel in the vicinity of pathologically altered tissue, (c) sound
dentine, (d) pathologically altered dentine; hc—crystallites/arrays of hydroxyapatite crystallites, ep—enamel prisms. The symbol * indicates a
depression in the enamel, presumably obtained during the formation of the section.

FIGURE 17 | Indentation impressions on the regions under study of Sample 2, Section 3: (a) sound enamel, (b) pathologically altered enamel,
(c) sound dentine, (d) pathologically altered dentine. Insets show the imprints at approximately 1.3-fold (c) and 1.4-fold (d) -fold magnification

relative to the main images.

This finding aligns with microstructural observations: the path-
ologically altered enamel retains an acquired smear layer com-
parable to that of the sound enamel (Figures 18a and 20b), despite
the proximity of the BSL with cavity formation (Figure 20c; see
also Figure 1f for the macro visualisation of the areas mentioned).
Notably, enamel within the carious cavity exhibits a collapsed

microstructure with loss of prism definition, giving the appear-
ance of a fused or amorphous surface layer (Figure 20d).
Figure 1e,f and 21a,b show enamel discolouration adjacent to the
BSLs, which appears less pronounced in Sample 2, Section 2 than
in Sample 2, Section 3. During the transmitted light microscopy
examination of the zone adjacent to the DEJ, distinct linear
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FIGURE 18 | AFM surface images of Sample 2, Section 3: (a) sound enamel; (b) pathologically altered enamel; (c) sound dentine; (d) pathologically
altered dentine; ep—enamel prisms, dt—dentinal tubules. Dashed circles indicate depressions in the enamel sections. The profile of one of them,
marked with *, was measured (e).
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FIGURE 19 | AFM derived surface area of the crystallites for the Sample 2, Section 2: (a) sound enamel; (b) enamel in the vicinity of pathologically
altered tissue.
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FIGURE 20 | SEM enamel micrographs of Sample 2, Section 3: (a) sound enamel; (b) pathologically altered enamel (above the BSL carious

cavities); (c) cavities; (d) assembly of prisms with pathological alterations; ep—enamel prism, cav—carious cavity.

FIGURE 21 | Enamel discolouration in the vicinity of the BSLs obtained—optical microscopy (transmitted light, white balance corrected), Sample
2: (a) Section 2; (b) Section 3; e—enamel, d—dentine, bsl—brown spot lesion, pe—pigmented pathologically altered enamel in the vicinity of the BSL

spot, se—sound enamel, ens—enamel spindles. Scale bar: 2. 0 mm.

features extending from the dentine towards the early enamel
layers were captured (Figure 21b). Based on their characteristic
morphology, location, and orientation, these microstructural
features may be preliminarily identified as enamel spindles [69]—
anatomical structures representing the trapped terminal
branches of dentinal tubules. In the transmission imaging mode,
these features exhibit a noticeably high brightness. However,
further systematic investigations of a larger series of DEJs remain
essential for a definitive anatomical verification of these struc-
tures and their precise role in caries progression.

The proposed mechanism suggests that, in response to acidogenic
bacteria and the acids they produce during the caries progression
from enamel into dentine, minerals are actively transported to-
wards the demineralised site in enamel. This process potentially

results in the formation of new crystallites and the growth of pre-
existing ones, matching the preferred orientation of sound
enamel. Notably, this structure lacks directional growth and
forms a layer over the entire surface of the enamel sample, with
some small crystallites underneath [70].

The phenomenon of smaller crystallites’ growth may be visualised
using the diagrams of the grain surface area A; from the pair
‘sound enamel—enamel in the vicinity of the pathologically
altered tissue’ (Figure 19) via the watershed segmentation algo-
rithm (note the less pronounced smear layer for the demineral-
ised tissue, Figure 15b). Lower crystallite packing potentially
allows easier diffusion of acids and protons into the tissue and
mineral ions out [71]. The absence of distinct boundaries within
the examined areas suggests that localised dissolution might have
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resulted in the loss of crystallite structure and fusion, diminishing
preferred orientation. In dentine, this process often manifests as
tubular sclerosis, characterised by the progressive mineralisation
of tubule lumens, which can ultimately lead to their complete
occlusion [72] (note the ‘closed’ tubules in Figure 9b vs. either
open ones or those filled with the preparation-induced smear
layer debris, Figures 7c and 9a). In addition to hydroxyapatite
crystallites, large crystals of magnesium-substituted f-tricalcium
phosphate ($-TCP, whitlockite [73]) are known to form in the
carious lesion during dentine sclerosis [74]. However, in the
examined more advanced carious lesions—typically accompa-
nied by dark brown pigmentation—the reduction in the dentine
mechanical properties was observed (Figure 4a,b).

Specifically, in Sample 2, Section 3, demineralised dentine
showed decreases of 11.97%, 18.52%, and 4.76% in the reduced
Young's modulus, hardness, and stiffness, respectively, compared
to the sound dentine. In Sample 2, Section 2, similar comparisons
revealed reductions of 19.05%, 19.57%, and 10.0% in reduced
Young's modulus, hardness, and stiffness, respectively. Note the
less steep loading branches and greater indentation depths
observed for pathologically altered dentine in both Sections 2 and
3 (Figure 4a,b, yellow curves). In Appendix B the representative
micrographs of the AFM probe tip as well as the DEJ of this
sample is given in Figures B1 and B2.

From a biomechanical perspective, the primary objective of
dentine remineralisation is to restore the functional compe-
tence and structural integrity of the affected tissue. Structurally,
collagen fibrils in dentine serve as a scaffold for mineral crys-
tallites, thus providing support for surrounding enamel. This
mineralised architecture is critical for preserving tooth func-
tion, as it actively prevents the propagation of cracks from the
brittle enamel through the DEJ into the underlying dentine,
thereby mitigating the risk of crown fractures [75]. However,
upon penetrating the dentine, the rapid progression of natural
carious lesions establishes distinct pathological zones charac-
terised by sharp gradients in mineral content, microstructural
damage, and compromised nanomechanical properties. Existing
literature demonstrates that mineral regrowth within these
heterogeneous zones remains viable [76-79]. This subsurface
remineralisation can proceed either through the spontaneous
incorporation of calcium, phosphate, and fluoride ions from
oral fluids onto remnant hydroxyapatite crystallites (with
fluoride modulating the kinetics of the naturally occurring
dissolution and re-precipitation processes at the tissue-fluid
interface [80]) or via the external therapeutic delivery of these
mineral ions.

Crucially, the occurrence of subsurface remineralisation within
advanced enamel-dentine lesions extending beyond the DEJ such
as those evaluated in this study (Figures 1f, 17d and 20b) depends
heavily on two critical limiting factors. First, the local concentra-
tion of mineral ions at the precipitation site must exceed the su-
persaturation threshold for hydroxyapatite. This requires that not
all calcium and phosphate ions entering through the lesion pores
have already been precipitated in the layers closer to the surface.
Second, the site of precipitation requires nuclei for precipitation,
considering that substantially larger degrees of supersaturation are
needed for de novo precipitation of apatite or precipitation onto

remaining organic matrix than on fragments of enamel or dentine
crystallites [81]. Moreover, newly precipitated mineral phases can
act as continuous templates for further nucleation of salivary cal-
cium and phosphate ions, facilitating sustained remineralisation
over time. Crucially, even if the remineralised matrix does not fully
recover the nanomechanical properties characteristic of sound
dentine, it often demonstrates significantly enhanced resistance to
subsequent acid attacks [82].

In addition to matrix remineralisation, tubular sclerosis (oc-
clusion) plays a critical role in altering the localised mechanical
response of carious dentine. From a micromechanical perspec-
tive, sound dentine behaves as a permeable cellular solid, free
water in dentine is a dynamic phase, and its movement through
the porosities and tubules in dentine may influence the
response of bulk dentine structure during mechanical functions
[83]. Sclerosis of tubules via the formation of minerals within
the intratubular spaces represents a natural defence mecha-
nism against caries attack, thereby occluding the tubules and
preventing acids and cariogenic bacteria from advancing deeper
into the tooth. This mechanism may be mediated by the carious-
induced stimulated odontoblastic processes with a source of
mineral being the pulpal blood supply. A second mechanism
which results in a partial mineralisation of the tubule lumens
may be due to the re-precipitation of the dissolved apatite from
low supersaturated aqueous phase [6]. These processes could
potentially modulate the boundary conditions during localised
mechanical testing. Specifically, as nanoindentation arrays tra-
verse these sclerotic zones, the reduction or absence of empty
tubular spaces appears to mitigate the tissue's susceptibility to
localised micro-deformation.

An important feature observed during the nanoindentation is the
material displacement around the residual imprint: in the stiffer
biological tissues, the material exhibits sink-in behaviour (inward
displacement along the imprint perimeter), and this effect di-
minishes with decreasing tissue stiffness [84]. Notably, pile-up
(outward material displacement), commonly observed in soft
materials such as Au films [85], was not detected in the tissues with
minor pathological alterations (magnified insets in Figure 16b,c)
as well as in those with pronounced changes (increased insets in
Figures 5a,b and 15b,c). For the examined specimens, this obser-
vation tentatively suggests that such tissues appear to retain a
certain load-bearing capacity, which may reflect the preservation
of a relatively high strain-hardening coefficient [86].

In nanoindentation experiments, creep [87] refers to the pro-
gressive deformation of a material under a constant maximum
load. The increased porosity in the pathologically altered
enamel and dentine regions is likely a key factor underlying
this rheological behaviour. AFM topographical maps and SEM
micrographs clearly reveal that demineralisation induces a
distinct microstructural transition. Thus, in carious enamel
areas, this is demonstrated by the partial dissolution of crys-
tallites (Figures 6c,d and 7b). In the pathologically altered
dentine the structure may become more open compared to the
sound counterpart because of the loss of mineral especially
within the collagen-rich intertubular region. From a material
science perspective, this qualitative loss of structural density
directly governs the altered structure-property relationship.
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Consequently, the quantitative escalation in creep compliance
serves as a direct mechanical fingerprint of the micro- and
nanoscale architectural disruption visually demonstrated by
our multimodal imaging. Figure 18e presents a cross-section of
a single depression in enamel with a diameter of less than
100 nm. These depressions may correspond to nanopores
inherent to the enamel microstructure [2, 88, 89].

The integrated findings from the aforementioned quantitative
mechanical and microstructural analyses provide preliminary
evidence supporting the occurrence of subsurface reminerali-
sation in the naturally arrested BSLs within the examined
specimens. This reinforces the view of BSLs as valuable natural
models for investigating the caries remineralisation dynamics.
However, a deeper understanding of the biological and physi-
cochemical mechanisms driving this process along with the
environmental conditions that promote or hinder it remains
essential. Such knowledge could potentially guide the future
design of biomimetic remineralisation therapies’ design and
non-invasive clinical strategies for caries management. More-
over, exploring remineralisation under extreme conditions such
as elevated temperatures [90] or microgravity [91] (e.g., in space
environments) could offer unique insights into the resilience
and fundamental limits of these innate repair mechanisms.

Several limitations of the present study should be acknowledged,
suggesting directions for future work. A primary limitation of this
investigation is the small biological sample size, as the mechan-
ical and structural data were obtained from only two extracted
human molars. This restriction may limit the immediate gen-
eralisability of the absolute values across broader patient de-
mographics, where factors like age, diet, and systemic health vary.
However, it should be noted that a high density of nano-
indentation testing locations and a comprehensive selection of
specific areas of interest were utilised to rigorously characterise
the properties within these specimens. Future studies incorpo-
rating a larger and more diverse cohort of teeth are required to
validate the statistical variance of these pathological trends on a
population scale. Secondly, the X-ray microtomography [92, 93] is
required to map mineral density variations throughout caries
progression in both enamel and dentine and to correlate these
changes with mechanical properties. Such analysis would enable
investigation of larger tissue volumes under near-physiological,
liquid-filled conditions (ideally prior to the nanoindentation and
SEM analyses) thereby avoiding artefacts introduced by section
preparation and dehydration. Thirdly, the mechanisms underly-
ing newly precipitated hydroxyapatite crystallites' formation
require further investigation using the X-ray diffraction tech-
niques [70, 94]. Also, energy-dispersive X-ray spectroscopy [95,
96] should also be applied to assess the stoichiometry and detect
ionic substitutions within the crystal lattice. Furthermore,
incorporating additional complementary analytical techniques,
such as Raman spectroscopy, presents a highly promising avenue
for future investigations [97]. Correlating localised nano-
mechanical data with site-specific Raman compositional map-
ping would allow for a precise evaluation of mineral-to-organic
ratios, crystallinity changes, and chemical alterations within
natural carious lesions. Such multi-scale, correlative approaches
are essential to establish direct links between structural degra-
dation, chemical transformations, and the overall biomechanical
response of hard dental tissues.

This study highlights the potential importance of extending
biomechanical and bioengineering investigations to various path-
ological alteration forms in dental tissues, such as fissure caries and
cavitated carious lesions. While early-stage lesions offer insights
into incipient demineralisation and natural remineralisation pro-
cesses, advanced pathologies involving fissure demineralisation or
cavity formation present distinct mechanical challenges. These
include localised stress concentrations, compromised structural
integrity, altered load-bearing capacity, and complex interactions
between residual hard tissue and microbial biofilms. The detailed
biomechanical characterisation of such lesions through the nano-
indentation, microstructural imaging, and computational model-
ling [98-102] can provide critical data for understanding lesion
progression, predicting fracture risk, and informing the design of
minimally invasive restorative strategies. Moreover, integrating
bioengineering principles into the analysis of cavitated and fissure
caries may potentially pave the way for novel diagnostic tools,
biomimetic materials, and patient-specific therapeutic approaches
that account not only for biological but also mechanical aspects of
dental tissue degradation and repair.

4 | Conclusion

This study provides preliminary insights into the biomechanical
characterisation of sound and pathologically altered human
enamel and dentine using nanoindentation in conjunction with the
microscopic techniques. The results suggest that certain carious
alterations, particularly enamel and dentine affected by the BSLs,
can potentially exhibit increased nanomechanical properties
which may be attributed to subsurface remineralisation and min-
eral deposition in sclerotic dentine. In contrast, advanced carious
lesions, especially those accompanied by dark pigmentation and
structural breakdown, appear to show substantial decreases in the
reduced Young's modulus, hardness, and stiffness, reflecting
extensive demineralisation and loss of the tissue integrity within
the examined specimens.

Notably, the fissure region acting as natural stress concentrator
appeared to be particularly susceptible to mechanical degrada-
tion, with localised WSL areas of reduced mineralisation seem-
ingly influenced by the morphological factors such as fissure
geometry and surface quality. These findings highlight the critical
role of microstructural features in modulating the biomechanical
response of dental tissues to pathological challenges. From a
clinical perspective, these nanomechanical markers offer valu-
able diagnostic and therapeutic insights. Tracking localised var-
iations in hardness and elastic modulus can support the
development of next-generation, non-invasive diagnostic tools,
such as chairside micro-mechanical probes or advanced optical
monitoring systems [103], capable of detecting early subsurface
degradation before macroscopic cavitation occurs. Moreover,
naturally arrested lesions emerge as excellent biological models
for understanding endogenous remineralisation processes offer-
ing potential inspiration for biomimetic therapeutic strategies.
Demonstrating that these areas can naturally regain the me-
chanical properties of the tissues provides a strong biomechanical
rationale for minimally invasive management strategies,
encouraging a clinical shift from cavity preparation towards
biomimetic therapeutic protocols aimed at preserving and ther-
apeutically reinforcing structurally compromised dental tissues.
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While these preliminary observations are limited by the small
biological cohort, it remains essential to elucidate the dynamic
interplay between microbial activity, host-derived mineral trans-
port, and mechanical adaptation in carious tissues, including those
subjected to extreme environmental conditions. Such research
could potentially facilitate the development of non-invasive di-
agnostics, preventive protocols, and bioinspired restorative mate-
rials that preserve both the biological vitality and mechanical
resilience of the dentition.
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Appendix A: Calculation of Mechanical Properties via
Nanoindentation

Throughout the experiment, the indenter displacement h was continu-
ously monitored as the load P was applied. The peak displacement
reached at the maximum load Py, was identified as h,,qc. Consequently,
each test resulted in a characteristic load-displacement curve. Holding
load at its maximum value for a time before unloading eliminated the
effect of the creep response on the unloading ‘branch’. The unloading
portion of the curve was then fitted using the following function:

P=a(h—h)", (A1)

where a and m represent the fitting parameters, and h, is the residual
depth of the imprint, that is, the amount of the displacement remaining
once the material no longer exerts a resistive force during unloading.
Using this approximation, the derivative called indentation stiffness S
was determined at Ryqy:

dpP
S=—, A2
i (A2)
To evaluate the reduced Young's modulus the following formula was
used:

G
Er_zﬁ\/Xc’ (A3)

where A, is the projected contact area (the projection of the contact
surface on a plane orthogonal to the axis of indentation), § is a
correction factor. Subsequently, the indentation hardness was deter-
mined via the following relation:

P
H=""% (A4)

The contact depth h, represents the depth along which the Berkovich
indenter maintains physical contact with the tooth tissue (enamel or
dentine) at the peak load, excluding the deflection of the surrounding
surface. For its determination the following algorithm was used:
— We calculated h; representing the depth of surface deflection
outside of contact

hs = 6%7 (A5)

where ¢ represents a geometric factor determined by the shape of
the indenter tip; given that unloading behaviours are most
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accurately modelled by assuming an indenter geometry analogous
to a paraboloid of revolution, a standard value of ¢ = 0.75 was
established [104] and remains the conventional benchmark for
nanoindentation data processing [46];

— The contact depth was calculated as
he = hypayx — hs, (A6)

where hpq, is determined by the nanoindentation system.

Appendix B: Supplementary Experimental Data

100 nm

FIGURE Bl | SEM characterisation of the AFM probe tip condition: (a) low-magnification view of the cantilever, accelerating voltage 1.5 kV;
(b) high-magnification close-up of the sharp probe tip, accelerating voltage 2 kV.

Enamel

- Cavities

Dentine

200 pm

FIGURE B2 | SEM micrograph of DEJ, Sample 2, Section 3.
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