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ABSTRACT

The physical structure of teeth can be altered by diet, age or diseases such as caries or sclerosis. It is
of utmost importance to characterize the mechanical properties to predict and understand tooth decay,
to design restorative dental procedure, and to investigate the tribological behavior of teeth. Yet,
existing imaging techniques are unable to reveal the micromechanics of the tooth, in particular at tissue
interfaces. Here we developed a microscope based on Brillouin light scattering (BLS) to probe
mechanical changes in tooth tissues. BLS is an inelastic process that uses the scattering of light by
acoustic waves in the GHz range. Our microscope thus reveals the mechanical properties at a sub-
micrometer scale without contact to the sample. BLS signals show significant differences between
healthy tissues and pathological lesions, and allow delineating precisely destructed dentin. We also
show maps of the sagittal and transversal planes of healthy tubular dentin that reveal its anisotropic
microstructure with a 1 um resolution, several orders of magnitude below previous reports. Our
observations indicate that the collagen-based matrix of dentine is the main load bearing structure,
which can be thought of as a fiber-reinforced composite. In the vicinity of polymeric tooth-filling
materials, we observed fingering of the adhesive complex into the opened tubules of healthy dentine.
The ability to probe the quality of this interfacial layer could lead to innovative designs of biomaterials
used for dental restorations in contemporary adhesive dentistry, and would have direct repercussions
on the decision-making during clinical work.

INTRODUCTION

Human dentin is an organized, hard, mineralized tissue of the tooth, composed of 70 wt% calcified
tissue (hydroxyapatite), 20 wt% organic phase (mostly composed of collagen type | as well as other
fibrils), and 10 wt% water [1]. It is perfused with microtubules that allow sensory communication to
the underlying pulp and nerves.[2] This fiber-composite-like structure yields an anisotropic
distribution of mechanical properties that support masticatory stress concentrated in the surrounding
enamel.[3] Tooth mechanical strength can be altered by diet, age or diseases such as caries or
sclerosis.[44] It is of utmost importance to characterize mechanical properties during tooth life in order
to predict and understand tooth decay, to design restorative dental procedure, and to investigate the
tribological behavior of teeth.
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Most of the characterization means are inherited from material science, and involve destructive testing
such as indentation or fatigue tests. [3, 17] Due to the variety of techniques and the complexity of the
dentin microstructure, there is a lack of quantified consensus on the mechanical properties of
dentin.[38] Moreover, such approaches are clearly difficult to put into practice in vivo. In the clinic,
dentinal pathological changes can be detected by visuo-tactile and radiographic methods to guide
clinicians in establishing a relevant diagnostic, and in proposing an adequate therapy.[4] However,
such approaches cannot give precise information on the microstructure, cannot delineate precisely
caries margins, [5] and are highly depend on the clinician [6].

Acoustic techniques have long been used to probe the mechanics of dentin, initially analyzing the
reflection or transmission of ultrasonic pulses emitted from a piezoelectric transducer in the MHz
range. [39] Later implementations in tooth tissues in various healthy and pathological states used
resonant ultrasonic spectroscopy, [38] acoustic microscopy,[7, 8, 9] surface waves [10] or laser
ultrasonics. [11], [12] However, these techniques are limited to the MHz range, i.e. a ~ 100 pm
resolution, unable to reveal the micromechanics of the tooth, in particular at tissue interfaces.

State-of-the-art microscopies, such as multiphotonic or non-linear technologies, [41] can offer optical
resolution but cannot provide any information on the mechanics of the sample. Laser spectroscopies
have recently rose to prominence, offering quantitative imaging of the chemical structure of tooth
tissues and restorative materials. [13, 14, 15, 16] In this paper we propose a new approach to probe
acoustic waves in the GHz range by laser spectroscopy, thus offering quantitative microscopy with a
contrast based on the mechanical properties of tooth tissues.

We developed a microscope based on Brillouin light scattering (BLS) to probe mechanical changes in
tooth tissues. BLS is an inelastic process similar to Raman scattering. Raman-based techniques rely
on the scattering of light by optical phonons, and operate at THz frequencies. They provide information
on the molecular structure of the sample. By contrast, Brillouin scattering uses the scattering of light
by acoustic phonons.[18] Since acoustic phonons have lower energies than optical phonons, Brillouin
scattering produces frequency shifts in the GHz range that reveal the mechanical properties of the
sample. Developed in the 60’s for solid-state physics, BLS has only recently emerged as a key
technology in life sciences due to its ability to produce non-contact, label-free microscopic images of
the mechanical properties of cells and tissues. [19] It has notably been applied for the analysis of
biological fibers, connective tissues and muscles [17, 20, 21], eye tissues [22, 23], bone [24, 26] or
tumors.[35]

We prepared thick slices of teeth extracted in accordance with the ethical requirements for ex-vivo
studies. We obtained maps of Brillouin frequency shift and linewidth that can be interpreted as maps
of sound velocity and viscosity. Our results show significant changes between healthy tissues and
pathological lesions. Such results allow delineating precisely destructed dentin, paving the way to
minimally invasive strategies. We also show maps of the sagittal and transversal planes of healthy
tubular dentin that reveal its anisotropic microstructure with a 1 pum resolution, several orders of
magnitude below previous reports.[38] Our observations indicate that the collagen-based matrix of
dentine is the main load bearing structure, which can thought of as fiber-reinforced composite. In the
vicinity of polymeric tooth-filling materials, we observed fingering of the adhesive complex into the
opened tubules of healthy dentine. We confirmed our observations with two-photon excitation
fluorescence (2PEF) and second harmonic generation (SHG) microscopies that reveal teeth
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microstructure due to two-photon excited autofluorescence and collagen-specific second order
nonlinear optical susceptibility [27]. The ability to probe the quality of this interfacial layer could lead
to innovative designs of biomaterials used for dental restorations in contemporary adhesive dentistry,
and would have direct repercussions on the decision-making during clinical work.

MATERIALS AND METHODS.
Sample preparation and staining.

Teeth were collected at Faculty of Medicine, School of Dentistry, at the Department of Oral Surgery
of Dental Clinic of VVojvodina, Serbia. They were extracted for medical reasons and, after the patient’s
consent, approved to be used for research purposes according to the protocol of Ethical board of Dental
Clinic of Vojvodina, Serbia. All types of permanent teeth were analyzed, including incisors, canines,
premolars and molars. The teeth were classified in the following groups: healthy teeth with intact hard
tissues (two subgroups — teeth cut perpendicularly to their longitudinal axis, teeth cut longitudinally),
teeth with caries lesions in dentin [score 5 on the International Caries Detection and Assessment
System (ICDAS) scale; distinct cavity with visible dentin], restored teeth with composite resin.

Teeth restored with composite used for the imaging of the dentin-adhesive interface were prepared
according to the standard dental adhesive placement procedure, after the etching procedure by using
37% orto-phosporic acid for 15 seconds, rinsing it, and placing a single bond universal adhesive (3M
Deutschland GmbH, LOT 663414), before restoration with the Filtek Ultimate Body composite. For
2PEF imaging of dentin-adhesive interface, a water solution containing 0.5% eosin-Y was added in
small quantities into the adhesive in order to distinguish the adhesive from the surrounding dentinal
tissue.

Teeth were sectioned into ~0.5 mm thick slices along the horizontal and longitudinal axes, by a water-
cooled, low speed diamond saw using a hard tissues microtome. Samples were wet-polished with
abrasive sandpaper sheets of silicone-carbide of increasing grit numbers (400-2000). This was
followed by polishing with a diamond paste on a soft fabric, in order to eliminate the surface
corrugations. The smear layer produced by polishing was removed by 10% polyacrylic acid used for
5 seconds, after which the samples were rinsed, slightly dry-aired and disinfected in 0,5% chloramine
solution and preserved in plastic bags until examined.

Nonlinear laser scanning microscopy

Teeth specimens were observed by a nonlinear optical microscopy setup at the Institute of Physics in
Belgrade. The homemade nonlinear laser-scanning microscope used in this study has been described
in detail elsewhere.[42, 43] Briefly, a Ti:Sapphire femtosecond laser (Coherent, Mira 900-F) tunable
in 700-1000nm range, and a Yb:KGW (Time-Bandwidth Products AG, Yb GLX) femtosecond laser
at 1040nm were used as a laser light sources. The samples were imaged using Carl Zeiss, EC Plan-
NEOFLUAR, 40x1.3 oil immersion objective or Plan-APOCHROMAT 20x/0.8 air objective for laser
focusing and collection of the signal. A visible interference filter (415 nm-685 nm) positioned in front
of the detector is used to remove scattered laser light in fluorescence images. Thus, the whole visible
range has been detected in two-photon fluorescence images. The tooth auto-fluorescence was excited
by the Ti:Sapphire laser at 730nm. The Eosin-Y fluorescence was excited by the Ti:Sapphire laser at
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820nm. Narrowband interference filters (10 nm FWHM) were used for second harmonic generation
imaging. The SHG filter central wavelength was 520nm (FB520-10, Thorlabs) for the Yb:KGW laser.
The SHG filter central wavelength was 420nm (FB420-10, Thorlabs) for Ti:Sapphire laser when tuned
at 840nm. The SHG excitation wavelength and filter were selected so that fluorescence leakage to
SHG channel is minimal.

Brillouin spectroscopy

BLS uses the scattering of light by phonons. Thermal phonons (incoherent vibrations) produce a broad
peak at low frequencies due to Rayleigh scattering, while acoustic phonons (coherent vibration) with
wavenumbers that fulfill the Bragg condition produce well-defined peaks (Figure 1). Using a
monochromatic light beam of wavelength A in a normal incidence backscattering geometry, forward
propagating phonons produce a positive shift at a frequency f = 2nlV/ /A (anti-Stokes peak), where
I is the sound velocity and n is the refractive index, typically in the GHz range (backward propagating
phonons creates a negative Stokes peak at —f).

Assuming that the sample is homogeneous over the scattering volume, the BLS spectra can be
interpreted as the response of a damped harmonic oscillator with frequency position f and full width
at half maximum T'. In this approximation, the storage modulus is’ = p(f1/2n)? , where p is the mass
density. The linewidth T is ascribed to the loss modulus M"" = pI'f(A1/2n)?. In other words, the
frequency shift and linewidth can be interpreted as the sound velocity (or stiffness) and viscosity of
the sample. Note that at the high magnifications we use, I’ can artificially increase due to scattering.

Brillouin microscope

The Brillouin spectrometer is based on a tandem Fabry-Pérot interferometer (JRS Scientific
Instruments). [35] In order to reduce phototoxicity, we used a A = 647.1 nm continuous-wave laser as
a light source (instead of classical designs based on a frequency-doubled YAG laser at 532~nm) which

gives a % ~ 200 nm acoustic resolution, where n = 1.6 is the typical refractive index of dentin. The

spectrometer offers a 40 GHz free spectral range sampled with a 30~MHz sampling rate. Appropriate
signal analysis allows reaching a 6 MHz accuracy at a -10 dB noise level. It is equipped with two sets
of mirrors with a 95% reflectivity, and an avalanche photodiode (Count® Blue, Laser Components)
with a dark count lower than 10 counts/sec (typically 2counts/sec) and a quantum efficiency of 65%
at this wavelength. The spectrometer is coupled with an inverted life science microscope (Eclipse Ti-
U, Nikon) equipped with a micro-positioning stage (Mad City Labs). The collimated linearly-polarized
laser light is focused onto the sample using a 100 X objective lens (NA 0.9), offering a ~1 um
resolution. The typical power used at the focus was 5~mW, resulting in a power density over the
scattering volume a hundred times smaller than that previously reported in tissues and cells, again to
ensure low phototoxicity. The backscattered light is collected by the same objective lens and is
collected outside the microscope using a telescope. A particular attention has been paid to respect the
f-number (f/18) of the spectrometer in order to maximize photon collection on the photodiode. Spectra
were acquired by averaging typically over ~100 acquisitions.

Data analysis
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Raw spectra sampled at 30 MHz are recorded by the proprietary software of the spectrometer (Ghost
software, Table Stable Ltd., Switzerland). When only one peak is observed on each side of the Rayleigh
line (see Fig. 1b for instance), we fit separately the anti-Stokes and Stokes peaks to a Lorentzian
function using Matlab and extract amplitude A, frequency shift f and linewidth I". VValues for each
peak are then averaged. When two closely-spaced peaks are observed, we window sequentially around
each peak and fit them individually with a single Lorentzian function. This procedure might
underestimate slightly the true spacing between the two peaks, but it reducing the error of the fit and
hence allows automating the fitting procedure to analyze large images.

The data collected on the different groups of samples were statistically analyzed using Matlab
software. The level of significance (p-value) was evaluated according to an unpaired two-tailed t-test.

RESULTS.

Mechanical signature of caries lesions

Brillouin spectra were recorded for healthy tissues (n = 34 in 5 different teeth) and caries lesions (n =
39 in 5 different teeth). Care was taken to focus the laser beam in the regions that didn’t show tubules.
For illustration, we plot in Fig. 1 a typical spectrum. Figure la shows that the raw spectrum is
dominated by Rayleigh scattering (grey box). Figure 1b shows a zoom-in on the Stokes (negative
frequencies) and anti-Stokes (positive frequencies) peaks for the healthy tissue and caries lesion. We
fit these peaks with Lorentzian functions (dashed lines) to extract the frequency shift f and linewidth
I' (Methods). The distributions of frequency and linewidth values are plotted in Figs. 2a and 2b,
respectively. Note that the spreading of the data is larger in the case of caries because BLS features
depend on the position within the highly heterogeneous lesion, as discussed below. Frequency shift is
clearly different between healthy and diseased conditions. We don’t however observe any significant
variation in the linewidth. This observation suggest that BLS features could be used to delineate
lesions.
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Figure 1: typical spectrum. (a) Raw spectrum where the contribution of Rayleigh scattering is
indicated by the grey box. (b) Zoom-in on the Stokes (negative frequencies) and anti-Stokes (positive
frequencies) peaks for a healthy tissue (black, intensity multiplied by 2 for clarity) and a caries lesion
(blue line). Fits by Lorentzian functions are superimposed (red dashed lines).
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To investigate this, we scanned the laser along a line across the frontier between healthy tissue and a
caries lesion. Figure 3 shows the frequency shift £ and linewidth I’ measured from the healthy region
(left) to the core of the lesion (right). We see that, as already observed in Fig. 2b, I" does not vary. On
the other hand, f decreases slowly, making the precise delineation difficult. As a reference, we indicate
the median (red dashed line) and the 25" and 75" percentiles (grey box) measured in Fig. 2a. The
upward arrow indicates where f falls below the 25" percentile. This criterion might be used to define
the limit of the healthy tissue. In this example, f decrease almost linearly by ~ 0.01 GHz/pum within
the lesion. Given the spreading of the data for healthy dentin measured in Fig. 2a, ~ 0.2 GHz between

the mean and the 25™ percentile, such decrease would lead to a 20 pm precision in the identification
of the lesion margins.
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Figure 2: Comparison between healthy tissues (n=34) and caries lesions (n=39). Distributions of
(a) frequency shift and (b) linewidth (****p<0.0001, *p<0.05, unpaired two-tailed t-test). The
bottom and top edges of each grey box indicate the 25th and 75th percentiles, respectively. The red
central line indicates the median. The whiskers extend to the most extreme data points not
considering outliers (‘+' symbol).
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Figure 3: scan across a caries lesion. (a) frequency shift and (b) linewidth. The grey box and red
dashed line indicate the 25th and 75th percentiles and median identified in Fig. 2a. Upward arrow
indicates the position where the frequency shift falls below the 25™ percentile.
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Mechanical anisotropy of the dentin

Healthy dentin is composed of a mineralized matrix perfused by microtubes called tubules. This
structure leads to an anisotropic distribution of mechanical properties, largely documented in the
literature on a macroscale.[38] To investigate the anisotropy of the healthy tubular dentin on a
microscopic scale, healthy teeth were cut longitudinally or transversally (Methods). The
microstructure of the healthy dentin in the sagittal and transversal planes is well revealed by the
combination of 2PEF image obtained with the Ti:Sapphire tuned at 730 nm and SHG image obtained
with the Ti:Sapphire tuned at 840 nm (Figures 4 and 5). The typical tubular structure of dentin appears
clearly on the 2PEF image. Collagen type I, as a triple-helical molecule, the organic component on



212 which the dentin is mostly built, is aligned in a non-centrosymmetric manner, and is responsible for

213 the contrast in the SHG images. The SHG images of dentin thus reveal the intertubular dentin, which
214 is less mineralized than the peritubular dentin.[28]

merged

2PEF SHG

Figure 4: 2PEF and SHG 7inﬁréges of healthy dentin in the sagittal plane. (a) 2PEF image reveal
the tubular structure of dentin, (b) SHG reveals the presence of collagen type I, (c) merged. Scale

bars: 20 pum.
215

Figure 5: 2PEF and SHG images of healthy dentin in the transversal plane. (a) 2PEF image
reveal the tubular structure of dentin, (b) SHG reveals the presence of collagen type I, (¢) merged.
Scale bars: 20 pm.
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Figure 6: images of healthy dentin in the sagittal plane. (a) optical image, (b) amplitude of the
Brillouin peaks, (c) frequency shift and (d) linewidth. Panels (e) and (f) show the distribution of f
and I'-values measured in panels (c) and (d), respectively. The tubules are identified in panel (b) by
amplitude values lower than 50% of the maximum amplitude, and the matrix correspond to
remaining pixels.
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The exposed surfaces in the sagittal and transversal planes were mapped with BLS. The laser was
scanned in a raster pattern with a 1 um resolution and spectra recorded at each pixel. Resulting images
obtained in the sagittal (along the tubules) and transversal planes (perpendicular to the tubules) of the
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tooth are shown in Figs. 6 and 7, respectively. In the sagittal plane, the tubules are clearly visible on
the optical image (Fig. 6a), and they are characterized by a lower amplitude (Fig. 6b) and a lower f
(Fig. 6¢). We define an amplitude threshold A;;, = 0.54,,,, where 4,, is the maximum amplitude, that
separates the tubules from the surrounding matrix. Pixels in the f and I" images that correspond to an
amplitude A < A, are ascribed to the tubules, and the remaining pixels to the matrix. The distribution
of pixels for f and I" are shown in Figs. 6e and 6f. While the linewidth doesn’t allow distinguishing
the two components (as observed on Fig. 6d), f-values are slightly higher for the tubules.

In the transverse plane, the tubules appear as disks on the optical image (Fig. 7a). They are also clearly
visible on the BLS images, characterized here too by a low amplitude (Fig. 7b). In this case however,
the low amplitude of the Brillouin peaks does not allow to identify f or I'-values in the tubular regions,
and only the matrix appears in the f and I" images, Figs. 7d and 7f. This is because the tubules cause
a depression in the transverse plane that defocuses the laser beam. Considering pixels where A < Ay,
thus only reveals the distributions of values for the matrix, plotted in Figs. 7c and 7e, respectively. The
f and T" values differ slightly in the sagittal and transverse planes, suggesting that the matrix itself is
anisotropic.
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Figure 7: images of healthy dentin in the transversal plane. (a) optical image, (b) amplitude of the
Brillouin peaks, (d) frequency shift and (f) linewidth. Panels (c) and (e) show the distribution of f
and I'-values measured in panels (d) and (f), respectively.
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Characterization of the dentin-resin interface

In this section we examine the adhesive interface between healthy dentin and tooth-filling resin. Figure
8a shows a typical sample with adhesive interface indicated by the arrow. Merged 2PEF image
obtained with the Ti:Sapphire tuned at 820 nm and SHG image obtained with the Yb:KGW (Figure
8b) reveals the typical structure of the interface between dentin (SHG, blue pseudocolor) and adhesive
(labelled by eosin in 2PEF, red pseudocolor). This image reveals that the low-viscous monomer
adhesive fingers in-between the exposed dentinal collagen fibers of intertubular dentin, or in the
tubules themselves, forming the so-called hybrid layer. Extensions of monomer entering a few

individual dentinal tubules, i.e. resin tags, are also observable (a typical one is pointed at by a white
arrow).

(b)

adhesive

) —

Figure 8: structure of a typical dentin adhesive interface. (a) photograph of dentin-resin
adhesive interface shown by dashed line and the arrow. (b) Merged 2PEF and SHG images of a
dentin-adhesive interface. 2PEF micrograph reveals the adhesive colored by eosin Y (red
pseudocolor) and SHG micrograph reveals dentin (blue pseudocolor). Arrow points to a typical
resin tag. Scale bar: 20 um.

We probed the interface between healthy dentin and resin with BLS. Figure 9a shows a typical
spectrum where we recognize the signature of healthy dentin at around 20 GHz (blue area). In addition,
we also observe a second peak at around 13 GHz (pink area), revealing the presence of the adhesive.
This result demonstrates that BLS is able to detect the presence of the two components mixed in the
hybrid layer. To investigate this, we recorded BLS images in a typical hybrid layer. The frequency
shift (Fig. 9b) and linewidth (Fig. 9c) both allow to observe the adhesive, hybrid layer and dentin. This
clearly highlights the ability of BLS to quantify adhesive interfaces, and to reveal the fingering of the
adhesive in the hybrid layer. Such results should pave the way for novel strategies for tooth repair.
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Figure 9: imaging the hybrid layer. (a) typical spectrum at the dentin-adhesive interface. The
peaks arising from dentin and adhesive are shown in blue and pink, respectively. (a) Frequency
shift and (b) linewidth maps of the hybrid layer.

DISCUSSION.

We have demonstrated the potential of BLS to examine non-destructively and with high resolution the
mechanical properties of different healthy, diseased or restored dental tissues. The BLS maps in the
sagittal and transverse planes clearly reveal the tubular structure of dentin. Our results showed f; ~

20.4 GHz in the sagittal plane, and f; ~ 19.8 GHz in the transverse plane for the matrix alone. These
values correspond to sound velocities V, = % ~ 4100 m/s and V; = % ~ 4300 m/s, assuming

S t
refractive indices ng = 1.6 and n, = 1.5 in the sagittal and transverse plane, respectively.[37] From
these values we can estimate the storage moduli M, = pV;2 ~ 36 GPaand M/ = pV? ~ 38 GPa, where
p ~ 2100 kg/m? is the mass density (Methods).[36] This matches very well with previous results,

~37-39 GPa, obtained by ultrasonic interferometry.[40]

Our data shows an anisotropy of 6% and stiffer values in the transverse plane. Since the tubules are
aligned in the softer sagittal plane, this observation demonstrates that the tubules do not contribute to
mechanical strength of dentine. Instead, the mineralized collagen fibrils, aligned in the stiffer
transverse plane, act as a load bearing structure, as suggested previously.[38] This means that the
anisotropy of dentine originates from the anisotropy of the matrix itself, and that its structure could be
thought as a fiber-reinforced composite material in the transverse plane.

The difference between frequencies of healthy dentin and those of caries lesions is very clear (p <
0.0001). The transition from healthy dentin to caries allows delineation with a 20 um precision for the
samples we probed. The linewidth I' = 2 (2n/A)? is constant across this region, meaning that both
n and kinematic viscosity n are constant. The change in f can thus be ascribed to a reduction in the
stiffness of the tooth in the lesion. This observation demonstrates the high specificity of BLS, and the
ability to produce quantitative indicators of tooth decay. In contemporary clinical practice, the visuo-
tactile method is the dominant approach to caries delineation, and is obviously less resolved than BLS
and operator-dependent. In order to avoid inter-examiner variations, visual examination can be aided
by dyes, light-fluorescence based methods, or fiber-optic transillumination. In this context, BLS has a
unique potential to provide quantitative information at a microscale, in a label-free, non-invasive, non-
ionizing manner. Further comparison with histological sections of lesions with different scores should
reveal the sensitivity of BLS, and grant new minimally invasive strategies in dentistry. As has been
done for cancer therapy [35], ophthalmology [30] or bone,[25] BLS could be used as a platform for
early diagnosis of tooth decay, micrometric precise caries detection during clinical work, but also for
the monitoring of efficacy of the therapeutic techniques. [31, 34]

BLS images of the hybrid layer bring new information on the spatial distribution of mechanical
properties in the adhesive junction. In future, BLS could be used to test the adhesion strength of
different types of adhesives under preclinical investigation, or the weakening of the hybrid layer by
enzyme-caused degradation of collagen or adhesive, mineral-depleted dentin[31, 32] or caries lesion
[33]. Moreover, the hybrid layer is subjected to multiaxial stresses during functional use, and it has
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been predicted that stress concentration in the underlying hard dental tissues depends on the stiffness
of this interface [29]. In future, BLS could also help studying the impact of wear on this interface at a
microscale. Beyond dentistry, BLS could also provide new tools to investigate the link between
microwear, stiffness and diet, offering important information in paleobiology.
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