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Abstract

Teeth are made of highly mineralized tissues that withstand years of daily usage. Their mechanical properties have been studied
at all length scales with ageing but manly small areas have been the focus of high-sensitivity chemical property quantification.
A comprehensive, spatially resolved examination across centimeter sized tooth specimens is needed to expand our
comprehension of young versus aged teeth. Specular Reflectance Fourier Transform Infrared Spectroscopy (srFTIR) is a
nondestructive microscopy technique that can be used to characterize the chemical composition of mineralized surfaces. This
technique provides spatially resolved chemical absorption information, making it useful to study both organics and mineral in
visibly accessible tooth tissues. Highly polished dehydrated cross-sectional surfaces of bovine and human teeth were srFTIR
imaged, and spectra were processed using a Kramers-Kronig Transformation to generate absorbance-like chemical maps. Results
are comparable with the well-established FTIR Transmission and Attenuated Total Reflection (ATR) methods. Maps of multiple
vz-phosphate vibrations, v,-carbonate, and amide | reveal insights into structural and chemical variations across dentine. Young
bovine teeth exhibited many chemical and structural similarities to old, partially sclerotic human teeth, affirming their use as
proxies in dental research. This work highlights the capability of specular reflection infrared spectroscopy imaging to reveal
spatial chemical information and expand our understanding of tooth microstructure and composition variations.

Introduction

Teeth are ubiquitous biologically grown mineralized cutting-tools, made primarily of an outer layer of enamel surrounding
dentine that shapes the crown and the roots while protecting a pulp chamber and living tissue in the center (Figure 1). Unlike
enamel that is highly crystalline, dense and hard, dentine forms a porous bulk, with micron-sized tubules radiating outwards
from the pulp, terminating in enamel in the crown and in a thin layer of external cementum in the roots [1]. The mineralized
tissues of teeth comprise carbonated apatite (Caio(PO4)sCOH) in different forms: long crystals in enamel and nanocrystals
embedded in collagen in dentine and cementum. It is impressive that human and other teeth are able to withstand years of
daily mechanical load from mastication, yet unlike rodents and other mammals that continuously grow teeth (e.g. beavers),
tooth tissues are not replaced/regrown. With no tissue turnover, teeth inspire extensive investigations into their mechanical
and chemical properties in relation to the microstructure [2][3]. Usually, such studies address the chemistry only in relatively
confined, small areas, albeit at high resolution, thus hampering comparisons across entire tooth specimens [4][5]. This is
important, because both the normal as well as ageing microstructures emerge gradually. Indeed, non-contact, non-destructive
chemical mapping of large tooth sections remains a technical challenge.
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Figure 1 — Optical images at 20x of three bovine (indicated by A, B, C) and one human (D) teeth. Arrows in D indicate the main
visible components of teeth: Enamel, on the outer circumference, dentine forms the inner bulk surrounding the pulp chamber in
the center. The dentin-enamel junction (DEJ) is connects the two materials in the tooth crown. Purple arrows indicate some
examples cracks, known to appear in the teeth, as a result of dehydration.

Fourier Transform Infrared Spectroscopy (FTIR) is a well-established and widely-used chemical characterization technique that
relies on measuring different absorption interactions at various wavelengths of the infrared spectrum. Measurements yield
complete spectra that serve as molecular fingerprints in which specific absorption bands correspond to characteristic molecular
vibrations. This method has long been used as a reliable analytical technique for investigating the chemical composition and
molecular structure of many materials including biological and mineralized tissue such as bone, cartilage and teeth [6][7].

Two different FTIR modes are widely used: (i) Transmission and (ii) Attenuated Total Reflection (ATR), both offering high
precision and strong signal clarity but with different working principles: (i) Transmission spectroscopy requires that the infrared
beam passes through the analyzed samples which typically requires them to be thinly sliced or powdered. On the other hand,
(i) ATR spectroscopy, relies on optical coupling of the incoming IR radiation with the sample surface to avoid air in the path so
as to produce an evanescent wave [6]. ATR is thus well suited to measure the surface region of thick samples but relies on
pressing the optical lens into the sample surface. The choice of (i) or (ii) IR method relies to a large extent on considerations of
sample preparation. This is of particular concern in research of biological hard tissues such as teeth where the structure,
microstructure and arrangement are of significance. In general, transmission samples (i) demand destructive preparation that
may extensively disrupt the layout of the sample (indeed, powders are preferred). Specialized microtomes can produce
micrometer-thin samples that are usually also very small and fragile, which limits the observed area to a small region. More
often, samples are milled into powder, a process that gives good average signal but sacrifices the spatial distribution of the
analyzed sample. The more popular technique (ii), ATR spectroscopy, requires almost no preparation since the interaction is
limited to the outer microns of the sample surface. It can reach high resolution and can be used for automated analysis by
laterally moving the sample and repeatedly bringing the imaging tip into contact with the analyzed surface. Both methods have
limitations: studies have demonstrated that the preparation procedures induce variations in the spectra obtained, as shown for
example for bone [8][9]. In particular, ATR has a complex dependence on the refractive index differences between the imaging
system and the analyzed material, which can complicate comparisons with spectra obtained via the transmission method
[10][11]. Additionally, ATR requires good optical contact between the imaging tip and the sample, the quality of which strongly
affects the measurements, especially if the sample is sensitive to pressure [12]. Bones [13] and teeth [14][15] are examples of
biological materials where the mineral experiences residual stresses due to interactions with the collagen fibers. Therefore, thin-
slicing (in sections 10 um thick or less), powdering or pressurization through a contact tip will all affect the measurements, which
may be a concern when examining subtle or long-range (millimeter distance) changes such as the influence of biomaterials or
ageing. For such studies, non-contact specular reflectance spectroscopy (srFTIR) may be of use. This form of FTIR, similar to
optical microscopy, requires mainly that the surface be highly polished to remain in focus. srFTIR thus offers spatially resolved
data, with samples prepared similar to samples used in scanning electron microscopy. One major advantage of the non-contact
approach is that it readily enables mapping over large surfaces of sliced mineralized samples that preserve the microstructure
[6], where the optical path is not contaminated by contact with the sample/substrate. Spectra can thus be collected without the
need to powder or press the sample. Nonetheless, raw reflectance data are not trivially comparable with the other FTIR
methods, as they record a convoluted mixture of light reflected at different depths of the sample surface. The Kramers-Kronig
transformation (KKT) offers a way to convert srFTIR data into absorbance-like spectra that are comparable to those obtained by
transmission or ATR methods [16][17][18].

Specular reflection FTIR has been applied to teeth, and its use has been reported for enamel [19][20][21][22][23] as well as for
the DEJ [4] and for crown dentine [24] (Fig. 1). However, while previous studies have focused on specific areas of the tooth,
there remains a need for comprehensive research that examines entire cross-sections. Assessing all regions of the tooth together
would provide a more complete understanding of its structural, compositional, and functional characteristics, in particular for
assessing ageing.

In this study, we compare and contrast bovine and human dental crowns using srFTIR processed spectra by a revised approach
to perform Kramers-Kronig transformation on large 2D maps collected over entire tooth cross sections. This approach makes it
possible to identify the main chemical signatures and their variations across the samples. Comparisons with IR data obtained
using more commonly employed methods, provides a blueprint for making use of this approach and reveals characteristics of
bovine teeth as reasonable models for dental research relevant for human teeth.



Materials and Methods

Sample preparation:

Tooth cross section samples

Reasonably intact bovine incisor teeth were collected from slaughtered adult cows, ~4 years old, and studied alongside one
human premolar extracted for unrelated periodontal health reasons, obtained from the Charité Universitatsmedizin according
to the ethical guidelines of the institute. All teeth were stored at 4°C in individual vials immersed in a solution of 0.5%
Chloramine-T (Sigma-Aldrich, USA) until use. Cross sections were cut with a water-cooled wafering saw (Exact 300 CL,
Norderstedt, Germany) beneath the enamel cap (across the root) to yield slices with a thickness of approximately 5 mm. In all
such cross sections (Fig. 1), the empty pulp chamber is identifiable in the center, surrounded by dentine and an enamel ring in
the outer circumference. The slices were embedded in Technovit 4071 (Kulzer Technik, Germany) and polished (Exact Micro
Grinder 400 CS) using silicon carbide grinding papers with grits from P600 up to P4000 (Buehler CarbiMet, Germany), leading to
an almost mirror finish of the surface. After polishing, the samples were dried with water-diluted ethanol concentrations,
increasing from 25% to 97% (v/v). Finally, they were stored in a desiccator filled with silica gel until they were scanned. In this
manner, four dehydrated slices were created, three bovine and one human, each from a different tooth.

Dentine reference pellets

Sample fragments from several bovine teeth cut at the same height were used to make FTIR compatible transmission pellets. In
a first step, all cementum and enamel were removed with a high-speed diamond bur N°850 dental tool under copious irrigation
with water. The remaining dentine segments were cut into small pieces with a water-cooled saw and ground into powder with
a laboratory mill (KM1, Janetzki, Poland). The resulting crushed mass was incrementally filtered until reaching a final filter-paper
mesh size of 40 um (DIN4188), enhanced with the aid of a mechanical shaker used to accelerate the process. The remaining
powder was dried by heating in an oven at 60°C for 24 hours. The dry powder was mixed with potassium bromide (KBr, Sigma-
Aldrich, USA) to reach a ratio of 25% dentine powder to 75% KBr. The mixture was pressed (MP150, Maassen, Germany) into
thin round cylinder pellets by applying 15 tons for 15 minutes. In this manner, it was possible to reach pellets of approximately
10 um thickness.

Imaging

Optical images

A VHX-5000 digital optical microscope (Keyence, Japan) was used to capture high resolution images of the surfaces of the
samples, obtained at a magnification of 20x. Images of the teeth reveal the main components: enamel, dentine and the pulp
chamber. The optical images of all cross sections can be seen in the Figure 1.

Scanning Electron Microscopy (SEM)

All samples were scanned using a Phenom XL backscatter electron microscope (Thermo Fisher Scientific, Netherlands). Entire
cross-sectional surface images were created by stitching together multiple high-resolution single SEM images. The scans were
obtained using a magnification of 920x, a working distance of 10.3 mm, an energy of 15kV and a low vacuum of 60 Pa.

X-Ray Fluorescence (XRF)

The polished bulk samples were further mapped by micro X-ray fluorescence (uUXRF). The scans were carried out using an M4
Tornado micro-XRF spectrometer (Bruker Nano GmbH, Germany) equipped with a rhodium X-ray tube. The chamber pressure
was kept at 20 mbar to facilitate the detection of light elements, specifically P. The X-ray source operated at an accelerating
voltage of 50 kV and a current of 1 mA. Surface mapping of the samples was conducted with a step size of 50 um and a
measurement time of 1 second per pixel. Spectral deconvolution was performed using Specfit [25], and the results were
converted into 2D maps that illustrate the distribution of and concentration of the phosphorus signal.

Fourier Transform Infrared Spectroscopy (FTIR) measurements:

Specular reflection measurements

srFTIR mapping was performed with internal Globar infrared source of a Nicolet iN10 (Thermofisher, USA) at the Helmholtz-
Zentrum Berlin flr Materialien und Energie (HZB). An IR microscope objective of 15x magnification was used (0.7 N.A.) and a
nitrogen-cooled mercury cadmium telluride (MCT) detector was used with a KBr beamsplitter, with the sample stage connected



to a dry air source to purge the instrument of humidity and CO; impurities. This spectrometer features a moving stage, to
automatically map the whole tooth surface, with intermediate collection of background spectra obtained from a standard. For
each polished slice, the area scanned included the entire cross-sectional areas of both dentine and enamel. The following
parameters were used: spectral range from 700 cm™ to 4000 cm?, spectral resolution of 4 cm™ (no zero filling), 128 spectra per
pixel, with an aperture size of 300 by 300 um. Motors were moved with step sizes of 300 um in both x- and y- directions in each
scan. The angle of the incidence of the reflection beam is a fixed parameter of the system, set at 30°. A srFTIR spectrum of a Csl
crystal was used as the background spectrum (Korth Kristalle, Germany).

Comparison with Attenuated Total Reflection (ATR) measurements

Attenuated Total Reflectance Measurements (ATR) of local areas in dentine in each sample were performed using the same
spectrometer as described for the reflection measurements. Most measurement parameters were identical to those defined for
the specular reflection mode with the exception of the aperture and step size, that were lowered to 100 um to map the smaller
areas at higher resolution as compared to the srFTIR measurements. A slide-on MicroTip ATR Germanium crystal was used as
the measuring tip. The pressure was set arbitrarily to 15 psi, which is the minimum possible for the available machine. No
noticeable damage (e.g. cracking) was detected on the sample surface after the measurement procedure.

Transmission measurements

A Vertex 70 FTIR spectrometer coupled to a Bruker Hyperion 2000 with a 15x objective and equipped with a 64x64 MCT Focal
Plane Array detector (Bruker, Ettlingen, Germany) was used to measure the thin pressed 10 um thick dentine pellets.
Transmission spectra were collected in a spectral range from 350 to 8000 cm™ with a spectral resolution of 4cm™. Ten scans
were acquired and averaged, using a gold plate background spectrum as reference, collected at the onset of measurements.

Kramers-Kronig transformation data processing

Each of the srFTIR spectra measure in each sample was processed using in-house Python code that converts raw reflection
data to IR absorbance transmission-like spectra. The code applies the Kramers-Kronig Transformation (KKT) based on the
approach of Lichvar [26] and is described in the supplementary materials section, and is also freely available [27]. The
transformed spectra were then imported into CytoSpec [28] and then processed by linear baseline correction near the
phosphate peak at 900-1200 cm™ followed by normalization to the highest peak near 1010 cm™.

Spectral correlation of srFTIR peaks

To help assess the relationship between the IR signatures and chemical and microstructural gradients across the different
samples, we followed the approach of Jones et al.[29], to calculate, for different peaks in the maps, indices of “Similarity in
Pattern (SIP)”. This provides an estimation of the spatial covariance of the main peaks across the samples, offering some
guantitative metric that can be linked to how the different absorption bands revealed in the maps, vary in space. Of particular
interest were the v;-phosphate deconvoluted bands, as well as the amide I, and v,-carbonate signatures [20][30]{31].The SIP
was tested for a local neighborhood of 3x3 points surrounding each pixel in the maps. The constant k; relates to the luminance
of the images and k; to the contrast, and were set to 0.01 and 0.03 respectively. The values chosen ensure stability in the
algorithm designed by Wang et al [32].

Results and discussion:

Scanning Electron Images

All backscatter SEM images reveal both the density differences between enamel and dentin, as well as features and gradients
in the microstructures, extending from enamel inward towards the pulp. Overview images and some magnified regions are
shown in Figure 2. The overview images reveal the DEJ on the outer dentine margins, as well as dehydration cracks (examples
marked by purple arrows) well matching the same features observed by the optical images (compare Fig. 1). At higher
magnification, the characteristic um-sized dentinal tubules become apparent. The distribution of tubules varies across dentine
and can sometimes be identified by changes in the gray scale across the surface imaged by SEM. Such gradients are exemplified
in magnified views marked 1, 2 and 3 in sample B, shown in the lower panel of Fig. 2



Figure 2 — Electron microscope images of the polished samples A, B, C and D. (see Fig. 1). Three example higher-magnification
regions are shown for sample B, revealing gradients in the shapes and densities of dentinal tubules. In particular note that tubules
appear as black hollows in B1 but attain white halos (known as peritubular dentine - PTD) in B2. Image B3 shows the DEJ region
between enamel and dentine, where the tubule diameters and PTD vanish almost completely near enamel. Large voids can be
seen at the interface.

In particular, near the pulp (B1), the diameter and density of tubules is higher as compared to other regions. Many tubules in
the central regions of crown dentine are surrounded by a dense mineralized cuff of peritubular dentine (PTD) [33]. Towards the
outer dentine junction with enamel, the tubules become smaller and less dense [34] as can be seen in B3. In some regions,
dentine exhibits voids possibly interglobular dentine at the junction with enamel [35]. Importantly, the enamel is highly
mineralized with apatite, which is expected to correspond to measurements by FTIR and XRF that are sensitive to the presence
of phosphorus/phosphate in the mineral. Dentine, which is similar to bone, is less highly mineralized, as revealed by the lower
brightness of the backscatter SEM images. Within dentine, increased presences of tubules lacking PTD will decrease the signal
arising from the mineral, whereas the presence of dense PTD and in particular in combination with higher density tubules (B2)
is linked to an increase in the backscatter mineral signal.

X-Ray Fluorescence (XRF)

Phosphorus intensities in the uXRF images are consistently high and uniform in the highly-crystalline enamel regions. As seen in
Figure 3, the lower mineral density of dentine manifests as non-uniform gradients in the phosphorus distribution, with a near
DEJ rim of lower phosphorus signal (Fig. 1, B). This corresponds to the sub-DEJ soft zone, that is less mineralized beneath enamel
in human teeth [36]. Similar patterns of gradients in the phosphorus signal, with some increase observed midway between the
DEJ and the pulp, appear to correlate with the distribution of dentinal tubules and in particular peritubular dentine (see Fig. 2).
As the size and density of tubules decrease progressively from the pulp outward, there is initially an increase followed by a
decrease in mineral content, resulting in an increase and then decrease in the phosphorus signal in those areas of all samples.
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Figure 3 — Phosphorus XRF mapping of teeth A, B, C, D. The scale bar and P K-line intensity counts allow comparison between
different maps. The intensity scale represents the net counts per second. Images show that enamel contains the highest signal
of phosphorus, essentially a high concentration of crystalline calcium phosphates. The phosphorus distribution in dentine more
or less correlates with the density of PTD and exhibits an increased density due to dentinal tubules in the circumpulpar regions
of dentine, with a clear decrease in the near enamel regions (DEJ) regions, lacking PTD (Fig. 2).

Specular Reflectance IR maps

At all points measured by srFTIR, complete IR spectra were obtained. Figure 4 shows two example spectra (n=10 repeats)
obtained from two spots: dentine (blue) and enamel (orange) (see Figure 1, C). The spectra reveal characteristic features of bony
material known from conventional FTIR analysis methods. The enamel spectra exhibit a main peak near 1044 cm™and a second,
smaller one at 1094 cm™ and both were attributed in previous work to the v;-phosphate P-O antisymmetric stretching [20]
arising in the apatite mineral. In dentine, a similar v3-phosphate antisymmetric stretching peak is found at 1031 cm™ with a
shoulder at 1090 cm™. Both dentine and enamel show a peak at 960 cm™ corresponding to the v, -phosphate P-O stretching [20].
Other commonly reported chemical components in bone studies [37] include the v, —carbonate at ~870 cm™, observed in both
enamel and dentine, and the collagen protein related amide | at ~1630 cm™, which, as expected, appears only in the dentine
spectra [38]. Thus, the amide | is a good representation of tooth dentine in srFTIR maps [5]. These band assignments of the prior
to KKT transformation of our samples thus match with literature reports of specular reflectance FTIR reflection measurements

(3][6](7].
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Figure 4— Comparison of n=10 averaged srFTIR spectra collected for enamel and dentine in a highly polished bovine sample using
an aperture size of 300x300um with 128 scans per point, 4 cm™ spectral resolution without zero filling. Cesium iodide was used

as a background reference. The measurement points are depicted in Figure 1 sample C for enamel (orange spot) and dentine
(blue spot). Several peaks can be identified in the srFTIR data in a plot of the intensity versus wavenumber. In enamel the stronger



v3-phosphate peak appears at wavenumber of 1044 cm™ while for dentine it appears at 1031 cm™. The absorption peak of v,-
carbonate appears at ~870 cm™In both materials. The amide | is present in dentine as is known as one of the collagen fingerprints
in FTIR spectra, found at ~1630 cm™.

Conversion of srFTIR to transmission-like spectra:

Kramers Kronig transformed srFTIR (rFTIR KKT):

The specular reflection spectra were converted to absorbance-like spectra, to make the data comparable to other FTIR methods.
Example spectra calculated with the Kramers-Kronig transformation code [27] provided in the supplements of this paper, show
for both dentine and enamel (Fig. 5, A) a strong well-defined v5-phosphate band between 900 and 1200 cm™. The main peak in
dentine is approximately centered at 1011 cm™ whereas for enamel it appears at higher wavenumbers, 1021 cm™. The v;-
phosphate P-O stretching band at 960 cm™ is conserved for both tooth tissues. However, in dentine it appears as a separate
well-defined peak while in enamel it partially overlaps with the dominant phosphate peak. The peak of v,-carbonate is always
present at 875 cm™ while amide I, the organic component at 1660 cm™, is only identifiable in dentine. A magnification of the
phosphate peak and shoulders detected in the range of 900-1200 cm™ is shown in Figure 5, B.
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Figure 5—-A) Example Kramers-Kronig transformations of the reflection spectra from Figure 4. Band assignments of the phosphate
peak as well as of the organics amide | and v,-carbonate shift by approximately 20 cm™ as compared to the peak position in the
specular reflectance measurements. The phosphate band exhibits multiple components as is also seen in transmission and ATR
data. B) a magnified view of the vs-phosphate peak, located between 900 and 1200 cm™.

Understanding srFTIR and the relationship to tooth microstructures

The main chemical component in teeth is mineral: carbonated apatite, found in both dentine and enamel[37][38]. In dentin, the
nanometer-sized tablet-shaped crystals form a composite with collagen. This protein gives rise to the major amide vibration
bands observed in the wavenumber range of 1400-1700 cm™ [39]. Unlike backscatter SEM that is mainly sensitive to the density
and higher atomic weight of Ca in the mineral, the calcium component of the mineral is transparent to IR [40][41]. However, the
phosphate groups interact strongly with IR radiation yielding an elaborate, multi-component absorption band. This is known as
v3-phosphate peak, well known from bone studies [42].

ATR, transmission and srFTIR KKT infrared spectra:

There are great similarities between spectra obtained by transmission IR from a powder dentine pellet, ATR and the KKT
transformed reflectance spectra, as seen in the data shown in Figure 6. For ease of interpretation, the three spectra are
normalized to the amide-I peak at 1660 cm™. It can be seen that, though the measurements are obtained by different IR
methods, the v,-carbonate, amide | and the shoulder v, -phosphate P-O stretching band at 960 cm™ as well as the general
intensity patterns, agree between all three methods, and they correspond with results from the literature [22][43][20]. A



comparison of the band assignments between the two most popular methods can be found in Table 1. The peaks do not
overlap perfectly, and reveal a shift in some wavenumbers. We tested for a possible difference originating from different
spectrometer manufacturers: (i) AIMsight Infrared-Mikroscope (Shimadzu, Japan), (ii) Vertex 70 FTIR (Bruker, Germany) and
(iii) Nicolet iN10 (Thermofisher, USA), yet scanning the same samples under similar conditions resulted in identical results
(data not shown).

Band assighment [cm™]

Vibration band in dentine ATR Transmission

v,-carbonate 870 [44] 872[45] 871[46] 875[30]
v3-phosphate 1013 [44] 1025[45] 1015 [46] 1020 [30]
Amide | 1650 [44][45] 1650 [46] 1660 [30]

Table 1 — List of the main peaks of dentine and their band assignments by ATR and transmission FTIR methods.

The transmission FTIR peaks of the powdered dentine are generally broader than the peaks obtained by the other methods. This
is likely due to multiple scattering enhanced by the small size of the powdered material [47][48]. This is particularly visible for
the main phosphate peak, which has a sharper characteristic appearance in both the ATR and srFTIR KKT methods. The
transmission spectrum further exhibits a significantly lower relative intensity of the main v3-phosphate peak. The ratios between
the phosphate and amide-| peak intensities vary from method to method, corresponding to 7.5, 6 and 2.1 for the srFTIR KKT,
ATR and transmission FTIR measurements, respectively. This can be explained by the different signal intensities detected by the
different methods [49]. The main phosphate peak detected by the ATR method is located at somewhat higher wavenumbers as
compared to the srFTIR KKT. The shift of ¥ 5 cm™ between the ATR and the srFTIR KKT signhal might be due to the known
recommendation to correct strong ATR signals to make them comparable to other FTIR methods [11][50]. Under ideal
conditions, we would like there to be no band shifts in the peak positions obtained from the KKT srFTIR spectra. However, our
application of the Kramer Kronig Transformation is only a numerical approximation in which small uncertainties cannot be
avoided [4]. This is in line with previous work that showed that different FTIR methods vyield slight differences in band
positions[7][26].
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Figure 6 — Comparison between IR spectra in bovine dentine obtained by the three different, IR methods: ATR (red), Transmission
(green) and srFTIR KKT (blue). All curves as normalized to the amide | peak at 1660 cm™.

Fitting and unification of the components of the phosphate peak:

For quantitative analysis, the KKT transformed spectra of both dentine and enamel were curve-fitted between 960 and 1200
cm™ and deconvoluted using an in-house Python code. Based on the work of Magne [30], five different gaussian curves were
used to deconvolve the components of the v;-phosphate peak, fixed at 1015, 1037, 1050, 1090, and 1148 cm™ as listed in Table
2. Thus, the deconvolution of the vs-phosphate peak made use of Gaussian functions with peaks centers summarized in Table
1, corresponding to v; — P043‘ reported for poorly crystalline apatite, v3 — POf‘ reported for stoichiometric apatite,
HPO;~ reported for apatite with B-Type carbonate substitution, POE‘ in stoichiometric apatite and 1148 cm for acid
phosphate, v; — PO; . The fitting results (Fig. 7) showed negligible differences whether the wavelength centers were fixed to
the proposed positions or when they were allowed to shift within a range of £10 cm™.

Wavenumber Band assignment

1015 cm™ v3 — P03~ as observed in poorly crystalline apatite

1037 cm™ v3; — P03~ as reported for stoichiometric apatite

1050 cm™ HPO2Z~ containing apatite and Type B carbonate apatite
1090 cm™ v3 — P02~ in stoichiometric apatite

1148 cm™ HPOZ~  acid phosphate

Table 2 — List of the peak assignments used to deconvolute the phosphate peak between 960 and 1200 cm™.

Example srFTIR KKT spectra of enamel and dentine along with the peaks used for fitting are shown in Figure 7. The resulting fit
of all peaks agrees well with the original spectrum in both cases. The dentine fit reached 0.99 and the one for enamel 0.97 as
chi-square value [51], demonstrating a reliable result.

In dentine, the 1015 cm™ vibration dominates the shape of the vs-phosphate peak, with no identifiable acid phosphate
contribution, as indicated by the absence of the 1148 cm™ band. In contrast, the enamel spectrum shows a slightly reduced
intensity for the 1050 cm™ band, a less prominent role for the 1015 cm™ vibration and an increased contribution of the 1037
cm™ vibration, amounting to 0.75 the intensity of the 1015 cm™ peak The 1148 cm™ band, corresponding to acid phosphate,
appears only in the enamel spectra, as previously reported [52].
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Figure 7 — Example spectra and fit results for the vs-phosphate peak identified in all measurements between 960 and 1200 cm®.
The five main Gaussian peaks correspond to well documented phosphate v3- and HPO;~ vibrations. The Gaussian curves are
plotted in colors as listed in the legend; the combined fits are shown with a brown dashed line (“Fitting”). For both enamel and
dentine, the fitting follows closely the srFTIR KKT, with chi square values of 0.99 and 0.97 of spectra indicative of a reliable fit.
The fit for dentine does not require the 1148 cm™ contribution, suggestive of a total lack of significant amounts of acid phosphate
in dentine.



Integration maps of the fitted phosphate peaks

All intensities, plotted on X-Y coordinates were converted into 2D maps produced using Fiji [53] to show the distribution of the
values across the surfaces of the scanned A, B, C & D teeth.

By plotting the intensities of the fitted peaks, we obtain srFTIR KKT maps of the presumed chemical components measured
across entire tooth sections in a non-contact manner. These can be related to our complementary measurements to elucidate
the extent to which the spectra reveal the microstructure or the chemical composition of the different, regionally-varying tooth
components. In each map, brighter colors indicate a stronger IR interaction, though it is not clear if the interaction is due to only
chemical absorption or due to some other scattering and hence loss of signal, appearing as IR “absorption”.

The maps are grouped into peaks corresponding to stretches of the v;-phosphate vibrations at 1015 cm™, 1037 cm™ and 1090
cm™ while complementary maps depict the stretches of acid phosphate containing apatite (1050 cm™ , HP0Z~) and Type B
carbonate apatite (1148 cm™, v, HP02™).

Figure 8 compares maps of the 4 teeth presented in Figures 1 and 2. Intriguingly, despite some variations in intensity, the overall
distribution of srFTIR KKT intensities between enamel on the outside and dentine surrounding the pulp are quite similar revealing
highly comparable trends. This suggests that either there is a minimal chemical difference between different young bovine teeth
(and the human tooth), or that the conserved microstructures (elongated crystals in enamel, tubules and variable mineral
densities in dentine) have a much stronger effect on the srFTIR signal. Both suggest that bovine teeth are indeed decent
substitutes for intact young human teeth, when required in research [54]. Indeed, bovine teeth are often used in research to
supplement human teeth, reducing the large variability in tooth exposure and use in different humans, including environmental,
genetic and dental treatment histories [55].

Since there are known differences in microstructure across teeth, our analysis and comparisons with complementary optical
images and mapping by SEM and uXRF paves the way to assess the possible roles of microstructure scattering and texture on
the srFTIR signal. To do so, we make use of the well-known regionally varying signatures of both the mineral and organics,
especially in the young non-treated and very self-similar bovine teeth. Since all enamel is highly crystalline and of approximately
the same chemical composition as the mineral in dentine, in each tooth, enamel serves as a comparable reference (lacking
collagen and hence lacking amide | fingerprints). Specifically, enamel and dentine differ in the mineral density and nanocrystal
size and packing, though in both cases the mineral is carbonated apatite. Similar to bone, dentine contain less mineral (70%)
and more organic material while enamel comprises prisms of co-alignhed elongated crystals (95%) [56]. The peak at 1037 cm™
always shows the brightest color in the region where the outer enamel ring is located. This suggests that the srFTIR KKT signal is
proportional to the density of the chemical vibration of “stoichiometric apatite”, and is thus expected to be brighter in the
regions of high density apatite [57]. Other vibrations within the v3-phosphate peak do not show this trend, suggestive of a strong
chemical sighature component of this peak. Curiously, the absorption band at 1148 cm™is a good indicator for enamel, appearing
exclusively to that tissue, though associated with the chemical groups of acid phosphate. We noted that the intensity of this
peak is not dependent on the orientation of the measurement with respect to cross sectional or longitudinal slices in teeth, such
that itis likely that role that scattering plays a less pronounced than chemical absorption. This raises the possibility that far more
acid phosphate is indeed present in enamel e.g. between or on the outer margins of the long crystals, a signature that we did
not identify in dentine.

Comparisons between certain chemical signatures with the optical images of Figure 1 reveal “stripes” that are clearly identifiable
in samples A and C (marked by white rectangle). These appear in the FTIR images of the same samples as “stains” observed in
the 1015 cm™ and 1050 cm™ vibrations. The optical image color difference suggests a difference in light scattering which may
be due to different density and mineralization of the tubules. On the other hand, there may be smaller crystals in those regions.
Further work with other methods may be needed to better understand this observation.

When focusing only on dentine, the 1090 cm™ band (Figure 8) of the srFTIR KKT IR map resembles the XRF phosphorus maps in
Figure 3: images of the same teeth show similar distribution of features, albeit at very different resolutions due to limitations of
our rather low-spatial-resolution srFTIR mapping of the large samples. Some studies explain the dependence between the light
propagation in human dentine and its microstructure [58], as well as how the crystallite size and structural carbonate content
in bone shapes the infrared peaks [59]. This might suggest that for this peak, srFTIR chemical features strongly mix with light
scattering appearing as absorption due to the tubule microstructure.



Integration maps of Carbonate and Amide |

The areas under the bands of amide | (1,660 cm™) and v,-carbonate (875 cm™) peaks were integrated simply by removing a
baseline joining the extreme points of each peak, and they are plotted as 2D maps produced using Fiji showing the distribution
of the intensities across the scanned A, B, C and D teeth.

Maps of the peaks corresponding to the v,-carbonate (850-900 cm™) and the amide 1 (1592-1720 cm™) peaks, shown in Figure
9, reveal a relatively homogeneous distribution of carbonate. The v,-carbonate is distributed rather uniformly in the central ring
of the dentine and shows a higher content than in enamel. Near the pulp chamber and near the border between dentine and
enamel the carbonate content is reduced. In enamel, it can be seen that there are higher levels in the inner enamel as compared
with in the outer. A similar observation was previously reported by Xu using Raman spectroscopy. [60].

A stronger signal of the amide | is observed in the outer part of the dentine, near the DEJ, and to some extent also in the rim
around the pulp chamber. In these regions there is a higher organic concentration and lower mineral density, which well matches
these results. There is no presence of amide | in the enamel as this tissue does not contain collagen [61], therefore, the srFTIR
KKT data is well suited to map collagen density variations across tooth samples.



1015 cm" 1037 cm-!' 1050 cm-' 1090 cm-' 1148 cm-’

. E
5 0 15| |0 20(|0 3

|| -
35(|0

Figure 8 — Maps of three bovine teeth (A, B and C) and one human tooth (D) showing results of the integration of each Gaussian
curve used to deconvolute the main phosphate peak in the range of 960 to 1200 cm™. The scale bar in map A1 is valid for all the
maps. The calibration bar beneath each column is given in integrated absorption values, always following the premise that

brighter colors indicate higher intensities. A white rectangle in sample A1-A3 and in C1-C3 show the same “stains” already
identified with a purple rectangle in the optical images in Figure 1.
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Figure 9 — Maps of three bovine teeth (A, B and C) and one human teeth (D) showing the integration of the amide | peak (1660
cm™) on the top row and v,-carbonate peak (875 cm™) in the bottom row. The scalebar seen in image A6 is valid for all maps.
On the right, the calibration bars are the same for all maps in each row. The amide | intensity is higher near the DEJ (see Fig. 1)
and more-or-less uniform besides some traces of brighter signal surrounding the pulp rim. In these regions the mineral density is
lower thus a higher signal of collagen is detected. There is no presence of amide | in the enamel. The v,-carbonate signal is
stronger in dentine than in enamel. The signal is rather weak and fairly uniform, as is expected for a low% carbonate content of
dentine ([55]). A “stain” already mentioned and visible in the optic image and in the 1015 cm™ and in the 1050 cm™ vibrations
also appears in the carbonate map of A7, very slightly, and in C7.

Spatial covariance correlation analysis

To understand how the different components of the phosphate peak vary in space and in relation to the organics, we determined
the similarity in local map patterns in all of the srFTIR KKT data using similarity of patterns (SIP) comparisons. These provide
positive or negative correlation estimates between the compared maps. Figure 10 shows the results for two comparisons: a)
amide | versus the 1015 cm™ absorption signal and b) amide | versus the 1037 cm™ absorption signal. The SIP metric quantified
the degree to which the patterns of intensity distributions are correlated and how they vary across the sample surface. A SIP
value approaching 1, indicates that the compared maps (e.g. amide | versus the 1015 cm™ absorption band) vary in space in a
similar manner. When the SIP correlation is negative, the intensity distributions are anti-correlated, such that patterns of high
intensity in one map correlate with patterns of low intensity in the other.

The comparisons shown in Figure 10 reveal a high correlation between high intensities of the amide | and the 1015 cm™
absorption peak across dentine. We conclude that these IR signals arise from the mineralized collagen fibrils (collagen and
mineral) regardless of different textures, and therefore they likely represent the chemistry of the composite in dentine. The
second comparison between amide | and the 1037 cm™ map shows a high positive correlation near the pulp but an inverse SIP
correlation near the DEJ. This indicates that in some regions, there is an inverse relationship between the peaks, in particularly
inversed in the so called “soft dentine” zone situated between enamel and the main dentine bulk [36]. This suggests that, unlike
the 1015 cm™ peak, the 1037 cm™ absorption peak is strongly affected by changes in the microstructure texture suggesting that
is is strongly affected by scattering rather than chemical absorption in dentine samples. We therefore conclude that the
deconvolution helps to isolate peaks relating to the chemistry, from peaks that are mainly affected by scattering, thus not
recommended for chemical comparisons.
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Figure 10— SIP (similarity in patterns) maps of the correlation between amide | and the 1015 cm™ absorption band (top row) and
amide | and the 1037 cm™ absorption band (bottom row). The scale bar in sample A1 is valid for all maps. The calibration bar on
the right side indicates a highly correlated area in green and an inversed correlated area in red. amide | compared with the 1015
cm™ band has a consistent correlation across the sample, while for the amide | and the 1037 cm™ absorption band show a positive
correlation near the pulp and an inverse correlation near in the outer regions of dentine near the DEJ.

Conclusion

The objective of this study was to investigate the potential of Fourier Transform Infrared Spectroscopy (FTIR) in reflection mode
for mapping the distribution of chemical groups across entire tooth cross-sections, in particular, to be able to identify non-
destructively, variations in chemistry across entire tooth sections spaning many mm in diameter. This approach makes it possible
to maintain spatial information about the tooth structures and to avoid any contact during high-chemical sensitivity FTIR
measurements, specifically avoiding ATR that requires applying forces that could alter the state of stress within the samples. To
achieve optimal reflection signals, the samples must be meticulously polished to a mirror finish and must be complete
dehydrated to reveal the subtle gradients in microstructure and chemistry, while reducing the influence of water on the IR
spectroscopy results.

The acquired reflectance spectra were processed using an in-house implementation of the Kramers-Kronig transformation,
provided in the supplementary information section and available on GitHUB [27].

The transformed reflection spectra demonstrated high comparability with spectral features that are commonly obtained from
measurements by Attenuated Total Reflection (ATR), the more widely used FTIR method. The srFTIR features are also highly
compatible with measurements obtained by transmission mode FTIR, typically performed on powdered samples devoid of
spatial mapping information. Minor differences in band positions were observed and may be attributed to variations in spectral
resolution and post-processing corrections, known to be necessity for spectral correction in ATR, as recommended by
spectrometer manufacturers [62].



Our results provide insights into how the vibrations of the v3-phosphate peaks vary across the tooth surface, allowing a clear
identification of gradients and local differences in chemistry but also in tissue texture (in both the enamel layer in the outer ring
and dentine) with variable morphologies of dentinal tubules that are visible across the samples. Comparisons with optical images
showed that to some extent, the microstructure influences the absorption intensity due to scatter of the IR spectra. This brings
to focus that FTIR is not only sensitive to chemical groups but is also affected by light scattering in the tooth microstructures.
These findings could aid for example, in understanding gradients in chemical or microstructural changes across samples (e.g.
ageing and development of sclerotic dentine).

Our maps of intensity variations in the v,-carbonate and amide-| absorption peaks revealed the spatial distribution of these
chemical groups. Such maps, combined with analysis of the spatial variation and correlation of the SIP index, may offer valuable
insights into understanding the spatial changes in the microstructure or chemistry of dentine, with possible implication to
changes due to degradation.

In agreement with the already reported studies , our results indicate a that bovine teeth are a good approximation for human
teeth given the fact that the general patterns and tendencies regarding chemistry and infrared spectra are similar [54][55].
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