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ABSTRACT

In humans, the growth pattern of the acellular extrinsic fibre cementum (AEFC) has been useful to estimate the
age-at-death. However, the structural organization behind such a pattern remains poorly understood. In this
study tooth cementum from seven individuals from a Mexican modern skeletal series were analyzed with the aim
of unveiling the AEFC collagenous and mineral structure using multimodal imaging approaches. The organiza-
tion of collagen fibres was first determined using: light microscopy, transmission electron microscopy (TEM),
electron tomography, and plasma FIB scanning electron microscopy (PFIB-SEM) tomography. The mineral
properties were then investigated using: synchrotron small-angle X-ray scattering (SAXS) for T-parameter (cor-
relation length between mineral particles); synchrotron X-ray diffraction (XRD) for L-parameter (mineral crys-
talline domain size estimation), alignment parameter (crystals preferred orientation) and lattice parameters a
and c; as well as synchrotron X-ray fluorescence for spatial distribution of calcium, phosphorus and zinc. Results
show that Sharpey’s fibres branched out fibres that cover and uncover other collagen bundles forming aligned
arched structures that are joined by these same fibres but in a parallel fashion. The parallel fibres are not set as a
continuum on the same plane and when they are superimposed project the AEFC incremental lines due to the
collagen birefringence. The orientation of the apatite crystallites is subject to the arrangement of the collagen
fibres, and the obtained parameter values along with the elemental distribution maps, revealed this mineral
tissue as relatively homogeneous. Therefore, no intrinsic characteristics of the mineral phase could be associated
with the alternating AEFC incremental pattern.

1. Introduction

is formed primarily by collagen fibrils organized in bundles and fibres
(Hirashima et al., 2020a; Ho et al., 2010; McCulloch et al., 2000), which

Tooth roots are surrounded and covered by cementum, which is one
of the four mineralized tissues found in humans. Homo sapiens, like all
mammals and crocodilians, has a thecodonty type of tooth implantation,
which means that the tooth root is within a deep socket of alveolar bone,
firmly anchored to this by the periodontal ligament (PDL) (Bertin et al.,
2018; LeBlanc & Reisz, 2013). The PDL has a complex architecture that

* Corresponding authors.

thickness, quantity and orientation depend on their location along the
tooth root (de Jong et al., 2017; Grant & Bernick, 1972; Hirashima et al.,
2020b). PDL’s collagen organization has a direct relationship to the
different types of tooth cementum, which according to its function and
location, can be differentiated mainly by the presence or absence of
embedded cementocytes, as well as by the origin of the collagen fibres,
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which are mineralized by hydroxyapatite crystals (Bosshardt, 2005;
Bosshardt & Schroeder, 1991, 1992; Bosshardt & Selvig, 1997; Yama-
moto et al., 2000, 2016).

In this sense, the acellular extrinsic fibre cementum (AEFC) is referred
to as this because the collagen fibres (at this point also known as Shar-
pey’s fibres) come from the PDL and has only extracellular matrix
components and mineral (Hand & Frank, 2014). Cellular intrinsic fibre
cementum (CIFC) has forming cells that are responsible for secreting and
controlling the intrinsic collagen fibrils (Bosshardt & Schroeder, 1992;
Yamamoto et al., 2016) (Fig. 1). Nevertheless, often CIFC also contains
extrinsic fibres and hence, depending on their quantity, CIFC is sub-
divided into different types, e.g., cellular mixed stratified cementum
(CMSC) (Yamamoto et al., 2016). The covering range of AEFC varies
among types of teeth, but in general it can be found from the cervical
half to two-thirds of the root surface, while CIFC takes place in the apical
one-third to one-half of a single-rooted tooth or furcation areas of multi-
rooted tooth (Hand & Frank, 2014; Hirashima et al., 2020c¢; Yamamoto
et al., 2016).

All cementum types grow by apposition throughout life (Bosshardt &
Schroeder, 1996), i.e., the growth takes place by forming new layers
upon the surface of pre-existing layers. Neither CIFC nor AEFC experi-
ence turnover and remodeling like bone, although CIFC has a limited
role as reparative or regenerative tissue (Raspanti et al., 2000; Yama-
moto et al., 2016). CIFC and AEFC express a pattern of incremental
markings (appearing as alternate dark and translucent bands) when
examined with polarized transmitted light microscopy (Fig. 1). How-
ever, due to the differences between these two cementum types (as the
rate of growing and structural organization) the appearance of such a
pattern is different and specific for each one (Bosshardt, 2005; Bosshardt
& Schroeder, 1992; Bosshardt & Selvig, 1997; Yamamoto et al., 2010).
For CIFC the mineralized collagen fibres are displayed as an alternating
lamellar pattern, similar to the “twisted plywood” model for bone
(Giraud-Guille, 1988; Yamamoto et al., 2010, 2016). While for AEFC,
although it has been identified that the mineralized Sharpey’s fibres, or
collagen bundles, are arrayed in a parallel fashion between them (ori-
ented perpendicularly towards the tooth axis) (Bosshardt & Schroeder,
1991; Bosshardt & Selvig, 1997), with some collagen fibres running in a
parallel direction towards the root surface —sometimes linked by
anastomosis— (Aboulfadl & Hulliger, 2015; Catros et al., 2008; Colard
et al.,, 2016; Furseth, 1974; Kvam, 1973; Raspanti et al., 2000;

Cellular
Intrinsic
Fibre
Cementum
(CIFC)

Dentine
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Yamamoto et al., 2016), it is still unknown if the AEFC’s mineralized
collagen architecture contributes to form the incremental alternating
pattern noted above.

In humans, AEFC’s growth pattern has been related to a circannual
biological rhythm, and disciplines as physical anthropology have found
this useful to estimate the age-at-death of individuals from present and
past populations (Bertrand et al., 2019; Couoh, 2017; Naji et al., 2016;
Naji, Rendu, et al., 2022). In order to provide the scientific support to
this latter understanding, various scholars have made individual ap-
proaches and launched different hypotheses unraveling the structural
and/or compositional reasons that produce the above incremental
marking on AEFC (e.g., Colard et al., 2016; Cool et al., 2002; Dean et al.,
2018; Lieberman, 1994). In this respect, some advances have been
made, but are as yet inconclusive, considering the distribution of zinc,
calcium and strontium as a clear marker of the incremental growth
(Dean et al., 2018; Naji, Stock, et al., 2022).

In this sense, using different state-of-the-art analytical and micro-
scopic techniques, the aim of the present study is to identify the struc-
tural organization of AEFC and some of its mineral properties. The
specific objectives addressed are: 1) To identify the collagen fibres
orientation within AEFC to unravel its architecture. 2) To determine if
size, orientation, alignment and lattice parameters of the hydroxyapatite
crystals are related to incremental growth pattern. 3) To examine if the
distribution of elements like Ca, P and Zn are consistent with the in-
cremental marking.

2. Material and methods

The tooth cementum samples used in this study are taken from the
Mexican skeletal series San Nicolas Tolentino, which is composed of in-
dividuals who died in the last two decades of the 20th century. The
skeletons were uncovered from four cemeteries located within Mexico
City: San Nicolas Tolentino, 20 de Noviembre, Pueblo de Los Reyes, and
Dolores. This skeleton series is stored and protected by the National
Institute of Anthropology and History of Mexico [INAH], who autho-
rized the extraction of one tooth per each of the seven individuals
included in the sample of this study (Official Dispatch Number: 401-B(4)
19.2015/361389). The selected sample is comprised of tooth cementum
taken from four canines and three premolars from individuals with
different ages, ranging from 20 to 92 years (Table 1).

-1
Acellular
Extrinsic
Fibre
Cementum
(AEFC)

-

Cellular
Mixed
Stratified
Cementum
(CMsC)

Fig. 1. Positioning of the main cementum types along the tooth root. The incremental lines growth pattern is shown for AEFC and CIFC. Abbreviations: D,

dentine; CDJ, cemento-dentinal-junction. Scales are 50 pm.
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Table 1
List of samples.
Sample Skeleton Cemetery Sex  Age-at- Tooth type
D reference death
label
HATC- PR-2 Pueblo de los M 20 Upper right
65 Reyes canine
HATC- SNT-38 San Nicolas M 26 Lower right
12 Tolentino canine
HATC- SNT-60 San Nicolas M 30 Upper left
26 Tolentino canine
HATC- SNT-43 San Nicolas M 42 Lower left first
13 Tolentino premolar
HATC- SNT-63 San Nicolas F 55 Lower left
27 Tolentino canine
HATC- DOL-23 Dolores M 71 Lower left
48 second
premolar
HATC- SNT-6 San Nicolas F 92 Lower right
05 Tolentino first premolar

T The chronological ages were recorded from civil records, except for HATC-
48 which age was estimated by tooth cementum annulations method in Couoh
(2017).

The sample preparation was dependent on the experiment to be
conducted (see Suppl. Mat. 1 for the complete procedures) and not all
samples were analyzed with the same techniques (Suppl. Mat. 3
Table S1). In all cases cross-sections were taken from AEFC, within the
middle third of the root. In addition, for comparative purposes, cross-
sections from CIFC at the lower third of the root were sampled in four
cases, as well as one from CMSC in one of these. According to the
techniques used, in Fig. 2 is presented a summary of the sections taken
from AEFC.

Light microscopy (LM). All cross-cut sections were examined with
different light microscopy techniques, such as polarized, transmitted,
and reflected light, as well as differential interference contrast (Zeiss®
Axioplan 2, Carl Zeiss Pty Ltd, Gottingen, Germany). The images were
acquired with a Clemex® camera along with the software Clemex Vision
Lite® (Clemex, Quebec, Canada).

Transmission electron microscopy (TEM). All samples remained
untreated (except for one that was demineralized and stained by suc-
cessive treatments with osmium tetroxide and thiocarbohydrazide
(OTOTO protocol (Reznikov et al., 2013, 2014)) and were prepared to

Tooth's long axis
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be sectioned with the ultramicrotome. These samples were placed on Cu
grids and viewed in a JEOL JEM 1200 EX TEMSCAN transmission
electron microscope (JEOL, Peabody, MA, USA) operated at an accel-
erating voltage of 80 kV. Bright-field (BF) images were acquired with an
AMT 4-megapixel digital camera (Advanced Microscopy Techniques,
Woburn, MA, USA). On the other hand, for a higher resolution analysis,
two samples (HATC-13 and HATC-48) were selected to produce TEM
lamellae with a dual-beam FIB. A Zeiss NVision40 FIB equipped with a
Ga' beam operated at 30 kV, a tungsten gas injector system and
Kleindiek micromanipulator drive system were used to produce four
lamellae through an in situ lift-out method (Suppl. Mat. 2 Figure S1)
(Grandfield et al., 2018; Grandfield & Engqvist, 2014). From the cross-
sections surfaces of each specimen, one lift-out oriented longitudinally
was obtained; and from the tooth root external surface two lift-outs were
taken from HATC-13, one oriented longitudinally and the other trans-
versally (Fig. 2). All FIB-prepared TEM samples were carbon-coated (~5
nm) and imaged in a FEI Titan 80/300 field emission scanning trans-
mission electron microscope (STEM), operated at 300 kV. Higher-
resolution images with compositional contrast were obtained in high-
angle annular dark-field (HAADF) STEM mode. Intensity in the
HAADF images is approximately proportional to Z? (Z = atomic num-
ber); therefore high-Z regions, such as minerals, appear brighter. In
addition, two of the FIB-prepared TEM samples were viewed using the
field emission JEOL 2010F TEM/STEM operated at 200 keV. Higher-
resolution images with annular bright-field (ABF) STEM mode were
acquired.

Electron Tomography. A linear axis tilt scheme over 108° (from +
48° to —60°) was used on one of the lamellae prepared by FIB (from the
cross-section surface on HATC-13) for electron tomography with the
Model 2020 Advanced Tomography Holder (E.A. Fischione Instruments,
Inc., Export, PA) on a FEI Titan 80/300, operated at 300 keV. HAADF
STEM images were recorded every 2° with the automated focusing,
image shifting, and acquisition by the Inspect 3D software (Thermo-
Fisher Scientific, Netherlands). Automated Fourier filtered cross-
correlation and manual alignment of the tilt axis were used to align
the images of the tilt series using the software Explore3D™ (Thermo-
Fisher Scientific®). Reconstructions were produced with a simultaneous
iterative reconstruction technique (SIRT) with 20 iterations. The
Avizo™ 9 (ThermoFisher Scientific®) software was used to visualize the
reconstructed volume.

Plasma Focused Ion Beam for Scanning Electron Microscopy (PFIB-

Fig. 2. Different cuts’ orientations used according to the technique applied. Tooth’s long axis taken as orientation reference for all (not drawn to scale).
Abbreviations: Cs, cross-section; Lg, longitudinal-section; Ob, oblique-section; LM, Light Microscopy; TEM, Transmission Electron Microscopy; FIB-TEM, Focused Ion Beam for
Transmission Electron Microscopy; PFIB-SEM, Plasma Focused Ion Beam for Scanning Electron Microscopy; SAXS, Small-Angle X-ray Scattering; XRD, X-ray Diffraction; XRF,

X-ray Fluorescence; AEFC, Acellular Extrinsic Fibre Cementum.
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SEM) Tomography. Two sections were analyzed, one was demineralized
and stained according to the OTOTO protocol, and the other was
undemineralized. A Xenon-source PFIB microscope (Helios 5, PFIB UXe
DualBeam, Thermo Scientific, USA) equipped with a Schottky field-
emission gun SEM was used. The electron beam was focused on the
exposed cross-section and imaging was completed with a retractable
concentric backscattered detector (CBS). For the demineralized sample
sequential milling and images were collected with a 0.80nA ion current
and 2 keV accelerating voltage, while for the undemineralized sample
milling was conducted at 4nA and imaging was performed with 3.5 keV
and 3.2nA. For the demineralized sample, the first 20 slices were taken
at 25 nm intervals without a rocking polish, then the subsequent slices
thickness was of 50 nm and a 4° stage rocking angle was used to mini-
mize curtaining artifacts (Loeber et al., 2017). For the undemineralized
sample all slicing thickness was 25 nm with a rocking at 4 degree. Raw
image data was aligned using SSD and Mutual Info in Dragonfly 4.1
(Objects Research Systems, Montreal, Quebec, Canada), followed by
image smoothing (Chambo).

Synchrotron scanning small-angle X-ray scattering (SAXS), X-ray
Diffraction (XRD) and X-ray fluorescence (XRF). Microbeam scanning
experiments were performed on the 1 ym thickness sections mounted on
the silicon nitride (Si3N4) membrane windows. Nine specimens were
scanned using SAXS, three using XRD and five using XRF (Suppl. Mat. 3
Table S1), and a total scanned area dimensions (in most cases all
cementum width along with a small area of the adjacent dentine were
covered) (Suppl. Mat. 2 Figure S2). These three types of measurements
were conducted in a sequential way at the Micro-focus Beamline ID13 of
the European Synchrotron Radiation Facility (ESRF). The storage ring
was operated in 7/8 + 1 multi-bunch mode with a maximum current of
200 mA. The primary X-ray beam was monochromatized to 13.6 keV,
using a channel-cut Si (11 1) monochromator and focussed to a size of 2
H) x 2V pmz using a set of Beryllium compound refractive lenses
(transfocator). For SAXS and XRD detection, an Eiger X 4 M pixel De-
tector (2070 x 2167 pixel, 75 x 75 um? pixel size, DECTRIS Ltd., Baden-
Daettwil, Switzerland) was used; while for XRF imaging, a Vortex-EM
silicon drift X-ray detector (Hitachi, Japan) was employed (Suppl.
Mat. 2 Figure S3). The sample to detector distance used for SAXS and
XRD was of 978.06 mm and 145 mm, respectively, calibrated using a
silver behenate standard along with the beam centre and detector tilt. In
the case of XRF, the VORTEX detector was placed at 20 mm distance
from the sample and was set to an angle of 45° (with respect to the
incident beam) with the sample mounted perpendicular to the X-ray
beam. Step sizes and exposure times used for all scans are in Suppl. Mat.
3 Table S2.

SAXS data analysis. The two-dimensional scattering images were
background subtracted and then azimuthally integrated to get one-
dimensional scattering data by using the PyFAI library from ESRF
(Ashiotis et al., 2015; Kieffer & Karkoulis, 2013; Kieffer & Wright,
2013). The principles of SAXS analysis have been described elsewhere
(Fratzl et al., 1991, 1992, 1996; Gourrier et al., 2010, 2017; Pabisch
et al., 2013; Wagermaier et al., 2013), and part of the information that
can be extracted from this is related to the mineral particle dimensions
as well as the predominant particle orientation (Pabisch et al., 2013). In
this study, the correlation length between the mineral particles is
considered as T-parameter (Gourrier et al., 2017) —instead of the
average thickness that can be measured directly, under the assumption
of a 50 % volume fraction of mineral phase (Fratzl et al., 1996)— (it was
detected that the sample transmission data during the experiment were
too noisy to normalize the SAXS measurements by the mineral density).
In this way, according to the stack of cards model (Gourrier et al., 2010),
the T-parameter (denoted in nm) provides an estimate of the average
SAXS correlation length, which represents the particle thickness in first
approximation (Gourrier et al., 2017). Regarding the predominant
orientation of the mineral particles, this is described by the Rho-
parameter which represents the fraction of oriented versus unoriented
crystals (Pabisch et al., 2013; Wagermaier et al., 2013).

Journal of Structural Biology 216 (2024) 108084

XRD data analysis. The two-dimensional XRD patterns were
analyzed using the software DPDAK v1.2.0 (Directly Programmable
Data Analysis Kit;Benecke et al., 2014) to calculate L-parameter as
previously reported (Lange et al., 2011). The L-parameter is defined as
the average estimate of mineral particle length (under the assumption of
a strongly crystalline material, which is assumed for mineralized tissues
like bone), representing the mean domain size of the mineral platelets
along the c-axis (Lange et al., 2011; Pabisch et al., 2013). Along the text
we will refer to L-parameter as an estimation of the mineral particle
length assuming all this latter. In this sense, each 2D XRD pattern, as an
image, was integrated over the azimuthal angle (using the Fit2D inte-
grator routine) and the radial intensities profiles were acquired for
analysis and corrected for background. To visualize the distribution of L-
parameter values, colour maps for each analysed sample were con-
structed by means of a Python code —written by the authors—, in which
each um? of the scanned area was assigned with its corresponding L-
parameter value for the (002) Bragg reflection peak of the apatite
crystals. On the other hand, to assess the preferred orientation of the
apatite crystals, regarding the sample surface —considering that their c-
axis is aligned with the collagen fibrils in parallel (Fratzl et al., 2004;
McNally et al., 2012; Pabisch et al., 2013) (Suppl. Mat. 2 Figure S4a)—,
three selected areas of 10 x 10 um? were chosen by sample (outlined
boxes in black dashed lines in Fig. 9a). For this purpose, an alignment
parameter was created with CrystalDiffract 6.8.5 software (CrystalDif-
fract®, CrystalMaker Software Ltd, Oxford, England), to compare the
integrated intensity of the (002) and (21 1) rings along with the domain
size for the (002) L-parameter (Suppl. Mat. 2 Figure S5). Thus, dif-
fractograms with different levels of preferred orientation of the c-axis
were simulated to establish various values of this parameter: from 0 to 1,
with O indicating that the apatite crystallites’ c-axis are oriented
haphazardly, i.e., no preferred orientation (the integrated intensity of
the (002) ring becomes weaker while the (21 1) increases and 1 that the
apatite crystallites’ c-axis has a closer alignment to the sample surface
(the integrated intensity of the (002) ring is stronger than the (211)
(Suppl. Mat. 2 Figure S4b-c). Following, these alignment parameter
values were assigned to the each of the diffractograms (one by ym?),
acquired by the routine Peak Fit (Fit2D) in DPDAK, from the selected
ROTI’s and distribution colour maps were created. Furthermore, the lat-
tice parameters and its variations were calculated on selected areas of
20 x 20 um? (400 pixels) along each of the cementum samples (outlined
white boxes in Fig. 9a). To determine the cell dimensions of the crystal
structure, i.e., the lattice parameters a and c, the diffraction data were
subject to a structural refinement analysis using the Rietveld method
with the General Structure and Analysis Software II (GSAS-II) (Toby &
von Dreele, 2013). Prior to running the Rietveld refinement, the crys-
tallographic data for hydroxyapatite (Kay et al., 1964) was inserted into
the input file, while silver behenate was used to calibrate the experi-
mental control parameters. Likewise, the inner/outer parameter was set
in the range of 14-21° in 26, in which the 002 reflection is located, and
the background was modeled using Chebyshev polynomial with three
coefficients to be refined. The statistical analysis for the assessed pa-
rameters, L- and alignment, were performed with IBM® SPSS® Statistics
21 software; the normality Kolmogorov-Smirnov test and non-
parametric tests were used; alpha was set at p < 0.05.

XRF data analysis. The fluorescence spectra were processed using
the open source PyMCA (Python Multichannel Analyzer) software
package (Solé et al., 2007). The fluorescence intensity of the elements of
interest and their elemental distribution was obtained as 2D map.

3. Results and discussion
3.1. LM techniques
To corroborate that the samples from this study were taken from the

type of tooth cementum of interest, the ~ 300 um thickness sections
where imaged with polarized and transmitted LM techniques. The main
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features of the three different types of tooth cementum were observed as
reported by e.g., Yamamoto et al., 2016: for AEFC the uniform incre-
mental lines, for CIFC the irregular incremental lines with the embedded
cementocytes, and for CMSC the combination of these two (Fig. 3a-c).
The examination of the AEFC section of 150 um thickness with differ-
ential interference contrast (DIC) technique, revealed mineralized
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Sharpey’s fibres or collagen bundles (on a perpendicular position
regarding the cementum’s outer edge) branching out thinner fibres that
are extended and oriented in parallel to the cemento-dentinal junction
(Fig. 3g; Suppl. Mat. 2 Figure S6). These branched fibres, at this level of
the AEFC’s structure organization, seem well organized and could
correspond to the incremental lines. The branching and anastomosing of

Fig. 3. Light microscopy images with different techniques. (a-c) Identification of three types of tooth cementum with transmitted light microscopy (sections of ~
300 pm thickness), AEFC and CMSC in HATC-13 (a and b respectively), CIFC in HATC-26 (c). (d and g) Differential interference contrast images revealed the collagen
alignment: smaller diameter mineralized collagen fibres are arrayed in parallel (white arrows), while thicker mineralized collagen bundles (discontinuous lines) are
perpendicular to them (d, section of 1 um thickness from HATC-05 and g, section of ~ 150 ym thickness from HATC-13). (e and f) Reflected light image of AEFC
(section of 1 um thickness) from HATC-05 (e) shows a clear area where collagen fibres are woven together by passing over collagen bundles (outlined white box
magnified in f, where the smaller diameter fibres (reddish) and bundles (bluish) are slightly coloured to identify their perpendicular position to each other). All scales
are 50 um. Abbreviations: AEFC, Acellular Extrinsic Fibre Cementum; CMSC, Cellular Mixed Stratified Cementum; CIFC, Cellular Intrinsic Fibre Cementum; OE, outer edge;

D, dentine; CDJ, cemento-dentinal-junction.
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the mineralized Sharpey’s fibres have been identified with TEM tech-
nique (Yamamoto et al., 2016) but without a relationship to the incre-
mental lines. Hinrichs and collaborators (2022) identified some AEFC
incremental lines with SEM concluding that these are formed by rich and
poor density fibres. Contrary to this, the results by DIC in this research
suggest that what the cited authors considered as rich density fibres
possibly correspond to the aforementioned mineralized branched fibres,
while the ‘apparent spaces’ between these latter might be what they
named poor fibres. On the other hand, the visualization of the AEFC on
1 um thickness section with DIC revealed the presence of parallel fibres
on top of the mineralized Sharpey’s fibres along the AEFC’s width,
however, a pattern similar to the incremental lines was not identified
(Fig. 3d). Nonetheless, the observations with reflected light technique
on 1 pm thickness sections of AEFC show that the mineralized collagen
bundles and the branched fibres (oriented in parallel to the outer edge)
are arranged similarly to a knitted fabric composite, comparable in a

(c)
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way to what has been reported for CIFC (Ho et al., 2009) (Fig. 3e-f).

3.2. TEM

The above mentioned observations about the branching and anas-
tomosing of the Sharpey’s fibres were confirmed with TEM. It was
observed with TEM micrographs of 250 nm thickness sections that some
areas of the Sharpey’s fibres were covered (totally or in parts) by the
branched fibres, having a clear orientation in parallel to the outer edge
of the cementum (Suppl. Mat. 2 Figure S7); while with a 200 nm
thickness sections, it was noticed that such branched fibres were placed
with oblique, curvy and transversal orientations (Suppl. Mat. 2
Figure S8). Furthermore, with the 175 nm thickness sections, it could be
observed that some of the branched fibres are displayed, following a
semicircular and arched direction, on top of the Sharpey’s fibres (Suppl.
Mat. 2 Figure S9). Likewise, with the 150 nm thickness sections, it was

(d)

Fig. 4. TEM images from the ultramicrotomed section. (a-c) HATC-13 cross-sections (150 nm thickness) show the perpendicular position of the Sharpey’s fibres
(S) relative to the outer edge (OE) of AEFC (a) and how these branch out to form transversal collagen fibres which interconnect among themselves (a-c). (d) On a
thinner cross-section (90 nm thickness) the spaces left by the Sharpey’s fibres (which were cut by the ultramicrotome) are noticeable (labelled with S) as are the curvy
directions (yellow arrows) that the fibres take to become interconnected. Asterisks point to fine folds. All scale bars are 2 um. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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identified that the branched fibres appear not to be extended or remain
at the same level of the Sharpey’s fibre that they come from (Suppl. Mat.
2 Figure S10); this means that, such Sharpey’s fibres ramifications can
take diverted orientations at different levels of the AEFC, and that is why
there are fibres oriented on the three planes of the space (Fig. 4a-c;
Suppl. Mat. 2 Figures S10 and S11). In this sense, it was observed that
the starting point of the mineralized Sharpey’s fibres is not always seen
at the outer edge of the cementum but protruding at any position along
the AEFC’s width (Fig. 4a-c and, as explained later for Fig. 7b). This
latter was clearly observed on a thinner section, 90 nm thickness,
because the mineralized branched collagen fibres tend to follow a curvy
direction surrounding the mineralized collagen bundles (Fig. 4d). On the
other hand, the HATC-12 sample that was prepared according to the
OTOTO protocol, shows the already mentioned complex features of the
Sharpey’s fibres; and because this sample was demineralized, it can be

(c)
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observed the diminishing of firmness of the structure (Suppl. Mat. 2
Figure S12).

The samples that were prepared with FIB for TEM, on a smaller scale,
confirmed the different orientations of the mineralized collagen fibres
along the width of the AEFC on the X,Y and Z planes (Fig. 5). In this
sense, the full tilt-series that was collected for the HATC-13 sample for
electron tomography (Fig. 5a), clearly show the branching out of the
fibres as well as the perpendicular position (Z plane) of the fibres. This
latter is noticed with the circular black ‘holes’, which correspond to the
~ 50 nm diameter collagen fibrils that are surrounded by stacks of
mineral lamellae (Grandfield et al., 2018; Schwarcz et al., 2020) (Suppl.
Mat. Video 1; Fig. 5d-e). Therefore, as expected, the c-axis of the apatite
crystals was seen to be in parallel to the collagen fibres when these were
positioned on the plane X-Y but not when they were on the Z plane
(Suppl. Mat. 2 Figure S14).

o

—500 N —50 nm

(e)

Fig. 5. STEM images of FIB sections. (a and b are longitudinal cuts, while c is a cross-section; see Fig. 2). (a) A Sharpey’s fibre (S) of about 4.5 um width is positioned
diagonally towards the outer edge (OE) of AEFC, having a thin section of its upper side branching out (black dashed line) among the adjacent collagen fibres that are
set in the perpendicular or Z direction (as coming out of the surface) (see Suppl. Mat. Video 1). (b) The branched mineralized collagen fibres follow mainly curvy
directions (black dashed lines; see Suppl. Mat. 2 Figure S13); furthermore, there are fibres projected on a Z direction (examples are outlined in white circumferences),
which are similar as the magnified image in e). (c) Some of the branched mineralized collagen bundles of different width (about 1.4 um and less) are positioned in
parallel to the OE of AEFC among other collagen fibres that are displayed diagonally and perpendicularly. HAADF-STEM images: (d) section showing the layout of the
different directions that the mineralized collagen fibres can take (outlined black box in b). (e) Higher magnification of a group of mineralized collagen fibrils on a Z
direction (outlined black box in ¢) surrounded by mineral lamellae, which form curvatures structures around each fibril (outlined in red dashed lines).
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3.3. PFIB-SEM

The first PFIB-SEM was conducted on one section of the HATC-12
sample, which was demineralized and stained with osmium tetroxide
(OTOTO protocol). The dimensions of each of the 73 slices produced and
acquired with PFIB-SEM were about 70 pm x 49 pym (Suppl. Mat. 2
Figure S15), marginally greater than the half of the complete AEFC’s
width for the sample HATC-12. In most of the PFIB-SEM images some
AEFC structures were obscured by the presence of curtaining, an artifact
caused by the electron beam; consequently, before the procedure of

5 ;,l

(b)

Journal of Structural Biology 216 (2024) 108084

alignment and reconstruction, a de-striping algorithm was applied to
each half of the dataset to diminish the presence of the artifact. How-
ever, despite this latter interference, the whole reconstructed volume
had to be cropped, selecting the areas where the AEFC structure’s
transitions were better visualized. In this sense, the measuring of the
resulting 2D reconstruction was about 48 ym X 35 pm (Suppl. Mat. Video
2), while two 3D reconstructions were obtained, the first about 50 pm x
35 um X 4 um? (Suppl. Mat. Video 3) and the second, 20 um x 23 ym X 4
pm3 (Suppl. Mat. Video 4; see the outlines boxes in Suppl. Mat. 2
Figure S15). It can be seen that the Sharpey’s fibres predominant

(c)

Fig. 6. PFIB-SEM of demineralized AEFC. Images extracted from the XY, XZ and YZ planes of the reconstructed volume (see Suppl. Mat. 2 Figure S15): a) The
predominant perpendicular position of the Sharpey’s fibres (S) regarding AEFC’s outer edge (OE) and, among them the branched collagen fibres display a different
orientation (yellow arrows). b) An example of the branched collagen fibres (yellow arrows) coming out from a Sharpey’s fibre. ¢) ROI from the 3D reconstruction
(Suppl. Mat. Video 4) the parallel direction of the branched fibres (coloured in green) in the way to cover the Sharpey’s fibre, which has an oblique orientation (see

the red dashed line in (a) for the YZ location).



L.R. Couoh et al.

orientation is perpendicular towards the AEFC outer edge, while the
fibres that branched out from them take a different orientation; these
branched fibres are placed among and on top of the Sharpey’s fibres
(Fig. 6a-b; Suppl. Mat. Video 2). The PFIB-SEM reconstructions allowed
us to see that the flow of the Sharpey’s fibres is always interrupted by the
branched fibres, which wrapped some of their segments in a progressive
way and in sequence but not all at the same time, i.e., when one segment
is covered another is uncovered, successively (Suppl. Mat. Video 3).
Furthermore, the YZ plane show how the branched fibres (set in parallel
to the AEFC outer edge) cover progressively a Sharpey’s fibre following
a curvy direction (Fig. 6¢; Suppl. Mat. 2 Figure S16 and Suppl. Mat.
Video 4). Besides, it can be seen that the branched fibres placed at the
lateral sides of a Sharpey’s fibre are joined on top of this latter to form a
collagen bundle following a semicircular and arched direction, as it was
observed on the TEM images (Suppl. Mat. 2 Figures S9 and S16). The
visualization of the branched fibres on the YZ plane explains why some
of the sections prepared for TEM show circular *black holes’ which
correspond to the collagen fibres positioned on the Z plane. Also, it is
important to note that the branched fibres on the XY plane are seen in
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different positions according to the Z plane change.

The second PFIB-SEM was done on one section of the HATC-13
sample, which was undemineralized. Data were processed (907 im-
ages were aligned, cropped and denoised) in order to get to the final
volume that was about 30 pm width x 33 um height x 23 um depth (the
height dimension covered about a third of the complete AEFC’s width of
HATC-13 sample) with a voxel size of 25 nm (Fig. 7a). During the
acquisition process the SEM fiducial marker shifted, which led to defo-
cus around processed data slice 795; which explains the discontinuity at
around 20 pm into the volume. As it can be appreciated in the recon-
structed volume, the charging effect (bright flashing detected mainly on
the XY plane; Suppl. Mat. Video 5) was caused due to this mineralized
tissue having a porous structure. The voltage used allowed us to see
sufficient compositional contrast.

In this sense, the reconstruction from the XY plane (Suppl. Mat.
Video 5) show Sharpey’s fibres, oriented perpendicular to the AEFC
outer edge, branching out fibres that constantly cover and uncover other
collagen bundles following a curvy direction. Besides, the dimension of
this reconstructed volume allows to see that these branched fibres form

(c)

(d)

Fig. 7. PFIB-SEM of undemineralized AEFC. (a) Reconstructed volume. (b) Outlined (red dashed lines) are examples of Sharpey’s fibres (S) displayed in two
orthogonal planes (see Suppl. Mat. Video 7). (c) Regarding AEFC outer edge (OE) the parallel fibres (yellow arrows), formed by the branched fibres, are clearly seen
on the YZ plane and, among them, are sections of the Sharpey’s fibres with a perpendicular direction (red arrows) (Suppl. Mat. Video 6). (d) From the XZ plane, an
interweaving of the branched fibres are denoted with some of their sections oriented towards the X and Z axis (yellow and white dashed lines respectively) (Suppl.
Mat. Video 8). All scales are 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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arched structures aligned (as seen with more detail with TEM, Suppl.
Mat. 2 Figure S9). Subsequently, these arched structures are joined to
each other at their upper zone by the same branched fibres, which at this
point have taken a parallel direction towards the AEFC outer edge
(Fig. 7c). In this sense, the view from the YZ plane clearly show the
presence of these parallel fibres all the way through the X direction
(Suppl. Mat. Video 6). Furthermore, among these parallel fibers, sections
of the Sharpey’s fibres can be seen oriented in a perpendicular direction,
towards the outer edge (Fig. 7c). The visualization of the two orthogonal
planes show that the Sharpey’s fibres are lay out crossing both planes
(Fig. 7b; Suppl. Mat. Video 7), which confirmed the observations made
in this research with TEM when referring to the Z-axis. While from the
AEFC outer edge view, or XZ plane, it can be appreciated an interweave
of the branched fibres following mainly circular directions with some of
their sections oriented towards the X and Z axis, which produce the
mentioned parallel fibres seen from the other planes (Fig. 7d; Suppl.
Mat. Video 8). These results are consistent with the findings on the
demineralized sample with this same technique.

One of the advantages of using sectioning techniques such as FIB and
PFIB is the maintenance of ultrastructural features that, otherwise they
could be lost, totally or in part during the sectioning process with ul-
tramicrotomy (Binkley et al., 2020; Grandfield et al., 2018; Jantou et al.,
2009). Also, when this latter sectioning technique is used, the thickness
of the sample must be considered, because in this work it has been
demonstrated that fewer features were observed when slices of 90 nm
thickness were employed for TEM. This could explain why in the TEM
images published elsewhere (e.g., Yamamoto et al., 2016) the curvy and
lateral fibres, are not present or not so obvious.

The PFIB-SEM along with the LM and TEM results clearly demon-
strate that the complex organization of the Sharpey’s fibres led to
display constant and continuous parallel fibres regarding the AEFC outer
edge, which is in accordance with recent research (Colard et al., 2016;
Aboulfadl and Hulliger, 2008). Decades ago, such parallel fibres were
identified by Furseth (1974), who opened the possibility that these were
‘intrinsic fibres’, but years later this hypothesis about their origin and its
presence in the AEFC was dismissed (Bosshardt & Schroeder, 1991). The
results presented here conclusively show and confirm what Kvam (1973)
suspected, and Raspanti and collaborators (2000) suggested, that the so-
called lateral fibres come from the same Sharpey’s fibres, which bend
and branch consistently. Now, we also know that a branched fibre form
an arched structure that will be joined to the next by these same fibres
but in a parallel fashion and, consequently, the length of the parallel
fibres would be corresponding to the length of such aligned arched
structures.

With the PFIB-SEM results we were able to see that AEFC is a com-
plex mineralized tissue that is not organized by uniformed layers. On the
contrary, the Sharpey’s fibres before branching out are laid out, not only
on one orthogonal plane but crossing along two (as seen in Fig. 7b).
Opposing this it seems that the aligned arched structures formed by the
branched fibres are laid out according to each of XY and YZ planes.
Therefore, when all branched parallel fibres are together and super-
imposed in a block of 150 pm, these would be projected as the AEFC
incremental lines if observed with polarized LM. This latter is due to the
collagen birefringence (Stutz, 2002) as if the parallel fibres were part of
a continuum, but they are not. Also, because the arched structures, and
consequently the parallel fibres, are laid out in both orthogonal planes i.
e., XY and YZ, the AEFC incremental lines with polarized LM can be seen
in both mentioned planes. On the other hand, the bright and dark
alternating pattern, characteristic of the AEFC incremental lines, can be
clearly associated with the different fibres’ orientations, i. e., among the
parallel fibres are sections of Sharpey’s fibres running perpendicularly
to them (Fig. 7¢). This is similar, in principle, to the incremental pattern
found in elephant tusk dentine (ivory), where the dark bands are due to
tubules oblique to the surface, while the bright ones are associated with
tubules parallel to it (Albéric et al., 2017).

Undoubtedly, more focussed research is needed to better understand
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the role of the arched structures formed by the branched fibres that come
from the Sharpe’y fibres, to see if somehow there is a relationship with
the distribution of loads and forces that are exerted on this mineralized
tissue, considering that AEFC is crucial for tooth attachment (Bosshardt,
2005). Furthermore, we can suggest that the complex display of the
collagen fibres depicted in the PFIB-SEM images, is probably the
extension of the PDL’s collagen fibres meshwork (de Jong et al., 2017;
Hirashima et al., 2019; Hirashima et al., 2020b; McCulloch et al., 2000;
Raspanti et al., 2000; Yamamoto et al., 2016). In this sense, the orga-
nization, orientation and all arrangements of the AEFC’s collagen fibres
must be set at the interface with the PDL, where the mineralization front
takes place (Bosshardt & Schroeder, 1991; Raspanti et al., 2000).

3.4. SAXS and XRD

With SAXS it was possible to identify the predominant orientation of
the mineralized collagen fibres in all measured samples. For AEFC, on
cross-cut sections, the orientation was mainly perpendicular to its outer
edge, in some cases following a straight direction and in others obliquely
(Suppl. Mat. 2 Figure S17a, d-f), while fibres with parallel orientation, or
close, were not so remarkable except for the upper area of HATC-27
(Fig. 8a). It is highly possible that the irregular and lesser presence of
the fibres with lateral orientation is due to the ultramicrotomy
sectioning technique used, which, as mentioned earlier, can cause the
loss of some structural features. In the case of the longitudinal section of
AEFC (Suppl. Mat. 2 Figure S17b), the perpendicular orientation of the
fibres, mainly with a straight direction, were predominant, while for the
oblique section (Suppl. Mat. 2 Figure S17c) all orientations were seen.

These results are in accordance with the observations made with
TEM and PFIB-SEM, as well as the black spaces among fibres, which
correspond to fibres situated on the Z plane. On the other hand, for the
other two types of tooth cementum —scanned for comparison—, the
mineralized fibres of cellular intrinsic fibre cementum (CIFC) sample
(Fig. 8c) show a mixture of all orientations but predominantly oblique
and parallel. This experiment revealed that this CIFC sample is of the
type “extrinsic fibre-poor’, that is why some fibres have a perpendicular
orientation. Whereas the cellular mixed stratified cementum (CMSC)
sample (Fig. 8b) displays a clear difference between the two areas
scanned, the top one with the fibres oriented in a similar fashion, is
trending to a lateral orientation (which demonstrate that this CIFC is
*extrinsic fibre-free’), while the bottom area show a mixture of all ori-
entations, similar to AEFC; which makes sense considering that CMSC it
is composed by CIFC and AEFC (Yamamoto, et al., 2016).

Regarding the T-parameter, understood as the correlation length
between the plate-shaped mineral nanocrystals, it was quantified from
the radially integrated patterns resulting from all SAXS measurements.
Therefore, in all samples it was found that the T-parameter value was
relatively homogeneous (changing with the depth in the samples),
having an estimated average value ranging from 3 to 3.7 nm (Figures 8
and Suppl. Mat. 2 S2 Figure S17). Furthermore, a clear offset and rela-
tively sharp transition between cementum and dentine was noticeable,
with a slight increase of the T-parameter estimated average values
ranging from 4 to 4.7 nm. Even though, the T-parameter value in this
research is considered to represent the particle thickness in first
approximation, these results are not too distant to what has been re-
ported for other mineralized tissues when T-parameter is considered as
the average thickness of the crystals (under the assumption that varia-
tions in the mineral volume fraction are minor), for example bone is
around 3.5 nm (Casanova et al., 2023; Fratzl et al., 1992; Fratzl-Zelman
et al., 2014; Roschger et al., 2001; Xi et al., 2021), and crown dentine
depending on its location can range from 2 to about 3.5 nm (Marten
etal., 2010). Moreover, considering that for dentine it has been observed
that there is a trend of T-parameter value to increase with age (Akabane
et al., 2021), here this was not the case for most of the samples, which
corresponding age is up to the fifth decade of life (see Table 1). However,
the sample HATC-05 which individual’s age was of 92 years shows,
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Fig. 8. SAXS results. For each sample, the colour map on the left is illustrating the orientation and scattering intensity of the mineralized collagen fibres (p, Rho
parameter), which are colour-coded according to the wheel on the left; while in the middle, it shows the mapping of the resulting T parameter (the correlation length
between particles in nm), with its corresponding colour scale bar; and, on the right is plotting the distribution of T parameter values along the sample. (a) Cross-
section of Acellular Extrinsic Fibre Cementum (AEFC). (b) Cross-section of Celullar Mixed Stratified Cementum (CMSC). (c) Cross-section of Cellular Intrinsic
Fibre Cementum (CIFC). See Suppl. Mat. 2 Figure S2 for the information about the samples and the scanning areas and, Suppl. Mat. 2 Figure S17 for the SAXS results
for the other six AEFC samples. Abbreviations: OE, outer edge; CDJ, cemento-dentinal junction.

slightly, the greatest T-parameter values; for sure further research will
be needed to assess if mineral changes, associated with ageing, take
place in tooth cementum.

The L-parameter sequential adjustment with Fit2D was done suc-
cessfully for most of the data from the three scanned samples (HATC-65,
HATC-27 and HATC-05). For the cases when the adjustment with Fit2D
failed (because it was producing negative, significantly high or unrea-
sonable values) it is reasonable to consider that the cause was related to
the sample’s structure. This means that, the measurements that pro-
duced incorrect fittings took place at the spots where the mineralized
collagen fibres were oriented on the Z plane (see Fig. 5), where from the
observer plane, the HAp (002) reflection, used for L-parameter
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calculation, is absent (see Suppl. Mat. 2 Figure S14). In this sense, along
each of the samples the percentage of the data that could not be used to
calculate L-parameter was 19.12 % for HATC-65, 12.67 % for HATC-27
and 8.82 % for HATC-05. Therefore, data sets were filtered from the
values originated by an incorrect adjustment with Fit2D and then, the
Kolmogorov-Smirnov test showed that all analyzed data sets were not
distributed normally (p < 0.05).

In Fig. 9a the mappings of L-parameter values for AEFC are pre-
sented, having an average of 19.17 nm (sd = 2.20) for HATC-65, 18.31
nm (sd = 1.24) for HATC-27, and 19.71 nm (sd = 1.92) for HATC-05.
Whereas, for dentine a clear difference of L-parameter was noticed
(similarly to what it was seen for T-parameter), 23.59 nm (sd = 0.48) for
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Fig. 9. XRD results. (a) Colour mappings of L-parameter values (nm) for the three scanned samples with its corresponding colour scale bar (see Fig. 3 for the in-
formation about the samples and scanning areas). (b) L-parameter values distribution for the complete AEFC as well as for the selected areas along each sample
(outlined black boxes in a). (c and d) Values of lattice parameter a and c for selected areas (outlined white boxes in a). (e) Mappings of the alignment parameter
values for the selected areas (outlined boxes in black dashed lines in a) are in colour-coded according to the colour scale bars and its distribution are shown in the

corresponding boxplots.

HATC-27 (areas e and f in Fig. 9b) and 27.35 nm (sd = 1.82) for HATC-
05 (areas f and g in Fig. 9b); however, for HATC-65 an offset with
dentine was not clear probably because of the small scanned area for this
latter (see Suppl. Mat. 2 Figure S2).

The distribution of L-parameter values along each of the samples can
be seen in Fig. 9b, according to the selected areas (outlined black boxes
in Fig. 9a). To compare the distribution of L-parameter values of the
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three samples, the data without the CDJ and dentine values were
cleaned from the extreme values (Suppl. Mat. 3 Table S3). Thus, it was
observed that the difference between the maximum and minimum
values was major for HATC-05 (Suppl. Mat. 2 Figure S18). In addition,
the Kruskal-Wallis test showed that there were significant differences
between the three analyzed samples (p < 0.5), and the Games-Howell
post-hoc test identified that such difference existed among each of
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them (p < 0.05 for each compared pair). With respect to the age of the
individuals to whom the samples belong, a relationship with L-param-
eter was not seen. For example, the sample HATC-65 came from a 20-
year-old individual and HATC-05 from a 92-year-old, both presenting
a minimum difference between their means L-parameter, having 19.49
nm and 19.86 nm, respectively; while HATC-27 came from a person of
55 years and showed a mean value of 18.37 nm. Therefore, it can be
assumed that, in general, with the mineralization process L-parameter,
as an estimation of the mineral particle length, of the produced apatite
crystallites in the AEFC are within an average range of 18 and 19 nm
irrespective of the individual’s age.

It is important to mention that the absolute values obtained here, for
L-parameter, are probably an underestimation of the actual crystal size.
The existing knowledge about the apatite crystals dimensions in tooth
cementum is limited and this has been obtained fundamentally by TEM
observations. For example, Selvig (Selvig, 1965) reported that in the
calcification front of acellular and cellular cementum, the apatite crys-
tals did not measure more than 40 nm in length, 20 nm in width and of 2
nm in thickness. While within a few microns away from the calcification
front, the crystals already 'matured’ increase their dimensions showing
a fairly constant thickness of about 8 nm, but with wider variations in
the length and width. According to this latter, Bosshardt and Selvig
(Bosshardt & Selvig, 1997) reported also greater variation in length and
width among the crystals in deep layers of cementum. Furthermore,
elsewhere it has been reported, but without stating the source of the
technique (Berkovitz et al., 2018; Duailibi et al., 2006) that cementum
apatite crystals measure about 55 nm of width and 8 nm of thickness. To
our knowledge, this is the first study with an approach to estimate the
apatite crystals’ dimensions in the AEFC mineralized tissue in great
detail, under the assumptions that L-parameter is a typical estimate of
mineral particle length (assuming that tooth cementum is a strong
crystalline material such as bone) and T-parameter as the average cor-
relation length, representing the particle thickness in first
approximation.

Regarding the alignment parameter, it was found that in all selected
areas within each of the three samples (outlined boxes in black dashed

002

Alignment parameter values
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lines in Fig. 9a) the resultant values ranged from 0.01 to 0.45 (Fig. 9e
and Fig. 10), which means that, towards the sample surface, the crys-
tallites’ c-axis are from being partially aligned to be haphazardly ori-
ented (see Suppl. Mat. 2 Figure S4c and Figure S5). Understanding that
the c-axes of the apatite crystals are generally aligned in a parallel way,
to the long axes of the collagen fibrils (McNally et al., 2012), these re-
sults are in accordance with our observations on the TEM images,
mentioned earlier, where it was found that the mineralized collagen
fibres can take different orientations in one same place. Also, this agrees
with the predominant complex organization of the collagen fibrillar
architecture, which has been visualized like a meshwork of interwoven
collagen bundles and fibrils in AEFC (de Jong et al., 2017; Hirashima
et al., 2020b; McCulloch et al., 2000; Raspanti et al., 2000; Yamamoto
et al., 2016).

On the other hand, the calculated values for lattice parameter a and ¢
were carried out successfully on the selected areas for each sample
(outlined white boxes in Fig. 9a; Table 2). The values for lattice
parameter a were relatively closer to the published values for bone and
dentine, but lower than enamel, whereas our results for lattice param-
eter ¢ were lower than what is has been reported for other mineralized
tissues (Table 3).

The performance of lattice parameter a within the selected areas in
HATC-65 and HATC-27 is consistent, but the opposite is seen for HATC-
05, which values were the lowest and changed progressively along the
cementum width (Fig. 9c). Furthermore, the values of lattice parameter
a vary in each of the measured points (by row and by column within the
selected areas, as seen in Suppl. Mat. 2 Figure S19); in this study a
pattern of the increase/decrease of such values that could be related to
the AEFC incremental lines was not found, as it has been indicated for
other species (Ryan et al., 2020). Among the areas from each of the
samples, the values of lattice parameter ¢ were similar, nonetheless
HATC-05 show slightly higher values (Fig. 9d). Both lattice parameters,
a and c, presented noticeable differences for HATC-05 (Suppl. Mat. 2
Figure S20), which came from an individual of 92 years old, that could
be as a result of changes in the chemical composition of the apatite due
to ionic substitutions, such as Na, Mg, Cl, or F, and variations in the

Fig. 10. Range of the alignment parameter values found in the analyzed selected areas (outlined boxes in black dashed lines in Fig. 9a). The 002 reflection is at Q =
18.26 nm™!; while the 211, 112, 300 and 202 reflections are located at Q = 22.31, 22.61, 23.08 and 23.88 nm ™! respectively and are strongly overlapped. The values
of the alignment parameter vary from 0 to 1 (see text for explanation). The diffraction ring corresponding to the highest found alignment parameter value is similar to
the representation of the 002 planes in Suppl. Mat. 2 Figure S5a, while the ring corresponding to the lowest alignment parameter value is as shown in Suppl. Mat. 2

Figure S5b (see Suppl. Mat. 2 Figure S4).
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Table 2
Resulted lattice (a and c) parameter values.
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HATC 65

HATC 27

HATC 05

Lattice parameter

Lattice parameter

Lattice parameter

a-Axis (A) c-Axis (A) a-Axis (A) c-Axis (A) a-Axis (A) c-Axis (A)
Areal 9.4183(4) 6.8634(1) 9.4149(4) 6.8622(1) 9.3938 (4) 6.8673 (1)
Area 2 9.4176(5) 6.8629(1) 9.4122(4) 6.8653(1) 9.3974 (4) 6.8676 (1)
Area 3 9.4181(6) 6.8618(1) 9.4154(4) 6.8638(1) 9.4002 (4) 6.8678 (1)
Area 4 9.4091 (4) 6.8642 (1)
All areas 9.4180(5) 6.8627(1) 9.4142(4) 6.8638(1) 9.4001 (4) 6.8667 (1)
*Standard uncertainty is in parenthesis.
show any evidence of incremental distribution that allows the visuali-
;a;l_ehs dlatti . Jues (@ and ©) zation of the AEFC growth lines, as it has been reported (Dean et al.,
UDTSHEC e Tice paTameier Value \a 41C O 2018); only two separated lines were identified for HATC-05. On the
Lattice parameter Reference contrary, the Zn map for the CIFC sample (HATC-26) shows albeit
a-Axis (A)  c-Axis (A) weakly, some of the characteristic irregular incremental lines for cellular
Enamel 9.441(2) 6.878(1) (Wilson et al., 1999) c.ernentum.. Re.gar('hng the. intensity of variations of the.eleme.nts (01.1t-
9.4660(9)  6.901(3) (Al-Jawad et al., 2007) lined profiles in Fig. 11), in all samples Zn shows the highest intensity
9.441 6.880 Reviewed by (Kannan et al., 2008) peak at the outer edge of cementum followed by a drop and continuous
Decidual 9.44 6.88 (Kallaste & Nemliher, 2005) variations of small scale, similar to what Naji and collaborators (2022)
enamel reported. The presence of Zn in cementum makes sense —bearing in
Dentine 9.430(2) 6.883(3) (Kallaste & Nemliher, 2005) : . - S . .
0.421 6.887 Reviewed by (Kannan et al., 2008) mind the continuous growth by apposition of this mineralized tissue—
Bone 9.4354 6.8866(4)  (Foley et al., 2020) and considering its important role in bone for the synthesis of the
(33) collagen matrix, mineralization, and bone turnover (Molenda & Kolmas,
9.41 6.89 Reviewed by (Kannan et al., 2008) 2023). Furthermore, in growing bone high concentrations of the enzyme
HA 9.432 6.881 (Kay et al., 1964) Ikaline phosoh ALP). which Zn i has been found f h
0.4176 6.8814 (Elliot, 1994) alkaline phosp atase ( J ), which Zn is part, has been found from t zlnt
9.421 6.884 Reviewed by (Ratnayake et al., is fundamental for the mineralization process (Cho et al., 2007). In this
2017) sense, it has been documented that ALP along with pyrophosphate, are
9.430 6.891 Reviewed bYI(K“mmn etal., 2008) central for the formation of acellular cementum (Foster et al., 2012),
OHAp (9;343 (6?‘;356 (Morgan et al., 2000) which takes place at its outer edge, where the mineralization front is

carbonate content as well as the Ca/P ratio (Al-Jawad et al., 2007;
Ratnayake et al., 2017). Besides, considering that AEFC grows by
apposition and does not experience turnover and remodeling like bone
(Bilgin et al., 2004; Bosshardt & Sculean, 2009), the direction of the
reduction of lattice parameter a, for HATC-05, was from the CDJ to-
wards the outer edge of cementum, having the lowest value close to this
latter. Therefore, it is feasible to presume that the changes in lattice
parameter a for HATC-05 could also be related to ageing process, as it
has been suggested (Foley et al., 2020).

The notion that the underlying characteristic of the incremental lines
of AEFC is owing to an alternative pattern of hypo- and then hyper
mineralization of the collagen fibres (Lieberman, 1994) or to the crys-
tals’ orientation and size (Cool et al., 2002) was not proven true from the
results obtained in this research. Features like length, thickness and
width of the apatite crystal features are highly correlated with crystal
volume (Turunen et al., 2016), and that the variation of the size of the
crystals is directly proportional to the crystallinity (Paschalis et al.,
1996; Turunen et al., 2011). Therefore, the values obtained here for T-
and L- parameters, helped us to interpret that across the entire length
and width of the AEFC, the presence of arrayed and organized small
crystals followed by larger ones, like the incremental lines, was not
found and, thus neither were changes in the crystallinity that could point
to a resemblance of an hypo- and hyper mineralization pattern.

3.5. XRF

The spatial distribution maps of Ca, P and Zn, of the five scanned
samples are shown in Fig. 11. In accord with other investigations (Dean
etal., 2018; Naji, Stock, et al., 2022; Stock et al., 2017) in all samples Ca
and P distribution is widespread throughout cementum (AEFC and CIFC)
and dentine, while Zn is registered only in cementum. However, con-
trary to what would be expected, the fluorescence of Ca and Zn did not
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located (Bosshardt & Schroeder, 1991). Therefore, this reasoning, found
also in other research (Dean et al., 2018; Naji, Stock, et al., 2022),
explained why the highest Zn intensity is located at the outer edge of the
cementum. On the other hand, the number of intensity peaks and drops
for Ca and Zn, in the cases that present them, do not match the number
of the incremental lines that it has been reported elsewhere for each of
the samples (Couoh, 2017), and is contrary to what it has been suggested
(Naji, Stock, et al., 2022).

The thickness of the samples used here (1 um) might be the factor
that caused the absence of any visualization of the AEFC incremental
lines, in comparison with the ~ 100 um used by Dean and collaborators
(2018). Nevertheless, in this study the depth from which the elemental
information is obtained, i.e., 1 um, provides certainty of the elements’
signal intensity, which was not reduced because of the X-ray absorption
in the material, as it occurred with thicker samples. Consequently, with
this experiment, observing Ca and P distribution maps, it is clear that a
linear pattern of hyper-hypo mineralization does not necessarily take
place for tooth cementum. Furthermore, the complex arrangement of
the collagen fibres, as shown with PFIB-SEM images, is slightly
expressed on the resulting Ca and P spatial distribution maps of samples
HATC-12, HATC-27 and HATC-05. Hence, on a thicker sample the XRF
signals, from a greater depth, would likely show the composite struc-
tural information of the branched parallel fibres that constitute the
AEFC incremental lines, as it has been detected with PFIB-SEM and
differential interference contrast images. Conversely, because the
structural organization of CIFC is consistent as a unit block (with a clear
and constant alternating lamellar pattern (Yamamoto et al., 2026), even
with 1 pum thickness it was possible to identify its incremental lines
reflecting the alternating Zn intensities, which might point to a miner-
alization rhythm rather than different degrees of mineralization (Dean
et al., 2018).
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HATC - 65

~ =

HATC-05

HATC-26

Fig. 11. XRF maps of Ca, P and Zn distribution. The overlapped longitudinal blue line (from the outer edge (OE), passing through the cemento-dentinal junction
(CDJ) and reaching the dentine (D)) indicates the profile of intensities for each element. In HATC-05, white arrows in the Zn map point to (possible) incremental
lines. The dashed white lines mark the division of cementum and dentine and the asterisk refers to folds in the sample. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

Acellular extrinsic fibre cementum has probably been the least
studied of the mineralized tissues and this research has opened up access
to its complex structural organization. The use of multi-modal and
multi-scale techniques allowed us to form a hierarchical perspective of
the AEFC’s organization. The structure that exists behind the appear-
ance of the incremental alternating pattern —that is, visualized with
polarized light microscopy— are branching Sharpey’s fibres that
constantly form aligned arched structures that are joined by these same
fibres but in a parallel fashion. Additionally, the bright and dark alter-
nating pattern, characteristic of the AEFC incremental lines, can be
associated with the fibres’ orientations, i.e., the parallel branched fibres
and the perpendicular Sharpey’s fibres sections that are among them.
This mineral tissue is not organized by uniformed layers, otherwise, the
Sharpey’s fibres before branching out are laid out, not only on one
orthogonal plane but crossing along two. Furthermore, the parallel fi-
bres are not set as a continuum on the same plane and when they are
superimposed project the incremental lines due to the collagen bire-
fringence. This explain why AEFC cross-sections of different thicknesses
can display mineralized collagen fibres with haphazard orientations.
Consequently, the orientation of the apatite crystallites is dependent on
the position of the collagen fibres. Significantly, no patterns of hyper/
hypo mineralization were found, on the contrary, from the mineral point
of view the tissue is relatively homogeneous. Therefore, no intrinsic
characteristics of the mineral phase could be associated with the alter-
nating AEFC incremental pattern. Significant challenges still remain in
order to comprehend on the one hand, if there is a relevance of the
arched structures formed by the Sharpey’s branching fibres; and on the
other hand, to understand in depth the presence of Zn within the mineral
structure and the AEFC hierarchical organization.
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