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Abstract

Bone-like materials comprise carbonated-hydroxyapatite nanocrystals (c-Ap) embedding a
fibrillar collagen matrix. The mineral particles stiffen the nanocomposite by tight attachment to the
protein fibrils creating a high strength and toughness material. The nanometer dimensions of c-Ap crystals
make it very challenging to measure their mechanical properties. Mineral in bony tissues such as dentine
contains 2~6 wt.% carbonate with possibly different elastic properties as compared with crystalline
hydroxyapatite. Here we determine strain in biogenic apatite nanocrystals by directly measuring atomic
deformation in pig dentine before and after removing carbonate. Transmission electron microscopy
revealed the platy 3D morphology while atom probe tomography demonstrated carbon situated inside
the crystals. High-energy X-ray diffraction in combination with in situ hydrostatic pressurization quantified
reversible c-Ap deformations. Crystal strains differed between annealed and ashed (decarbonated)
samples, following 1 or 10 hours heating at 250°C or 550°C respectively. Measured bulk moduli-(K) and a-
/c-lattice deformation ratios-(n) were used to generate synthetic K and n identifying the most likely elastic
constants C,, and C,, for c-Ap. These are then used to calculate the nanoparticle elastic moduli. For ashed
samples, we find an average E,,=107GPa and E.,=128GPa corresponding to ~5% and ~17% stiffening of the
a-/c-axes of the nanocrystals as compared with the biogenic nanocrystals in annealed samples. Ashed
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samples exhibit ~10% lower Poisson’s ratios as compared with the 0.25~0.36 range of carbonated apatite.
Carbonate in c-Ap may therefore serve for tuning local deformability within bony tissues.

Keywords: XRD, BF/DF TEM, STEM, Atom Probe Tomography - APT, Carbonated Apatite, Hydrostatic
pressure, bony nanocomposite, Bulk modulus, Young's modulus, Poisson's ratio

1. Introduction

Mineralized collagen fibrils are the solution that evolution came up with, for construction of the
majority of calcified rigid body parts in mammals and most other vertebrates [1]. The bony multipurpose
biogenic nano-composite is found in many skeletal elements including bones, mineralized tendons,
antlers and tooth dentine. The organic component is made of protein fibrils (collagen type I, ~30 vol.%)
that are reinforced with mineral nanoparticles of carbonated apatite crystals (c-Ap, 50 vol.%), and both
components are tightly attached to water and minor organic additives, comprising the remaining
biocomposite volume. Already in the growing tissue, the c-axes of the mineral crystals are approximately
aligned with the long axis of the collagen protein [2,3]. Fig. 1 shows a schematic representation of the
bony constituents [4—6], illustrating how the nano-scale ingredients combine into larger (submicron)
assemblies of mineralized collagen fibrils. By mesoscale ordering (e.g. into rotated plywood motifs), larger
microstructures such as lamellae emerge, and these combine into even larger typical architectures such
as osteons, trabeculae, mantle dentine [7]. Although these tissues may serve as reservoirs of Ca ions, it is
the stiffness, enhanced by the c-Ap bioceramic, that makes mineralized collagen fibres so central for
locomotion and defence among vertebrates [8]. Notably, the nanocomposite is well suited to elastically
and reversibly sustain naturally encountered compression, tension and torsion loading.

(a) (b)

Fig. 1: Schematic representation of mineralized collagen fibrils. (a) c-Ap crystals with hexagonal unit cells
(illustrated in brown) adhere to other crystals to form clusters of mineral (polycrystalline) that attach and
partially wrap around collagen fibrils, creating (b) bundles of mineralized fibrils forming a composite. The
collagen fibrils (marked red) are made of bundles of triple helix molecules. Note that the schematic
composition is not drawn to scale.
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The elastic properties of c-Ap based biocomposites have been the subject of investigations for
many decades. Stiffness of the bony tissue was found to increase as a function of mineral content [1].
Fibril orientations also play an important stiffening role, exhibiting higher stiffness along the fibril axis
demonstrated, e.g. for lamellar bone [9] or narwhal dentine [10]. The fibrils and crystals contribute
importantly but differently to the task of resisting deformation due to external loads: whereas the
collagen fibrils are best suited for sustaining tension, the mineral nanoparticles are the main source of
compression resistance. Through the tight and exceptionally strong bond between the fibrils and the c-
Ap particles [11,12] the composite exhibits both strength and toughness that outperform the
contributions of each ingredient separately. Isolated collagen fibrils directly measured in tension, yielded
Young’s modulus values ranging from 0.2 to 0.8 GPa [13—15]. Reports of tensile measurements performed
on mineralized collagen fibrils [16] demonstrated that the apatite crystals also contribute significantly to
increasing axial tensile stiffness, thus sustaining high loads also in tension, due to their exceptional
mechanical properties [17,18]. Indeed, the elastic properties of the crystals are of paramount importance
for the mechanical competence of bony tissues.

However so far, it has not been possible to directly measure the mechanical properties of the
nanoparticles themselves, and specifically the crystals that comprise them. In fact, the elastic properties
of c-Ap nanocrystals are widely assumed to be identical to those of geological apatites, where larger
samples make it easier to experimentally determine the deformation response [19]. Work performed over
much of the 20th century has reported the properties of different geological samples of fluoro-, chloro-
and hydroxyapatite using a variety of methods. These include measurements using ultrasonic pulsed
waves [20-23], high-pressure [24,25], and X-ray diffraction under compression [26—29]. Elastic moduli of
synthetic and biological apatites have been estimated using bending tests [30], indentation experiments
[31-37], and direct compression testing [38]. None of these, however, could directly measure the
properties of the mineral crystals in bone tissues. To overcome the technical limitations of performing
mechanical measurements on such tiny particles, computer simulations have been used employing
various sorts of modelling such as force field [39-41], ab initio [42—45] and density-functional theory [46—
48]. All the above provided bounds or estimates of what the properties of the c-Ap are likely to be, with
reports of Young’s moduli spanning 54-147 GPa. Recently, Forien et al. [49] reported measurements by in
situ hydrostatic pressurization of c-Ap nanoparticles embedded within samples of natural dentine. Direct
comparisons of these experimental deformation results and simulations reported by Menéndez-Proupin
et al. [40] showed that pristine c-Ap has lower elastic moduli, as compared to geological apatites.

Both biological and geological apatites contain carbonate ions (COs%) in the crystal lattice.
Carbonate content may reach ~6 wt.% in bone [19]; a range of ~4.5-5.6 wt.% has been suggested for
dentine [19,50] although recently, for large numbers of teeth, only 2~2.5% were reported [51]. Carbonate
substitutions may in principle occupy both phosphate and hydroxide lattice sites [52], better known as B-
and A-type substitutions, respectively. These substitutions have opposite effects on the lattice
parameters: whereas increasing B-type substitution results in apatite crystals exhibiting a shortening and
lengthening of the a- and c-lattice parameters, respectively, A-type substitutions cause expansion of a-
and contraction of the c-axis dimensions [19]. There have been many reports that B-type substitutions are
more prevalent, but these may well be attributed to overlapping bands in the vibrational spectroscopy
measurements [53]. Alternative findings suggest that there may be similar prevalence of A- and B-type
substitutions in both bone and dentine c-Ap [53,54]. Increasing carbonate content in synthetic
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precipitated c-Ap powder decreases its chemical stability and increases its solubility [55]. Other chemical
substitution and vacancies in c-Ap induce further changes in the crystal lattice, which may also affect
mechanical rigidity. As previously reported elsewhere [39,49] stiffness in c-Ap can be expressed using
fundamental parameters describing the relations between stress and strain, known as the elastic
constants of the hexagonal material stiffness tensor (Cj). Simulations using molecular dynamics (MD)
models and employing density functional theory (DFT) to estimate c-Ap surface energy predicted a
decrease in the stiffness of two of the elastic constants (Cy3, C33) as a function of increasing COs* content
[39]. The effects of carbonate variations on the elastic moduli (E1;, Ess) of crystals within natural,
mineralized collagen fibres have not yet been determined. It is plausible that, similar to increasing
carbonate content in synthetic apatite [39], the carbonate (CO3%) content of natural c-Ap in dentine has
a softening influence on the modulus of biogenic crystals. In previous work, Forien et al. [49], did not
address possible differences between the fundamental independent elastic constants of the different
samples, nor did they directly demonstrate a link between changes in carbonate content in c-Ap and
changes in stiffness. Yet, exposing bony materials to heat treatment can change the carbonate content in
the mineral phase. Indeed, several studies have reported a decrease in CO3* as a function of exposure to
temperatures exceeding 500 °C, using both thermogravimetric and infrared spectroscopy methods. This
has been shown for dentine and enamel samples [51,56], as well as for deer antler and whale tympanic
bulla [57], sheep bone [58], bovine bone [59] and also precipitated human tooth enamel c-Ap powder
[60]. It is however not known how such compositional changes may affect the c-Ap elastic properties.

In the present work, we exploit heat treatment as a means to remove COs% from c-Ap nanocrystals
to measure the effects of decarbonation on the mechanical deformation of the nanocrystals in pig
dentine. We directly determine both bulk modulus (K) and a- and c-lattice deformation ratios (n) of the
apatite by in situ high-energy X-ray diffraction on annealed [11] and ashed dentine samples. In the latter,
carbonate is removed by heating. For the c-Ap hexagonal crystal system of apatite, we identify all
combinations of sets of the four elastic constants Ci1, Ci12, Ci3, Cs3, that yield K and n close to the results
that we obtain experimentally. Then, we use synthetic distributions of these constants to identify the
most probable values relevant for biogenic apatite, considering our own measured K and . These results
reveal the elastic constants Ci3, C33 of annealed c-Ap and of carbonate-free c-Ap particles. Based on these
constants we derive refined mineral particle moduli (E1z, E33) and the corresponding orthogonal Poisson’s
ratios (Vpasal, Vorism). High-resolution transmission electron microscopy (TEM) and atom probe tomography
(APT) provided structural explanations supporting our mechanical experiments to better understand
effects of carbonate removal from biogenic c-Ap nanoparticles in mineralized collagen fibrils of tooth
dentine.

2. Materials and methods
2.1 Sample preparation

Jaws from slaughtered adult sows (20+ months old) were obtained from an abattoir, and the
anterior teeth were extracted and pooled for storage at 4 °C in a refrigerator in chloramine-T 0.5%
solution. A total of ten permanent-dentition front teeth were used as follows. For structural
characterization, three roots were dedicated to scanning transmission electron microscopy (STEM) and
APT. An additional root was used for bright- and dark-field TEM measurements of crystal dimensions. The
remaining six teeth were used for X-ray diffraction measurements. Three of these were previously
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measured wet (in a so-called pristine state) as reported in our earlier study [49]. Those samples were used
to produce multiple slices (n = 17) that were heat treated under ambient (oxidizing) conditions at 250 °C
for 1 hour, to destroy collagen and to release residual stresses on the crystals [11-12]. The other three
roots were cut out of hydrated pig teeth and were ashed by heat treatment at 550 °C for 10 hours. In this
manner, 2 groups of heat-treated samples were created following short exposure to a low temperature,
addressed as "annealed" samples, and following long exposure to a high temperature, named "ashed".
These treatments led to the usual colour changes, as previously reported [59,61]: the annealed dentine
samples appeared charred with variable degrees of dark brown; the ashed samples became visibly dark
grey with patches of white. Each of the annealed and ashed samples was mounted dry in a pressurization
chamber, hydrated and then hydrostatically compressed for in situ diffraction analysis, as described
below.

All samples used for structural characterization by TEM/STEM/APT were extracted from pristine
intertubular pig dentine. Root dentine was sliced using water-cooled diamond saws. Following air drying,
the samples were either thinned, dimpled and ion-milled in a cryo-ion-mill for TEM, or they were focused-
ion beam (FIB) SEM milled for the STEM and APT analyses. The FIB-SEM was also used to mill an ashed
sample and to create the necessary conical nano pillar shapes required for APT analysis. Intertubular root
dentine was extracted from material located between tubules so that pillars could be created with ~100
nm diameter at the base.

2.2 X-ray in situ pressurization and diffraction experiments

X-ray synchrotron measurements were performed during two different experimental runs at the
P07 High Energy Materials Science beamline (HEMS) operated by Helmholtz Zentrum Geesthacht (HZG)
at the PETRA Il storage ring (DESY, Hamburg, Germany). Energies of 53.7 and 60 keV, and a beam-size of
1 x 1 mm? were used to project diffraction patterns on a 2048 x 2048 pixel Perkin Elmer 1621 flat panel
detector. In the two experiments, the detector was positioned 1.39 m and 1.52 m, respectively,
downstream of a custom-built hydrostatic pressure chamber and diffraction patterns were collected with
6 s and 10 s exposure times, respectively. The dedicated chamber capable of sustaining hydrostatic
pressure of up to 400 MPa, contained entry and exit diamond windows in near proximity to the sample
to allow passage of the X-rays, as previously described [49,62,63]. Each sample (Fig. 2a) was mounted in
the beam path and the chamber was sealed in preparation for hydration and pressurization (Fig. 2b).
Diffraction patterns were collected on the dry samples (data not shown) after which water was injected
into the system while removing air. Each sample was allowed to equilibrate in the hydrated chamber for
10 minutes under minimal water pressure (5 MPa, resulting in ~0.002 A relaxation and c-lattice expansion,
as compared with the dry state). Thereafter multiple (n = 11) diffraction patterns were recorded at each
hydrostatic increment, followed by stepwise increments in pressure to 200 and to 400 MPa for the
annealed samples, but with smaller incremental steps of 100, 200, 300 and 350 MPa for the ashed
samples. Additional unloaded diffraction patterns were collected immediately after load release and also
following an additional 10 min waiting time.
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Fig. 2: Experimental design. (a) Schematic representation of samples that were heat treated (b). Following
hydration, each sample was hydraulically compressed in water while measuring diffraction patterns in pre-
loaded, pressurized and unloaded states. (c) Diffraction peaks were used to track the interplanar a- and c-
lattice spacings under different states of hydration and load. The orthogonal axes of the hexagonal c-Ap
crystals are defined using the illustrated Cartesian coordinate system: X; corresponds to the crystalline a-
axis and is oriented parallel to the basal face, X3 is oriented along the c-axis, perpendicular to the basal
face. The Xz-axis lies in the basal hexagon plane, perpendicular to both the X;- and Xs-axes.

2.3 XRD data analysis

Calibration of the sample-detector distance as well as analysis of the diffraction pattern peak
positions were performed using the XRDUA analysis kit (v.6432) [64]. Camera tilt and rotation angle,
sample-to-detector distance, and x-/y-pixel centre parameters were refined based on LaB6 powder
standards. Entire azimuthal integrations of the (002) and (310) Debye-Scherrer rings yielded peaks that
were used to calculate the apatite c- and a- axis lattice parameters. The resulting 1D-data (intensity versus
2-theta) were normalized with respect to “empty beam” measurements obtained from diffraction
patterns of water in the chamber, pressurized to levels corresponding to the sample loading states. Thus,
peak positions were tracked in the normalized intensity profiles of apatite, accounting for the effects of
passage of the X-ray beam through water. Custom code was used for peak fitting of a Voigt function and
subtracting a 1% order polynomial background for the (002) reflection, while employing a combination of
a Voigt and two Gaussian functions with a 1% order polynomial background for fitting the (310) reflection.
Peak refinement was performed using Python 2.7 [65] employing the Lmfit package [66]. Resulting fits of
repeated measurements (n = 11 at each given pressure for each sample) were averaged and used to
determine the mean a- and c-lattice parameters (d-spacing) of the apatite nanocrystals. Strain along these
main crystallographic axes, defined as ; = Aa/a and €3 = Ac/c, was determined with respect to the initial
reference measurements performed following hydration for 10 min (see supplementary Fig. S1). The
measurements of unloaded samples were used for comparison with the initial, unloaded state to identify
changes in the lattice spacings after load. Measurements revealed that strains either recovered fully (data
not shown) or showed some minimal (~0.0015 A) relaxation due to continuous hydration. Comparison of
repeated measurements in the unloaded states demonstrated that uncertainty was +0.00017 A for fits to
the (310) peak and +0.00002 A for fits to the (002) peak. The estimated error in our strain determinations
is therefore less than 0.01%.
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2.4 Elastic constants determination
Analysis was performed assuming a hexagonal crystal system (Fig. 2c), as has been previously
described (see e.g. [67—69]). Briefly, the stiffness matrix is defined by five independent elastic constants,

Ci1, C1z, C12, C33 and Cyq related by the stiffness tensor:

[C11 Gz Gz 0 0
Ci2 Ci1 Gz O 0
Ciz Ciz3 C3 O 0

C=1]o0 0 0 Cu O
0 0 0 0 Cys

i 0 0 0 0 0 (Cll - ClZ)/Z-

o O O OO

from which the bulk modulus (K) can be derived as:

0 [(€C11+C12)C33]-2C437
K = AV -

Y C11+C12+2C33—4Cq3
Further, n, the ratio of the a- and c-Ap crystal lattice strains (g1 and €3 respectively) is defined as:

(3)

(2)

€ C33—Cy3
&3 C11+C12—2C13

Building on our previous work [49], the measured data were used to generate distributions of all possible
elastic constant combinations, where synthetic C; were compared to physical measurements of Kness and
Nmeas (subscript meas for measured data) based on the relations in egs. (2), (3). To achieve this, sets of all
possible combinations of the elastic constants C; were generated, each ranging from 0 to 200 GPa
(6,250,000 combinations, each constant varied by increments of 4 GPa to reduce excessive computation
times). From each combination of those synthetic Ci1, Ci2, Ci3, Cs3, the corresponding values of Ky, and
Nsyn (subscript syn for synthetically generated data) were calculated with a constraint that only positive
values were considered. Example resulting 2D histograms of Ksy» and ns,, are shown in supplementary Fig.
S2. Each pair Ksyn and nsy» was then compared to all measured Kimess and nNmeqs data obtained experimentally
by our XRD experiments. All discrepancy values were calculated according to:

discrepancy = [(nsyn/nmeas) - 1]2 + [(Ksyn/Kmeas) - 1]2 (4)
where discrepancy is the sum of the normalized square differences between the synthetic and measured
parameters: Ksyn Versus Kmeas and Nsyn VErsus Nmess. From the synthetically generated distributions of Kiyn
and nsy, a majority (95%) of the data was discarded retaining only 5% of pairs of parameters with the
lowest discrepancy. The combinations of elastic constants Cis, C12, C13, C33 corresponding to the most likely
constants were further explored to identify the maximum occurrence of each of the elastic stiffness
constants, by imposing additional boundary conditions. The first empirical assumption made was that Css
> 100 GPa and Ci3 < 100 GPa, based on previously published experiments. With these constraints in place,
we observed the emergence of a clear peak in the distribution of C;3 when limiting K to span ‘realistic’
bulk moduli, within the range of 80 to 90 GPa. This range was chosen based on our own experimental
results (mean 85 GPa for both annealed and ashed samples) as well as on previously reported K values in
the literature (summarized in [49], Table 1). Once probable values of C;3 were determined separately for
the annealed and ashed samples, it was possible to determine the maximum occurrence of Cs3 that best
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corresponded to our measured Kmeqs and Nmeas by slightly varying Ci3 (arbitrarily chosen as £2 GPa to match
our bin sizes). The two other constant distributions C;; and Ci> did not converge, exhibiting similar
probabilities for all values previously reported in the literature, spanning ranges of 118-137 GPa and 31-
53 GPa for Ci; and Ci; respectively. Since no better estimates of these parameters was possible
experimentally, we examined values proposed for different simulations reported in the literature
[22,39,40] in addition to values derived from molecular dynamic simulations based on our Kmess and Nmeas.
The resulting Cj sets were then used to calculate textbook solutions to the elastic moduli E;3, Esz3, as well
as the average Poisson’s ratios Vpasal, Vprism, derived from the deformation in the basal and prism planes
with respect to the orthogonal c- and a-axes (see e.g. [49,69]), according to:
Ej1 =Epp =1/S11

E33 =1/S33 (5)
Voo - _ [e2+¢5] - _ [e1+&3] - _ [S12+5S13]
prism 2¢, 2¢, 2511
[e2+&4] S13
v = —— = —— (6)
basal 2es Saz
where
_ C33C11—C13°
511 - 2
[C33(C11+C12)—2C13%](C11—C12)
C11+Cq3
S33 (7)

C33(C11+C12)—2C13%

A schematic illustration of the computation steps used to determine the constants and the elastic
properties of apatite is provided in Fig. 3.
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combinations of C;ranging from 0 to 200 GPa

|

(b) select 5% that are closest to experimental results
and that fulfill the conditions of 80 < K < 90; C,, =2 100;
C,5 < 100

(a) Synthetically generated K., and n,, from all

l find maximum occurrence of C4 l

(c) Select 5% that are closest to experimental results
and that fulfill the conditions of 80 < K < 90; C,; = 100;
C;3=C;3%2

l find maximum occurrence of C; l

(d) calculate £,,, Eg, Vprismr Vpaser With determined Cg; &
C,; and fixed C;, & C;, from literature

Fig. 3: Schematic representation of the steps required to derive the Young’s moduli E1; and Ess. (a)
Multiple Ksyn and ns» values were generated from all combinations of Cj, negative values are discarded.
(b) Rejection of 95% of the generated K.y, and nsy, values that differ from all experimentally determined
values, yielded a distribution of all likely C13 from which the maximum occurrence was selected based on
the indicated, ‘reasonable’ bounds on Cj and Kmess. (c) With defined Ci3 constants (different for the
annealed and ashed dentine states), similar constraints and an assumed slight uncertainty in C13 were used
to determine the maximum occurrence of Css. (d) C11, C13, did not converge to unique solutions. Therefore,
literature values were used to determine possible bounds on Young’s moduli E;; and Ess and the
basal/prism Poisson’s ratios of dentine apatite crystals in the annealed and ashed states.

2.5 Theoretical calculations of apatite stiffness tensors

Elastic constants of the entire stiffness tensor of c-Ap and ashed samples were computed by linear
extrapolation based on previously reported MD simulation calculations [39]. Simulations for carbonated
apatites containing 0, 1.5, 3.1, 6.3, 9.8, 13.4, 17.3, 24.1, 25.9, and 30 wt.% B-type carbonate substitution
were extrapolated. The assumption in the model is that carbonate substitutes for phosphate. Simulations
yielded estimated lattice spacing, surface energy, and elastic constants as well as the variability of the
simulation as reported previously [39]. We have shown that the model was able to accurately replicate
changes in atomic organization with decreasing carbonate levels in the c-Ap nanocrystals [39]. The
reported simulations provide a range of possible elastic constant values for different carbonate
concentrations, but they did not provide information at all the carbonate levels of interest for the different
pig dentine states used. Therefore, using the distribution of the calculated Cii, Ci2, C13, and Cssz at each
composition from the reported MD model, elastic constants were linearly interpolated to match
deformation of crystals comprising 0 to 30 wt.% carbonate. At each composition, 100 random values of
resulting elastic constants were generated from a normal distribution of constants, with the mean
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parameter defined by the average of the molecular dynamic simulation and the standard deviation
determined from the variability of the model. This provided predictions for each carbonate level of
interest. For this study on pig dentine, we focus on the properties of apatites with 0 wt.%

for ashed samples and 4 wt.% to 6 wt.% for the c-Ap.

2.6 STEM imaging

For measurements of crystal lengths [70], a pristine slice of pig root dentine, thinned by ion-
milling to ~100 nm thickness, was investigated in a Philips CM12 TEM (Philips Electron Optics, Eindhoven,
The Netherlands) operated at an acceleration voltage of 120 kV in both bright-field and dark-field imaging
modes.

FIB-SEM milled conical nano pillar specimens of both pristine and ashed samples were imaged by
an aberration-corrected high angle annular dark field (HAADF)-STEM, FEI Titan G2 (FEI Company,
Hillsboro, Oregon, USA) at 200 kV, to observe the presence and morphology of the c-Ap particles.

2.7 3D APT elemental mapping

APT analysis of conical nano pillar specimens was performed in a CAMECA LEAP5000XS (Ametek,
Berwyn, Pennsylvania, USA) using a 355 nm pulsed laser at rates of 100 kHz, 10 pJ/pulse, at 1.5% detection
rates while maintaining the specimen temperature at 30 K. Measurements of ashed samples failed as
these samples were too porous and brittle and hence unstable for APT chemical analysis.

2.8 Control experiments to determine mineral particle dimensions: X-ray versus TEM

Analysis of crystallite sizes (lengths, along the c-axis) by both X-ray and TEM were used to verify
that no significant recrystallization took place in the c-Ap particles, due to our heat treatments, by
comparison of the crystal lengths of annealed and ashed samples to previous measurements of pristine
samples [49]. A Voigt analysis was used to determine the Gaussian and Lorentzian broadening
contributions from which the averaged microstrain fluctuations, 6, and crystallite sizes, L, were
determined [11]. To corroborate our X-ray results, measurements by dark-field TEM were used to directly
visualize the lengths of several c-Ap crystals. Similar to what is observed by X-ray, TEM diffraction of the
(002) reflections create arcs that are visible by electron microscopy, making it possible to collect dark-field
images of coherently-scattering domains of crystals of apatite. It is thus possible to estimate the lengths
of the crystals in the thinned sections, when they are appropriately oriented to scatter from the 0001
lattice planes (supplementary Fig. S3). In such images, the c-Ap crystals appear as bright lines (see [70],
and as demonstrated also in figures 6 and 7 in [71]). The dark-field images were used to measure the
lengths of a total of 48 individual crystals, whose dimensions were measured with Fiji [72].

2.9 Statistical analysis

The different types of data were analysed with different methods, adapted to the amount of data
collected. The APT volume data for different elements (n > 30,000 datapoints) were analysed for
correlation between Ca, P, N and C. Counts of all elements were plotted and linear regression revealed
correlation coefficients and trends in the data. The elements P and C are of relevance for the work shown
here.
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Crystal size distributions measured manually in dark-field TEM images were analysed by
descriptive statistics (Excel, Microsoft Office 365), and tested for normality using the Shapiro-Wilk test
(SciPy toolbox).

The X-ray diffraction peak fits were analysed for normality using the Shapiro-Wilk test. Results of
broadening analysis yielding crystallite sizes and microstrain fluctuations are presented as means and
standard deviations. Probability distributions of the synthetic K., and ns,» were generated to fall within
5% Of Kmeas and Nmeas, as determined from gradients in a- and c- lattice parameters of different samples.
The large number of synthetically generated Ki,, and nsy, resulted in large normally distributed datasets
the maxima of which were used to define elastic properties based on the different models described. The
groups of different moduli obtained for each heat treatment and each model, are precise up to the 4 GPa
bin size used and therefore uncertainties in each model (in C;3 and C33) were compared by a t-test with
significance set at p < 0.05.

3. Results

3.1 Structural observations

The composite structure and main elements comprising intertubular pig dentine were studied by
combining HAADF-STEM and APT. The small diameter conical nano pillars of dentine observed from 2
different angles (rotated by 30° in the STEM, Fig. 4) reveal parallel, elongated, dense platelets (red arrows)
in both the pristine and ashed dentine states. These mainly differ in the organic content, which is
completely missing in the latter. As can be seen in the micrograph, either isolated or clusters of elongated
objects appear as stripes, completely dominating the tissue, with regions of low density seen to occupy
spaces between them. These objects, corresponding to the c-Ap crystals, are plates, and in the pristine
state, they are in contact with electron-transparent organic material. Between crystals, we assume that
water may freely pass through open structural porosity, when applying force isotropically with increasing
hydrostatic pressure. Rotation of the nano pillars along the long sample axis (e.g. 30° to the left, Figs. 4b,
4d) exemplifies how the striped appearance of some of the crystals vanishes while the dense objects attain
appreciable widths, typical of rotation of plate-shaped structures. In many regions there appear to be
clusters rather than isolated crystals. These observations are well reproduced in a 3D reconstruction of
STEM tomography of the ashed dentine (supplementary Video S4). In such an ashed sample, protein fibrils
are burned out by oxidation, yet these samples never disintegrate into separated mineral needles which
matches previous reports for bone, treated to remove collagen by wet oxidation [5, 73, 74].
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Fig. 4: HAADF-STEM images of pristine and ashed pig dentine confirm the presence of nano plates. (a)
Dense elongated striped objects (red arrows) dominate the structure of pristine tissue, as observed in
conical nano pillars of intertubular dentine prepared for APT analysis. In some regions it is easy to observe
clearly demarcated lines, corresponding to the thinner aspect of high density platelets. (b) Upon rotation,
e.g. by 30°, the striped objects in pristine dentine become blurred and wider, ruling out the presence of
significant amounts of needles. (c) Ashed pig dentine samples (550 °C for 10 hours) exhibit high porosity
due to burn-out of the organic phase but still reveal the same platy morphology when rotated similarly to
pristine samples, as shown in (d). Ashing does not seem to lead to appreciable recrystallization or crystal
growth. Bright contrast indicates higher density.

Compositional information and spatial relations between mineral and protein were examined by
APT collected from pristine dentine, obtained from central regions of several conical nano pillars. Typical
3D surface renderings reveal protein rich domains dominated by nitrogen (N) in close contact with
mineralized domains rich in calcium (Ca), as seen in Fig. 5a. The same complementary image is observed
for carbon (C) and phosphorus (P). Cross-sectional slices in this data (Fig. 5b, corresponding to the slices
marked blue in Fig. 5a) yield 2D composition maps, showing domains rich in mineral, comprising mainly
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Ca (red arrows, Fig. 5b) and P. These are the platy c-Ap crystals of dentine. Most of the Ca (and P) signal
arises from the regions that are distinct from adjacent protein rich domains, as seen by the distributions
of the element N. Note especially how regions rich in protein are poor in Ca and vice-versa. The element
C dominates the protein domains but is also found in appreciable amounts in the mineralized regions of
the crystals. This provides additional proof that in the pristine samples, C is present in the Ca-rich domains
and is not limited to the collagen protein backbone. Using Ca and N as masks in the 3D data, regions of
high mineral (Ca > 34%) and regions of high protein (N > 5.2%) were selected. Comparison of the
normalized concentrations of C and P yielded an inverse linear correlation (r = -0.84) for the crystal
domains. No such high correlation can be seen in the protein rich regions of the imaged volume.
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Fig. 5: 3D renderings of the atomic composition of pristine pig dentine. (a) Typical 3D maps obtained by
APT. Iso-concentration-surfaces depict the distributions of Ca, N, C and P. The following threshold values
were chosen for these rendering: 29.0 at.% for Ca, 3.0 at.% for N, 13.0 at.% for C and 8.0 at.% for P. (b)
Slices in the 3D data reveal the spatial distribution of the main mineral and organic components of
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mineralized collagen fibres in the APT data, as indicated by the blue region in the renderings in (a). The
maps allow direct comparisons of the distributions of N, Ca, C and P. The N map well depicts domains of
protein, showing that this element is rather confined to regions between the Ca rich domains. While it is
not possible to directly visualize carbonate (COs*), regions with high concentrations of Ca and P may be
assumed to comprise mainly crystalline c-Ap. (c) Correlation between normalized at.% concentration of [C]
as a function of [P] in the APT volume of ~500 x 60 x 60 nm? in high mineral (Ca > 34%) versus high protein
(N > 5.2%) zones corresponding to crystalline and collagen domains of a mineralized collagen fibre.
Analysis of n = 980 different points reveals an inverse relationship between P and C in the mineral rich
domains (r = -0.84), consistent with B-type substitution where carbonate replaces phosphate sites in the
crystal. No such correlation is observed in the protein rich domains.

Bright-field TEM images (Fig. 6) show the recurring arrangement of platelets in the tissue aligned
along the general axis of the low density polymer fibrils. Note that the contrasts presented by HAADF-
STEM and bright-field TEM are inverted. Both longitudinal and cross-sectional TEM views reveal mineral
plates suspended within a low density (protein fibril) matrix. Both top and side edge-on views (Fig. 6a and
6b, note dense silhouettes of short lines marked by red arrows) confirm the omnipresence of plates in pig
root dentine. Selected area diffraction (SAED, supplementary Fig. S3) confirms that along the orientation
of the fibres, the c-axis (and the corresponding arcs corresponding to the 002 reflections) matches the
elongated crystal axis (seen running vertically in Fig. 6a). Dark-field (DF) TEM imaging (supplementary Fig.
S3) of the ion milled samples produced estimations of the crystal dimensions. For n = 48 crystals we find
an average length Lyem = 20.6 + 8.7 nm (standard deviation). The distribution of crystal sizes is however
asymmetric with a statistical skewness of +0.93 suggesting that the mean crystal size is somewhat larger
than what is visible by DF-TEM.

Voigt fitting (see [11] and [69] for details) of X-ray measurements of unloaded samples revealed
average c-axis crystal lengths of 34.2 £ 3.8 nm and 34.5 = 2.1 nm for annealed and ashed dentine samples,
respectively (supplementary Fig. S5). These sizes are not statistically significantly different. Microstrain
fluctuations of up to 0.339 + 0.049% in the annealed samples, increasing substantially to 0.443 + 0.012%
in the ashed samples (t-test, P < 0.05).
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Fig. 6: TEM images of ion-milled thinned sections of pig dentine. (a) Crystals observed from a side profile
appear as dark elongated objects of high density in bright-field (BF) TEM. Note inverse contrast as
compared to the HAADF-STEM longitudinal section (Fig. 4a). BF-TEM reveals bundles of parallel-oriented
collagen fibril silhouettes about 50 nm in width, comprising stacks of mineral crystals. Red arrows point to

dense objects viewed edge on, matching observations of polycrystalline apatite plates in bone [5]. The c-
axis is oriented approximately vertically in this micrograph, compare supplementary figure S3 and the
associated diffraction pattern therein. (b) Cross-section view: many single plates are viewed out of plane,
on edge (red arrows), corresponding to an orientation that is orthogonal to that shown in panel a, as seen
along the collagen and c-axis of the crystals. The crystals are thus mostly plate shaped, and they bunch
into packed clusters (e.g. between the green arrowheads). Single “stacks of cards” [79] or “mineral
lamellae” [71] prevail in the tissue. Along this view, at the edges of straight segments of crystals, other
crystals often appear to fuse together at angles. Thus, the dense clusters of crystals appear to “wrap”
around low density (brighter) sites of protein viewed on edge, similar to bone [5, 73].

3.2 Deformation analysis

All series of X-ray diffraction measurements under increasing hydrostatic pressure revealed
reversible linear decreases in both a- and c-lattice parameters of the crystals. The mean and standard
deviations for the lattice parameters were a = 9.4495 + 0.0123 A, ¢ = 6.8799 + 0.0066 A for annealed and
a=9.4405 +0.0144 A, c = 6.8774 + 0.0042 A for ashed samples. We note however, that lattice parameters
vary substantially across the root thickness as previously demonstrated [11] and as is evident from the
standard deviations of the samples. For further analysis we focus on the relative change in d-spacings of
each sample, with respect to its own uncompressed lattice parameters. The a- and c-lattice parameter
strains were obtained by normalization at each pressurized state with respect to the initial hydrated
reference state at a hydrostatic pressure of 5 MPa. All samples exhibit reversible deformation of the
apatite nanoparticles. The trends in both annealed and ashed apatite crystal deformation are shown as
normalized lattice parameter strains in supplementary Fig. S1. The changes of a-/c-lattice parameters

LLNL-JRNL-807382 15



were used to calculate both bulk moduli (K) and lattice strain ratios (n) of each sample. The resulting mean
measured values and standard deviations are plotted in figure 7, amounting to 85.1 £ 9.6 and 85.2 + 2.5
GPa for the annealed and ashed dentine samples, respectively. The lattice strain ratios (n) were 1.93+0.5
and 1.35 £ 0.18 for the annealed and ashed samples, respectively
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Fig. 7: Experimentally measured bulk moduli (K) and lattice strain ratios (n) in annealed c-Ap versus de-
carbonated nanocrystals of pig dentine. Plots show means and standard deviations. Note the large
variation in the annealed samples.

Based on the fitting procedure described in section 2.4, and following all comparisons with the
experimentally derived Kmess and nmeas €lastic constant pairs Ci3 and Cs; were calculated for the annealed
(visibly brown and carbon rich) and ashed (decarbonated) dentine samples. These results, alongside with
recalculations of previously measured samples that were not heat treated (pristine samples), published
in [49], are presented in supplementary table S6. By taking C:; and Ci; from simulations reported in the
literature, it is possible to calculate Young’s moduli and Poisson’s ratios for both c-Ap and the
decarbonated apatite nanocrystals. Results based on Tofail et al. [22], Menéndez-Proupin et al. [40], and
Deymier et al. [39] are shown in table 1 and the means and standard deviations of the results are
presented visually in figure 8. Thus, annealed c-Ap samples have elastic moduli of E;; = 102 + 7 GPa and
Es3 = 109 + 8 GPa whereas ashed samples show E;;= 107 £ 7 GPa and E3; = 128 + 6 GPa. Recalculations
applied to previous measurements of pristine samples, and employing the same procedures as described
in 2.3 and 2.4, serve for comparison. These recalculations yielded E;; = 104 + 7 GPa and E33 = 115 + 7 GPa
for pristine dentine, corresponding to the present results for the annealed c-Ap crystals. As summarized
in table 1, regardless of the model used, E3; shows an increase of ~17% in stiffness upon c-Ap crystal
ashing. In all models, t-test comparison between annealed and ashed samples revealed a significant
increase in modulus upon ashing.

Poisson's ratios for the different samples were calculated according to eqgs. 5-7. The values of
Poisson's ratios in the basal hexagonal plane are higher than the values in the prismatic planes of the
apatite crystals. These results are shown in the lower panel of table 1. The average prism and basal
Poisson's ratios (varying slightly in the different models) for annealed dentine are 0.25 + 0.02 and 0.36 +
0.04. Curiously, although there is a difference of >50% between the basal and prismatic orientations in all
models, when taken on average, they almost match the idealised 0.3 values commonly assumed in the
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literature. There was a minimal effect of the different C;; and C;> models, as seen in table 1. The ashed
samples have slightly lower Poisson’s ratios, averaging 0.24 + 0.02 and 0.32 + 0.04, corresponding to Vigsal
and Vpism respectively.

Table 1: Young’s moduli and Poisson’s ratios of annealed, ashed, and pristine dentine.

This work Previous data
Annealed [GPa] Ashed [GPa] Pristine* [GPa]
Calculated Young’s modulus with Cy;
) Eir E33 Eq E3s E i E33
and C;, estimates from
Tofail et al. [22] 104.9+1.5 113.4+5.4 108.7+1.1 131.2+4.9 106.7+1.3 118.5+5.2
Menéndez-Proupin et al. [44] 92.5+2.4 102.3+6.3 98.2+1.7 122.7+5.8 95.2+2.1 108.7£6.1
Deymier et al. [39] 109+1.9 111.2+5.6 113.7+1.4 129.5+5.1 111.2+1.7 116.5+5.3
Calculated Poisson’s ratio with C ;5
and C 1, estimates from V prism V basal V prism V basal V prism V basal
Tofail et al. [22] 0.28+0 0.33+0.02 0.26+0 0.28 £0.02 0.27+0 0.31+0.02
Menéndez-Proupin et al. [44] 0.22+0 0.42 +0.02 0.21+0 0.36+0.02 0.22+0 0.39+0.02
Deymieretal. [39] 0.25+0 0.34+0.02 0.24+0 0.3+0.02 0.25+0 0.32+0.02

*re-calculated based from measurement of Forien et al. [49]
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Fig. 8: Young’s moduli (E11, Es3) and Poisson’s ratios (Vprism, Vbasai) Of annealed and decarbonated crystals
of apatite along the a- and c-lattice directions. Ashed samples are marked with filled-in symbols. For each
model, the maximum occurrence of Cs; and Ci3 were combined with literature reported models of C1; and
Ci12[22,39,40] to estimate the modulus and Poisson’s ratios using equations 5-6-7. Uncertainty due to the
4 GPa bin size of C13 and Css is the standard deviation, as indicated by the vertical lines.

3.3 Extrapolation from MD numerical simulations

The experimental bulk moduli and lattice strain ratio results were used as input for mechanical
constant estimation based on previously reported MD simulations that account for variations in carbonate
content [39]. The simulated predicted Young’s moduli and Poisson’s ratios as a function of increasing
carbonate content are presented in table 2. These simulations consistently revealed an increased
softening effect of higher COs* inclusion into the c-Ap crystals. Whereas an addition of 4% carbonate leads
to a reduction of ~3% in E;; and a reduction of 9% in Es3, the inclusion of 6% COs% in the nanocrystals
predicted a 12% reduction in £1; and 21% in E3;. Note however that the MD simulated stiffness values are
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generally ~10 to ~15% higher and the Poisson’s ratio values 10 ~20% lower than the results that we
obtained experimentally.

Table 2: Predicted results of Young’s moduli and Poisson’s ratios for c-Ap nanocrystals containing 0, 4
and 6 wt.% carbonate, based on molecular dynamic simulation probabilities.

Carbonate wt.%
0% 4% 6%
E E E E E E
Simulated Young's - 33 11 33 11 33
modulus [GPa] 119 151 115 138 104 119
Simulated Nprjsm Nbgsa] | Vorism Vpasal | Viprism Vbasal
Poisson's ratio [-] 0.28 0.26 0.32 0.24 0.29 0.32

4. Discussion

It is challenging to mechanically load and reproducibly measure deformation in biogenic c-Ap
nanoparticles. In this work, a combination of in situ hydrostatic pressurization and diffraction analysis
combined with TEM/STEM imaging and APT made it possible to determine properties of the apatite
nanocrystals, while ascertaining the nanostructural arrangement of the natural and ashed tissue. We
make use of computational resampling of data obtained experimentally (XRD) and data from simulations
(molecular dynamics, MD). Our data yield the fundamental elastic properties (Young’s moduli and
Poisson’s ratio) for both carbonated and decarbonated biogenic apatite in tooth dentine.

4.1 Mechanical response to load

Our results show that biogenic c-Ap crystals in mineralized collagen fibrils of dentine are
substantially softer than ashed, decarbonated crystals. Hydrostatic pressurization up to 400 MPa,
employing high energy diffraction measurements, provided non-contact, in situ, quantitative estimations
of deformation in crystals within the dentine biocomposite. We find that the c-Ap crystals deform
appreciably almost 20% more along the c-axis, as compared with biogenic apatite crystals that were
decarbonated for 10 hours at a temperature of 550 °C. The deformation analysis revealed a range of Kmeas
(Fig. 7) between the different samples, indicative of inter-sample variability, which is typical for specimens
of biological origin. Our results quantify deformations in the a- and c-lattice parameters, thus the
variations in the observed compressibility are due to components of biogenic apatite, most likely, the
carbonate content within the crystal lattice itself [82]. A clear advantage of performing X-ray experiments
at high energy is that the measurements are non-destructive to the crystals. By testing samples in which
the organic component was destroyed, we exclude radiation damage effects. Both TEM and STEM
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demonstrate the presence of narrow spaces between the elongated surfaces of adjacent mineral crystals.
Such spaces likely accommodate water in dentine, reportedly comprising ~20 vol.% in the pristine state.
Already half a century back, Lim and Liboff [56], proposed that water may be tightly bound to and can be
shared between both the mineral and organics. The presence of the above mentioned spaces is fully
consistent with this possibility. Our microscopy images support the assumption that these spaces are
linked, creating open porosity largely accessible to water, which upon pressurization is able to deform the
crystals, as demonstrated by XRD. Although water cannot directly be visualized by our methods, its
capacity to induce deformation of crystals in the dentine nanocomposite was recently proven [11].
Specifically, we previously showed how dehydration leads to significant compression along the c-Ap
crystals due to expelling of water and shrinkage of the collagen fibrils. Therefore, it was ideal to use water
as a means for applying pressure to crystals embedded within the dentine slabs. Indeed, with this method
we could reliably induce sub-nanometre deformations directly to the c-Ap crystals resulting in reversible
changes in the lattice d-spacings. By heat treatment, we destroy the collagen either by annealing at 250
°C or by extensive ashing. We thus believe that deformation of the nanocrystals in this work was
essentially due to the hydrostatic pressure that we apply. Heat treatments however extensively dry the
samples, making rehydration necessary prior to hydrostatic loading. Water was therefore initially used to
apply mild hydrostatic pressure allowing equilibration prior to diffraction measurements. For the ashed
samples, we are certain that rehydration was rather complete, because following an initial a-/c-lattice
relaxation in the first 10 minutes of wetting, XRD revealed no further peak shifts, which we use as an
indication that these samples reached full hydration. The annealed samples are more difficult to hydrate
under the limited time available for in situ measurements. Nevertheless, air trapped in the system also
becomes compressed such that deformation of the nanocrystals is expected, and was demonstrated, in
all cases. Indeed, following hydrostatic compression, diffraction revealed elastic deformation of the
nanocrystals, which was fully recoverable upon pressure release.

4.2 Microstructural observations

In conjunction with supporting observations by TEM, STEM and APT, we clearly identified apatite
plate-shaped crystals about 5 nm thick and ~35 nm long, often arranged into aggregates, yet always seen
as separable discrete objects. The main inorganic morphologies observed in mineralized collagen fibres of
dentine are thus plates, as seen by longitudinal and cross-sectional views (Fig. 6). Our images match many
reports of bony tissue nanostructures in recent decades [2,3,71,75], somewhat contrary to resurging
suggestions that needles are the structural motifs in these biogenic nanocomposites [76,80]. The STEM
tomography of ashed FIB milled conical nano pillars (S4 supplementary video) again demonstrates the
plate-shaped morphologies. Due to electron radiation damage, we were not able to obtain such
tomographic images of pristine samples, because disintegration and motion are caused by interactions of
the electrons with the protein, leading to release of residual stresses entrapped in the dry native tissue
[12]. TEM shows that multiple crystals are often seen to be stacked (Fig. 6b green arrowheads and in the
supplementary video S4), separated by thin gaps, and forming larger clusters (sometimes termed “mineral
lamellae” [5,71,73,75]). Multiple crystals appear to fuse at the edges, often oriented at angles, creating
curved, arc-like architectures (green arrowheads). The observed nanogeometry of plates in dentine is
probably essential for efficient load transfer across the large surfaces of the mineral particles, in contact
with other plates or with the organic network of collagen fibrils. Dentine, similar to ivory and other bony
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nanocomposites, exhibits the usual orientation, morphology and composition of mineralized collagen
fibres. In these fibres, clusters of plate-shaped crystals have been described as “stacked cards” [79]
comprising crystal plates, within a low density (polymer) matrix.

By virtue of the length-scales involved, both HAADF-STEM and APT results are extremely local,
typically spanning lateral dimensions of less than 300 nm. They are therefore better understood when
placed in context of larger segments of the tissue, e.g. by examining lower resolution bright-field TEM.
Such images however yield a mean low crystal length (~¥21 nm) with a rather positively skewed
distribution, based on the limited number (n = 48) of crystals that can be measured manually. This
distribution suggests that there is an over representation of smaller crystals in the ion milled sections.
There are two possible reasons that may explain why sizes by TEM are ~30% smaller than crystal length
estimates (so called “coherent scattering length”) by X-ray broadening analysis. On the one hand, TEM
samples undergo thin (~¥100 nm) sectioning, that may lead to preferential removal of the larger crystals,
leaving the smaller crystals in the field of view. On the other hand there may be substantial deformation
of the crystals in the vacuum-dry dentine samples, leading to partial bending that excludes Bragg’'s
condition needed to attain the DF contrast [11]. Both causes, as well as uncertainty in detection of crystal
dimension, lead to selective elimination of larger crystals in the DF images. The mean crystal lengths in
the dentine bulk are thus highly likely to be somewhat greater than ~21 nm, suggesting that the ~35 nm
results obtained by X-ray broadening analysis of the 002 reflection is more representative of the average
nanocrystal lengths in dentine. Whatever the case may be, direct XRD broadening comparison between
annealed and ashed samples and observations of similar dimensions as compared with pristine samples
show that neither annealing at 250 °C for 1 hour nor ashing at 550 °C for 10 hours lead to appreciable
recrystallization. This matches previous reports showing grain growth in samples treated at temperatures
that are far higher than our ashing temperature of 550 °C [59,77,78]. The combined TEM and X-ray
analyses suggest therefore that heat treatment in our experiment had negligible effects on the platy
morphologies of the apatite nanocrystals of dentine.

4.3 Effects of removal of carbonate by heat treatment

When heated in air to high temperatures (>600 °C), biogenic c-Ap undergoes various chemical
changes and recrystallization [77]. Lower temperatures are however sufficient to oxidize the organic
matter through reaction with atmospheric O,. Several reports have quantified the decrease in the COs*
content in c-Ap nanocrystals of dentine and bone, treated at temperatures that are lower than 600 °C.
Using the relation proposed by Ou-Yang et al. [83] we converted FTIR peak ratios reported by Greiner et
al. [59] to CO;? wt.% estimates (supplementary Fig. S7). Data from Greiner et al. demonstrates a gradual
steady loss of carbonate from bone during heating, with native COs> decreasing from 2 wt.%, which is
similar to values reported for pig dentine [51]. Removal of COs% by heating has been associated with the
appearance of OH" in heat-treated c-Ap crystals [81]. Although the chemistry of the process is not well
described, it probably involves the reaction of acid phosphate (HPO4*), which is a component of all
biological c-Ap [84]. In heat treated c-Ap, HPO,* and COs> most likely react, according to:

CO3% + HPOs % - CO2+ POs * + OH" (8)
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The emergence of OH" is best demonstrated by vibrational spectroscopy that routinely reveals its presence
upon heating [81], accompanied by loss of HPO,*. In heat-treated apatite, IR spectroscopy detects
hydroxyl groups at temperatures exceeding 400 °C [59]. We thus believe that the reaction of eq. (8) takes
place also in our samples. Note however, that we kept the temperature of ashing sufficiently low (550 °C)
so as to prevent recrystallization or growth of the mineral particles [59,61,77]. Our chosen temperature
of ashing was thus sufficiently high so as to completely burn out all the organics while removing as much
of the carbonate from within the c-Ap as possible. Indeed, our line broadening Voigt analysis showed no
significant difference in the mean crystallite lengths before and after exposure to 550 °C for 10 hours (Fig.
S5). Since ashing in our experiment lasted longer than previous reports [51,56,59], we expect that less
than 0.5 wt.% COs? remains in the decarbonated crystals, assuming that ~80% of COs* is removed, as
previously suggested [56,85]. Our ashed samples thus contain significantly reduced levels of carbonate,
as compared with the native pig tooth biogenic c-Ap. These crystals reveal an impressive increase in the
Es3 Young’s moduli, amounting to 17% along the c-axis. We thus demonstrate experimentally that removal
of carbonate stiffens the apatite nanocrystals significantly, but primarily along the elongated plate axis.
These results well match previous MD simulation predictions [39], as applied to our samples and as shown
in table 2.

Our APT results directly demonstrated that in native pig dentine, appreciable amounts of carbon
(C) exist within the mineralized Ca rich domains of the nanocomposite. In such domains, which
presumably correspond to crystalline regions in the mineralized collagen fibres, we observe an inverse,
rather high correlation between C and P (r = -0.84). APT does not allow us to decouple oxygen in COs*
from other locations where O is found in the crystal lattice, e.g. HPO4%. However, the presence of several
at.% of Cis consistent with numerous reports of appreciable amounts of carbonate residing in the c-Ap
crystals of dentine (summarized in [19,84]). COs> is therefore not confined to the outer crystal boundaries
of c-Ap particles. In the Ca rich domains, C is uniformly distributed throughout - and forms a part of - the
mineral crystal lattice of pristine biogenic apatite of tooth dentine, where, in the form of COs?%, it distorts
the crystal lattice parameters [19]. It was not possible for us to obtain APT measurements of conical nano
pillars of ashed dentine (see supporting information video S4), due to disintegration of the brittle and
highly porous samples.

The APT results help explain the ~¥30% increase in X-ray determined microstrain fluctuations upon
ashing, a recurring observation of ours, as previously reported [11]. We propose that with removal of
carbonate, local atomic disorder increases within the affected apatite nanocrystals. It is likely that CO; is
not uniformly removed from the c-Ap crystals during ashing. We hypothesize that a minimal, non-uniform
distribution of carbonate remains in the crystal lattice, causing a substantial increase in microstrain
fluctuations in the ashed samples. Indeed it is possible that preferentially, e.g. at sites near the surfaces,
ashing mobilizes COs* (eq. 8) to be readily substituted by thermodynamically more stable PO4> groups.
This observation is different from what is seen in the annealed samples, where exposure to heating at 250
°C mainly destroys the protein [56], resulting in release of much of the residual stress known to exist in
dehydrated dentine [12]. Overall, removal of carbonate, which results in ~5% denser unit cells [84] leads
to stiffer crystals, where especially along the c-axis, the modulus Es; increases. Direct comparison of
deformation in the annealed samples with previous measurements on pristine dentine [49] and
recalculation of moduli (E1s, Es3) as described in sections 2.3 and 2.4 (Table 1) show negligible differences
between pristine (previously reported) and annealed samples (measured here). Interestingly, results of
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MD simulations (Table 2) based on our measurements, predict even higher stiffening of Es; for crystals
that are completely devoid of COs*. However, we were not able to validate this experimentally. We
conclude therefore that removal of ~80% carbonate from biogenic c-Ap crystals results in crystals that are
~17% stiffer, along the c-axis as compared with natural biogenic c-Ap crystals.

We observe linearly increasing compressive strain during pressurization, resulting in deformation
that is similar to values reported previously for hydrated pristine dentine [49]. Our bulk moduli K are
within the range reported for geological apatite and for computer simulations of hydroxyapatite
compression [26,29,41], as surveyed in Table 1 of Forien et al. [49]. Whereas for the annealed samples,
the deformation along the a-axis is almost twice as high as the deformation along the c-axis, in the ashed
samples this changes, with n decreasing such that the ratio of deformations becomes more similar along
both axes. Note the small spread observed for both Kand n in the ashed samples from different teeth: we
hypothesize that this is related to the removal of COs?2 from within the c-Ap crystals leading to a smaller
variability between ashed samples, where composition becomes less biologically variable.

Our mechanical stiffness values obtained for both carbonated and de-carbonated HAp crystals of
dentine are based on matching experimental compression measurements with synthetically derived
elastic constants. To obtain distributions of these constants, initially all possible combinations of Ci1, C12.
Ci3 and Cs; were generated in the range of 0-200 GPa and all were used to test for possible matches with
the deformation response of the hexagonal crystals of hydroxyapatite. The large (6,250,000) number of
combinations defined distributions of constants that made it possible to identify Ky, and ns,, that are very
close to the ones measured for our samples (Kmeas and Nmeqs). The constants were therefore identified in a
stepwise manner (Fig. 3): a narrow peak in the distribution of C;3 values emerged, based on matching the
experimental data with simulations using restricted K, C13 and Cs; ranges. In a second step, restriction of
Ci13 to a small range (+2 GPa) around the value found in the first step yielded a confined, well defined
distribution of C3;3 values corresponding to experiments. Our approach therefore provides experimentally-
backed average estimates of only two of the four elastic constants of the c-Ap crystals. Consequently,
calculation of the elastic moduli E;; and E3; and respective Poisson’s ratios requires making use of
simulation and other estimated results available in the literature. Nevertheless, and regardless of the
models used, all results clearly demonstrate a substantial stiffening effect of removal of the CO3* from c-
Ap in the dentine nanocrystals. It may be speculated, that in addition to the well-known strategy of
stiffening by increasing mineral content, nature could utilize an additional level of control in biogenic c-
Ap nanocomposites by strategically varying carbonate content, to stiffen or soften the nanoparticles of
mineralized collagen fibrils depending on location within the tooth. Further work is needed to explore
this.

5. Conclusions

The present study quantifies the elastic moduli of c-Ap nanocrystals, finding that following ashing
the nanocrystals become significantly stiffer. We report the effects of heat treatments on the mechanical
properties of biogenic c-Ap particles of pig tooth dentine. X-ray diffraction measurements performed on
mm-thick samples under increasing hydrostatic compression revealed deformation along the a- and c-
lattice axes of annealed and ashed dentine. Bulk modulus (Kmess) and lattice strain ratios (Nmeas)
determined from the peak shifts of the Debye rings fall within the range of values reported for geological
hydroxyapatites. Following comparison of sample measurements with all possible combinations of
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synthetically-generated stiffness constants we identify realistic distributions of K, and ns,». Coupled with

TEM and APT, our work allows us to conclude:

a.

It was possible to experimentally determine, for annealed and ashed dentine samples, two of the
c-Ap hexagonal crystal symmetry elastic constants: C;3=62 and 54 GPa and Cs3 = 154 and 162 GPa
for carbonated and de-carbonated biogenic apatite nanocrystals, respectively.

Calculations yielded refined estimates of two Young’s moduli of carbonated and decarbonated
biogenic apatite (Table 1). On average, there was a 5% increase in stiffness orthogonal to the
crystal long axis (increasing from 102 + 7 GPa to 107 + 7 GPa) and a 17% increase in stiffness of
Es; along the crystals (increasing from 109 + 8 GPa to 128 + 6 GPa) for annealed and ashed
samples, respectively. Removal of carbonate increases the stiffness 3 times as much along the c-
axis, as compared with the ag-axis of c-Ap.

Poisson’s ratios (0.25 + 0.02 and 0.36 + 0.04 for the prism and basal plane of annealed dentine
and 0.24 = 0.02 and 0.32 + 0.04 for ashed dentine) show statistically significant but small
differences between carbonated and decarbonated biogenic apatite crystals. A difference of
~44% higher basal Poisson’s ratio of c-Ap decreases mildly to being ~33% higher in the ashed
samples.

TEM, STEM and APT demonstrated the platy morphology of discrete but often aggregated
elongated crystals, and, in pristine samples, it revealed the presence of C (carbon) within the
mineral crystal domains.

Quantitative X-ray crystallite size analysis (~35 nm long) showed that ashing at 550 °C for 10 hours
did not lead to any appreciable grain growth or platelet elongation.
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