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ABSTRACT

Preclinical studies often require animal models for in vivo experiments. Particularly in dental research, pig species
are extensively used due to their anatomical similarity to humans. However, there is a considerable knowledge
gap on the multiscale morphological and mechanical properties of the miniature pigs’ jawbones, which is crucial
for implant studies and a direct comparison to human tissue. In the present work, we demonstrate a multimodal
framework to assess the jawbone quantity and quality for a minipig animal model that could be further extended
to humans.

Three minipig genotypes, commonly used in dental research, were examined: Yucatan, Gottingen, and Sin-
clair. Three animals per genotype were tested. Cortical bone samples were extracted from the premolar region of
the mandible, opposite to the teeth growth. Global morphological, compositional, and mechanical properties
were assessed using micro-computed tomography (micro-CT) together with Raman spectroscopy and nano-
indentation measurements, averaged over the sample area. Local mineral-mechanical relationships were inves-
tigated with the site-matched Raman spectroscopy and micropillar compression tests. For this, a novel
femtosecond laser ablation protocol was developed, allowing high-throughput micropillar fabrication and testing
without exposure to high vacuum.

At the global averaged sample level, bone relative mineralization demonstrated a significant difference be-
tween the genotypes, which was not observed from the complementary micro-CT measurements. Moreover, bone
hardness measured by nanoindentation showed a positive trend with the relative mineralization. For all geno-
types, significant differences between the relative mineralization and elastic properties were more pronounced
within the osteonal regions of cortical bone. Site-matched micropillar compression and Raman spectroscopy
highlighted the differences between the genotypes’ yield stress and mineral to matrix ratios.

The methods used at the global level (averaged over sample area) could be potentially correlated to the
medical tools used to assess jawbone toughness and morphology in clinics. On the other hand, the local analysis
methods can be applied to quantify compressive bone mechanical properties and their relationship to bone
mineralization.

1. Introduction

physiological, compositional, mechanical, and structural parameters
(Compston, 2006; Recker and Janet Barger-Lux, 2004). All of these bone

Clinical assessment of the jawbone quality. Bone quality is often properties are responsible, to a different extent, for bone fracture
referred to as the determining parameter for dental implant studies. The resistance and implant stability (Merheb et al., 1111; Ovesy et al., 2018;
term bone quality stands for the combination of various bone Voumard et al., 2019). While the direct assessment of bone quality has
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not been established yet due to the complicated interrelationships be-
tween the bone parameters, indirect estimation of bone quantity in
clinics relies to a greater extent on the bone mineral density measure-
ments (Molly, 2006; Turkyilmaz, 2011).

Jawbone mineral density is often assessed during preoperative
imagining techniques like intraoral or panoramic radiographs (Nack-
aerts et al., 2007; White et al., 2005; Graham, 2015) and quantitative
computed tomography (Shahlaie et al., Crigger; Stoppie et al., 2005). A
variation of the latter, cone beam computed tomography is emerging as
the most common imaging method employed in clinical practice (Ara-
nyarachkul et al., Crigger; Scarfe et al., 2006; Jacobs et al., 2018;
Baumgaertel et al., 2009; Hua et al., 2009). Another method for the
estimation of the bone mineral density is dual-energy X-ray absorpti-
ometry (DXA). While it is widely used in bone density assessment at the
spine, hip, and/or lower arm sites, it has been used solely in experi-
mental settings for jawbone density evaluations (Nackaerts et al., 2007;
von Wowern, 2001).

Despite the recent advances in imagining techniques, the most
widely used approach for jawbone quality assessment in clinics still
follows the grading system introduced by Lekholm and Zarb (Lekholm
et al., 1985). According to their classification, the bone quality is graded
from 1 to 4 based on the tactile sensation of the surgeon during drilling.
This subjective approach is often combined with imaging techniques
and/or other methods related to primary and secondary implant sta-
bility, like the torque force measurements during the implant insertion
(Fuster-Torres et al., 1051; Lee et al., Crigger; Meredith, 1998; Alsaadi
etal., 2007; Oh and Kim, 2012). There is a potential need to support this
grading system with less invasive and quantitative methods (Ribeir-
o-Rotta et al., 2011; Norton and Gamble, 2001).

Laboratory methods used in the current study to assess jawbone
quality. Defining other possible bone biomarkers describing bone
quality would improve the current clinical methods used for bone
quality assessment. Laboratory-based techniques like nanoindentation,
micropillar compression, microscale computed tomography, and Raman
spectroscopy are attractive experimental techniques that allow the me-
chanical, morphological, and compositional analysis of microscale bone
volumes.

Nanoindentation is an accepted method to probe local elastic prop-
erties, where a hard and sharp tip (typically made of diamond) with a
well-defined shape is driven into a flat surface of the sample while tip
displacement and reaction forces are being measured. The hardness and
elastic modulus of the material can be extracted following the pioneer-
ing work of Oliver and Pharr (1992). The nanoindentation technique
was first applied in dental research on hard tissues like enamel and
dentin in the early 1990s (Van Meerbeek et al., 1993; Angker and Swain,
2006). Twenty years later, nanoindentation was used in jawbone char-
acterization near implant sites, and recently in quality assessment in
mice jawbone (Watanabe et al., 2020).

Micropillar compression is a relatively new experimental technique
introduced by Uchic et al. in the early 2000s (Uchic and Dimiduk, 2005).
The methodology is similar to nanoindentation, but instead of a sharp
tip, a flat punch compresses a small volume of material with a defined
geometry. This produces a uniform stress field in the tested volume so
that both elastic and yield properties of the material can be extracted,
giving insights into the plastic deformation behavior of the material. The
first micropillar compression of bone was done in the mid-2010s
(Schwiedrzik et al., 2014, 2017) on ovine tibial bone. More recently,
this method was also applied to the human bone biopsies (Tertuliano
and Greer, 2016; Indermaur et al., 2021). Using a portable
micro-indenter setup further allows to combine it in a multi-modal
approach including synchrotron radiation providing information on
multiple length scales (Groetsch et al., 2019).

Similar to computed tomography used in clinics, microscale
computed tomography (micro-CT), developed in the early 1980s
(Feldkamp et al., 2009), is commonly used to visualize and analyze
sample morphology and mineral density. However, clinical CT scanners
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can typically resolve about 1 mm, while micro-CT systems can reach
resolutions of 1-5 pm (Kuhn et al., 1990; V Swain and Xue, 2009). This
allows for studying bone mineral density and morphology at a high
spatial resolution. Recently phase-contrast nanometer computed to-
mography was employed to image single mineralized collagen fibers at a
voxel size of (20 nm)3. The high sensitivity of the technique for light
elements as found in biological materials allowed it to distinguish fea-
tures down to the fibril level (Groetsch et al., 2021).

Raman spectroscopy is a well-known technique in bone and dental
research. In principle, Raman spectroscopy allows the detection of fre-
quency shifts of inelastically scattered light coming from the specimen
exposed to a monochromatic light source, commonly a laser. These
Raman shifts are assigned to characteristic chemical bonds, giving in-
formation on the material composition. Since the first report of Raman
spectra of a tooth in 1974 (O’Shea et al., 1974), this technique was used
extensively in scientific studies of enamel and dentin (Leroy et al., 2002;
Salehi et al., 2012; Wang et al., 2007a).

Animal models. It is common nowadays to investigate biological
phenomena on animal models, due to practical, ethical, and economical
reasons (Hau, 2008). Animal models promote the research in bone tissue
engineering and modelling (McGovern et al., 2018), as well as bone
metastasis (Rosol et al., 2003; Simmons et al., 2015) and repair pro-
cesses (An and Friedman, 2020). Pig species exhibit many anatomical
and physiological similarities with humans, making them an attractive
choice for preclinical experimentation in various medical and biomed-
ical fields (Kobayashi et al., 2012; Vodicka et al., 2005; Litten-Brown
et al., 2010). In particular, miniature pig species (minipigs) were spe-
cifically developed for research purposes and are now extensively used
for in vivo experiments prior to translation to humans (Rozkot et al.,
2015; Peter et al., 2011; Nunoya et al., 2007). While keeping the
resemblance to humans, minipigs have convenient body dimensions and
well-controlled genetics, which facilitates the handling and mainte-
nance of these animals in the laboratory (Vodicka et al., 2005; Rozkot
et al., 2015). Miniature pigs were first used in dental research several
decades ago (Weaver et al., 1962). The facial and oral regions of mini-
pigs exhibit similar physiology and development as that of humans
(Wang et al., 2007b). Moreover, miniature pigs possess both permanent
and deciduous sets of teeth and perform both chewing and biting jaw
actions, like humans (Weaver et al., 1962). All of this, together with the
low purchase and maintenance costs, makes minipigs an excellent ani-
mal model for various studies in dental research (Wang et al., 2007b;
Ruehe et al., 2009; Buser et al., 1991). Miniature pig models are already
reported in bone regeneration (Ruehe et al., 2009), osseointegration
(Kuo et al., 2017), and bone fracture healing during implantation
(Imwinkelried et al., 2020). Nevertheless, there is a considerable
knowledge gap on the multiscale morphological and mechanical prop-
erties of the miniature pigs’ jawbones, which is crucial for implant
studies and a direct comparison to human tissue.

Study outline. Here, we report a multimodal approach to assess
jawbone quantity and quality at the microscale. For this, we used an
established animal model for dental research: the miniature pig. Three
minipig genotypes were examined: Yucatan, Gottingen, and Sinclair.
Through the combination of laboratory-based methods, we assessed
bone mineralization, morphology, and mechanical properties on the
local and global average levels. Microscale computed tomography,
Raman spectroscopy, and nanoindentation were employed for sample
characterization at the global level, averaged over the sample area.
Nanoindentation gave assess to the elastic properties of the cortical
jawbone, while micro-CT and Raman spectroscopy to bone morphology
and mineralization. To the best of our knowledge, this is the first study
where Raman spectroscopy was applied to investigate the jawbone
relative mineralization. At the local level, micropillar compression was
used for the first time on the compact jawbone, to extract yield and
elastic bone properties, which are critical in dental research. For the first
time, micropillar compression tests were carried out on laser-fabricated
bone micropillars, which enables high throughput mechanical
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characterization. Following our previous study (Kochetkova et al.,
2021), we combined Raman spectroscopy and micropillar compression
measurements in a site-matched manner to estimate the mechanical
properties of bone in correlation with the local bone mineralization
level, giving access to structure-property relationships at the microscale.

2. Materials and methods
2.1. Sample preparation

Jaw samples from skeletally mature minipigs of three genotypes
(Yucatan, Gottingen, and Sinclair) of age between 23 and 27 months
were obtained from Institut Straumann AG (Basel, Switzerland). The
samples were obtained from dental studies after their completion and
stored in formalin before further preparation. In total, three animals per
genotype were used (N = 9). The coronal cross-section of the mandibular
premolar region was dissected from the rest of the jaw with a diamond
band saw under constant water irrigation (Exakt, Norderstedt, Reichert-
Jung). The cortical bone region, adjacent to the inferior border of the
mandible, was further sectioned from the jawbone slice. The resulting
bone pieces of about 3 mm in height and 4 x 4 mm in width x depth were
mechanically cleaned and dried at ambient conditions for 24 h. The
pieces were then glued onto an aluminium SEM stub with a 2-compo-
nent epoxy resin adhesive (Schnellfest, UHU, Germany) so that the
sample top surface followed the coronal plane from the mandibular
cross-section. Finally, the exposed specimen surfaces were polished with
progressive grades of silicon carbide paper and finished manually on a
soft cloth with a 1 pm diamond suspension followed by a 0.04 pm SiO,
suspension.

2.2. Micromechanical characterization

2.2.1. Nanoindentation

Nanoindentation maps were carried out using a Hysitron Ubi-1
nanomechanical testing system equipped with a Berkovich diamond
tip. Measurements were performed at room temperature and ambient
pressure and humidity. Nanoindentation maps consisted of 2x3 indents
with a 20 pm step size, avoiding indentions in the vicinity of the
deformation zone while being placed within the zones of interest,

A
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specifically osteons. Each indentation was performed under
load—control mode with 10 mN maximum load and the following
segment times: 20 s loading, 30 s holding at peak-load, and 20 s
unloading segment. An additional 60 s waiting time was added between
each indent to reduce instrument drift. Indentation maps were located
either in the osteonal, interstitial, or plexiform regions. In total 10 maps
for each region of interest were collected per animal sample resulting in
120-180 indents per sample. Indentation maps were distributed across
the sample surface, consequently providing information on average
elastic bone properties at the whole sample level.

2.2.2. Micropillar fabrication via femtosecond laser ablation

A novel laser ablation protocol was developed based on femtosecond
(fs) laser ablation to prepare a micropillar array on each of the bone
samples (Lim et al., 2009). Fabrication of micropillars on the sample
surface was done using a femtosecond-pulsed laser (SATSUMA HPII,
Amplitudes Systemes) at 515 nm wavelength with 320-350 fs pulse
duration and 3 kHz repetition frequency, with an average laser power of
12 mW. The resulting laser pulse energy and peak fluence were 3.96 pJ
and 5.14 J/cm? accordingly. The ablation was done in a unidirectional
scanning mode at 15 mm/s, enabling low heat accumulation (Appendix
1). An array of 5x5 micropillars was ablated on each sample surface for
further mechanical testing (Fig. 1). The dimensions of the micropillars
were estimated from high-resolution scanning electron microscopy
(HRSEM) images taken at an acceleration voltage of 1.5 kV (Hitachi
S-4800, Japan). On average, the pillar diameter was 24 + 3 pm with an
aspect ratio of 2.3 + 0.3 and a taper angle of 15° + 2°.

2.2.3. Micropillar compression

Micropillar compressions were performed using an ex-situ indenter
setup developed in-house based on commercial hardware for actuation,
sensing, and electronics (Alemnis AG, Switzerland) (Kochetkova et al.,
2021; Peruzzi et al., 2021). Experiments were performed at ambient
temperature and humidity with a flat punch indenter tip (60 pm diam-
eter). Samples were compressed uniaxially using a quasi-static dis-
placement-controlled loading protocol at a strain rate of 10> s~ ! and up
to 15% of engineering strain. Two types of protocol were used: (i)
monotonic and (ii) cyclic loading. The latter included repetitive seg-
ments of 750 nm loading and 250 nm partial unloading. The typical

B
@ ~24 uym
2.3 aspect ratio

~15°

i

Fig. 1. Schematic of the laser ablation of bone in a unidirectional scanning mode with marked micropillar array positions (A) and the output micropillar geometry
(B); optical overview image of the sample top surface with femtosecond laser ablated micropillar array (C); close-up SEM image of the micropillar array (D).
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stress-strain curves for two testing protocols are presented in the
graphical abstract. From both protocols, yield stress and strain were
extracted, whereas from the cyclic loading protocol the elastic moduli
were additionally extracted from the unloading segments, prior to the
yield point. Yield stress in each stress-strain curve was computed as the
stress that is needed for plastic deformation of 0.2%. On average, 20
micropillars were tested per animal sample, of which 5 were cyclically
loaded.

Data analysis was done in Python v3.8 (van Rossum and Drake,
2009) wusing an in-house script following the methodology of
Schwiedrzik et al. (2014) with the modified Sneddon approach of Zhang
et al. (2006) for substrate compliance corrections. The influence of the
taper angle on the output mechanical properties was corrected using
finite element simulations in Abaqus/CAE (Dassault Systemes Simulia
Corp., Johnston, Rhode Island, USA) (Smith, 2009). Compressions of
two micropillar geometries were simulated: tapered, with the micro-
pillar geometry matching the one used in the actual experiments, and
ideal, where the diameter of the micropillar was constant over its length.
A displacement of 10% of the micropillar height was applied from the
top. A part of the substrate below the micropillar was also included in
the model to account for substrate deformation. The von Mises plasticity
model was used with input values based on the experimental results
from a former study (Kochetkova et al., 2021): Young’s modulus was set
to E = 27.65 GPa, yield stress was set to oy = 0.318 GPa, and the
Poisson’s ratio to v = 0.3. The effect of the taper on the elastic modulus,
yield stress, and strain was expressed with the help of taper correction
coefficients, representing the ratio of the apparent yield stress estimated
for the ideal geometry divided by the one of the tapered micropillar
geometry. Further details on the finite element simulations can be found
in Appendix 2.

2.3. Morphological and compositional analysis

2.3.1. Micro-CT

Microscale computed tomography (micro-CT) scans of the samples
were collected using microCT 100 (SCANCO Medical AG, Switzerland).
Scanning was done at 55 kVp energy, 200 pA tube current, 400 x 2 ms
integration time, and a voxel size of 6.6 pm. Micro-CT scanner was
calibrated using hydroxyapatite phantoms with known density (—15,
100, 210, 415 and 790 mg/cm®). Following the reconstruction, image
processing was done using an in-house Matlab script. The sample scans
were segmented with a fixed threshold of 711.11 mg/cm® (averaged
value of each specimen-specific threshold, automatically detected by
OTSU’s method (Otsu, 1979)). For each sample average tissue mineral
density (TMD) and bone volume ratio (BV/TV, bone volume vs. the total
volume) were extracted. The main alignment of the sample pores was
evaluated using an in-house Python script from an orthotropic fabric
tensor with the mean surface length method as described by Hosseini
et al. (2017). Consequently, the degree of anisotropy (DA) and the
spatial orientation of the sample pores (out-of-plane angle) were
calculated.

2.3.2. Raman spectroscopy

Raman spectra were acquired in ambient conditions using an upright
Raman microscope (Nova Spectra, ND-MDT, Russia) equipped with a
633 nm laser. Spectra were collected through the 600 g/mm grid and 50
x objective with a numerical aperture of 0.75. The resultant laser spot
size was ~0.5 pm in lateral and 1.6 pm in axial direction (Miiller, 2006).
The laser power at the sample surface was ~11 mW. For the
whole-sample-level measurements, spectra were collected from inter-
stitial (N = 10) and osteonal (N = 10) zones, as well as from plexiform
zones (N = 10) for the Gottingen samples. Raman spectra give local
information on the composition, and by uniformly distributing the
measurement locations over the sample surface, global information per
sample could be extracted. For each cortical bone zone, 10 spectra, 60 s
integration time each, were collected approximately 5 pm underneath
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the bulk surface, resulting in 20-30 spectra per sample. Additionally,
Raman measurements were carried out on the bone micropillars. An
average of three spectra, 30s integration time each, were collected
approximately 5 pm underneath the pillar top, providing the local in-
formation on the mineral to matrix ratio. Spectra processing was done in
Python, detailed analysis steps with corresponding figures are shown in
Appendix 3. All spectra where background-subtracted and peaks of in-
terest representing mineral and collagen content were further analyzed.
The ratio of the secondary phosphate (voPO4) over the amide III bands
was used as an indirect estimation of the bone mineralization level
(Roschger et al., 2014). Both peaks were fitted with a double Lorentzian
function using a least-square scheme and the ratio of the integral areas
provided the mineral to matrix ratio (Mineral/Matrix).

2.4. Statistical analysis

All statistical analysis was performed using R (R core team, R, 2021),
rstatix package (Kassambara, 2021). The Shapiro-Wilk test was used to
test for the normality of variables. Significant differences between
paired datasets were then tested using the Wilcoxon rank-sum test to
account for the non-normally distributed data (Oja, 2010), and the
significance threshold was chosen as p < 0.05. Results for the normally
distributed datasets are reported as mean =+ SD, where SD stands for the
standard deviation. Results for the non-normally distributed data are
reported as median (IQR), where IQR stands for the interquartile range,
i.e. the difference between the first and third quartile. Correlation
analysis was done through linear regression analysis (Imtest package
(Zeileis and Hothorn, 2002)).

3. Results
3.1. Whole sample level analysis

The visual analysis of the sample surfaces showed a discrepancy
between observed zones of the cortical region. Similar to the human
cortical bone morphology, osteonal and interstitial zones are observed
on all three minipig genotypes (marked in Fig. 2 insets). Moreover,
circumferential lamellae are observed on the outer side of the Yucatan
and Sinclair samples. A large area of the plexiform bone is observed for
all Gottingen minipigs, as marked in Fig. 2.

Micro-CT data showed that Gottingen minipigs had the highest tissue
mineral density of 1229 + 168 mg/cm® as well as the bone volume
fraction of 98.1 + 0.5%, while the Yucatan genotype demonstrated the
lowest values: 1143 + 163 mg/cm® and 96.3 + 1.4%. Sinclair minipigs
had a tissue mineral density of 1175 + 161 mg/cm® and a bone volume
fraction of 97.8 + 0.7%. However, no significant difference between the
genotypes was found for bone morphology, mineral density, and degree
of anisotropy (Fig. 3). Moreover, the averaged out-of-plane orientation
of the pores within the sample, including the Haversian canals, was 55°
with 2° variation between the samples.

A significant difference (p < 0.01) was observed in the mineral to
matrix ratio between all cortical bone zones within each of the three
genotypes, except the osteonal and plexiform zones of Gottingen mini-
pig. For all three genotypes, values were higher for interstitial zones
than osteonal with the highest values for the Gottingen minipigs: 0.81
(0.13) for interstitial and 0.66 (0.12) for osteonal zones, although not
significantly different from the Sinclair minipigs (Fig. 4). Yucatan ge-
notype showed the lowest mineral to matrix ratio (0.74 (0.15) for
interstitial and 0.57 (0.09) for osteonal zones), with a significant dif-
ference to the Gottingen minipigs for both zones. While this trend is
similar to the mineral density data collected from micro-CT, a compar-
ison between the two methods showed no significant correlation.

Indentation revealed higher elastic modulus and hardness for the
interstitial zones of all genotypes compared to the osteonal and plexi-
form zones (Fig. 5). Gottingen and Sinclair samples showed a significant
difference in elastic properties between the zones. Yucatan minipigs
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Zones:
[ Osteonal
0 Interstitial
[ Plexiform

p Circumferential
lamellae

Fig. 2. Optical images of the representative samples’ top surfaces of each genotype with the marked plexiform zone (indigo) and the circumferential lamellae
(green), as well as the osteonal (rose-colored) and interstitial (aquamarine) zones marked in the insets.
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Fig. 3. Tissue Mineral Density (TMD), Bone Volume fraction (BV/TV), and Degree of Anisotropy of Haversian porosity (DA) of the cortical region of the jawbone of

three minipigs genotypes.

exhibited the highest variation of the mean values within the zones,
however, the hardness was still significantly different between the
interstitial and the osteonal zones.

Correlation analysis was performed to check the dependence be-
tween the average bone elastic properties measured via nanoindentation
and average bone mineralization, as assessed through two techniques:
micro-CT (TMD) and Raman spectroscopy (Mineral/Matrix ratio). No
significant dependence was observed between the tissue mineral density
and both elastic modulus and hardness. Moreover, no correlation was
detected between the elastic modulus and the mineral to matrix ratio,
while a significant positive trend was found between the hardness and
the mineral to matrix ratio for pooled cortical bone zones (Fig. 6).

3.2. Site-matched micropillar compression and Raman spectroscopy

At the microscale level, significantly different mineralization was
observed between the three genotypes, as assessed via the mineral to
matrix Raman band ratio (Fig. 7). Gottingen and Yucatan genotypes
exhibit the highest and the lowest mineral/matrix ratio accordingly.
Observed alterations of bone mineralization at the microscale match the
mineral/matrix ratio variations at the whole sample level (Fig. 4).

Micropillar compression revealed the highest mean value of the
Young’s modulus for the Sinclair minipigs, although only the difference
with the Yucatan minipigs was significant due to the scatter of the
Young’s modulus data of the Sinclair minipigs. No significant difference
was observed between the Young’s modulus mean values of the Yucatan
and Gottingen genotypes. The mean yield stress values follow the

genotype mineralization, with the Gottingen and Yucatan minipigs
demonstrating the highest and the lowest values, respectively. However,
the yield strain mean values were not significantly different between the
Gottingen and Sinclair genotypes, but both were significantly lower than
the ones of the Yucatan (p < 0.0001).

Site-matched micropillar compression and Raman spectra collection
allowed us to assess the relationship between the genotype relative
mineralization and the local mechanical properties. The correlative
analysis showed no significant dependence between the local elastic and
the yield properties versus the mineral to matrix ratio (Fig. 8).

Three distinct micropillar failure modes were observed after
compression. Axial cracking, where the fracture followed the main
micropillar axis (Fig. 9 A), was the most common mode followed by
shear (Fig. 9 C) and mushrooming (Fig. 9 B), where the major defor-
mation occurred at the micropillar top. The correlative analysis showed
no dependence between the failure modes and the mechanical proper-
ties or relative mineralization.

4. Discussion

This study presented the framework for the multimodal character-
ization of the jawbone in an animal model that could be further
extended to humans. It is the first report on the jawbone properties at the
microscale level for the three minipig genotypes: Yucatan, Gottingen,
and Sinclair, all commonly used in dental research due to their
anatomical similarity to humans.
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Fig. 4. Mineral to matrix ratios as estimated at interstitial, osteonal, and plexiform zones of three minipigs genotypes. Statistical significance asterisks: * — p < 0.05,

** — p <0.01, *** — p < 0.001, **** — p < 0.0001.
4.1. Whole sample level analysis

At the whole sample level measurements, the micro-CT technique
was used to shed light on potential differences between the genotypes
both in mineralization and bone volume fraction. No statistically sig-
nificant differences were observed between the genotypes, most likely
due to the very low pore volume fraction and variation in zonal prop-
erties within the samples. Testing a larger number of regions of interest
per mandibular bone would improve the comparison between the ge-
notype. It is of high interest to investigate several sections within each
mandibular in the future, to account for the inherent variations of
compositional and, consequently, mechanical properties within the
whole bone volume. Surprisingly, tissue mineral density, extracted from
the micro-CT, did not correlate with the Raman mineral to matrix ratio
as reported in the study of Indermaur et al. (2021), which might be
rationalized by the relatively low number of samples (N = 3 per geno-
type) together with the small range of mineral to matrix ratio.

Since the jawbone has irregular morphology with highly-porous
alveolar and dense compact bone regions, the available data on the
jawbone mineralization could not be compared to the measurements on
the compact mandibular bone from the current study. However, inves-
tigated bone regions exhibited clear zonal morphology with low
porosity, similar to that of other types of human cortical bone. Indeed,
the Raman mineral to matrix ratio of examined minipig jaws was within
the range of the reported values for the human femoral midshafts:

0.57-0.81 for the minipig jaws examined in the current study and
0.3-1.5 for the human femur (Roschger et al., 2014). Moreover, the TMD
values of investigated minipig jaws were at the lower border of the re-
ported TMD range for the human femoral cortex, measured at a similar
voxel size: 1128-1260 mg/cm3 for the minipigs and 1200-1600 mg/ em?®
for the human femur (Deuerling et al., 2010). Since only the cortical part
from the inferior jawbone border was examined, the bone volume
fraction was high for all tested minipigs jaws samples, with only 2-4%
porosity. These values are close to those of the other animal species
(5-6%) (Martin and Boardman, 1993; Sietsema, 1995; Iezzi et al., 2020).

A clear difference between the interstitial and osteonal zones was
visible for both Raman and nanoindentation measurements. This is
similar to what is usually observed in the cortical parts of other skeletal
bones, with the interstitial zone exhibiting higher mineralization and
hardness (Nyman et al., 2011; Zysset et al., 1999). Interestingly, a sig-
nificant difference between the genotypes was more pronounced be-
tween the osteonal regions of cortical bone. This might be a result of
constant jawbone turnover, during which the interstitial zones rapidly
reach the saturated mineralization levels (Hesse et al., 2015), which are
comparable between the three genotypes.

An increase in mineral to matrix ratio accounted for the jawbone
hardness increase but no dependence was observed for the elastic
moduli. Since elastic modulus is more sensitive to the alterations in the
underlying sample morphology, other factors like structural anisotropy
and microporosity may have a comparable influence on the elastic
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properties thereby concealing a possible correlation with mineral to
matrix ratio. Moreover, the large variations of the elastic modulus values
within the Yucatan genotype might have faded the possible correlation
between the elastic modulus and the relative mineralization.

4.2. Site-matched micropillar compression and Raman spectroscopy

To date, microscale compression experiments on bone were solely
performed on focused ion beam (FIB) milled micropillars (Schwiedrzik

et al., 2014, 2017; Indermaur et al., 2021; Groetsch et al., 2019;
Kochetkova et al., 2021; Peruzzi et al., 2021) In the current study, bone
micropillars were fabricated using ultrashort pulsed laser ablation,
drastically decreasing the time costs for micromachining and simulta-
neously enabling high throughput analysis. However, we had to
compromise the output micropillar geometry: the micropillars were
approximately 5 times bigger in comparison to previous studies on
micropillar compression. Moreover, laser-fabricated micropillars had a
taper, which affected the stress distribution and hence also the measured
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apparent yield point of the compression experiments. A possible remedy
for the pillar taper would be additional FIB milling atop a fabricated
pillar, similarly to the study of Groetsch et al. (2019), however, this
approach would be still time-consuming (~1h per pillar). We, therefore,
kept the laser-ablated micropillars with geometrical flaws and accoun-
ted for the deviation from the ideal cylindrical shape by finite-element
simulations. This way we were able to keep the high throughput of
microscale compression experiments, meanwhile correcting the output
mechanical properties for the micropillar taper. Since laser ablation was
done at the normal atmospheric pressure and relative humidity, we
reduced the crack formation at the sample surface, which is commonly
observed after high vacuum exposure during FIB milling. Another
advantage of the laser-ablated micropillars is the possibility to carry the

site-matched Raman spectra collection. This was not possible earlier
with the FIB milled micropillars due to inevitable sample sputtering with
a conductive metal, which hinders the Raman signal.

From the micropillar measurements, we were able to detect signifi-
cant differences between the genotypes’ mineralization and yield
properties. While local measurements of relative mineralization fol-
lowed those at the global level, the differences between genotypes were
more pronounced at the local level. Surprisingly, neither elastic nor
yield mechanical properties of jawbone micropillars showed a correla-
tion with the bone relative mineralization. Such correlation was previ-
ously observed by Indermaur et al. (2021) in human transilliac osteonal
bone. However, the micropillars dimensions used in the current study
were five times bigger and thus contained a higher number of lacunae
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Fig. 9. Observed fracture modes of compressed micropillars. A — axial cracking, B — mushrooming, C - shear.

inclusions and lamellar interfaces. As was shown by Casari et al. (2021),
the increase in the size of the microscale specimen leads to lower
strength rationalized by the higher probability of finding flaws in a
critical orientation. The dominant failure mode of micropillars in our
study was axial cracking. As was demonstrated in other studies on
micropillar compression of the ovine and bovine bone (Kochetkova
etal., 2021; Peruzzi et al., 2021), such failure mode is most likely driven
by the axial alignment of the mineralized collagen fibrils.

Overall, we observe large variations of mechanical properties within
the minipig genotypes, both for the nanoindentation and micropillar
compression measurements. This is likely caused by the inherent
structural variations at different locations in the jaw as well as between
the animals of the same genotype. Besides, the mineralized collagen fi-
brils orientation within the tested local volumes was assumed to match
the overall orientation of Haversian canals within the sample volume.
For future experiments, the quantitative polarized Raman method can
be applied for the simultaneous mineralized collagen fibrils orientation
estimation and compositional characterization (Kochetkova et al.,
2021).

4.3. Study limitations

The current study was carried out on the premolar region of the
mandible, opposite to the teeth growth. It is, however, of high interest to
investigate the alveolar bone, due to its relevant location for implant
placement and other dental manipulations. The samples used in the
current work were collected after the completion of other dental studies,
for which the alveolar bone was already extracted. Yet, we hypothesize
that the mandibular part of the jaw opposite to the teeth growth may be
of interest for future studies using CT imaging because it is not affected
by the intensity of artifacts coming from metallic implants, crowns, or
fillings (Vitulli et al., 2022; Lofthag-Hansen et al., 2007). Nevertheless,
the proposed framework for the bone quality assessment can be applied
to the alveolar region of bone in the future.

All samples were stored in formalin before any preparation steps. It is
accepted that fresh bones represent the in vivo conditions better than
formalin-fixed ones. Nevertheless, formalin-fixed specimens are
frequently used in biomechanical testing due to the lack of fresh bones.
Chemical fixation with formalin affects the organic fraction of the bone,
in particular, the collagen cross-links (Chapman et al., 1990; Currey
et al., 1995). In the current study, we abstain from any direct analysis of
the organic bone components, but future analysis of the fresh bone
samples following the proposed framework can be done through Raman
spectroscopy. As was shown in the study of K. J. Burkhart et al.,
formalin-fixed human diaphyseal bone exhibit higher stiffness (about
14% after 6 weeks of conservation) but no differences in bone mineral
density values (Burkhart et al., 2010). Similarly, S.J. Edmondston and
colleagues stated that formalin fixation may result in a slight increase in
compressive strength but this does not appear to be associated with a
systematic change in mineral density (Edmondston et al., 1994).
Considering that earlier reported mechanical experiments were per-
formed at the macroscale, we expect a higher effect of formalin fixation
at the microscale mechanical properties of mandibular bone. However,
the sample storage and preparation steps were consistent between the
samples of all genotypes, allowing us to detect the differences between
the inherent genotypes’ properties.

5. Conclusion

We report the jawbone’s mechanical and morphological properties
together with relative mineralization at the microscale. Three minipig
genotypes were examined: Yucatan, Gottingen, and Sinclair, all
commonly used in preclinical dental research. Raman spectroscopy
proved to be a perspective method for relative mineralization estima-
tion, highlighting the differences between the mineral to matrix ratios of
the minipig genotypes. A novel laser-ablation protocol for micropillar
fabrication allowed a high throughput analysis of the microscale
compressive properties of the jawbone. Site-matched micropillar
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compression and Raman spectroscopy then gave access to the bone
structure-property relationships. Observed variations in the output
mechanical parameters, both at the local and averaged global levels,
may be attributed to the structural and compositional heterogeneity of
the samples. Measuring local compositional and mechanical properties
in a site-matched fashion can shed light on structure-property re-
lationships of bone at the microscale. However, to extend the analysis,
mineralized collagen fibril orientation and structural defects like hidden
osteocytes and microvascular channels need to be taken into account
explicitly in the future. Overall, the methods used at the whole sample
level could be potentially correlated to the medical tools used to assess
jawbone toughness and morphology in clinics. At the same time, the site-
matched characterization methods can be applied to specify the local
mechanical and mineralization properties of the jawbone.
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Accumulated heat during laser ablation was estimated following the work of R. Weber et al., 2014, 2017. For the unidirectional scanning mode, the
finite number of subsequent pulses on the same spot causes heat accumulation. The temperature fields of each pulse can be summed up in time and
space when the material parameters are taken as constant. Solving the heat conduction equation for the 3D heat flow leads to the temperature field
shown in eq. (A1), where the heat residual Qsp define the heat which is released in an infinitely short time at t = 0.

QSD -

2

——————b3p, where byp = —

4k 3 ? ? tfr
P\

AT(1) = +261.

(A1)

The input values used for the calculations are summed up in Table A1. The bone tissue parameters were taken from S. McPhee and A. Groetsch et al.

(McPhee et al., 2021).

Average laser power

Repetition rate

Pulse energy

Spot radius

Surface reflectivity

Absorbed part converted to heat
Laser scanning speed

Distance between 2 pulses
Number of pulses at the same position*
Time for np Pulses

Density

Specific heat

Thermal conductivity

Table Al

Laser ablation and bone tissue parameters used for the heat accumulation calculations.
Py = 0.012 w
frep = 3 kHz
E, = 4 pJ
Wy = 7 pm
R= 0.4
n= 0.5
Vmark = 15 mm/s
Px= 5 pm
np = 3
t= 0.001 H
p= 2033 kg/m®
cp = 1440 J/kg/K

= 0.54 W/m/K

K= 1.8E-07 m?/s

Thermal diffusivity

" - The number of pulses is calculated by dividing the beam diameter by the distance between 2 pulses.

As a result, residual heat is estimated to be Q3p = 2.4uJ and the maximum temperature increase AT = 55.6°C. This temperature is about 10 °C
below the denaturation point of native hydrated collagen, and 100 °C below the denaturation point of dehydrated mineralized collagen (Bozec and
Odlyha, 2011). Since the period between two consecutive laser ablations at the same spot exceeds 2 min, there is no additional heat accumulation
between the consecutive ablation layers. Moreover, these calculations were carried out with several assumptions: (i) energy input is taken as the point
source with instantaneous stationary energy, (ii) surface instead of volume absorption, and (iii) the surface is assumed to be fully isolated. These
simplifications lead to overestimated heat accumulation. We assume that the real heat accumulations during ablation are below the calculated ones.

It is important to mention that we used simplified estimations of the pulse to pulse heat accumulations, as the heating from the pulse itself on a
short timescale was not discussed. This aspect would require additional, more time expensive simulations following the two temperature model as
proposed by S. McPhee and A. Groetsch et al. (McPhee et al., 2021).

10
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Appendix 2. FE simulations of micropillar taper effect on the output mechanical properties

We determined the effects of the micropillars’ taper on the elastic modulus, yield stress, and strain by means of finite element (FE) simulations. The
average dimensions of the nine samples (25 micropillars per sample) were determined by HRSEM (Hitachi S4800, Japan). These average dimensions
were used to model the micropillars with and without taper in Abaqus/CAE (Dassault Systemes Simulia Corp., Johnston, Rhode Island, USA). For the
micropillars without taper, the bottom diameter was set equal to the top diameter. The substrate below the micropillar was also included in the model
to account for substrate compliance. A displacement of 10% of the micropillar height was applied, which is equal to 10% strain. Young’s modulus was
set to E = 27.65 GPa and Poisson’s ratio to v = 0.3. The standard von Mises plasticity model was used and the yield stress was set to 6y = 0.318 GPa.
The Young’s modulus and the yield stress are based on experimental results from a former study (Kochetkova et al., 2021). Hexahedral elements
(C3D8) were used to mesh the model and a mesh sensitivity analysis was conducted. The mesh convergence was achieved when reducing the size of
the elements by half resulted in a change in yield stress of less than 0.1%. The effect of the taper on the elastic modulus, the yield stress and strain are

represented as

ky = Eideal k. — Oideat ke = Sideal
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©
o
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Fig. A2. Distribution of von Mises stresses during compression simulations for micropillars with ideal (top) and tapered (bottom) geometries and corresponding

stress-strain curves.

11



T. Kochetkova et al.

Appendix 3. Raman spectra processing
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Fig. A3. Raman spectra processing steps for the raw data using Python software (van Rossum and Drake, 2009):
(A) Background (BG) subtraction for the whole spectra (second-order polynomial fit for local minima, numpy.polyfit).

(B) voPO4 and amide III band analysis:

e additional linear BG subtraction (first order polynomial fit for local minima on both sides of the band, numpy.polyfit);
o double-Lorentzian fit of v,PO4 (blue) and amide III (red); extracting peak integral areas: 410-460 cm™! for vzPO4 and 1215-1300 cm™! for amide I (Roschger

et al., 2014).
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