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Abstract

A better understanding of bone nanostructure around the bone-implant interface is essential to
improve longevity of clinical implants and decrease failure risks. This study investigates the spatio-
temporal evolution of mineral crystal thickness and plate orientation in newly formed bone around
the surface of a metallic implant. Standardized coin-shaped titanium implants designed with a bone
chamber were inserted into rabbit tibiae for 7 and 13 weeks. Scanning measurements with micro-
focused small-angle X-ray scattering (SAXS) were carried out on newly formed bone close to the
implant and in control mature cortical bone. Mineral crystals were thinner close to the implant
(1.8 £0.45 nm at 7 weeks and 2.4 £ 0.57 nm at 13 weeks) than in the control mature bone tissue
(2.5+0.21 nm at 7 weeks and 2.8 £ 0.35 nm at 13 weeks), with increasing thickness over healing
time (+30 % in 6 weeks). These results are explained by younger bone close to the implant, which
matures during osseointegration. Thinner mineral crystals parallel to the implant surface within the
first 100 um close to the implant indicate that the implant affects bone ultrastructure close to the
implant, potentially due to heterogeneous interfacial stresses, and suggest a longer maturation
process of bone tissue and difficulty in binding to the metal. The bone growth kinetics within the
bone chamber was derived from the spatio-temporal evolution of bone tissue’s nanostructure,
coupled with microtomographic imaging. The findings indicate that understanding mineral crystal
thickness or plate orientation can improve our knowledge of osseointegration.



1. Introduction

Osseointegration of metallic implants is key for the long-term survival of dental and orthopaedic
prostheses. Bone ingrowth onto and around a metallic foreign body occurs over time and creates
a bone-implant interface. Early implant failure (within the first 6 months after implantation) is linked
to an inability to establish intimate bone-implant contact, and is a common cause of failures in
implant dentistry [1,2]. The reasons behind osseointegration failure are complex to isolate, and
could rise from multiple factors related to the implant, the surgical procedure and the patient [3,4].
To improve implant stability, a better understanding of the biomechanical properties of the bone-
implant interface and the surrounding bone tissues are required [5,6]. Bone’s unique hierarchical
structure, the combined effect of its chemical, structural and mechanical properties, as well as the
temporal evolution of new tissue formation during osseointegration, require the use of a large
variety of approaches to investigate the bone-implant interface, from the macro down to the
nanoscale [7]. Clinically relevant implants, such as dental implants or pedicle screws, have been
widely studied [8] but remain of limited interest for understanding osseointegration phenomena as
such implants do not allow to work under reproducible and standardized mechanical conditions.
Instead, models such as bone chambers and/or flat surfaces-implants have been developed [9-11].
The bone-implant construct has been widely investigated at the macro- and micro-scales, to e.g.
clarify the effect of implant design [12] and bone microstructure [6,13] on implant stability. The
nanoscale has been overlooked for a long time, although our understanding of how bone
composition, structure and mechanical properties are inter-linked has rapidly expanded thanks to
high resolution tomographic, spectroscopic and microscopic techniques [14-17].

At the nanoscale, bone tissue is composed of an organic matrix (mostly collagen type 1) and
inorganic mineral crystals in forms of hydroxyapatite (Cas(POa4)3OH) [18]. The hydroxyapatite (HA)
crystals are slightly curved platelets localized in gaps between collagen molecules, with their
c-axes (long axes) aligned with the mineralized collagen fibrils [19,20]. To ultimately understand
why and how an implant may loosen and fail, it is important to investigate the formation of the
bone-implant interface and especially the adaptation of bone ultrastructure around an implant [21].
X-ray based scattering techniques, such as small-angle X-ray scattering (SAXS), are sensitive to the
crystal structure and periodic arrangement of bone minerals, and can be used to retrieve
information about mineral platelet orientation and thickness [22—26]. Mineral crystal thickness is
closely linked to the variation in crystal volume [23] and relevant as it has been shown to increase
during bone healing, when woven bone remodels into lamellar and/or cortical bone [24,26,27].
Moreover, bone ultrastructure orientation and arrangement are predictors of mechanical
properties such as bone strength or elastic modulus [28]. Besides, a relationship between mineral
crystal thickness and elastic properties of bone tissue has been observed [29,30]. Together, this
motivates the investigation of how crystal thicknesses evolve and are arranged close to an implant,
in order to understand the biomechanical properties of the bone-implant interface. Earlier studies
have shown that peri-implant bone nanostructure is affected by the presence of ceramic and
metallic implants [16,31] and evolves close to resorbable materials during degradation [27,32-34].
However, the spatial evolution of crystal thicknesses in newly formed bone at the interface remains
unclear.

This study aims to evaluate the spatio-temporal evolution of hydroxyapatite crystal thickness and
plate orientation within newly formed bone at a Titanium surface and to better understand the
bone growth kinetics inside a standardized bone chamber model. A micro-focused small angle X-
ray scattering (SAXS) setup was used to investigate bone ingrowth in a standardized rabbit tibiae
implant model, integrated for 7 and 14 weeks.



2. Methods

2.1. Implants and surgical procedure

The implant model consisted of cylindrical Ti6Al4V coin-shaped implants (@ 5 mm, height 3 mm,
Titanium Services SAS, Vourles, France) blasted with titanium dioxide particles to induce an average
surface roughness of Sa = 3.46 + 0.25 um. Eight implants were inserted into the proximal-medial
part of the right tibia of eight New Zealand white rabbits (6 months old, > 3.5 kg) (Figure 1A). To do
so, the cortical bone surface was levelled and a cavity was created using a @ 5.6 mm drill (Dremel
Europe, Breda, Netherlands), guided by a central transcortical hole made with a @ 1.0 mm drill
(Figure 1B). Two irrigation holes (@ 0.9 mm) were drilled through the cortex to allow blood flow
towards the interface. Each implant was isolated from existing mature bone by a
polytetrafluoroethylene (PTFE) cap (Isoflon, Diemoz, France), to limit bone tissue growth on its
sides. This cap was designed to create a 200 um-thick bone chamber, empty at implantation,
between existing cortical bone and the implant surface, where new bone formation could occur.
After insertion in the cavity, the implant was stabilized using two orthodontic elastic strings placed
in a crossed pattern, and fastened using four @ 1.6 mm screws (Easy Implant, Chavanod, France)
(Figure 1A). Animal handling was approved by the ethical committee of ENVA (Ecole Nationale
Vétérinaire d’Alfort) and the requirements of The European Guidelines for Care and Use of
Laboratory Animals were followed. Animals were euthanized with an overdose of pentobarbital
after 7 weeks (n = 4) and 13 weeks (n = 4) of healing time. Distal tibiae were then carefully dissected
with the implants in place. This animal model developed by our group is now well established and
has been previously used to investigate various mechanical properties of the bone-implant
interface [11,35-37].

2.2.Sample preparation

To access the interface without damaging it, the specimens were fixed in 10 % phosphate-buffered
formalin for 1 week, then rinsed with water, dehydrated in ethanol, cleared in xylene and finally
embedded in polymethyl methacrylate (PMMA) (VWR International, Fontenay-sous-bois, France)
[38,39].

The embedded specimens were then cut transversally in the middle of the implant (Figure 1B) with
a diamond wire saw (model 4240, WELL Diamond Wire Saws LA, Mannheim, Germany) to generate
200 um thick slices. The thickness was further reduced to around 100 um by manual polishing with
abrasive paper SiC foils down to grit 1200 (Accustop and LabPol-5, Struers® ApS, Ballerup,
Denmark).
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Figure 1 - A: Photography of an implant inserted in the proximal-medial rabbit tibia. B: Schematic
description of a transversal cross-section of the coin-shaped implant model and the two scanned regions,
i.e. the mature region of interest (ROI) (blue box in the cortex) and the newly formed bone in the bone
chamber ROI (red box). C: Bone chamber divided into 4 rectangular ~2000 x 100 um? ROIs, where ROI 1
corresponded to the lateral chamber close to the implant surface (corners), ROI 2: lateral chamber away
from the surface, ROI 3: central chamber close to the implant surface, and ROI 4: central chamber away
from the surface. D: the bone chamber was divided into 20 ROIs representing 10 um-thick horizontal bands
parallel to the implant surface (red line).

2.3.Scanning small-angle X-ray scattering (SAXS)

Measurements were carried out using the scanning SAXS [40] micro-focused setup [41] at the cSAXS
beamline, Swiss Light Source, Paul Scherrer Institut (PSI), Villigen, Switzerland. A microscope
calibrated with the beam was used to define, per specimen, a large region of interest (ROI) over the
entire bone chamber (around 4000 x 250 um?) and a smaller ROl in the cortex representing mature
bone tissue (approximately 500 x 500 um?) (Figure 1B). Two specimens were also scanned over a
larger ROl to derive an overview of the crystal properties.

A monochromatic beam of 12.4 keV (A=0.999 A) was focused to about 3.5 um (vert.) x 4.7 um
(hor.) using Fresnel zone plate of 717 um diameter and 250 nm outermost zone width [41] and
central stop of 160 um. At every point of the raster scan, a SAXS pattern was recorded using PILATUS
2M detector [42] with 1475 x 1679 pixels? (172 x 172 pum?) in the g-range of 0.02 - 1.45 nm™ placed
7.099 m from the sample. A flight tube under vacuum was placed between the sample and detector
to reduce absorption and parasitic scattering from air. To block the direct beam and avoid
saturation of the detector at very low scattering angles we used two beam stops, a @ 3 mm round
beam stop and a 3 x5 mm? rectangular beam stop. Scanning was performed with the step size
(pixel size) of 5 um and an exposure time of 100 ms per scan point. Calibration of detector distance
was carried out using AgBH standards.



2.4.Data analysis

The 2D scattering patterns acquired at each scan point were analysed using in-house Matlab® codes
(R2018b, MathWorks Inc., MA, USA), as earlier described [23] based on the methods presented by
Blnger et al. [43]. Briefly, the scattering patterns were radially integrated over the whole g-range
and azimuthally from 0 to 360° in order to obtain the I(q) and the I(B) scattering curves, respectively
[40]. From the I(qg) curves, the average mineral crystal thickness (T) was obtained by using weighted
iterative curve fitting in the 0.32 - 1.40 nm™ g-range, as previously described [43] ; the quality of
the fit was examined by means of the residuals. By fitting a Gaussian curve to the two symmetrical
peaks from the I(0) curves, the average predominant mineral plate orientation (direction of the
crystallographic c-axis) was determined [44]. Repeated over all scanned points, maps of mineral
crystal thickness, plate orientation and degree of orientation were generated for each specimen. A
threshold based on integrated SAXS intensity values was applied to remove the background and
analyse bone tissue only.

From the maps, the values of the mineral crystal thickness and plate orientation were averaged
over different ROls, for each specimen. Mature control bone was analysed by averaging values from
the cortex area. The newly formed tissue inside the bone chamber was analysed as a whole (Figure
1B) and further divided into multiple ROIs following two configurations. First, the chamber was
divided into 4 rectangular ROIs of approximately 2000 x 100 um? (Figure 1C) representing the
corners region (lateral and close to the implant surface, ROI1), lateral and away from the surface
(ROI2), central and close to the surface (ROI3), and central and away from the surface (ROI4).
Second, the bone chamber was divided into 20 ROIs corresponding to 10 um thick horizontal bands
parallel to the implant surface (Figure 1D).

Moreover, for all bone chamber ROIs described above, bone content was estimated from the Bone
Area/Total Area (BA/TA) ratio, i.e., the number of pixels corresponding to bone over the total
number of pixels in the ROI.

2.5.Micro-tomographic imaging

To complement the detailed 2D SAXS investigation of the bone structure within the chamber at the
microscale, we conducted 3D micro-tomographic imaging on two specimens (7 weeks and
13 weeks of healing), prepared following the same in vivo procedure (see section 2.1). Specimens
were imaged intact (non-embedded and unsliced) at the X02DA TOMCAT beamline (SLS, PS],
Switzerland) using a monochromatic beam energy 30 keV, 5.5 pm? voxel size, 3000 projections over
180° and 12 ms exposure time. Due to artefacts induced by the metal implants, the scans were
manually segmented to quantify bone ingrowth inside the chamber using Seg3D (SCI Institute's
NIH/NIGMS CIBC Center). Scans were qualitatively examined and bone volume fraction (Bone
Volume (BV) / Total Volume (TV)) was quantified in 3D in similar 4 ROls as presented above (see
Figure 1C) (Bonel plugin [45], Image] [46]).

2.6.Statistical analysis

Mean mineral crystal thickness, plate orientation and BA/TA were determined for each ROl and
specimen for a given healing time point. Using non-parametric Mann-Whitney U tests, the temporal
evolution was evaluated for each ROl between 7 weeks and 13 weeks of healing time, and the
spatial evolution was investigated by comparing ROls among each other, for a given time point. All
tests were performed between two groups or two ROIs at the time, and used a significance level of
p =0.05 (R2018b, MathWorks Inc., MA, USA).



3. Results

3.1.0verview within the chambers

Both after 7 weeks and 13 weeks of healing time, the mineral crystal thickness in the bone chamber
(1.8 £0.45 nm and 2.4 +0.57 nm respectively) were significantly lower (p =0.014 and p = 0.028)
compared to that of mature cortical bone tissue (2.5+0.21 nm and 2.8 + 0.35 nm respectively)
(Figure 2B). Thus, the mineral crystal thickness increased by around 30% within the bone chamber
over the 6 weeks of osseointegration (p = 0.014) (Figure 2A and Suppll). However, it remained
similar within the mature regions (p > 0.05) (Figure 2B). The mineral crystal thickness values were
more heterogeneous (larger standard deviation) in the bone chamber compared to the mature
regions after 13 weeks (p = 0.014) (Figure 2C).

The bone chambers were partially filled with newly formed bone tissue throughout
osseointegration, as shown by a significant increase in BA/TA between 7 weeks (14 + 6 %) and 13
weeks (36 + 15 %) (Figure 2A, D, Suppl1).
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Figure 2 — A: Overview of mineral crystal thickness (T) maps for typical 7 weeks (top, Specimen S1) and 13
weeks specimens (bottom, Specimen S5). See Suppl1 for all maps. Average thickness (B), standard
deviation (SD) of thickness values (C) and BA/TA (D) in the bone chamber (Ing for ingrowth, red) and mature
(M, blue) regions. Data is presented as mean * SD, with all specimen values (dots). Only significant
differences (*, p < 0.05) are identified.



3.2.Spatial variation within the bone chamber

After 7 weeks of osseointegration, crystals close to the PTFE and away from the implant surface
(ROI2) were significantly thicker than the other ROlIs. Moreover, crystals in the central region, close
to the implant surface (ROI3) were significantly thinner (except compared to ROI4, which contained
only limited data, p = 0.07) (Figure 3A). Crystals in all ROIs were found to be significantly thinner
than those of the corresponding mature regions. After 13 weeks, a global increase in thickness was
observed (non-significant for the away-central ROI4, due to limited data points), towards the values
of mature regions (only values ROI1 and ROI3, close to the implant, stayed significantly lower,
p = 0.014) and differences among regions decreased.

Bone distribution was uneven throughout the chamber, with most of the bone tissue being found
in the corners (ROI1, significant after 7 weeks except with ROI2, p = 0.057), and the least, if not any,
found further away from the implant in the centre of the chamber (ROI4, close to the cortical bone)
(Figure 3B, Suppll). A global increase in bone ingrowth during healing was noted for all regions
though being significant for only ROI3, with more heterogeneity in the bone content among the
specimens after 13 weeks (Figure 3B).
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Figure 3 - Spatial and temporal evolutions of average crystal thickness (A) and bone content (B) in the bone
chamber according to analysis within 4 rectangular sub-regions of interest (ROI) (C). M: mature RO, 1:
lateral chamber close to the implant surface ROI (corners), 2: lateral chamber away from the surface RO, 3:
central chamber close to the implant surface ROI, and 4: central chamber away from the surface ROI. Data
is presented as mean * SD, with all specimen values as dots. Only significant differences (p < 0.05) are
identified as *.



3.3.Evolution from the implant surface

Refined analysis within 10 um-thick bands parallel to the implant surface revealed a progressive
increase in mineral crystal thickness when going from the implant surface to the end of the bone
chamber (cortical bone interface) (see Figure 1D, Figure 4A). For both time points, a fast thickening
of the crystals (rate of ~0.01 nm/um) was observed in the first 100 um, and mineral crystal
thicknesses were plateauing further away from the implant surface (Figure 4A). After 7 weeks of
integration, thicknesses increased from an average of 1.06 + 0.45 nm at the implant surface to
1.92 £0.16 nm at 100 um away (+ 80 %) (p = 0.014). The same tendency was observed at 13 weeks,
with globally thicker crystals, and values increasing from 1.55 + 0.07 nm to 2.48 + 0.15 nm (+ 60%)
(p = 0.014) (Figure 4A). Mineral crystal thickness was lower in all ingrowth bands compared to the
corresponding mature region, significant at 7 weeks (except the band furthest away from the
implant) and with lower differences at 13 weeks (only significant up to 120 um from the implant).
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Figure 4 - Evolution of average crystal thickness (A), plate orientation (B), degree of orientation (C) and
bone content (BA/TA, D), within 10 um thick bands from the implant surface (see Figure 1D), presented as
mean and standard deviations. 7w data points are presented in pink, 13w time points in red, and
corresponding mature (M) values in light and dark blue, respectively. Significant differences (p<0.05)
between 7 and 13 weeks are identified as * (for a given ROI).

Mineral platelets were more oriented close to the implant surface in the first 50 um (p < 0.05
compared to mature at 7 weeks), with an average orientation below 20°, where 0° is parallel to the
implant surface (Figure 4B). Further away from the implant, plate orientation gradually became
more heterogeneous (higher average values and larger standard deviations). Mineral plate
orientations in mature bone also presented relatively large variations; it has to be noted that the
specimens were cut radially, and that the degree of orientation was constant and moderate (around
0.6, Figure 4C, a score where 1 is fully aligned [44]).

A global increase in bone content was observed during osseointegration, significant only for ROls
between 30 and 60 um from the implant surface. After 13 weeks, the first 20um close to the surface
as well as the regions furthest away from the implant contained less bone (10 - 30 %, Figure 4D)
(p < 0.05, compared to the maximum at 40 um).



3.4.3D bone distribution

The 3D tomographic reconstructions of the two unsliced samples (Figure 5) and BV/TV
quantifications supported the bone distribution trends that were quantified in 2D slices (Figure 3B).
For both specimens, most of the bone was present in the corners (equivalent of ROI1 in Figure 1C)
with a BV/TV of 60 % and 64 % for 7 weeks’ and 13weeks’ specimens respectively. Bone was also
present close to the PTFE crown and the mature bone (equivalent of ROI2), with a BV/TV of 54 % in
both specimens. Less tissue was present in the central region close to the implant (equivalent of
ROI3), where BV/TV of 15 % and 18 % were found, and only small amount of bone in the away-
central region (equivalent of ROI4).
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Figure 5 - Bone segmentation (white) inside the PTFE chamber (light grey) of similar samples after 7 weeks
(left) and 13 weeks (right) of healing. 2D slices (A) extracted from the middle of the stack, corresponding to
the orientation of the analysed SAXS slices (e.qg., Figure 1B). Montages (B) representing sequential slices
parallel to the implant surface, from within the implant (slice 1, dark grey) to the end of the chamber
(slice 9), every ~30 um. 3D renderings (C) of the bone chambers, to appreciate bone distribution (the
implant is in black in the bottom).



4. Discussion

Advancing knowledge about how the bone ultrastructure adapts to an implant is crucial to better
comprehend the biomechanical properties of the newly formed bone-implant interface and
represents a first step to understand why and how an implant could later loosen and fail. Thorough
investigations of both spatial and temporal evolutions of bone ingrowth with respect to how the
mineral crystals are formed, oriented and re-shaped in close proximity to a metallic implant is
missing in the available literature. This study represents one of the first to investigate the evolution
of newly formed bone ultrastructure around a titanium surface using a micro-focused SAXS setup
and a bone chamber model. Spatial analyses revealed thicker mineral crystals close to the chamber
walls and away from the interface. Thin crystals were observed in the close vicinity of the implant,
quickly increasing in thicknesses during the first 100 um moving away from the surface. Moreover,
with increasing healing time, an overall thickening of the mineral crystals was observed, together
with increased bone tissue formation.

The average mineral crystal thickness values obtained in this study (ranging from 1.8 to 2.8 nm) are
consistent with the ones found in the literature. Mineral crystal thickness increased with age in a
similar animal model [30], from 1.6 nm in new-born to 2.5 nm in 6-month-old rabbit cortical bone.
The average mature bone crystal thickness of 2.5 - 2.8 nm measured here (Figure 2) is consistent
with literature data, where thickness from 2.5 nm [30] to 3.6 nm [47] have been reported for rabbit
mature bone of similar age. Moreover, newly formed bone values within the chamber (e.g. 1.8 nm
at 7 weeks) are similar to young rabbit bone (e.g. 1.8 nm for 4-week-old rabbits) [30]. The method
used in this study to estimate the crystal thickness has earlier been widely used [23,30,44,48].

Young and immature tissue in the bone chamber

Within the bone chamber, crystals were on average thinner than the ones in the mature bone
cortex, suggesting that the bone tissue was still young and immature. This is consistent with
literature, where thinner crystals were measured in close proximity to metallic pins [16,49] and
scaffolds [31], as well as in fracture healing studies where newly formed bone presented thinner
crystals compared to mature regions [24,44]. Studies focusing on resorbable materials have
depicted either thinner or thicker mineral crystals in newly formed bone, a discrepancy that could
be attributed to potential chemical effects on the bone during degradation [27,32—34]. Moreover,
we observed an increase in mineral crystal thickness in the bone chamber with increasing healing
time (from 1.8 + 0.45 nm to 2.4 £ 0.57 nm) consistent with a maturation of the bone tissue. This
result is in agreement with the literature on bulk bone, where an increase in thickness and length
of crystals with age has been reported [30,50] as well as during bone healing [24,44]. However, a
recent study that investigated bone formation around Titanium and resorbable screws in rats did
not report any differences in platelet thickness with healing nor compared to mature bone [51].
This discrepancy could be explained by their limited sample size, different sample preparation
strategies (difficulties in slicing a metal implant), as well as different data analysis approaches.
Indeed, mineral crystal thickness can be extracted using different methods, such as the stack of
card model assuming preferential direction and equal degree of mineralization [52], which may be
limited when investigating newly formed bone tissue, of heterogeneous structure. The curve-fitting
approach used in this manuscript is independent of any assumption on mineral volume fraction or
preferred direction for the mineral crystals.



The mineral crystal thickness was more heterogeneous in the newly formed bone compared to the
mature regions after 13 weeks (Figure 2C). This can be explained by the dynamic process of both
remodelling, i.e. existing bone matures (increase in crystal thickness), and ongoing new bone
formation (thinner crystals). This result is supported by visual observation of the crystal thickness
maps (Figure 2A, bottom) where thicker crystals are observed in the centre of the bone structure
and thinner crystals at the edges.

Understanding the evolution of mineral crystal thicknesses at the interface can help comprehend
the tissue mechanical properties. Nanoindentation campaigns measured lower elastics properties
in newly formed bone around titanium implants compared to mature bone [35,53,54]. A
relationship between mineral crystals thickness and elastic properties of bone tissue has been
suggested for rabbit cortical bone [30], but only limited data has been gathered in the proximity of
a metallic implant. A former nanoindentation campaign conducted by our team on similar
specimens confirms this relationship, as lower indentation moduli were measured in the bone
chambers, along with an increase during healing [35].

Implant affects the bone nanostructure up to 100 um

The evolution in 10 um thick bands from the implant surface outwards revealed thinner minerals
close to the implant surface, and a sharp linear increase in thickness in the first 100 um (Figure 4).
This focus on the mineral crystal thickness distribution at the bone-implant interface (50 - 100 um
from the implant surface) was possible thanks to the micro-focused SAXS setup — beamsize of
3.5 um (vert.) x 4.7 um (hor.) - as compared to earlier studies in the literature — beamsizes of 50 to
250 um [16,31,49]. To our knowledge, only Blinger et al. [31] have previously investigated the
spatial evolution of mineral crystals thickness around titanium and tantalum scaffolds (50 um beam
size), with findings consistent with our observations. In addition to thinner crystals, we also
observed crystals being more aligned along the implant surface within the first 50 um (Figure 4),
consistent with previous SAXS studies where crystals have been observed to align circumferentially
to Titanium rods [16,49] and along the surface of Titanium scaffolds [31]. Collagen fibers, following
the same orientation as mineral plates, have also been observed to align in the first micrometres
along the surface of extracted dental implants, using electron microscopy [55]. Both these findings,
i.e. thinner and aligned plates, suggest that the implant surface influences the structure and
orientation of the bone ultrastructure within approximately 100 um of a metallic implant. Together
with less bone tissue observed in the close vicinity of the implant, this could consequently affect
the binding to the interface. This could rise from the gap in mechanical properties between
Titanium (Young modulus roughly 100-120 GPa [56]) and newly formed bone tissue (around 2 to
12 GPa based on nanoindentation [35,57]) which leads to a localized heterogeneous mechanical
environment [58,59] and may affect mechanostransduction, and thereby also osseointegration [3].
These results are also supported by nanoindentation measurements [60], with lower indentation
moduli measured close to dental implants, at an increasing linear rate of 0.014 GPa/um until
approximately 150 um, before mechanical properties were observed to plateau.

A combination of distant and contact osteogenesis

A subdivision into four regions of interest (ROIl) within the bone chamber (Figure 3) enabled us to
understand the growth kinetics of bone healing in this model (see Figure 6). More bone was
observed close to the PTFE crown, both in the 2D slices (Figure 3B) as well as in the 3D rendering
from X-ray microtomography of similar samples (Figure 5). This could be explained by a combination



of contact and distance osteogeneses, in accordance with previous findings in bone chamber
models [10]. First, the slightly higher bone content in the corners (ROI1 in Figure 3B) could be
consistent with contact osteogenesis, i.e. bone formation in contact with the implant, potentially
facilitated by the design of the model, where the surfaces could promote bone cells migration
[61,62], and the blood containing osteogenic cells could accumulate in the corners [63]. Second,
the thicker crystals observed in regions close to existing mature bone (ROI2 in Figure 3A) would
suggest older bone, and would be consistent with distance osteogenesis, where bone forms by
apposition onto existing mature bone. The healing process would thus proceed with tissue
remodelling in the corners together with apposition of new bone from the mature cortex inwards,
along with bone starting to colonize the central implant surface (Figure 6). At last, a bridging with
the mature cortex in the centre of the chamber would occur, where only limited bone was seen
(Figure 3, Figure 5). The observed differences in crystal thicknesses and the suggested kinetics of
ingrowth are consistent with recent mechanical data gathered with nanoindentation and micro-
Brillouin scattering techniques on sequential slices to the ones analysed here, where higher elastic
properties were measured at the chambers’ edges (unpublished data). Earlier healing time points
will be investigated in the future to validate such hypothesis.

Implant
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N\a\\.\‘fe
corter

—— e
PTFE ** **

Mature
corte*

Healing time

Figure 6 — Schematic description of bone ingrowth kinetics in the chamber, the arrows illustrate the main
directions of bone growth.

The limitations of this study include a low number of specimens (n = 4 per group). However, this
still represents the largest and most refined SAXS study investigating spatial evolution of bone
mineral crystal thickness at the bone-implant interface. Only crystals diffracting in the beam
direction contributed to the average thickness and orientation measured here, which limits the
analysis to the currently analysed radial direction; this will be extended through other cutting
directions in the future, particularly along the longitudinal direction, where bone presents a higher
degree of orientation [30]. We did not correct for sample transmission or thickness as both
parameters were similar among specimens. Moreover, as neither of the reported parameters is
directly dependent on absolute intensity, this did not affect the comparisons performed in this
study. To focus on the bone-metal interface, the bone chamber was designed with a PTFE crown,
considered inert to bone [64] and with lower mechanical properties thus preventing any stress-
shielding. Still, this crown could have influenced the results and further studies will explore such
effect and investigate the use of other inert materials. The slight increase in control mature values
—non-significant) could rise from the surgery or ongoing growth of the animals, and will be
corrected in further studies also assessing the contralateral non-operated limbs. Sample
preparation was challenging as thin slices of bone together with a metallic implant are difficult to
prepare, and thicker slices are not compatible with diffraction measurements. Therefore, 100 um-
thickness were selected as a trade-off, being sufficiently thin, while ensuring that all interfaces



remained intact without debonding. Finally, this study focused on early implant stability and the
evolution of the bone-implant interface within the first weeks after surgery. Further studies
involving different models would be needed to explore how the biomechanical properties of the
interface evolve along bone remodelling and adapt to e.g., changes in loading patterns [3,65].

5. Conclusions

This represents the first micro-focused SAXS study that investigated both spatial and temporal
evolutions of mineral crystal thickness and plate orientation at the bone-implant interface. With a
standardized bone chamber model, we could isolate newly formed bone presenting thinner mineral
crystals compared to mature tissue, and observed the thickening of the crystals during healing as
bone matures and is being remodelled. The micro-resolution setup enabled a refined analysis close
to the implant surface, where an approximate 100 um-thick bone tissue layer presented thinner
crystals oriented along the implant surface, rapidly thickening and displaying less alignment moving
further inside the bone chamber. This immature bone layer suggests an ongoing osseointegration,
with potentially still weak mechanical properties. Crystal thickness appears to be a sensitive
parameter to follow and attest of good osseointegration. Further detailed studies are required to
deepen the investigation of bone ultrastructure close to implants, especially concerning the
adaptation of the interface to mechanical loading.
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8. Supplementary Data

Suppl 1 - Crystal thickness maps in the bone chambers (left) and the mature regions (right) for all
specimens after 7 weeks (specimens S1 to S4) and 13 weeks of integration (specimens S5 to S8).
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