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ABSTRACT

Osteoregenerative biomaterials for the treatment of bone defects are under much development,
with the aim of favouring osteointegration up to complete bone regeneration. A detailed
investigation of bone-biomaterial integration is vital to understanding and predicting the ability
of such materials to promote bone formation, preventing further bone damage and supporting
load-bearing regions. This study aims to characterise the ex vivo micromechanics and
microdamage evolution of bone-biomaterial systems at the tissue level, combining high
resolution synchrotron micro-computed tomography, in situ mechanics and digital volume
correlation. Results showed that the main microfailure events were localised close to or within
the newly formed bone tissue, in proximity to the bone-biomaterial interface. The apparent
nominal compressive load applied to the composite structures resulted in a complex loading
scenario, mainly due to the higher heterogeneity but also to the different biomaterial
degradation mechanisms. The full-field strain distribution allowed characterisation of
microdamage initiation and progression. The findings reported in this study provide a deeper
insight into bone-biomaterial integration and micromechanics in relation to the
osteoregeneration achieved in vivo, for a variety of biomaterials. This could ultimately be used

to improve bone tissue regeneration strategies.
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Osteoregenerative biomaterials, bone-biomaterial interface, SR-microCT, in situ mechanics,

digital volume correlation.



1. INTRODUCTION

Bone is constantly undergoing remodelling during life due to the necessity of adapting to
loading conditions and to remove old damaged bone, replacing it with new, mechanical
stronger tissue; thus preserving bone strength . As a dynamically adaptable material, bone
displays excellent regenerative properties 2; however, non-union fractures, tumour resections
and some musculoskeletal diseases can lead to critical size bone defects 3, which cannot heal
spontaneously and require additional treatments before they can regenerate *. Bone is the
second most frequent transplanted tissue after blood transfusion . It is estimated that over two
million bone grafting procedures are performed annually worldwide ® aiming at augmenting
bone formation. Current strategies for bone grafts include the use of autografts, allografts and
synthetic grafts. Although autografting is still considered as the gold standard 7 for
stimulating bone repair and regeneration, it is accompanied with risks of donor site morbidity
and limited availability '®!!. Even though the use of allografts, taken from cadavers or donors,
circumvent some of the shortcomings of autografts, the procedure is limited by risk of
transmission of disease and a high non-union rate with the host tissue '>!3. The development
of synthetic bone substitutes during the past decades has provided a valuable alternative,
addressing the limitations of autologous and allogeneic bone grafts and improving bone
regeneration by incorporating osteoconductive properties '%'®. Among those synthetic
materials, calcium phosphate ceramics and bioactive glasses are widely used in reconstruction
of large bone defects 71713,

Calcium phosphates ceramics (CPCs) are constituted by calcium hydroxyapatite (HA), which
is similar in chemical composition to the mineral phase of bone . The composition of the final
product can be controlled by adjusting the calcium/phosphate ratio (Ca/P). Among CPCs, HA-
based ceramics show excellent osteoconductive and osteointegrative properties "', Therefore,

they have gained great attention in clinical studies *°~*. However, their relative high Ca/P ratio



and crystallinity delay the resorption rate of HA, which typically exhibit a slow resorption at
the early stages (weeks 1 to 6) and require long times (months to years) for a complete
integration in vivo and subsequent replacement by newly formed bone !”. Conversely, bioactive
glass refers to a group of synthetic silicate-based ceramics, characterized mainly by their
osteoconductive properties, but they also present some osteoinductivity 2>~2’. Bioactive glasses
are composed of silicate, sodium oxide, calcium oxide, and phosphorous pentoxide; the key
component, silicate, constitutes 45-52% of its weight. This optimised constitution lead to a
strong and rapid bonding to bone tissue 2*2°. Additionally, they show a fast resorption rate in
the first weeks of implantation and can be completely resorbed within six months '8, Bioactive
glass materials are widely used clinically to repair bone defects in maxillofacial and
orthopaedic interventions 27,

Bone defect animal models remain essential tools for preclinical research of novel biomaterials
3132 overcoming limitations of in vitro studies due to the reduced complexity of the
environment. Appropriate in vivo bone healing models for assessment of bone substitutes
materials under different loading conditions; for extended duration, in different tissue qualities
and age 3232, Therefore, the establishment of a suitable animal model is essential prior to the
evaluation of novel biomaterials. The use of ovine models to test new bone grafts has increased
over time because of their similarities with humans in weight, bone structure and bone
regeneration >*37. Typically, defects are created in a weight-bearing region of the sheep bone,
which provides similarities in bone composition, defect size and healing rate compared to
humans %3, Critical defects models generally evaluate the in vivo performance of biomaterials
in terms of bone regeneration, remodelling, biomaterial resorption and biological effects 3340,
However, their biomechanical competence after implantation is poorly understood *'. A

micromechanical characterisation of the bone-biomaterial systems produced in vivo after

different bone grafting procedures is essential to demonstrate their ability to produce bone that



is comparable with the native tissue they are meant to replace, and therefore, support load-
bearing regions. More specifically, an understanding of the internal microdamage progression
at the bone-biomaterial interface, which could promote the failure of the entire bone structure,
is needed to further characterise the mechanical performance and overall structural response of
such composites.

A combination of time-lapsed micro-computed tomography (microCT) with in sifu mechanics
allows the evaluation of the internal microdamage progression in bone and biomaterials ***.
Furthermore, a quantification of full-field strain field can be achieved using digital volume
correlation (DVC). In fact, during the past decade DVC has become a powerful and unique tool

44-46 and bone-biomaterial

to examine the three-dimensional (3D) internal deformations in bone
composites *7*®. Particularly, Tozzi et al. *’ assessed the microdamage of bone-cement
interfaces under monotonic and cyclic compression, and more recently, Danesi el al. *® applied
DVC to study failure mechanisms of cement-augmented vertebral bodies. Both studies
successfully showed the internal strain distribution in bone-biomaterial composites under
different loading scenarios, however some questions remain. Firstly, bone-cement composites
were produced in vitro, restricting the real integration of both materials, and therefore the in
vivo competence. In addition, strain measurements were computed at the apparent level,
enabling the classification of high- or lowly localised strains in relatively large regions (above
0.6 mm); thus, unable to provide information of the strain distribution at the interface and in
the tissue. Actually, deformation mechanisms at the bone-biomaterial interfaces are still
missing due to the intrinsic limitation of laboratory-based microCT systems, which are unable
to offer sufficient spatial resolution and signal to noise ratio (SNR) to properly resolve features
at the boundary without the requirement of long acquisitions times. This problem can be

overcome using synchrotron radiation (SR) based microCT, to access fast imaging with high

spatial resolution and SNR #°-3!, Additionally, DVC based on SR-microCT images has recently



been proven to provide reliable strain measurements at the tissue level >4, suggesting that an
accurate 3D full-field strain evaluation can be obtained at bone-biomaterial interfaces >°.

The main purpose of this study was to investigate, for the first time, the 3D full-field strain
distribution at the bone-biomaterial interface, in relation to the newly regenerated bone
produced in vivo after the implantation of commercial osteoregenerative grafts in an ovine
model. DVC in conjunction with in situ SR-microCT mechanics was performed to evaluate the
internal strain and microdamage evolution of bone-biomaterial systems under compression.
The finding of this paper will improve the understanding of the micromechanical behaviour of

bone-biomaterial structures formed in vivo due to the bone regeneration process associated with

bone grafting procedures.

2. METHODS

2.1. Biomaterials

Cylindrical bone defects (8 mm diameter by 14 mm depth) were surgically created >® in the
femoral condyles of a female adult sheep (80 Kg). Four different synthetic bone graft materials
were then implanted in the defects under Ethics approval granted by the Royal Veterinary
College and in compliance with the United Kingdom Home Office regulations (Animal
Scientific Procedure Act [1986]).

The selected bone graft materials are commercially available biomaterials: Actifuse; ApaPore
(ApaTech Ltd, UK); StronBone and StronBone-P (RepRegen Ltd, UK). Actifuse and ApaPore
are HA-based bioceramics. Whereas ApaPore presents a pure HA phase, Actifuse is a silicon-
substituted HA (Si-HA), containing 0.8% silicon by weight °’. Both materials have an
interconnected macro and microporous structure, which favours the scaffold osteoconduction.
Additionally, the incorporation of silicon to the bone graft promotes rapid bone formation %,

StronBone and StronBone-P are silicate-based bioactive glasses containing strontium, which

has shown a positive effect on bone metabolism ?’. StronBone-P is a more porous version of



StronBone and has been proven to promote a more rapid bone growth and higher remodelling
rate *°. The choice of four different biomaterials was intended at exploring microdamage
mechanisms at the bone-biomaterial interface, in relation to their different osteointegration and

osteoconduction performance on the same animal model following in vivo service.

2.2. MicroCT scanning and sample preparation

Six weeks after implantation, both left and right condyles were harvested. X-ray micro-
computed tomography (microCT) was conducted (ZEISS Xradia Versa 520) using a flat panel
detector to identify areas of bone and biomaterial, as shown in Figure 1. Condyles were kept
immersed in saline solution throughout image acquisition. The instrument was set to a voltage
of 110 kV and a current of 91 pA. With an isotropic effective voxel size of 56 pum, 2001
projections were acquired over 360° with an exposure time of 0.36 s per projection. After
inspection of the reconstructed microCT images, the desired sample locations were identified
(Figure 1) and a trephine blur drill was manually positioned following the condyle and defect
geometry. Cylindrical samples (4 mm in diameter and 18 mm in length) were then cored from
the thawed condyles in the proximal-distal direction (Figure 1). The biomaterial regions were
clearly visible in the condyles; however, the amount and position of the graft within each bone-
biomaterial system could not be controlled during the extraction. Such difficulties allowed for
only four bone-biomaterial systems from the bone defect areas to be extracted; additionally,
one control sample (trabecular bone) was also cored (Figure 2). The ends of the cores were
trimmed plane and parallel, and end-constraint was achieved by embedding the samples in
poly-methyl-methacrylate (PMMA) endcaps. Approximately 5 mm of the core was embedded
into each endcap to achieve a 2:1 aspect ratio, reducing experimental artifacts ® during
mechanical testing. Samples were kept frozen at -20° and thawed for around 2 h in saline

solution at room temperature before image acquisition.



Figure 1. 3D volume reconstruction (left) and representative microCT slices of the four bone
defects in the left (a) and right (b) femoral condyles, showing osteointegration of the bone
grafts. (Ac: Actifuse; Ap: ApaPore; Sb: StronBone, Sb-P: StronBone-P, TB: Trabecular bone
control). Sites of sample extraction are marked with yellow circles (middle figures), whilst

direction of extraction is marked with dashed lines (right figures).

2.3. SR-microCT and in situ mechanics

SR-microCT imaging was performed at the Diamond-Manchester Imaging Branchline 113-2
(Diamond Light Source, UK), using a filtered (1.3 mm pyrolytic graphite, 3.2 mm aluminium
and 60um steel), partially-coherent, polychromatic ‘pink’ beam (5-35 keV) of near-parallel
geometry with an undulator gap of 5 mm. Samples were aligned for imaging under low-dose
conditions (~10 minutes per sample) by temporarily setting the undulator gap to 10 mm °!.
Projections were recorded by a sCMOS (2560 x 2160 pixels) pco.edge 5.5 (PCO AG,

Germany) detector, which was coupled to a visual light microscope. A 1.25X objective lens

(with 500 pm-thick CdWOys scintillator) was used to achieve a total magnification of 2.5X,



resulting in an effective voxel size of 2.6 um and a field of view of 6.7 x 5.6 mm. For each
dataset, 1801 projection images were collected over 180 degrees of continuous rotation (‘fly
scan’). The exposure time was set to 64 ms per projection in order to minimise irradiation-
induced damage during image acquisition 2. The propagation distance (sample to detector)
was set to 150 mm to provide sufficient in-line phase contrast and better visualise the
microstructure >°. The projection images were flat-field and dark-field corrected prior to
reconstruction. For each dataset, 40 flat and dark images were collected. Reconstruction was

performed at Diamond using the in-house software, DAWN 63,64

, incorporating ring artefact
suppression.

In situ uniaxial compression testing was performed using a micro-mechanical loading stage
equipped with a SkN load cell and environmental chamber (CT5000, Deben Ltd, UK).
Specimens were immersed in saline solution throughout the duration of the test to simulate
physiological conditions. A small preload (~5N) was first applied to ensure good end contact
prior to testing. Each specimen was subjected to four compression steps under displacement
control at a constant cross-head speed of 0.1 mm/min. The first three compression steps were
set to 0.1, 0.25 and 0.5 mm of displacement, whereas for the last step the actuator was stopped
after failure detection from the load-displacement curve. Specimens were allowed to settle for
10 minutes after each compression step before image acquisition to reduce stress relaxation
during imaging. Full tomographic datasets were acquired at each loading step, under the
applied displacement, after two repeated scans (preload state) prior to loading for DVC error

analysis 2.
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Actifuse StronBone StronBone-P Control

Figure 2. SR-microCT reconstruction of the four cylindrical bone-biomaterial systems and the
trabecular bone control sample (4 mm in diameter and 5.6 mm in height) showing the cubic
volume of interest (VOI, 2.6 mm?) used for DVC analysis. VOIs were selected to include the
interface (dotted white line) between the different grafts and the bone tissue. Samples were

compressed in the z direction.

2.4. Image post-processing

After image acquisition, the 3D datasets were rigidly registered using the unloaded image as a
reference >°. Then, images were denoised by applying a non-local means filter . The filtered
SR-microCT images were masked by setting to zero the grayscale intensity of non-
bone/biomaterial voxels *°. Briefly, binary images (value one for bone-biomaterial voxels and
zero elsewhere) were created using a global thresholding segmentation followed by an iterative
approach that filled small holes and removed isolated pixels. Masked images were obtained by
multiplying the filtered and binary 3D images. The same approach was used to segment the
remaining bone graft from the bone tissue in bone-Actifuse, bone-ApaPore and bone-
StronBone-P specimens. This procedure could not be applied to the bone-StronBone as the

biomaterial was considerably more resorbed and the difference in the grey-level intensity
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between bone and biomaterial was minimal (Figure 2). The solid volume fraction (SV/TV) was
computed for each specimen as the amount of material in the hard phase (bone/biomaterial)
over the total volume (TV) of the imaged specimens. Additionally, the bone volume fraction
(BV/TV) and graft volume fraction (GV/TV) were similarly computed for the bone-Actifuse,
bone-ApaPore and bone-StronBone-P specimens. Finally, a volume of interest (VOI) was
cropped from each tomogram for DVC analysis. The VOI consisted of a parallelepiped with
side lengths of 1000 voxels (2.6 mm?) and it was set in the centre of the volume for the
trabecular bone specimen (control) and manually selected for the bone-biomaterial specimens

in order to include the bone-biomaterial interface (Figure 2).

2.5. Digital volume correlation

DVC (DaVis v8.4, LaVision, Goettingen, Germany) was used to compute full-field strains
throughout the bone-biomaterial composites and the control trabecular bone specimens after
each compression step. DaVis is a cross-correlation method operating on the intensity values
(grey-level) of 3D images. The operating principles have been extensively reported elsewhere
5367 The DVC parameters used in this study relied on a previous methodological work based
on repeated SR-microCT scans of the specimens in a ‘zero-strain’ condition for the error
assessment as a function of sub-volume size and imaging post-processing >.

Thus, DVC computation was conducted using a multi-pass scheme ¢’ with a final sub-volume
of 48 voxels, reached via successive (predictor) passes using sub-volumes of 112, 96, 80 and
64 voxels, with 0% overlap between the sub-volumes. DVC was applied to the masked images,
treating the non-hard phase as a black ‘zero-count’ region to avoid large strain artifacts in
regions without a clear pattern distribution (i.e. saline, bone marrow). Additionally, sub-
volumes with a correlation coefficient below 0.6 were removed from the resultant vector, to
avoid artifacts due to poor correlation. Errors on the DVC-computed displacements using the

described settings did not exceed 0.22 um, whereas the mean absolute error (MAER) and the

12



standard deviation of the error (SDER) of the strain components were found to be ~200 pe and
~100 pe, respectively. Given the voxel size of the SR-microCT images, the final DVC
computed spatial resolution corresponded to ~125 um; thus, providing full-field strain at the
tissue level, within the bone tissue and/or biomaterial 7>,

In order to evaluate the 3D full-field strain distribution in the selected specimens over time in
relation to the deformation induced by the compressive applied load, first (gp1) and third (gp3)
principal strains and maximum shear strain (Ymax) were computed within the bone-biomaterial
volume after a bi-cubic interpolation of the measured strain to allow a strain value per voxel.
Histograms of the strain distribution were calculated as the number of voxels for
bone/biomaterial with strains corresponding to a specific bin, divided by the total number of
mineralised voxels. 1000 bins were used to cover a range from 0 pe to £10000 pe for the first
and third principal strains, and 0 pe to 15000 pe for the shear strain. Additionally, the yielded
solid volume (SVy) was computed as the mineralised voxels exceeding +/-10000 pe in

tension/compression, or above 15000 pe in shear %,

2.6. Multi-scale microCT

Following the in situ mechanical test, multi-scale microCT was performed in the bone-
biomaterial systems to acquire high-resolution images in regions of newly formed bone.
MicroCT was performed (ZEISS Xradia Versa 510) at three different resolutions (4 um, 1.5
pm and 0.5 um voxel size) using the ‘scout-and-zoom’ workflow available in the system and
different optical magnification. Firstly, medium-resolution (4 pm voxels) was set using 60 kV
at 0.4X optical magnification with an exposure time of 5 seconds per projection in order to
have the entire specimen diameter in the field of view (~ 4 mm). Then, a VOI (1.5 mm?) at the
bone-biomaterial interface was identified and a high-resolution (1.5 pum voxels) acquisition
was performed using 60kV energy at 4X optical magnification with an exposure time of 6

seconds. Finally, the ‘zoom-in’ process converged on a smaller VOI (0.5 mm?) from the second

13



reconstructed volume to include some remaining bone graft material and most of the newly
formed bone. The highest-resolution (0.5 um voxels) imaging was conducted at 80kV and a
20X optical magnification with an exposure time of 30 seconds per projection. 2001 projections
were acquired for the three tomograms at a rotational step of 0.18°, resulting in a total scanning

time of 23 hours per specimen approximately.

3. RESULTS

3.1. In situ SR-microCT mechanics

The extracted bone-biomaterial specimens presented a large variation in their SV (Table 1),
ranging from 38% for the bone-ApaPore to 48% for bone-Actifuse, which also presented the
highest GV/TV. In all bone-biomaterial systems the BV/TV was higher than in the trabecular
bone specimen. The orientation and positioning of the graft boundary also differs among the
specimens (Figure 2). Whereas bone-ApaPore presented an almost continuous path of graft
material from bottom to top in an almost vertical orientation, bone-Actifuse, bone-StronBone
and bone-StronBone-P showed the remaining graft localised mostly at one of the ends of the

specimen at various angles.
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Table 1. Solid volume fraction (SV/TV) in the four bone-biomaterial and the control specimens
computed from the reconstructed SR-microCT images prior to loading. A quantification of the
bone volume fraction (BV/TV) and graft volume fraction (GV/TV) is also shown for the bone-
Actifuse, bone-ApaPore and bone-StronBone-P systems. Bone-StronBone specimen did not

provide enough contrast to segment the graft material from the bone tissue.

SV/TV (%) BV/TV (%) GVI/TV (%)

Actifuse 48.0 38.5 9.5
ApaPore 38.0 25.6 12.5
StronBone 41.8 - -—-
StronBone-P 40.7 34.8 5.9
Control --- 23.6 -

The force-displacement curves (Figure 3) showed an initial toe region, followed by a
monotonic trend that was linear during the first two steps up to 0.25 mm of compression. Stress
relaxation was also visible at the end of each compression step, when the actuator was stopped
to allow SR-microCT scanning. Failure was considered at the point where force reached a
plateau or eventually dropped. This occurred either during the third step (bone-StronBone), or
during the fourth step (all others). The bone-StronBone specimen presented a more ductile
behaviour with respect to the others, and failure was only reached after 1 mm of compression.
On the other hand, the bone-Actifuse seemed to be much stiffer, and failure was reached for an
applied load an order of magnitude higher than the other specimens (160 N for bone-Actifuse
compared to ~60N for bone-ApaPore). Bone-ApaPore and bone-StronBone-P specimens
showed behaviour more similar to the trabecular bone control, with elastic regions fairly
parallel. Furthermore, failure for bone-StronBone-P and control specimens was experienced at

a similar point (~ 50 N force and ~ 0.8 mm compression).
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Figure 3. Load-displacement curves for the tested specimens. The force shows a drop at the
end of each compression step, corresponding to the stress relaxation while the specimen was

allowed to settle (10 min) before image acquisition (~2 min).

A qualitative inspection of the SR-microCT images of the four bone-biomaterial systems
before and after failure (Figure 4) showed the different integration of the bone graft materials
within the bone matrix. SR-microCT evaluation clearly distinguished the three distinct
materials that were present: bone marrow (dark grey), bone tissue gradients (medium greys),
and remaining bone graft (light grey). In addition, the newly formed bone was easily
recognisable in proximity of the remaining biomaterial and differs from the more remodeled
trabecular bone, present in bone-ApaPore and bone-Actifuse specimens, in the more
amorphous organisation (i.e. woven type). A comparison of the SR-microCT images before
and after failure revealed how microdamage accumulated during in sifu compression mainly
developed in proximity (Actifuse- ApaPore-bone) or within (StronBone- StronBone-P-bone)
the new regenerated tissue. Failure in bone-Actifuse and bone-ApaPore specimens degenerated
in trabecular fracture, whereas microcracks were clearly visible in the newly formed bone at
the bone-biomaterial interface for the bone-StronBone-P. Microdamage in bone-StronBone
was not detected by visual inspection, in accordance to the fact that overall failure was not

identified (Figure 3).
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StronBone-P

Before failure

At failure

Figure 4. SR-microCT cross-sections through the VOI of each bone-biomaterial system before
(top) and after (bottom) failure. Areas corresponding to trabecular bone (TB), newly formed
bone (NFB) and bone graft material (BG) are indicated in the top row before failure. Arrows
in the bottom row of images indicate visible microcracks developed either in the pre-existing
bone for bone-Actifuse and bone-ApaPore or in the newly formed bone for bone-StronBone
and bone-StronBone-P after mechanical loading. Samples were compressed in the z direction,

perpendicular to the shown cross-sections. Scale bar is valid for all images.

3.2. Digital volume correlation

The third principal strain distributions (gp3) for the four compression steps are reported in
Figure 5 for a representative VOI (1.6 x 1.6 x 1.0 mm?®) including the bone-biomaterial
interface. A strain accumulation in regions of trabecular bone was observed for the bone-
Actifuse and bone-ApaPore specimens (Figure 5, first and second row), where failure was
located at the end of the test. After the second compression step (Al = 0.25 mm) a strain
redistribution appeared in bone-Actifuse specimen; however, a further increase in the applied
load (third step, Al = 0.5 mm) led to higher compressive strains in the original (Al = 0.1 mm)

more strained areas, which further developed in trabecular fracture. Additionally, after fracture,
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the structure lacked support for load transfer; thus, high differences of residual strain were
observed between the fractured regions (trabecular bone) and the undamaged ones (bone graft).
The compressive strain distribution of bone-StronBone and bone-StronBone-P presented an
opposite behaviour due to the differences of graft integration within the newly formed bone
(Figure 4). Bone-StronBone system (Figure 5, third row) showed strain accumulation mainly
in areas of newly formed bone, whereas areas in which bone graft remained unabsorbed
presented low strain levels. Conversely, higher compressive strains were found in the bone
graft regions for the bone-StronBone-P system (Figure 5, fourth row) and low strain values in

the newly formed tissue.
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Figure 5. 3D full-field third principal strain distribution (gp3) at each compression step for the
bone-biomaterial systems and the trabecular bone control. A representative VOI (1.6 x 1.6 x
1.0 mm®) at the bone-biomaterial interface was analysed. Bone-biomaterial interface is
indicated by a dotted line in the first column. Microcracks after failure are indicated with arrows
as well as material in which failure was observed. Samples were compressed in the z direction.

TB: Trabecular bone; NFB: newly formed bone; BG: bone graft material.
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Full-field first principal strain (&p1) and shear strain (ymax) distributions are reported in Figure
6 and 7, respectively, for all the specimens. A similar strain behaviour for the compressive
strain (gp3) was observed for the bone-Actifuse and bone-ApaPore specimens, in which the
strain development seemed to predict the failure in the trabecular bone regions. Tensile strains
in bone-StronBone (Figure 6, third row) were considerably lower than compressive strains,
whereas an important difference in the shear and compressive strain between areas of
remaining bone graft and newly formed bone was observed (Figure 7, third row) in the same
specimen. On the other hand, the distribution of tensile and shear strains in the bone-
StronBone-P (Figures 6 and 7, fourth row) at failure differed from the compressive strains, as
higher strain magnitudes were identified along the microcracks developed through the bone-

biomaterial interface.
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Figure 6. 3D full-field first principal strain distribution (gp1) at each compression step for the
bone-biomaterial systems and the trabecular bone control. A representative VOI (1.6 x 1.6 x
1.0 mm®) at the bone-biomaterial interface was analysed. Bone-biomaterial interface is
indicated by a dotted line in the first column. Microcracks after failure are indicated with arrows
as well as material in which failure was observed. Samples were compressed in the z direction.
TB: Trabecular bone; NFB: newly formed bone; BG: bone graft material.
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Figure 7. 3D full-field maximum shear strain distribution (ymax) at each compression step for
the bone-biomaterial systems and the trabecular bone control. A representative VOI (1.6 x 1.6
x 1.0 mm?) at the bone-biomaterial interface was analysed. Bone-biomaterial interface is
indicated by a dotted line in the first column. Microcracks after failure are indicated with arrows
as well as material in which failure was observed. Samples were compressed in the z direction.

TB: Trabecular bone; NFB: newly formed bone; BG: bone graft material.



The yielded solid volume (Table 2) after failure emphasised the different behaviour for the
bone-Actifuse and bone-ApaPore compared to bone-StronBone and bone-StronBone-P
specimens. The first two presented a small percentage of damaged volume, which was more
important in the bone tissue than in the remaining bone graft, and a higher yielded volume was
reached in a combination of tensile and shear states. On the contrary, a yielded solid fraction
started to accumulate in the bone-StronBone right after the first compression step, resulting in
over 25% of damaged volume after the third step and 40% after failure in both compression
and shear. The yielded volume after failure for the bone-StronBone-P was also over 40% in
tensile and shear and it was more important in the biomaterial region than in the bone tissue
area. Tensile and shear strains seemed also more damaging in the trabecular bone control

specimen, with 30% of its volume yielded after failure.
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Table 2. Yielded solid volume in tension (SVy, ¢p1), compression (SVy, ¢p3) and shear (SVy, ymax)
after failure in the four bone-biomaterial and the control specimens, as computed using DVC.
SVy was computed as the hard phase voxels exceeding +/- 10000 pe in tension/compression,

or above 15000 pe in shear.

SVy epl (%) SVy, €p3 (%) SVy, ymax (%)

Actifuse
Bone 0.79 0.23 0.83
Biomaterial 0 0 0
ApaPore
Bone 10.89 5.37 8.99
Biomaterial 0.02 0.02 0.02
StronBone
Bone 25.63 4243 42.49
Biomaterial - - -
StronBone-P
Bone 45.53 17.43 43.99
Biomaterial 50.21 38.08 57.03
Control
Bone 30.54 13.52 29.85
Biomaterial - - -

The histograms of shear strain (Figure 8) for the first and last compression steps well described
the strain evolution in the bone and biomaterial areas of the analysed specimens. As expected,
maximum amplitudes were reached for lower strain values after the first compression step
compared to the last (failure). Additionally, peak values corresponded to lower strains in the
biomaterial areas in bone-Actifuse and bone-ApaPore, but to higher strain levels in the

StronBone-P.
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Figure 8. Histograms of the maximum shear strain distribution (ymax) in the hard phase (bone-
biomaterial) of the VOI as computed using DVC for the first compression step (blue) and after
failure (orange). Values exceeding 15000 pe are reported in Table 2. A partition of the strain
in the bone (trabecular and newly formed, solid line) and biomaterial (bone graft, dotted line)
is shown for the bone-Actifuse, bone-ApaPore and bone-StronBone-P specimens. Bone-
StronBone specimen did not show enough contrast (Figure 4) to segment the graft material

from the bone tissue.
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3.3. Multi-scale microCT

High resolution microCT images (Figure 9) provided morphological and degree of
mineralisation information that allowed for differentiation of trabecular bone, newly formed
bone and remaining bone graft, as well as the osteoconduction around the graft material. Bone-
Actifuse and bone-ApaPore showed minimal dissolution of the biomaterial, with large areas of
remnants with no signs of resorption. Bone formation was identified within the graft granules
and in their proximity. More newly formed bone tissue, characterised for highly disorganised
structure compared to the native trabecular structure, was observed in the bone-Actifuse.
However, bone-ApaPore presented a more organised bone formation directly from the graft
material. Bone-StronBone and bone-StronBone-P specimens also showed some remnants of
biomaterial in the bone defect areas; however, resorption was observed within the newly
formed bone regions, characterised for a higher mineral density (lighter grey-level). The
interface between the biomaterial and bone was almost completely assimilated (Figure 9-I) but
some gaps were visible at higher magnification (Figure 9-II, III, green arrows) in bone-
Actifuse, bone-ApaPore and bone-StronBone-P. For all bone-biomaterial systems bone was
identified not only in contact with the outer surface of the graft but also within its pores (Figure
9, blue arrows). The higher-resolution scans enabled identification of osteocyte lacunae within
the newly formed bone (Figure 9-III, yellow arrows). Furthermore, the larger pores found in
the newly formed bone may correspond to blood vessel formation (Figure 9-11I, white arrows).
Additionally, cracks in the ApaPore and StronBone-P, most likely associated with the bone
impaction grafting procedure, could be identified at the highest resolution (Figure 9-1I, III, red

arrows).
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Figure 9. Multi-scale microCT images of the bone-biomaterial systems obtained by increasing
the spatial resolution. Images were first acquired at a medium resolution (4 um?® voxel size, I).
A VOI (yellow circle) was selected and a higher resolution acquisition was performed (1.5 um?
voxel size, II). A second VOI (red circle) was then chosen to achieve the highest resolution

27



(0.5 um? voxel size, IIT). Bone formation was observed within pores (blue arrows), and some
gaps were visible at the bone-biomaterial interface (green arrows). Bone graft material
presented some cracks (red arrows). Osteocyte lacunae (yellow arrows), and blood vessels
(white arrows) were identified at the highest resolution. Scale bars are valid for all images in

the same column.

4. DISCUSSION

The aim of this study was to investigate and quantify the full-field strain distribution of bone-
biomaterial systems produced in vivo by osteoregenerative bone graft materials, combining in
situ SR-microCT mechanical testing and DVC. More specifically, this work aimed at
evaluating the internal strain and microdamage progression of such composites, and the
specific strain distribution in bone graft remnants, newly formed bone and trabecular bone.
Despite the fact that synthetic bone grafts have shown excellent performance in terms of bone
regeneration !7, their mechanical competence is partially unexplored 475

At an apparent level similar forces were observed within the elastic range for the bone-
biomaterial systems and the control trabecular bone sample, which then differed with load
progression (Figure 3). However, a comparison of the apparent behaviour of the studied
composites is challenging, as it depends not only on the distinct implanted bone graft material,
but also on their integration during the regeneration process and their volume fraction.
Variation in the sample extraction prevented fine control of the graft volume and orientation
within the individual specimens (Figure 2), which ultimately affected the apparent mechanics.
Bone-Actifuse showed the stiffest behaviour (Figure 3), which may be related to the higher
solid volume fraction (Table 1) compared to the other systems. It is interesting to note
differences in the apparent mechanics of bone-bioglass systems, where bone-StronBone
presented a highly ductile behaviour and bone-StronBone-P was much stiffer (Figure 3). Both

systems had a similar solid volume fraction (Table 1) and graft location (Figure. 2), but the
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variations in the biomaterial integration (Figure 9) play an important role in their
dissimilarities. The higher resorption and integration of StronBone compared to StronBone-P
lead to denser regions of newly formed bone (Figure 9) with different mineralisation levels in
bone-StronBone, which may affect the viscoelasticity of the specimen. It is also worth noticing
the similar apparent behaviour of bone-ApaPore system and the trabecular bone control
specimen, regardless of their different solid volume fraction, composition and morphometry.
A better and more accurate characterisation of the mechanical properties of newly bone formed
could be achieved using different mechanical tests (i.e. micro-, nanoindentation), in which the
variations of the biomaterial within each sample would not limit interpretation of the results.
Particularly, Gauthier at al., *! measured the compressive strength of the newly regenerated
tissue after implantation of an injectable bone substitute using microindentation, showing that
the implanted biomaterial could support the formation of new bone with compressive strength
higher than in the native trabecular tissue. Similar findings have been shown in bone-
StronBone (Figure 5, third row), in which damage was not visible regardless of the high levels
of compressive strain identified.

The results herein reported showed that the main microfailure events seemed to be localised
close to, or within, the newly formed bone (Figure 4) at the bone-biomaterial interface. The
higher stiffness and strength of the bone graft compared to the more remodelled trabecular
tissue induced a critical region at the boundary of the bone-biomaterial, where the initiation of
the failure was identified, consistent with previous reports on bone-cements composites *4748,
Furthermore, the high-resolution SR-microCT images used in this study allowed for the
detection of microdamage (i.e. microcracks) in the tissue (Figure 4); thus, providing a deeper
insight of the deformation mechanisms at the bone-biomaterial interface. Danesi el al. ** and

1 4347

Tozzi et a characterised the damage progression in bone-cement composites using

microCT images obtained in a lab-based system at 39 um and 20 pm, respectively. However,
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the image spatial resolution was not enough to characterise the deformation at a tissue scale.
In fact, this is the first time that a characterisation of the microdamage evolution of bone-
biomaterial composites at the tissue level has been performed, allowing not only the visual
identification of the internal microdamage at the boundary of bone and biomaterial, but also
the quantification of the localised strain in both materials. The potential of DVC based on SR-
microCT images to characterise bone deformation at the tissue level remains partially

unexplored 162

and questions still arise on the effect of high-flux SR X-ray radiation on the
mechanical properties of the tissue ’°. However, this study limited the total radiation dose
absorbed by the tissue (~30 kGy) following previous methodologies ®? in order to minimise the
effect of the X-ray radiation on the mechanical integrity of the specimens.

DVC successfully showed how local strains built up from the elastic regime highlighting
internal weaker areas that could further result in microdamage initiation and progression to
failure (Figures 5, 6, 7). A complex load transfer was developed in the highly heterogeneous
composite structures during compression and the DVC-computed 3D full-field strain allowed
for a description of the microdamage progression. Particularly, high levels of compressive

7172 were found in areas of

strain, above the typical values of trabecular bone yielding
trabecular bone fracture (Figure 5) in bone-Actifuse, bone-ApaPore and control specimens.
Interestingly, localised strain concentration was observed in bone-Actifuse system (Figure 5,
top row) from the first compressive step, resulting in fractured regions at the final compression
step. Although bone-StronBone presented high compressive strains since early stages of
compression in areas of newly formed bone (Figure 5, third row), microdamage was not visible.
This highlighted the important ability of bone to accumulate microdamage at the tissue level
prior to the initiation of microcracks 33, The localisation of highly strained regions during the

initial steps of compression in bone-Actifuse, bone-StronBone (Figure 5) and bone-StronBone-

P (Figure 7) demonstrated how yielding probably started at low stress levels, as previously
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reported at the nanoscale in bone tissue '*”>. Even though the specimens were subjected to
compressive loading, initiation and propagation of microcracks in bone-StronBone-P system
were not related to compressive strains but shear strains (Figure 7, fourth row). Christen et al.
3! showed similar findings during microcrack propagation in cortical bone. While compressive
(Figure 5) and tensile (Figure 6) strain magnitudes were comparable, a higher tensile strain
accumulation was found around microcracks and trabecular bone fractured regions. As
suggested by Christen et al. °!, tensile strains could be used to detect microcracks in the first
place. In fact, the tensile strain evolution in bone-Actifuse, bone-ApaPore, bone-StronBone-P
and control specimens (Figure 6) seemed to predict the initiation of internal microdamage
before it was visible.

The strain partition between bone and biomaterial in bone-Actifuse, bone-ApaPore and bone-
StronBone-P systems indicated how the different resorption mechanism of the distinct graft
materials affected the load transfer and therefore, the microdamage progression. In particular,
the slower resorption of Actifuse and ApaPore (Figure 4), with higher stiffness of the
biomaterial compared to the bone tissue, induced an insufficient load transfer from the
trabecular bone tissue towards the bone graft regions. Therefore, producing higher strains in
bone areas (Figure 8) that ultimately induced microdamage in the trabeculae (Table 2).
Conversely, the faster resorption of StronBone-P and better integration within the newly
formed bone (Figure 4) produced a more effective load transfer throughout the specimen,
leading to a more equal strain distribution (Figure 8) and microdamage at the interface (Figure
4). Similar findings were reported by Tozzi el al. *’ and Goodheart et al. ’® for bone-cement
composites. It was shown that the accumulated strain in the biomaterial region and the bone-
cement interface was much lower compared to the trabecular bone when the two phases were
clearly distinct, but a better load transfer through the interface was found in the more integrated

composites. Recently, Li et al. *® suggested that the presence of grafts remnants in the defect
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area may provide adequate mechanical support during healing. However, the results herein
presented showed that when the biomaterial is less resorbed (bone-Actifuse and bone-ApaPore)
load cannot be transferred in an efficient way, leading to a highly heterogenous strain
distribution with large localised peaks in the pre-existing bone tissue that may cause bone
fracture in the event of an overload postoperatively. Conversely, the more immature tissue
filling the defect after faster degradation of StronBone and StronBone-P was able to carry the
load in a more satisfactory way and the structure did not collapse at the end of the compression
test. Additionally, microdamage was not observed in bone-StronBone system suggesting that,
although the newly formed bone was still very immature and partially remodelled, it was able
to fulfil and exceed the mechanical performance of the native tissue. These results indicate that
a faster resorption rate and higher osteoinduction of synthetic bone grafts for bone replacement
may be beneficial for efficient micromechanics in vivo in a postoperative overloading scenario.
The multi-scale microCT results provided a 3D characterisation of bone regeneration induced
by the action of osteoconductive biomaterials. The analysis of in vivo biomaterial-induced bone
repair has traditionally been assessed using scanning electron microscopy (SEM) combined
with histological analysis 333632407778 The traditional methods produce valuable data on bone-
biomaterial interactions relating the morphology, amount and functional properties of the
newly formed bone, however they are restricted to sample sectioning and only surface analysis
can be conducted. Therefore, microCT shows a clear advantage to describe bone-biomaterial
interfaces ex vivo. Similar to previous SEM analysis /"%, bone ingrowth was observed within
biomaterials (Figure 9, blue arrows). When compared to published histological analysis 7%,
osteocyte lacunae (Figure 9-1II, yellow arrows) were found in the new bone and gaps between
the bone and biomaterial (Figure 9-II, III, green arrows), suggesting the presence of loose
connective tissue. This multi-scale microCT approach could be combined with in situ

mechanics and DVC to obtain not only the 3D characterisation of bone-biomaterial composites,
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but also to provide the deformation mechanisms at different scales, from apparent to tissue
level. Through the correlation of DVC-measured strains at multiple resolutions to
complementary data such as histology or local material properties, a deeper understanding of
the in vivo bone repair through the action of biomaterials could be achieved.

The results of this study revealed important details of the bone-biomaterial interactions and
micromechanics in a clinically relevant bone defect model using synthetic bone graft
substitutes. The strain analysis of bone-biomaterial composites after in vivo service in the ovine
model was performed for the first time; thus, providing clinical relevant biomaterial-tissue
integration compared to previous experiments carried out in vitro ***’*8_ The current study is
limited considering that only one time point (6 weeks after implantation) was evaluated.
However, the outcomes herein presented can be considered as a representative case for the
event of an overload during in vivo service in a postoperative period. The inability of bone graft
materials to restore bone mechanical functions could jeopardise the surgical intervention, with
consequent clinical and economic impact. Furthermore, due to the limited sample size (one
specimen per group) and the dissimilarities among those, the generalisation of the results will
need further analysis. These findings have the potential to inform numerical models of bone
tissue and bioresorbable material adaptation, enabling predictions of the long-term in vivo
behaviour of such grafts in the repair of critical size bone defects. Such models could be used
for a deeper study of bone-biomaterial micromechanics, in which more physiological relevant
loading and boundary conditions are considered. Additional insights may be also gained by
increasing the sample size, comparing the bone repair processes and full-field strain at the
bone-biomaterial interface among different bone graft substitutes at different implantation

times.
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5. CONCLUSION

The combination of high-resolution SR-microCT images and DVC has allowed
characterisation, for the first time, of the full-field strain in bone-biomaterial systems produced
in vivo in an ovine critical size bone defect model. It has been shown that complex strain
patterns developed through the highly heterogeneous composites during compression are
promoting primary microdamage, either in the pre-existing trabecular bone or in the newly
formed bone, at the bone-biomaterial interface. DVC allowed for a detailed analysis of the
internal strain distribution and its association with the microdamage initiation and progression
in proximity to the bone-biomaterial interface. These findings highlight the importance of
understanding the interaction and micromechanics of bone graft materials and bone tissue. The
outcomes of this study have the potential to facilitate biomaterial development and predictions

of long-term bone healing following biomaterial implantation.
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