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ARTICLE INFO ABSTRACT

Keywords: An increasing prevalence of bone-related injuries and aging geriatric populations continue to drive the ortho-
Nanotomography paedic implant market. A hierarchical analysis of bone remodelling after material implantation is necessary to
Lacuno-canalicular network better understand the relationship between implant and bone. Osteocytes, which are housed and communicate
;Oangiesium through the lacuno-canalicular network (LCN), are integral to bone health and remodelling processes. Therefore,

it is essential to examine the framework of the LCN in response to implant materials or surface treatments.

Biodegradable materials offer an alternative solution to permanent implants, which may require revision or
removal surgeries. Magnesium alloys have resurfaced as promising materials due to their bone-like properties
and safe degradation in vivo. To further tailor their degradation capabilities, surface treatments such as plasma
electrolytic oxidation (PEO) have demonstrated to slow degradation.

For the first time, the influence of a biodegradable material on the LCN is investigated by means of non-
destructive 3D imaging. In this pilot study, we hypothesize noticeable variations in the LCN caused by altered
chemical stimuli introduced by the PEO-coating.

Utilising synchrotron-based transmission X-ray microscopy, we have characterised morphological LCN dif-
ferences around uncoated and PEO-coated WE43 screws implanted into sheep bone. Bone specimens were
explanted after 4, 8, and 12 weeks and regions near the implant surface were prepared for imaging. Findings
from this investigation indicate that the slower degradation of PEO-coated WE43 induces healthier lacunar
shapes within the LCN. However, the stimuli perceived by the uncoated material with higher degradation rates
induces a greater connected LCN better prepared for bone disturbance.

Biodegradable implants

1. Introduction

An expanding market for new implants has been established as a
response to an increase in orthopaedic surgeries. Surgical intervention
requiring bone implants aim to create direct contact between implant
material and bone. How this contact which is influenced by bone reor-
ganization and remodelling is generally studied as well as a deeper
understanding of bone healing around modern implant materials and
technologies is unclear.

Bone is a hierarchical material that requires studying at several
scales with each hierarchical level containing significant information.

Peer review under responsibility of KeAi Communications Co., Ltd.

Macro-to micro-scale investigations are conducted to study the bone-to-
implant interface and bone volume to total volume in order to assess the
overall osseointegration of the implant [1,2]. Scaling further to the
nanoscale, the study and imaging of bone cell arrangement can be
achieved [3]. The most abundant bone cell type [4], osteocytes, are
dispersed throughout the mineralized extracellular matrix (ECM) and
are critical to bone forming and remodelling processes [5]. Mature os-
teocytes are situated in a highly connected system named the
lacuno-canalicular network (LCN). Entrapped in the lacunae, osteocytes
are connected through dendritic channels called canaliculi in which they
establish communication. Recently, canalicular junctions (CJ) have
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shown to play a significant role in the LCN and have also been investi-
gated [6]. The LCN enables biochemical signal communication between
osteocytes and the transportation of nutrients [4]. Osteocytes locally
initiate bone remodelling by generating signals in response to mechan-
ical stimuli in the form of shear stress due to the flow of the extracellular
fluid (ECF). Bone deformations are perceived by osteocytes and trans-
duced into a signal which is transmitted to the rest of the network [7],
triggering the recruitment of osteoblasts and osteoclast precursor cells
[8]. Besides the mechanosensory capabilities of osteocytes, ECF found in
the LCN enables mineral exchange with ECM [9]. Damage to the LCN or
reduction in the LCN surface area may in turn impair mineral mobi-
lisation and the mechanotransduction properties of osteocytes. Reduced
interconnectivities hinder osteocyte communication and bone remod-
elling [10]. Irregular LCNs have been associated with bone diseases such
as osteoporosis, osteoarthritis, and osteomalacia [11]. Furthermore, sex
and age-related changes have been reported to show a decrease of
lacunae density and loss of canaliculi, altering communication within
the LCN [10,12]. Therefore, disruption to the LCN due to bone damage
or implantation of (stimulating) biomaterials warrants further
investigation.

Today, orthopaedic implants are used to replace or support damaged
bone. However, traditional implant materials have shown to introduce
unwarranted inflammatory responses [13] and further refracture risks
[14]. Magnesium (Mg) and Mg-based alloys have re-emerged as prom-
ising alternative implant materials due to their successful degradation
performance in vivo [15]. The similar elastic modulus and densities be-
tween Mg-based alloys and natural bone negate negative mechanical
defects such as stress-shielding [16,17]. Though successful clinical cases
have been reported using Mg-based alloys as implant material [18-22],
additional research in potential surface treatments to further optimise
degradation capabilities of Mg is on-going.

An inherent characteristic of pure Mg implants is fast degradation
accompanied by hydrogen gas accumulation. This build-up of gas may
lead to mechanical instability and consequently ineffective implanta-
tion. To overcome this, one surface treatment in particular, plasma
electrolytic oxidation (PEO) has shown to lower the degradation rate of
non-treated Mg-based implants [23-26]. Furthermore, PEO treatments
surpass other surface technologies by producing thicker coatings,
excellent adhesive strength, and can be applied to complex geometries
[27]. By augmenting the degradation capabilities of these alloys further,
Mg-based implants could potentially address other indications and
fracture types which may require a more tailored degradation rate.
Although there have been investigations of the LCN near permanent
materials such as titanium [28], there is no documentation of LCN
characterisation around biodegradable material.

Advancements in synchrotron-based imaging allows for better time
effective imaging, without compromising imaging capabilities or sample
damage. Characterising the structures found in the LCN has been chal-
lenging to date, as imaging requires a relatively large field-of-view and
spatial resolutions below 100 nm. Human lacunae have previously been
reported to have an average surface area of 20-70 pm2 [29]. Canaliculi
have been described to have an average diameter of 100-600 nm [30,
31], being much more difficult to resolve. Previously, the LCN has been
characterised with various imaging modalities. (Quasi) two-dimensional
methods including light [32], scanning electron [33-36], and trans-
mission electron microscopy [30,37-39] have been utilised to image
LCN structures though limited due to penetration depth and challenging
sample preparation. Confocal microscopy [6,7,10,40,41] has also been
applied, though with limited field-of-view. By comparison, X-ray and
synchrotron radiation-based methods including ptychography, trans-
mission X-ray microscopy (TXM) and near-field holotomography are
enabling studying the LCN at high resolutions non-destructively in 3D
with a relatively large field-of-view [3,6,9,42-47]. Though laboratory
sources may provide similar spatial resolutions, synchrotron radiation
increases imaging speed with comparable or better image quality [48].
In this investigation, synchrotron radiation-based X-rays are
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conditioned by a double crystal monochromator and are further shaped
by a condenser onto bone specimen. Behind the sample, Zernike phase
rings are placed to attain qualitative phase contrast before images are
captured with an X-ray camera.

In addition to the lack of LCN characterisation around degraded Mg-
based implants, there is currently no information on the influence of
PEO coating technologies on LCN morphology. As such, it is integral to
understand the relationship between the PEO coating of Mg-based
screws and the LCN to ensure successful implantation and controlled
degradation. Two types of materials are analysed in this investigation,
an untreated WE43-based magnesium alloy and a PEO surface-treated
WE43-based magnesium alloy. The aim of this investigation is to pro-
vide a proof-of-concept study regarding the influence of PEO coatings on
Mg-based screws implanted into sheep bone by characterizing the LCN
at the nanoscale level in 3D using synchrotron radiation-based TXM. We
hypothesize that the changed degradation rate induced by the PEO
coating results in an altered chemical stimulus perceived by the LCN.
This altered stimulus may lead to a change in LCN arrangement or
morphology leading to variations in bone remodelling.

2. Materials and methods
2.1. Implant material

Orthopaedic interference screws (Fig. 1) with a diameter of 6 mm
and 20 mm length were analysed in this investigation. Two types of
materials manufactured by Syntellix AG (Hanover, Germany) were
evaluated in this study: an untreated WE43-based magnesium alloy and
a PEO surface-treated WE43-based magnesium alloy with a layer
thickness of approximately 10-30 pm. Furthermore, the WE43 alloy is
composed of Mg with the addition of Yttrium (3.7-4.3 %), Rare Earth
Elements (2.4-4.4 %), and Zirconium (0.4 %) [49]. The specific
composition and production methods for the alloy used in this investi-
gation have been patented by Syntellix AG [50].

2.2. Animal experiments

Animal experiments were provided ethical clearance by the Land-
esamt fiir Arbeitsschutz, Verbraucherschutz und Gesundheit von Bran-
denburg (ethical clearance number 2347-31-2016). Bone specimens
were explanted from the hind legs of three sheep (female German Heath,
at least 2 years of age) with body weights between 43 and 57 kg. Each
sheep received two screw implants, one made of WE43 and the other a
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Fig. 1. Uncoated (top) and surface treated (bottom) WE43 orthopaedic inter-
ference screws manufactured by Syntellix AG (Hanover, Germany).
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PEO-coated WE43 implant in either the distal femur or the proximal
tibia. Implant material were spread among implant sites in such a
manner that not only one specific material was placed in one site. The
surgical methodology and selected time frames were chosen due to its
acceptance for biological testing and evaluation of medical devices as set
out by EN ISO 10993-6:2007 [51].

Before implantation, the animals were sedated intramuscularly with
0.4 mg/kg diazepam followed by general anaesthesia of 10 mg/kg ke-
tamine. Shaving, cleaning, disinfection, and sterile covering of both
knees took place before incisions. For tibial implantation, the skin was
incised medial on the proximal end of the tibia exposing the shaft of
tibia. The periosteum on the medial surface was then prepared. For
femoral implantation, an incision was made medial on the distal end of
the femur. The femoral trochlea and medial condyle were exposed and
the caudomedial end of the trochlear crest was further prepared. At both
implantation sites, a drill with 6 mm diameter was applied to a depth of
approximately 20 mm. The application of interference screw was then
achieved by means of screwdriver. Wounds were closed with continuous
fascia and subcutaneous sutures, and with continuous intracutaneous
suture skin bonding.

Butorphanol (0.5 mg/kg) was administered as prophylactic analgesia
for a period of minimally three days post operationem. The animals were
housed in groups during the acclimatization as well as during the study
period. Individual times of postoperative recovery were ensured. Straw
was used for bedding, supplied fresh and sufficiently on a weekly basis
as well as if required. The sheep were provided with drinking water and
ad libitum. After either four, eight, or twelve weeks of healing, the an-
imals were sedated and put under general anaesthesia as described
previously, followed by T61 intravenous euthanization.

2.3. Sample processing and data acquisition

Following euthanization, the implantation sites including the
implanted screws were extirpated preserving adjacent bone tissue with
at least 2 cm distance to the specific test item for a total of 6 explants.
The samples were placed in increasing percentages of ethanol (Herbeta
Arzneimittel Detlef Karlowski e.K., Berlin, Germany) for eight weeks.
Following dehydration, the samples were embedded in polymethyl
methacrylate (Kulzer GmBH, Hanau, Germany) and sliced in half along
the length of the screw for further study.

2.3.1. Micro-computed tomography (uCT)

The embedded samples were first imaged via a laboratory pCT
(Phoenix Nanotom by Baker Hughes, Celle, Germany) with an operating
voltage of 100 kV at 70 pA current resulting in a pixel size of approxi-
mately 6 pm. Scanning was completed with 1000 ms exposure time with
2400 projections. Scans were reconstructed in Datos|x (Baker Hughes,
Celle, Germany) where any movement during the scan was corrected
using the image optimisation function. Imaging data acquired from pCT
scans were then utilised for degradation rate calculations.

2.3.2. Scanning electron microscopy

Following pCT scanning, the embedded samples were cut perpen-
dicular to the screw’s long axis approximately 10 mm from the head of
the screw using a diamond wire saw (Well Diamond Wire Saws SA,
Mannheim, Germany) based on previous pCT scans. The exposed sam-
ples were then subject to polishing. Firstly, samples were cleaned with
ethanol prior to and after mechanical polishing (Diamant suspension,
with particle size 3 pm for 7 min). After cleaning, the quality of polishing
was verified using a light microscope. The samples were then sputtered
with gold for 1 min via a CRESSINGTON sputter coater (TESCAN GmbH,
Dortmund, Germany). The sputtered samples underwent scanning
electron microscopy (SEM). The TESASCAN AMBER X (TESCAN GmbH,
Dortmund, Germany) was used to image the samples with a current of
10 pA and an applied voltage of 10 kV. A 300 pm field-of-view was
achieved with an image size of 1024 pixels by 1024 pixels. Following
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SEM imaging (Fig. 2), two regions of interest from the trabecular bone
from each explant (millimetres from the screw surface) were selected for
further processing. A further region was selected a larger distance from
the screw surface to benchmark as undisturbed bone.

2.3.3. Synchrotron radiation-based transmission X-ray microscopy (TXM)

Bone specimens with a diameter and height of 50 pm were subject to
focused ion beam milling at Fraunhofer Institute for Integrated Systems
and Device Technology (Erlangen, Germany) producing a total of 18
samples (2 regions of interest approximately 150 pm from the bone-
implant interface and 1 region at a distance of at least 1.3 mm per
explant). The samples were mounted onto a custom holder. Following
the milling process, imaging was performed at the nanotomography end
station at the PO5 imaging beamline operated by Helmholtz-Zentrum
Hereon at the PETRA III storage ring at the Deutsches Elektronen-
Synchrotron (Hamburg, Germany) [52]. An energy of 11.2 keV was
selected using a Sil1l double crystal monochromator (AE/E ~ 107%.
The sample was illuminated using a 1.8 mm beam shaping condenser
with square fields of 50 pm by 50 pm, providing an illumination of the
same size in the sample plane. The objective lens was a Fresnel zone
plate with a diameter of 150 pm and an outermost zone width of 50 nm.
Zernike phase rings were placed in the back-focal-plane of the Fresnel
zone plate to enable phase contrast imaging. All optics were designed
and fabricated in the X-ray Optics and Applications group of the
Paul-Scherrer-Institut (Switzerland). The X-ray camera, a Hamamatsu
C12849-101U camera with a sCMOS chip with 6.5 pm physical pixel
size and a 10 pm Gadox scintillation layer, was placed 19.45 m behind
the sample. With these optics, camera and distances, an effective field of
view of roughly 46 pm with an effective pixel size of 22.8 nm was
achieved. Image reconstruction was performed using respective TomoPy
pipelines [53] with binning factor 2 of the raw images, resulting in a
voxel size of 45.6 nm.

2.4. Degradation rate

uCT data was loaded into Fiji/ImageJ [54] for post-processing.
Anistropic diffusion was applied to reduce noise before applying
thresholding techniques to the data, segmenting the bone and implant
material in Avizo (Version 2021.1, Thermo Fisher Scientific, Waltham,
USA). Degradation rates were determined for both materials based on
the segmented data using the following equation [55]:

Initial volume of base material — corroded base volume

Degradation rate = — —
§ Surface area of initial base X time in years

2.5. Calculation of lacunar density based on SEM images

SEM data underwent gaussian filtering within Fiji/ImageJ to prepare
for segmentation and lacunae quantification. In Avizo, the implant was
dilated by 1 mm and was subtracted from the original image to capture
the region of interest. The bone within the region of interest was
segmented by thresholding techniques to determine the surface area.
After, the region of interest was exported from Avizo and loaded into
Fiji/ImageJ where the multiple object selection tool was utilised to
manually count the lacunae. Finally, the lacunar density was determined
by dividing the counted lacunae by the surface are of bone which was
previously segmented.

2.6. LCN segmentation

Before segmentation, the SRTXM data was first denoised by an
iterative non-local means filter [56] designed to remove texture caused
by back projected noise and artefacts in high resolution tomography.
The denoised data was then subjected to segmentation in Avizo.

Firstly, the bone and LCN including the canaliculi, canalicular
junctions, and lacunae structures were segmented using greyscale
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Degradation

Material

Fig. 2. Example cross section SEM image of PEO surface-treated screw samples after 12-weeks of implantation. Residual WE43 material, degradation layer, and
trabecular sheep bone are visible. Two near regions (positions 1 and 2) and one further region (position 3) of interest are marked with crosses for milling. An example
magnification of the SEM image showing lacunae is also shown (right), allowing for lacunar density to be derived from the image.

thresholding and manual correction. To segment the lacunae in Fig. 3,
the LCN was masked and eroded to remove the canaliculi structures. The
remaining structures were then labelled separately and were followed
by volume size filtering to ensure only the lacunae were left and cana-
licular junctions were removed. Finally, the remaining objects were
dilated to their approximate original shape followed by manual
correction. To segment the canaliculi and canalicular junctions, the
lacunae were subtracted from the LCN mask. Moreover, the LCN label
was skeletonised for further nodal analysis.

2.7. Quantitative analysis of the LCN

Quantitative analysis was completed in Avizo. The lacunae were
quantified by the number of lacunae found in the sample (Lc.N), the
total volume of the lacunae (Lc.TV), the bone volume (BV), the density
of the lacunae (Lc.N/BV) and the lacunar porosity (Lc.TV/BV). Addi-
tionally, the morphology of the lacunae was calculated in terms of
sphericity and smoothness (or compactness) using the following equa-
tions:

1 2

. 73(6 x Volume)?

h =202 TR
Sphericity Surface area

Surface area®

S th =
mootness 36 X m X Volume?

The canaliculi were quantified by measuring the canalicular total
volume (Ca.TV) and the canalicular porosity (Ca.TV/BV). To make
better use of partially cut-off lacunae in the measured samples, the
average number of canaliculi per lacunar surface area was also calcu-
lated. The canalicular junction density (CJ.N/BV) was determined by
analysing the skeletonization nodes of the LCN. With the addition of
lacunar volume, the total volume of the LCN (LCN.TV) and the LCN
porosity (LCN.TV/BV) could be evaluated. Distance mapping was uti-
lised in Avizo to calculate the distance between a matrix voxel and an
LCN voxel (di¢). Furthermore, the Fiji/ImageJ plugin [54], MorphoLibJ
[57], was used to determine the average distance of any canalicular

point to the nearest lacunae (dne) by means of geodesic distance
mapping.

3. Results
3.1. Degradation rates

An example of a 3D rendered explant with segmented bone and
screw material can be seen in Fig. 4 (A). At 4-weeks, the degraded PEO-
coated screw shows good bone contact with signs of degradation more
noticeably at the tip. Calculated in vivo degradation rates for the un-
coated and PEO-coated material are plotted for four, eight, and twelve
weeks in Fig. 4 (B). Both samples revealed degradation rates lower than
1 mm/year during the first month, decreasing as time persists. More-
over, the PEO-coated material exhibited a more consistent and lesser
degradation rate overall. There is approximately a 50% decrease in
degradation rate initially, reducing to approximately 20% at 12 weeks
between the two materials.

3.2. Qualitative comparison

Following pCT imaging, regions of interest within the bone sur-
rounding the implant were identified for TXM in scanning electron mi-
croscopy (SEM) images of the same cross-section. Additionally, the
lacunar density (Fig. 5) was calculated by segmenting the bone area
imaged by SEM and manually counting the number of lacunae which
were within 1 mm of the implant surface. The bone implanted with PEO
material revealed to have approximately 30% lower lacunar density
surrounding the implant when compared to the uncoated material.

Fig. 6 illustrates the image segmentation of the selected region of
interests near the implant imaged using TXM organised by material and
in vivo degradation time. The 3D renderings of segmented data show the
lacunae (variously coloured) and canaliculi (light blue). From visual
inspection, more lacunae were captured in the PEO samples. However,
the lacunae found near the uncoated material appear larger in volume.
There are clear differences in the organisation of canaliculi in terms of

20 pm

20 pm

20 pm

Fig. 3. Sample data workflow of lacunae segmentation in Avizo. A) Denoised TXM image of bone sample showing LCN structures. B) Initial LCN segmentation after
greyscale thresholding and manual correction. C) Partially eroded structures with component labelling after smaller volumes are removed. D) Final volume rendering

of multiple lacunae after reversing erosion (dilation).
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Degradation rate of PEO-coated and non-coated WE43 IFS
in Sheep bone
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Fig. 4. A) 3D rendering of a 4-week degraded PEO-coated screw surrounded by trabeculae bone created in Avizo. Non-degraded WE43 material is segmented in blue
and surrounding non-metallic material in white (bone and degradation layer). B) In vivo degradation rates of uncoated and PEO-coated screws after 4, 8, and 12

weeks calculated from segmented pCT data.
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Fig. 5. Calculated lacunar density of uncoated and PEO-coated screws after 4,
8, and 12 weeks calculated from SEM images.

direction seen in the different time points. Thicker and irregular canal-
iculi are more apparent at 8 weeks of in vivo degradation.

3.3. Quantitative analysis of the LCN morphology

Based on the segmented data of the LCN, a quantitative analysis of
the network structure was performed. The following figures describe
results of the two bone samples found near the implant. Results based on
the third sample further from the implant can be found in the Supple-
mentary Material.

Reported values of lacunar porosity and density are depicted in
Fig. 7. The lacunar volume in both LCNs found near the implant mate-
rials comprises of less than 4% of the total bone volume between four
and twelve weeks. From eight to twelve weeks, the lacunar porosity of
the LCN surrounding the uncoated material is greater than the selected
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LCN near the PEO-coated material. However, an elevated lacunar den-
sity near the PEO-coated material is seen during this time period. Bone
analysed further away from the uncoated implant revealed a lower
average lacunar porosity and density, relative to PEO-coated material.

Lacunar morphology in terms of sphericity and smoothness were
investigated for the segmented lacunae. Two general classifications of
shapes were found in the bone specimen: smooth and irregular. The
lacunae were averaged for each time-point and plotted in Fig. 8. The
lacunae found near the PEO-coated implant exhibited a smoother and
ellipsoid-like shape in contrast to the irregular-shaped lacunae found
near the uncoated material at the analysed time points. Lacunae ana-
lysed further away from the implant surface overall display a round and
healthy lacunar shape during early time points and decline in smooth-
ness and regularity towards shapes found near the implant as time
progresses.

In terms of canalicular structures, the porosity and average number
of canaliculi per area of lacunae found near the implant surface are
described in Fig. 9. During all time-points, the canaliculi made up a
higher percentage of the total bone volume found near the uncoated
material, with maximum values at eight weeks. Additionally, a lower
number of canaliculi were found attached to lacunae near the PEO
implant. With regards to the bone samples further from the implant
surface, the canicular presence in terms of porosity and number of
canaliculi per area of lacunae was elevated in the bone implanted with
uncoated material.

The canalicular junction density and overall LCN porosity of the bone
samples located near the implant are shown in Fig. 9. During all
observed time-points, the canalicular junction density was elevated in
the LCN found near the uncoated material, climaxing at 8 weeks. The
total volume of the LCN found around the PEO-coated material was
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Fig. 6. 3D renderings of the LCN in sheep bone near uncoated and PEO-coated WE43 implants organised by in vivo degradation time and material. Renderings were
segmented in Avizo highlighting lacunae (colors are for visualization purposes only) and the canaliculi (light blue) for bone specimen after 4, 8, and 12 weeks. Two
samples per material were selected for each time-point.
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Fig. 7. Plots of lacunar porosity or percentage of lacunar volume in bone (A) and lacunar density (B) of LCN near uncoated and PEO-coated Mg implants after 4, 8,
and 12 weeks.

Fig. 8. 3D renderings of sheep lacunae found at 12
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os samples. Plot (C) describes the average morphology of
57 & A4-week Uncoated Near lacunae found in the LCN near and further away un-
) PY O4-week PEO Near coated and PEO-coated WE43 implants in sheep bone.
065 . . .
5 e A Bk Uneoatad Near The x-axis describes smoothness or compactness (unit-
- * less) of lacunae shape, where a value of 0 corresponds to
[EN— 27055 W 8-week PEQ Near . N ..
10 pm S [} perfect smoothness. The y-axis describes the sphericity
2 05 u O Allewecktincoatcd Near (unitless) of the lacunae shape, where a value of 1 cor-
&0 A - A W1 2-week PEO Near responds to a perfect sphere. Samples “near” the implant
O A Ousea Urioatad FaF were selected mms from implant surface, while “far”
035 .
o0 ST PR A ;amples ;fe[;e bseéelc)ted further from the implant surface
i om undisturbed bone.
1 3 B 7 9 ®8-week Uncoated Far
Smoothness [-] @ 8-week PEO Far
Topm
observed to be generally lower. At further distances, the canicular to PEO-coated implanted material.
junction density was found to be greater in the bone implanted with non- As a measure of LCN functionality, its transport efficiency can be
coated material, but still lower in overall LCN porosity when compared assessed. Kollmannsberger et al. describe transport efficiency as the time
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required for ECF to travel between the osteocytes and ECM, with the
assumption that time is proportional to distance. The transport effi-
ciency between the osteocytes and ECM due to the LCN can be described
by the gain factor, Gpet [71:

dpe + e

G =
1
dLC + * X dnel

It is determined by calculating the average 3D Euclidean distance
between the LCN and an ECM voxel (di¢), and the average longest dis-
tance within the canaliculi to reach the nearest lacunae (dpet) where k is
the ratio of Vyetwork/Vmatrix- A value of k = 100 was chosen since the
diffusion coefficient of small molecules through bone matrix is
approximated to be at least 100 times smaller than for diffusion through
the LCN, as described by Kollmannsberger et al. [7].

The LCN near the implant surface of both materials show similar
average distances from the ECM (Fig. 9, E). However, there is a much
larger variability in ECM proximity and accessibility in terms of di¢c and
dpet seen in the LCN near uncoated samples. The calculated gain factors
of the material over the specified time points are shown in Fig. 9 (F).
Both materials depict a downward trend in gain factor as time persists.

B. Average # of Canaliculi/Lacunae Area
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Fig. 9. Plots of canaliculi porosity or percentage of
canalicular volume in bone (A), average number of
canaliculi per area of lacunae (B), canalicular junc-
tion density (C), and LCN porosity or volume (D) near
uncoated and PEO-coated WE43 implant material
after 4, 8, and 12 weeks. Additionally, the ECM
proximity, accessibility (E) and gain factors (F) of
bone near uncoated and PEO-coated WE43 implants
over time are shown. Parameters djc denotes LCN
distance to matrix voxel, d,e: denotes average cana-
licular distance to neighbouring lacunae, and Gy is
the gain factor.
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However, the uncoated material exhibiting higher gain overall. No clear
differences between the different implant material were noticed in the
ECM proximity of bone further away from the implants. However, the
dpet was shorter in comparison to bone analysed by the implant. More-
over, the bone further away produced lower Gain Factors when
compared to the bone analysed near the implant.

4. Discussion

In this investigation, we report the application of TXM to charac-
terise the LCN morphology of woven sheep bone in the vicinity of
implanted biodegradable material for the first time. As discussed, the
reactive nature of Mg may lead to rapid degradation rates which do not
allow for proper tissue healing, causing overall clinical implication.

As implant degradation occurs, mechanical loading on the implant
and surrounding tissue changes as the base metallic material decreases.
The rate in which the implant degrades determines how the mechanical
loading is distributed throughout the ECM at a specific time, and in turn
the shear stress of fluid flow within the LCN from loading. Additionally,
the varying degradation rates result in different chemical stimuli sensed
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by the osteocytes which may also influence LCN morphology. From our
uCT data, a 32% decrease in average degradation rate is exhibited over
the selected time points in uncoated samples. This decrease is seemingly
low, however, since PEO-coatings have exhibited a reduction in degra-
dation rates by up to 90% and show generally lower degradation rates
[58]. With a slower degradation rate introduced by PEO, geometries
requiring more material may be produced without risk of premature
degradation, such as plates and corresponding screws [23]. Addition-
ally, with a slight increase in implant diameter created by the PEO
process described in the methodology, implant stability may improve
[59].

Based on SEM imaging, we were able to calculate the lacunar density
within 1 mm of the implant material. A higher lacunar density, which
has demonstrated to increase nutrients exchange [9], was observed
around the uncoated material. An increased lacunar density may have
developed as a response to the faster degradation of the uncoated ma-
terial. With rapid degradation of the uncoated material, a higher amount
of nutrients may need to be extracted from the ECM and transported via
ECF to initiate bone remodelling processes. As such, the higher lacunar
density found around the uncoated material may be aiding in such
processes, which may yet to be sensed by the bone surrounding the
slower degrading PEO-coated material.

Lacunar morphology has previously been investigated to character-
ise bone diseases [10-12]. From Fig. 8, a greater portion of imaged
lacunae surrounding the PEO material is plotted near the top-left
quadrant of the graph, describing the lacunae as rounder and smooth.
In comparison, the lacunae surrounding the uncoated material was
plotted on the right half of the graph due to their irregularity in shape.
The smoother ellipsoidal lacunar shapes found in bone surrounding the
PEO-coated material could suggest that lower degradation rates favour
lacunar ellipsoidicity. As a result, bone remodelled around the
PEO-coated material might be more resistant to micro-damage and
micro-cracks as investigated by Liu et al. [34]. Furthermore, smooth
ellipse lacunar shapes were determined to be more prominent in mature
bone post-operations [60]. With regards to the influence of time, both
coated and uncoated bone samples near the implant begin to increase in
smoothness as time persists. In contrast, lacunae located further from the
implant surface shared smoothness and roundness with that of undis-
turbed lacunae shape at earlier time points. As time persisted however,
the further lacunae begin to increase in irregularity, as seen in Fig. 8c,
which may be suggestive of the distance influence between lacunae and
implant surface. Regarding lacunar density, a higher number of lacunae
in bone is found near the PEO-coated sample after eight weeks. A slower
degradation of material caused by the PEO-coating may in turn promote
higher density of lacunae. A denser lacunar count might indicate a
higher exchange rate of nutrients between the ECF and ECM at lacunar
sites, as suggested by Hesse et al. [9].

We found a greater interconnectivity and canalicular presence in the
LCN is seen near the uncoated WE43. Furthermore, canalicular porosity
and CJ density were higher during all time points, peaking at eight-
weeks of degradation. The higher canalicular presence, inter-
connectivity and higher variability in ECM proximity and accessibility
may be indicative of the LCN response to higher degradation rates.
Although in our results a higher gain factor may be associated with
higher canalicular interconnectivity in our findings, previous studies
have found contrary results. Structural quantification of the LCN found
in ovine bone has only been documented once in literature. Koll-
mannsberger et al. analysed the healthy LCN of different mice and sheep
bones regarding intercellular transport and communication during a
single time-point [7]. The slower-growing sheep bone was found to have
lower interconnectivity, however, better organised when compared to
the irregular fast-growing mouse bone. By visual inspection, the sheep
bone exhibited regular spacing unlike the irregular mouse bone. The
analysis revealed a denser canalicular network in sheep bone, greater
access to ECM, and gain factors almost double the amount in the mouse
bone. However, the study was conducted using confocal microscopy
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with voxel sizes of only 200 nm, which may have been a leading cause
for the sparse network observed in mice as indicated by the study by Yu
et al. which showed that high spatial resolution is required for the most
accurate results [3].

When considering the bone samples selected further away from the
implant surface, there is a lower canalicular presence and connectivity
when compared to bone samples near the implant. In conjunction, the
Gain Factor of bone further from the implant was determined to be lower
than bone located closer to the implant surface. Casanova et al. have
described a progressive increase in connectivity of the LCN during
fracture healing in mice during early stages of repair [60], which does
not seem to be present at the bone samples further from the implant
surface. The lower transportation efficiency and network connectivity
observed in distant bone analysed in this investigation may be inherent
to undisturbed LCN. The LCN found further away from the implant may
not be required to respond to chemical changes caused by the implant
material, and therefore display a lack of additional network efficiency
and connectivity.

As mentioned, the study led by Kollmannsberger et al. is the only
instance in which the LCN is investigated in sheep bone in literature [7].
Kollmannsberger et al. reported a lacunar porosity (or void fraction) of
approximately 5 %, which similarly aligns with the lacunar porosity
found near the PEO-coated material (4-8 %) in this study. However,
canalicular densities in terms of distance per volume reported in our
investigation (0.82-2.41 pm/pum?®) are much higher than what is stated
by Kollmannsberger et al. (0.19 pm/pm®). The higher density of the
canaliculi observed in our study however, is clearly supported by the
segmentation of the canaliculi as visualised in Fig. 6. The distance from a
matrix voxel to the LCN (dic) was found to be smaller in our investi-
gation (0.2-0.4 pm) when compared to the 1 pm reported by Koll-
mannsberger et al. which again may likely be due to the higher
resolution used for imaging in our study. The average distance within
the canaliculi to reach a cell body (dper) reported by Kollmannsberger
et al. (10.25 pm) more similarly resembled the LCN found near the
PEO-coated material (12.25 pm). From our results, the LCN found near
the PEO-coated material contributed to a lower gain factor over the
analysed time, which more comparably aligns to the reported gain factor
of 10 found in mature sheep bone mentioned by Kollmannsberger et al.
This may suggest that the slower degradation induced by the
PEO-coated material may arrange an LCN with comparable gain capa-
bilities as mature bone. Overall, our quantitative results are in good
agreement with the values reported by Kollmannsberger et al.

The LCN is crucial to bone remodelling and maintaining mineral
homeostasis. From Fig. 9, we see that bone surrounding the PEO-coated
material exhibited lower canalicular porosity and fewer canaliculi
attached to the lacunar surfaces when compared to bone found near the
uncoated material. The reduced shear stresses sensed by local osteocytes
caused by a delayed degradation of metallic base materials may in turn
reduce the required permeability of the LCN. Bortel et al. found that
interconnectivity between canaliculi promotes robust network transport
capabilities and mineral access when canaliculi are interrupted [43].
The study revealed that although interconnectivity increases total
canalicular network length, an increase in canaliculi acts to stabilise the
overall network performance. If interruption occurs at one pathway, a
larger ECM volume is still accessible due to extra connections within the
system. Thus, the LCN surrounding the PEO-coated material may have
limited access to ECM if canalicular interruption occurs when compared
to bone with more connectivity as a response to higher degradation
rates. Interestingly, not only is there a stronger canalicular presence near
bone found in the vicinity of the implant surface for the uncoated
samples, but results from distant bone demonstrate a higher connec-
tivity when compared to bone implanted with PEO-coated material as
well.

In addition to earlier works describing the analysis of lacunae and
canaliculi, Wittig et al. have introduced a third LCN structure, the
canalicular junction (CJ). Findings from their study suggest that these
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CJs are integral to osteocyte communication and possibly canalicular
ECF flow. We report CJ density values of approximately 10% per mm®
(Fig. 9) and lacunar densities of approximately and 10* per mm?® (Fig. 7)
for both implant materials. This factor of 10* between CJ and lacunar
density may be introduced as response to altered chemical stimuli by the
LCN specifically after material implantation, unlike typical stimuli
sensed from everyday physical activity. This factor may be characteristic
to healing bone as previous studies show a similar quantitative amounts
between CJ and lacunar density in healthy bone [6]. Wittig et al.
demonstrated that CJs found in healthy sheep femora occur at a density
similar to that of osteocyte lacunae. By visual inspection of the
segmented TXM data, it is evident that the LCN in our samples are not as
evenly dispersed and well-organised as the undisturbed bone specimen
imaged by Wittig et al. For this reason, altered stimuli received by the
LCN due to implanted material may induce an increase in CJ density.
Specifically, a higher degradation rate, as found in the uncoated mate-
rial, may induce an increase in CJ density in surrounding bone.

This investigation has some limitations. Though LCN variations are
apparent between the two materials, statistical analyses could not be
performed due to low number of samples. Additionally, the bone sample
furthest from the 12-week PEO coated specimen was lost during the
manufacturing of the bone specimen. A variability is introduced since
bone healing may progress at different speeds depending on the animal,
thus requiring an increase in animal samples to better substantiate the
results. Furthermore, bone specimen analysed in this investigation were
collected from internal woven bone of sheep femur and tibia. In-
vestigations of the superficial lamellar bone response would provide
further insight since woven bone is characterised as inadequately
organised and less dense with higher cellularity when compared to
lamellar bone. The inclusion of longer time points, particular to the PEO-
coated material, would provide a deeper understanding and quantifi-
cation of the delayed effect caused by retarded degradation. Moreover,
similar investigations to include human bone is warranted to further
justify LCN equivalencies to sheep bone. Surface morphology of the PEO
coating should additionally be investigated to determine the influence of
implant surface on the LCN.

5. Conclusion

To the best of our knowledge, this pilot investigation is the first of its
kind to analyse LCN morphology surrounding a biodegradable implant.
Morphological differences in sheep bone LCN have been observed as a
response to varied chemical stimuli induced by uncoated and PEO-
coated WE43 materials. Smoother ellipsoidal lacunar shapes surround-
ing PEO-coatings may indicate that lower degradation rates favour
lacunae which are better resistant to damage. To the contrary, uncoated
material exhibiting higher degradation rates seem to elicit a higher
interconnected LCN prone to better stability against canalicular inter-
ruption. To confirm delayed variations, PEO-coatings cause on the LCN,
similar studies including additional samples, longer time periods, and
new complexity measures should further be performed.
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