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Tissue engineered bone solutions aim to overcome the limitations of autologous and allogeneic grafts. Decel-
lularised tissues are produced by washing cellular components from human or animal tissue to produce an
immunologically safe and biocompatible scaffold, capable of integration following implantation. A decellular-
isation procedure utilising low concentration sodium dodecyl sulphate (0.1% w/v) was applied to trabecular
bone from human femoral heads (FH) and tibial plateaus (TP). Biological (histology, DNA quantification),
biomechanical (compression testing) and structural (pCT) comparisons were made between decellularised and
unprocessed cellular tissue. Total DNA levels of decellularised FH and TP bone were below 50 ng mg™! dry tissue
weight and nuclear material was removed. No differences were found between cellular and decellularised bone,
from each anatomical region, for all the biomechanical and structural parameters investigated. Differences were
found between cellular FH and TP and between decellularised FH and TP. Decellularised FH had a higher ul-
timate compressive stress, Young’s modulus and 0.2% proof stress than decellularised TP (p = 0.001, 0.002,
0.001, Mann Whitney U test, MWU). The mineral density of cellular and decellularised TP bone was significantly
greater than cellular and decellularised FH bone respectively (cellular: p = 0.001, decellularised: p < 0.001,
MWU). The bone volume fraction and trabecular thickness of cellular and decellularised FH bone were signifi-
cantly greater than cellular and decellularised TP bone respectively (cellular: p = 0.001, 0.005; decellularised: p
< 0.001, <0.001, MWU). Characterisation of decellularised trabecular bone from different anatomical regions
offers the possibility of product stratification, allowing selection of biomechanical properties to match particular
anatomical regions undergoing bone graft procedures.

Femoral head
Tibial plateau

1. Introduction

Bone grafts are utilised in a wide range of surgical procedures
including joint replacements surgeries; spinal fusions; dental and
craniofacial surgeries; treatment of non-union fractures and replace-
ment of bone stock, lost due to cancers or trauma (Board et al., 2006;
Elsalanty and Genecov, 2009; Vaz et al., 2010; Roberts and Rosenbaum,
2012; Kumar et al., 2013; Wee and Thevendran, 2017; Bai et al., 2018).
It has been estimated that in the US, between 1992 and 2007, almost 2
million patients received a bone graft as part of their surgical procedure
(Kinaci et al., 2014).

The gold standard graft choice is autograft tissue, commonly from
the iliac crest (Lomas et al., 2013; Campana et al., 2014). Autograft bone
is immunocompatible and has osteoinductive, osteoconductive and
osteogenic properties that facilitate bone integration and healing (Khan
et al., 2005; Roberts and Rosenbaum, 2012). Donor site morbidity,
however, is a possible consequence of this approach along with limita-
tions of the amount of donor bone available and increased surgery times
(Roberts and Rosenbaum, 2012; Lomas et al., 2013). Another source of
bone is from allografts which, despite tissue screening, still presents a
risk of disease transmission and can cause adverse immune responses
(Hinsenkamp et al., 2012; Lomas et al., 2013). Demineralised bone
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matrix (DBM), another allograft product, is also a popular choice. Bone
morphogenetic proteins within the DBM induce new bone formation
(Gruskin et al., 2012; Eagle et al., 2015). However, there can be varia-
tion in osteoinductive properties between products from different
manufacturers and even between batches from the same manufacturer,
due to different production methods and donor tissue variation (Dino-
poulos and Giannoudis, 2006; Gruskin et al., 2012; Wee and Theven-
dran, 2017). Calcium based synthetic bone substitutes are another
option (e.g. calcium sulphate, calcium phosphate cements, hydroxyap-
atite), although biomechanically these are weaker than natural bone and
have resorption rates that differ from bone which can negatively impact
bone remodelling (Roberts and Rosenbaum, 2012; Sohn and Oh, 2019).

An alternative approach is to utilise xenogeneic or allogeneic bone
that is devoid of cells and immunogenic proteins. Allogeneic bone,
washed of bone marrow (and associated cells), has been shown to be
osteoinductive, exhibit no cytotoxicity and have minimal immunoge-
nicity (Smith et al., 2015, 2017). It is believed that bone integration of
allogeneic bone grafts may be accelerated when bone marrow is effec-
tively removed since the presence of dead cells may otherwise inhibit
progenitor and osteogenic cells from adhering to the bone and initiating
remodelling (Smith et al., 2015). Removal of bone marrow lipid com-
ponents also prevents these molecules from interfering with revascu-
larisation and incorporation (Thoren et al., 1995; Lomas et al., 2013).

Decellularisation has been successfully applied to a range of xeno-
geneic or allogeneic tissues for tissue repair and replacement (Gilbert
et al., 2006; Crapo et al., 2011). The resulting tissue scaffolds are non
immunogenic and retain the collagen rich extracellular matrix, func-
tional molecules and structure (Gilbert et al., 2006). It has been sug-
gested that successful decellularisation is achieved when levels of
residual double stranded DNA are less than 50 ng mg™ of dry tissue
weight (Crapo et al., 2011). Patented decellularisation methods which
utilise low concentration (0.1% w/v) sodium dodecyl sulphate (SDS),
protease inhibitors and nucleases to remove cellular components have
been shown to reduce the total DNA to below 50 ng mg™ for a range of
tissue types and sources (Booth et al., 2002; Wilshaw et al., 2006; Sta-
pleton et al., 2008; Kheir et al., 2011; Hogg et al., 2013; Fermor et al.,
2014; Helliwell et al., 2017; Jones et al., 2017; Aldridge et al., 2018;
Vafaee et al., 2018; Norbertczak et al., 2020). Decellularised human
bone-patella tendon-bone tissue has been implanted into ovine knees as
an anterior cruciate ligament replacement for 26 weeks. The grafts
showed evidence of constructive remodelling with osseointegration with
recipient bone and biomechanical integrity at the host bone interface,
illustrating the capacity for the decellularised human bone remodelling
to securely anchor the decellularised construct (Edwards et al., 2017).

Femoral head (FH) bone is a common source of bone allograft tissue.
NHS Blood and Transplant Tissue and Eye Services (NHS BT TES, Liv-
erpool, UK), for example, supplies a range of FH products for clinical
use, issuing ¢.2500-3000 FHs annually (NHS BT TES bone product
catalogue, Lomas et al., 2013; Eagle et al., 2017). It is proposed that
decellularised bone, not only from the FH but from other anatomical
regions, could be utilised as bone graft materials. Furthermore, bone
sourced from different anatomical sites is likely to have different
inherent structural and biomechanical properties, facilitating the po-
tential for the stratification of bone graft for various applications. In this
study trabecular bone from the FH and tibial plateau (TP) in both its
unprocessed “cellular” and processed “decellularised” states was
compared.

The primary aim of this investigation was to determine the effects of
decellularisation on trabecular bone from two anatomical regions (FH
and TP) through comparisons of biomechanical and structural proper-
ties of decellularised and cellular bone. The secondary aims were to
assess the potential differences in biomechanical and structural prop-
erties between cellular FH and TP bone and between decellularised FH
and TP bone.
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2. Materials and methods
2.1. Tissue procurement

Following ethical approval (London-London Bridge Research Ethics
Committee REC ref 18/L0/1534, approval date 3 September 2018)
deceased donor tissue taken with informed consent (10 proximal femurs
and 11 whole knees from the donor’s left leg) was obtained from NHS BT
TES, Liverpool, UK. The donor age range was 40-79 years old (mean 60,
median 61). There were three female and eight male donors. Tissue was
stored at —80 °C post harvest and transferred to —40 °C prior to use in
the investigation; it was then thawed overnight to 4 °C and dissected
aseptically. Tissue was processed within laboratories under licence from
the UK Human Tissue Authority in compliance with the Human Tissue
Act of 2004.

2.2. Tissue dissection

Dissection of Femoral Heads: The femoral shaft was held in a vice with
the FH uppermost (Fig. 1a). Soft tissue was abraded from the FH and the
fovea was cleared for any ligamentous tissue using a scalpel. An oscil-
lating electrical saw (AFM14 FEIN Akku Multimaster) was used to
remove the proximal curved surface of the FHs approximately perpen-
dicular to the axis of the femoral neck (Fig. 1b). Pins (8 mm diameter)
were drilled from the FH, perpendicular to the exposed trabecular bone
surface (two in the anterior aspect and two in the posterior aspect)
(Fig. 1c). A slice of approximately 20 mm was then taken though the FH
approximately parallel to the initial cut surface to aid bone pin removal
(Fig. 1d). In this way four pins were obtained from each quadrant of the
FH, 16-20 mm in height (Fig. 1e). Bone pins were stored at —40 °C. Bone
pins from either the anterior (four) or posterior aspects (three) of each
donor FH were decellularised, while the corresponding posterior (four)
and anterior (three) bone pins were retained as donor matched cellular
controls.

Dissection of Tibial Plateaus: Whole knees were disarticulated to
isolate the TP. The tibial shaft was held in a vice with the TP uppermost
(Fig. 1f). Soft tissue was removed from the TP using sterile scalpels and
forceps. The saw was used to remove cortical bone and cartilage from
the upper surface and sides of the TP (Fig. 1f). Bone pins (8 mm in
diameter) were drilled perpendicular to the exposed trabecular bone of
TPs, in the medial and lateral aspects of the tissue (Fig. 1g). A slice of
approximately 20 mm was then taken though the TP approximately
parallel to the cut surface to aid pin removal (Fig. 1h). Up to three pins
were obtained from the centre of the medial and lateral side of the TP,
16-20 mm in height (Fig. 1i&j). Bone pins were stored at —40 °C. Bone
pins from either the medial (four) or lateral sides (five) of each donor TP
were decellularised, while the corresponding lateral (four) and medial
(five) bone pins were retained as donor matched cellular controls.

2.3. Decellularisation protocol

Stored bone pin samples were defrosted to room temperature before
undergoing two freeze thaw cycles in hypotonic buffer (10 mM tris,
Sigma-Aldrich; 10 KIU.mL! aprotinin Trasylol, ®, Bayer; pH 8) between
—40 °C and room temperature. The freeze thaw cycles were followed by
ultrasonication of the submerged sample (10 min, 44 kHz) then centri-
fugation (15 min, 1900xg). Samples were washed in hypotonic buffer
followed by hypotonic buffer containing 0.1% w/v SDS (Sigma-Aldrich)
for two cycles (16 h for the first wash step and 24 h thereafter). Samples
were washed in Dulbecco’s phosphate buffered saline, DPBS (Oxoid)
containing 10 KIU.mL™! aprotinin for three, 10 min cycles (with changes
of fresh solution) followed by a 72 h DPBS cycle. Samples were treated
with nuclease solution for two cycles (50 mM tris, Sigma-Aldrich; 1 mM
magnesium chloride, VWR International; 10 U.mL™ 1 Benzonase,
Novagen; pH 7.5; 37 °C, 80 rpm, 3 h). Samples were then washed in
DPBS for three, 10 min cycles (with changes of fresh solution) then
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Fig. 1. Stages of tissue dissection. Extraction of trabecular bone pins (8 mm diameter x 16-20 mm height) from the femoral head (a—e) and tibial plateau (f-j).

hypertonic buffer (50 mM tris; 1.5 M sodium chloride, ThermoFisher
Scientific; pH 7.5) followed by DPBS for seven cycles (72h x 2,168 h, 10
min x 3, 24 h). Unless stated, wash steps were carried out at 42 °C with
agitation on an orbital shaker (PSU-10I, Grant bio) at 110 rpm. Sterile
solutions were used throughout the protocol and aseptic solution
changes were made. Samples were stored at —40 °C until required for
further analysis. Samples were decellularised with two bone pins per
100 mL wash solution and 30 mL nuclease solution. Cellular trabecular
bone pin samples were retained as control tissue for analyses. Bone pins
were stored at —40 °C.

2.4. Quality assurance testing

Decellularised bone pin samples were quality assurance tested to
assess the efficacy of the decellularisation protocol.

DNA quantification: Decellularised FH (n = 7) and TP (n = 10) bone
pins were compared to cellular FH (n = 6) and TP bone (n = 6) for their
total DNA content. Bone pins were freeze-dried to a constant weight and
crushed with a pestle and mortar. A DNeasy Blood and Tissue kit (Qia-
gen), was used according to manufacturer instructions to extract total
DNA from known weights of crushed lyophilised samples. The kit tissue
digestion buffer was substituted with an in house digestion buffer
(12.5% (w/v) ethylenediaminetetraacetic acid, EDTA; 1% (w/v) SDS)
and was used with the proteinase K enzyme provided in the kit (600
mAU/ml). Spectrophotometric quantification of the extracted DNA was
carried out (Nanodrop ND-1000, Labtech International) and results
expressed in ng.mg™! of dry tissue weight.

Histological evaluation: Decellularised FH (n = 7) and TP (n = 10)
bone pins were compared to cellular FH (n = 7) and TP bone (n = 10).
Samples were fixed for 48 h in 10% (v/v) neutral buffered formalin, NBF
(Atom Scientific); demineralised in 12.5% (w/v) EDTA (Fisher Scienti-
fic), pH 7 at 42 °C and 120 rpm for ten days. Samples were fixed again
(48 h); processed automatically (Leica TP1020 tissue processor, Leica
Biosystems); cut in half and embedded in paraffin wax with the cut
surface orientated to the outer face of the wax block. Mayer’s haema-
toxylin and Eosin Y, (H&E; Atom Scientific and Merck Millipore
respectively) or 4/, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich)
was used to stain 5 pm thick histological sections.

2.5. Structural evaluation

Cellular and decellularised FH (n = 7 cellular and decellularised) and
TP (n = 9, cellular and decellularised) bone pins were defrosted to 4 °C
in transport medium (Hanks balanced salt solution, HBSS with Ca™,
Mg?* NaCHO; and phenol red, Sigma-Aldrich; 0.01 M HEPES, Sigma-
Aldrich and 20 KIU/mL Aprotinin). Bone pins, fully immersed in the
transport medium, were scanned using a micro computed tomography
(uCT) scanner (LCT 100, Scanco Medical AG) with the following scanner

settings: voltage 70 kV, current 114 mA and integration time 250 ms. A
16 pm nominal scanning resolution was also employed. After obtaining
the image data, a cylindrical region of interest (ROI) 10 mm in height
was defined for the central region of each bone pin specimen. For each
sample, the mineralised bone phase in the ROI was segmented through
grayscale thresholding of image data, based on the image grayscale
histogram. The best-fit segmentation was obtained considering the
entire image stack rather than a single slice. Using the scanner-
manufacturer provided scripts, the following parameters were estab-
lished from the segmented ROI image data: mineral density (MD) of the
bone volume (BV) in mg hydroxyapatite (HA).cm™ (determined relative
to a calibration phantom); bone volume fraction (bone volume/total
volume, BV/TV); trabecular connectivity (Tb-c, 1.mm'3); trabecular
number (Tb-n, l.mm'l); trabecular thickness (Tb-t, mm); and trabecular
spacing (Tb-s, mm). The degree of anisotropy, along with associated
eigenvalues (H1, H2 and H3), were also determined. Samples were
matched such that decellularised tissue from the FH or TP was compared
to cellular tissue from the same donor FH or TP. Following scanning,
samples were stored overnight in transport medium at 4 °C before
biomechanical evaluation.

2.6. Biomechanical property evaluation

Cellular and decellularised bone pins (FHn = 7; TP n = 9) underwent
uniaxial compression testing to determine their biomechanical proper-
ties. The ends of the bone pins were trimmed with a scalpel until
approximately parallel to each other and filed flat using grinding paper.
The height of the bone pin was measured using digital Vernier callipers
and the ends fixed into Delrin® plastic endcaps with trace amounts of
poly-methyl methacrylate (PMMA) cement (WHW Plastics Ltd.). Sam-
ples were placed between the compression platens of an Instron mate-
rials testing machine (Instron 3365, Instron), equipped with a 500 N
load cell and a DPBS bath maintained at 37 °C (Fig. 2). The upper platen
was lowered to contact the upper end cap with a load of 0.5 N. The DPBS
bath was raised into place and the specimen was left to equilibrate to
temperature for 10 min. Bone pins were cyclically loaded between 0 N
and 0.006 strain for 30 cycles at a rate of 0.001 s}, followed by a ramp to
failure at the same rate. Data were recorded at a frequency of 10 Hz. The
following biomechanical properties for each specimen was determined:
ultimate compressive stress (UCS, MPa), Young’s modulus (MPa) and
0.2% proof stress (yield stress as determined by a 0.2% offset in the
linear region of the stress-strain curve, MPa).

2.7. Data analysis

IBM SPSS Statistics 26 was used to perform statistical analysis. The
Shapiro Wilk test for normality was used to assess for parametric data.
As some sample groups were found to contain nonparametric data, the
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Fig. 2. Compression rig set up. A trabecular bone pin is shown between Del-
rin® plastic endcaps and compression platens. The sample is shown submerged
in 37 °C Dulbecco’s phosphate buffered saline (DPBS).

Kruskal Wallace test was used to compare multiple data groups. Where
the Kruskal Wallace test produced a significant result (p < 0.05), com-
parisons were made between two sets of unpaired data groups using the
Mann Whitney U test as a post hoc test to identify any significant dif-
ferences between groups. Post hoc testing was limited to comparisons
pertinent to the study i.e. cellular v decellularised tissue from each
anatomical region (FH and TP); cellular FH v cellular TP and decellu-
larised FH v decellularised TP. The significance level was 0.05. Data in
the following bar charts show the mean values with error bars repre-
senting 95% confidence intervals.

3. Results
3.1. Quality assurance testing

The mean total DNA levels in both the FH and TP were below 50 ng
mg! dry weight (46.8 £ 9.7 and 35.6 - 10.4 ng mg™! + 95% confidence
intervals respectively) (Fig. 3). Cell nuclei and bone marrow were
largely removed from the central regions of decellularised FH and TP
bone pins when compared to cellular tissue; this is shown in the repre-
sentative images of H&E and DAPI stained histological tissue sections
(Figs. 4a & 5 respectively). Additional qualitative observations of the
H&E stained histological tissue sections showed that, in the majority of
decellularised FH bone pins (4/7) and all cellular FH bone pins, com-
pacted bone and marrow debris was observed below the cut circum-
ference. In contrast most TP bone pins (9/10 decellularised and 7/10
cellular) did not contain such debris. In the rare cases where debris was
seen in the TP bone pins, it was present in much smaller amounts than in
the FH samples (representative images in Fig. 4b). Images of histological
sections also showed that the TP bone had thinner trabeculae and a more
open trabecular structure compared to the FH bone (Fig. 4b).

3.2. Biomechanical property evaluation

The UCS, Young’s modulus and 0.2% proof stress for cellular and
decellularised FH and TP bone pins is shown in Fig. 6. There was sig-
nificant variation between the four groups investigated (cellular FH,
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Fig. 3. Mean total DNA content (ng.mg’ dry weight + 95% confidence in-
tervals) of tissue samples. Cellular femoral head (C_FH), cellular tibial plateau
(C_TP), decellularised FH (D_FH) and decellularised TP (D_TP).

cellular TP, decellularised FH and decellularised TP) for these parame-
ters (UCS p = 0.003; Young’s modulus p = 0.022 and 0.2% proof stress,
p = 0.007, determined by Kruskal Wallace tests). There were no sig-
nificant differences in any of the parameters between cellular and
decellularised tissue from both anatomical regions (FH and TP), deter-
mined by Mann Whitney U post hoc tests. The decellularised FH how-
ever gave significantly higher values than decellularised TP for UCS (p
= 0.001); Young’s modulus (p = 0.002) and 0.2% proof stress (p =
0.001) (Mann Whitney U).

3.3. Structural evaluation

The results for the structural analysis parameters (MD, BV/TV, Tb-c,
Tb-n, Tb-t and Tb-s) for cellular and decellularised FH and TP are pre-
sented in Fig. 7. There was no significant variation between the four
groups for Tb-c (p = 0.101), Tb-n (p = 0.072) and Tb-s (p = 0.060) when
analysed by Kruskal Wallace tests. There was significant variation be-
tween the four groups for MD, BV/TV and Tb-t; p < 0.001 for all cases,
determined using Kruskal Wallace tests. There were no significant dif-
ferences between any of the parameters between cellular and decellu-
larised tissue from each anatomical region (FH and TP) when analysed
by Mann Whitney U post hoc tests. The MD of cellular TP was signifi-
cantly greater than that of cellular FH (p = 0.001) and similarly the MD
of decellularised TP was significantly greater that decellularised FH (p
< 0.001) (Mann Whitney U). BV/TV of cellular FH was significantly
greater than that of cellular TP (p = 0.001) and BV/TV of decellularised
FH was significantly greater that decellularised TP (p < 0.001) (Mann
Whitney U). The Tb-t of cellular FH was significantly greater than that of
cellular TP (p = 0.005) and the Tb-t of decellularised FH was signifi-
cantly greater that decellularised TP (p < 0.001) (Mann Whitney U).

The degree of anisotropy for the four groups is shown in Fig. 8a.
There was no significant variation between the four groups (p = 0.404)
as determined using the Kruskal Wallace test; there was no significant
difference in the degree of anisotropy indicating that the bone material
was orientated to the same extent in all groups. To elucidate the prin-
cipal direction of bone trabeculae within the sample, eigenvalues pro-
duced by the Scanco Medical Systems software were consulted. The
principal orientation of bone trabeculae was given by the H2 eigenvalue.
The coordinates of the H2 eigenvalue of the TP bone pins predominantly
aligned with the z axis of the cartesian coordinate system (i.e. parallel to
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Fig. 4. Images of Haematoxylin and Eosin stained histological tissue sections of
trabecular bone pins. Cellular femoral head (C_FH), cellular tibial plateau
(C_TP), decellularised FH (D_FH) and decellularised TP (D_TP). Images in 4a
were taken at x200 magnification with a 50 pm scale bar and show a lack of
purple stained cell nuclei within decellularised trabecular bone. Images in 4b
are overview images of the cross section of bone pins and were taken at x25
magnification with a 1000 pm scale bar. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

the long axis of the bone pin, top to bottom) while the coordinates of the
H2 eigenvalue of the FH was aligned 45° diagonally across the long axis
of the bone pin. This is depicted in Fig. 8b.

4. Discussion

This study set out to determine the effects of decellularisation on the
biomechanical and structural properties of human trabecular bone from
the FH and TP. The investigation also assessed the potential differences
in these properties between cellular tissue from each anatomical region,
and between decellularised tissue from each anatomical region.

Quality assurance testing of the decellularised bone utilised in the
investigation showed that trabecular bone from both the FH and TP was
successfully decellularised below the recommended target of 50 ng of
double stranded DNA per mg of dry tissue weight (Crapo et al., 2011).
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Almost all the TP bone pins were free of compacted bone debris at their
cut circumference. Comparatively more compacted bone debris was
observed and in a greater number of both native and decellularised FH
samples compared with the TP samples. This difference was likely
influenced by the more compact and closed structure of the FH bone
preventing the debris from dislodging from within the trabeculae. This
bone debris may have acted as a barrier to the infiltration of decellu-
larisation solutions contributing to the higher DNA values observed in
the decellularised FH bone.

In the current investigation the geometry of harvested bone (in the
form of cylindrical pins) was specifically selected for the biomechanical
testing method used. Bone pin harvest involved drilling the bone with a
bespoke corer adapted for use with an electrical drill. The continuous
motion of the corer against the cut bone surface may have contributed to
the compaction of bone debris within trabeculae. Some decellularisation
methods utilise DPBS irrigation using a dental flosser (Fermor et al.,
2015; Norbertczak et al., 2020); the addition of such a step may help
with the removal of debris if not too heavily compacted, for example in
the more open structure of the TP. The production of other bone ge-
ometries such as cubes, where a closed cutting tool is not used, may
result in less compaction of debris at the cut surface. Thus creating little
to no barrier to solution infiltration.

No significant differences in the biomechanical properties investi-
gated (UCS, Young’s modulus and 0.2% proof stress) were found be-
tween cellular tissue and decellularised tissue from the FH or the TP,
indicating that decellularisation treatment does not have an effect on
bone from these regions. Although there were no significant differences
in the UCS, Young’s modulus and 0.2% proof stress between cellular FH
and TP bone, the values were significantly greater for FH bone compared
to TP bone following decellularisation.

Results obtained for the Young’s modulus of both FH and TP groups
were a factor of 10 lower than results published by Morgan and Keaveny
(2001) in which 8 mm cylindrical bone cores from the proximal tibia
and femoral neck were harvested in a similar, though not identical,
manner and tested at comparable strain rates. The precise area from
which the cores were extracted differed between studies. Morgan and
Keaveny (2001) specifically extracted samples with the principal
trabecular orientation parallel to the long axis of the bone core; in doing
so only one core was obtained from each femoral neck, medial proximal
tibia and lateral proximal tibia. The current study harvested multiple
bone pins from each anatomical region which allowed the production of
donor matched in tissue cellular controls and ethical utilisation of
donated tissue. This resulted in four off centre bone pins being harvested
from each FH quadrant and up to three bone pins taken from each
medial and lateral TP. The principal orientation of trabeculae in the FH
form plates orthogonal to the articular surface in line with the forces
acting through it (Standring, 2021); the harvest strategy of the current
investigation resulted in off axis trabecular orientation within the FH
bone pins. This was shown by the anisotropy and eigenvalue results
which revealed that the principal direction of trabecular orientation was
approximately 45 ° to the long axis of the bone pin. In contrast, all TP
bone pins in the current study were harvested with the principal align-
ment of trabeculae parallel to the long axis of the bone pin, though some
were harvested from the anterior and posterior aspect of the knee and
not from the centre as in the Morgan and Keaveny (2001) study. Other
aspects such as age and sex of donors could also have contributed to the
differences seen in the results of the two studies. While off axis trabec-
ular orientation for some groups was not ideal, the same method was
applied to all groups allowing comparisons to be made, particularly as
the goal of the study was to determine the effects of decellularisation on
the bone. This was therefore a valid approach.

The geometry of the tested sample and testing conditions are also
likely to also influence biomechanical results. For example the Young’s
modulus and ultimate compressive stress of trabecular bone from bovine
humerus were 36 and 18% higher respectively when bone was tested in
the form of 5 mm cubes than when in the form of 5 mm diameter x 10
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Fig. 5. Images of DAPI stained histological tissue sections of trabecular bone pins. Cellular femoral head (C_FH), cellular tibial plateau (C_TP), decellularised FH
(D_FH) and decellularised TP (D_TP). All Images in were taken at x100 magnification with a 100 pm scale bar and illustrate the lack of fluorescing cell nuclei within

decellularised trabecular bone.

0
o

o
o

g
=}

fﬂ

0.2 % Proof Stress (MPa)
D
o

C_FH D_FH C_TP D_TP

=

a

s ~ 400
v 8.01 a o

S 1 2 3001
c§ 6.0 1 é

2 4.0 B 29
g | £

£ 201 ’_1_‘ w 100
o] (=

(@] 1 =

g L

©

S

=

Treatment and anatomical region

C_FH D_FH C_TP D_TP

Treatment and anatomical region

o

CFH DFH C_TP D_TP

Treatment and anatomical region

Fig. 6. Comparison of biomechanical property parameters (ultimate compressive stress (UCS, MPa); Young’s modulus (MPa) and 0.2% proof stress (MPa)) across test
groups (cellular femoral head (C_FH), cellular tibial plateau (C_TP), decellularised FH (D_FH) and decellularised TP (D_TP)). Mean values are shown (+95% con-
fidence intervals). There was significant variation between the four groups for UCS (p = 0.003), Youngs modulus, (p = 0.022) and 0.2% proof stress (p = 0.007) when
analysed by Kruskal Wallace tests. Significant differences between groups are shown by labelled bars (a: p = 0.001; b: p = 0.002, Mann Whitney U).

mm high cylinders (Keaveny et al., 1993). In the study carried out by
Eagle et al. (2017) the Young’s modulus of 10 mm cubes of unprocessed
trabecular bone from the FH was found to be in the region of 60 MPa (10
fold lower than in the current study); this particular study utilised bone
cubes as this was the geometry employed for optimisation and devel-
opment of a bone wash procedure. Furthermore, the bone samples for
testing in this investigation were likely to have been randomly selected
for biomechanical testing without controlling for, or considering any,
trabecular alignment. In optimising bone sample size, geometry and/or
location used for specific applications it is not unusual for the resulting
properties to differ between studies.

In the current study, differences in biomechanical properties were
found between FH and TP bone, with FH bone having greater values for
all investigated parameters. The literature supports this observation;
Morgan and Keaveny (2001) found higher values for Young’s modulus
and yield stress in the proximal femur than the proximal tibia. Even

within the proximal femur differences were found, with the greater
trochanter showing much lower values for each parameter than the
femoral neck.

The use of endcaps in the current study provided closed boundary
conditions, ensuring that samples deformed in the central region of the
bone pin rather than at the ends where trabeculae are cut and open.
Compression testing of trabecular bone fixed between endcaps has been
shown to give more reproducible and accurate values for Young’s
modulus estimations. Compression testing of trabecular bone between
platens for example, tends to underestimate the Young’s modulus
somewhere in the region of 20-40% (Keaveny et al., 1997). This un-
derestimation was shown not to be due to differences in anatomical
regions, apparent density or aspect ratio of test samples. The current
investigation utilised a similar experimental set up, which utilised
endcaps for all samples, thus standardising the method for all groups
making more accurate comparisons possible.
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Fig. 8. Mean degree of anisotropy values (+95% confidence intervals) (8a). There was no significant variation between the groups (p = 0.404) as determined using
the Kruskal Wallis test. Fig. 8b Illustrates the principal direction of bone trabeculae as determined by the H2 eigenvalue.

No significant differences in any of the structural parameters inves-
tigated (MD, BV/TV, Tb-c, Tb-n, Tb-t and Tb-s) were found between
cellular and decellularised bone of the FH and cellular and decellu-
larised bone of the TP. Decellularisation treatment did not affect the
structural properties. MD of the TP was found to be significantly greater
than for FH, for both cellular and decellularised bone. The BV/TV and
Tb-t of the FH was significantly greater than that of TP for both cellular
and decellularised bone. No significant differences were found between
any of the groups for Tb-c, Tb-n or Tb-s. Any changes in the structural
properties observed between groups, therefore, was likely due to
anatomical location rather than the decellularisation process.

It is possible to make some inferences on the relationships between
biomechanical and structural parameters based on the available data.

Though the MD of FH bone was lower than in the TP, the FH bone had an
increased bone volume in a given amount of bone (BV/TV): due to
thicker trabeculae (Tb-t) and possibly more trabeculae (Tb-n) and
reduced trabecular spacing (Tb-s). These observations may explain why
the UCS, Young’s modulus and 0.2% proof stress were higher in the FH
with BV/TV being a better predictor of/or contributor to the biome-
chanical properties than MD. Indeed it is also possible that these struc-
tural differences also accounted for the increased difficulty in
decellularising FH bone compared to TP bone.

Future work will investigate if the differences seen in biomechanical
and structural properties of decellularised FH and TP bone are func-
tionally relevant to clinical application. During allografting of bone used
in joint replacement surgery bone is morselised and compacted into the
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donor site (Board et al., 2006, 2008). Functional testing of morselised
decellularised bone will be carried out under clinically relevant condi-
tions of combined compression and shear (Brewster et al., 1999; Albert
et al., 2008; McKenna et al., 2013). It may be that bone from each
anatomical region (FH and TP) performs in the same manner when
morselised, compacted and tested under these conditions. If so, this may
suggest that the anatomical location of the allograft is not important for
the bone’s performance under clinical conditions. Such findings may
facilitate the uptake in use of donor bone from a range of anatomical
regions and so encourage the utilisation of bone from a broader range of
anatomical sites. This may ease any potential supply and demand limi-
tations. Alternatively, there may be differences in the way in which the
bone from different locations compacts (for example due to differences
in Tb-t), resulting in differences in the compacted aggregate. This in turn
may result in different functional performance, meaning that bone
sourced from one anatomical region may be better suited to a particular
clinical application. It is conceivable that less compacted, more porous
bone aggregate may be able to integrate with recipient bone quicker,
facilitating increased infiltration of osteoclasts and osteocytes for sub-
sequent bone remodelling. The geometry of morselised bone particles to
be used and level of impaction may also be critical in functional per-
formance, perhaps even to the extent whereby correct choice of geom-
etry and compaction alleviate perceived deficiencies in bone from a less
considered anatomical source.

5. Conclusion

Decellularisation treatment does not affect biomechanical and
structural properties of trabecular bone. Different biomechanical prop-
erties were found for decellularised FH and decellularised TP bone
indicating that it may be possible to produce decellularised tissue scaf-
folds with a range of biomechanical properties (functionally stratified)
that can be selected for particular graft applications; for example, bone
with lower biomechanical properties may be sufficient for use in void
filling in fusion cages where the graft material does not have a direct
weight bearing function. It has yet to be established whether these dif-
ferences have any influence on the functional properties of bone when it
is morselised and compacted for surgical procedures such as
arthroplasty.
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