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ARTICLE INFO ABSTRACT
Keywords: Osteoarthritis (OA) is a multifaceted joint disease which poses significant socioeconomic burdens and remains a
Osteoarthritis significant clinical challenge. Evidence suggests that structural and mechanical changes in subchondral bone
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influence the pathogenesis and development of OA, leading to diminished bone quality and cartilage degener-
ation. While changes in microstructure and tissue scale elastic properties are well reported, the tissue yield
response of subchondral bone in OA and their correlation with compositional changes have not been investi-
gated. Here, we performed quasistatic micropillar compression and nanoindentation within the subchondral
bone plate and trabeculae of hydrated non-diseased (ND) and OA affected specimens retrieved from the distal
tibia in vivo. The micropillars, extracted by laser ablation, exhibited a taper angle which mandated the use of an
in silico micropillar compression routine to back-calculate elastic modulus and strength of the bone tissue that
comprised each micropillar. Elastic modulus remained unchanged between ND and OA subchondral bone,
whereas strength increased from 46.0 MPa to 57.3 MPa in OA subchondral trabecular bone but not in the bone
plate. Micropillar matched Raman spectroscopy and quantitative backscattered electron imaging revealed
mineralisation is the underlying determinant of elastic modulus and strength at the microscale. By combining
micromechanical and tissue compositional analyses, we investigated how the mechanical properties are related
and how these properties are affected in subchondral bone by OA.

Statement of significance: Osteoarthritis imposes significant socioeconomic burden, necessitating ever improving
treatment strategies. Abnormal mechanical forces at the joint, such as injury, overloading, or aging are associated
with osteoarthritis development. While healthy tissue is well understood, the impact of diseases on tissue me-
chanical properties needs to be brought on a similar level of understanding. We present in this study the first use
of micropillar compression for assessing the tissue scale compressive strength of subchondral bone in osteoar-
thritis. Strength was increased in osteoarthritis compared to non-diseased tissue only in trabeculae subjacent to
the bone plate. Compositional analysis confirmed mineralisation as a key determinant of tissue mechanical
properties. This integration of micromechanical and compositional analyses sheds light on tissue properties and
how these are affected by osteoarthritis in subchondral bone.

1. Introduction continue to increase as populations age [4], leading to significant eco-
nomic, social, and health burdens worldwide. The heterogeneous
Osteoarthritis (OA) is a multifaceted joint disease that significantly pathophysiology of OA limits the efficacy of pharmacological in-

impacts the quality of life for those affected. It causes chronic pain, terventions and there are currently no approved disease modifying OA
diminished mobility, and a decline in mental well-being [1-3]. Globally, drugs which can prevent or slow the progression of the disease [5].
over 500 million people had OA in 2020, and its incidence is predicted to Early-to-mid stage symptomatic OA can be managed with a mixture of
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patient education, structured exercise and anti-inflammatory pharma-
ceuticals [6]. However, the efficacy of such methods decline as the
disease progresses and the focus turns to surgical interventions to deliver
satisfactory clinical outcomes for late and end-stage OA [7].

Taking ankle OA as an example, surgical interventions include
osteotomy, arthrodesis, and arthroplasty [8]. The former usually in-
volves surgical realignment of the joint through a wedge opening, most
commonly at the distal tibia which is stabilised by a plate [9]. The
resultant realignment redistributes load across the joint to alleviate
symptoms and slow down OA progression [8,9]. At later stages, fusion of
the joint (i.e., arthrodesis) through fixation of the distal tibia and talus
into an aligned neutral position has shown great success in relieving
pain, albeit inhibiting ankle motion [10]. An alternative to improve
ankle mobility is total ankle arthroplasty, where the ankle joint is
replaced with a prosthetic device, however, the survival rates of these
prostheses are lower than those used for other joints [11,12].

Regardless of the stage, mechanical loading plays an essential role on
the pathogenesis, progression, and treatment choice for OA [13,14]. On
the one side, OA manifests in highly stressed regions in the joint as a
result of overloading, injury, or aging [14]. This pathological mechan-
ical environment is associated with alterations to subchondral bone
remodelling which may alter subchondral and trabecular bone
morphology [15], and stiffness [16] leading to increased shear stresses
in the cartilage and consequent degeneration and OA development [14].
On the other side, surgical treatments aim to restore the natural
biomechanics of the joint, through the insertion of implant devices [13].
However, the loss of bone quality due to OA may impair the stabilisation
and osseointegration of such implants, leading to premature failure and
early need for revision. A comprehensive material characterisation of
the osteochondral unit, and in particular, the underlying subchondral
bone tissue is crucial for improving current treatment of OA [14].

Some micro- and nanoindentation studies have investigated the
impact of OA on subchondral bone, reaching a consensus that tissue
scale elasticity increases with disease progression [16-18]. Beyond
evaluation of the tissue scale elastic response of OA subchondral bone, to
the best of our knowledge, there are no studies which explicitly inves-
tigate tissue scale strength. Consequently, our primary objective was to
investigate both the stiffness and yield-strength of subchondral bone at
the tissue level (length scale of multiple lamellae) in OA and their cor-
relation with compositional changes.

To facilitate this investigation, we employ micropillar compression,
which like nanoindentation is principally an indentation technique.
Unlike nanoindentation, micropillar compression allows us to facilitate
a compression test which, in turn, allows us to determine strength.
Within the remit of sample preparation, micropillar compression re-
quires the additional step of fabricating micrometre sized cylinders, or
pillars. These micropillars are then compressed by a flat probe, inducing
a homogenous uniaxial stress state within the micropillar. The recorded
force-displacement data can then be transformed to a uniaxial stress-
strain relationship provided that the micropillar geometry is known.
Micropillar compression has been used to investigate the influence of
tissue hydration [19,20], osteogenesis imperfecta [21], aging [22],
strain-rate dependency [23], and lamella orientation [19,24] on the
post-yield behaviour of cortical bone at the microscale. The challenge
posed by fabricating micropillars potentially limits the accessibility of
the technique. The extraction process requires the removal of an annulus
shaped channel to isolate a pillar that protrudes from the bulk tissue.
Early adopters of the technique for testing bone used focussed ion beam
milling as a means to extract micropillars [19,25,26]. However, this
technique is expensive, time-intensive, and often requires high vacuum
during fabrication. Several authors sought to overcome these constraints
and advocated the use of ultrashort pulsed laser ablation for extracting
micropillars which enabled higher-throughput testing [22,26-28].
Furthermore, laser ablation is considered a “cold” manufacturing pro-
cess that enables quasi-physiologic extraction [29].

We adopt their methodological concept and aim to investigate
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micromechanical and compositional changes in OA subchondral bone.
Specifically, we: (i) Fabricate micropillars directly by ultrashort pulsed
laser ablation, located in the subchondral bone plate and subjacent
trabeculae of non-diseased and late-stage ankle OA bone; (ii) Conduct
nanoindentation and quasi-static micropillar compression to evaluate
microscale elastic and yield strength of rehydrated subchondral bone;
(iii) Use Raman spectroscopy and quantitative backscattered electron
microscopy to evaluate relative changes to tissue composition within
each micropillar.

2. Materials and methods
2.1. Sample preparation

Osteoarthritic (OA) tibial specimens were sourced in vivo from two
patients (males, ages 65 and 68 years) undergoing total ankle arthro-
plasty. Both patients exhibited radiographic features of grade 4 OA
(Kellgren-Lawrence scale) [30]. Two sections were cut from the pro-
vided bone samples from each patient. Ethics approval was granted by
the University of Leeds MEEC research ethics committee (MEEC 18-027)
and NHS Yorkshire and Humberside National Research Ethics Com-
mittee (REC 07/Q1205/27) for the ND and OA specimens respectively.
Non-diseased (ND) tibial specimens were collected from three cadavers
(males, ages 43, 50 and 57 years). A distal tibia was extracted from each
cadaver (n = 3), cleaned of soft tissue, and further dissected by
diamond-blade bandsaw (Exakt, Germany) under constant water irri-
gation. Cuts were made along the central sagittal plane to extract two
sections from the tibial plafond.

We followed previous embedding and polishing protocols for per-
forming micro- and nanoindentation of bone specimens [31,32]. In
short, the sections were first cleaned by water irrigation and ultrasound
bath exposure before air drying for 24 h. We then embedded the sections
in PMMA (Technovit 4006SE, Heraeus, Germany), with an initial
exposure to an elevated pressure of 2 bar for 30 min to promote PMMA
infiltration of intertrabecular pore space but not the tissue itself. After at
least 24 h of curing, the samples were parallelised and polished using
progressive grades of silicon carbide paper (P800, P1200, P2000,
P4000) and finished with an 0.25 pm diamond suspension (Hermes
Abrasives, Germany).

2.2. Micropillar extraction

We extracted micropillars transverse to the trabecular long-axis
using ultrashort pulsed laser ablation. To do so, we modified our pre-
vious micromachining protocols used to extract micropillars from min-
eralised turkey leg tendon and cold-water coral material [26,27]. The
laser machining workstation was based on a Carbide laser (Light Con-
version, Lithuania) operating at a wavelength of 1 = 1028 nm. Ultra-
short pulses were delivered at a repetition frequency of 2 kHz with a full
width half maximum pulse length of 7 = 6 ps. An average power of 22
mW was used, corresponding to a pulse energy of 11 pJ. The beam waist
radius of @ = 10 pm was focused on the surface of the sample. A
galvanometer scan head was used to scan an inward Archimedean spiral
pattern at a speed of 4.4 mm/s. The combination of the pulse repetition
frequency and scan speed resulted in a beam overlap of 89%. The spiral
pattern was repeated three times to cumulatively ablate material to in-
crease the pillar aspect ratio. We measured the geometry of the micro-
pillars using scanning electron microscopy (SEM) images acquired at
two tilt angles. The micropillars exhibited average surface and base di-
ameters of 32.2 4+ 1.0 um and 93.3 + 2.6 um, respectively. The average
height was 143.1 + 8.0 um and the average taper angle was 12.3 + 0.9°

Arrays of micropillars were positioned in the subchondral bone plate
and the subchondral trabecular bone of each embedded specimen
(Fig. 1a). Positioning of the arrays was done by referencing a stitched
reflected light microscopy image of the sample surface. As the image
only provided the in-plane spatial position of bone material at the
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Fig. 1. Subchondral bone micropillar arrays. (a) SEM image of subchondral bone unit with colour overlay, highlighting calcified cartilage (green), subchondral bone
plate (red) and subchondral trabecular bone (blue). The white bounded box corresponds to- (b) SEM image a typical 6 x 2 micropillar array. (c-d) Light microscope
and SEM image of an array with an intact toppled pillar, illustrating the achieved taper angle and aspect ratio. (e) Angled projection SEM image illustrating the
tapered profile of the pillar. The image also provides an example for an accepted and a rejected micropillar. The top pillar was deemed acceptable, while the bottom

pillar was rejected due to visible flaws at the base of the pillar (white arrow).

surface, we were unable to assess the underlying through-plane
composition of the material that composed each pillar when selecting
the pillar location. For verification that each pillar consisted wholly of
bone material without significant porosity or PMMA inclusion, we ac-
quired low vacuum SEM images of each pillar array. Three investigators
(S. McPhee, M. Pena Fernandez, and U. Wolfram) then reviewed the
SEM images and graded each pillar based on a binary categorisation of
acceptance or rejection. Specific criteria for rejection included the
presence of porosity within or under the pillar, the inclusion of PMMA in
the pillar, or defects such as chips, cracks, or irregular geometry. Fig. S1
(Supplementary materials) illustrates examples of rejected micropillars.

2.3. Quantitative backscattered electron imaging

To assess the degree of mineralisation within the embedded sub-
chondral bone specimens, we evaluated the bone mineral density dis-
tribution (BMDD) by quantitative backscattered electron imaging (qBEI)
after mechanical testing (Sections 2.5 and 2.6). We coated each sample

qBEI

by carbon rod evaporation after 72 h under vacuum. BEI was performed
on a digital scanning electron microscope (Quanta 650 FEG, Thermo
Fisher, USA) equipped with a 4-quadrant BE detector, and operated at
20 kV with a working distance of 15 mm. 16-bit BE images were ac-
quired with a 2.36 mm horizontal field of view and a pixel size of 1.34
pm?.

To accommodate quantification of the BE signal, we imaged a cali-
bration standard composed of carbon and aluminium references (MAC
Consultants Ltd., UK) before and after each bone specimen was imaged.
The gain (contrast) and offset voltage (brightness) were first adjusted
such that the grey-level of the carbon and aluminium regions exhibited a
median grey-level value of approximately 15% and 85% of the 16-bit
grey-level range [33]. Overlapping BE images (Fig. 2a-b) covering the
entire exposed bone region were acquired and stitched using ‘MAPS’
software (FEI, USA). Image post-processing was conducted in Python
(v3.6) and ImageJ (v1.53 [34]), where we calibrated the grey-level
values to a calcium weight percentage (Ca-Wt%) following the method
of Roschger et al. [33]. For a pillar specific measure of the
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Fig. 2. Compositional analysis by quantitative backscattered electron microscopy (qBEI) and Raman spectroscopy. (a) non-diseased (ND) and (b) osteoarthritic (OA)
trabecular bone sections respectively. The contrast and brightness are equal in both images such that the image intensities are comparable. (c) histograms of the bone
mineralisation density distribution (BMDD) as calcium weight percentage (Ca-Wt%) for the two ND and OA image sections. Note the mineralisation heterogeneity in
the OA image, which is reflected by a broader BMDD. (d) Example of a raw (red) and baseline corrected (blue) spectra acquired from a pillar. (e) Lorentzian fitted
v1PO3 peak, used to determine the mineral crystallinity (1/FWHM). The horizontal dotted line represents the baseline of the spectrum from which height was
measured to determine FWHM (w). (f) Amide I band fitted with a superposition of 16 gaussian functions, used to determine the functional value of ~ I1e60 / ~ 1640
and ~ Le60/ ~ lie90. In (e) and (f), the black curve indicates the composite function of the underlying superposed fitting functions (dashed orange) while the blue
curve represents the baseline corrected spectrum.
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mineralisation, we evaluated the median Ca-Wt% of a 250 pm radius
surrounding each pillar.

2.4. Raman spectroscopy

Raman spectra were collected for each pillar using a dispersive
Raman microscope (inVia Reflex, Renishaw, UK) equipped with a 785
nm diode laser and 50x objective (laser spot size ~2 pm). The laser
power at the sample surface was ~12 mW and spectra were acquired
with a 30 s acquisition time with a single accumulation in the wave-
number range of 200-2000 cm™. Post-processing was done in Python
v3.6, where we first baseline corrected each spectrum using an asym-
metric least-squares fitting algorithm (pybaselines [35,36], Fig. 2d).
From the corrected Raman spectra, we evaluated a set of bone compo-
sitional properties. First, the mineral crystallinity, which is a relative
measure of the crystallite size and is derived as the inverse of the
full-width at half maximum (FWHM) of the v;PO3 band (~960 cm™).
We fitted the v;PO3 band with a Lorentzian function with an additional
linear baseline (Fig. 2e) [37-39]. Second, we evaluated two intensity
ratios within the Amide I band (~1590 ecm™ to ~1720 em™) for probing
the organic phase [39]. The Amide I band had been evaluated previously
using Raman [37,38,40,41] and intensities at 1640 cm'l, 1660 cm’l, and
1690 cm™! where found useful in assessing protein conformation [39].
We follow Mieczkowska and Mabilleau [42] who developed a validated
fitting procedure for the Amide I band using Fourier transform infrared
spectroscopy (FTIR). We hereby assume that the initial positions of the
spectral subbands (Table 1 in [42]) remain valid in Raman analyses
[39]. Prior to fitting, we reduced noise using a Savitzky-Golay filter
([42], Python v3.6 and Scipy v1.6.2). We fitted the Amide I band with 16
Gaussian functions (Fig. 2f) and the peak intensities at ~1640 em’
~1660 cm™}, and ~1690 cm™ were evaluated at each position. We then
evaluated the peak intensity ratios of ~ Iee0/ ~ I1640, Which reflects
alterations in the collagen secondary structures, and ~ Iiee0 / ~ l1690,
which is indicative of matrix maturity [39-42]. Finally, the commonly
reported mineral-to-matrix ratio (MMR) was calculated by evaluating
the integrated peak areas of the VgPOﬁ' (~430 cm'l) to the Amide III
(~1270 cm™) following fitting of both peaks with a double Lorentzian
function [31].

2.5. Nanoindentation

Nanoindentation testing was performed on a Hysitron Triboindenter
(Hysitron, USA) equipped with a diamond Berkovich probe and wet cell.
Each embedded specimen was rehydrated in Hank’s Balanced Salt So-
lution (HBSS) for 90 min prior to testing and the wet cell ensured the
specimen remained hydrated throughout testing. The indentation

Table 1
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protocol consisted of a load-controlled trapezoidal profile with an initial
monotonic loading to 80 mN at a rate of 120 mN/min, succeeded by a
holding period of 30 s and finished by unloading at a rate of 480 mN/
min following pervious protocols [31]. The resultant indentation depth
was approximately 2.5 pym. A total of 600 indents were programmed for
both the ND and OA specimens, located in regions of transverse
lamellae. Deep indentations where the indenter potentially hit a pore or
underlying embedding was missing were excluded by removing mea-
surements with a total depth of penetration above the 97.5th percentile
(>5.5 pm). We evaluated the reduced modulus (E*) using Oliver and
Pharr’s method [43].

2.6. Micropillar compression

Each micropillar was compressed using a custom-made portable
microindenter (Alemnis AG, Switzerland) fitted with an 88 pm diameter
flat punch probe and custom-made liquid cell. Before testing, we rehy-
drated each specimen by submerging them in Hank's buffered saline
solution (HBSS, Sigma Aldrich, USA) for a period of 90 min, similar to
the rehydration in case of nanoindentation. Each pillar was then com-
pressed uniaxially to a total displacement of 15 pm at a quasi-static
displacement rate of 0.05 pm/s. After an initial displacement of 2 pm,
partial unloading cycles were performed by retracting the probe 0.25 pm
for each successive 1 pm displaced by the probe. A graphical visual-
isation of the loading protocol can be found in Fig. S2 in the Supple-
mentary materials. Throughout each test, displacement, force, and
elapsed time were recorded at a sampling frequency of 30 Hz.

Unlike in straight micropillars [19,24] The tapered profile of the
pillars prevented direct conversion of the force-displacement data to a
uniaxial stress-strain curve. To determine the micromechanical elastic-
and yield properties, we developed a numerical back-calculation routine
by conducting in silico micropillar compression tests. To facilitate this,
we first extracted relevant characteristic parameters from the
force-displacement data (Fig. 3a) as targets for the numerical investi-
gation. First, the displacement was compliance corrected to account for
frame compliance [44]. Each curve exhibited a toe-region, which is an
inherent initial progressive stiffness increase caused by an initial
incomplete contact between the pillar and probe mostly due to surface
roughness and preparation artefacts [45]. To account for this, we follow
Indermaur et al. [46] by first evaluating the local stiffness (kernel size =
5) and extrapolating the maximum loading stiffness (Kjyqq) to find the
initial displacement at which the force is zero. The displacement was
then corrected to account for this initial loading nonlinearity (Fig. 3a).

Following the initial displacement correction, we evaluated a
pseudo-yield force (F,) with a 0.2% offset criterion (Fig. 3a). To eval-
uate the apparent stiffness (Kgp) of each pillar, we fitted the last

Micromechanical and compositional measurements of subchondral bone by disease state (non-disease, ND and osteoarthritis, OA) and location (trabecular, TB or bone
plate, BP). Values are reported as mean =+ standard deviation. The reported p-values relate to the one-way ANOVA test with the mixed effect model where disease state
(state), location, and their interaction (Interact.) are reported. # Note, Gaussian fitting failed on one OA-TB pillar.

Method Value Disease State Location p-values
ND OA BP TB State Location Interact.

Nanoindentation No. Measurements n= 262 n = 255

E* in GPa 9.03 +3.35 9.91 + 2.89 - - 0.0217 -
Micropillar Compression No. measurements n=60 n=49 n=62 n=47

E, in GPa 7.97 £ 2.16 8.17 £ 2.29 8.01 £ 2.26 8.14 £ 2.17 0.450 0.499 0.109

o, in MPa 50.13 + 14.41 54.6 + 16.41 51.94 + 15.61 52.46 + 15.36 0.309 0.161 0.031

g in 103 0.633 + 0.114 0.679 + 0.140 0.659 + 0.134 0.649 + 0.121 0.041 0.996 0.117
Raman No. measurements n =60 n=49 n=62 n=47

MMR in - 0.65 £+ 0.07 0.67 £+ 0.08 0.65 £+ 0.08 0.67 £+ 0.06 0.107 0.315 0.240

FWHM L, in - 0.0606 + 0.0009 0.0599 + 0.0013 0.0598 + 0.0011 0.0609 + 0.0010 0.082 <0.0001 0.033

~ 1660/ ~ Iig40 in - # 1.08 + 0.54* 1.18 + 0.62% 1.16 + 0.61% 1.06 + 0.53% 0.547% 0.339% 0.178%

~ 1660/ ~ I1690 in - 1.92 +1.11% 2.05 + 1.28% 2.11 + 1.25% 1.80 + 1.08" 0.309% 0.763% 0.977%
qBEI No. measurements n =60 n=49 n=62 n=47

Ca-Wt% in% 21.72 £ 1.66 22.49 +£1.94 21.95 £ 1.94 22.22 +1.68 0.502 0.032 0.405
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Fig. 3. Micropillar compression force-displacement results. (a) An exemplary force-displacement curve from which the following variables were evaluated: apparent
stiffness (Kgpp, red dashed line); loading stiffness (Kj,qq, orange dot-dashed line); post-yield gradient (K}, blue dot line); and yield force (Fy, circled). Note the initial
loading nonlinearity has been corrected such that the plot starts at a negative displacement. (b) Subplot of the unloading curve prior to yield, with the fitted third-
order polynomial (blue solid curve) and K, (red dashed line). (c) Seven exemplary curves which all exhibit close to the median compressive yield strain, but with a
range of stiffnesses and strengths. The black curve here is the raw data with unloading segments present, while the overlying red curves are cubic splines fitted to the
initial unloading points. (d) The same curves in (a) with the FE-derived force-displacement curves in blue present. (e) Uniaxial stress-strain behaviour of the material
definition that comprises the pillar for which the force-displacement curves are composed in (d), where the labelled curves C1 and C2 are correspondent. Notice the

asymmetry in tensile (red) and compressive (blue) yield strength.

unloading segment prior to yield [26] with a third-order polynomial.
Kqp was then the gradient of the tangent evaluated at the initial
unloading displacement (Fig. 3a-b). Finally, the gradient of the
force-displacement curve post-yield (Kj,) was evaluated (Fig. 3a).

2.7. In silico micropillar compression

With Kjoaq, Fy, Kqpp, and K, evaluated from the experimental force-
displacement data of each compressed micropillar, we set out a nu-
merical investigation to back-calculate the respective Young’s modulus
(Eo) and compressive yield stress (c;). To do so, we defined a finite
element model to perform in silico micropillar compression. To back-
calculate the micromechanical parameters of the constituent material
within each micropillar, we minimised the error between the experi-
mental- and numerical force-displacement curves.

We generated a mesh with dimensions consistent with the average
micropillar, which sat atop a 150 um diameter hemisphere to accom-
modate pillar sink-in [27,47]. The mesh was equipped with an
elasto-plastic material model, proposed by Schwiedrzik et al. [48], as a
user defined material subroutine (UMAT) in Abaqus (v6.16, Dassault
Systemes). The constitutive equations are detailed in Supplementary
materials S1. The elastic domain exhibits isotropic stiffness and is
bounded by an asymmetric quadric yield surface [49], which takes the
form of a cone with a rounded tip that is aligned with the hydrostatic
stress axis in normal stress space (see Supplementary materials Fig. S3).
The yield criterion accounts for the asymmetry in tensile and compres-
sive strength, which is evident in bone tissue at the macro- [50,51] and
microscale [52]. We used a constant ratio of 63 = %oa [50-52], with the
magnitude o, as input as done previously [53]. We implemented
post-yield linear hardening, where in addition to evaluating E, and o,
we also evaluated the post-yield gradient, m,,. The influence of varying
the input parameters (Eo, 6, and my,,) on the uniaxial stress-strain
behaviour is illustrated in Supplementary materials Fig. S4.

Given that the diamond flat punch has a stiffness of ~1141 GPa,
deformation of the modelled micropillar was accommodated through
contact with a rigid body with displacement control boundary condi-
tions assigned. During experimental micropillar compression, some
localised plastic deformation occurred at the interface between the
micropillar and probe. This was evidenced by the loading stiffness being
lower than the unloading stiffness, the latter of which is considered a
response of entirely elastic recovery. To correct for this reduced loading
stiffness, we implemented a user-defined contact constraint (UINTER) in

Abaqus. During loading, contact was modelled using a contact stiffness,
K ont, allowing the rigid body to overclose (penetrate) the pillar surface.
Upon unloading, the contact stiffness was increased to constrain the
overclosure during probe retraction. This softened contact during
loading reduces loading stiffness. It must be noted that this method
simply corrects the numerical force-displacement curve and does not
influence the mechanical response of the pillar. This correction is
necessary to apply a comparative yield criterion to the numerical force-
displacement curve.

For each micropillar, Ey, Kconi, 0 and my, were derived iteratively
using a secant method to minimise the relative error, |1 — (Yzz /Yexp)|,
between the experimental and numerical force-displacement curve.
Here Y is one of the target variables Ey, Kcont, 05 Or myy. A detailed
description of the method is found in Supplementary materials S2. To
assess the accuracy of the numerical back-calculation routine, we
quantified the mean absolute percentage error (MAPE), the root mean
squared error (RMSE) and maximum absolute error (MaxAE) between
the experimental and converged numerical force-displacement curves
for each micropillar.

2.8. Data analysis

Statistical analyses were conducted using Python (v3.6) with Scipy
(v1.6.2) and Statsmodels (v0.12.2) [54], and R (v4.4.1) with Ime4
(v1.1.35.5), ImerTest (v3.1.3) and emmeans (v1.10.3). To compare the
micropillar compression micromechanical and compositional variables
between location and disease state, while accounting for repeated
measurements across samples, we employ a mixed-effect model. In this
model, disease state (ND and OA) and location (BP and TB) are treated as
fixed effects, and samples treated as a random effect as:

v=sxl+(1]2) @
with variable v, state s, location 1, and sample X.

For the nanoindentation variable, location is omitted to reflect the
absence of measurements in the subchondral bone plate. Differences in
the fixed effect groups were tested via ANOVA type analysis. Estimated
marginal means (EEMeans) were estimated and pairwise comparisons
were performed as a post-hoc test [55]

To establish whether a relationship existed between the micropillar
compression derived mechanical properties and the Raman and qBEI
compositional measurements. Following Mirzaali et al. [31], we used a
power law function with the gBEI and Raman variables as explanatory
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variables as:
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0.041, EEMeans pairwise comparisons), but not dependent on location
(p = 0.996, EEMeans pairwise comparisons).

Ca — Wt% MMR

b
X_x, (Ca - Wt%) . <FWHMN;6O> (MMR) ¢ <N Lisso/ ~ 11640> d <N Lisso/ ~ 11690>f @

FWHM i, ~ Tigeo/ ~ Lieao

Here X represents one of the FE-derived micromechanical parame-
ters (Eo, o, and ¢;) and the Raman and qBEI measurements were nor-
malised to the population averages (denoted by an overbar) such that X,
represents a fictitious material with average composition as measured
by gBEI and Raman. X, and the exponents a, b, ¢, d and f were then
fitting parameters.

We utilised a log-space conversion of Eq. (2) and performed ordinary
least squares regression, where we sequentially removed non-significant
variables, each time removing the variable with the highest p-value until
only significant variables remained. For all tests, we assumed a signifi-
cance level of @ = 0.05.

3. Results
3.1. Micromechanical testing

A total of 517 (ND = 262, OA = 255) indentations were successfully
performed in subchondral trabeculae under hydrated conditions
(Fig. 4). Nanoindentation revealed a significant dependence (p =

0.022) of reduced modulus on disease state in trabecular bone with OA
bone being higher.

A total of 336 micropillars were programmed for laser ablation
extraction from which 227 were successfully extracted. From these, 109
pillars were deemed acceptable by all three investigators and only these
pillars were subject to subsequent analyses. Fig. 3b shows a range of
exemplary force-displacement curves. Beyond yield, the pillars pre-
dominantly exhibited a linear hardening-like behaviour (Fig. 3b-c).

The back-calculated micromechanical properties Ey, o, and ¢, are
shown in Fig. 5. Micropillar compression revealed no significant
dependence of E, on the micropillar location or disease state (Table 1).
The significant interaction between disease state and location for o, was
a consequence of an increase in trabecular bone o; in OA (p = 0.031,
EEMeans pairwise comparisons) that is absent in ND (p = 0.98, EEMeans
pairwise comparisons) (Table 1). &, was significantly higher in OA (p =

80 1 201 .
Z
€ 60 - & 15 -
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8 40 1 £10 -
S w
* 20 5
0 0+t
0 6 ND OA
Displacement in um STATE

Fig. 4. Nanoindentation results pooled for the entire population. Left, force
displacement data showing loading, hold period and unloading phases for
minimum (dash-dot lines), median (solid lines), and maximum (dashed lines)
nanoindentations for ND (blue) and OA (orange) subchondral trabecular bone.
The box plot illustrates the resultant reduced modulus E* with the p-value
corresponds to that stated in Table 1. Significance level notation: ‘** - p < 0.05.

~ Iieso/ ~ Tieoo

The median MAPE, RMSE and MaxAE between the numerical and
experimental curves were 1.62%, 1.63 mN and 4.40 mN, respectively
(see Fig. 3 for exemplary force-displacement curves). Similarly, the 95th
percentiles were 5.44%, 5.91 mN and 10.8 mN. Eight micropillars
exhibited a MaxAE above 10 mN. These higher errors stem from a post-
yield softening behaviour that may be due to internal flaws such as
cellular porosity. These pillars have not been excluded from the evalu-
ation since the larger error is due to the low agreement with the hard-
ening behaviour in the model. The elastic modulus and yield strength for
these pillars where therefore considered usable.

3.2. Compositional analysis

Pillar specific Raman spectroscopic and qBEI results are shown in
Fig. 5, and Table 1. In case of the Amide I analysis, Gaussian fitting failed
on one OA-TB pillar. Raman spectroscopy revealed that mineral crys-
tallinity is location dependent (p < 0.0001). The significant interaction
between disease state and location was a consequence of a significant
reduction between ND and OA in the subchondral bone plate (p = 0.012,
EEMeans pairwise comparisons) and not in the trabeculae (p = 0.679,
EEMeans pairwise comparisons). The Amide I intensity ratios showed no
location or disease state dependency (p > 0.05).

The results of the power law correlation analysis are outlined in
Table 2. The analysis revealed that in the bone plate, the gBEI median
Ca-Wt% was the dominant variable on which the micromechanical
properties are dependent (Fig. 6, Table 2). However, we detected a
dependence on both Ca-Wt% and ~ 660/ ~ 1640 in case of the ND
micropillars. When the micropillar location were pooled, there existed a
dependence of E; and ¢, of the OA micropillars on the mineral
crystallinity.

4. Discussion

In this study, we used a combination of nanoindentation, micropillar
compression testing, and compositional analyses to assess microscale
elastic properties and yield strength of rehydrated subchondral bone in
non-diseased and late-stage ankle osteoarthritis samples. By combining
micromechanical and tissue compositional analyses we were able to
investigate how the mechanical properties are related and how these
properties are affected in subchondral bone by osteoarthritis (Fig. 6,
Table 2).

4.1. Micromechanical testing

Nanoindentation revealed reduced moduli (Fig. 4) for OA trabecular
bone (9.91 + 2.89 GPa) and ND bone (9.03 + 3.35 GPa) in these male
distal tibial samples. These values compare with Wolfram et al. [56],
who conducted indentations on rehydrated lamellae in a transverse
orientation in human vertebral trabecular bone. We observed a 0.87 GPa
(95% CI [0.11, 1.63]) increase in reduced modulus in late-stage OA bone
compared to ND bone. This increase is consistent with Renault et al. [16]
who observed a correlation between rehydrated subchondral trabecular
bone indentation modulus and bone volume fraction. This is indicative
of disease progression [57]. Similarly, Zuo et al. [18] observed an
increased in indentation modulus, albeit between early (KL-score = 1)
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Fig. 5. Micropillar compression and compositional results. Box plots of the micromechanical and compositional properties of subchondral bone in relation to disease
state (non-disease, ND and osteoarthritis, OA) and location (trabecular, TB or bone plate, BP). See Table 1 for mixed effect model results. Significance level notations:
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Table 2
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Significant (p < 0.05) fitting parameters of the power law regression analysis (Eq. (2)). X, corresponds to a material with average compositional properties. The
exponents a, b, ¢, d and f correspond to Ca — Wt%, FWHM _¢,, MMR, ~ I1660/~I1640, ~ I1660/~I1690 variables.

X Location State Xo a b c d f Adj. R?
Eo BP ND 8.32 1.49 - - 0.17 0.339
in GPa OA 7.17 1.40 - - -0.11 0.248
TB ND 7.53 - - . .
OA 8.15 - - - - -
Pooled ND 8.03 1.31 - - 0.10 0.171
OA 8.00 - 5.36 - -0.10 0.218
oy BP ND 55.74 1.33 - 1.04 0.22 0.432
in MPa OA 47.68 - - - - -
TB ND 45.78 - -
OA 56.00 - - - . . .
Pooled ND 49.26 1.53 - - - - 0.137
OA 54.08 - 5.97 0.160
€ BP ND 0.657 - - -
in (10 OA 0.656 - - - - - -
TB ND 0.613 1.70 - - - - 0.209
OA 0.677 - - .
Pooled ND 0.65 0.61 -5.70 0.179
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Fig. 6. Elastic modulus and compressive yield strength as a function of compositional variables. The orange triangles and blue circles represent the OA and ND
measurements respectively. A dashed line corresponds to a single variable power law function (Eq. (2), Table 2). The dotted and dot-dashed lines correspond to a two
variable power law function (Eq. (2), Table 2), where the first independent variable is continuous while the second variable is fixed at its median (dot-dash) and
minimum and maximum (dot). In the 6; bone plate plot (bottom left), the fit is a function of three compositional variables (Table 2). In this instance, for visualisation

purposes, the ~ L0/ ~ 1640 median is fixed.

and late-stage (KL-score = 4) OA trabecular lamellae. Interestingly,
Renault et al. [16] attribute this positive association to the maturity of
the bone. The increase in thickness via remodelling is a surface phe-
nomenon where new lamellar packets are deposited on the periphery,
while the centre of each trabecula is comprised of more mature bone. We
observed this in the gBEI of OA specimens, where hypomineralised
packets of lamellae were located on the outer peripheries of individual
trabeculae, consistent with newly formed bone (Fig. 2). Indentations
were always positioned centrally to any incident trabeculae and as such,
we unlikely probed these regions of hypomineralised bone. We believe
the results for both the nanoindentation and micropillar compression

must be viewed in light of this positioning and we revisit this concept
later.

Assuming a Poisson’s ratio of vy = 0.3 for bone and v4 = 0.07 for
diamond, the reduced moduli we measured using nanoindentation
(Figs. 4 and 5) would translate into a Young’s modulus of E, = 8.28 GPa
and Ey, = 9.09 GPa for ND trabecular bone and OA bone, respectively.
Therefore, the micropillar compression derived E, values were compa-
rable to the nanoindentation values, albeit without significant difference
related to the disease state of the tissue (Fig. 5). Our indentation results
are ~20% - 50% lower than other studies on hydrated and non-hydrated
lamellae in axially loaded compact bone [25,58,59]. This reduction may
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be explained by lower transverse stiffness compared to axial stiffness as
observed by Wolfram et al. [56]. Furthermore, Hengsberger et al. [58]
demonstrated that indentation modulus decreases with increasing
indentation depth. In Wolfram et al. [56] and Renault et al. [16], the
loading protocols were comparable in magnitude to ours, where an
indentation depth of ~2.5 um averages across approximately three
lamellae [56]. In Hengsberger et al. [58] and Guidoni et al. [59],
however, the maximum indentation load was ~6% of ours. Schwiedrzik
et al. [25] tested dry tissue to a maximum depth of 1 um, which is
roughly a third compared to our indentations. Additionally, Schwiedrzik
etal. [25] and Guidoni et al. [59] both tested in cortical bone, which was
shown by Zysset et al. [60] to have a cortical-to-trabecular elastic
modulus ratio of ~1.76. The stiffness observed here fits to resources that
reported results on transversally oriented indentations [16,56]. The
reduced stiffness in comparison to other studies can be attributed to
different material orientation, greater indentation depth, and difference
in indentation locale. Furthermore, we believe that obtaining consistent
results by micropillar compression and nanoindentation, which are
mutually complementary techniques, underscores the validity of our
results.

We showed that not only stiffness, but also tissue yield stress in ankle
OA subchondral trabecular bone is increased in OA compared to non-
disease (Table 1). To the best of our knowledge, micromechanical
compressive yield strain and stress of subchondral trabecular bone and
the bone plate in ND and OA human ankle tissue have not yet been re-
ported. As such, we cannot directly compare the measured yield prop-
erties with previous studies. Our measured yield stress values (50.13 +
14.41 MPa in ND and 54.6 + 16.41) were significantly lower than values
reported by Kochetkova et al. [22], who tested similar sized micropillars
in femoral neck cortical bone (257.9 MPa). However, Kochetkova et al.
[22] tested micropillars in dry conditions and it has previously been
shown that rehydration has a significant effect on microscale yield
properties of bone with up to three fold decreases in yield stress and
strength observed [19,20,61]. Furthermore, yield properties of sub-
chondral bone may differ from those of cortical bone. Indeed, others
have reported lower tissue strength values for trabecular bone tissue in
comparison to cortical bone [62]. This may be explained by differences
in lamellar architecture and mineralisation. Tertuliano and Greer [63]
observed compressive yield stress values >300 MPa in 3 pm diameter
micropillars of trabecular bone tissue from human femoral condyle.
However, not only did the authors perform compression experiments in
dry conditions but also illustrated the drastic effect of micropillar size on
yield stress values, which extends earlier findings for cortical bone [25].
At larger length scales, Frank et al. [64] reported tensile yield stress
values of ~30 MPa in individual trabeculae from the human femoral
neck, which aligns with our results when considering previously re-
ported tension-compression strength ratios of 0.4 [62] and 2/3 [65].
Finally, our compressive yield strain compares with [19,61]. Yield strain
in bone tissue shows a small variation across different tissues [62,66,
67]. For a thought experiment, we assume yield strain to be constant
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across trabecular and cortical tissue at the microscale, say ey ~ 0.7%
(Fig. 5 and [19,61,67]1). The yield point marks the end of the elastic
regime so that we could estimate yield stress as ¢ = Ep g. If we
furthermore assume transverse stiffness of cortical bone to be ~20 GPa
[19] and use our transverse stiffness of ~8.33 GPa, then we obtain 140.0
MPa and 58.3 MPa for cortical and trabecular tissue which fits to our
compressive results for rehydrated tissue and those reported elsewhere
[19,61]. Therefore, the difference in stiffness between cortical and
trabecular tissue serves as an explanation for the differences in yield
strength observed here for rehydrated subchondral trabecular bone and
yield strength observed for rehydrated cortical tissue. We conclude that
our measured yield strengths are sound.

4.2. Influence of porosity, orientation, and geometry on mechanical
properties

The results from both indentation and micropillar compression share
a large coefficient of variation, CoV, of ~30%. Bone tissue itself will
possess some degree of inherent variation [68], which was shown to be
exacerbated by hydration [56]. The relatively large indentation depth
(~3 um) and pillar size likely compounded this variation. Kochetkova
et al. [28] similarly observed a high variation when conducting micro-
pillar compression of cortical bone tissue with laser ablated micropillars
in the size order of our pillars. They postulate that the size order of their
pillar allows for a high degree of sub-microstructural inclusions within
the pillars themselves. This rationale is plausible, and we have further
investigated the potential influence of such sub-microstructural
inclusions.

Firstly, we considered if the inclusion of osteocyte lacunae would
compromise the integrity of the micropillars (Fig. 7). Using lacunar
morphometric parameters reported by Goff et al. [69], who report a
median lacuna volume of 178 ym® and degree of anisotropy of ~3.4. We
used Poisson-disk sampling (scipy.stats.qmc.PoissonDisk [70]) to pro-
duce a point distribution with a number density of approximately 16.6
(1000/mm?) to represent the spatial distribution of lacunae in trabec-
ular bone (Fig. 7a-b). Despite the high degree of anisotropy, for
simplicity and because we loaded uniaxially, each point was first
assigned a spherical volume of radius 3.49 pm [69] (Fig. 7c). A Boolean
difference operation on the computational domain was then performed
such that any sphere that intersected the pillar region was removed and
the porosity was explicitly imposed as mesh feature (Fig. 7c—d). We
performed five in silico micropillar compression tests to evaluate pore
influence (Fig. 7e), of which, the maximum reduction in stiffness and
yield force was 0.99% and 2.83%, respectively. With such marginal
reductions here, we believe that inclusions such as lacunae have no
consequence with respect to the variation of our micromechanical
testing results. The minimal reduction in stiffness and strength did not
warrant further investigating anisotropy of lacuna porosity as an ellip-
soidal inclusion.

Lamellar bone exhibits significant anisotropy with regards to its
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Fig. 7. Influence of lacunar porosity on the micropillar response. (a-b) Distribution and corresponding violin plot displaying the nearest neighbour (NN) distance
between any lacuna (Lc). (c) Random positioning of lacunae within the micropillar. (d) Example of the porosity imposition on the micropillar as a mesh feature where
in this shown instance the lacuna intersects the exterior of the micropillar. (e) Force-displacement data from in silico micropillar compression where the black curve
represents a pore-less micropillar and the five red curves are simulations with five random distributions of osteocyte lacuna.
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Schematic of a pillar with global coordinate system X, Y, Z. The material orientation is then rotated through 6 relative to the pillar axis (Z-axis). (d) Resultant force-
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space in the axial-transverse plane in MPa. (g) Apparent stiffness (Kq) and yield force (F)) and as a function of 8. The box plots correspond to the experimental Ky,

and F,.

elastic stiffness and strength [19,24,25,52,56], owing to the orientation
of the underlying mineralised collagen fibres in the lamellae [71,72].
The size of our micropillars made confidently positioning micropillars in
regions with a consistent lamellar orientation challenging. We posi-
tioned pillars close to or in junctions where trabeculae converge to
ensure sufficient support materials and enough material to create the
pillars (Fig. 8b), and we had no means to assess the orientation of the
lamellae within each pillar. To investigate the potential impact of an
elastic and strength anisotropy, we substituted our original isotropic
material definition with a transversely isotropic case, parameterised
with axial (AX) to transverse (TR) elastic and strength ratios reported by
Schwiedrzik et al. [19] (Eax/Emr = 1.57, 05,x/06x = 1.31). The
formulation and parameter selection for the transverse isotropic stiffness
and strength tensors can be found in Supplementary materials S3.
Following principles outlined in [24,52,73], we rotated the axial ma-
terial orientation with respect to the pillar axis and assessed the
reduction in the resultant force-displacement curves as well as their
respective stiffness and yield force (Fig. 8c—d). With a fixed material
parameterisation, varying only the alignment of material orientation
with regards to the pillar axis from axial to transverse translated to a
pillar stiffness and yield force reduction of 33.8% (1 - Kqpp ax/Kapp,r)
and 26.9% (1 - Fyax/Fy1r). The variation in pillar stiffness and yield
force, observed across axial and transverse orientations (AX: Kgyp =
136.2 mN/um, F, = 72.2 mN; TR: Kg, = 90.1 mN/um, F, = 52.8 mN)
captures the interquartile range of measured pillar stiffnesses (IQR 93.7
mN/um - 135.6 mN/um) and accounts for 73% of the interquartile range
in experimental yield forces (IQR 47.7 mN - 74.3 mN), calculated as
(Fy.ax - Fy1r)/IQR (Fig. 8g). We may infer then that a large proportion of
the experimental variability stems from lamella anisotropy. Addressing
this in further works would require either individual positioning of
micropillars in the areas where the lamella orientation can be confi-
dently identified (Fig. 8a, see e.g. Wolfram et al. [56]), or identifying the
orientation of the lamellae in each pillar, for example by polarised
Raman spectroscopy following methods proposed by Kochetkova et al.
[24]. The drawback of the former would be the increase in fabrication
time, potentially hindering the viability of laser ablation as high
throughput capable extraction technique.

In addition to inclusion of lacunae and lamella anisotropy, we
investigated the potential effect of geometric variability. The variability

10

of the micropillars produced by laser ablation will include variations in
height, taper angle, base and top diameters, and eccentricity. The
micropillar geometry was previously fixed to represent the average
micropillar dimensions, ensuring that only the micromechanical prop-
erties of the constituent material were investigated. For a qualitative
evaluation of the effect, we chose to keep the height, eccentricity, and
full width half maximum diameter consistent and vary only the taper
angle. A schematic of the micropillar and the varying taper angle is
presented in Fig. S6. Parameterising the model with the median
micromechanical properties and varying the taper angle between the
measured maximum and minimum taper angles of 10.4° and 14°,
accounted for approximately 50.6% and 106.9% of the IQR of Kq,, and
Fy, respectively. We speculate that the more pronounced effect on Fy is
driven by the reduced area of contact with the indenter tip, resulting in
an increased stress concentration at the contact interface [74]. The
asymmetry between the impact on numerical Kq, and Fy, and the
consistent variation between the experimental K, and Fy may suggest
that the latter is driven by other factors like lamella anisotropy. Varying
the micropillar geometry, however, has highlighted the importance of a
highly repeatable micropillar extraction technique to minimise the
impact of geometric variability. Tailoring the in silico modelling to
include the pillar specific geometry could minimise this impact, how-
ever, it would require additional manual input and compromise the
benefit of the automated minimisation routine developed to characterise
the micromechanical properties of the constituent material.

The variation of material orientation explains the large variation in
observed here. The large number of nanoindentation measurements was
sufficient to detect a small (0.87 GPa, 95% CI [0.11, 1.63]) but signifi-
cant increase in means between ND and OA subchondral trabecular
bone. Given that stiffnesses measured by micropillar compression and
nanoindentation in this study fit well together (Fig. 5), this difference
may persist when testing via micropillar compression. However, 109
micropillars may have been too few to detect a significant difference in
E, given the large variation. We did detect a significant difference in
yield strength between ND and OA subchondral trabecular bone
(Table 1). As with the nanoindentation measurement locations, micro-
pillars were positioned centrally within junctures of trabeculae (Fig. 8b).
We believe that the increased tissue maturity in the centre of trabeculae
is relevant here as well as in the nanoindentation measurements, given
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the surface deposition of newly formed bone. Ultimately, such small
changes in trabecular tissue stiffness and strength may be overshadowed
by the densification of the subchondral bone in late-stage OA [57]. With
marginal changes to tissue-scale properties, we may infer that any
changes to apparent level stiffness and strength are a consequence of
microstructural changes. For example, Stadelmann et al. [75] illustrate
this nicely, where a reduction in tissue scale stiffness in osteoblastic
vertebral lesions is inconsequential with respect to apparent level stiff-
ness due to an increase in overall bone mass.

4.3. Compositional analysis

The pillar-specific Raman spectroscopic metrics we evaluated
exhibited ranges that are comparable to previous studies on bone tissue
[22,28,40,41]. Despite this, the only location-based significant differ-
ence was that the mineral crystallinity was reduced in the OA sub-
chondral bone plate. This finding is in contrast to Das Gupta et al. [76]
who performed Raman mapping on the osteochondral junction from
proximal tibiae with progressive stages of OA and found no change in
the mineral crystallinity in the subchondral bone plate. Mineral crys-
tallinity, which encompasses both crystal size and perfection, increases
with tissue age [77,78]. In the context of tissue age, our detected
reduced mineral crystallinity in the OA subchondral bone plate fits the
notion of newly formed bone responsible for bone plate thickening
observed in OA progression [57]. Mineral crystallinity has previously
been shown to correlate with elasticity and yield strength [41,77,79],
and when the OA subchondral bone plate and trabeculae elastic modulus
and yield strength results were pooled, we detected a significant
dependence of both on mineral crystallinity (Fig. 6). In the ND bone, the
mineralisation density derived by qBEI was the dominant explanatory
variable (Fig. 6). This mineralisation density dependence is consistent
with previous experimental and numerical observations of micropillar
compression [21,45]. It has to be noted that crystallinity is dependent on
fitting procedure. We followed previously used protocols [37,39] to
determine FWHM. We checked the impact of using two Lorentzian
functions in addition to the linear function (dashed orange curves in
Fig. 2) rather than one (Fig. 2). Mean error in FWHM in this case was
0.122 1/cm, which we consider negligible given the noise level of the
technique. Furthermore, we detected a significant difference in crys-
tallinity in a groupwise comparison so that a potential systematic error
stemming from the fitting procedure would be common to all mea-
surements performed. As our conclusions are drawn from the relative
differences between these measurements, this common-mode error is
cancelled and does not affect the validity of our results.

Despite the detection of reduced crystallinity between location, the
chosen Raman metrics related to the collagen conformation in bone
proved not different between the OA and ND groups nor location.
Interestingly ~ Iiec0/ ~ I1640 Was identified as a significant explanatory
variable of Ej in the power law regression analysis in the bone plate of
both OA and ND specimens. This metric has previously only been
associated with a loss of mechanical competence, through reduced
fracture toughness and strength [41,79]. The lack of groupwise changes
could have been a sensitivity issue. While the chosen fitting method of
the Amide I band follows the validated procedure proposed by Miecz-
kowska and Mabilleau [42] including their identified subpeak positions
(see Section 2.4), Raman analyses is known to suffer from worse signal
to noise ratios than, for example, FTIR [39]. We follow a validated fitting
procedure that strives to resolve the subpeaks representing the under-
lying structure [42] which has a high coefficient of determination, but
the derived ratios may not correlate (see [79]). It could also simply be
that the collagen conformation in the tissue that we probe is unaffected
by OA. The positioning bias, where we could not probe the hypomin-
eralised lamella packets, could extend to the Raman analysis as the
measurements were spatially matched to the micropillars. As with the
mechanical testing, we may have detected changes in collagen confor-
mation had we been able to probe these regions.
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4.4. Limitations

The male-only nature of the study was an outcome of the types of
patients undergoing arthroplasty at the time of tissue collection and not
of study design. ND specimens were then sex-matched to OA ones. The
small number of donors is a limitation that is due to working with in vivo
material obtained during surgery. Access to more donor material was
unfortunately not possible. To mitigate this limitation, we used mixed-
effect models (Section 2.8) well-suited for analysing data with
repeated measures, especially when sample sizes are small [80-82].

The necessity to back-calculate the micromechanical properties
through an in silico experiment highlights the limitations of our current
laser ablation protocol. Our achieved pillar geometry prohibits an
analytical transformation of the force-displacement data directly to a
uniaxial stress-strain curve. The limiting factor here is the conical shape
of the pillars, which induces a heterogeneous stress state within the
pillar under compression [74]. We believe that the modelling approach
sufficiently captures the elastic and post-yield behaviour of the material
that comprises each pillar. Ideally, further effort needs to be conducted
to deliver near cylindrical pillars by laser ablation, for example like
those produced by Lim et al. [83]. However, if these are achieved, the
height needs to be controlled to reduce the risk of buckling. In our case
the top diameter to height ratio would have been too small to securely
avoid this and shorter pillars would then also be needed.

The positioning of the pillars in trabeculae was a challenge as we had
no volumetric spatial information on the bone tissue beneath the surface
of the sample. With only a light microscope surface map, our plan was to
fabricate a large number of pillars so that a sufficient number would be
suitable for testing. Numerous pillars were rejected due to insufficient
bone volume beneath the surface or pores. On reflection, this was to be
expected given the size of the pillars. While we selected positions that
suggested sufficient material, the number of rejected pillars indicates
that they were on the upper limit of what was possible. Along with
eliminating the taper angle, the size of pillars should therefore be
reduced to improve the fabrication success rate.

Due to the pillar size and indentation depth, no measurements could
be located in hypomineralised lamella. These regions were inaccessible
by means of micropillar compression or our nanoindentation protocol as
they were located on peripheries of trabeculae (see Fig. 2b). Micropillars
with a diameter of approximately 5 um can be achieved by focused ion
beam milling [19,21,25,26,84], which could be small enough to probe
these areas. However, as trabecular have a round cross section, pe-
ripheral regions would provide too little support material underneath
the probed bone. Li and Aspden [85] illustrated that OA trabecular bone
exhibits a significantly lower apparent stiffness than non-diseased bone
with comparable apparent density. Increases in apparent density in OA
is accommodated by an increase in bone volume with reduced tissue
mineralisation [86]. Considering our detected mineralisation depen-
dence of the micromechanical properties, we speculate that these
hypomineralised regions may explain the density associated loss of
apparent stiffness demonstrated by Li and Aspden [85]. Interestingly,
Das Gupta et al. [87] performed microindentations in arrays across the
osteochondral junction and found a loss of tissue stiffness with pro-
gressive cartilage degeneration. This systematic approach avoids the
need to subjectively locate measurements. In our case, we chose the
location of the pillars due to their size and ultimately could not test the
full range of mineralisation heterogeneity. Systematic positioning, as
demonstrated by Kochetkova et al. [22,28], could overcome this prob-
lem as micropillars would be randomly distributed across the bone
sample. However, Kochetkova et al. [22,28] did not experience the
challenge of trabecular porosity as their pillars were extracted in cortical
bone, where intracortical porosity is a fraction of that in trabecular
bone.
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5. Conclusion

We used nanoindentation and micropillar compression to investigate
the micromechanical properties of late-stage OA subchondral bone. This
combination allowed us to observe tissue yield strength in addition to
tissue stiffness, which to the best of our knowledge remained an open
question and constitutes a key outcome of this study. Nanoindentation
revealed a small but significant increase in elastic modulus, and while
the elastic modulus derived by micropillar compression exhibited a
comparable range, no significant differences were detected between ND
and OA bone. Both testing modes showed large variation, and we
consider the impact of lamellar anisotropy to be the likely source of this
variability. We detected a significant difference in yield strength be-
tween ND and OA subchondral trabecular bone that was absent in the
subchondral bone plate. Mineralisation proved to be a significant
determinant of elastic modulus and compressive yield strength, con-
firming its dominant role in these properties.

The results provide insight into subtle tissue-level changes that occur
alongside drastic apparent level changes in OA. The morphology of
samples included in our study was previously evaluated by Koria et al.
[15], who reported a > 10% increase in bone volume fraction with OA.
Given that bone volume fraction is the primary determinant of apparent
level stiffness and strength, an estimated increase in elastic modulus of
only 0.87 GPa in the subchondral trabeculae may be inconsequential.
However, these subtle tissue-level changes may suggest that sub-
chondral trabecular bone could assist with localised stress absorption
leading to pathological bone remodelling [14,88] that would trigger
bone cells to produce greater amount of bone [85]. Our findings
contribute new insights into the micromechanical properties of OA
subchondral bone, which may be used directly in the development of
computational methods for assessing subchondral bone stiffness and
strength, for example for use in surgical planning or implant design or to
inform OA therapeutic approached by targeting subchondral bone
mechanobiology.
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