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ARTICLE INFO ABSTRACT

Keywords: Decellularised porcine superflexor tendon (pSFT) has been characterised as a suitable scaffold for anterior cru-
Decellularisation ciate ligament replacement, with dimensions similar to hamstring tendon autograft. However, decellularisation
Tendon

of tissues may reduce or damage extracellular matrix components, leading to undesirable biomechanical changes
at a whole tissue scale. Although the role of collagen in tendons is well established, the mechanical contribution
of glycosaminoglycans (GAGs) is less evident and could be altered by the decellularisation process. In this study,
the contribution of GAGs to the tensile and compressive mechanical properties of pSFT was determined and
whether decellularisation affected these properties by reducing GAG content or functionality.

PSFTs were either enzymatically treated using chondroitinase ABC to remove GAGs or decellularised using
previously established methods. Native, GAG-depleted and decellularised pSFT groups were then subjected to
quantitative assays and biomechanical characterisation. In tension, specimens underwent stress relaxation and
strength testing. In compression, specimens underwent confined compression testing.

The GAG-depleted group was found to have circa 86% reduction of GAG content compared to native and
decellularised groups. There was no significant difference in GAG content between native (3.75 + 0.58 pg/mg)
and decellularised (3.40 + 0.37 pg/mg) groups. Stress relaxation testing discovered the time-independent and
time-dependent relaxation moduli of the decellularised group were reduced >50% compared to native and GAG-
depleted groups. However, viscoelastic behaviour of native and GAG-depleted groups resulted similar. Strength
testing discovered no differences between native and GAG-depleted group’s properties, albeit a reduction ~20%
for decellularised specimens’ linear modulus and tensile strength compared to native tissue. In compression
testing, the aggregate modulus was found to be circa 74% lower in the GAG-depleted group than the native and
decellularised groups, while the zero-strain permeability was significantly higher in the GAG-depleted group
(0.86 £+ 0.65 mm4/N) than the decellularised group (0.03 + 0.04 mm4/N).

The results indicate that GAGs may significantly contribute to the mechanical properties of pSFT in
compression, but not in tension. Furthermore, the content and function of GAGs in pSFTs are unaffected by
decellularisation and the mechanical properties of the tissue remain comparable to native tissue.

Tissue scaffolds
Biomechanics
Glycosaminoglycans

1. Introduction rupture, a replacement graft is required to restore function and stability
(Bliss, 2017). An optimal graft should match the anatomical dimensions

Anterior cruciate ligament (ACL) ruptures affect 30 to 78 per and physiological demands of the native ACL, while providing a
100,000 individuals annually (Gans et al., 2018). Following ACL microenvironment which encourages development of neo-tissue
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(Rahouadj et al., 2018). Currently, surgeons rely on autografts and al-
lografts for this procedure (Macaulay et al., 2012), which suffer bio-
logical and mechanical limitations (Woods and Gratzer, 2005; Vyas
et al., 2012; Janssen and Scheffler, 2014; Villa Albers et al., 2017; Jamil
et al., 2017). However, decellularised porcine tendon provides an
off-the-shelf graft option eliminating donor site morbidities, and offer-
ing plentiful supply via the food chain.

Decellularised tendon is produced by removing the immunogenic
components of the porcine source tissue, such as cellular material and
markers, nucleic acids and antigens (a-Gal epitopes) (Choi et al., 2012).
This reduces foreign body reaction, inflammation and adverse immune
response when implanted into a host (Fishman et al., 2013). A
biocompatible extracellular matrix (ECM) scaffold is obtained,
providing mechanical function in addition to biochemical and biological
cues (Gilpin and Yang, 2017; Sackett et al., 2018). This leads to matrix
health, renewal and development of new functional tissue by host cells
(Edwards et al., 2021).

However, the decellularisation process could adversely affect the
structural and mechanical properties of biological tissues (Crapo et al.,
2011; Gilbert et al., 2006). The decellularisation protocol used within
our group was initially developed for porcine meniscus (Stapleton et al.,
2008), with low concentration ionic detergent (SDS) washes. The basis
for this process has been patented (PCT/GB02/02341) and subsequently
licenced to external organisations. In both meniscus and osteochondral
plugs subjected to the decellularisation process, a reduction in GAG
content and mechanical properties was observed (Stapleton et al., 2008;
Fermor et al., 2015; Abdelgaied et al., 2015). This heightens the
importance of determining the contribution of this matrix component to
the mechanical properties of porcine tendon, to investigate if decellu-
larisation could affect GAG related mechanical function.

Decellularised porcine superflexor tendon (pSFT) has been exten-
sively studied as a potential biological scaffold for use in ACL replace-
ment (Herbert et al., 2015, 2017; Jones et al., 2017; Edwards et al.,
2017,2019, 2021; Whitaker et al., 2019). Although the decellularisation
process does not alter collagen within the ECM, glycosaminoglycans
(GAGs) appear to be removed (Jones et al., 2017) which may translate to
minor reductions in the tensile mechanical properties of the tendon
(Herbert et al., 2015; Edwards et al., 2019). It is not clear however, if the
reductions in mechanical properties are linked directly with GAG loss or
if they are a consequence of some other decellularisation-associated
mechanism.

Previous biomechanical studies on pSFT have focused on its prop-
erties under tension, as it is the principal mode of load transmission.
However, tendon may also experience lateral compressive loads (Vogel
and Koob, 1989), as they function in complex in vivo loading environ-
ments (Fang and Lake, 2015), subject to multiaxial states of stress
(Docking et al., 2013). Furthermore, interference screws are the most
commonly used direct mechanical fixation method in ACL replacement
(Speziali et al., 2014), which act by compressing the graft against the
host bone environment (Harvey et al., 2005). A potential graft should
offer a degree of compressive resistance normal to the main axis of
collagen fibre alignment to ensure adequate fixation. Therefore, a
complete mechanical assessment of a decellularised biological scaffold
for ACL replacement should determine both tensile and compressive
properties to ensure the decellularisation process has not overly affected
these. Limited studies on compressive properties of tendon exist in the
literature (Koob et al., 1992; Lee et al., 2000; Williams et al., 2008; Fang
et al., 2014; Bol et al., 2015). To the author’s knowledge, there are no
reported compression experiments on decellularised tendon.

In this study, it was hypothesised that the quantity of GAGs in pSFT
would be reduced following decellularisation, in agreement with pre-
viously reported findings on this and other tissues. The GAGs that
remained post-decellularisation would retain all, if not, partial me-
chanical function. Given the relatively low initial GAG content of pSFT,
it was expected that the tissue’s tensile mechanical properties following
decellularisation would not significantly differ from unprocessed, native

Journal of the Mechanical Behavior of Biomedical Materials 139 (2023) 105671

pSFT. However, despite the low initial GAG content, a reduction post-
decellularisation was anticipated to adversely impact pSFT compres-
sive mechanical properties. This study therefore aimed to determine the
contribution of GAGs to the tensile and compressive mechanical prop-
erties of native pSFT and if decellularisation reduced GAG content to the
extent of affecting these properties.

2. Material and methods
2.1. Experimental design

Porcine superflexor tendon (pSFT) has previously been studied in
this group, establishing protocols for decellularisation and biomechan-
ical testing (Herbert et al., 2015, 2017; Jones et al., 2017; Edwards et al.,
2017, 2019; Whitaker et al., 2019). Three sample groups were analysed
(n = 6 for each), including native, GAG-depleted and decellularised
pSFT. Biomechanical characterisation was conducted by subjecting
specimens to tensile and compressive loads. In tension, specimens un-
derwent stress relaxation and strength testing coaxially to the collagen
fibres, representing the tendon’s main axis of loading. In compression,
specimens underwent confined loading with primary collagen fibres
transverse to the compressive test axis.

2.2. Tissue sourcing

The hind legs of Large White pigs (age ~4 months, mixed sex, 85.24
+ 2.34 kg) were obtained from abattoirs (Yorkshire Farmers, Meadow
Quality Ltd, Scotlean Ltd; United Kingdom) within 24 h of slaughter. The
pSFT, which extends from the toe (T) to the ankle (A), was located and
removed (Fig. 1). The dissection of the pSFT was adapted from previous
studies (Jones et al., 2017). The pSFT was located inferior to the su-
perficial flexor tendon (*) after removal of the skin and subcutaneous
tissue (Fig. 1a) of the foot region using a scalpel and then creating an
incision longitudinally towards (A). Connective tissue was removed
carefully to prevent damaging the bulk tissue (Fig. 1b). An accessory
ligament (Fig. 1c) of the deep digital flexor muscle is located approxi-
mately halfway along the pSFT. A cut was made close to the pSFT
releasing it from the accessory ligament. The pSFT was isolated by
making an incision at the myotendinous junction, releasing from (A) and
at the interdigital space, releasing from (T) (Fig. 1d and e).The tendons
(Fig. 1f) were stored at —20 °C wrapped in filter paper dampened with
phosphate buffered saline (PBS; Oxoid) until required.

2.3. Biological methods

2.3.1. Decellularisation of pSFTs

The decellularisation protocol was adapted from a previous study
(Jones et al., 2017). pSFTs were subjected to two freeze-thaw cycles
between —20 °C and room temperature (RT), both times with pSFTs
immersed in hypotonic buffer plus proteinase inhibitors (10 mM Tris
[Sigma Aldrich]; 2.7 mM disodium ethylene-diamine-tetra acetic acid
[EDTA; Thermo Fisher Scientific]; 10 KIU/mL aprotinin [Nordic
Pharma], pH 8.0). Specimens were then washed in acetone (WVR In-
ternational) three times for 1 h (RT), then washed five times in PBS plus
aprotinin (10 KIU/mL) at RT. pSFTs were disinfected in a combination
of penicillin-streptomycin (Sigma) and amphotericin B (Sigma) diluted
(1:50) in PBS for 1 h. All subsequent steps in the process were conducted
on tendons in individual 150 mL sterile pots containing 100 mL of each
solution at 42 °C with agitation, unless otherwise stated. Tendons were
washed in hypotonic buffer for 24 h and then hypotonic buffer plus 0.1%
(w/v) sodium dodecyl sulfate (SDS; Sigma) for 24 h. These washes were
repeated twice. pSFTs were washed for 3 x 30 min in PBS plus aprotinin,
then for 1 x 72 h, and then in PBS with no additives for 3 x 30 min.
Specimens were then treated with nuclease (1 U/mL benzonase [Merck]
in 60 mL 50 mM Tris plus 1 mM MgCl, [Thermo Fisher Scientific] at pH
7.6) for 2 h, three times. pSFTs were washed three times in PBS plus 2.7
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mM EDTA before an 18-20h wash in hypertonic buffer (50 mM Tris; 1.5
M NacCl [Sigma]; pH 7.6). After 3 x 30 min PBS washes, pSFTs were
sterilised using peracetic acid (0.1% v/v, pH 6; Sigma) for 3 h pSFTs
were washed in PBS for 3 x 30 min, then for 1 x 48 h, 1 x 72h, then for
1 x 1 week and finally stored at —20° C.

2.3.2. GAG removal and assessment

2.3.2.1. Chondroitinase ABC treatment. Digestion with ChABC (Sigma)
was adapted from a previous study (Henninger et al., 2010). Briefly,
pSFTs (n = 6 treated; n = 6 control) were placed in 150 mL sterile pots.
Specimens were equilibrated for 1 h in 60 mL control buffer at 37°C,
with gentle agitation using an orbital shaker (80 rpm). Control buffer
consisted of full-strength Ringer’s solution containing 20 mM Tris (pH
8.0), 0.1 M sodium acetate and protease inhibitor (10 KIU/mL aproto-
nin; Nordic Pharma). Specimens were then treated for 72 h in either
control or treatment buffer in the same temperature and agitation con-
ditions. Treatment buffer was control buffer with the addition of 0.1
U/mL ChABC.

2.3.2.2. GAG quantification. GAG content of native, GAG-depleted and
decellularised pSFTs (n = 6 in all cases) was determined using the
dimethylene blue assay. Specimens were macerated and freeze-dried.
Specimens were then digested in papain (800 KU/mL; Acros Organics)
for 36 h at 60°C, vortexed midway through the incubation period.
Standard and test samples (40 pL) were added to 96-well plates with
250 pL 1,9-dimethylene blue solution (DMB). Absorbance was read at
525 nm after 2 min incubation. The sulfated sugar content of test sam-
ples was calculated by interpolation from the standard curve generate
from known concentrations of chondroitin sulfate B (ug/mL; Sigma).

2.3.3. Histological evaluation

Transverse and longitudinal samples were taken from each tendon
and fixed in 10% (v/v) neutral buffered formalin (NBF; Atom Scientific)
for 24 h for histochemical staining. The samples were processed auto-
matically (Leica 11020 Tissue processor) and embedded in paraffin wax
(Leica EG1150 C Tissue embedding system).

To validate the decellularisation process, 8 pm sections were taken
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Fig. 1. Dissection of pSFT from porcine hind leg.
a) pSFT inferior to deep digital flexor tendon (*),
extending from toe (T) to ankle (A) region; b) removal
of superficial digital flexor tendon and connective
sheath tissue; c) accessory ligament of deep digital
flexor muscle; d) incision at the myotendinous junc-
tion releasing SFT from ankle attachment site (A); e)
incision at interdigital space releasing SFT from toe
attachment site (T); and f) whole SFT with toe (T),
middle (M) and ankle (A) portions.

Sterile Surgical Rule:

from the surface through to the central region of native and decellu-
larised specimen blocks and stained with haematoxylin (Atom Scienti-
fic) and eosin (Merck Millipore) (H&E), 4’, 6-diamidino-2-phenylindole
dihydrochloride (DAPI; Sigma).

For qualitative assessment of GAG content, sections (8 pm) were
taken from native, GAG-depleted and decellularised specimen blocks
and stained with Safranin O (Raymond Lamb)/Fast green (Sigma)
(SafO).

All sections were viewed using an upright microscope (AXIO Imager.
M2, Zeiss). Sections stained with H&E and SafO were viewed using
Kohler (bright field) illumination, while DAPI stained sections were
viewed using fluorescent illuminators. Images were captured digitally
using the associated digital camera (AXIOCAM MRc5, Zeiss).

2.4. Biomechanical methods
2.4.1. In tension

2.4.1.1. Specimen preparation. Native, GAG-depleted and decellularised
pSFTs (n = 6 in all cases) were immersed in dry ice and snap frozen.
They were then cut into dumbbell shapes with cross-sectional areas of
approximately 3.5 x 5 mm (natural thickness) and a gauge length of 30
mm. All specimens were wrapped in PBS soaked filter paper and stored
at —20 °C until required for testing.

On test day, specimens were thawed at room temperature for 2 h
prior to tensile characterisation. Each specimen was equilibrated in PBS-
soaked filter paper at room temperature for 1 h. Dimensional mea-
surements were taken immediately prior to mechanical testing. Speci-
mens were mounted using bespoke cryogrips (Herbert et al., 2015) to an
Instron 3365 material testing machine (Instron, Bucks, UK).

2.4.1.2. Stress relaxation testing. Stress relaxation testing was adapted
from previous studies (Herbert et al., 2015, 2017). The Instron 3365 was
equipped with a 500 N load cell. Specimens were tensioned to a pre-load
0f 0.25 N, then ramp loaded at a rate of 30 mm min " until a stress of 5
MPa was reached. This stress has previously been reported physiologi-
cally relevant based on studies of in vivo tensile loads of the ACL (Herbert
et al., 2015). The specimens were then held at the corresponding strain
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reached at the end of the ramp for a period of 200 s allowing stress
relaxation to occur. Data was recorded at a frequency of 10 Hz.

The relaxation modulus, E(t), was calculated by dividing engineering
stress by the engineering strain in the following manner:

E() = o(t)/eg

where 6(t) and ¢g are the stress relaxation data and the fixed held strain
respectively.

This was fitted (> > 0.96) to a modified second order Maxwell-
Weichert model (Jimenez Rios et al., 2007), using the non-linear least
squares method:

1 (D L/
E(t):E0 +7|:E1T16 a <e i 71)+E2T2€ 2 <e r271>:|
0

where Ej represents a time-independent elastic modulus, E; and Ep
represent time-dependent elastic moduli, 77, 72 represents the respective
relaxation times.

2.4.1.3. Strength testing. Strength testing was adapted from previous
studies (Herbert et al., 2015; Jones et al., 2017; Edwards et al., 2017).
The Instron 3365 was equipped with a 5 kN load cell. A pre-load of 0.25
N was applied to ensure tautness. Tensile testing consisted of 12x pre-
conditioning cycles between 0% and 5% strain at a strain rate of 50%
min~}, followed by an extension ramp to failure at a rate of 100% min~ L.
Data was recorded at a frequency of 10 Hz. Stress was calculated by
dividing the force recorded by the load cell by the cross-sectional area of
the pSFT, whereas strain was calculated by dividing the crosshead
displacement by the gauge length of each specimen. Stress and strain
data were used to determine the ultimate tensile strength (UTS) and
strain at failure (ef;). A bespoke bi-linear model was fitted to

/ Top chamber

= pSFT specimen
—_ Porous platen

Journal of the Mechanical Behavior of Biomedical Materials 139 (2023) 105671

stress-strain data using a custom written Matlab script (Herbert et al.,
2016). This provided the quantitative values for toe and linear region
moduli (Ege and Ejjpeqr respectively).

2.4.2. In compression

2.4.2.1. Specimen preparation. A cylindrical plug specimen (Fig. 2a) was
obtained from the mid-substance of native, GAG-depleted and decellu-
larised pSFTs (n = 6 in all cases) using a 6 mm diameter biopsy punch
(Sigma-Aldrich 6 mm Harris Uni-Core). The punch was positioned
normal to the lateral anatomical surface of the tendon. This produced
cylindrical specimens with collagen fibres orientated normal to the test
axis, i.e. transverse plane. Specimen height was the natural tendon
thickness, measured at two points using Vernier callipers and an average
calculated. Samples were stored at —20 °C in bijous with filter paper
dampened with PBS until required for testing.

2.4.2.2. Confined compression testing. Specimens were mounted on an
Instron 3365 material testing machine using a custom-designed appa-
ratus. Briefly, it consisted of a confining cylindrical chamber comprised
of upper and lower sections. The lower section held the porous platen
(25.4 mm diameter; Porous 316L SS disc Media Grade 5; Mott Corpo-
ration) which allowed fluid exudation in a downward direction. The
upper chamber had a simple centred hole (6 mm diameter). The spec-
imen was placed inside the central 6 mm hole with the bottom surface of
the specimen in contact with the porous platen (Fig. 2b). A stainless steel
plunger of the same diameter as the central hole was mounted to the
crosshead of the Instron, which would provide compression to the
sample. A spacer allowed mounting of the chamber to the Instron. All
elements of the set-up were immersed in a bath containing PBS at 37 °C.

Fig. 2. Sample preparation and confined
compression testing of pSFT. The prepared speci-

Pl mens (a) as seen perpendicularly showing the fascic-

| ular mid-substance flanked by peritenon at either end

- m\c . (left) and transversely to the middle region of the
v 2 anatomical tendon surface or peritenon (right).

= i Confining delrin chamber with cylindrical pSFT

specimen confined within (b), showing relative posi-
tion of specimen within top and bottom chamber on
the left; confining chamber held together by M4 bolts
with pSFT specimen inside on the right. Elements

0 ] ’ Battom ciamber mounted onto Instron 3365 material testing machine
. (c), with confining chamber equilibrating inside bath,
ready for compressive loading by action of the
plunger.
C
Crosshead
Load cell
Plunger adapter
Plunger
Confining chamber

Spacer

Bath filled with solution
Plate for mounting

Bath mounting and control
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Specimen set-up is represented in Fig. 2c.

The Instron 3365 was equipped with a 5 kN load cell. Specimens
were allowed to equilibrate within confined conditions while submerged
in the temperature-controlled PBS bath for 15 min. To ensure full
specimen contact with the plunger and to set the starting position, the
plunger was lowered until a load of 2.5 N was recorded. This load was
held for 60 s, before being reduced to 0.25 N for a holding period of 300
s. Instron displacement and load channels were then zeroed. Specimens
were then subjected to a displacement ramp at a rate of 1% s !untila
compressive strain of 10% was reached and held for a period of 600 s.
Data was recorded at a frequency of 10 Hz. This level of applied strain
was considered appropriate given similar compression studies con-
ducted on cartilage (Chan et al., 2016), as there is limited compressive
characterisation conducted on tendon.

Peak stress was taken as the stress value occurring at 10% strain,
while equilibrium stress was taken as an average of stress of the final 30 s
of the hold period. Biphasic theory parameters aggregate modulus (Hp),
zero-strain permeability (ko) and strain-dependent permeability coeffi-
cient (M) (in which permeability, k = ko exp(Me) where ¢ is the strain)
were inversely fitted to the relaxation and hold phase data employing
FEBio (v 2.8) (Maas et al., 2012) and custom Matlab algorithms using a
Nelder-Mead scheme (Busby et al., 2013).

2.5. Statistical analysis

Prior to analysis, data was checked for normal distribution using the
Kolmogorov-Smirnov normality test. Statistical variances between
groups were determined using a one-way analysis of variance (ANOVA).
Tukey’s significant difference test was used for post-hoc evaluation. A p-
value of <0.05 was considered to be significant.

3. Results
3.1. Biological characterisation
3.1.1. Validation of decellularisation process
Sections of native pSFT stained with H&E (Fig. 3a) and DAPI

(Fig. 3b) revealed the presence of cells throughout tissue matrix. Blood
vessels were apparent where cell density increased (arrows). Sections of

100 pm
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decellularised pSFT stained with H&E (Fig. 3c) and DAPI (Fig. 3d)
showed absence of cell nuclei, cell debris and nucleic acid. Matrix ar-
chitecture appeared similar to native tissue, with a slightly more open
matrix.

3.1.2. GAG content of native, GAG-depleted and decellularised pSFTs

The total sulfated GAG content of the native pSFT group was found to
be 3.75 + 0.58 pg/mg (mean + 95% CI). After treatment with low
concentration ChABC, GAG content was significantly reduced to 0.51 +
0.20 pg/mg (p < 0.0001). Enzymatic treatment removed circa 86% of
GAGs in pSFT extracellular matrix (Fig. 4). Following decellularisation,
GAG content was not significantly different from native pSFT, with 3.40
+ 0.37 pg/mg (p = 0.335).

Safranin O/Fast Green stained sections of native (Fig. 5a and b) pSFT

5 5-

H - == Native

sad | GAG-depleted
2 L B3 DC

s 37

£ 2-

5 1

30

Fig. 4. Total sulfated GAG content of native, GAG-depleted and decellu-
larised (DC) pSFT. No significant difference between native and DC specimens,
both significantly higher than GAG-depleted specimens. Data is presented as
mean (n = 6) + 95% CI. Data was analysed using one-way ANOVA followed by
Tukey’s post hoc test. * indicate significant difference between groups.

Fig. 3. Representative micrographs of sections of
pSFT stained with haematoxylin and eosin (H&E)
(a, ¢) and 4', 6-diamidino-2-phenylindole dihy-
drochloride (DAPI) (b, d). Transverse sections of
native (a, b) and decellularised (c, d) pSFT, show
characteristic blue/purple cell nuclei in H&E stained
native (a) sections and no cellular nuclei or debris
post-decellularisation (c). Fluorescent nucleic acid
stained with DAPI in native (b) sections, with no
fluorescence in decellularised (d) pSFT. Images were
taken at 100 x magnification (scale bar 100 pm).

100 pm

100 pm
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Fig. 5. Representative micrographs of sections of pSFT stained with safranin O and Fast Green. Transverse (a, c, e) and longitudinal (b, d, ) sections of native
(a, b), GAG-depleted (c, d) and decellularised (e, f) pSFT show presence of GAGs in native and decellularised sections but not in GAG-depleted sections. Images were

taken at 100 x magnification (scale bar 100 pm).

showed GAGs sparsely distributed throughout the fascicular matrix in
transverse sections (Fig. 5a), while visibly aligned between the collagen
in longitudinal sections (Fig. 5b). GAG-depleted sections (Fig. 5¢ and d)
showed no GAGs. The lack of cell nuclei observed was attributed to the
role of GAGs in cell to cell and cell to extracellular matrix adhesion
(Wight et al., 1992; Shi et al., 2021; Casale and Crane, 2022). In cleaving
GAGs and associated proteoglycans, these mechanisms were disrupted,
leading to loss of cellular material during enzymatic depletion and
subsequent fixing, processing and staining processes. Decellularised
sections (Fig. 5e and f) showed GAGs distributed throughout the matrix,
distributed across a more open structure (Fig. 5e) compared to native
sections.

3.2. Biomechanical characterisation

3.2.1. Tensile testing

Stress relaxation parameters are summarised in Table 1. There was
no significant difference in the time-independent relaxation moduli (Eg)
between native and GAG-depleted groups. However, there was signifi-
cant reduction in the decellularised group when compared to remaining
groups (p < 0.0001). The time-dependent relaxation moduli, E;, of
native specimens was significantly reduced compared to GAG-depleted
(p = 0.012), but higher than decellularised (p = 0.028). The time-

Table 1

Stress relaxation parameters. Data were compared using one-way ANOVA
followed by Tukey’s post hoc test. Groups in each column that do not share the
same superscript are significantly different. Data are presented as means (n = 6)
+ 95% CIL.

Eo (MPa) E; (MPa) E, (MPa) 71 (8) To (8)
Native 207.90 + 14.94 + 6.52 + 0.84 + 410 +
45.60% 7.24° 3.08%P 0.32 3.50
GAG-depleted  209.03 + 24.03 + 10.45 + 0.92 + 7.64 +
37.65% 3.23° 6.67° 0.71 7.18
Decellularised ~ 84.04 + 6.98 + 1.97 + 0.96 + 7.97 +
19.84° 2.21¢ 2.40% 0.43 3.12

dependent relaxation moduli, E,, was significantly reduced for decel-
lularised specimens compared to GAG-depleted (p = 0.013), but not
different from native pSFT.

When subjected to strength testing, mid-substance failure of all
specimens was achieved. There were no significant differences between
native and GAG-depleted group’s properties (Table 2). There was a
significant reduction in Ejjneqr Of the decellularised specimens compared
to both native (p = 0.044) and GAG-depleted (p = 0.029) groups.
Similarly, UTS was significantly reduced for decellularised specimens
compared to GAG-depleted (p = 0.012), but not different from native
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Table 2

Strength testing parameters determined by uniaxial tensile testing. Data
were compared using one-way ANOVA followed by Tukey’s post hoc test.
Groups in each column that do not share the same superscript are significantly
different. Data are presented as means (n = 6) &+ 95% CL

Etoe (MPa) Elinear (MPa) UTS (MPa) €pail (mm/
mm)

Native 78.20 + 585.77 + 67.40 + 0.18 + 0.02
18.29 111.18% 9.06™"

GAG-depleted ~ 110.35 + 611.03 + 79.37 + 0.17 + 0.02
86.41 86.08% 15.53%

Decellularised 38.94 + 441.06 + 55.53 + 0.20 £+ 0.03
17.78 82.86" 11.84°

pPSFT.

3.2.2. Confined compression testing

No significant differences were found between all groups for the
heights of specimen plugs (p > 0.05). The peak stress of native speci-
mens was significantly higher than GAG-depleted (p < 0.0001) and
decellularised specimens (p = 0.002). GAG-depleted specimens ach-
ieved circa 11% of native peak stress (Fig. 6a). The equilibrium stress of
native specimens was not significantly different from GAG-depleted or
decellularised specimens (Fig. 6b). However, GAG-depleted specimens
did have a significantly reduced equilibrium stress compared to decel-
lularised specimens (p = 0.003).

The aggregate modulus of native specimens was significantly greater
than the GAG depleted group (p = 0.018). The aggregate modulus
decreased with reduced GAG content (Fig. 7), with a ~74% reduction
compared to native pSFTs. Decellularised specimens had a similar
aggregate modulus to native specimens, and likewise was significantly
greater compared to GAG-depleted pSFTs (p = 0.011).

The zero-strain permeability (ky) of native specimens was not
significantly different from GAG-depleted specimens (p = 0.177).
However, contrary to the aggregate modulus, permeability of GAG-
depleted specimens resulted significantly higher than decellularised
PSFTs (p = 0.009). The decellularised group showed a ~93% reduction
compared to native pSFTs (Fig. 8a). The nonlinear permeability coeffi-
cient (M) significantly decreased in both GAG-depleted (p = 0.012) and
decellularised groups (p = 0.001) compared to native specimens (15.3
+ 2.7) (Fig. 8b).

4. Discussion

This study aimed to determine the contribution of GAGs to the tensile
and compressive mechanical properties of pSFT. The investigation also
assessed the effect of decellularisation on pSFT biomechanics.

Treatment of pSFT with ChABC removed circa 86% of GAGs (Fig. 4).
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Fig. 7. Aggregate modulus of native, GAG-depleted and decellularised
(DC) pSFTs. Significant reduction in aggregate modulus of GAG-depleted group
compared to both native and DC pSFTs. Data is presented as mean (n = 6) +
95% CI. Data was analysed using one-way ANOVA followed by Tukey’s post
hoc test. * indicate significant difference between groups.

This reduction is expected to be due to cleaving chondroitin sulfate A, C,
dermatan sulfate and hyaluronic acid chains (Ernst et al., 1995). The
remaining 14% of GAGs were therefore likely keratan and heparan
sulfate chains (Screen et al., 2005, 2006). Histological staining using
safranin O/fast green revealed no GAGs were present post ChABC
treatment for the GAG-depleted group (Fig. 5¢ and d), validating GAG
removal effectiveness. Decellularised pSFT retained similar GAG levels
to native tendon (Fig. 4). Both groups showed characteristic red/pink
GAGs distributed throughout native (Fig. 5a and b) and decellularised
(Fig. 5e and f) fascicular matrix. Quantitative and qualitative assess-
ments demonstrated the decellularisation process does not reduce GAG
content in pSFT. This conflicts with a previous study conducted on
native and decellularised pSFT showing a 75% reduction in GAGs
post-decellularisation (Jones et al., 2017). However, initial GAG content
of native pSFT was quantified at circa 6.85 pg/mg, an increase of ~83%
with respect to this study. GAG content of both native and decellularised
pSFT in Jones et al. may be indicative of variability in the yield of
porcine tissue, compositional variations given the time of year it was
procured due to changing dietary patterns, or an inherent variability of
the tissue itself (Kim et al., 2019), such as animal maturity, weight and
activity level. Furthermore, the region of the tendon selected for GAG
quantification of native and decellularised groups could have influenced
the outcome (Feitosa et al., 2006), not representative of GAG reduction
caused by the decellularisation process itself. Here, we have demon-
strated for the first time that GAG content is not reduced during the
decellularisation process.

There was no significant difference in the time independent
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Fig. 6. Peak and equilibrium stress of native, GAG-depleted and decellularised (DC) pSFTs. Significantly reduced peak stress (a) of GAG-depleted specimens
compared to native and DC pSFTs. Significant reduction in equilibrium stress (b) of GAG-depleted group compared to DC pSFTs. Data is presented as mean (n = 6) +
95% CI. Data was analysed using one-way ANOVA followed by Tukey’s post hoc test. * indicate significant difference between groups.
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behaviour (E) of native and GAG-depleted pSFT in the stress relaxation
testing. For the time-dependent moduli, a significant increase was
observed only for E; in GAG-depleted specimens, while no other dif-
ferences were found with respect to native tissue. This could support the
hypothesis that GAGs do not play a significant role in the tensile
viscoelastic behaviour of tendon, attributed to the structural integrity
and organisation of the collagen, which is sufficient to compensate for
the contribution of GAGs under tension. Such findings align with a study
conducted on human medial collateral ligament (Lujan et al., 2009).
There was a significant reduction in the time-independent relaxation
modulus (Eg) and time-dependent (E;) moduli of the decellularised pSFT
group compared to both native and GAG-depleted groups. Only E; was
not statistically different from native tissue. It has been proposed that
collagen fibrils mainly contribute to the short-term viscoelastic response
of collagenous tissue (Gautieri et al., 2013). This could be indicative of
an effect the decellularisation process has on this component. Moreover,
the interfascicular matrix (IFM) has been related to mediating the
viscoelasticity of tendons (Screen, 2008). It is possible the IFM may have
been affected during the decellularisation process with ensuing changes
in decellularised pSFT viscoelastic behaviour. A disruption to the IFM in
combination with cell removal may have caused a spatial rearrangement
of intrafascicular collagen fibrils, resulting in the significantly greater
and faster relaxation rate. However, there was considerable variance
across these parameters in all groups. Certain parameters may be more
sensitive to variation given the experimental conditions. The variance
observed (long-term relaxation parameters) may be attributed to the
duration of the stress relaxation experiment. In the latter stages of
testing, the temperature of the grips may have caused further incre-
mental freezing of a specimen, resulting in an outlier for a given
parameter.

There were no observable differences between the tensile stress-
strain profiles of native and GAG-depleted pSFT and accordingly, the
classical material properties (Ejinear, UTS, €faq1) were not significantly
different between these groups. This suggests that GAG removal does not
contribute to a reduction in pSFT material properties in tension. These
results align with a study conducted on human medial collateral liga-
ment (Lujan et al., 2007), and studies conducted at a sub-tendon scale
(Fessel and Snedeker, 2011; Svensson et al., 2011; Rigozzi et al., 2013).
It can therefore be suggested that collagen is the principal ECM
component contributing to the tensile mechanical properties of tendon,
likely supported in some minor capacity by non-collagenous matrix
components other than PG-GAGs. However, there was variance
observed in the GAG-depleted group, hypothesised to be a consequence
of GAG removal on the structural integrity of the tissue. This may have
caused the tissue to become more compliant and sensitive to initial
preloading conditions applied during testing. Decellularised specimens
showed a significant reduction in Ejjpesr compared to both native and
GAG-depleted groups, while UTS was only significantly reduced with
respect to GAG-depleted pSFT, but not significantly different from native
tissue. Decellularisation did not affect GAG content in pSFT, further
suggesting their role is not significant under tensile quasi-static
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Fig. 8. Zero-strain permeability and strain-
dependent permeability coefficient of native,
GAG-depleted and decellularised (DC) pSFTs. Sig-
nificant increase in permeability (a) of GAG-depleted
pSFTs compared to DC. Significant decrease in
permeability coefficient (b) of GAG-depleted and DC
specimens compared to native. Data is presented as
mean (n = 6) + 95% CI. Data was analysed using one-
way ANOVA followed by Tukey’s post hoc test. *
indicate significant difference between groups.

conditions. This may indicate collagen density and micro-organisation
(Shadwick, 1990), as well as inter- and intra-molecular bonds of
collagen (Viidik, 1966) could be affected by the decellularisation pro-
cess, possibly as a consequence of exposure to SDS (Gilpin and Yang,
2017). This could affect collagen crimp and extension, as smaller crimp
angles may lead to earlier fibre failure (Wilmink et al., 1992). This also
relates to the non-statistical reduction in the toe modulus of decellu-
larised specimens. Strength testing parameters obtained here align with
previous studies conducted on pSFT (Herbert et al., 2015; Jones et al.,
2017; Edwards et al., 2019). Nevertheless, most material properties
were within a comparable range to native tissue, suitable to act as a
potential graft.

The aggregate modulus is a flow-independent measure of tissue
stiffness, i.e. the intrinsic stiffness of the solid matrix. As aggregate
modulus increases, a tissue is more capable of resisting deformation
under load (Mansour, 2003). The aggregate modulus of both native and
decellularised pSFT was significantly greater than GAG-depleted speci-
mens, suggesting a strong contribution of GAGs in resisting compressive
forces. This could be explained through the water-binding function of
GAGs (Ryan et al., 2015). Upon removal, rapid fluid exudation occurs,
translating to a diminished capability of supporting compressive loads.
Given the enzymatic action mechanism for GAG depletion, it could be
hypothesised that dermatan and chondroitin sulfate are the principal
GAGs involved. Chondroitin sulfate has been found to resist compres-
sional forces in cartilage matrix (Baeurle et al., 2009), concurring with
this hypothesis. The similarity between the aggregate modulus of native
and decellularised groups may indicate the decellularisation process
does not adversely affect the mechanical function of the GAGs. The
compressive peak and equilibrium stresses also demonstrated significant
reductions relative to GAG content, possibly relating to its key role in
bearing compressive forces. The reduction in compressive peak stress is
in agreement with previous findings involving porcine ligament (Hen-
ninger et al., 2010). Decellularised specimens also showed a significant
reduction in compressive peak stress compared to native pSFT, albeit
less so than GAG-depleted specimens. One hypothesis is that the decel-
lularisation process may instigate a change in the three-dimensional
architectural network of endotenon through a rearrangement of
collagen-GAG interactions. Further, the reagents used for decellularising
PSFT could affect the peritenon, a thin layer of connective tissue
enveloping the endotenon (Khan et al., 1999; Kannus, 2000; Yang et al.,
2013; Thorpe et al., 2015). An alteration to collagen and elastic fibrils of
which it is comprised could compromise its ability to resist deformation
under compression, perhaps resulting in a reduced compressive peak
stress.

Another material property determined from confined compression of
PSFT was the permeability, i.e. resistance to fluid flow through the tissue
matrix (Mansour, 2003). GAG-depleted pSFT was found to be twice as
permeable as native pSFT, signifying increased ease in water exudation
with reduced GAG content. This is likely attributed to the water binding
function GAGs carry out in tissue ECM, which was previously described.
A study involving porcine ligament also reported a significant increase
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in transverse permeability post GAG depletion (Henninger et al., 2010).
However, data variance was observed in the GAG-depleted group
permeability. This could be a consequence of changes in the structural
integrity of the tissue post ChABC treatment as mentioned previously,
resulting in non-uniform pre-loading outcomes due to this heightened
tissue compliance. The permeability of decellularised pSFT cannot be
attributed to GAG content, as this was shown to be unaffected by the
decellularisation process (Fig. 4). It may also be a consequence of the
structural and conformational alterations that follow the removal of
cellular material described previously. However, this does not align fully
with the increased fluid flow reported in pSFT post-decellularisation
previously (Herbert et al., 2015; Edwards et al., 2019), and therefore
warrants further investigation. In doing so, decellularised pSFT perme-
ability could prove beneficial in eliciting an advantageous response in
vivo (Takayama et al., 2015; Shokrani et al., 2022).

There are several limitations in this study. Firstly, specimen prepa-
ration for compression testing, relies on a biopsy punch (Nischal et al.,
2008), possibly causing microstructural changes or damage to pSFT
specimens. The punch was used on frozen samples to minimise risk of
damaging sub-tendon structures, facilitating full depth incision through
rotatory motion. Similarly, specimen preparation for tensile testing
using a scalpel could have caused microstructural damage along the
gauge length of pSFT specimens. Trials were performed to assess the
precision and repeatability involved in specimen shaping. Nonetheless,
the macroscopic mechanical properties under tensile and compressive
loads may have been affected (Lee et al., 2017). Secondly, as discussed
previously, the structural changes occurring as a consequence of GAG
removal post enzymatic treatment may have resulted in a more
compliant tissue. This may have led to the GAG-depleted group being
susceptible to initial loads during mechanical testing; therefore, the
starting point may have not been uniform across specimens. Thirdly, the
length of stress relaxation testing may have resulted in gradual yet
minimal freezing along the gauge length of specimens. This may have
impacted the long-term viscoelastic behaviour and parameters obtained,
along with the instances of large variance observed. Finally, inherent
inconsistencies in pSFT and inevitable discrepancies attributed to
human error during specimen preparation and experimental methods
may have influenced the mechanical behaviour particularly of the
GAG-depleted group, for reasons discussed previously. More extensive
compressive and tensile characterisation could prove useful to better
understand the origins of variability in this study.

5. Conclusions

The biomechanical behaviour of native, GAG-depleted and decellu-
larised pSFT in confined compression conditions was obtained for the
first time. GAG removal from tendon matrix significantly reduced peak
stress and aggregate modulus, suggesting this component may play a key
role in compressive load bearing. Tensile properties of GAG-depleted
pSFT were similar to native, untreated tendon, perhaps speaking to
the minor role this component may have in withstanding tensile loads.
However, the extent to which the gross structural changes observed in
GAG-depleted tendon may affect its biomechanics should be further
investigated. This study showed, for the first time, that decellularisation
does not remove GAGs from pSFT matrix during washing stages, and
their mechanical function appears unaffected by the process. Finally, the
key biomechanical properties of decellularised pSFT were mostly similar
to its native counterpart in compression and tension.
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