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A B S T R A C T

Development of new replacement grafts for anterior cruciate ligament (ACL) repair requires mechanical testing

to ensure they can provide joint stability following implantation. A decellularised porcine superflexor tendon

(pSFT) has been developed previously as an alternative to current reconstruction methods and subjected to

biomechanical analysis. The application of varied strain rates to biological tissues is known to alter their bio-

mechanical properties, however the effects of decellularisation on strain rate dependent and dynamic me-

chanical behaviour of tissues have not been explored. This study utilised tensile testing to investigate the ma-

terial properties of native and decellularised pSFTs at three different strain rates (1%.s−1, 10%.s−1 and

100%.s−1). In addition, dynamic mechanical analysis (DMA) was used to ascertain the relative contributions of

the solid and fluid phase components of the tissues.

Ultimate tensile strength was significantly reduced in decellularised compared with native untreated pSFTs

but was unaffected by strain rate. In contrast, toe region moduli increased with increasing strain rate for native

tissues, but this effect was not observed in decellularised pSFTs. Linear region moduli were unaffected by strain

rate, but were significantly reduced in decellularised pSFT compared with native tissue.

Following DMA, significant reductions in dynamic modulus, storage modulus and loss modulus were seen in

decellularised compared with native pSFT. Interestingly, the damping ability of the tendons was unaffected by

decellularisation, suggesting that solid and fluid phases of the tissue were affected equally. These results,

alongside previous studies, suggest that decellularisation affects collagen crimp, tissue swelling and collagen

fibre sliding. However, despite these findings, the biomechanical properties of decellularised pSFT remain suf-

ficient to act as an off-the-shelf solution for ACL reconstruction.

1. Introduction

The anterior cruciate ligament (ACL) is of great importance for

stabilisation of the knee, preventing anterior displacement of the femur

in relation to the tibia (Kiapour and Murray, 2014). When ruptured,

there is a need to surgically replace the ligament, to restore function

and stability within the knee joint. Gold standard treatments include

the use of autograft or allograft tissues (Macaulay et al., 2012), which

may be tendon only (such as hamstring tendon) or incorporate bone

attachment sites (as with bone-patellar tendon-bone grafts). Both

treatment options have potential limitations which must be considered

in combination with the circumstances of the patient. Autograft tissues

necessitate additional surgery and can lead to donor site morbidity

(Joyce et al., 2015), while dead donor cells present in allograft tissues

may cause inflammation, leading to a delay in healing (Pinkowski et al.,

1996).

One of the promising alternatives to traditional autograft and allo-

graft techniques is the use of off-the-shelf decellularised biological

scaffolds. Removing the cellular component of graft tissues reduces the

risk of graft rejection and has the potential to accelerate biological in-

corporation. The extracellular matrix (ECM) component remains to

provide mechanical strength and functionality, whilst also acting as a

scaffold structure for endogenous cells to populate. Decellularisation

processes typically include washes with a series of buffers, including a

detergent step and some have been shown to alter the biomechanical

properties of tissues (Crapo et al., 2011; Gilbert et al., 2006). One

method, developed within this group, involves low concentration de-

tergent washes (0.1% w/v sodium dodecyl sulphate) to disrupt cell
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membranes, nuclease treatments to break down released DNA and

protease inhibitors to prevent breakdown of the tissue ECM. This has

been successfully applied to a variety of tissues, including heart valves

(Booth et al., 2002; Knight et al., 2005), meniscus (Stapleton et al.,

2008) and tendons (Herbert et al., 2015; Jones et al., 2017).

These studies have suggested that decellularisation creates a more

open and porous ECM, accompanied by a decrease in interstitial fluid

viscosity within the tissue and an increase in fluid flow (Herbert et al.,

2015). It is paramount that appropriate biomechanical performance is

provided by a decellularised ACL graft tissue to function under phy-

siological conditions. These conditions vary considerably depending on

the activity and lifestyle of the individual patient. Given the observed

changes in interstitial fluid viscosity, it is important to determine if this

adversely affects decellularised ACL graft tissue performance under

varying strain rates and dynamic loading.

The intricate structural architecture of biological tissues (com-

prising of cells and ECM matrix proteins such as collagen and pro-

teoglycans) gives rise to their viscoelastic properties (Clemmer et al.,

2010) and it has been well documented that the strain rate applied to a

biological tissue can affect the material properties observed during

mechanical testing. Human brain tissue has previously been shown to

have increased tensile, compressive and shear moduli with increasing

strain rate (Jin et al., 2013). Strain rate dependent effects have also

been shown for abdominal wall tissue (Ben Abdelounis et al., 2013),

spinal ligaments (Mattucci et al., 2012, 2013), skin (Ottenio et al.,

2015), and spinal cord (Fradet et al., 2016). In addition, Dynamic

Mechanical Analysis (DMA) may also be used as an investigative

technique to determine the rate-dependent properties of biological

tissues using different applied frequencies. An oscillating stress is ap-

plied to the sample and the corresponding oscillatory strain response is

recorded. This data allows calculation of the material's elastic (in phase)

and viscous (out of phase) responses. For example, DMA has previously

been used to examine the viscoelastic behaviour of corneal (Hatami-

Marbini and Rahimi, 2015), brain (MacManus et al., 2015) and tendon

(Nagasawa et al., 2008) tissues.

To date, the effects of strain rate on biological tissues following

decellularisation remains relatively unexplored. This study aimed to

address this shortfall by determining the material properties of pre-

viously reported decellularised porcine superflexor tendons (pSFTs)

(Jones et al., 2017) at three different strain rates and compare any rate

dependent response to untreated control pSFTs. In the previous study,

the pSFT was selected due to the ease of harvest from tissue obtained

routinely from the abattoir, in dimensions suitable for ACL repair.

Furthermore, by determining the dynamic mechanical properties (dy-

namic modulus, storage modulus, loss modulus) of decellularised and

untreated pSFT tissues, this study investigated the contributions of solid

and fluid phases to their biomechanical properties.

2. Materials and methods

2.1. Tissue sourcing and decellularisation

Forty-eight female ~70 kg, 4 month old, large white pigs were ob-

tained from a local abattoir (J Penny, Leeds, UK) within 24 h of

slaughter. pSFT's were removed and stored at −20 °C with phosphate

buffered saline (PBS) soaked filter paper prior to decellularisation and/

or testing. 24 specimens were decellularised by using a previously es-

tablished procedure (Jones et al., 2017; Herbert et al., 2015), including

antibiotic treatment, acetone washes, low concentration detergent

(sodium dodecyl sulphate (SDS), 0.1% w/v) washes and nuclease

treatments. The process also included PBS washes and a 0.1% peracetic

acid sterilisation step in the final stages. The remaining 24 specimens

were left in storage at −20 °C as untreated native controls.

2.2. Biomechanical testing

2.2.1. Specimen preparation

For each group investigated (n=6), pSFT's were removed from

storage and immersed in dry ice to aid processing them into dumbbell

shapes with a working cross-sectional area of ~3.5× 5mm and gauge

length of 30mm. All specimens were then wrapped in PBS soaked filter

paper and allowed to thaw and equilibrate at room temperature for at

least two hours prior to mechanical testing. Once fully thawed and

hydrated, the width, depth and length of each tendon was determined

by calculating the average of three measurements using digital Vernier

callipers. This method of measurement has previously been shown to

produce results comparable to laser micrometer systems in similar tis-

sues (Woo et al., 1990).

2.2.2. Study 1: Failure testing under varying strain rates

Strain rate dependent biomechanical properties before and after

decellularisation were investigated by tensile testing of pSFT grafts to

failure. A total of 18 native and 18 decellularised pSFT were split into

smaller groups (n=6) and assigned to one of three different strain

rates; 1%.s−1, 10%.s−1 and 100%.s−1. Specimens were mounted via

bespoke ‘cyro-grips’ to an Instron ElectroPuls E10, 000 (Instron, Bucks,

UK) materials testing machine equipped with a 10 kN load cell (Fig. 1a).

This method has been used successfully in previous studies for gripping

pSFT's during tensile testing (Edwards et al., 2016; Herbert et al.,

2015). As a precautionary measure, a probe measured the temperature

of the specimens at their gauge length immediately prior to testing, to

ensure they had remained at room temperature.

Once secured in the testing apparatus, specimens were pre-condi-

tioned for 10 cycles at a frequency of 0.5 Hz between 0 and 50 N under

load control. Following these preconditioning cycles, specimens un-

derwent a ramp to failure at a pre-selected strain rate. Data was re-

corded at a frequency of 10 Hz. Engineering stress (σ) was calculated by

dividing the force recorded by the load cell by the original cross-sec-

tional area (width x thickness) at the specimen gauge length, whereas

engineering strain (ε) was determined by dividing the crosshead dis-

placement by the original specimen gauge length.

Stress-strain data was then fitted to a bi-linear model using non-

linear least squares regression with a custom written Matlab script

(Herbert et al., 2016) (Fig. 1b). Similar bi-linear constitutive models

have previously been used for biological tissues including tendon

(Chandrashekar et al., 2008; Lynch et al., 2003), diaphragm (Gaur

et al., 2016) and spinal ligaments (Mattucci et al., 2012). In addition to

elastic moduli representing the toe region and linear region, the tran-

sition point (εT, σT) between the toe region and the linear region was

determined, where εT is the transition strain and σT is the transition

stress. Finally, the ultimate tensile strength (UTS) and strain at failure

were also determined.

2.2.3. Study 2: Dynamic Mechanical Analysis

For dynamic mechanical analysis (DMA), native and decellularised

specimens (n= 6 per group), were mounted in the Instron ElectroPuls

E10, 000 (Instron, Bucks, UK) using the same apparatus as the strain

rate study. A 1 kN load cell was employed in this study due to a reduced

load range. Specimens were loaded using a sinusoidal wave form be-

tween 1 and 5MPa, while a frequency sweep was performed. This

consisted of increasing the loading frequency by intervals of 0.2 Hz

until 2 Hz was achieved, at which time testing ceased. The 5MPa upper

stress limit was deemed physiologically relevant due to the loads ex-

perienced by the ACL in-vivo (Fleming and Beynnon, 2004; Hosseini

et al., 2011; Shelburne et al., 2004) and its cross-sectional area

(Hashemi et al., 2005). This limit was used in a previous study in-

vestigating the viscoelastic properties of pSFT following different

treatments (Herbert et al., 2015). 2 Hz was selected as an upper limit to

normal walking speed in daily activities. Throughout testing, integrated

DMA software continuously calculated and recorded the dynamic
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modulus (E*), storage modulus (E’), loss modulus (E’’) and the damping

ability (tan δ).

2.3. Statistical analyses

For both studies, statistical variances between groups were de-

termined using a two-way analysis of variance (ANOVA). Tukey's sig-

nificant difference test was used for post-hoc evaluation. A p-value

of< 0.05 was considered to be statistically significant.

The data associated with this paper (including raw data, model

input files and results) are openly available from the University of Leeds

Data Repository (Edwards and Herbert, 2018).

3. Results

3.1. Study 1: strain rate dependency

The UTS and failure strain results of the strain rate dependency

study are shown in Figs. 2a and 2b. UTS was significantly reduced in

decellularised compared to native pSFT, whereas strain rate did not

affect UTS in either test group. Failure strains were not significantly

different regardless of test group or strain rate. No significant interac-

tions were found between test groups and strain rate for either UTS or

failure strain. The results for the toe region and linear region moduli (E0
and E1) are shown in Figs. 2c and 2d. E0 was strain rate dependent in

native tissue, but this was absent in decellularised pSFT. Decellularised

pSFT had significantly lower toe region moduli than native tissue when

tested at higher strain rates, and there was a significant interaction

between strain rate and tissue type. E1 was significantly lower in de-

cellularised than native pSFT, but neither native nor decellularised

tissues showed any significant strain rate dependency.

The results for the transition point coordinates are shown in Table 1.

Transition stress (σT) appeared to be strain rate dependent in native

tissues, although differences only reached significance between highest

and lowest strain rates. Decellularised tissues only had significantly

lower values for σT at the lowest strain rate. The transition strain (εT)

was reduced significantly in native tissues at medium and high strain

rates when compared to the lowest. A significant interaction between

test group and strain rate was found for εT but not for σT.

3.2. Study 2: Dynamic Mechanical Analysis

The results of the dynamic mechanical analysis testing are shown in

Figs. 3a to 3d. For the dynamic modulus (E*), storage modulus (E′) and

loss modulus (E′′), values for decellularised pSFT were significantly

lower than native tissue. No signicant differences were found between

the damping ability (tan δ) of test groups (Fig. 3d). Only E’′′and tan δ

varied with frequency; compared to 0.2 Hz, significant decreases were

seen in both native (E′′, tan δ) and decellularised tissues (tan δ only) at

all other frequencies. No significant interactions were found between

test groups and frequency.

4. Discussion

Decellularised xenogeneic tissues provide promising alternatives to

standard autograft or allograft tissues in many applications, reducing

the risk of necrosis and adverse immune responses due to the presence

of dead donor cells. Following decellularisation, these tissues should be

assessed to ensure that they are able to withstand the biomechanical

conditions typical of their targeted in vivo environment (Desai et al.,

2018). One of the most inherent characteristics of biological tissues is

their viscoelasticity, which governs their strain rate dependent and

dynamic biomechanical properties. However, the effects of decellular-

isation on these fundamental and vital functional parameters have yet

to be investigated. Tendon has a complex hierarchical architecture,

primarily comprising of type I collagen in addition to cells and non-

collagenous molecules such as glycosaminoglycans (GAGs) (Screen

et al., 2005). The decellularisation process has the potential to affect

ECM structural elements in addition to removing cellular material, in

turn affecting the viscoelastic properties. Changes in the viscoelastic

properties of pSFT following decellularisation were seen in a previously

reported study on bioburden reduction methods (Herbert et al., 2015).

When statistical analyses were made between native and decel-

lularised groups, significant decreases due to decellularisation were

seen for the elastic moduli (E0, E1) and tensile strength (UTS) of pSFT

(Fig. 1a, c and d). This is not overly surprising as decellularisation

protocols have previously been found to cause significant alterations to

the ECM in a variety of biological tissues (Crapo et al., 2011; Gilbert

et al., 2006), including loss of GAGS and the cleavage or crosslinking of

collagen and elastin fibrils. Previous work by our group has shown

Fig. 1. (a) Testing set up used for varying strain rate and DMA tests. (b) Example of the bi-linear model applied to stress-strain data for the failure tests performed at

varying strain rates (study 1).
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similar reductions in biomechanical properties of the pSFT (Herbert

et al., 2017, 2015) with decellularisation maintaining collagen content

but causing a significant reduction in glycosaminoglycan (GAG) content

(circa 75%; (Jones et al., 2017)).

The mechanical role of GAG sidechains in tendon is somewhat

disputed, particularly as potential collagen fibril cross-linkers (Fessel

and Snedeker, 2009; Rigozzi et al., 2013). Others theorise that GAGs

can have a significant effect on tendon mechanical properties (Clemmer

et al., 2010; Dunkman et al., 2013; Ryan et al., 2015; Screen et al.,

2006, 2005). The present study found a reduction in the biomechanical

properties of decellularised pSFT, which was produced using a method

shown previously to reduce the GAG content (Jones et al., 2017).

Swelling of decellularised pSFT was visually apparent but no quanti-

tative measurements were recorded. The decellularisation process em-

ployed in this study involves dynamically washing for lengthy periods,

providing abundant time for PBS to penetrate and swell the tissue de-

spite the loss of GAGs. It is postulated that this mechanism of swelling

increased the cross-sectional area of the decellularised pSFT but, as the

ECM density within remained unchanged, the material properties were

reduced.

In the absence of sufficient GAGs, collagen fibrils and their sub-fi-

brillar molecular crosslinks may be called upon to maintain structural

integrity the ECM and has previously been suggested that decellular-

isation may affect these molecular crosslinks (Herbert et al., 2015).

Collagen fibrils are stabilised by inter- and intra-molecular enzymatic

crosslinks initially formed as unstable, immature divalent bonds which

over time mature into stable, trivalent bonds (Couppe et al., 2009;

Depalle et al., 2015; Patterson-Kane et al., 1997; Svensson et al., 2013).

With a greater proportion of immature crosslinks likely to exist in the

juvenile pSFT used in this study, the tissue may be susceptible to col-

lagen matrix disruption caused by the decellularisation bioprocesses,

including the peracetic acid wash step.

Another possible explanation for the reduction of the pSFT toe re-

gion and linear region moduli is that decellularisation may alter the

extension behaviour of the collagen. Collagen crimping may be medi-

ated by cell contraction between fibres (Herchenhan et al., 2012) and

provides the initial non-linear load response under extension (Miller

et al., 2012a, 2012b). Removal of the native cell population could

therefore have implications for the maintenance of collagen crimp.

Crimp straightening in combination with fibre extension is believed to

be the principle mechanistic contributor to extension in the toe region

of loading, while sliding of fibres is believed to be more pronounced in

the linear region (Screen et al., 2004). We have previously proposed

that pSFT collagen crimp periodicity is altered by decellularisation,

increasing the toe region extensibility, explaining the reduction in the

toe region modulus (E0) (Herbert et al., 2015). With the reduction in the

linear region modulus (E1) seen in this study, decellularisation may also

affect the fibre sliding mechanism prominent in linear region exten-

sions. Continuous collagen fibres are not necessary for mechanical in-

tegrity and strength so long as the shear forces along and between the

fibres are equal to the tensile forces along their length (Screen et al.,

2006). Reduced fibre sliding acting within a swollen tissue may have

diluted the protective shear effect between fibres, hence reducing the

elastic moduli and tensile strength.

Increased strain rate was not found to affect the linear region

modulus (E1), ultimate tensile strength (UTS) or failure strain of native

Fig. 2. Strain rate dependency results of study 1 (mean± 95% CI, n=6), (a) Ultimate tensile strength, (b) failure strain, (c) toe region modulus and (d) linear region

modulus. Decell indicates decellularised group. * indicates significant difference (P < 0.05, 1-way ANOVA with Tukey post-hoc analysis).

Table 1

Transition point coordinate results of study 1 (mean± 95% CI). Superscripts indicate significance – groups that do not share the same letter are significantly

different (P < 0.05, 2-way ANOVA with Tukey post-hoc analysis).

εT (mm.mm−1) σT (MPa)

Group 1%.s−1 10%.s−1 100%.s−1 1%.s−1 10%.s−1 100%.s−1

Native 0.029 ± 0.014a 0.014 ± 0.005c 0.016 ± 0.005b,c 0.86 ± 0.39b 1.46 ± 0.52a,b 2.23 ± 0.76a

Decell 0.028 ± 0.004a,b 0.035 ± 0.010a 0.027 ± 0.007a,b 1.36 ± 0.60a,b 2.21 ± 1.39a 1.84 ± 0.55a,b
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or decellularised pSFT. Although it may appear unusual that a strain

rate dependent effect was not discovered for the linear region modulus

of decellularised or native pSFT, this has also been observed in human

patellar tendon (Blevins et al., 1994) and ovine flexor tendon (Lynch

et al., 2003). Other studies have shown that increasing strain rate can

increase the linear modulus in cervical spine ligaments (Mattucci et al.,

2012), increase failure force and stiffness in craniovertebral ligaments

(Mattucci et al., 2013), increase linear modulus and tensile strength in

lateral collateral knee ligaments (Bonner et al., 2015) and increase both

toe region and linear region moduli in anterior rectus (Ben Abdelounis

et al., 2013). Together, these studies suggest that the strain rate de-

pendency of individual mechanical properties may be highly tissue

specific.

The testing in this study was completed at a whole tendon level,

which includes the endotendon that surrounds collective fascicles and

may contribute to the strain rate dependent and dynamic mechanical

properties of the tissue. One possible explanation for the decline in the

strain dependent response in toe region modulus (E0) seen in this study

is that the removal of cells and ECM changes (such as GAG loss) result

in a more open porous medium, reducing viscous drag as fluid can flow

through the tissue more readily, even at faster rates of loading. This

would also explain the significant interaction between test group and

strain rate for transition strain (εT) (Table 1).

Dynamic mechanical analysis allows for the separation of a tissue's

dynamic modulus (E*) at different frequencies into its viscous fluid (loss

modulus) and solid elastic (storage modulus) phase components (E’’ &

E’ respectively), giving an insight into how much fluid and ECM content

contribute at different loading rates. Additionally, the damping ability

(tan δ; the ratio of E′′ to E′) provides a measure of energy loss and force

transfer efficiency. Significant reductions were found for dynamic,

storage and loss moduli at all frequencies measured (Fig. 2a–c). The loss

modulus (E′′) was also found to interact with frequency, reducing to

steady state conditions with increasing frequency. This reduction ap-

peared more pronounced in the native tissue group indicating a larger

initial fluid phase contribution at low deformation rates compared to

decellularised tissues. This complements the toe region modulus strain

rate dependency results in study 1 and the theory that decellularisation

causes an increase in internal fluid flow and dissipation. Previous stu-

dies have concluded that the dynamic mechanical responses of tendon

are not GAG mediated (Fessel and Snedeker, 2009), but more likely to

be mediated by collagen uncrimping (Buckley et al., 2013) or cross-

linking (Nagasawa et al., 2008), areas which we theorise may have been

affected by decellularisation. Interestingly, no significant difference

was found for the damping ability (tan δ) between native and decel-

lularised groups, indicating that the force transfer efficiency remained

unchanged. As this parameter is calculated by the ratio of E′′ to E′, it

appears that changes in the loss and storage moduli of the pSFT were

proportionally similar following decellularisation. This may provide

evidence that the effects of decellularisation on the solid and fluid

phase components of the tissue are interlinked and that by affecting

one, the other is intrinsically affected.

Limitations with the studies presented arise as testing for both study

1 and study 2 were performed utilising the same mechanical testing

system, with strain was measured using crosshead displacement rather

than video extensometry. However, previous work has found extreme

difficulty in labelling this tissue with sufficient contrast to effectively

trace markers with an infrared camera. Furthermore, the specimen

dumbbell configuration presumes that preferential deformation occurs

at the thinned gauge length section and that this equates to the cross-

head displacement. Future work investigating the effects of extended

PBS washes on pSFT, as well as more detailed microscopic analysis of

the collagen structure following decellularisation, would help to iden-

tify structural changes within the tissue which may be responsible for

changes in their biomechanical properties.

In conclusion, decellularisation has been found to affect the strain

rate dependent and dynamic mechanical properties of pSFT. Despite

these changes, ample strength and integrity remains for the tissue to act

as a viable regenerative ACL replacement graft. At the time of writing,

this is to the authors’ knowledge the first study to utilise strain rate

dependency testing and dynamic mechanical analysis in a combined

approach to assess the effects of decellularisation on biological tissue.

This study contributes to understanding of how the decellularisation

process may affect ligamentous tissues and provides further data on

their complex material properties. This data is vital for encouraging

Fig. 3. Dynamic mechanical analysis results of study 2 (mean± 95% CI, n=6), (a) dynamic modulus, (b) storage modulus, (c) loss modulus and (d) damping

ability. Decell indicates decellularised group. * indicates significant difference (P < 0.05, 1-way ANOVA with Tukey post-hoc analysis).
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clinical translation of these grafts and will also be used for development

of computational models of their behaviour following ACL reconstruc-

tion.
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