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a b s t r a c t 

This paper reports the first comprehensive data set on the anisotropic mechanical properties of isolated 

endo- and perimysial extracellular matrix of skeletal muscle, and presents the corresponding protocols for 

preparing and testing the samples. In particular, decellularisation of porcine skeletal muscle is achieved 

with caustic soda solution, and mechanical parameters are defined based on compressive and tensile 

testing in order to identify the optimal treatment time such that muscle fibres are dissolved whereas the 

extracellular matrix remains largely intact and mechanically functional. At around 18 h, a time window 

was found and confirmed by histology, in which axial tensile experiments were performed to characterise 

the direction-dependent mechanical response of the extracellular matrix samples, and the effect of lateral 

pre-compression was studied. The typical, large variability in the experimental stress response could be 

largely reduced by varying a single scalar factor, which was attributed to the variation of the fraction of 

extracellular matrix within the tissue. While experimental results on the mechanical properties of intact 

muscle tissue and single muscle fibres are increasingly available in literature, there is a lack of infor- 

mation on the properties of the collagenous components of skeletal muscle. The present work aims at 

closing this gap and thus contributes to an improved understanding of the mechanics of skeletal muscle 

tissue and provides a missing piece of information for the development of corresponding constitutive and 

computational models. 

Statement of significance 

This article reports the first comprehensive data set on the anisotropic mechanical properties 
of isolated endo- and perimysial extracellular matrix of skeletal muscle, and presents the cor- 
responding protocols for preparing and testing the samples. On the one hand, the results of 
this study contribute to the understanding of muscle mechanics and thus to understanding of 
load transfer mechanisms inside the muscle tissue. On the other hand, these results are rele- 
vant to the fields of constitutive formulation of muscle tissue and tissue-engineering grafts. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Probably more prominent than any other organ, skeletal muscle 

s characterised by a strongly hierarchical structure, in which mus- 

le fibres are surrounded by an intricately organised extracellular 
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atrix (ECM). The ECM of skeletal muscle is categorised into three 

ub-classes: The endomysium envelopes the single muscle fibres, 

he perimysium groups muscle fibres into fascicles, and the epimy- 

ium surrounds the whole muscle. Here, we focus on the endo- 

nd perimysium within the muscle tissue. Composed of collagen fi- 

re types I, III, IV, VI, and XII [e.g. 1 , 2] , the endomysium represents

p to 1.2% of the muscle dry weight [3] . It embeds the muscle fi-

res in a honeycomb-like structure [e.g. 4–6] , whose thin walls are 

ormed by a random network of distributed collagen fibres. Due 
ticle under the CC BY-NC-ND license 
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o its location next to the actively contracting muscle fibres, the 

ndomysium plays an important role for lateral force transmission 

3,7] . The perimysium reaches up to 4.6% of muscle dry weight [3] .

he collagen fibres within the perimysium vary in composition but 

ontain a great amount of collagen type I and, to a smaller ex- 

ent, types III, VI, and XII [1,2] . In contrast to the endomysium the

ollagen network of the perimysium shows four hierarchical levels 

f organisation that seem to play a major role in force transmis- 

ion [8] : (i) A regular lattice of interwoven longitudinal and angled 

ircumferential fibres, (ii) a collagen plexus where circumferential 

bres meet, (iii) a sub-plexus at each end of the lattice branches, 

nd (iv) an arrangement of tubes composed of collagen cables con- 

ecting the tendons, see also [8–11] . 

The ECM plays an important role for muscle tissue integrity 

nd functionality [8–12] , despite its comparatively low content 

ithin the tissue, which amounts to only 1-10% of muscle dry 

eight [13] . It provides mechanical support for nerves and ves- 

els, gives structure to the muscle fibres during contraction, con- 

ributes in transmitting forces from the muscle fibre to the tendon, 

nd furnishes the muscle tissue with elasticity. In addition to this 

oad-transmitting function of the ECM, advances in cell as well as 

olecular biology and genetics continuously provide new insights, 

ndicating that ECM is also significantly involved in signaling [14–

7] . The ECM of soft biological tissues undergoes continuous re- 

odelling both in healthy and diseased conditions, accompanied 

y changes in composition and structure [18,19] . Since these alter- 

tions can heavily affect or gan function [e.g. 20–26] , it is not sur-

rising that the composition, structure, and properties of ECM are 

lso associated with medical questions [e.g. 27 , 28] . 

While the analysis of the microstructure of muscle ECM has 

een well established due to advances in microscopy and stain- 

ng techniques, studies on the mechanical characteristics of ECM 

re very rare. Due to their relatively simple realisation, the vast 

ajority of studies focus on the experimental characterisation of 

he mechanical behaviour of dissected muscle tissue samples, i.e., 

f the composite of ECM and fibres. Typically, mechanical charac- 

erisation is performed through, e.g., unconfined compression [29–

8] , semi-confined compression [39,40] , axial tension [33,36,38,41–

0] , and shear [33,51] . On the one hand, these studies are used to

nderstand the muscle tissue’s macroscopic mechanical behaviour, 

nd on the other hand, to identify material parameters for consti- 

utive material models. However, the results of these experiments 

an only deliver ‘averaged’ responses of the composite and hardly 

llow estimating the contribution of the ECM. 

Even though the small dimensions of the ECM layers and their 

isposition within the muscle tissue render ECM-specific measure- 

ents very demanding, there exist a few recent approaches to- 

ards this goal: An indirect method to characterise ECM was pre- 

ented based on the difference between the mechanical responses 

f single muscle fibres and a fascicle [52–55] . The authors deter- 

ined stress-length/strain relations of single muscle fibres, mus- 

le fascicles (connected by ECM), and groups of unconnected fi- 

res. The comparison of the mechanical responses of the different 

bres and fascicles allows to estimate the mechanical characteris- 

ics of the ECM. Although generally depending on species and age, 

hese studies demonstrated that the ECM typically exhibits highly 

on-linear behaviour, and gains higher stiffness than the muscle fi- 

res. A direct method is based on decellularisation, more precisely, 

n removing everything but ECM from the tissue by combining 

hysical, chemical, and enzymatic processes [e.g. 56–60] . At the 

nd of these processes, the ECM is available for mechanical test- 

ng. In this way, Gillies et al. [61] realised tension experiments on 

CM samples of murine tibialis anterior muscle fascicles and found 

on-linear, exponential-like stress-strain characteristics. Notewor- 

hy, in comparison to the endo- and perimysium the separation of 

he epimysial layer from the muscle is simpler, and the mechan- 
250 
cal behaviour can be characterised by applying standard testing 

ethods [4,62] , revealing an exponential-type tensile stress-strain 

esponse typical for soft collagenous tissues. 

To the best of our knowledge, there exist currently no system- 

tic experimental study to determine the anisotropic mechanical 

ehaviour of skeletal muscle ECM. The central goal of the present 

ork is to establish a better understanding of the ECM mechanical 

haracteristics through axial tension experiments on decellularised 

nd non-decellularised strips of skeletal muscle. It is known that 

austic soda, i.e., sodium hydroxide solution (NaOH) can be used to 

ecellularise the muscle fibres from the muscle tissue [4,61,63–65] . 

or mechanical testing, it needs to be assured that this treatment 

ffectively removes muscle fibres but does not significantly affect 

he structure and properties of the ECM. Accordingly, a protocol for 

he preparation of decellularised tissue samples suitable for me- 

hanical characterisation is developed and proposed in the present 

ork. Moreover, we study the effect of transversely compressing 

he decellularised samples by varying extents. We show that this 

peration could serve as an indicator for successful cell removal 

nd, in addition, it provides insight to the anisotropy of the ECM, 

ince the forced compaction generates quasi-planar structures. 

The outcome of this study will help filling the existing gap of 

nowledge with regard to the mechanics of skeletal muscle ECM. 

t will allow the identification of the ECM’s material character- 

stics necessary to establish multi-scale models, see Kuravi et al. 

66] , and contribute to an enhanced understanding of load trans- 

er mechanisms in muscle tissue. The paper is organised as fol- 

ows: A description of the experimental methods and the corre- 

ponding results are provided in Sections 2 and 3 , respectively, fol- 

owed by a critical discussion in Section 4 and concluding remarks 

n Section 5 . 

. Materials and methods 

.1. Ethical approval 

The study was exempted from ethical committee review ac- 

ording to national regulations (German Animal Welfare Act), as 

uscles from healthy, female domestic pigs were obtained from a 

laughterhouse immediately after animal sacrifice. 

.2. Tissue sample dissection and processing 

Hind legs of six ( n = 6 ) female domestic pigs ( Sus scrofa do-

estica , age: ∼6 month, mass: ∼90 to 100 kg, one leg per ani- 

al) were obtained from a slaughterhouse immediately after an- 

mal sacrifice. After transport in a cooling box to the laboratory, 

iceps femoris muscles were excised and stored at 4 ◦C in a cli- 

atic chamber wrapped in Dulbecco’s phosphate buffered saline 

DPBS) soaked cloths. Following Table 1 , tissue samples ( n = 246 )

ith length, width, and thickness approximately 60, 8, and 4 mm, 

espectively, were cut in dependence on their fibre orientation (0 ◦, 
5 ◦, 90 ◦) to realise tension and compression experiments. Alginate 

as used to stabilise the tissue during cutting with a utility cutter 

39] . Before performing mechanical tests, the differently processed 

issue samples were divided into 3 groups (G 1/2/3 ). 

As a reference, G 1 comprises the fresh, untreated tissue sam- 

les, which were cut out of the muscle at different angles (0 ◦, 45 ◦,
0 ◦) with respect to the gross direction of the muscle fibres ob- 

ervable in the tissue. After cutting the samples, they were stored 

t 4 ◦C in a climatic chamber, wrapped in DPBS-soaked cloths. 

ampling of fresh specimens was completed within 6 h of animal 

acrifice. 

In order to determine the optimal time t ∗ such that all muscle 

ells are effectively dissolved by the NaOH solution while the me- 

hanical properties of the ECM are not significantly affected, the 
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Table 1 

Tension and compression experiments conducted within this study. 

Untreated NaOH-treated 

Group Level of pre-compression [%] 0 ◦ 45 ◦ 90 ◦ 0 ◦ 45 ◦ 90 ◦

G 1 0 tension 5 5 5 – – –

G 2 0 tension – – – 73 – –

compression – – – 93 – –

G 3 0 

tension 

– – – 6 7 10 

45 – – – 5 7 12 

90 – – – 6 6 6 

Table 2 

Overview of the test group G 2 performed within this study. 

Time of insertion into NaOH solution [h] 

Group 6 9 12 15 18 21 24 27 30 33 36 

G 2 tension 8 8 8 8 8 6 8 7 6 4 2 

compression 8 11 7 6 12 8 12 8 9 8 4 

Fig. 1. Setup for (a) axial tension and (b) transversal compression experiments. 
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issue samples of G 2 were placed in 3% NaOH solution for dif- 

erent time periods, see Table 2 . Tissue samples were cut along 

he visually perceivable ‘gross’ muscle fibre direction ( 0 ◦), then 

eighed and finally placed in 100 ml NaOH solution per sample. 

fter reaching the aimed time period listed in Table 2 , the samples 

ere removed from the NaOH solution and placed for 45 min in 

PBS solution (125 ml solution per sample) and thereafter again 

n fresh DPBS solution (125 ml solution per sample) for another 

5 min. Before the samples were finally weighed and subjected to 

echanical testing, they were again stored in DPBS-soaked cloths 

t 4 ◦C in the climatic chamber. After determining the optimal time 

eriod for decellularisation t ∗, see Section 3.2 , a third group of tis-

ue samples (G 3 ) was prepared from tissue samples oriented at 0 ◦, 
5 ◦, and 90 ◦, following the protocol for the G 2 -samples for the de-

ned time t ∗. To ensure that the time lapse between dissolving, 

insing, and testing of the samples was approximately constant, 4- 

 samples were successively inserted in NaOH every hour, respec- 

ively. From a few tissue samples, inserted for 0, 12, and 18 h, his-

ological sections were prepared and stained with Picro-Sirius red, 

ee Appendix A . 

.3. Tissue strip experiments 

All axial tension and transversal compression experiments were 

onducted with two axial testing machines (Zwick Z0.5, Zwick 
251 
mbH & Co. Ulm, Germany), cf. Fig. 1 , equipped with 5 N (tension)

nd 10 N (compression) load cells. 

.3.1. Transversal compression experiments 

Cuboid samples ( n = 93 , see Table 1 ), treated with NaOH so-

ution, were subjected to transversal compression prior to ten- 

ile testing, see Fig. 1 (b). The experiments were performed up to 

ither 45% ( n = 24 ) or 90% ( n = 18 ) nominal compressive strain

at a rate of ˙ ε = 0 . 5% s −1 in line with our former protocols 

39,40,67] . While the displacement u of the upper platen was 

redefined, the resulting force F was measured and converted to 

ean engineering stress via P = F /A trans by division through the 

ransversal cross-sectional area A trans , measured from a digital im- 

ge which was recorded before testing. The transversal compres- 

ive stretch λtrans = 1 + ε = 1 + u/t 0 was calculated from u and

he undeformed sample thickness t 0 , cf. Fig. 1 (b). In order to di- 

inish friction effects, the polytetrafluoroethylene (PTFE) platens 

ere sprayed with silicon oil for lubrication [68] . After transver- 

al compression of the samples they were transferred to the sec- 

nd testing machine to perform the axial tension experiments, see 

ection 2.3.2 . 

.3.2. Axial tension experiments 

Before performing the axial tensile experiments on untreated 

nd NaOH-treated tissue samples, the cross-section area A ten of 

ach of the strips was quantified by means of digital images. The 
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Fig. 2. Tensile stress-stretch responses of fresh muscle samples ( n = 15 ), c.f. Table 1 , for loading directions of (a) 0 ◦, (b) 45 ◦, and (c) 90 ◦ with respect to the tissues’ fibre 

direction. Solid curves indicate mean values whereas shaded areas depict the standard deviations. Note, the unprocessed raw data can be found in the supplementary 

material, see Section 6. 
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trips, either pristine or compressed transversally before by 45% or 

0%, were then fixed in clamps covered with sandpaper to reduce 

issue slippage, see Fig. 1 (a). The axial tension experiments were 

erformed at a nominal strain rate of ˙ ε = 0 . 5% s −1 up to failure of

he strips. While the displacement u of the upper clamp was spec- 

fied, the resulting force F was measured and converted to mean 

ngineering stress as P = F /A ten by division through the unde- 

ormed cross-sectional area A ten . The axial stretch λtrans = 1 + u/l 0 
as calculated from u and the undeformed sample length l 0 , cf. 

ig. 1 (a). For treated sample an additional stress P ECM 

was intro- 

uced by referring the force to an estimate of the ECM fraction φ
f the sample, taken as 10%, cf. Kjaer [13] and Gillies and Lieber 

11] . 

.4. Data processing 

The experimental raw data in form of force and displacement 

nclude up to 18,0 0 0 measuring points for both, the elastic and 

ailure region. In order to make the data manageable all raw data 

nderwent three processing steps: First, all data were smoothed, 

nd the number of data points was reduced to a maximum of 

00. Secondly, the reference state was associated with a small pre- 

orce, that differed between the fresh (muscle) and treated (ECM) 

amples in order to achieve comparable pre-stress. For untreated 

amples a force of 30 mN was chosen, corresponding to about 

.7 kPa pre-stress, depending on the exact dimensions of a spec- 

men, and comparable to the pre-load used in Takaza et al. [48] . 

aking into account that the ECM amount of skeletal muscles is 

round 10% of the dry weight, and assuming that it takes an ap- 

roximately 10%-fraction of the tissue cross-section, 3 mN was se- 

ected for the chemically treated samples to facilitate comparabil- 

ty of the results, so that the threshold force per effective mate- 

ial cross-section agree. We note that these pre-loads were sub- 

racted from the stress when plotting the results unless stated oth- 

rwise. Note, the unprocessed raw data ( Figs. 2 and 5 ) can be

ound in the supplementary material, see Section 6. Finally, the 

lastic regions of the force-displacement curves were determined 

y successively computing tangents T i by finite differences at the 

oints u i , i = 1 , 2 , . . . , m, where m indicates the maximum number

f measuring points. The elastic range of the curve is defined as 

he region where the slope is monotonically increasing, i.e., where 

 i +1 ≥ T i . The point u j at which T j+1 < T j marks the end point of

he elastic region. Apart from this, measurements were discarded 

rom the analysis if they could not be evaluated due to operational 

isturbances (e.g. slipping of the specimen under compression or 

nintentional shift of the camera) and tearing of the specimens in 

he clamping region during tensile experiments. 
252 
.5. Superposition of muscle fibre and ECM responses 

The here obtained data on decellularised tissue samples was 

ombined with previous results on porcine biceps femoris muscle 

bres [69] in order to investigate whether the passive response of 

keletal muscle can be calculated by adding the responses of ECM 

nd muscle fibres according to a simple rule of mixtures. This anal- 

sis is important with regard to the development of mechanical 

odels of the tissue, in which muscle fibres and ECM are com- 

only assumed in a parallel arrangement. To this end, it is as- 

umed that along the gross muscle fibre direction, ECM and fibres 

re homogenously distributed, so that the volume fraction coin- 

ides with its fraction φ of the cross-sectional area A ten of samples 

ut along that direction (0 ◦). If muscle fibres and ECM respond to a 

ensile load with a characteristic force per unit area P ECM 

and P MF , 

espectively, the mean nominal stress of 0 ◦ fresh muscle samples 

hould calculate as 

 ̄fresh (λ) = φ̄P̄ ECM 

(λ) + (1 − φ̄) ̄P MF (λ) = P̄ decell (λ) + (1 − φ̄) ̄P MF (λ) , 

(1) 

here the overline indicates the mean and P̄ decell is the nom- 

nal stress obtained when referring to the force obtained from 

he decelullarised, treated samples to A ten . However, the ansatz in 

q. (1) assumes that ECM and muscle fibres are composed in a 

onfiguration that corresponds to the reference state used in me- 

hanical testing, and that they experience the same longitudinal 

tretch λ in the composite tissue, equal to the tissue stretch. To 

hed light on this issue, we compose ECM and muscle fibres at a 

eference state that corresponds to small pre-loads, 3 mN and 1 μN 

espectively, defined through the resolution of the test set-ups. It 

s assumed that differences in the effective stretch of the compo- 

ents can result from (i) a mismatch in these configurations but 

lso (ii) relative deformations between the components caused by 

tructural effects, such as the alignment or straightening of undula- 

ions. We thus posed the question, what stretch λMF a muscle fibre 

hould experience within the tissue so that the response of com- 

osite and fresh tissue are in agreement. To this end, the actual 

esponse of single muscle fibres from Böl et al. [69] was interpo- 

ated to obtain P MF = g(λMF ) , and λMF was determined numerically 

uch that this matches the difference between the stresses in fresh 

nd decellularised tissue, i.e., (1 − φ) g(λMF ) = P̄ fresh (λ) − P̄ decell (λ) . 

.6. Normalisation of tensile stress response 

After removal of the muscle fibres, the force per area of the 

ndeformed tissue is given by P = P = φP . Hypothesising 
decell ECM 
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hat the variability between the individual samples ( k ) is mainly 

aused by the variation in ECM content [70,71] a specimen-specific 

ormalisation factor f was determined, that characterises the de- 

iation from the mean response P̄ . To this end, it was hypothe- 

ised that for each specimen k there exists a factor f = f k , so that

he difference between the mean response P̄ and the weighted 

ample-specific response f k P 
(k ) is minimised. For each set of force- 

isplacement data the individual factor f k was obtained by min- 

mising the objective function 

( f k ) = 

1 

m 

m ∑ 

i =1 

√ (
P̄ i − f k P 

(k ) 
i 

)2 
, (2) 

here m represents the number of data points in the mean curve. 

.7. Statistics 

In order to define the optimal insertion time of the samples 

n 3% NaOH necessary for decellularisation, see Appendix B , and 

o determine whether or not the fibre orientation of the fresh 

 Fig. 2 ) and NaOH-treated tissues ( Fig. 5 ) have a significant ef-

ect on the stress-stretch response during tension, the data were 

nalysed statistically. To this end, Kolmogorov–Smirnov test with 

illiefors correction showed non-normal distribution of the data. 

onsequently, unpaired Mann-Whitney U-tests were performed on 

he stress values of transversal compression and axial tension ex- 

eriments on treated specimens between 6 and 30 h. Additionally, 

ann–Whitney U-tests were executed on the stress values of three 

bre orientations at each given discretised value of the stretch λ, 

espectively. We tested for the null hypothesis that the mean val- 

es of the measured stress values of the two groups are equal at a 

ignificance level of α = 0 . 05 . 

. Results 

.1. Axial tension experiments on fresh tissue samples 

Fig. 2 shows the results of the orientation-dependent tension 

xperiments (group G 1 ) in form of mean stress-stretch curves and 

tandard deviation for the elastic region. Note that in order to pro- 

ide mean values and standard deviations from all samples, the 

tretch range shown in Fig. 2 corresponds to the smallest elastic 

egion of the tested samples. 

Independent of the fibre orientation all curves are characterised 

y a clearly non-linear material response. The stiffest material 

esponse is provided by tissue samples in which the fibres are 

ligned perpendicular to the direction of loading, cf. Fig. 2 (c). Tis- 

ue samples with 45 ◦ oriented fibres (b) provide the second stiffest 

esponse, followed by the samples with fibres oriented parallel 

o the direction of loading, see (a). This is also documented in 

able 3 , where the secant stiffnesses K λ=1 . 09 = �P/ �λ are shown. 

he value of λ = 1 . 09 was selected for the sake of comparabil-

ty since it marks the maximum stretch in the smallest elastic 

egion among all tested treated and untreated samples. Further, 
able 3 

ean and standard deviation of maximum stress P max and stretch λmax . Note, the 

ndex ‘max’ indicated the end value of the material responses’ elastic range. Note, a 

iscussion of the relativ high maximum stretch of 1.9 in fibre direction is included 

n Section 4.1 . Further, K λ=1 . 09 denotes the secant stiffness, evaluated at the stretch 

alue λ = 1 . 09 . 

0 ◦ 45 ◦ 90 ◦

P max [kPa] 100.0 ± 24.0 13.9 ± 3.0 32.6 ± 18.7 

λmax [] 1.9 ± 0.1 1.3 ± 0.0 1.2 ± 0.0 

K λ=1 . 09 [kPa] 9.4 27.0 100.9 
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able 3 shows the maximum stresses and stretches in the form of 

ean values and standard deviations. 

While with increasing degree of fibre orientation the maximum 

tretch decreases, the maximum stress is reached for the 0 ◦ sam- 

les, followed by 90 ◦ and 45 ◦ samples, respectively. With respect 

o Fig. 2 , the stretches indicating the end points of the elastic re- 

ions reduce from 1.66 (0 ◦) over 1.22 (45 ◦) to 1.14 (90 ◦). However,

erforming Mann–Whitney U-tests, see Section 2.7 , show that all 

hree stress-strain curves (0 ◦, 45 ◦, 90 ◦) are significantly different 

rom each other, emphasising that the different fibre orientations 

ave a significant influence on the stress-strain responses. 

.2. Mechanical experiments for the determination of the optimal 

nsertion time t ∗

An essential issue of this study is the determination of the point 

n time at which the muscle fibres of the tissue samples inserted 

n 3% NaOH solution were dissolved, but the ECM is still physically 

ntact. It is assumed that at this time point, the muscle fibres have 

ompletely dissolved and can be pressed out of the ECM structure 

ike a liquid with low mechanical effort. At that instant the ECM 

tructure is still expected to be mechanically intact, and to with- 

tand tensile loads. Therefore, two load states were applied to sub- 

ets of the samples after subjecting them to NaOH solution for dif- 

erent periods of time: On the one hand, transversal compression 

xperiments ( n = 93 ) were carried out to push the dissolved cell 

emainders out of the ECM scaffold, and on the other hand, longi- 

udinal tensile experiments ( n = 73 ) were performed to test for the 

ntegrity of the ECM at that instant of time. In order to compare 

he results from different treatment times, a criterion was needed, 

nd to this end, the mechanical stress and the tangent at the end 

f the elastic range were evaluated. In Fig. 3 the maximum elas- 

ic stress, (a) and (b), and the tangent at this point, (c) and (d), is

epresented against the duration of the NaOH treatment. 

As principally expected, both, the stresses (upper row) and the 

angent (lower row) decrease with increasing insertion time. In- 

ependent of the load state, the course of the two metrics can 

e roughly divided into three regions (I, II, III). The middle re- 

ion (II) is characterised by approximately constant characteristics, 

nd spans from around 15 to 24 h for transverse compression, 

hereas in axial tension the corresponding plateau occurs between 

8 and 24 h, and is less expressed. These approximately constant 

tresses in region II for both deformation states were additionally 

onfirmed by a statistical analysis, see Appendix B . Nevertheless, 

 clear change in the rate at which stress and tangent decay be- 

ore and after this time span, can be observed. These results in- 

icate that after storing the tissue samples in NaOH-solution for 

8 and 21 h, the muscle cells are destroyed, but the ECM is still 

ntact. Fig. 4 shows histological sections of tissue samples treated 

or 0, 12, and 18 h. In (a), illustrating a histological section of fresh 

uscle tissue, the typical microstructure consisting of muscle fi- 

res (yellow) surrounded by ECM (red), is observed. In particular, it 

hould be noted here that the boundaries between ECM and mus- 

le fibre are distinct and clearly visible. An analysis of the histolog- 

cal section (fresh tissue) showed that this sample consists of 83.4% 

uscle fibres and 16.6% ECM. These values are in good agreement 

ith those in the literature [72,73] . After 12 h (b) it can be clearly

een that only distinct muscle fibres are visible and analyses of this 

issue showed a distribution of 55.1% fibres and 44.9% ECM. After 

8 h (c) almost no muscle fibre components are present. Only a 

ew small yellow areas indicate that fibrous structures are present 

ut dissolved (muscle fiber 21.8% and ECM 78.2%), so that they can 

o longer transfer loads. The combination of the mechanical and 

istological results suggests that 18 h represents a good choice for 

he sought, optimal insertion time. Accordingly, this time span was 

sed to perform the experiments of group G . 
3 
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Fig. 3. Transversal compression (left) and axial tension (right) experiments on samples treated with NaOH to determine the optimal insertion time of the tissue. 

Fig. 4. Histological sectional images of (a) fresh muscle samples, and those inserted 

for (b) 12 and (c) 18 h, stained with Picro-Sirius red, allowing the differentiation be- 

tween muscle fibres (yellow) and ECM (red). Scale bars: 500 μm. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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.3. Axial tension experiments on treated samples 

To determine the mechanical characteristics of ECM, muscle 

amples were tested in axial tension with different angles (0 ◦, 45 ◦, 
254 
0 ◦) between the load axis and the previous gross muscle fibre di- 

ections. The decellularised samples consist of the collagen scaffold 

oid of the fibres, and hence feature long, oriented pores. Transver- 

al pre-compression by different amounts was applied to collapse 

hese pores and to form an increasingly quasi-planar tissue. To in- 

estigate the mechanical anisotropy generated by the porous struc- 

ure, i.e., at the length scale of the muscle fibres, tensile tests were 

erformed on both the uncompressed (0%) samples, as well as 

amples pre-compressed to 45% and 90%. The results are shown 

n Fig. 5 . Herein, P is defined as the ratio between force and ref-

rence cross-sectional area of the muscle sample before muscle fi- 

re decellularisation, P ECM 

uses an estimate of the reference cross- 

ectional area of the ECM. 

Independent of the level of pre-compression and the orienta- 

ion of ECM, all curves are dominated by a non-linear J-shaped 

aterial response. Focusing first on the uncompressed samples, 

ee first column, the 0 ◦ oriented samples (a) provide the softest 

esponse, followed by those with 90 ◦ (g) and 45 ◦ (d) orientation 

hen comparing the responses up to λ = 1 . 1 . Similar character- 

stics, although less pronounced, are observed for pre-compressed 

amples. Comparing the different levels of pre-compression, sim- 

lar maximum stress levels are found for the 45% and 90% pre- 

ompressed samples that are higher than those of the uncom- 
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Fig. 5. Orientation- and pre-compression-dependent stress-stretch behaviour of the muscle strips inserted for 18 h in NaOH. Solid curves characterise mean values and 

shaded areas depict standard deviations. While black curves (mean) and areas (standard deviation) concern to P and red ones belong to P ECM . Note, the unprocessed raw 

data can be found in the supplementary material, see Section 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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ressed samples of the identical fibre orientation group. This can 

lso be seen in Table 4 , where the secant stiffnesses are de- 

ermined based on the stress and stretch values at λ = 1 and 

= 1 . 09 . Using Mann–Whitney U-tests for the differently pre- 

ompressed samples (0%, 45%, and 90%), see Section 2.7 , it is 

hown that as the compression level increases, the significant 

ifferences between the orientation dependent stress-stretch be- 

aviours are reduced from 100% (0% pre-compression) to approx- 

mately 30% (90% pre-compression), indicating a reduction of the 

issue’s anisotropy level. 
255 
The maximum stresses and stretches, indicating the elastic 

ange of the stress-stretch relations, in the form of mean values 

nd standard deviations are summarised in Table 4 . As can be 

een in Fig. 5 , the stress-stretch relations generally feature the 

trong non-linear behaviour observed for the untreated samples, 

ee Fig. 2 . Furthermore, independent of the fibre orientation, the 

max decreases with increasing level of pre-compression. Except 

or the 90% compression case, the stresses decrease with increasing 

ngle. Noteworthy, λmax is for all 0 ◦ samples approximately λ = 1 . 4 

nd for all other samples (45 ◦ and 90 ◦) λ = 1 . 2 . 
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Table 4 

Mean and standard deviation of maximum stress and stretch indicating the end of the elastic range in dependence on the ECM orientation and pre-compression level as 

well as the secant stiffnesses K λ=1 . 09 , evaluated at the stretch value λ = 1 . 09 . 

pre-compression 0% 45% 90% 

fibre orientation 0 ◦ 45 ◦ 90 ◦ 0 ◦ 45 ◦ 90 ◦ 0 ◦ 45 ◦ 90 ◦

P max [kPa] 4.7 ± 1.1 4.0 ± 1.6 2.1 ± 2.9 6.1 ± 1.5 2.1 ± 1.4 1.6 ± 0.9 5.2 ± 2.2 2.8 ± 2.4 1.4 ± 0.7 

P ECM , max [kPa] 47.5 ± 10.7 40.4 ± 15.8 21.5 ± 29.3 60.6 ± 14.8 21.3 ± 13.6 15.9 ± 8.8 52.4 ± 21.5 28.2 ± 24.4 14.1 ± 6.9 

λmax [] 1.4 ± 0.0 1.3 ± 0.1 1.2 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 1.2 ± 0.0 1.4 ± 0.1 1.2 ± 0.1 1.2 ± 0.0 

K λ=1 . 09 [kPa] 1.4 4.4 2.9 2.6 4.9 4.3 3.4 5.3 3.8 

Table 5 

Mean and standard deviation of the identified factors f . 

0 ◦ 45 ◦ 90 ◦

0% 1.03 ± 0.17 1.52 ± 0.98 1.12 ± 0.34 

45% 1.22 ± 0.72 1.20 ± 0.61 1.06 ± 0.24 

90% 1.06 ± 0.29 1.15 ± 0.42 1.18 ± 0.40 
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.4. Superposability of fibre and ECM responses 

The mean response of skeletal muscle tissue composed of the 

ndividual responses of the single components based on a rule of 

ixture ( φ = 0 . 1 ) shows large differences to the tensile response

f fresh muscle samples as shown in Figure 6 (a). The figure shows 

wo representations of the composite and tissue stresses, once 

ith a pre-load of 0.2 kPa (corresponding to 3 mN) and with a 

re-load of 0.7 kPa (corresponding to 30 mN). To emphasise this, 

he tare load is not subtracted but appears as an offset of the ordi- 

ate. Figure 6 (b) provides the longitudinal stretch λMF that a mus- 

le fibre should experience within the tissue so that the calculated 

omposite response agrees with that of the fresh tissue. Despite 

ll experimental uncertainties and assumptions, these results indi- 

ate that the ‘true’ stretch of the muscle fibres within the tissue 

s smaller than the tissue stretch, which indicates that the tissue 

tretch is not directly transferred to the components. The repeated 

nalysis for ECM fractions φ of 5% and 15% does not reveal quali- 

ative changes of this result but merely amplifies or attenuates the 

ffect. 

.5. Normalised mean response 

Depending on the muscle, but also on the position within a 

uscle at which the tissue sample is taken, the ECM can vary 

onsiderably. We hypothesised that the stress scales linearly with 

he fraction of ECM and accordingly that a linear scaling factor 

ould be used to collapse the specimen-specific response curves. 

he original and collapsed curves are shown in Fig. 7 , the statistics 

f the corresponding factors f are summarised in Table 5 . 

. Discussion 

.1. Stress-stretch response 

In order to characterise the mechanical properties of the ECM 

n muscle tissue, and to be able to relate them to intact muscle 

issue, transverse compression and axial tensile tests were con- 

ucted with fresh and NaOH-treated muscle tissue. In addition to 

ingle investigations on cadaveric tissue e.g. [ 44–46,49 ], experi- 

ents hitherto have nearly exclusively been performed on intact 

issue. Most of these investigations were performed as axial ten- 

ion [33,35,36,38,41–47,49,50,74–77] and compression experiments 

29–32,34,36–40,48,76] . Muscle tissue from various species, includ- 

ng chicken [38] , cattle [29,75,77] , rodents [33,41,43,47,50,74] , pigs 

e.g. 34 , 39,40 , 48] , and human [44–46,49] was mechanically tested. 
256 
rior to mechanical testing, the tissues were subjected to con- 

iderably different protocols. E.g., while in some cases the tissue 

as tested as soon as possible after dissection [e.g. 29 , 34 , 39] to

e as close as possible to the in-vivo state, in other studies ca- 

averic tissue was chosen [46,49] or the tissue was frozen before 

ampling and then thawed again for the actual mechanical testing 

e.g. 33 , 44 , 45] . Noteworthy, compared to other tissues, the time- 

oint of testing is of particular concern for skeletal muscle, due to 

hanges in muscle fibre properties after death [40] . Another im- 

ortant factor that influences the mechanical material response is 

he loading rate, which varies in aforementioned studies between 

7,800%/s (high speed load as known from impact scenarios [35] ) 

nd 0.001%/s (quasi-static loading [37] ). Finally, the reference state 

o which the deformation measures are related significantly influ- 

nces the shape and range of the stress-stretch curve, the elastic 

egime and the failure stretch. There are also different approaches 

o this in the literature. For example, some studies do not spec- 

fy a pre-load [e.g. 33 , 50 , 74] , while others choose it arbitrarily

e.g. 44 , 46 , 76] or depending on the tissue sample weight [48] . In

iew of the large differences between preparation and testing pro- 

ocols, large variations in the results of these studies seem evident 

n general. 

As shown in Fig. 2 , the maximum stresses reached at the end of 

he smallest elastic range, i.e., at stretches of 1.66 (0 ◦), 1.22 (45 ◦),

nd 1.14 (90 ◦), take values of 38.0 kPa (0 ◦), 10.6 kPa (45 ◦), and

1.9 kPa (90 ◦), respectively. In particular the stretch in direction 

f the fibres, see (a) and Table 3 , feature relatively high values of 

.66 and 1.9, respectively. Although similar values can be found in 

he literature, e.g. [41] measured a maximum stretch of 1.72 in rats 

ibialis anterior muscles, such stretches appear to be too high. A 

ossible reason for this could be the initial length of the muscle. 

epending on the joint angle, a muscle features a different initial 

ength in the body, see e.g. [78,79] . In the present study, no atten- 

ion was paid to the joint angle during dissection, so that different 

nitial lengths were not considered in the present study. 

Evaluating the stresses at a smaller stretch value of 1.14 for 

omparison, the material response of the 0 ◦ oriented samples (a) 

rovides the softest response, followed by those with 45 ◦ (b) and 

0 ◦ (c) orientation. Further, statistical investigations reveal signifi- 

ant differences of all stress-stretch relations. Only two studies, by 

akaza et al. [48] and Mohammadkhah et al. [38] could be found 

hich present tensile experiments on fresh muscle tissue with an- 

les of 0 ◦, 45 ◦ and 90 ◦ between loading and fibre direction. The re- 

orted nominal stresses at stretches of 1.2, 1.1, and 1.1, for 0 ◦, 45 ◦,
nd 90 ◦ fibre orientation, respectively, vary between 31 to 42 kPa, 

1 to 50 kPa, and 23 to 73 kPa. In comparison, in the present study

arkedly lower stresses of 2 kPa, 3 kPa, and 12 kPa are achieved. 

hile Mohammadkhah et al. [38] investigated chicken pectoralis 

uscle and mention the variation in tissue structure and com- 

osition between species, the difference to the results on porcine 

ongissimus dorsi in Takaza et al. [48] points at either strong vari- 

tions between muscles of one species or significant influence of 

he testing protocol. Notwithstanding, when comparing the order 

f the responses in terms of stiffness, the studies agree in that the 
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Fig. 6. (a) Difference between experimental tissue response and stress predicted by an additive model combining the individual responses of muscle fibres and ECM. The 

results are represented for two different pre-loads. (b) Hypothetical stretch of the muscle fibre determined such that the composite model agrees with the tissue response 

computed for three different ECM fractions φ. 
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issues feature the softest response in fibre direction (0 ◦), followed 

y the 45 ◦-direction, and the cross-fibre direction (90 ◦) was asso- 

iated with the highest stresses. Vice-versa, the chicken muscle tis- 

ue [38] revealed the stiffest response in the 45 ◦ direction, while 

he fibre direction still provided the softest response. Interestingly, 

his order is also observed in the NaOH-treated, i.e., the ECM-only 

amples presented in the current study. 

.2. Mechanical characterisation of decellularised samples 

A main goal of the present study was the determination of 

 protocol to prepare samples of skeletal muscle ECM based on 

issue decellularisation with caustic soda. Based on the mechani- 

al response of samples treated with NaOH for different amounts 

f time, see Fig. 3 , 18 h was identified as an optimal insertion

ime, because after this time a time window of several hours was 

ound during which the parameters chosen to characterise the 

echanical response remained fairly constant, after a more rapid 

hange before. The change of both the compressive and tensile 

esponses with increasing insertion time could be separated into 

hree phases, see Fig. 3 , with changing properties in phases I and 

II, and relatively stable behaviour in phase II. These findings can 

e interpreted as follows: In the first phase I the tissue response 

s close to that of intact tissues, indicated by high stresses. In the 

econd phase II, the muscle cells are destroyed and the intercellu- 

ar fluid is expelled from the tissue upon mechanical load. In the 

hird phase III, also the ECM looses integrity, so that the stress 

rops significantly. Histology, cf. Fig. 4 , supported these interpre- 

ations in that after 18 h the muscle cells were completely dis- 

olved but the ECM was barely affected, when compared to longer 

nsertion times. Based on this result, samples consisting only of 

CM were generated and subjected to directional tensile experi- 

ents, see Fig. 5 . Their systematic testing served to determine the 

irection-dependent mechanical properties of the ECM in terms 

f the non-linear stress response in the elastic range, cf. Fig. 5 . 

hile at a stretch of 1.1 the responses of 0 ◦, 45 ◦, and 90 ◦ differ

oderately, the elastic range reduces markedly from 1.35 to 1.1. 

he smaller elastic range observed in 90 ◦ samples, compared to 

 

◦ ones, suggests that damage in the ECM, e.g., separation of the 

issue between fibres and ECM or within the ECM layers, occurs 

arlier than damage or failure along the muscle fibres. This result 

s in accordance with observations made by Takaza et al. [48] , who 

eport much smaller failure stretches in porcine muscle across than 

long muscle fibres. Furthermore, the effect of pre-compression 
257 
0%, 45%, 90%) to compact the ECM on the tensile mechanical be- 

aviour was investigated. After decellularisation the samples con- 

ist of a hollow structure pervaded by the channels that remain 

f the dissolved muscle fibres. The thus generated obvious differ- 

nce between longitudinal and transversal architecture leads to a 

irection-dependent response of the samples in the tensile tests 

0% compression). When transversely compressing the samples by 

5% and 90%, the walls of the ’honey-combs’, were increasingly 

orced into one plane, so that the strong structural difference at the 

ength scale of fibres between longitudinal and transverse direc- 

ions decreases. The data reported in Fig. 5 , and the corresponding 

tatistical analysis clearly indicate that this operation also reduces 

he observed anisotropy in the stress-strain behaviour. We remark, 

owever, that the collagenous networks that form the walls of the 

ndo- and perimysial channels generally feature non-uniform dis- 

ributions of collagen fibres, see e.g. [11,80] , so that anisotropy gen- 

rated on the length scale of collagen fibres is expected to per- 

ist. Overall, with the exception of the 90 ◦ oriented samples, it was 

ound that with increasing pre-compression, the elastic range, i.e., 

he maximum stretches are reduced with simultaneous reduction 

f the maximum stresses, which indicates that damaging mecha- 

ism might take place caused by the strong degree of lateral com- 

ression, that reduce the overall extensibility of the samples. 

So far, there are only few studies in the literature that deter- 

ine mechanical properties of the ECM in skeletal muscle tissue 

sing indirect [52] or direct measurements [61] . To indirectly de- 

ermine the mechanical properties of the ECM in murine muscle, 

eyer and Lieber [52] measured individual muscle fibres without 

CM, muscle fibre bundles including ECM, and muscle fibre bun- 

les without ECM. It was found that isolated single muscle fibres 

how a linear stress-strain behaviour, whereas the stress strain be- 

aviour of muscle fibre bundles is clearly non-linear. These find- 

ngs suggested that the ECM as a material is much stiffer than 

he muscle fibres and behaves in a highly non-linear manner [11] . 

he much higher material stiffness is also confirmed by our re- 

ults in Fig. 5 (a), that shows that the ECM reaches stresses P ECM 

of

everal tens of kilopascals at λ = 1 . 35 , which is in the order five

imes more than the corresponding stresses that were observed in 

 previous study on muscle fibres [69] . When relating the forces 

f ECM and fibres to the muscle fibre cross-section instead, the 

CM stress contribution P becomes comparable in terms of order 

f magnitude, and even smaller than that muscle fibres. Contro- 

ersial results also exist with regard to the non-linearity of the fi- 

re response, since the majority of studies on muscle fibres docu- 
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Fig. 7. Orientation- and pre-compression-dependent mean stress-stretch relations: Black curves present mechanical responses of single tension experiments. From these 

mean relations (black dots) and standard deviations (grey shaded areas) are determined. Red curves illustrate stress-stretch relations of single tension experiments adjusted 

by a numerically identified factor f to fit best the mean stress-stretch responses. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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ent a strongly non-linear material behaviour, as summarised in 

öl et al. [69] . The questions which part of the muscle tissue - fi-

re or ECM - contribute to the non-linear stress-strain character- 

stics and to which extent has therefore not conclusively been an- 

wered and may strongly depend on the species and muscle type, 

s suggested by other studies that compare the responses of iso- 

ated fibres and fibre bundles [53–55] . Gillies et al. [61] proposed 

 protocol for decellularisation of muscle tissue, tested bundles of 

ndomysial sheaths and compared them to fibre bundles from un- 

reated muscle of mice. The outcome of this direct analysis, that 

s in general agreement with our results, suggested that decellu- 
i

258 
arisation does not change the characteristics of the mechanical re- 

ponse, thus providing support for the concept that ECM is main 

oad bearing element in skeletal muscle [61] . However, Gillies et al. 

61] also point at the problematic definition of strain due to ambi- 

uity in the definition of a reference state in mechanical testing. 

.3. Implications for mechanical models of skeletal muscle tissue 

It is known that the essential mechanical function of the ECM 

s the connection of the muscle fibres [61,81] and plays a dominat- 

ng role in the mechanical response of skeletal muscle tissue [52] . 
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Fig. 8. The factor f plotted against the weight of the tissue samples for compres- 

sion levels 0%, 45%, and 90% and the fibre direction of 0 ◦

T

t

t

t

E

v

f

t

w

c

T

i

t

t  

l

p

f

p

u

u

t

c

r

c

t

b

s

T

f

d

m

8  

m

e

t

t

s

w

p

s

p

o

t

T

s

a

k

m

l

i

t

t

c

i

c

i

t

a

n

c

o

d

f

d

m

o

t

t

s

s

m

t

c

e

s

t

o

m

f

n

E

a

m

4

t

i

t

c

c

b

m

d

p

b

m

d

b

r

i

d

o

a

t

t

s

H

he varying amount of ECM in different samples of skeletal muscle 

issue will cause differences in the tissue response, and thus con- 

ribute to the large experimental variability in both untreated and 

reated muscle tissue samples, see Figs. 2 and 5 . Provided that the 

CM responds with a characteristic response, i.e., disregarding the 

ariations in the structure and material properties of the ECM, the 

orce generated by decellularised samples should thus scale with 

he amount of ECM. We therefore tested whether a linear factor f

ould be sufficient to collapse each response curve onto the mean 

urve, i.e., to account for the variability between samples [70,71] . 

he good agreement of the collapsed curves in Fig. 7 supports this 

dea. For samples tested along the fascicles (0 ◦), one would expect 

hat more ECM and thus a higher weight of the sample would lead 

o more ECM loaded in parallel, and thus give rise to a linear re-

ationship between sample weight and f . At least for the uncom- 

ressed samples, the trend and coefficient of determination are in 

avour of this argument, while for 90% and, particularly, 45% com- 

ressed samples such a simple model does not apply, see Fig. 8 . 

Even if the relation between f and the ECM fraction remains 

nknown, the observed property, that the response of an individ- 

al sample is captured by a multiple of a master curve given by 

he mean response, is a clear advantage in modelling: The typi- 

ally large set of material parameters characterising the non-linear 

esponse can be fixed while the variability of the response can be 

aptured through varying a linear factor. Moreover, as a result of 

his linearity the variability in the response is completely described 

y the statistics of the factor f . 

The here presented data presents the first comprehensive data 

et on the mechanical properties of isolated skeletal muscle ECM. 

his information provides a hitherto missing piece of information 

or the development of modelling approaches to analyse and pre- 

ict the response on skeletal muscle tissue in consideration of its 

icrostructure either in form of idealised constitutive models [e.g. 

2–84 ] or detailed computational models [e.g. 66 , 85 , 86] . The infor-

ation of such models through the component-specific data, how- 

ver, poses a number of challenges. The approximately unidirec- 

ional alignment of muscle fibres within the ECM might suggests 

hat the characteristic stress responses of muscle fibres and ECM 

um up to the tissue response, assuming that they act in parallel 

hen the tissue is stretched along the muscle fibre direction. Our 

reliminary analysis displayed in Fig. 6 cannot entirely exclude that 

uch a superposition would generally be possible. However, the –

robably too simplistic – prediction of the tissue response based 

n the specifically chosen reference states of fibres and ECM, and 

he assumption that their strain coincides with tissue strain, fails. 
259 
he first issue (i) relates to the question of the common reference 

tate, in particular whether the unloaded states of muscle tissue 

s a whole, muscle fibres, and decellularised ECM coincide. It is 

nown that the definition of a reference state in tensile experi- 

ents is difficult for very soft biological tissues, since even tiny 

oads can cause significant deformations, see e.g. [87,88] . In fact, 

n their study on decellularised muscle Gillies et al. [61] point at 

his problematic definition of strain due to ambiguity in the defini- 

ion of a reference state in mechanical testing. When the response 

urves of components are superimposed to represent a compos- 

te, differences in their seemingly undeformed states can become 

onsequential. Noteworthy, for skeletal muscle tissue, the harmon- 

sation of the reference states of single fibres and muscle tissue 

hrough an analysis of the sarcomere lengths could serve as an 

lternative to define a reliable reference state, even if this might 

ot be possible on a sample specific basis. The second point (ii) 

oncerns the potential deviations and relation between the strains 

bserved on the tissue-scale, compared to the deformations un- 

ergone by the single components within the tissue. The reasons 

or these differences are manifold, including a non-homogeneous 

isposition of the components, structural effects such as align- 

ent or straightening of curved fibres, and the complex transfer 

f loads between the components, that are all absent when testing 

he components individually. We illustrated this in Fig. 6 (b), where 

he hypothetical effective stretch of the muscle fibre λMF computed 

uch that the composite model matches the tissue response is con- 

istently smaller than the tissue stretch λ, and even shows non- 

onotonic behaviour. Clearly these curves are strongly affected by 

he selection of the state at which fibres and ECM are composed; 

hoosing a higher reference stress for the ECM, for example, would 

ven reduce the muscle fibre stretch required to match the tis- 

ue response. Given the arbitrary choice of the threshold stresses, 

he curves in Fig. 6 (b) are therefore unlikely to be representative 

f the muscle fibre stretch in the real tissue both in shape and 

agnitude. However, the theoretical analysis highlights that dif- 

erences between component and tissue strains may exist and be 

on-uniform, depending on the non-linearities in the behaviour of 

CM and muscle fibres. Similar effects of “stretch amplification”

nd “attenuation” [89] over the scales have been reported for other 

usculoskeletal tissues [e.g. 89 , 90] . 

.4. Limitations 

As we did not succeed in adding reliably trackable markers on 

he surface of the decellularised samples, all stretches presented 

n this study were calculated based on the crosshead travel, i.e., 

he displacement output of the testing machine. This also con- 

erns the data on fresh muscle, even though these global stretches 

an differ from the local ones measured on the sample’s surface 

y means of optical methods, especially for soft materials such as 

uscle tissue, see e.g. Takaza et al. [48] . Although we could not 

etect any slippage of our samples out of the clamps, the low as- 

ect ratio and tissue heterogeneity might have caused deviations 

etween the global estimate and the actual local state of defor- 

ation. This deviation might partially explain the relatively large 

ifferences in the stretch ranges between our study and the one 

y Takaza et al. [48] , which reports local stretches. Finally, studies 

eveal that the treatment of muscle tissue samples with NaOH to 

solate ECM not only digests the muscle cell structure but also can 

eplete the ground matrix of the ECM, composed of proteoglycans 

r even damage collagenous network depending on concentration 

nd temperature [4,8] . Fixation agents have been used to stabilise 

he ECM during digestion in order to study its structure [8] . For 

he mechanical characterisation of ECM, fixation is clearly not pos- 

ible due to its potentially strong impact on mechanical properties. 

ence, the response to lateral compression was used as the only 
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ndicator for removal of the muscle fibres, and based on this, it is 

ssumed that the NaOH concentration employed was high enough 

o digest muscle cells, however, its potential effect on the ECM 

round matrix remains unverified in this work. 

. Conclusions 

The present work presents a simple protocol for isolating and 

esting endo- and perimysial ECM of skeletal muscle tissue by de- 

ellularisation in caustic soda solution and subsequent mechani- 

al characterisation. It was shown through mechanical indicators 

nd supported by histology that for the porcine muscle considered 

ere, an optimal time window of several hours exists at around 

8 h, in which the storage in the decellularising solution caused a 

omplete destruction and removal of the muscle fibres while leav- 

ng the collagenous ECM largely intact and mechanically functional. 

echanical characterisation of the ECM in axial tension tests re- 

ealed strongly non-linear, direction-dependent, i.e., anisotropic 

roperties. A prominent difference between the responses of in- 

act muscle and ECM is the order between the stress responses. 

urprisingly, ECM samples tested at an angle of 45 ◦ with respect 

o the direction of the muscle fibres provided the stiffest response, 

hereas for intact muscle the cross-fibre direction is the stiffest. 

ateral pre-compression, through which the decellularised sheaths 

f ECM were compacted to flat membrane-like structures, had a 

oderate effect on the stress-strain curves but reduced the width 

f the elastic range of the response. Despite the generally observed 

arge variability in the experimental data, the response curves of 

CM samples tested at the same orientation and with equal level 

f pre-compression could be fairly collapsed onto the mean curve 

y a single scalar factor. Thus suggesting that the sample-specific 

mount of ECM is a major contributor to the experimental scatter 

n the mechanical response. Altogether, the proposed method and 

he corresponding results help filling the gap of information that 

xists on the mechanical properties of the individual components 

f skeletal muscle tissue, and in particular, they can provide key in- 

ormation necessary to develop and parametrise micromechanical 

odels of muscle tissue. At the same time the findings pose new 

uestions, e.g., on the common reference state among the compo- 

ents and the composite tissue. Applying, elaborating and adapting 

he presented techniques will contribute towards addressing these 

uestions and understanding the complex mechanisms that govern 

he mechanics of skeletal muscle. 
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ppendix A. Picro–Sirius red staining protocol for skeletal 

uscle tissue 

1. Freeze the sample for 20 s in an isopentane bath cooled with 

liquid nitrogen. 

2. Store the frozen sample wrapped in aluminum foil at −80 ◦C 

until use. 
260 
3. Cut sections 14 μm thick at −14 ◦C and put onto glass micro- 

scope slide. 

4. Allow sections to precipitate at room temperature until the 

next day. 

5. Fix sections with Picro–Formalin for 5 min. 

6. Rinse sections under gently running water for 10 min. 

7. Stain sections with Picro–Sirius red solution for 60 min. 

8. Rinse sections with acidified water for 2 min twice. 

9. Rinse sections with distilled water for 1 min. 

0. Dehydrate sections with ethanol 96% for 1 min. 

1. Dehydrate sections with isopropanol for 1 min twice. 

2. Clear sections with Roti–Histol for 2 min twice. 

3. Cover sections with a mounting medium. 

ppendix B. Statistical analyses for the determination of the 

ptimal insertion time t ∗ = 18 h 

Within the present study transverse compression and tension 

xperiments were carried out to determine the optimum insertion 

ime t ∗. For both deformation states, four to eight samples were 

ested for each insertion time (ranging between 6 to 30 h, see also 

able 2 ). The stress values were statistically evaluated with un- 

aired Mann–Whitney U-tests to check the stress value at a spe- 

ific decellularisation duration and the one at the optimal inser- 

ion time. Thereby, the optimal insertion time of 18 h was selected 

ased on the histological examinations, see Fig. 4 . The p-values 

etween 12 and 24 h suggest less statistical difference for inser- 

ion times between 12 and 24 h for the compression tests, and be- 

ween 15 and 18 h for the tensile tests, see underlined numbers in 

able 6 . Due to the very large decrease in stress between the two 

nsertion times of 15 and 18 h by 54.5% from 32.3 ± 17.7 to 20.9 

4.6 kPa and under additional consideration of the histological 

esults, the optimal insertion was finally defined to be t ∗ = 18 h. 

Table 6 

p-values for the hypothesis that the stress at a given inser- 

tion time feature not statistical difference to the one after 

t ∗ = 18 h in transverse compression and uniaxial tension. Un- 

derlined numbers indicate p > 0 . 05 . 

Groups [h] Transversal compression Uniaxial tension 

6 0.0283 0.0002 

9 0.0205 0.0002 

12 0.4634 0.0070 

15 0.4908 0.2786 

21 0.0541 0.0593 

24 0.2786 0.2345 

27 0.0281 0.0037 

30 0.0016 0.0007 

upplementary material 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.actbio.2020.12.050 . 

Supplementary material in form of unprocessed raw data 

stress-stress relations) of Figs. 2 and 5 can be found in online ver- 

ion of the article. 
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