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Abstract

The mechanical role of elastic fibers in the inter-lamellar matrix (ILM) is unknown; however,
it has been suggested that they play a role in providing structural integrity to the annulus
fibrosus (AF). Therefore, the aim of this study was to measure the viscoelastic and failure
properties of the elastic fiber network in the ILM of ovine discs under both tension and shear
directions of loading. Utilizing a technique, isolated elastic fibers within the ILM from ovine
discs were stretched to 40% of their initial length at three strain rates of 0.1%s™ (slow), 1%s™
(medium) and 10%s™ (fast), followed by a ramp test to failure at 10%s™. A significant strain-
rate dependent response was found, particularly at the fastest rate for phase angle and
normalized stiffness (p < 0.001). The elastic fibers in the ILM demonstrated a significantly
higher capability for energy absorption at slow compared to medium and fast strain rates (p <
0.001). These finding suggests that the elastic fiber network of the ILM exhibits nonlinear
elastic behavior. When tested to failure, a significantly higher normalized failure force was
found in tension compared to shear loading (p = 0.011), which is consistent with the
orthotropic structure of elastic fibers in the ILM. The results of this study confirmed the
mechanical contribution of the elastic fiber network to the ILM and the structural integrity of
the AF. This research serves as a foundation for future studies to investigate the relationship

between degeneration and ILM mechanical properties.
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1. Introduction

The clinical relevance of elastic fibers in the annulus fibrosus (AF) of the disc is not fully
understood. However, in contrast to healthy discs, where well organized and abundant elastic
fibers were found in the inter-lamellar matrix (ILM) [1, 2], scoliotic discs that are more
vulnerable to degeneration have a sparse and disrupted elastic network and irregular ILM
structure [3]. An increase of metalloproteinases level across scoliotic and degenerated discs
may show a correlation between the disorganization of elastic fibers and disc degeneration
[4]. Metalloproteinases can degrade elastin and release elastin-peptides into the extracellular
matrix (ECM) [5]. Elastin peptides are able to trigger a series of biological events, including
an increase in cell calcium flux [6], metalloproteinase up-regulation [7], and cell proliferation
[8] that leads to change in density and structure of ECM components and alters the

mechanical properties of the disc [9].

Early structural studies revealed an irregular distribution and low volume fraction of elastic
fibers compared to collagen [10], and suggested that elastic fibers play no substantial role in
the mechanical properties of the AF [11]. Later, it was shown that elastic fibers, visualized by
histological staining, are organized in the AF, their density is higher in the ILM and they may
interact with the ECM [3, 11-16]. Further insight into the ultrastructural organization of
elastic fibers in the ILM identified a dense and complex network of fibers that were not
randomly distributed [1]. Despite recent progress identifying the micro- and ultra-structural
organization of elastic fibers, their contribution to the mechanical properties of the ILM is

less known.

Investigation of the radial cohesion of AF lamellae identified a complex hierarchy of
interconnecting fibers in the ILM that demonstrates the role of elastic fibers in lamellae

connectivity [17, 18]. It is thought that elastic fibers in the ILM assist lamellae to return to



their original position after deformation. While the role of elastic fibers in mechanical
properties of the ILM hasn’t been studied, it has been suggested that they play a role in
providing AF structural integrity [19-21]. It was shown that enzymatic removal of elastic
fibers using elastase resulted in the following observations: tensile toe and linear modulus in
the radial direction decreased by 90%, while extensibility increased by 431% in human AF
[20]. Using bovine caudal AF an increase of lamellae shear strain in the radial direction was
seen, while shear strain [22] and shear modulus were reported to remain unchanged in the

circumferential direction [23].

Enzymatic treatments have been used to remove elastic fibers from the AF, and provide a
strategy for measuring the mechanical properties of the AF in the absence of elastic fibers.
These treatments are expensive, time consuming and hard to optimize in order to limit the
non-specific degradation of other components in the AF [20]. As an alternative, alkali
digestion was used in different tissues to selectively remove all components and leave elastic
fibers intact [24-30]. While no cleavage of peptide bonds in the elastic fibers has occurred,
this method has been selectively used for measurement of the mechanical properties of the
elastic fibers [31-34]. The development of the alkali digestion technique for visualization of
elastic fibers of the AF [35] provided new insights to the organization of elastic fibers in
different regions of the disc [1, 35, 36], revealing a dense network including thick (diameter
of 1-2 um) and thin (0.1 um diameter) elastic fibers in the ILM. It was reported that the ILM
fibers oriented at +45° and 0° relative to the collagen fibers in the circumferential lamellae,
introduced a highly organised orthotropic network having different size and shape compared
to those in the lamellae region. [1]. Based on the orientation of elastic fibers in a well-
organized network it is likely that elastic fibers in the ILM play a mechanical role; however,
no studies have measured their viscoelastic and failure properties. Therefore, the aim of this

study was to measure the elastic, viscoelastic and failure properties of the elastic fibers in the



ILM of ovine discs in both tension and shear directions of loading. The following hypotheses

were proposed:

1. The elastic fiber network in the ILM exhibits mainly elastic than viscoelastic behavior.

2. The failure properties of the ILM will be significantly different under tension and shear

loading.

The first hypothesis was proposed as elastic fibers are highly extensible 'and can deform
reversibly with minimum loss of energy. The second hypothesis is based on the observed
orthotropic structure of elastic fibers [36], suggesting that their mechanical properties will
differ between tension and shear loading. Since there is a lack of mechanical quantification of
the elastic fiber network, this mechanical examination could lead to a new understanding of

the role of elastic fibers in contributing to AF structural integrity.

2. Materials and Methods

2.1. Sample preparation

Sixteen ovine spines (18-24 months old) were obtained from a local abattoir, and discs from
lumbar FSUs (L4/L5) were dissected from vertebral bodies (Figure 1a), sprayed with saline
and stored at <20°C in cling wrap until used for sample preparation [37]. While frozen, a 10
mm width of the anterior AF, with the depth to the nucleus pulposus region (~7mm disc
height) was separated from each disc (Figure 1b). Each AF tissue was embedded in optimal
cutting temperature compound (OCT, Tissue-Tek®, Sakura, Japan) to identify the transverse
cutting plane (Figure 1c). Samples from adjacent sections (thickness 1 mm and width 10 mm)
were sliced using a hand microtome (Figure 1d) for mechanical testing and histology
analysis. Damaged samples or those having less than ten lamellae were excluded from the
study. For mechanical testing, all adjacent samples were labelled and then divided into two

groups for testing in the radial (tension: N=8) and circumferential (shear: N=8) directions. To
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prepare the samples for the mechanical tests, a functional lamellae unit, which consisted of
two adjacent lamellae and the ILM between them, was identified from prepared adjacent
sections using a stereomicroscope (Motic, SMZ-168, China) (Figure 1le-f). Waterproof sand
paper (250 grit) was bonded above and below the sample and on each edge, using
cyanoacrylate adhesive. Partial digestion (digestion) to remove the majority of components
from the ILM region except elastic fibers, was performed before mechanical testing, by
placing samples in 0.3M NaOH (Sigma-Aldrich, 1310-73-2) solution at 50°C for 45 min
[35]. Before digestion, the sand paper was carefully covered with cling wrap and adhesive
tape, to ensure that only the functional lamellae unit was expased to digestion treatment.
\'\“\ e
N A,.«_ R

w=10.3 (0.6) mm

Figure 1. Sample preparation. (a) Fresh functional spine unit (L4/5) were prepared and
(b) anterior AF segments (10 mm in width) to the nucleus, were separated from the disc,
(c) frozen section cut along the transverse plane (denoted by *), (d) transverse samples
having approximately 1 mm thickness. (e, f) samples of inter-lamellar matrix and
portions of two adjacent lamellae prepared for shear and tension tests, respectively.
Sand paper was attached to the samples using superglue under microscope visualization
(directions of applied load were shown by bold arrows). The region identified by the red
rectangle represents the approximate location from which samples were prepared. Axes
R and C represent radial and circumferential directions, respectively and dimensions t
and w indicate the specimen thickness and width, mean (95% CI), respectively.
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2.2. Histological analysis:

Toluidine blue [38] and orcein [35] staining were used to confirm that the majority of ECM
components in the ILM (except elastic fibers) were removed after digestion compared to
undigested samples. Briefly, serial thin samples (20 pum thickness) were cut transversally
from both digested and undigested samples using a cryostat microtome (Leica Biosystems,
CM3050). The samples were mounted on poly-L-lysine coated microscope slides and soaked
in orcein and toluidine blue solutions for 40 and 10 min, respectively. Then they were rinsed
in tap water for 2 min and mounted with DPX (resinous mounting media). The presence of
elastic fibers and ECM was visualized in the histologically prepared samples using light
microscopy analysis (Brightfield BX50, Olympus, Japan).

2.3. Scanning Electron Microscopy (SEM):

The SEM images before and after digestion were captured to visualize the elimination of
ECM after performing digestion at high magnification. The samples were dried before SEM
imaging (Inspect F50, FEI Company, USA) in a vacuum oven (VO3, LABEC, Australia)
overnight at 37 °C and —80 kPa. Dried specimens were mounted on aluminium stubs with
double adhesive tape, then sputter coated with platinum at 2 nm thickness. High voltage was
set at 5 kV.and the distance from the sample to the beam source was kept constant for all
performed tests.

2.4. Mechanical testing

The mechanical properties of samples were measured in tension (radial) and shear
(circumferential) loading directions [37]. All samples were initially equilibrated in 0.15M
phosphate buffered saline (PBS) at room temperature for 30 min and immersed in 0.15M
PBS at 37°C during tests. Each sample was subjected to dynamic and failure tests using a

micromechanical testing machine (BioTester, CellScale, Waterloo, ON ,Canada) having a



load cell capacity of 23 N. Prior to each test, a 100 mN preload was applied, after which the
test immediately commenced. Three cycles of dynamic loading using a triangle waveform
were applied to stretch the samples to 40% of their initial length at three strain rates of 0.1%s’
! (slow), 1%s™ (medium) and 10%s™ (fast) under displacement control followed by a 5 min
unloaded recovery period between each rate. Preload and recovery were used to minimise
creep between tests. For all samples, the gripper to gripper distance was considered as the
initial length for strain calculation after application of preload. Data frequency acquisition
was set to 1, 5 and 100 Hz for slow, medium and fast strain rates, respectively. Finally, a
ramp test to failure in both loading directions was performed at a strain rate of 10%s™ at 100

Hz data acquisition.
2.5. Data and statistical analysis

Since it was not possible to measure the thickness of the samples after digestion, force
(normalized to the sample width; normalized force) was reported instead of engineering stress
[31]. Normalized force and engineering strain were calculated from the final cycle of the
dynamic tests, and the failure test using custom-written MATLAB scripts (R2014b, The
Mathworks Inc.). Outcome measures of phase angle and normalized stiffness (linear, average
loading, and average) were calculated from the dynamic tests, followed by the failure test
parameters of normalized failure force, normalized failure strain, and normalized toughness
at failure [37]. Failure was defined as the peak force recorded during the test. Normalized
toughness was calculated as the area under “normalized force - strain” curve at failure, the
corresponding strain was defined as the failure strain and strain was measured using gripper
to gripper distance. All stiffness measures were calculated as the slope of the best-fit line
using linear regression. The average loading stiffness represented the entire loading curve,

and average stiffness represented the entire load-unload curve. The phase angle, which is a



measure of energy absorption, was calculated using a cross spectral density estimate function

(MATLAB: csd.m) [39].

For statistical analysis all data were assessed for normality using the Shapiro-Wilk test. For
the dynamic test outcome parameters, separate repeated measures ANOVA were conducted
(IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.) for each
variable of phase angle, linear stiffness and average stiffness having fixed factors of direction
of load application, (shear and tension), and strain rate (0.1%s™ (slow), 1%s™ (medium) and
10%s™ (fast)) using an alpha of 0.05, with post-hoc multiple comparisons conducted using a
Bonferroni adjustment on alpha. Statistical differences for ILM failure properties of
normalized failure force, strain and normalized toughness between tension and shear loadings

were assessed using an unpaired t-test, using an alpha = 0.05.
3. Results

Results from one sample was excluded from this study after the load-displacement curve
identified damage to the tissue that had been noted as a technical error during specimen setup
in the micromechanical testing machine. There was no indication of sample slippage during
mechanical testing as identified from observation of the recorded video of each test, and from
the testing curves (Figure 2). The mean (95% CI) gripper to gripper distance was 1.105
(0.069) mm. According to the Shapiro-Wilk test, it was found that the data for all specimens

were normally distributed (p > 0.05).
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Figure 2- Example testing curves of the elastic fibers in the ILM at three different strain
rates of 0.1%s™ (slow), 1%s™ (medium) and 10%s™ (fast), in both (a) radial (tension)

and (b) circumferential (shear) directions obtained from the final loading cycle.

Statistical analysis for phase angle, normalized average stiffness, normalized linear stiffness,

and normalized average loading stiffness were reported as follows:
Phase angle

The overall effect of strain rate (slow, medium and fast) and loading direction (tension vs.
shear) was significant (p < 0.002, Table 1, Figure 3a). The interaction between strain rate and
loading direction was significant (p = 0.007), with post-hoc comparisons revealing
significantly smaller phase angles for slow and medium strain rates between tension and
shear directions (p < 0.008). There was no significant difference at the fast strain rate

between tension and shear (p = 0.56).

Table 1. Summary of ANOVA results for the overall effects of strain rate (slow vs.
medium vs. fast) and loading direction (tension vs. shear) and their interactions for each
of the micro-mechanical test parameters, and statistical differences for digested ILM
failure properties of normalized failure force, strain and normalized toughness between
tension and shear loadings. The * symbol and NSD were used to indicate significant and
no significant difference, respectively. The unit of stiffness is N.mm™? as normalized

force (N.mm™) was used, instead of force.
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Viscoelastic

Parameter Strain rate Loading direction Interactions

Phase Angle (°) *(p < 0.001) *(p = 0.002) *(p = 0.007)

Normalized average stiffness (N.mm?) NSD (p = 0.963) NSD (p =0.075) NSD (p = 0.403)

Normalized average loading stiffness *(p < 0.001) *(p = 0.046) NSD (p =0.211)

(N.mm?)

Normalized linear stiffness (N.mm?) *(p = 0.001) NSD (p = 0.165) NSD (p = 0.238)
Failure

Normalized failure force (mN.mm™) *(p=0.011)

Failure strain (%) NSD (p =0.172)

Normalized toughness (J. m™) NSD (p = 0.690)

Normalized average stiffness

No significant overall effects were found for strain rate (p = 0.963), or loading direction (p =
0.075) for normalized average stiffness, nor their interactions (p = 0.403), (Table 1, Figure

3c).

Normalized average loading stiffness

The overall effect of strain rate (p < 0.001, Table 1) and loading direction (p = 0.046) was
significant for normalized average loading stiffness. Post-hoc comparisons revealed a
significantly larger stiffness for the fast strain rate compared to medium and slow (p < 0.001,
Figure 3d), with medium also being significantly larger then slow (p < 0.001). No significant

interaction was found between strain rate and loading direction (p = 0.211).

Normalized linear stiffness

The overall effect of strain rate was significant for normalized linear stiffness (p = 0.001,
Table 1), with post-hoc comparisons revealing a significantly larger stiffness between
medium and slow (p = 0.022, Figure 3f), and also between fast and slow (p = 0.005) strain
rates. No significant difference was found between medium and fast strain rates (p = 0.095).
No significant overall effects were found for loading direction (p = 0.165), nor their

interactions (p = 0.236).
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Failure tests

Loading direction (tension and shear) was significant for normalized failure force (p = 0.011,
Table 1), with post-hoc comparisons revealing that normalized failure force was significantly
smaller in shear compared to tension (p = 0.011). The loading direction was not significant
for failure strain (p = 0.172) and normalized toughness (p = 0.690) (Figure 4c). The mean
(95%CI) normalized toughness for elastic fibers in the ILM was 0.43 (0.19) and 0.50 (0.45) J.
m™, in tension and shear directions, respectively, which was not significantly different (p =

0.690).
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Figure 4- Comparison of mean (95%CI) (a) Normalized failure force and (b) Failure
strain of the elastic fibers in the ILM (digested sample) in tension and shear loading
directions. (c) Example normalized force vs. strain failure curves during shear and
tension loading of the elastic fibers in the digested ILM in adjacent samples from the
same disc. The shaded area under the two curves were included for visual comparison
of normalized toughness in tension and shear directions and * denotes significant

differences between loading directions.

4. Discussion

Understanding the mechanical function of the elastic fibers in the ILM is crucial for
identification of their clinical relevance and their impact on the structural integrity of the AF.
The results from this study present new findings that can provide important information for

the development of more-accurate multi-scale computational models.

The first hypothesis for this study was that the elastic fiber network in the ILM exhibits
mainly elastic than viscoelastic behavior. We found a strain-rate dependent response for the
elastic fibers in the ILM, particularly at the fastest rate for phase angle, normalized linear and
average loading stiffness. The elastic fibers in the ILM demonstrated a significantly higher
capability for energy absorption at slow compared to medium and fast strain rates. The
findings of significant differences in viscoelastic properties, which were in contrast to our
first hypothesis, suggests a viscoelastic behavior for the elastic network in the ILM. Despite
the removal of the bulk of the ECM after digestion, which likely reduced extra-fibrillar water
content, the presence of intra-fibrillar water in the elastic fiber network may be responsible

for the observed viscoelastic behavior [40, 41].

The second hypothesis was that the failure properties of the elastic fibers in the ILM will be

significantly different under tension and shear loading. When tested to failure, a significantly
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higher normalized failure force was found in tension compared to shear loading, which is
consistent with the orthotropic structure of elastic fibers in the ILM [1, 36] (Figure 5). There
were no significant differences in strain and normalized toughness between elastic fibers in

tension and shear loading.

Figure 5. Orthotropic structure of the elastic fiber network within the ILM (a), where
most fibers were likely recruited under tension (b). However, in shear only those fibers
that were oriented in the direction of loading would likely be recruited (c). Axes R and
C represent radial and circumferential directions, respectively (Adopted from J.

Tavakoli et al. [1])
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No studies have been undertaken to identify the role of the elastic fibers on the mechanical
properties of the ILM, limiting direct comparisons to this study. The findings of this study
strongly support a qualitative structural analysis that suggests a biomechanical role for the
interconnecting elastic fibers in the ILM [15]. In studies that removed the elastic fibers in
human AF, a decrease was found in toe and linear modulus [20] and failure stress in the
radial direction [21], as well as an increase in lamellae shear strain [23], which are consistent
with our results (Figure 3). Compared to our previous study on the viscoelastic and failure
properties of the intact ILM [37], the phase angles were higher than those for the isolated
elastic fiber network (present study) in tension by a factor of approximately two, however the
magnitudes were similar in shear. From a multiscale perspective, these findings were
consistent with a study that identified the poroelastic behavior of the whole disc [39].
Compared to our results, the phase angle for the intact ILM in tension was larger than the
whole disc in both compression and bending at slower strain rates, which may suggest a local
role for the ECM, intra- and extra-fibrillar water and their interactions. It is likely that the
elimination of ECM components from the ILM after digestion suggests a more nonlinear
elastic behavior of the elastic fiber network. Of particulate note, when comparing the
dynamic mechanical properties of the intact ILM [37] to the findings of the present study on
the isolated elastic fiber network, we observed that both studies revealed strong orthotropic
behaviour for linear and average loading moduli/normalized stiffness’, suggesting a dominant

role for the elastic fiber network.

To confirm that the majority of tissue components (except elastic fibers) in the ILM were
removed after digestion, histology staining with toluidine blue [38] and orcein [35] for ECM
(proteoglycan and glycosaminoglycan) and elastic fibers were performed, respectively.
Scanning electron microscopy (SEM) images before and after digestion were also compared

(Figure 6). While orcein staining revealed a high density of elastic fibers in the ILM after

17



digestion (Figures 6a, b), the toluidine blue staining indicated the greatest ECM content in the
adjacent lamella compared to the ILM (Figures 6c¢, d). The results from SEM images were

consistent with histological evaluation (Figures 6e, f).

| Orcein staining
*\

LM

100 pm

Figure 6- Histology and SEM results. Representative Orcein (a, b) and toluidine blue (c,
d) staining and SEM (e, f) images respectively for different undigested (a, c, €) and

digested samples (b, d, f). The ILM is denoted by * and arrows in all images.
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Our histology and SEM results clarified the contribution of the elastic fibers to the
viscoelastic and failure mechanical properties of the ILM, where the majority of non-elastin
components were removed after digestion. The same method has been used to elucidate the
role of elastic fibers in different tissues [20, 31, 32, 42]. Among different digestion methods,
alkali digestion has been reported to result in more purified elastin and leaves elastin inter-
molecular cross-links intact [34]. In addition, it was shown that the change in elastic fiber
orientation was less than 0.5° after digestion [35]. Therefore alkali digestion was considered
to be a suitable method for measurement of the mechanical and material properties of the
elastic fibers, since minimal inevitable degradation of elastic fibers was found during

digestion [31, 34].

Due to the small width of the ILM (20 um), measurement of strain utilizing a non-contact
method was not possible, therefore the reported strain was based on the gripper-to-gripper
distance, which presents a limitation of this study. However, since there was no evidence of
sample slippage, we believe that the measured strain was representative of tissue strain. An
ovine model was used for this study based on its structural and biochemical similarities to the
human disc [43-52]; and using human samples would be more clinically relevant. Also we
acknowledge that using isolated ILM samples, despite its preparation being challenging, was
important for minimizing the lamellae contribution to mechanical properties. Another
limitation was the accuracy of the CellScale load cell, which was approximately + 50 mN,
which may have affected the magnitude of applied preload. Since there is no data on the
mechanical and viscoelastic properties of the AF elastic fiber network in the ILM, a variety of
normalized stiffnesses were presented to provide modelling studies with a broad range of
primary information. The application of different strain rates (slow, medium and fast) wasn’t
randomized and was ordered from slow to fast to avoid any possible damage to the tissues

during the fast rate. Finally, while presenting normalized results was adopted for this study,
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advanced optical methods could be used to estimate the area of samples in order to calculate

stress.

While no differences in failure behavior were found for the intact ILM (i.e. elastic fibers and
ECM) [37], a significantly higher normalized failure force was found in tension compared to
shear for the isolated elastic fiber network. This difference between failure directions of
loading for the intact ILM and isolated elastic fiber network suggests that the ECM plays an
important role in imparting isotropic failure properties, compared to orthotropic behaviour for

the elastic fibers only [53, 54].

5. Conclusion

The aim of this study was to measure the viscoelastic and failure properties of the elastic fiber
network in the ILM in both tension and shear directions of loading. The results of this study
confirmed the mechanical contribution of the elastic fiber network to the ILM, and its likely
influence in contributing to the structural integrity of the AF. We found a strain-rate
dependent response for the elastic fibers in the ILM during dynamic loading, particularly for
phase angle, normalized linear and average loading stiffness. The elastic fibers in the ILM
demonstrated-a significantly higher capability for energy absorption at slow compared to
medium and fast strain rates as well as in shear compared to tension loading. Also, when
tested to failure, a significantly higher normalized failure force was found in tension
compared to the shear direction of loading. In fact, the well-organized elastic fibers that
create a highly crosslinked and orthotropic network, significantly contribute to both nonlinear
elastic and failure mechanical properties of the ILM. The results of this study can be utilized
in developing and validating advanced multi-scale finite element models of the AF. By
understanding the role of the elastic fiber network in influencing delamination and herniation,

new strategies for fabricating tissue engineered scaffolds can be proposed. This research will
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serve as a foundation for future studies to investigate the relationship between degeneration

and ILM mechanical properties.
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Statement of significance

The mechanical role of elastic fibres in the inter-lamellar matrix (ILM) of the disc is
unknown. The viscoelastic and failure properties of the elastic fibre network in the ILM in
both tension and shear directions of loading was measured for the first time. We found a
strain-rate dependent response for the elastic fibres in the ILM. The elastic fibres in the ILM
demonstrated a significantly higher capability for energy absorption at slow compared to
medium and fast strain rates. When tested to failure, a significantly higher normalized failure
force was found in tension compared to shear loading, which is consistent with the

orthotropic structure of elastic fibres in the ILM.
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