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Abstract

The increasing prevalence of low back pain has imposed a heavy economic burden on global
healthcare systems. Intense research activities have been performed for the regeneration of
the Nucleus Pulposus (NP) of the IVD; however, tissue-engineered scaffolds have failed to
capture the multi-scale structural hierarchy of the native tissue. The current study revealed for
the first time, that elastic fibers form a network across the NP consisting of straight and thick
parallel fibers that were interconnected by wavy fine fibers and strands. Both straight fibers
and twisted strands were regularly merged or branched to form a fine elastic network across
the NP. As a key structural feature, ultrathin (53 + 7 nm), thin (215 £ 20 nm), and thick (890
+ 12 nm) elastic fibers were observed in the NP. While our quantitative analysis for
measurement of the thickness of elastic fibers revealed no significant differences (p < 0.633),
the preferential orientation of fibers was found to be significantly different (p < 0.001) across
the NP. The distribution of orientation for the elastic fibers in the NP represented one major
organized angle of orientation except for the central NP. We found that the distribution of

elastic fibers in the central NP was different from those located in the peripheral regions
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representing two symmetrically organized major peaks (£45°). No significant differences in
the maximum fiber count at the major angles of orientation (+45°) were observed for both
peripheral (p = 0.427) and central NP (p = 0.788). Based on these new findings a structural
model for the elastic fibers in the NP was proposed. The geometrical presentation, along with
the distribution of elastic fibers orientation, resulting from the present study identifies the
ultrastructural organization of elastic fibers in the NP important towards understanding their
mechanical role which is still under investigation. Given the results of this new geometrical
analysis, more-accurate multiscale finite element models can now be developed, which will
provide new insights into the mechanobiology of the IVD. In addition, the results of this
study can potentially be used for the fabrication of bio-inspired tissue-engineered scaffolds

and IVD models to truly capture the multi-scale structural hierarchy of IVDs.
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Statement of significance

Visualization of elastic fibers in the nucleus of the intervertebral disc under high
magnification was not reported before. The present research utilized extracellular matrix
partial digestion to address significant gaps in understanding of nucleus microstructure that
can potentially be used for the fabrication of bio-inspired tissue-engineered scaffolds and disc

models to truly capture the multi-scale structural hierarchy of discs.
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1. Introduction

The intervertebral disc (IVD) is a three-component structure comprised of a central,
gelatinous nucleus pulposus (NP) and surrounding annulus fibrosus (AF) situated between
superior and inferior cartilaginous endplates that interface with the vertebral bodies. The AF
is a multi-lamellar structure that is packed with well-organized collagen bundles forming a
reinforcing structure. The NP is highly hydrated, rich in aggrecan and has a delicate collagen

meshwork with no apparent organization [1].

The increasing prevalence of low back pain has imposed a heavy economic burden on global
healthcare systems. Due to the limited availability and efficacy of direct treatment options,
IVD structural defects often heal poorly and contribute to the initiation and progression of
degeneration over time. While IVD degenerative changes and their association with low back
pain are complex, studies have shown aging, genetic predeposition, occupation, and IVD
disruption may lead to IVD degeneration causing low back pain [2, 3]. Treatments for IVD
degeneration to stop or reverse this process are challenging since the IVD is the largest
avascular structure in the body [4, 5]. IVD cells are also exposed to large magnitudes of
loading during daily activities, exceeding more than 5-times body weight [6]. Furthermore, a
lack of engineered tissues recapitulating the intrinsic complexity of the IVD structure is a
severe limitation toward re-establishing function [7-9]. It is believed that the NP plays a
major role in IVD degeneration by losing the capacity to bind water, leading to a significant
reduction of IVD height under load, therefore intense research activities have been performed
for the regeneration of the NP [10-12]. However, innovative injectable hydrogels that are
currently used as tissue-engineered scaffolds for regeneration of the NP, despite encouraging
laboratory and preclinical findings, do not restore native structures (at the micro and sub-

micron level) and function, and therefore thay have not achieved prevalent clinical adoption
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[13-15]. A suitable approach to identify the intrinsic complexity of the NP ultrastructure is
essential for the construction of more clinically relevant tissue-engineered scaffolds to
address a major gap for clinical translation [16]. To achieve this, new insights into the
structural organization of elastic fibers within the NP is essential, since a large number of

studies have focused on the structure and properties of only the collagen fibers in the NP.

The presence of elastic fibers, as a critical microstructural component, to control the elasticity
of the IVD and withstand large deformation at changes has been explained in some number
of previous studies [17-20]. Early anatomical studies based on light microscopic
investigations, revealed an irregular distribution of elastic fibers across the NP [21-23]. Later,
the observation of histologically-prepared samples under a conventional light microscope
revealed that elastic fibers with 150 um length were orientated radially in the NP [19, 20].
Unfortunately, traditional approaches for anatomical studies have failed to identify the
ultrastructural organization of elastic fibers in the NP, since they are intermingled with other
fibrous components and are mostly obscured by the extracellular matrix. The anatomical
studies based on light microscopic analysis have not been able to reveal the fine-scale

architectural details of the elastic fiber network.

Recently, a new research tool was developed for IVD anatomical studies, to eliminate all
components except for elastic fibers utilizing sonication of tissue in sodium hydroxide
solution (digestion technique) [24, 25]. It was confirmed that using this technique the in situ
isolated elastic fibers remained chemically intact with minimal structural alteration. This
resulted in new insights into the structure-function properties of elastic fibers in the AF of
sheep IVD that were unattainable before [26-29]. It was identified that elastic fibers create an
orthotropic network in both the inter-lamellar matrix and lamellae of the AF [30]. Within the
elastic network, both thick and thin fibers are organized at +45° with the majority (>70%) of
them oriented at 0° [26, 30]. Also, it was found that the elastic network in the inter-lamellar

4
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region of the AF is strain-rate dependent during dynamic loading, particularly for absorbed
energy and stiffness and its failure strength is significantly higher in tension compared to the
shear direction of loading [28, 29]. While these studies clarified a number of unknown
characteristics of elastic fibers in the AF, the ultrastructural organization of elastic fibers in
the NP is not known and whether they form a network across the NP is yet to be investigated.
Therefore the aims of the current study were two-fold. Firstly, to determine the ultrastructural
organization of elastic fibers across the NP in sheep IVD using Scanning Electron
Microscopy and secondly to develop a structural model for the elastic fibers in the NP using
quantitative analysis. The combination of this new knowledge will ultimately contribute to
the development of more reliable tissue-engineered scaffolds for NP regeneration. The results
of this study will help to understand the basic mechanical and biological role of elastic fibers
in the NP, and more importantly, develop a platform for the fabrication of tissue-engineered

scaffolds for repair, replacement, and regeneration of the NP.

Based on a previously published NaOH digestion technique [24], this study was performed
on different regions of the NP (center, anterolateral and posterolateral regions in both right
and left sides) to capture a comprehensive picture of the ultrastructural organization of elastic
fibers throughout the NP. Isolated NPs from six lumbar sheep IVDs, located at level L4/L5,
were utilized. A sheep model was used for the current study based on its structural,
composition, appearance and aspect ratio, load profile and cell phenotype similarities to the

human IVD.
2. Materials and methods
2.1. Sample preparation

Six fresh lumbar sheep spines (>18 months old) were obtained from a local abattoir. The

IVDs (Figure 1a) from the L4/L5 level were carefully separated from the vertebrae and stored
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at -20°C for 24 h. While frozen, the entire NP was isolated from the peripheral AF for all
IVDs using a surgical blade. From each NP (n = 6), five regions of interest were prepared.
The central region (C) of the NP was separated using a sharp circular punch (hollow tip,
diameter = 5 mm), and the remaining NP tissue was cut into four regions of posterolateral
and anterolateral from both right and left sides (Figure 1b; LAL: left anterolateral; LPL: left
posterolateral, RPL: right posterolateral and RAL: right anterolateral). Finally, two axial
samples (thickness =~ 1 mm) from each region were cut. A. One sample served as control and
the other was digested for the ultrastructural study. To identify the lateral axis during image
analysis, the cutting edge of samples was carefully marked with a mixture of superglue and

ink after dissection.
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Annulus layers

Endplate

Nucleus

Side view
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Figure I- a) Main structural components of an IVD and b) Schematic drawing indicating
sample preparation strategy (AF= Annulus Fibrosus, NP= Nucleus Pulposus, RAL= Right
Anterolateral, RPL= Right Posterolateral, LPL= Left Posterolateral, LAL= Left
Anterolateral, and C= Central). The red arrows represent the process that was performed to
prepare the samples including (1) isolation of IVD from the adjacent bone, (2) separation of
the NP from IVD and (3) dissection of NP to prepare the regions of interest. The lateral axis,

denoted by the dotted blue line, was used for quantitative analysis to measure the orientation
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of fibers after digestion. The lateral axis of the IVD was consistent among all samples during

the experiments.
2.2. Sample digestion

To partially digest the sample, for in situ isolation of elastic fibers, the previously published
method [24] was used with modifications. Briefly, samples were placed in NaOH (0.5 mM)
solution, while being sonicated (950 W) for 30 min. After sonication, while still soaked in
NaOH solution, samples were placed in an oven (T = 65° C) for 5-10 min. Then samples were
washed gently using distilled water, dried in a series of graded ethanol (50 — 100% (step =

10%) for 5 min each), and finally were placed in a vacuum oven at 37°C and -80 kPa for 1 h.
2.3. Scanning electron microscopy

All SEM images were captured from the surface of the samples after they were mounted on
aluminum stubs using double adhesive tape. Before imaging, all samples were sputter-coated
with platinum at 3 nm thickness. For SEM imaging the voltage was set to 5 kV and the
distance from the surface of the sample to the beam source kept constant at 15 mm during

imaging.
2.4. Quantitative analysis

For quantitive analysis, the thickness, preferential orientation, and distribution of orientation
of elastic fibers in each region of interest were evaluated. SEM images were used for the
measurement of the thickness of elastic fibers. The thickness of long and straight fibers was
measured to represent thick elastic fibers. Also, the thicknesses of interconnecting wavy
fibers and straight strands were measured to identify thin and ultrathin elastic fibers. The
results for the fiber thickness were presented as the average of at least 3 measurements across

all five regions of interest in all 6 samples.
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Open source FIJI software was used to measure the preferential orientation and distribution
of fiber orientation. SEM images were edited by selecting the automatic threshold with noise
threshold, Lambda factor, and minimum leaf size equal to 25, 3, and 87, respectively. These
threshold values were selected to edit SEM images to properly distinguish the elastic network
from the background and were kept constant for all images during analysis (Segmentation
plugin). Suggested by ImagelJ software, the Cubic Spline was selected as it is fast, accurate,
and quasi-isotropic with minimum boundary artifacts. Therefore, the Cubic Spline Gradient
structural tensor with Gaussian window = 1 and minimum intensity = 50% was selected to

measure the preferential orientation and distribution of fibers orientation.

The preferential orientation, representing the overall directionality of the fibers in each
region, was measured using the Orientation] plugin (Dominant Direction). All orientations
were measured relative to the lateral axis of the IVD, which was kept consistent among all
samples during the experiment, as shown in Figure 1. For measurement of the distribution of
fibers orientation, edited SEM images served as the input (6 SEM images for each region of
interest) using OrientationJ plugins (OrientationJ Distribution), and data were presented as an
average of 6 measurements. Moreover, the Orientation] plugin (Direction]) analysis) was
employed to create energy and color-survey (HSB) images to evaluate the current state, fiber
detection accuracy and distribution of fiber orientation of edited images, respectively

(Supplementary S1).
2.5. Statistical analysis

One way ANOVA was conducted (IBM SPSS Statistics for Windows, Version 26, Armonk,
NY: IBM Corp.), having test variables of fiber orientation, thickness, and maximum fiber
counts between different regions (C: center, LAL: left anterolateral; LPL: left posterolateral;

RAL: right anterolateral; RPL: right posterolateral; and LA: lateral) using an alpha of 0.05.
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Tukey post hoc was recruited when the assumption of homogeneity of variances was
significant. While the assumption of the homogeneity of variances was violated, but the
robust test of equality of means using Welch and Brown-Forysth analyses was significant,

Games-Howell Post hoc was used.
3. Results

While the concentration of sodium hydroxide, thickness of samples and intensity of the
ultrasound remained unchanged, the digestion process was optimized through the adjustment
of sonication time. Since the fibrous constituents of the NP (collagen and elastic fibers) were
obscured by the extracellular matrix, the observation of elastic fibers was impossible (Figure
2a) in the control (undigested) samples. Elimination of the extracellular matrix through a
continuous mild sonication process (Figure 2b, 2¢) revealed a progressive improvement in the

visualization of elastic fibers in the NP (Figure 2d).

10



Figure 2- Optimization of the digestion process at different time points visualized by SEM

imaging using the NP samples with 1 mm thickness including a) control (undigested) sample
and b, ¢, d) digested samples after 10, 20 and 30 minutes sonication, respectively. The
ultrastructure of elastic fibers appeared after approximately 30 minutes of sonication post-

treatment.

The current study revealed for the first time, that elastic fibers form a network across the NP.
It was found that the network of elastic fibers in the NP consists of straight and thick parallel
fibers that were interconnected by wavy fine fibers and strands (Figure 3a). Both straight
fibers and twisted strands were regularly merged or branched (denoted by arrows) to form a

fine elastic network across the NP (Figure 3b). As a key structural feature among all digested

11
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samples ultrathin (53 £ 7 nm), thin (215 £ 20 nm), and thick (890 + 12 nm) elastic fibers
were observed in the NP (Figure 3c). Based on the SEM images that were captured under
lower magnifications (1000X- 2000X), long (> 250 um) straight elastic fibers were also
observed within the NP. The observation of the long fibers that are interlocked by fine wavy
fibers (Figure 3d) clarifies that the concept of isolated elastic fibers in the NP, as previously
reported through light microscopic investigations, was incorrect [21, 31]. Within the elastic
fiber network, entangled nodes were observed in different regions. These high-density nodes,
resembling the physical crosslinking regions of hydrogels, are likely to have an impact on the
viscoelastic properties of the NP (Figures 3e, 3f). Figure 4 shows the frequently occurring
structural features, the existence of a complex network comprising interconnected thin and
thick elastic fibers, for all regions of interest (RAL, LAL, LPL, RPL, and C) across three

samples.

12
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Figure 3- General observations for the ultrastructural organization of elastic fibers in the NP
that was frequently seen among all samples in different regions of interest. a) Elastic fibers

form a fine network across the NP. b) Key structural features, fibers branch (top arrowhead)
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or merge (bottom arrowhead) regularly. c) Different shapes and sizes of fibers (denoted by
white arrows), and d) long elastic fibers were observed within the elastic network. e, f)
Entangled elastic fibers creating a high-density node viewed at two different magnifications

for the same point.
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Figure 4 — Frequently occurring features of an elastic network in different regions of interest
in the NP including (a-c) central (C), (d-f) right anterolateral (RAL); (g-h) left anterolateral
(LAL), (j-1) left posterolateral (LPL), and (m-o) right posterolateral (RPL) across three
different samples. 0 represents the preferential orientation of elastic fibers and the
orientation of fibers. Schematic drawings indicating the regions of interest with the
preferential orientations of fibers (0), measured relative to the lateral axis of the IVD (white

dotted lines), denoted by white arrows.

Our quantitative analysis for measurement of the thickness of elastic fibers (Table 1) revealed
no significant differences for the thickness of ultrathin (p = 0.156), thin (p = 0.633), and thick

fibers (p = 0.486) across all regions of interest in the NP.

15
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Table 1- Summary of the average fiber thickness for elastic fibers in different regions of the
NP (LAL: left anterolateral; LPL: left posterolateral; RPL: right posterolateral; RAL: right

anterolateral and C: center).

Region Sample Fiber thickness (num)

ultrathin thin thick

1 0.07 0.26 0.81

2 0.05 0.22 1.20

c 3 0.06 0.19 0.80
4 0.05 0.20 0.88

5 0.05 0.23 0.82

6 0.06 0.22 0.94

I 0.05 0.24 0.91

2 0.05 0.23 0.95

3 0.04 0.24 0.89

RAL 4 0.04 0.02 0.90
5 0.05 022 111

6 0.05 021 0.97

I 0.06 0.21 0.86

2 0.06 0.23 0.93

3 0.06 0.19 0.86

LAL 4 0.05 0.18 0.80
5 0.05 021 0.92

6 0.04 0.22 0.97

I 0.07 0.22 1.00

2 0.06 0.19 0.84

3 0.06 0.19 0.86

LPL 4 0.05 0.22 1.09
5 0.05 0.23 0.86

6 0.05 0.24 0.94

I 0.06 0.19 0.95

2 0.05 0.20 0.96

3 0.04 0.23 0.08

RPL 4 0.06 0.19 0.89
5 0.05 0.23 0.88

6 0.05 0.24 0.99

Mean(Std) 0.053 (0.007) 0.215 (0.02) 0.89 (0.012)
P value 0.156 0.633 0.486

Quantitative analysis for measurement of the orientation of elastic fibers (Table 2), using FIJI

software, revealed different angles of orientation were present in different regions of the NP.

16
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Table 2- Summary of fiber orientation for elastic fibers in different regions of the NP (LAL:
left anterolateral; LPL: left posterolateral; RPL: right posterolateral; RAL: right
anterolateral and C: center). The fiber orientation was measured relative to the lateral axis
of the IVD with clockwise (CW) and counter-clockwise (CCW) rotations being considered by
+ and — signs, respectively. The lateral axis of the IVD was consistent among all samples

during the experiments.

Regions
Sample
LAL LPL RPL RAL C

Sample 1 -40.1 8.3 -61.8 58.1 -4.4
Sample 2 -15.6 26.8 -40.9 63.5 -13.8
Sample 3 -48.4 20.8 -44.6 36.4 -63.1
Sample 4 -27.5 29.5 -51.8 4.7 -29.6
Sample 5 -36.6 32.4 -71.5 51.4 21.3
Sample 6 -59.3 37.7 -21.5 11.9 39.9

Mean(sStd) -37.9(15.3)  25.9(10.3) -48.7(17.4) 37.8(24.5) -8.3(36.6)

Antriolateral compared to Posterolateral: LAL- LPL: p <0.001, RAL-RPL: p <
0.001
Left NP compared to the right NP: LAL-RAL: p = 0.001, LPL-RPL: p <
0.001

The average orientation of elastic fibers for the central NP (C) was close to zero (-8.3°). The
large standard deviation of £36.6°, along with observation of both clockwise (CW; +) and
counter-clockwise (CCW; -) directions of rotation for elastic fibers indicated that the elastic
fibers in this region were orientated in a wide range of angles (-63° to 40°). In contrast, the
orientation of elastic fibers in other regions of the NP were either CW or CCW with lower
standard deviations around the mean values. Statistical analysis showed that the overall
preferential fiber orientation was significantly different amongst regions (p < 0.001). While

the assumption of the homogeneity of variances has been violated (p = 0.086), it was found

17
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that the robust test of equality of means for fiber orientation was significant using Welch and
Brown-Forysth analyses (p < 0.001). Using Games-Howell as a post hoc test, it was found
that the fiber orientation for the center was not significantly different from other regions of

the NP (p > 0.164). The statistical analysis revealed that:

1- For both the left and right sides of the NP, the fiber orientation between the
anterolateral and posterolateral regions of the NP was significantly different (between
LAL - LPL, and between RAL - RPL; p <0.001).

2- For both anterolateral and posterolateral regions, the orientation of fibers between the
right and left side of the NP was significantly different (between LPL - RPL; p <

0.001 and between LAL - RAL; p=0.001).

These findings were based on image analysis that was performed on the SEM images
captured. It was observed that the orientation of elastic fibers in the center differs from those
located in other regions of the NP (Figure 5). Even though, the key ultrastructural
characteristics — the existence of a complex network comprising interconnected thin and
thick elastic fibers — were almost similar amongst all regions. Apparently, in all regions of
the NP except the central region, elastic fibers were extended from the center towards the AF,

and therefore likely to provide a continuous elastic network across the IVD.

18
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Figure 5- A schematic drawing representing the orientation of elastic fibers in different
regions of the NP for all 6 samples (bottom) and SEM images (top) that were captured at

similar magnifications from each region. Scale bars = 5 um

Another interesting finding, not reported previously due to the lack of a reliable method for in
situ i1solation of elastic fibers, was the distribution of elastic fiber orientation in the NP

(Figure 6).
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Figure 6- Distribution of elastic fiber orientation in different regions of the NP (AL:

anterolateral; solid line and PL: posterolateral; dotted line) located in a) left (L) and b) right
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(R) sides of the IVD. The orientation of fibers was measured relative to the lateral axis of the

1VD, which was kept consistent among all samples during the experiments.

By analyzing the distribution of fiber orientation, one major organized angle of orientation
(+45° or -45°) was detected in the anterior (red lines) and posterior (blue lines) regions of the
NP (Figure 6a, 6b), with stronger peaks were observed for the anterior regions compared to
the posterior regions. In addition, for the elastic fibers with an angle of orientation of +45°, a
symmetrical peak with lower density was observed at -45° and vice versa. This observation
indicated that the anterior region has a more dense elastic network organized at +45° or -45°,
compared to the posterior region of the NP. We found that the distribution of elastic fibers in
the central NP was different from those located at the peripheral regions with two

symmetrically organized major peaks (£45°) of equal density observed (Figure 7).
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Figure 7 - Distribution of elastic fiber orientation in the central region of the NP. The
orientation of fibers was measured relative to the lateral axis of the IVD, which was

consistent among all samples during the experiment.
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Similar numbers of fibers were measured in all regions of the NP (p = 0.427), based on
quantitative analysis for measurement of the maximum fiber count at major angles of
orientation (Supplementary S3). In addition, no significant difference was found for the
maximum fiber counts occurring at major angles of orientation (+45°) for the central NP (p =

0.788).

The second aim of the current study was to present a structural model for the elastic fibers in
the NP to ultimately contribute to the development of more reliable tissue-engineered
scaffolds for NP regeneration. Based on SEM images that were captured after the elimination
of all components, except for elastic fibers, a geometric representation of the elastic fiber
network within the NP was obtained for the first time (Figure 8). The elastic fibers present a
continuous network across the NP, comprising of thick and thin fibers. The thick elastic
fibers are the major component in this network. They are long and mainly straight with an
average thickness of 890 £+ 12 nm and run from side to side of the NP at different angles of
rotation (0° - 360°). The average distance between the thick fibers was measured as 13 + 6 pm
and 7+ 2 pm at the peripheral and central regions of the NP, respectively. These major fibers
are connected by thin fibers which are wavy in shape and can be divided into two different
groups in terms of size, with average diameters of 215 + 20 and 53 £7 nm. The high-density
nodes, produced by physical entanglement of thin fibers, were mainly located between the

thick fibers and occupied an area of 5 x 5 um’, approximately.
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Figure 8- Schematic drawing of (a) an IVD including (b) the structural organization of
elastic fibers across the NP to (c) present the geometrical analysis of elastic fibers network
based on SEM images. The black circle denoted by “c” corresponds to the higher magnified
image shown in “C”. Since no significant differences for the thickness of the elastic fibers
were observed across different regions of interest, the geometrical model is valid for the

entire NP.
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4. Discussion

The current study was designed to determine the ultrastructural organization of elastic fibers
across the NP in sheep IVD and to develop a structural model for the elastic fibers in the NP
using quantitative analysis. The presence of sparse elastic fibers in the NP of the IVD and
their irregular distribution with radial orientation have been reported previously using
conventional light microscope investigations [17-23]. However, previous qualitative
explorations have neither revealed the fine-scale architectural details of the elastic fibers
network nor have provided insight into their ultrastructural organization within the NP. While
biological response of dics cells to mechanical stimuli are known [32, 33], the role of eastic
fibers in delivering or altering those mechanical stimuli needs elucidation. This knowledge
gap of the structure-function relationship of elastic fibers in the NP motivated the current
study. Ultimately, Both qualitative and quantitative results presented for the ultrastructural
organization of elastic fibers in the NP can be used for the fabrication of bio-inspired tissue-

engineered IVD that truly replicates the multi-scale structural hierarchy of IVDs.

Since elastic fibers are intermingled with other fibrous components and are mostly obscured
by the ECM, a previously developed digestion technique was employed to eliminate all
components fromthe NP except for elastic fibers (Figure 2). Due to the heterogeneity of the
NP composition, the digestion process removed the ECM to form separate regions revealing a
fenestrated structure with the regions between fenestrations remaining approximately intact
(partial digestion). As a consequence of partial digestion, a fenestration structure of small but
various sizes was randomly scattered across the NP consisting of elastic fibers that were
structurally supported by the undigested regions. While it was possible to carry on the
process until full digestion of the samples, to completely isolate the elastic fibers, our
approach to partially remove the extracellular matrix was critical to minimize structural
alteration for further structural organization studies (Figure 3). Studies have shown that alkali
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digestion resulted in isolation of elastin with intact inter-molecular cross-links and a surface
appearance, without a coat of microfibrils, comparable to pure elastic fibers [34, 35]. Despite
successful in situ isolation and visualization of elastic fibers network in the NP, appropriate
optimization of the proposed methodology is crucial for tissues containing loose and spars
hierarchical assembly of fibers or conditions such as age, degeneration, and disease affecting
the density of elastic fibers [36]. While interests are growing to understand the biological and
structural property of elastic fibers in such conditions, partial alkali digestion of the ECM

may address the associated challenge.

The current study revealed for the first time, that elastic fibers form a network across the NP
consisting of straight and thick parallel fibers that were interconnected by thin wavy fibers
and ultrathin strands (Figures 3, 4 and Table 1). Apparently, in all regions of the NP except
the central region, elastic fibers were extended from the center towards the AF with
significant preferential orientation (P < 0.001), and therefore likely to provide a continuous
elastic network across the IVD (Figure 5 and Table 2). The identification of the preferential
orientation of elastic fibers helps compare ultrastructural organization of elastic fibers in
healthy and mildly degenerated IVDs. This will likely immprove the understanding the role
of elastic fibers play during overloading and progression to clinically relevant herniation [37].
In addition, the preferential orientation of elastic fibers in the IVD can elucidate the impact of
ultrastructure on cell morphology and cellular orientation. Finally, the overall orientation of
elastic fibers in the different regions of the IVD will be invaluable to build next generation of
structural computational models and tissue-engineered constructs. The distribution of
orientation for the elastic fibers in the NP occurred in one major organized angle of
orientation (+45° or -45°) except for the central NP. We found that the distribution of elastic
fibers in the central NP was different from those located in the peripheral regions, which was

characterized by two symmetrically organized major peaks (£45°). Compared to two similar
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studies that were performed in the AF of the IVD, it was found that the distribution of elastic
fibers orientation in the NP was different from those located in the AF [26, 27]. Due to the
lack of similar studies in the literature, it was difficult to compare the outcome of the current
study with others. However, the findings here were consistent with light microscopic studies

that reported the presence of long and radially orientated elastic fibers in the NP [19, 20].

The results of the current study identified that the interconnecting network of the elastic
fibers in the NP was not randomly organized. Although not yet clear, this organization of the
elastic fibers network in the NP suggests a mechanical role that may contribute to
maintaining the NP structure [38]. Previous studies indicated that collagen fibers provide a
significant connection between the NP and endplate and the NP transmits load equally to all
parts of the AF [39-42]. This can be readily explained based on the results of the current
study revealing a continuous elastic network consisting of long elastic fibers that running
radially towards the AF. Overall, the ¢lastic network in the NP is more likely to play a role in
preserving the structural integrity of the NP through being stretched radially and contributes
to its recovery after deformation. More importantly, the connectivity of elastic fibers with
other extracellular matrix components through physical entanglement or chemical

crosslinking may emphasize their mechanical role.

To date, the role of elastic fibers has been ignored in IVD models due to the absence of an
appropriate methodology to visualize their ultrastructure in situ. The geometrical
presentation, along with the distribution of elastic fibers, resulting from the present study
identify the ultrastructural organization of elastic fibers in the NP which is important towards
understanding their mechanical role which is still under investigation. Given the results of
this new geometrical analysis, more-accurate multiscale finite element models can now be
developed, which will provide new insights into the mechanobiology of the IVD. More
importantly, limited tissue engineering approaches to construct tissue-engineered scaffolds,
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have failed to capture the multi-scale structural hierarchy of discs due to the absence of an
appropriate methodology to visualize their ultrastructure in situ [43-45]. It is important to
note that the fabrication of structural models including synthetic elastic to replicate the

property similar to the native tissue is challenging.
5. Conclusion

The current research is the first study to identify the ultrastructural organization of elastic
fibers in the NP of the IVD that was performed using an innovative, easy and cost-effective
methodology. We have found a well-organized network of thin and thick elastic fibers which
appear to form a continuous network across the NP. Both qualitative and quantitative results
presented for the ultrastructural organization of elastic fibersin the NP are crucial for a better
understanding of their role in the structural integrity of the IVD. In addition, the results of this
study can potentially be used for the fabrication of bio-inspired tissue-engineered scaffolds
and IVD models to truly capture the multi-scale structural hierarchy of IVDs. To this end, the
digestion technique developed here has been used successfully for in situ isolation of elastic
fibers leading to the clarification of novel structural features for elastic fibers in the AF and
NP regions of the IVD. Noting the different structural, material and biological properties
between the AF-and NP, the digestion technique is very likely to be employed for
ultrastructural analysis of elastic fibers in different biological tissues to advance the scientific
knowledge of the structure-property relationships in soft tissues. However, the limited
visualization of elastic fibers in tissues containing loose and sparse hierarchical assemblies of

fibers needs to be carefully considered.
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