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Reconstructions of ruptured tendons and ligaments currently have dissatisfactory failure rate. Failures are
mainly due to the mechanical mismatch of commercial implants with respect to the host tissue. In fact, it
is crucial to replicate the morphology (hierarchical in nature) and mechanical response (highly-nonlinear)
of natural tendons and ligaments. The aim of this study was to develop morphologically bioinspired hi-
erarchical Nylon 6,6 electrospun assemblies recreating the structure and performance of tendons and
ligaments. First, we built different electrospun bundles to find the optimal orientation of the nanofibers.
A 2nd-level hierarchical assembly was fabricated with a dedicated process that allowed tightly joining
the bundles one next to the other with an electrospun sheath, so as to improve the mechanical perfor-
mance. Finally, a further hierarchical 3rd-level assembly was constructed by grouping several 2nd-level
assemblies. The morphology of the different structures was assessed with scanning electron microscopy
and high-resolution X-ray tomography, which allowed measuring the directionality of the nanofibers in
the bundles and in the sheaths. The mechanical properties of the single bundles and of the 2nd-level
assemblies were measured with tensile tests. The single bundles and the hierarchical assemblies showed
morphology and directionality of the nanofibers similar to the tendons and ligaments. The strength and
stiffness were comparable to that of tendons and ligaments. In conclusion, this work showed an innova-
tive electrospinning production process to build nanofibrous Nylon 6,6 hierarchical assemblies which are
suitable as future implantable devices and able to mimic the multiscale morphology and the biomechan-
ical properties of tendons and ligaments.
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1. Introduction per year in the United States alone, almost 50% of them are ten-

don and ligament related, with about 95,000 new cases annually

The design and development of innovative solutions to repair
or substitute injured tendons and ligaments is one of extreme in-
terest in orthopaedic research. In fact, approximately 30 million
new cases of tendon and ligament injuries are diagnosed world-
wide annually [1]. From over 33 million musculoskeletal injuries
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[2]. The difficulty in healing these tissues is mainly related to their
non-linear mechanical properties and complex hierarchical struc-
ture, composed of collagen fibers that are axially aligned and or-
ganized in different levels of aggregation [3-5]. Above all, due to
low cellular activity, the injuries of elderly people generally require
the use of permanent inert prosthetic devices [6-8]. An inert poly-
meric material frequently used for devices in this field is Nylon
6,6, which has been approved as an implantable material [9]. For
instance, Nylon 6,6 is found in commercially available suture wires
[10,11] and tendon grafts [12].
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The most popular examples of inert devices for tendon and lig-
ament are Lars® Ligament, Leeds-Keio® (i.e. Poly-tape®) and Gore-
Tex® [12]. In the last two decades, several studies published in
literature have assessed the clinical quality of these devices [8].
However, even if they have adequate mechanical behavior, com-
pared to the native tendon or ligament tissue, they have a differ-
ent morphology and are not hierarchically structured. The Lars®
Ligament is composed of aligned microfibers grouped together by
an external knitted membrane; Leeds-Keio® (i.e. Poly-tape®) is
a totally knitted/waved microfibrous device; while Gore-Tex® is
made of groups of aligned microfibers braided together to obtain
the final device. However, all these textile patterns produce im-
plantable devices have a very different morphology when com-
pared to a natural tendon or ligament [13]. In fact, tendon or
ligament tissue is composed of collagen nanofibers preferentially
axially aligned, organized in different levels of aggregation and
covered by membranes of randomly arranged collagen nanofibers
[3,4,14]. The lack of bioinspired hierarchical organization of these
implantable devices, can often cause inflammatory outcomes and
post-operative complications [8,12]. Furthermore, several clinical
follow-ups of such devices have shown controversial outcomes, in
terms of failure or success over a long-term period [8]. Among
the others, Lars® Ligament showed the most promising results for
long term positive outcomes of the implants and low incidence of
revision surgery in Anterior Cruciate Ligament (ACL) applications
[15]. However minor episodes of knee stiffness and synovitis were
documented in the past [8,15,16]. The published studies about the
clinical performances in ACL reconstruction using the Leeds-Keio®,
despite several positive results, showed frequent events of re-
rupture, tunnel enlargement, synovitis associated with polyester
particles, greater pivot-shift and laxity, especially until the early
2000s [17-20]. Moreover different applications of this device were
explored to repair other tendons and ligaments such as rotator
cuff, knee extensor, Achilles tendon, iliofemoral ligament and ankle
lateral ligament [8]. Gore-Tex® devices showed satisfactory results
to treat very large rotator cuff tears and patellar reconstructions
[21,22], but due to severe osteolytic complications were completely
abandoned for ACL applications [8,23,24].

A promising approach to overcome the morphological and me-
chanical limitations of these devices is offered by the electrospin-
ning technology. Producing polymeric nanofibers by stretching so-
lutions in high electrostatic fields, the electrospinning technique
has demonstrated the ability to fabricate scaffolds that mimic the
tendon and ligament tissue [25,26]. However, to date no one has
used electrospinning to produce complex assemblies that repro-
duce the hierarchical structure and mechanical properties of a
whole tendon or ligament [27].

The aim of this study was to develop morphologically bioin-
spired hierarchical assemblies (made of inert Nylon 6,6) to repli-
cate the biomechanical response of natural tendons and ligaments.
For this reason, three levels of aggregation were investigated: (i)
bundles of random and aligned electrospun nanofibers; (ii) a 2nd-
level hierarchical assembly built using the most promising type of
bundles (aligned nanofibers); (iii) a 3rd-level hierarchical assem-
bly containing several 2nd-levels hierarchical assemblies. For all of
these structures, the morphology and the associated mechanical
properties were investigated.

2. Materials and methods

In order to develop a complex hierarchical structure, in the
first phase two different methods for producing electrospun bun-
dles were developed: in one instance, the nanofibers were ran-
domly aligned, while in the second instance a high alignment of
the nanofibers was achieved. The morphology of the bundles was

characterized with Scanning Electron Microscopy (SEM) and High-
Resolution X-ray Computed Tomography (XCT); mechanical tests
were performed to assess the strength and modulus of elasticity of
the constructs. The most promising candidates (bundles of aligned
nanofibers) were used to produce the 2nd-level hierarchical as-
semblies, which were again characterized in terms of morphol-
ogy and mechanical properties. The 3rd-level hierarchical assembly
was built by joining three 2nd-level hierarchical assemblies, and its
morphology was fully characterized.

2.1. Materials

Nylon 6,6 pellets, kindly provided by DuPont (Wilmington,
USA), were dissolved in a trifluoroacetic acid (TFA) (Carlo Erba, Mi-
lan, Italy) and acetone (AC) (Sigma Aldrich, Saint-Louis, USA) mix-
ture, in order to obtain the following solution: 15% (w/v) solution
of Nylon 6,6 dissolved in TFA:AC =50:50 (v/v).

2.2. Identification of optimal electrospun bundle preparation

2.2.1. Electrospun bundles production

Electrospun bundles were produced using a laboratory electro-
spinning machine (Spinbow Lab Unit, Spinbow S.r.1., Bologna, Italy),
equipped with a linear sliding spinneret (carrying four syringes
ejecting the same polymeric solution) and a rotating drum col-
lector (diameter = 150 mm; length =500 mm). A syringe pump (KD
Scientific 200 series, Illinois, USA) and four glass syringes were
used to electrospin the solution. Each syringe was connected to a
stainless-steel blunt-ended needle (inner diameter = 0.84 mm) with
a PTFE tube. The electrospinning was performed at room tempera-
ture (RT) and relative humidity 20-30%. The solution was electro-
spun with an applied voltage of 20kV and a feed rate of 0.50 mL
h=1. The drum collector was positioned 160 mm away from the
needle tips. The sliding spinneret with the four needles had an ex-
cursion of 100 mm, with a sliding speed of 1200mm min~'. The
mats of nanofibers were cut circumferentially into strips.

In order to reach the best configuration in terms of fiber ori-
entation and mechanical properties, different electrospun bundles
were produced. Bundles made of random fibers were obtained by
rotating the drum collector with a low peripheral speed of 0.78 m
s~ and for an electrospinning time of 1.5 h (Fig. 1). The mats of
random nanofibers were cut into 70mm wide strips, and manu-
ally wrapped to produce bundles, with a cross-sectional diameter
of approximately 550-650 micrometers. At the end of the proce-
dure, the bundles (about 470 mm in length) were cut in an extrem-
ity and removed from the collector (Fig. 1).

However, in order to improve the mechanical properties of the
random bundles (see results section), bundles of aligned nanofibers
were produced. To obtain mats of nanofibers preferentially aligned
in the direction of drum rotation, the drum collector was rotated
with a higher peripheral speed of 22.8m s~! during an electro-
spinning time of 3 h. The mats of aligned nanofibers were cut
into 50 mm wide strips, and rolled on the drum as previously de-
scribed.

2.2.2. Morphological investigation of bundles

To examine the surface morphology of the Nylon 6,6 bundles,
Scanning Electron Microscopy (SEM) analysis was performed. A
commercial SEM (Philips 515 SEM, Amsterdam, Netherlands) was
used with a voltage of 15kV, on samples sputter-coated with gold.
The diameter of the nanofibers and their distribution (mean and
SD) were measured on the SEM images of 200 fibers, by means of
the image analysis software Image] [28].

To measure the mean diameter of each bundle a light optical
microscope (Axioskop, Zeiss, Pleasanton, CA, USA) equipped with a
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Fig. 1. Electrospinning setups and procedures to produce the bundles and the hierarchical devices. A) Bundles production: I) random or aligned nanofibers were electrospun
on the rotating drum collector; II) mats of nanofibers cut in strips and manually wrapped to obtain the bundles; III) Some bundles were cut for remove them from the
drum (single bundles); IV) other bundles were removed from the drum without cutting (ring-shaped bundles). B) 2nd-level hierarchical assembly production: I) ring-shaped
bundles of aligned nanofiber were hooked on the 6-arms capstan grip; II) electrospun sheath production during the static step; Ill) during the rotation step the mat of
nanofibers was torn from one side of the collector and wrapped around the group of bundles; IV) final 2nd-level hierarchical assembly ready to be tested. B) 3rd-level
hierarchical assembly production: I) three 2nd-level hierarchical assembly grouped together; II) electrospun sheath production during the static step; III) during the rotation
step the mat of nanofibers was torn from one side of the collector and wrapped around the group of 2nd-level hierarchical assembly; IV) final 3rd-level hierarchical assembly

ready to be characterized.

camera (AxioCam MRc, Zeiss, Pleasanton, CA, USA) was used and
image analysis was performed using Image] [28]. For each bundle,
the mean and standard deviation (SD) of ten measurements was
computed. To measure the weight of each specimen a precision
balance was used (MC 210 P, capacity resolution: 210g x 0.01 mg,
Sartorius, Gottingen, Germany). For each bundle, the mean and SD
of three measurements was computed.

In order to investigate the three-dimensional structure of the
Nylon 6,6 bundles, high-resolution x-ray tomographic scans were

acquired with a laboratory XCT (Versa 510, Zeiss, Pleasanton, CA,
USA). For the XCT scans, the following settings were used: 40 kV
Voltage, 3W Power, 75.5 microAmpere tube current. Projections
were collected at rotational steps of 0.18° over 360°, with a voxel
size 0.4 micrometers, using 14 s exposure time (scanning time of
approximately 10 h).

All the XCT images, were reconstructed using the Scout-and-
Scan Reconstructor software (Zeiss), and were visualized using
XM3DViewer1.2.8 software (Zeiss).
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2.2.3. Directionality of the nanofibers in the bundles

In order to quantify the distribution of orientation of the
nanofibers in the bundles, the Directionality plugin of Image] was
used [28-30]. This approach allowed to quantify the amount of
nanofibers within a given angle from the axis. The analysis was
performed using a Local Gradient Orientation method following
a procedure previously validated [31]. For the random nanofiber
bundles the Directionality analysis was performed on stacks of
five SEM images (magnification =8000x). For the aligned nanofiber
bundle a full volume investigation was performed applying the
same procedure to all the slices of the XCT stacks, after reslicing.

2.2.4. Mechanical characterization of the bundles

The mechanical properties of the random and aligned nanofiber
bundles were measured with a servo-hydraulic testing machine
(8032, Instron, High Wycombe, UK), with a4 1 kN dynamic cell (In-
stron, High Wycombe, UK). The force signals had a noise of 0.01 N
after filtering. All the specimens were immersed in saline for two
minutes before the mechanical test. The test machine was operated
in displacement control, adjusting the actuator speed according to
the actual specimen length, to obtain a strain rate of 70% s~ 1. This
strain rate is in the range of those experienced by tendons and lig-
aments during strenuous physiological activities [32-35].

Ten specimens of both random and aligned nanofiber bundles
were tested. Dedicated capstan grips (Fig. 5) were used to min-
imize the stress concentration at the specimens ends. The gauge
length was 47.42 mm (this included the free length and the por-
tion of specimen wrapped around the capstans, consistent with the
BS EN 12,562:1999 and the ASTM D2256/D2256M-10 (2015) Stan-
dards).

The mechanical characterization of the random and aligned
bundles was performed to identify the most biomimetic candidate,
so just the typical load-strain curves and the force and stress data
were analyzed (see Section 2.3.4 and Fig. 2).

2.3. Optimization of the hierarchical assemblies

Based on the most promising configuration from
Section 2.2 (see Results), aligned bundles were adopted for
the following steps. In order to allow easier handling and stretch-
ing of the bundles in the subsequent steps of preparation of
the hierarchical structures, the bundles were removed from the
collector without any cut, thus obtaining ring-shaped bundles

(Fig. 1).

2.3.1. Fabrication of the hierarchical assemblies

In order to reproduce the whole morphology of a tendon or
ligament [4,14,27], two different electrospun bioinspired assembly
were produced.

To group together different numbers of bundles, an innova-
tive electrospinning procedure to electrospin nanofibrous sheaths
was developed (Fig. 1). These sheath were designed to reproduce
the morphology of the natural membranes of tendons (endotenon,
epitenon) or ligaments (endoligament, epiligament) [4,27]. The
same electrospinning parameters previously described were used.

Two custom made stainless-steel 6-arms capstan grips (6 cylin-
drical arms of 8 mm of diameter each) were fixed in a custom-
made rotating electrospinning machine. Then, 24 bundles were
hooked on the grips, 4 for each arm (Fig. 1). After this operation,
a Nylon 6,6 sheath of nanofibers was electrospun on the group of
bundles for 12 h. The custom-made electrospinning apparatus was
composed of a high-voltage power supply (FuG Elektronik GmbH,
Schechen, Germany), two syringe pumps (KD Scientific Legato 100,
Illinois, USA), and two glass syringes containing the polymeric so-
lution, connected to stainless-steel blunt-ended needles (inner di-
ameter =0.84 mm) by PTFE tubes.

0.5% offset

Stress (MPa)

Strain (%)

Fig. 2. Post processing of the stress-strain curves. The stress-strain curves were
qualitatively similar for the single bundles and for the hierarchical assemblies, but
the magnitude of the stress and strain achieved were different. The failure stress
(oF) (V) was identified as the highest stress in the entire curve. The starting point
of the linear region (I) was identified as 20% of the failure stress (o) for the bun-
dles of aligned nanofibers and the 2nd-level hierarchical assembly, and as 5% of
the failure stress (o) for the bundles of random nanofibers (the different threshold
was required due to the different behaviour of the two types of bundle). The initial
toe region (from ON to I) was disregarded. An initial guess for the yield strain was
visually identified (II). A first linear regression (solid line) was applied to the first
50% of the linear region, between points (I) and (III) (IIl was half-way between I and
II). A second line parallel to the first regression was drawn with an offset of 0.5%
strain (dashed line). The limit of proportionality was defined with the 0.5% strain
offset criterion as the intersection (IV) between the latter line and the stress-strain
curve. The modulus of elasticity (E) was calculated as the slope of a new regression
line between (I) and (IV). The unit work to yield (Ly) and to failure (L¢) were calcu-
lated as the integrals under the curves (with the method of trapezoids). Two plots
were obtained for each specimen: one reporting the apparent stress, the other one
with the net stress.

In order to concentrate the nanofibers on the group of bun-
dles, a flat aluminum collector plate (200 mm high and 50 mm
wide) was placed behind the bundles (Fig. 1). To pre-strain the
nanofibers of the sheath on the final assembly surface, the group
of bundles was in a static position, and intermittently put in ro-
tation (approximately 20rpm for 1 min every 5 min), while the
sheath was being electrospun (Fig. 1).

Finally, in order to produce a hierarchical assembly to com-
pletely simulate the structure of a whole tendon or ligament
[4,27], including the endotenon/endoligament sheaths and the ter-
tiary fiber bundles inside, a 3rd-level hierarchical assembly was
produced. First, three Nylon 6,6 2nd-level hierarchical assemblies,
with five ring-shaped bundles each, were produced as previously
described (with an electrospinning session of 10 h each). Then,
the extremities of the three 2nd-level hierarchical assemblies were
tied together with paper tape, and fixed in the machine (Fig. 1).
To produce the epitenon/epiligament-like sheath, the same proce-
dure and methods previously described were used, with and elec-
trospinning session of 10 h (Fig. 1).

2.3.2. Morphological investigation of the hierarchical assemblies

The SEM and light optical microscope investigations on the
2nd-level and 3rd-level hierarchical assemblies were performed
with the same parameters previously described in Section 2.2.2.

To investigate the three-dimensional structure of the Ny-
lon 6,6 hierarchical assemblies, the XCT scans were acquired
with a different high-resolution x-ray tomography system (Versa
520, Zeiss, Pleasanton, CA, USA). The following parameters were
used (depending on the shape and thickness of the specimens):
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(i) 2nd-level hierarchical assembly: 50kV Voltage, 4W Power, 80
microAmpere tube current, 5.27 micrometers voxel size, 1.75 s ex-
posure time, rotational steps of 0.12° over 360°, for a scanning time
of 7.5 h; (ii) 3rd-level hierarchical assembly: 50kV Voltage, 3W
Power, 60 microAmpere tube current, 5.27 micrometers voxel size,
1.75 s exposure time, rotational steps of 0.12° over 360°, for a scan-
ning time of 7.5 h.

All the XCT images, were reconstructed using the Scout-and-
Scan Reconstructor software (Zeiss), and were visualized using
XM3DViewer1.2.8 software (Zeiss).

2.3.3. Directionality of the nanofibers of the sheath and of the
internal bundles

In order to quantify the orientation of the nanofibers in the
electrospun sheaths and in the bundles inside the assemblies, the
Directionality plugin of Image] was used [28-30], as described
above in the bundles section. The Directionality analysis was per-
formed with two different approaches derived from Sensini et al.
[31].

For the external sheaths, the Directionality analysis was per-
formed on stacks of 5 SEM surface images (magnification = 8000x).
To assess the orientation of the bundles inside the hierarchical as-
semblies, a full volume investigation was performed applying the
procedure to all the slices of the XCT stacks, after a reslice.

2.3.4. Mechanical characterization of the hierarchical assemblies

The mechanical characterization was performed both on the
ring-shaped bundles and on the 2nd-level hierarchical assemblies
(due to limited availability of specimens, the mechanical tests were
not performed on the 3rd-level hierarchical assembly).

As the hierarchical assemblies were built with ring-shaped bun-
dles (as opposed to the straight bundles tested before, see 2.2.4)
the mechanical test was performed starting from the single ring-
shaped bundles. Ten specimens of ring-shaped bundles were tested
using capstan grips with the same strain rate as before (Fig. 9).
The gauge length was 220 mm (consistent to the ASTM D1414 Stan-
dard).

Finally, three specimens of 2nd-level hierarchical assembly were
tested. The cross-sectional diameter of each specimen was mea-
sured as above (mean and SD between 30 measurements in three
different sections). The specimens were weighed with the same
precision balance. In order to minimize the stress concentration,
the specimens were tested directly on the stainless-steel 6-arms
capstan grips, mounted on the Instron testing machine (Fig. 9).

The following indicators were considered: Yield Stress (ovy),
Yield Strain (ey), Modulus of Elasticity (E), Failure Force (Fg), Fail-
ure Stress (o), Failure Strain (eg), Unit Work to Yield (Ly), Unit
Work to Failure (Lg) (Fig. 2). The force-displacement curves were
converted to stress-strain curves using two different approaches:

o To describe the macroscopic mechanical behavior of the spec-
imen, the apparent stress was computed dividing the force by
the cross-sectional area measured before the test.

o To quantify the net mechanical properties, the net stress was
also computed dividing the apparent stresses by the volume
fraction (v) of the specimens.

e The apparent and the net modulus of elasticity (E), and unit
works to failure were computed (Ly, Lg)

The volume fraction (v) was calculated by using the equation:

v=w/(L-A-p) (1)
Where:

w is the weight of the specimen

L is length of the specimen,

A is the cross-sectional area of the specimen

o is the density of the raw material (Nylon 6,6 =1.14 g/cm3)

SEM

XCT

100 ym

100 pm

Fig. 3. Imaging of the random and of the aligned bundles. A) SEM images of a ran-
dom nanofiber bundle. B) SEM images of an aligned nanofiber bundle. The sections
of the bundles (magnification = 100x) are visible in part I; the surface of the bundle
(magnification = 8000x) are visible in part II. C) XCT images of a random nanofiber
bundle; D) XCT images of an aligned nanofiber bundle (0.4 micrometers of voxel
size). The sections of the bundles are visible in part [; an internal crop showing
the alignment of the nanofibers inside the bundle is reported in part II; tuning the
thresholding the most internal nanofibers become visible in part III.

3. Results
3.1. Comparison between random and aligned bundles

The electrospun bundles of random and aligned Nylon 6,6
nanofibers were compared. The random bundles had a cross-
sectional diameter of 0.52 + 0.05mm, and the aligned bundles of
0.52 + 0.06 mm. The volume fraction (v) for the random bundles
was 0.21 + 0.03 and 0.30 + 0.04 for the aligned bundles.

3.1.1. Morphological investigation of the bundles

The SEM investigation showed that the nanofibers of both
the random bundles and the aligned bundles were homogeneous,
smooth, continuous, and with no defects such as beads (Fig. 3). The
nanofibers had consistent mean cross-sectional diameter of 0.23 +
0.02 micrometers. The different orientation of the nanofibers in the
random and in the aligned bundles was clearly visible.
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Fig. 4. Directionality of the nanofibers in the random and in the aligned bun-
dles. The directionality histograms show the distribution of the nanofibers in the
different directions for the two types of bundles. An angle of 0° means that the
nanofibers were aligned with the axis of the bundle, an angle of 90° means that
the nanofibers were perpendicular to the bundle.

The XCT investigation of the random bundles showed that
nanofibers were randomly arranged both on the surface and in-
side the bundle (Fig. 3). Few wrapping defects were noted in the
internal body of random bundles (Fig. 3).

3.1.2. Directionality of the nanofibers

The Directionality analysis confirmed the different preferential
orientation of the nanofibers in the aligned bundles as opposed to
the random ones (Fig. 4). The random bundles showed a dispersion
of the orientation of the nanofibers so that about 7% of nanofibers
fell in each bin. The aligned bundles had a predominant peak in
the range of 0°-6° from the bundle axis (42.7% + 3.1% of the total),
and a Gaussian-like distribution. A small amount of nanofibers of
0.78% + 0.15% was perpendicular to the bundle (84°—-90°).

3.1.3. Mechanical properties of the bundles

The load-strain curves revealed a more deformable behavior for
the random bundles and a stiffer behavior for the aligned bun-
dles (Fig. 5). Both types of bundles showed a nonlinear toe re-
gion up to 1-4% strain (Fig. 5). The random bundles had a failure
force of Fr=3.27 + 0.61N, and were weaker than the aligned ones
(FF=143+£2.7N).

After the toe region, the random bundles showed a short
elastic region up to an apparent yield stress of oy=3.27 +
0.90 MPa and a final ductile region up to an apparent failure stress
of 0p=15.6+2.8MPa (Fig. 5). The aligned bundles also showed
higher apparent failure stress (o p=68.7415.0 MPa) compared to
the random bundles (Fig. 5). For both of the bundle types, the net
mechanical properties were 3-5 times higher than the apparent
ones (Table 1).

3.2. Properties of the hierarchical assemblies

The ring-shaped bundles and the hierarchical assemblies made
of such bundles were compared. The bundles used for the assem-
blies were homogeneous, and had a cross-sectional diameter of
0.47 4+ 0.04 mm. Three 2nd-level hierarchical assemblies were pre-
pared, each with 24 ring-shaped bundles. The 2nd-level assemblies
had a final cross-sectional diameter of 4.3 +0.57 mm, and a length
of 220 mm (Fig. 6). The bundles inside the assemblies were tightly
grouped together and covered with a homogeneous nanofibrous
sheath (Fig. 6). The volume fraction (v) for the single bundles was
v=0.33 + 0.02. The 2nd-level hierarchical assemblies had a lower
volume fraction v=0.22 + 0.05, due to the free-volume between
the single bundles.

The 3rd-level hierarchical assembly had a cross-sectional diam-
eter of 4.6 +0.17 mm with a length of 220 mm. Observing the 3rd-
level hierarchical assembly, the original 2nd-level hierarchical as-
semblies were still distinguishable; they were tightly compacted
inside the external nanofibrous sheath (Fig. 6). The volume frac-
tion of the 3rd-level hierarchical assembly was v=0.175.

3.2.1. Morphology of the hierarchical assemblies

The SEM investigation showed that the nanofibers in the hier-
archical assemblies were homogeneous, smooth, continuous, and
with no defects such as beads (Fig. 7). The nanofibers of the elec-
trospun sheaths had consistent mean cross-sectional diameter of
0.23 4 0.03 micrometers. The bundles were tightly grouped inside
the nanofibrous sheaths (Fig. 7).

The XCT investigation on the 2nd-level hierarchical assemblies
revealed that the sheath was homogeneous across the surface of
the hierarchical assembly, with the presence of some circular de-
fects. In the internal volume of the 2nd-level hierarchical assem-
blies, the bundles were axially aligned (Fig. 7). The XCT reconstruc-
tions of the 3rd-level hierarchical assembly showed that: (i) the
nanofibrous sheaths were homogeneous, both the external and the
internal with the presence of a few circular defects (Fig. 7) and (ii)
the 2nd-level hierarchical assemblies forming the 3rd-level assem-
bly were axially aligned, as well as the single bundles they were
made of (Fig. 7).

3.2.2. Alignment of nanofibers of the sheaths and of the internal
bundles

The Directionality investigation showed that the nanofibers of
the sheaths for the hierarchical assemblies had a slight prefer-
ential circumferential orientation (Fig. 8): more than 45% of the
nanofibers fell in the range of 66°—90° for the 2nd-level hierar-
chical assembly; more than 48% of the nanofibers fell in the range
of 66°—90° for the 3rd-level assembly.

The preferential axial of alignment of the bundles and the
nanofibers inside the bundles was confirmed by the XCT-based
Directionality investigation (Fig. 8). All the specimens had a pre-
dominant peak in the range of 0°—6° and a Gaussian-like dis-
persion. The 2nd-level hierarchical assembly showed strong axial
alignment, with 52.0% + 5.1% in the range 0°—6° Similarly, the 3rd-
level hierarchical assembly had a strong axial alignment (47.3% +
5.7% of the nanofibers were peak in the range of 0°—6° from the
axis).

3.2.3. Comparison of the mechanical properties of the single bundles
and of the hierarchical assembly

The typical load-strain curves of the single ring-shaped bundles
and 2nd-level hierarchical assembly confirmed a brittle behavior
with a nonlinear toe region up to 1 - 4% of strain (Fig. 9). The sin-
gle ring-shaped bundles showed a failure force of F=21.8+17N
(mean and SD of ten specimens) and the 2nd-level hierarchical as-
semblies of F=330 4 11.0N (mean and SD of three specimens)
(Fig. 9).

The bundles had values of apparent failure stress
0p=634+109MPa (er=9.29 + 1.02%) and the hierarchical
assemblies of op=22.9+5.0MPa (ef=8.58 + 0.20%) respectively
(Fig 9). The modulus of elasticity of the single bundles was E =877
+ 83.1MPa and for the hierarchical assembly E=343 + 87.0 MPa
(Fig. 9).

The unit work to failure for the bundles was Lg=0.25 =+
0.08]/mm? and Ly =0.08 + 0.02]/mm?3 for the 2nd-level hierarchi-
cal assemblies (Fig. 9).

The net mechanical properties (computed considering the vol-
ume fraction v) were 4-6 times higher than apparent ones
(Table. 1).
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Table 1

Net mechanical properties of the bundles and the 2nd-level hierarchical assemblies obtained from the apparent ones, considering the fraction of

volume (v) actually taken by the nanofibers.

Yield stress (MPa)

Failure stress (MPa)

Modulus of Elasticity (MPa)  Unit work to failure (J/mm?3)

Random Bundle 15.6+3.12 75.5+13.1

Aligned Bundle - 235 + 28.6
Ring-shaped Bundle - 389 + 65.3*
2nd-level Hierarchical Assembly - 106 + 4.04*

5390 + 421.1
1589 + 41.20

1.56 + 0.484
0.372 + 0.0200

Note*: a slightly lower failure stress was found for the aligned bundles compared to the ring-shaped ones, in relation to the different gripping
system (the gripping system used in the first case induced a higher stress concentration than with the ring-shaped bundles).

4. Discussion

The aim of the present study was to develop an innovative mor-
phologically bioinspired electrospun nanofibrous assembly, by us-
ing non-resorbable Nylon 6,6, to replicate the hierarchical structure
and the mechanical properties of a whole tendon or ligament. Ny-
lon 6,6 was selected for its wide range of clinical applications, such
as for suture wires and implantable non-resorbable devices [9].

In order to replicate every single hierarchical level of aggrega-
tion of the collagen fibrils inside the tendon and ligament tissue
[3,4,14] (Fig. 6), different electrospun bundles were produced.

Firstly, random and aligned nanofiber bundles were obtained
by means electrospinning Nylon 6,6 on a drum collector, rotat-
ing at different speed. In both cases, the nanofibers had the same
diameter of the collagen fibrils [3,4,14] observed within tendons
and ligaments. The random bundles were not satisfactory, because

they had a morphology and an arrangement of the nanofibers, as-
sessed with SEM and XCT imaging (Fig. 3), far from the tendon
and ligament fascicles [36]. Furthermore, their mechanical prop-
erties were lower than the human tendon and ligament fascicle
[14,37] (Fig. 5). For all these reasons the random bundles were dis-
carded as candidates. The aligned bundles were selected as best
fascicle-inspired candidates. Firstly, the SEM and the XCT images
(Fig. 3) confirmed that the morphology was similar to the collagen
fascicles [3,14,36,38]. The Directionality analysis on the XCT scan
of the aligned bundle (Fig. 4) confirmed that the alignment of the
Nylon 6,6 nanofibers was similar to that of the tendon and liga-
ment collagen fibrils [39]. Finally, the apparent modulus of elastic-
ity of our Nylon 6,6 aligned bundles (878 4+ 83 MPa) was in the
same range of the human tendon and ligament fascicles (between
63.5 and 317 MPa [14,37]). The apparent failure stress of the Nylon
6,6 aligned bundles (63.5+11.0 MPa) was superior to the human
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tendon and ligament fascicles (between 6.8 and 28.1 MPa [14,37])
(Fig. 5). These findings are consistent with previous studies on
electrospun bundles [25,27,40,41].

Subsequently, in order to reproduce the whole structure of
a tendon or ligament [3,4,14], several ring-shaped bundles were
grouped together, obtaining the 2nd-level hierarchical assembly
(Fig. 6). To do this, a dedicated procedure to electrospin sheath
was developed (Fig. 1) in order to mimic the morphology of
the epitenon/epiligament membranes of tendons and ligaments

[3,4,14]. The Directionality analysis on XCT scans confirmed a pro-
nounced axial alignment of the nanofibers inside the 2nd-level as-
sembly, and a slight circumferential alignment of the nanofibers
in the outer sheath. Compared to previous similar processes
[42-46], our method allowed a finer tuning of the level of com-
paction of the bundles. In fact, the degree of circumferential ori-
entation can be controlled through the electrospinning procedure
by matching the process parameters (i.e. static/rotational time and
the rotational speed of the device) during the production of the
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Fig. 7. Imaging of the of the 2nd-level and 3rd-level hierarchical assemblies. A) SEM
images of a 2nd-level hierarchical assembly. B) SEM images of a 3rd-level hierarchi-
cal assembly. The sections of the hierarchical assemblies (magnification=25x) are
visible in part I; the nanofibers on the surface of the electrospun sheaths (mag-
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assembly (5.27 micrometers voxel size). D) XCT images of a 3rd-level hierarchical
assembly (5.27 micrometers voxel size). An external section showing the external
electrospun sheath is visible in part [; an external crop showing the internal axially
aligned bundles is reported in part II; an internal crop showing the most internal
axially aligned bundles are visible in part III.

sheaths (Fig. 8). Thus, it was also possible to adjust the final cross-
section of the assemblies themselves, improving their overall me-
chanical properties (Fig. 9).

As this procedure was particularly flexible, we were able to
produce 3rd-level hierarchical assemblies by grouping a num-
ber of 2nd-level hierarchical assemblies (Fig. 6). The 3rd-level
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Fig. 8. Comparison between the alignment of the nanofibers in the outer sheaths
(I) and inside the assemblies (II) for the 2nd-level and the 3rd-level hierarchical
assemblies. An angle of 0° means that the nanofibers were aligned with the axis of
the bundle, 90° means that the nanofibers were perpendicular to the bundle.

assemblies incorporate sheaths that mimicked the tendon and lig-
ament endotenon/endoligament membranes [3,4,14]. The Direc-
tionality analysis confirmed a pronounced axial alignment of the
nanofibers inside the 3rd-level assembly. The slightly lower val-
ues of alignment for the 3rd-level assembly compared to the
2nd-level assemblies were caused by the higher percentage of
nanofibers in the different sheaths forming the 3rd-level assem-
bly. These hierarchical assemblies showed and unprecedented mor-
phology, biomimicking every single collagen structure that com-
pose a whole natural tendon or ligament [3,4,14].

Both the ring-shaped bundles and the 2nd-level hierarchical as-
semblies showed a nonlinear toe region up to 1-4% strain, similar
to the behavior of the natural fascicles, tendons and ligaments (i.e.
1.5-4%) [5,14,37]. After the toe region, both the bundles and the
2nd-level hierarchical assemblies exhibited a linear elastic behav-
ior, up to 9% strain, before failing (again, similar to the behavior
of the natural tendons and ligaments) (Fig. 9). The single bundles
had a modulus of elasticity higher than the fascicles of tendons
and ligaments [5,14,37]. The hierarchical assembly had a similar
modulus of elasticity to natural tendons and ligaments (range: 20-
3000 MPa [5,14]). The maximum strain of the bundles was in the
same range of collagen fascicles and of natural tendons and liga-
ments (range: 9-25% [5,37,47]). The failure strain of the hierarchi-
cal assemblies was in the range of the natural tendons and liga-
ments (range: 8-120 MPa [5,14]). The apparent failure stress of the
bundles was oF=63.4+10.9 MPa. These values were higher than
the fascicles of natural tendons and ligaments (range: 6-40 MPa
[5,37,47]). The apparent failure stress for the hierarchical assem-
blies was o r=22.9 +£5.0 MPa, which is in the same range observed
in natural tendons and ligaments (range: 1-116 MPa [5,14]). As ex-
pected, the modulus of elasticity and the failure stress of the 2nd-
level hierarchical assembly was lower than that of the single bun-
dles. This may be due to the fact that the apparent stress in the
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corresponding net mechanical properties are reported in Table 1.

hierarchical assembly is calculated over the total cross-sectional
area (which includes the actual cross-section of the bundles, but
also some unavoidable empty space). Similarly, the values of net
stress (i.e. computed considering the volume fraction actually filled
by nanofibers) were significantly higher (4-6 times) than the ap-
parent ones.

Altogether, these properties can grant excellent mechanical per-
formance, and a biomimetic behavior of the hierarchical assembly.
Considering that the Nylon 6,6 is an inert material, the possible
applications in reconstructive surgery could include replacement
of injured tendons or ligaments for the elderly patients (i.e. age

greater than 60 years). In fact, due to the low metabolic activity in
the elderly, regenerative medicine (i.e. resorbable scaffolds) is not
recommended.

Most of the previous electrospun scaffolds reported for tendon
and ligament replacements consist of braided, twisted or knitted
fibers [46,48-52] which do not replicate the morphology of nat-
ural tissues. Compared to previous literature results, the method
herein proposed to produce electrospun sheaths confers a better
compaction of the single bundles in the multiscale hierarchical
scaffold [46,48-52]; thus, providing optimal compromise between
morphology and mechanical properties.
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Moreover, such high biofidelic hierarchical assemblies will also
be suitable as artificial tendons or ligaments for in vitro biome-
chanical validations tests or surgical training. In fact, to the best of
our knowledge, there are no specific devices available on the mar-
ket for such applications. The previous attempts in this field were
absolutely trivial and not biomimetic [53-55].

A limitation of this study should be mentioned: some droplets
were created during deposition of the electrospun sheaths (Fig. 7).
Such defects might have reduced the ability of the sheath to tightly
bind the bundles together which might have reduced the improve-
ment in mechanical properties deriving from the compaction of
the bundles. In the future, these defects could be avoided by op-
timizing the flow rate of the Nylon 6,6 solution, possibly further
improving the mechanical strength of the assemblies.

The XCT investigation was extremely challenging because of the
small diameter of the electrospun nanofibers, and of the low atten-
uation of the polymer [31,41,51,52,56,57]. Videos of the XCT scans
of a single bundle of aligned nanofibers and of 2nd-level hierarchi-
cal assembly are available in the Supplementary Materials through
ScienceDirect. Additional images and videos of the XCT scans
are available through Figshare (single aligned bundle: https://doi.
org/10.6084/m9.figshare.7636580.v4; 2nd-level hierarchical assem-
bly: https://doi.org/10.6084/m9.figshare.7636592.v3; 3rd-level hier-
archical assembly: https://doi.org/10.6084/m9.figshare.7636595.v3).

In conclusion this work showed an innovative electrospinning
production process to design and build nanofibrous Nylon 6,6 hi-
erarchical assemblies, suitable as future implantable devices, able
to mimic the multiscale morphology and the biomechanical prop-
erties of tendons and ligaments.
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