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Abstract

Despite the clinical success of Anterior Cruciate Ligament reconstruction (ACLR) in some patients, unsatisfactory
clinical outcomes secondary to graft failure are seen, indicating the need to develop new regeneration strategies. The
use of degradable and bioactive textiles has the potential to improve the biological repair of soft tissue. Electrospun
(ES) filaments are particularly promising as they have the ability to mimic the structure of natural tissues and
influence endogenous cell behaviour. In this study, we produced continuous polycaprolactone (PCL) ES filaments
using a previously described electrospinning collection method. These filaments were stretched, twisted, and
assembled into woven structures. The morphological, tensile, and biological properties of the woven fabric were
then assessed. Scanning electron microscopy (SEM) images highlighted the aligned and ACL-like microfibre
structure found in the stretched filaments. The tensile properties indicated that the ES fabric reached suitable
strengths for a use as an ACLR augmentation device. Human ACL-derived cell cultured on the fabric showed
approximately a 3-fold increase in cell number over 2 weeks and this was equivalent to a collagen coated synthetic
suture commonly used in ACLR. Cells generally adopted a more elongated cell morphology on the ES fabric
compared to the control suture, aligning themselves in the direction of the microfibres. A NRU assay confirmed that
the ES fabric was non-cytotoxic according to regulatory standards. Overall, this study supports the development of

ES textiles as augmentation devices for ACLR.
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Introduction

The anterior cruciate ligament (ACL) provides mechanical rotational stability to the knee
but it can be injured following twisting injuries to the joint. While commonly occurring in
young, active individuals, these injuries can lead to significant long-term complications, reducing
both quality of life and physical activity. In the United States, it is reported that around 200,000
ruptures occur annually, with up to 100,000 surgical repairs per year (1, 2). In the United
Kingdom, surgical intervention of ACL injuries is preferred over conservative management, with
up to 80% of patients undergoing surgery, and it is frequently performed for a young active
cohort of patients (3, 4). It was estimated that this represents a minimum of 15,000 operations
each year, with an associated cost to the NHS of approximately £63 million (4). Globally, the
gold standard surgical operation involves an ACL reconstruction (ACLR) using an autologous
hamstring or patellar tendon in combination with bony fixation devices (5, 6). In many cases this
reconstruction strategy is successful, but donor site morbidity can occur and failure of the ACLR
have been reported in between 6 to 31% of cases (7). As a result recurrent knee instability is a
major issue that can be observed in the years following surgery. In the longer term, individuals
who have undergone ACLR show increased susceptibility to developing knee osteoarthritis (OA)
(6, 8-11).

Replacing or augmenting autologous tissue with artificial grafts or ligament devices has
been proposed as a strategy in ACLR for more than 40 years. The majority of devices explored
to date are made of non-degradable synthetic polymers such as nylon (12), polyethylene
terephthalate (13) and polyester (14). While these materials are typically strong and easy to

process during implant manufacturing, they often suffer from long-term problems of device
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rejection and chronic tissue inflammation due to particle formation (12, 15, 16). They also suffer
from short-term issues such as permanent elongation eventually leading to failure (17). Despite
these complications, synthetic suture-tape materials designed for ACLR augmentation, such as
LabralTape, have gained interest as a result of the biomechanical superiority seen in some
studies compared to ACLR alone (18). Ultimately, an increasing focus is to improve the
biological repair of ACL tears during augmentation, using biocompatible materials, while
maintaining suitable mechanical support. In this context, devices made of biological materials,
such as collagen, have been proposed to act as a scaffold for biological repair (19, 20). However,
the success of these materials has been limited, mainly due to the poor mechanical properties and
concerns related to their immunogenicity (21, 22). Using degradable synthetic polymers can
mitigate some of these issues, especially when they are processed through electrospinning (23,

24).

Electrospinning can create fibrous materials that closely mimic the architecture of native
extracellular matrix of soft tissues such as tendon and ligaments. This has been shown to be
effective at directing cellular behaviour, including proliferation, migration and differentiation
(25-27). Our group has previously developed a method to produce continuous filament made of
poly(p-dioxanone) (PDO), a polymer used in FDA-approved devices which typically degrades
fully within 6 months (28-32). These filaments were able to undergo post-spinning processing
with industrial textile machinery to design various medical textiles for soft tissue repair. While
applied to PDO, this method could be extended to other polymers. Poly(e-caprolactone) (PCL) is

particularly attractive for ACL applications, where higher strengths and slower degradation
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(between 2 to 4 years) might be needed (24, 27, 33). Similar to PDO, PCL is a widely used
polymer in the field of biomaterials with clear evidence of biocompatibility in human (34-37).
The aim of this study was to demonstrate that our existing method of filament production
could be used to create continuous PCL electrospun (ES) filaments and that these could be
assembled into a robust fabric that may be suitable for ACLR augmentation. The physical
properties of the prototyped scaffolds and its constituents were assessed through tensile testing
and scanning electron microscopy (SEM). Moreover, their biocompatibility was investigated
using human primary tenocytes cultured on their surface for up to 14 days and using a

cytotoxicity assay guided by regulatory standards.
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Materials and methods

Preparation of the electrospinning solution

The electrospinning solution was prepared by dissolving PCL (Ashland Specialities
Ireland, Laboratory A, Synergy Centre, Institute of Technology Tallaght, Ireland) into
1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Apollo Scientific Ltd, Cheshire, UK) at a
concentration of 16% (w/v). The solution was agitated at room temperature on a roller set on

speed of 15 RPM for at least 24 h to allow for complete dissolution of the polymer.

Electrospinning continuous PCL filaments

The continuous ES filaments were produced from the polymer solution as described
previously (27). Briefly, electrospinning was performed with a single nozzle electrospinning
setup and a wire collector (100 um in diameter, Goodfellow, Huntingdon, UK) using a high
voltage power supply system (30 kV, SL30P30/230, Spellman, West Sussex, UK) and a syringe
pump (World Precision Instruments Limited, Florida, US). The nozzle and the wire collector
were positioned in a glove box under constant airflow to remove organic vapour produced during
operation. The wire was cleaned with 70% ethanol prior use. The distance between the nozzle
and the wire was 20 cm and the average voltage applied was 8.6 kV. The speed of the wire
travelling between the feeding unit and the winding unit was set at 0.5 mm s™'. Following the
exit of the metal wire (coated with the PCL material) from the glove box, the ES fibrous mesh
was detached as a continuous filament and placed on a separate spool. The filament spool was

removed at the end of the process and stored in a desiccator prior to stretching.
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Stretching of the raw filament
The filament obtained from the electrospinning step was stretched (drawn) to avoid permanent
deformation during further use and reach an elastic behaviour (30). This stretching was
performed manually in a clean environment at a ratio of about 1:7. Where brakes occurred, knots
were applied to maintain the continuity of the filament. The resulting stretched filament was

placed on a new spool and stored in a desiccator prior to twisting.

Twisting filaments into yarns
Stretched filaments were used to produce twisted yarns. The twisting machine (Marui textile
machine co., Ltd., Osaka, Japan) worked in combination with an in-house made feeder stand
hosting up to 9 spools. Three filaments were twisted in S direction with a spindle speed of 600 to
obtain plied yarns. Three plied yarns were then twisted together in the Z direction at a speed of

600 to obtain cabled yarns. The cabled yarns were stored in the desiccator prior to weaving.

Weaving the yarns into fabrics
The cabled yarns were woven manually with weaving loom (Ashford wheels & looms,
Ashburton, UK) into a plain weave fabric with a targeted width of 10 mm. To achieve this, 20
cabled yarns were used as the warps and 1 cabled yarn was used as the weft. Control samples for
cell culture were prepared by weaving FiberWire® (FW) sutures (Arthrex, US). To achieve a
similar design, 20 sutures were used as the warps and 1 suture as the weft. The final woven

fabrics were stored in the desiccator prior to further use.

Tensile tests
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The samples (ES filaments, yarns, woven fabrics and control sutures) were mechanically
characterized using a Zwick tensile machine (Zwick Roell Group, Ulm, Germany). The tests
were carried out at the rate of 25 mm/min until failure for all tests (n = 10 for ES samples, n = 4
for FW sutures). The length of the samples was set to 100 mm for the yarn and 50 mm for the
fabrics and FW sutures. The force at break (N) and rate of elongation (mm) were recorded. The
TestXpert software was used to collect data. All yarn diameters were measured with an
electronic digital calliper (Titan, Renton, US). The porosity values of the ES materials were
estimated with a weight approach (known length and diameter) and the known density of PCL
(1.145g/cm?®). The porosity of FW was set at 27%, based on the known porosity of a similar

suture (32).

ACL material, donor demographics and clinical data

ACL tissue was obtained from the Oxford Musculoskeletal Biobank, with informed
donor consent in full compliance with the National and Institutional ethical requirements, the
United Kingdom Human Tissue Act. Ruptured ACL samples were collected from patients during
surgery and transferred immediately into a sterile tube containing DMEM F12 (Lonza, UK) for

explanation. ACL-derived cells from each donor were used individually.

ACL-derived cells isolation and culture

ACL samples obtained from the donors were cut into small uniform pieces under sterile
conditions and transferred to six well plates (Corning, US) supplemented with growth medium.
Growth medium used was Dulbecco's Modified Eagle Medium (DMEM, Sigma-Aldrich, UK)

F12 containing 50% foetal bovine serum (FBS, InvitrogenTM, UK) and 1% penicillin—
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streptomycin (InvitrogenTM, UK). Plates were incubated at standard conditions (37°C, 5% COy)
and growth medium was replaced every third day. Once cells had migrated from the explants,
after approximately 7 days, the medium was refreshed with DMEM F12 containing 10% FBS.
Once cells had reached approximately 90% confluency, they were mechanically scraped and
sub-cultured under the same conditions in 10 cm Petri dishes (Greiner, Germany) to allow
proliferation. Cells were regularly checked for Mycoplasma infection using a MycoAlert testing
kit (Lonza, UK), according to the manufacturer’s instructions. ACL derived cells were used in

the third passage for consistency and to avoid phenotypic drift.

Cell Seeding
Fabric samples (ES and controls) were cut to 0.5 cm? in size and placed in 48 well plates
(Corning, UK). All materials were sterilized using 70% ethanol and dried overnight under sterile
conditions at RT. Before seeding, cells were counted using a hemocytometer counting-chamber
device. ACL-derived cells were then seeded at high density (5 x 10% in 20 pL of cell suspension
per scaffold) and subsequently, the scaffolds were placed in a 5% CO2, 37°C for 2h to allow cells
to attach. Then, scaffolds were transferred to a fresh 48-well plate containing 400 pL of

DMEM/F-12 media to exclude cells attached to the polystyrene wells of the original plate.

Cell Attachment and Proliferation — PrestoBlue Cell Viability Assay
To assess cell attachment and growth on the samples, a PrestoBlue (Invitrogen, Paisley, UK)
assay was used. At selected time points, culture media was aspirated from each well and replaced
with 200 pL of 10% PrestoBlue solution (v/v in DMEM/F-12). After 1 hour of incubation at

37°C, 100 pL of PrestoBlue medium samples from each well were transferred to a black 96-well
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plates (Corning, UK) for analysis. Fluorescence was measured using the FluoStar Optima
microplate reader (BMG Labtech, Ortenberg, Germany, Aex = 544 nm, Aem = 590 nm). The
remaining PrestoBlue medium was removed and replaced with a fresh standard medium. The

experiments were performed with three different patients (n = 3), each in minimum of triplicates.

Maintenance of BALB/c 3T3 Cells
BALB/c 3T3 cells (Merck, Germany) were maintained at 37°C in 5% CO2 in Dulbecco's
Modified Eagle Medium (DMEM, Sigma-Aldrich, UK) supplemented with 10% (v/v) newborn
calf serum (Sigma-Aldrich, UK), 4 mM L-glutamine (Thermo Fisher Scientific, UK), 20 mM
HEPES (Thermo Fisher Scientific, UK), and 1% (v/v) penicillin/streptomycin (InvitrogenTM,
UK). Cells were cultured in 10 cm Petri dishes (Greiner Bio-One, UK). The culture media was
changed every third day. Once cells had reached approximately 90% confluency, they were
mechanically scraped and sub-cultured under the same conditions in 10 cm Petri dishes (Greiner,
Germany) to allow proliferation. Cells were regularly checked for Mycoplasma infection using a

MycoAlert testing kit (Lonza, UK), according to the manufacturer’s instructions.

NRU Cytotoxicity Assay
For the Neutral red uptake (NRU) cytotoxicity test, BALB/c 3T3 cells which were seeded into
96-well plates (1 x 10* cells/well) and maintained in culture for 24 h (approximately 1 doubling
period) to form a sub-confluent monolayer. Subsequently, cells were exposed to the test
compounds over a range of concentrations. After 24 h exposure, NRU was determined for each
treatment concentration and compared to that determined in control cultures — cell viability was

calculated as the percentage of vehicle control (cell culture media only) values. For the treatment

10



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

extracts, all compounds were extracted at a ratio of 0.1 mg/ml in vehicle medium for 72 h before

being added to cell culture.

Scanning Electron Microscopy
Scaffolds with cells were fixed in 2.5% v/v glutaraldehyde in deionised water for 1 hour at room
temperature. The fixative was removed and the samples were rinsed trice in PBS before
undergoing sequential dehydration in a graded ethanol series (40%, 50%, 70%, 90%, and 2 x
100% ethanol v/v in MiliQ H20, 10 minutes each step). Scaffolds were further dehydrated using
hexamethyldisilazane (HMDS, 300 pL/scaffold) and were left inside the fume cupboard
overnight to complete drying. Samples were stored in a desiccator until use. Before imaging,
scaffolds were mounted on an aluminium stub using a carbon adhesive disk and gold-coated
using a sputter coater (SC7620 mini, Quantum Design, Switzerland). High-resolution images
were taken using an environmental scanning electron microscope (Evo LS15 Variable Pressure
Scanning Electron Microscope, Carl Zeiss, Germany). Multiple areas (minimum of 3) were
observed randomly on each sample at magnifications of X100, X500, x1000, and x5000. The
microfibre diameter was measured based on images taken at x5000 magnification using Image J

(38). A total of 10 measurements were performed for type of sample.

Statistical analysis
The statistical analysis was performed with the GraphPad Prism software version 8 (GraphPad
Software, San Diego, USA). Data in graphs were expressed as means with standard deviations.
T-tests and standard ANOVA with Tukey’s multiple comparisons testing were used to examine

statistical differences between groups. Results were considered significant for p < 0.05.
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Results

Manufacturing stretched PCL ES filaments
Continuous PCL ES filaments were successfully produced with the wire collector system, as
shown in Figure 1. The collected or ‘raw’ filaments presented as flat meshes of randomly
arranged of microfibres (Figure 1A and B). These were drawn to obtain stretched filaments made
of aligned microfibres (Figure 1C-E). Besides alignment, stretching also resulted in reducing the
average width of the filaments from 776 to 517 um and in decreasing the average microfibre
diameter from 2.9 + 0.6 um to 1.9 + 0.4 um (Table 1). A representative curve shown in Figure 1

F indicates that stretched filaments have a near linear stress-strain behaviour under tension.

Stress (MPa)

‘ b

Strain (%)

Figure 1: Producing stretched PCL ES filaments: A-B. SEM images of collected, unstretched, filaments (400x
and 2500x, respectively) showing a relatively random microfibre arrangement, C-D. SEM images of stretched

filaments at similar magnification, showing a smaller width and aligned microfiber arrangement, E.

12
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macroscopic image of a spool of stretched filament, D. Typical stress-strain curve obtained during tensile test

to failure showing the elastic behaviour of a stretched filament.

Assembling multifilament twisted yarns
Plied yarns (made of 3 stretched filaments) and cabled yarns (made of 3 plied yarns) were both
produced with an automated twister, as shown in Figure 2. As shown in Table 1, similar twist
numbers were measured in the plied yarns and cabled yarns: 184 + 44 twists/m (S direction) and
172 + 33 twists/m (Z direction), respectively. The average diameter of the microfibres in the

stretched filaments was shown to decrease further to 1.6 + 0.4 um in the cabled yarns.

Figure 2: Assembling multifilament yarns: A. Macroscopic picture of the automated twisting unit used to
produce the yarns (1: feeding stand; 2: feeding motor, 3: collecting spool), B. Spool of plied yarn, C. SEM

image of a plied yarn, D. Spool of cabled yarn, E. SEM image of a cabled yarn.
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The tensile tests showed that the force at break progressively increased from 2.0 £ 0.4 N, 5.8 +
0.5 N, and 14.8 £ 0.8 N for the stretched filament, plied yarn and cable yarn, respectively (Figure
3A). The maximum stress changed from 152.0 + 33.4 MPa, 191.0 £ 15.7 MPa, 144.2 £ 7.7 MPa
with the increase in hierarchical structure (Figure 3B). The maximum elongation was around 40-
50% for all structures, with no significant difference between samples (Figure 3C). The Young’s
modulus followed a trend similar to the maximum stress, showing 536.4 + 82.9 MPa, 657.3 £
76.4 MPa, 418.8 = 23.3 MPa, respectively for the filament, plied yarn and cabled yarn (Figure

3D).

=]
[=]
[~]
[=]

207 e 250 80 800

200 600

150+
400+

Force (N)
Strain (%)

100

Stress (MPa)

504 200

Young's modulus (MPa)

Figure 3: Tensile properties of the stretched filament, plied yarn and cabled yarn: A. maximum force, B.
maximum stress, C. strain at maximum stress, and D. Young’s modulus. Error bars represent standard

deviation (n=10), ****p<0.0001 *** p<0.001 **p<0.01.
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Table 1: Textile properties of the PCL ES filaments and yarns (N/A: not applicable)

Diameter or Microfiber Twist number | Linear density | Fibre tenacity
width diameter (twists/m) (dTex) (cN/dtex)
(nm) (um)
Unstretched 776.1+
29+0.6 N/A
filament 229.1
Stretched
516.5+93.6 |19+04 N/A 1452 £ 13.6 14+0.3
filament
Plied yarn 4334+733 | 19+0.3 184 + 44 343.0+12.8 1.7+0.2
580.0 £ 51.6
Cabled yarn 16+0. 172 £33 1136.8+404 | 1.3+0.1

Weaving the ES fabric
As shown in Figure 4 A-C, a 10 mm-wide plain pattern fabric was produced with a manual loom.
The fabric was made of 20 cabled yarns as the warps (yarns travelling in the direction of the
fabric) and 1 cabled yarn used as the weft (yarn travelling side-to-side). Approximately 2 meters
of fabric were produced in this study, corresponding to about 1 km of stretched filament.
The mechanical properties of the ES fabric are shown in Figure 4 D-G and are compared to
FibreWire (FW) sutures. The maximum force measured for the ES fabric was 272.6 + 13.5 N.
This was inferior to the force measured for FW sutures, which was 326.4 + 11.1 N. However, all

the ES samples failed at the grips, indicating that clamping may have damaged the fabric and
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that higher forces could be reached with more suitable grips. The maximum strain was measured
to be or 75 £ 7% and 36 £ 13%, respectively for the ES fabric and the FW suture. The maximum
stress was much lower for the ES fabric, 70.0 £ 3.5 MPa, than for the control, 319.0 + 12.5 MPa.
Similarly, the Young modulus was 116.1 £ 9.3 MPa and 1441 + 414 MPa, respectively. This

indicates that the suture is stronger and much stiffer than the ES fabric.
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Figure 4: Woven ES fabric produced from ES cabled yarns: A. manual weaving loom used in this study; B
woven band under production showing a plain weave pattern; C. SEM image of woven fabric size at low
magnification; D-G. Mechanical data comparing the woven PCL fabric to FW sutures (control) including
maximum force (D), maximum stress (E), strain at maximum stress (F) and Young’s modulus (G). ****

p<0.0001 **p<0.01.
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Biological characterisation with primary human ACL-derived cells
The attachment, proliferation and morphology of primary human ACL-derived cells on the ES
fabric are shown in Figure 5. The initial cell attachment was not significantly different between
the ES fabric and the FW control (Figure 5A). Only a small proportion of the cells seeded
attached to either substrates, as shown by the low seeding efficiency of around 25% in Figure
5B. However, cells proliferated over 14 days, and showed a similar growth curve for both types
of materials (Figure 5C). On day 4, cells on the ES fabric aligned with the fibre direction (Figure
5D). Cell alignment was less pronounced on the FW control, as cells tended to wrap around the
larger fibres and bridge bigger fibre gaps (Figure 5G). Higher coverage of the materials by cells
can be seen at day 7 (Figures 5E-H). At day 14, there was a significant increase in biomass
relative to day 1 (Figure 5C, p > 0.05) for both substrates, with cells almost fully covering their

surfaces (Figures 5F and 1).
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Figure 5. In vitro comparison of the ES fabric and FW sutures using a primary human ACL-derived model. A.
Numbers of cells attached to the materials 24 hours after seeding. B. Cell seeding efficiency. C. Relative cell
growth on the materials over 14 days (Mean + SD, Two-way ANOVA with Tukey's post hoc test; n = 3, each
in min. of triplicates; ** p < 0.05). D — F. SEM images showing cell morphology and spreading on the ES
fabric (red arrows) at day 4 (D), day 7 (E), and day 14 (F) after seeding. G — I. SEM images showing cell

morphology and spreading on FW (red arrows) at day 4 (G), day 7 (H), and day 14 (l). Scale bars = 20 pm
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Cytotoxicity of the ES fabric

The NRU assay — an indirect cytoxicity test recommended as part of the biological evaluation of
medical devices — is based on the ability of viable cells to incorporate and bind the supravital dye
neutral red in lysosomes, thus providing a semi-quantitative estimation of the number of viable
cells in a cell culture. Here, we have used an in-house NRU assay for preliminary assessment of
the biocompatibility of an ES fabric as guided by the 1SO 10993-5:2009 standard. The 3T3
mouse fibroblast cell line was exposed to test compounds over a range of concentrations (Figure
6A). After 24 h exposure, NRU was determined for each treatment concentration and compared
to that of control culture. The results of the indirect cytotoxicity test confirmed ES fabric is non-
cytotoxic, with relative cell viability for the highest concentration of the sample extract (neat
extract) being > 70 % of the control group — a minimum required by 1SO-10993-5 to pass this
test. Figure 6B shows SLS control testing within the specified range, a test acceptability

criterion.
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Figure 6. Cytotoxicity of the ES fabric as determined by the NRU test. A. Comparison of cytotoxicity of
FW suture (dark blue) and ES fabric (light blue) groups test compounds over a range of concentrations. N
represents undiluted extract. N/2 and N/4 represent 2-fold and 4-fold dilutions of N, respectively. DMEM
represents media only (vehicle) control group; SLS (sodium dodecyl sulphate) represent positive control
group; PEC (polyethylene caps) represents negative control group. B. SLS. Intra- and interlaboratory

repeat test control.
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Discussion

Bioactive and degradable (or resorbable) synthetic textiles that encourage tissue repair are a
promising strategy to biologically and mechanically support ACL reconstruction or repair (21,
39-41). While the mechanical properties of those textiles are important to sustain the significant
stresses at the ACL reconstruction site, physical cues at the microlevel are also key to instruct the
cells to form new tissue before the material is completely absorbed by the body. Mimicking the
alignment and dimensions of the extracellular matrix (ECM) components through processing
method such as electrospinning seems to be particularly promising (23, 25, 41, 42). In this
context, the ability to produce continuous ES filaments is a key advantage as it enables the

production of various fibrous devices using existing textile machineries (29).

Here, we demonstrate that continuous PCL filaments can be produced with an electrospinning
method previously proposed for fabricating PDO filaments. This suggests that the wire collection
method is not polymer specific and could be extended to a wider range of polymers used in the
biomaterial field such as polylactic acid, poly(lactic-co-glycolic acid), poly(hydroxy butyrate),
etc. Moreover, similar to our studies performed with PDO (27), the collected PCL ES filaments
could be permanently deformed through stretching to create highly aligned microfibrous
structure closely resembling the ECM of ligaments and to reach a near linear elastic behaviour
(Figure 1F). The plastic deformation resulting from the stretching also led to a decrease of both
the filament width and the microfiber diameter, as previously observed (30). Interestingly, the
stretched filaments showed higher values of maximum stress and Young modulus compared to

other PCL yarns proposed in the literature. The values measured here were around 150MPa for
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the stress and 500MPa for the modulus, while these are typically reported to be between 3-
40MPa and 5-70MPa, respectively (43-45). The differences may be explained by the use of the
wire collector, as the small surface area available for collection creates a rounded, densely
interconnected mesh of fibres. This was shown to improve the strength and stiffness of the yarns
compared to 2D collectors (27). The addition of a stretching step post-spinning may also have

contributed to this through alignment of the polymer chains along the length of the fibres (46).

Processing the ES filaments into a ES fabric led to a progressive decrease of the average
diameter of the microfibres (from 2.9 um in the single stretched filaments to 1.9 um in the plied
and cabled yarn, and 1.6 um in the woven fabric). This could be explained by further plastic
deformation occurring in the filaments, due to torsion and tension forces caused by the twisting
and winding processes. The effect from external forces on deformation is well-known in the

production and post-processing of polymeric fibres (47).

The maximum strength of the yarns increased almost linearly with the number of filaments, as
expected. The fact that cabled yarns were weaker than anticipated (14.8 N instead of 18 N, i.e. 9
x 2 N) may be due to damage caused during the twisting process or to uneven tensions in the
final multifilament yarns (47). The maximum strain was also affected when going from single
filament to multifilament but it did not vary significantly between plied and cabled yarns. Values
of the maximum stress and Young modulus both increased in the plied yarn but dropped in the
cabled yarn. Such observations may be the result of the introduction of a high twist number in
the plied yarn, resulting in a structure under high tension. This tension was then reduced in the

cabled yarns, following twisting in the opposite direction. It is worth noting that, although
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twisted and woven ES yarns have been proposed before (27, 48-52), post-spinning processing
pure ES filaments with an automated twisting unit and with a traditional manual loom are both
shown here for the first time. This further supports our previous observations that continuous ES
filaments produced with the wire collection system can be processed through a wide range of
existing textile technologies (27, 29, 30, 32). This also demonstrates the potential of scaling-up

the manufacturing process of PCL ES fabrics.

Weaving the multifilament yarns was necessary to provide the device with dimensions and
strength suitable for a potential augmentation role in ACLR. The strength to failure of the woven
ES structure was 272.6N, which was near to the expected strength of 20 warps (296 N). In
healthy adults the ultimate strength of the native ACL is approximately 2000 N (53) and peak
ACL tensile forces during non-weight bearing and weight bearing exercises mostly vary between
0 and 400N (16, 54). However, such strength would not be required for an augmentation role in
ALCR surgeries, as the materials would be used alongside with an autograft or allograft. FW
sutures, which are commonly used in such operations, display an average maximum force of
326.4 N. A force at break of 272.6N (i.e. about 83% of FW) therefore suggests ES fabrics may
be suitable as an augmentation material. To our knowledge this is the first time that pure PCL
electrospun fabrics demonstrate such high strengths. However, future work should demonstrate
the compatibility of the material with fixation devices (screws and suspensory fixation loops),
since these may weaken or damage the soft PCL fabric (as observed in our tensile test at the grip
site). Another aspect that requires further work is the design or pattern of the fabric, as here we
have been working with a basic plain pattern. Advanced patterns (such as twill) or textile

techniques (such as braiding) offer the potential for modulating the mechanical properties
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(especially strain and Young modulus but also resistance to fraying), such as to better match
those of the native tissue or improve the biological response (32, 55). It is worth noting that,
upon implantation, new tissue formation and material degradation would both contribute to the

mechanical properties of the device.

Human cells derived from ACL tissue attached and proliferated similarly on both on the ES
fabric and the collagen coated FW control. The relatively low seeding efficiency may be
explained by the small size of the ES and FW samples and the gaps between fibres in the woven
structures, which resulted in most of the cell suspension flowing down to the bottom of the well-
plate. While FW (coated and uncoated) has been reported to demonstrate excellent
biocompatibility through extensive animal and clinical testing as well as successful clinical
outcomes in millions of orthopaedic procedures (56), these results cannot simply be translated
into clinical equivalence. However, they are a useful foundation for future preclinical and

clinical non-inferiority evaluations.

A difference could be seen in terms of cell morphology as the ES fabric was better at directing
and supporting cell alignment compared to FW. These observations are consistent with the
literature and is an expected cell response to the highly aligned microfibers present in the ES
fabric (57). While these results are encouraging, future work demonstrating cell migration within
the materials and looking at their gene expression profile will be important to discuss the healing

potential of the ES fabric (27, 29, 58-60).
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To complement our biological evaluation, we have carried out a NRU assay guided by the ISO
10993-5:2009 standard. Our results suggest that the proposed PCL ES fabric is not cytotoxic.
While the excellent biocompatibility and safety profile of PCL is well-documented, the
manufacturing processes carried out to transform PCL into useful medical devices may affect
their cytotoxicity. In particular, residual solvents can be the cause of toxicity in electrospun
materials as electrospinning often requires the use of organic solvents (e.g. HFIP in this case).
The results are therefore supportive, although they will need to be repeated at later stages of the
product development such as to encompass the effect of sterilisation. It is worth noting that

sterilisation is likely to impact various properties of the implant, not just cytotoxicity (61-63).

Overall, our physical and biological evaluations suggest that PCL ES fabrics could act as suitable
augmentation devices for ACLR surgeries. The main advantages of PCL ES devices are that they
are (1) synthetic, ensuring consistent manufacturing, (2) fully degradable, avoiding problems of
long-term rejection, and (3) porous structures made of aligned microfibers, which encourage cell
proliferation and fibroblast like morphology. From a regulatory point of view, ES fabrics would
classify as a medical device Class Il (64). This means that their translation to clinical use and
market will require a much more comprehensive set of preclinical tests, including (but not
limited to): residual study, chemical analysis, bioburden test, degradation profile and further in

vitro and in vivo (systemic and local toxicity) testing.
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Conclusions

Synthetic degradable materials that both support ACLR mechanically and biologically are much
sought after. In this context, we have investigated the potential of a fabric made of PCL ES
filaments. We used continuous textile processes to create an ES fabric with strengths that could
be suitable for an augmentation role in ACLR. Cell proliferation showed approximately a 3-fold
increase in cell number over 2 weeks and was equivalent to a collagen coated synthetic suture
commonly used in ACLR. The cells generally adopted a better fibroblast morphology on the ES
fabric, aligning themselves in the direction of the microfibres. We also demonstrated that the
current version of the ES fabric was non-cytotoxic according to established regulatory standards.
Overall, this study supports the potential of ES medical textiles for ACLR. Future work will aim
at further developing the device such as through the use of braiding, with clinically relevant

mechanical testing, degradation assays and more advanced biological testing.
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