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Abstract

Polyethylene terephthalate (PET) artificial ligaments offer an unlimited source of ligaments without
donor-site-related morbidity and with good mechanical properties for a rapid return to sporting activities.
Developing PET artificial ligaments with excellent ligamentisation and ligament-bone healing is still a
considerable challenge. This study aimed to investigate the effects of the profiled PET/collagen/calcium
phosphate (PET/C/CaP) ligament upon cell growth, ligamentisation and ligament-bone healing in vitro and
in vivo. Profiled PET/C/CaP filaments were made by melt-spinning process with 2 % CaP hybrid spinning
and collagen coating. Rat mesenchymal stem cells (MSCs) were cultured on the profiled PET/C filaments for
cytotoxicity, viability, scanning electron microscopy (SEM) and ligament-related gene expression analysis.
MSCs’ osteogenic capacity on the profiled PET/CaP filaments was identified by detecting osteogenic gene
expression and alizarin red S staining. For in vivo verification, an animal study was performed to evaluate
the effect of the profiled PET/C/CaP ligament in a rabbit knee medial collateral ligament reinforcement
reconstruction model. The graft ligamentisation and bone formation were investigated by SEM, histology,
microcomputed tomography and mechanical tests. The profiled PET/C filaments enhanced MSC proliferation
and ligament-related gene expression. Furthermore, they enhanced osteogenic gene expression, alkaline
phosphatase activity and mineralisation of MSCs. The in vivo study indicated that the profiled PET/C/CaP
ligament enhanced ligamentous matrix remodelling and bone formation. Therefore, their use is an effective
strategy for promoting MSCs’ ligamentous and osteogenic potential in vitro and enhancing ligamentous
matrix remodelling and bone formation in vivo.
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2D two dimensional ANOVA analysis of variance
3D three dimensional BMP-2 bone morphogenetic protein 2
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BMSC bone marrow stromal cell

CaP calcium phosphate

Collal collagen type I al

Col3al collagen type IIl a1

DAPI 4’,6-diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

Egrl early growth response factor 1

ELISA enzyme-linked immunosorbent
assay

eNOS endothelial nitric oxide synthase

FOY fully oriented yarn

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

GPU graphics processing unit

HA hydroxyapatite

H&E haematoxylin and eosin

LARS Ligament Advanced Reinforcement
System

LDH lactic dehydrogenase

MCL medial collateral ligament

MSC mesenchymal stem cell

OCN osteocalcin

or osteopontin

PBS phosphate-buffered saline

PCL polycaprolactone

PEG polyethylene glycol

PET polyethylene terephthalate

PET/C/CaP polyethylene terephthalate/collagen/
calcium phosphate

POY pre-oriented yarn

RT-qPCR quantitative reverse transcription
polymerase chain reaction

Runx2 runt-related transcription factor 2

Sex scleraxis

SD standard deviation

SEM scanning electron microscopy

Tnc tenascin C

Tnmd tenomodulin

VEGF vascular endothelial growth factor

uCT micro-computed tomography

Introduction

Ligament injuries are the most common pathology of
the knee among athletes and ACL and MCL injuries
account for most ligament problems (Bollen, 2000;
Majewski et al., 2006). Following a ligament injury,
other complications, including joint instability,
dislocation and osteoarthritis, can occur, causing
functional disability and a great societal economic
burden. Autologous grafts are commonly used
for knee-ligament reconstruction. Autografts do
not induce graft rejection; moreover, their natural
properties and availability make them a first-line
option. However, this process would cause donor-site
pain, disability, crepitus, weakness of the extensor
mechanism and patellar fracture following surgery
(Bashaireh et al., 2020; Hoher et al., 2003; Wood et al.,
2019). Although allografts may prevent donor-site
problems, they may also induce disease transmission.
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The graft sterilisation process changes the properties
of the ligament and elevates the associated costs
(Hoher et al., 2003). To overcome the drawbacks
of autografts and allografts, synthetic grafts are
one of the most considered options for ligament
reconstruction. The benefits of these grafts include
no morbidity to the donor site and availability.
Moreover, they provide the graft with strong
mechanical properties and significantly diminish
the time required to return to activity and training
(Zoltan et al., 1988). However, long-term follow-
up showed a 33 % failure rate of synthetic grafts
and several complications, such as synovitis, joint
instability as well as problems with biocompatibility
and durability (Satora et al., 2017; Tulloch et al., 2019a;
Tulloch et al., 2019b). Apart from the abovementioned
scenarios, because synthetic grafts pass through bone
tunnels and are fixed using screws, the synthetic
material is not ideal for osseointegration.

PET artificial ligaments, such as the LARS® system
(Surgical Implants and Devices, Arc-sur-Tille, France)
are commonly used. However, well-visualised
autologous tissue ingrowth is barely observed
due to the hydrophobic nature of PET, which may
lead to inferior biomechanical properties following
reconstruction (Tulloch et al., 2019c). To overcome
these drawbacks, previous studies have focused on
the modification of PET surface properties, including
silk fibroin, HA and CaP (Cai et al., 2018; Chen et al.,
2016; Zhi et al., 2019). Current commercial products
are made of cylindrical PET filaments (Yu et al.,
2014). The textile industry makes profiled cross-
section filaments, such as + or Y shape, to produce
moisture-wicking yarn. Polymer filaments with a
profiled cross-section design help fluid to circulate
through the gaps formed between the fibres by
capillary action. The application of such profiled PET
filaments to the artificial ligament design may help
with cell growth and ligament maturation but the
effect remains to be further verified.

Collagen plays an important role in the
extracellular matrix: it has excellent biocompatibility,
shows differential ligamentous induction and
regulates fibroblast behaviour (Dong and Lv, 2016).
Scaffold coating with type I collagen leads to a greater
fibroblast infiltration depth and a higher infiltration
ratio, suggesting that collagen may stimulate
fibroblast migration and cell remodelling (Chang et
al., 2020). Cells isolated from the ACL and cultured on
scaffolds comprised of type I collagen showed higher
expression of the ligamentous gene TNMD and lower
expression of the osteogenic differential gene ALP
than elastin-A-manufactured scaffolds (Mizutani
et al., 2014). To facilitate ligamentisation of the
synthetic graft, the collagen coated on PET filaments
was adapted to create an environment suitable for
ligament tissue regeneration and maturation.

CaP-based materials have been used in a variety
of biomedical applications due to the benefits of good
osteoconductive capacity, biocompatibility, bioactive
properties and osseointegration (Meng et al., 2016;

253 www.ecmjournal.org



CC Tai et al.

Profiled PET artificial ligament

Overmann and Forsberg, 2020). In vitro culture of
MC3T3-E1 mouse osteoblastic cells on PET artificial
ligament with biomimetic nanoscale CaP coating
demonstrated good biocompatibility for cell adhesion
and proliferation and high ALP activity (Chen et al.,
2016). A recent study electrodepositing CaP onto
PET artificial ligaments significantly improved
the graft-bone integration process following ACL
reconstruction (Cai et al., 2021). A previous study
showed that PET coated with HA, a type of CaP,
could induce bone formation between grafts and
natural bone, improving the mechanical properties
(Li et al., 2011). Dental implants coated with HA
and collagen showed more bone formation and
bone-to-implant contact than those coated with HA
only (Lee et al., 2014). Although several studies have
reported using CaP on PET surface modification to
enhance osteogenic activity, it remains a big challenge
for artificial ligament reconstruction with distinct
osseointegration of the ligament-bone insertion site.

The present study aimed to develop a new type
of PET artificial ligament with profiled cross section
filaments and biological modification. MSCs were
cultured on the surface of profiled PET filaments
incorporating collagen and CaP (profiled PET/C/
CaP ligament) to assess the biocompatibility for
cell proliferation and the induction of ligamentous
and osteogenic potential in vitro. Moreover, an
animal study was performed to evaluate the effect
of profiled PET/C/CaP ligament in a rabbit knee
MCL reinforcement reconstruction model. It is
hypothesised that profiled PET/C/CaP ligament is
an effective strategy for promoting MSC ligamentous
and osteogenic potential in vitro and enhancing
ligamentous matrix remodelling and bone formation
in vivo.

Materials and Methods

MSC isolation and culture

Rat bone marrow MSCs were isolated from 12
8-week-old Sprague-Dawley rats. After the rats were
euthanised, the bilateral tibiae and femora were
detached and preserved in PBS. Tibia and femur bone
marrows were flushed several times with DMEM
containing 10 % FBS (Gibco) using a 5 mL syringe and
then filtered through a 70 um cell strainer. A total of
10 mL of bone marrow solution was centrifuged at
378 xg for 5min. The supernatant was discarded and
the remaining marrow was resuspended in DMEM
containing 10 % FBS. Then, cells were cultured
in a 100 mm dish and incubated at 37 °C and 5 %
humidified CO,. To isolate the adherent cells, the
culture medium was changed every 24 h, 3 times to
complete the primary culture (passage 0). The culture
medium was changed every 3 d and the cells were
trypsinised and sub-cultured in 100 mm dishes after
they reached 80 % confluence. Cells from passages
1 to 3 were used. The study procedures received
approval from the Institutional Animal Care and Use
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Committee of National Taiwan University College
of Medicine and College of Public Health (IACUC
approval number 20180401) and the Guide for the
Care and Use of Laboratory Animals (Chinese-Taipei
Society of Laboratory Animal Science).

Preparation and characterisation of the PET
filaments

Profiled PET filaments were made by a melt-spinning
process from the Industrial Technology Research
Institute and Taiwan Textile Research Institute. The
PET raw material particles were made into 4 Denier
(D) pre-oriented yarn at a spinning temperature of
288 °C and a spinning speed of 2,500 m/min and then
extended to 1.9 D fully oriented yarn at a temperature
of 140 °C. The filament cross sections were varied
by changing the spinneret hole shape. The profiled
filaments included four shapes: O, I, Y and cross
(+). Cross-section images were acquired using a
Leica MZ12 Stereo microscope. In addition, the CaP
bioceramic was predispersed, mixed with PET at
2 % (w/w) and, then, the melt-spinning method was
used to make the PET/CaP filaments. Next, textile
samples were assembled, with PET filaments as the
longitudinal core and PET/CaP filaments woven at
the two ends. Before collagen coating, the filaments
were sterilised and dehydrated with alcohol.
Following drying, the filaments were soaked in 1 %
HCI solution for 2 h and washed in ddH,O. The
filaments were soaked in collagen solution several
times and then put into a drying oven to complete the
collagen coating (PET/C). Finally, the textile samples
were rolled into a cylindrical shape as an artificial
ligament for this experiment (Fig. 1).

Cytotoxicity

An LDH Cytotoxicity Assay Kit-WST (Dojindo
Molecular Technologies, Rockville, MD, USA) was
used to test PET cytotoxicity. MSCs were seeded in
96-well plates and incubated for 24 h. Next, PET fibres
were cutinto pieces and added to the plates. Then, the
LDH test protocol followed the guidelines of the kit.

Cell viability

The Alamar Blue™ Cell Viability Reagent (Thermo
Fisher) was used to test the cell viability. MSCs were
seeded on profiled filament PET artificial ligaments at
6 x 10° cells/cm?. At 7, 14 and 21 d, the culture medium
was replaced with a medium containing 10 % alamar
blue followed by incubation for 4 h. The absorption at
570 nm/600 nm was detected using an ELISA reader
(Molecular Devices, San Jose, CA, USA).

SEM

MSCs were seeded on profiled filament PET artificial
ligaments for 7 d. SEM was used to observe cell
proliferation. PET artificial ligaments were fixed
using 2.5 % (v/v) glutaraldehyde in PBS at 4 °C for
24 h. After washing with PBS 3 times, the cells were
immersed in 1 % (v/v) buffered osmium tetroxide
(pH 7.4) for 1 h. Then, the samples were dehydrated
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through a graded ethanol series (50 %, 75 %, 90 %
and 95 %) for 10 min and then washed 3 times with
100 % ethanol for 10 min. The samples were dried
using a critical point dryer, sputter-coated with gold
(10 nm thick) and observed by SEM (JSM-5410, JEOL,
Tokyo, Japan).

Fluorescence microscope

A LIVE/DEAD™ Viability/Cytotoxicity Kit (Thermo
Fisher) was used to detect MSC proliferation on the
profiled filament PET artificial ligaments. Following
14 d of incubation, the samples were washed with
PBS 3 times. Then, 10 mL of PBS containing ethdium
homodimer-1 and calcein AM working solution
were added to the samples for 30 min, followed by
washing with PBS. Before fluorescence microscopy
(Zeiss AXIOVERT 200 M; excitation/emission: calcein
AM 494/517 nm, ethdium homodimer-1 528/617 nm)
was performed, 100 uL aqueous anti-fade mounting
medium containing DAPI (ab104139, Abcam) was
added at room temperature for 5 min.

RNA extraction and RT-qPCR

TRI Reagent® and a Direct-zol™ RNA Kit (Zymo
Research, Irvine, CA, USA) were used to isolate total
RNA. Total RNA was reverse-transcribed into cDNA
using the PrimeScript™ RT reagent Kit (Takara,
Kyoto, Japan). RT-qPCR was performed using the
CFX Connect Real-Time PCR Detection System
(Bio-Rad) with an iQ SYBR® SuperMix Kit (Bio-Rad),
where each reaction mixture contained 50 ng of
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cDNA. The 2722¢ method was used to calculate the
gene expression level using GAPDH as an internal
control. Primer sequences are listed in Table 1.

Application of in vitro mechanical stretching

In vitro uniaxial stretching was applied to the
artificial ligaments to mimic the in vivo mechanical
environment. To detect the influence of mechanical
force on gene expression, the Dynamic Culture
System (ATMS Boxer™, TAIHOYA Corporation,
Kaohsiung City, Taiwan) was used to subject the
artificial ligaments to uniform uniaxial stretch, with
the stretching parameters set to a 1 Hz rate, 10 %
strain and 2 h/d for a period of 7 d. MSCs were
seeded on profiled fibre PET artificial ligaments at
6 x 10° cells/cm?. Following 3 d of incubation, each
PET structure was stretched by the dynamic culture
system. After stretching for 7 d, cells were harvested
to characterise gene expression by RT-qPCR.

ALP assay

The ALP activity assay was performed on day 7
and 14 of culture. ALP released from the cells into
the medium was measured using a commercially
available ALP assay kit (ab83369, Abcam). The
medium was collected and added into a 96-well plate,
each well of which contained 30 uL of the sample.
60 pL of ALP regent (5 mmol/L pNPP solution)
were added to each well and incubated at 25 °C for
60 min. 20 uL of Stop Solution was added to each
well to stop reaction. Then, the plate was read using

Collagen coating

Fig. 1. The production process of profiled PET/C/CaP artificial ligaments.
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Table 1. RT-qPCR primer sequences.

Oligo name

Sequence (5’ to 3’)
(forward: F; reverse: R)

F: TTGAGCAAAGACCGTGACAG

Sex R: CTGTGCTCAGATCAGGTCCA
Eorl F: TTATCCCAGCCAAACTACCC
8T R: CAGAGGAAGACGATGAAGCA
Colal F: GGAAGAGCGGAGAGTACTGG
R: CATGCTCTCTCCAAACCAGA
Col3ul F: AGGCCAATGGCAATGTAAAG
ofoa R: GGCCTTGCGTGTTTGATATT
. F: TGCCATGAAGGGATTTGAAGA
€ R: GGCTGTCAGAAGGCCAGATG
Trmd F: CCTCAGCAGTGGTCTCTCA
n R: AAGGCCAGGATACCAAACAC
Runx2 F: AAGTGCGGTGCAAACTTTCT

R: AGGCTGTTTGACGCCATAGT

OCN F: GGTGGTGAATAGACTCCGGC
R: AGCTCGTCACAATTGGGGTT

F: AGCATTCTCGAGGAAGCCAG

op R: AGTGTTTGCTGTAATGCGCC
ALp F: CTACGCACCCTGTTCTGAGG
R: CCCAAGAGAGAAACCCACC

GAPDH F: GTGGACCTCATGGCCTACAT

R: GGATGGAATTGTGAGGGAGA

a spectrophotometer (Molecular Devices) at 405 nm
absorbance.

Alizarin red S staining

To further examine the osteoinductive effects of
CaP, the medium was changed into an osteogenic
medium [containing 0.1 pmol/L dexamethasone,
50 pmol/L L-ascorbate-2-phosphate and 10 mmol/L
B-glycerphosphate (Sigma-Aldrich)] and changed
every 4 d. The alizarin red S staining assay was
performed on predetermined days of culture to
analyse the cell mineralisation. After removing the
culture medium and fixing in 4 % paraformaldehyde
in PBS (pH 7.4) for 15 min at room temperature,
the samples were washed 3 times with ddH2O.
Alizarin red S (40 mmol/L) was added to each
well for 30 min. Cells were washed with ddH,O
and the plates were photographed using a digital
camera (Panasonic DMC-G?7). For quantification of
mineralisation, the bound stain was solubilised in
10 % (w/v) cetylpyridinium chloride (Sigma-Aldrich)
in 10 mmol/L sodium phosphate at pH 7.0. Then, the
extracted stain was transferred to a 96-well plate and
measured using an ELISA reader at a wavelength of
562 nm.

Animals and surgical procedures

In accordance with national animal welfare legislation,
the following animal study was approved by the
Institutional Animal Care and Use Committee of
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Master Laboratory Co., Taiwan (approval number
MI-201906-03). 24 New Zealand white rabbits
(Master Laboratory Co., Ltd., Taipei City, Taiwan)
with a mean body weight of 3.0 kg and an age of 6
months were selected. The animals received MCL
reinforcement reconstruction of the hind limbs. One
knee received the profiled PET/C/CaP graft, while the
other a commercialised product (LARS®) as a control.

All surgical procedures were performed under
general anaesthesia by intramuscular injection of
a Zoletil®-Rompun® mixture (Zoletil® 15 mg/kg
+ Rompun® 0.05 mL/kg; Zoletil®, Virbac Taiwan,
Taipei City, Taiwan; Rompun®, Bayer Taiwan, Taipei
City, Taiwan). For analgesia, the rabbits were given
meloxicam (0.15 mg/kg peroral; Metacam, Boehringer
Ingelheim) 1 d pre-operatively, immediately pre-
operatively and 2 d following surgery. During the
operation, two tunnels were drilled in the tibial and
femoral condyles. Using a guide pin to allow the PET
structures to pass through the two tunnels, there was
a button at the end of the PET structures. The end
was an anchor at the lateral side of the tibial condyle
tunnel and the medial femoral tunnel was locked
using a titanium alloy (Ti Al V) interference screw
(Tsai et al., 2018). Finally, a half-incision was made on
the MCL and sutured using a PET structure. The other
leg underwent the same surgery but was implanted
with LARS® as a control. Following surgery, the
animals were returned to their cages and were
allowed free movement without any restriction or
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immobilisation of their extremities. Animals’ physical
and mental state and behaviour were assessed daily
by observation and during interactions with the
animal carer. An X-ray was taken after 1 month to
check the position of the buttons and screws for graft
stability. Rabbits were euthanised at 1 and 3 months
to complete the subsequent experiments, including a
HCT scan, histology, SEM and the material pull-out
test.

Histological analysis and SEM

Tissue samples were carefully excised and fixed in
4 % paraformaldehyde in PBS (pH 7.4) for 2 h at
room temperature, dehydrated through an alcohol
gradient, embedded in paraffin-wax and sliced. For
the histological examination, sections (7 pm) were
stained with H&E and Masson’s trichrome stain
according to standard procedures. For morphological

a b

examination, SEM was used and the method was the
same as that mentioned above (see SEM paragraph).

uCT analysis

The 6 stifle joints were harvested and scanned by pCT
analysis (Skyscan 1176, Bruker) at each time point.
High voltage scanning (90 kVp, 278 yA, at a 25 W
output with a 360° scan) with an 18 um sample size
was used for the experiment. Image reconstruction
was performed using the GPU-based reconstruction
software GPU-Nrecon. Automatic threshold and
structure densitometry analyses were performed
using CTAn software (Bruker).

Pull-out test

A material testing machine (ElectroForce® 3510-AT,
Bose Corporation-ElectroForce Systems Group,
Eden Prairie, MN, USA) was used for biomechanical
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Fig. 2. Biocompatibility of the profiled PET filaments. (a) The LDH cytotoxicity test showed that the PET
filaments did not cause cytotoxicity (n = 8; ** p <0.01). (b) Cell viability assays were investigated at days 3,
7 and 14 to examine the effects of the different profiled filaments and collagen coating conditions upon cell
proliferation (1 =8; *»¢p <0.01 compared to the same profiled filaments with or without collagen coating at
day 3, 7 and 14, respectively; ¢ p <0.01 compared to the O-shaped filaments with identical coating conditions
at the same time point; ¢ p < 0.01 compared to the I-shaped filaments with identical coating conditions at
the same time point). (c) Cells on the Y-shaped PET/C filaments showed better adhesion and growth than
Y-shaped PET filaments by SEM after 7 d of culture. (d) Y-shaped PET/C group showed better cell growth
in LIVE/DEAD assay than Y-shaped PET group after 14 d of culture.
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testing. The test was performed at room temperature
(25 °C) in a moist environment. Rabbit knee-joints
were isolated and all periarticular soft tissues were
removed except for the implanted PET structures
or LARS®. The artificial ligament was cut from the
screw end of the femur and the fixed button was cut
off. The end of the free ligament and tibia bone were
fixed onto the mechanical testing machine, allowing
tensile loading along the axis of the implants at a

strain rate of 0.5 mm/min. The machine continued
elongation until the implants were pulled out and
the maximal load was recorded.

Statistical analysis

All the data are expressed as the mean + SD. To
evaluate the differences between two groups,
an independent t-test was performed and, for
comparisons between three or four groups, one-way
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Fig. 3. Effects of collagen coating and mechanical stretching on the expression of tendon/ligament-related
markers. (a) PET/C filaments significantly increased the expression of the tendon/ligament-related markers
Scx, Egrl, Tnc, Tnmd, Collal and Col3al at certain time points (1 = 6; ** p < 0.01). (b) The dynamic tissue-
loading culture system used. (c) MSCs were cultured on the PET/C filaments for 3 d and then treated with
a 2 h session of 1 Hz, 10 % elongation mechanical stretch for the following 3 or 7 consecutive days. The
expression levels of the tendon/ligament-related markers Scx, Egr1, Tnc, Tnmd, Collal and Col3al were

measured by qRT-PCR (n = 6; ** p<0.01, * p <0.05).
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ANOVA was performed. p < 0.05 was considered
statistically significant.

Results

Biocompatibility of the profiled PET filaments

The LDH cytotoxicity test showed that the PET
filaments did not cause cytotoxicity (Fig. 2a).
To examine the effects of the different profiled
filaments and collagen coating conditions upon cell
proliferation, MSCs were cultured on four different
profiled PET filaments with or without collagen
coating and cell viability assays were investigated at
each time point. At days 3, 7 and 14, PET/C (collagen-
coated PET) filaments significantly promoted cell
proliferation more than PET (non-collagen coated)
filaments. In PET filaments, the Y-shaped group
significantly promoted cell proliferation, more than

the O- and I-shaped groups, respectively, at day 14.
In PET/C filaments, the Y-shaped group significantly
promoted cell proliferation more than the O- and
I-shaped groups, respectively, at day 7. In addition, Y-
and +-shaped groups showed significantly increased
cell proliferation compared with the O- and I-shaped
groups, respectively, at day 14 (Fig. 2b). SEM was
used to observe the adhesion and growth of MSCs
on profiled PET and PET/C filaments. Cells on the
profiled PET/C filaments showed better adhesion
and growth than profiled PET filaments after 7 d
of culture (Fig. 2¢c). The PET/C group also showed
better cell growth in a LIVE/DEAD assay than the
PET group after 14 d of culture (Fig. 2d). In summary,
a Y-shaped profiled filament promoted cell growth
better than other groups and collagen-coating helped
with cell adhesion and growth. Based on the above
experimental results, the Y-shaped profiled filaments
were used for subsequent experiments.
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Fig. 4. PET/CaP filaments enhanced osteogenesis of MSCs. (a) MSCs cultured on 2 %, 3 % and 4 % w/w
PET/CaP filaments significantly increased ALP activity as compared with PET group (n=8; ** p <0.01). (b)
MSCs were cultured with 2 % CaP and osteogenic medium for 7, 14 and 21 d, and alizarin red S staining
showed that 2 % CaP with osteogenic medium enhanced mineralisation. (¢) MSCs on PET/CaP fibres (2 %
w/w) significantly enhanced OCN expression at day 7, Runx2 and OCN expression at day 14 as well as Runx2,
OCN, OP and ALP expression at day 21 under osteogenic medium culture (n=6; * p <0.05, ** p <0.01). (d)
Alizarin red S staining of MSCs on PET/CaP fibres showed significantly enhanced mineralisation at 28 d

(n=3;* p<0.01).
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Effects of collagen coating and mechanical
stretching on the expression of tendon/ligament-
related markers

To examine the effects of collagen coating upon the
expression of tendon/ligament-related markers, the
mRNA levels of Scx, Egrl, Tnc, Tnmd, Collal and
Col3al were analysed by qRT-PCR. Compared to
the PET filaments, MSCs on the PET/C filaments
significantly increased the gene expression of the
tendon/ligament-related transcription factors Scx
and Egrl atday 7 (1.54+0.16 and 3.17 £ 0.43, p<0.01,
respectively) and 14 (2.69 + 0.69 and 2.78 + 0.29,
p < 0.01, respectively), while the expression of Scx
remained high until day 21 (2.06 = 0.21, p < 0.01).
Next, the gene expression level of downstream
matrix molecules was examined. Compared to
the PET filaments, MSCs on the PET/C filaments
showed significantly increased expression of matrix
molecule genes, including Tnc at day 7 (2.03 + 0.41,
p <0.01), Collal and Col3al at day 14 (6.55+1.11 and
3.96 £ 0.77, p < 0.01, respectively), as well as Tnmd
at day 14 (3.63 = 0.68, p < 0.01) and 21 (5.57 + 1.98,
p <0.01) (Fig. 3a).

To mimic the in vivo loading conditions, a dynamic
tissue-loading culturing system (ATMS BoxerTM,
TAIHOYA Corporation, Taiwan) was used to examine
the ligamentous differentiation of MSCs on PET/C

a

2000x
i

PET/C/CaP (1 month)

CTL (3 months)

CTL (1 month) Native MCL

filaments (Fig. 3b). MSCs were cultured on the PET/C
filaments for 3 d and then treated with a 2 h session
of 1 Hz, 10 % elongation mechanical stretch for the
following 3 or 7 consecutive days. The results showed
that mechanical stretching significantly increased Scx
(2.13+£0.34, p<0.01), Egr1 (3.15+0.31, p <0.01), Tnc
(2.71+0.56, p <0.05) and Col3al (20.08 + 6.2, p <0.01)
expression after 3 d compared to the non-stretched
group. After 7 d of stretching, the expression levels of
Tnc (2.96 +0.97, p <0.05), Collal (3.99 +1.07, p <0.05)
and Col3al (5.43 + 1.84, p < 0.05) were significantly
higher than those in the non-stretched group (Fig. 3c).
Tnmd expression in stretched PET/C filaments was
higher than in non-stretched PET/C filaments after
3 d of stretching and then decreases after 7 d. Tnmd
expression level was variable and the differences
between groups were not statistically significant.

PET/CaP filaments enhanced osteogenesis of
MSCs

ALPisamarker of early maturation and differentiation
of osteoblasts. To determine the proper mixing
concentration of CaP, the CaP bioceramic was
predispersed, mixed with PET at five different mass
percentage concentrations (0 %, 1 %, 2 %, 3 % or 4 %
w/w) to make the PET/CaP filaments. MSCs were
cultured on the PET/CaP filaments for 7 and 14 d and

Masson’s trichrome

TP

Fig. 5. The PET/C/CaP graft enhanced cell growth and ligamentous matrix remodelling. (a) The animals
received MCL reinforcement reconstruction of the hind limbs and the two ends of artificial ligaments were
fixed with metal buttons and screws. (b) X-ray images taken 1 month post-operation showed that the graft
fixation was stable. (c) Characterisation of the artificial ligaments by SEM was performed after 1 and 3
months and showed that the ligaments in the PET/C/CaP group had structural features similar to those of
native ligament tissues at 3 months. (d) H&E (upper row) and Masson’s trichrome (lower row) staining at
3 months showed the growth of the collagen matrix in the PET/C/CaP group was significantly better than

that in the control group (LARS®). CTL: control.
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the result showed 2 %, 3 % and 4 % w/w PET/CaP
filaments significantly increased ALP activity more
than the PET group (Fig. 4a). 2 % CaP was selected
for further investigation to enhance osteogenesis, as
2 % CaP significantly increased ALP activity while
increasing concentrations to 3 % or 4 % CaP had
no further effect (Fig. 4a). To further examine the
osteoinductive effects of CaP, MSCs were cultured
with osteogenic medium for 7, 14 and 21 d. Alizarin
red staining showed that 2 % CaP with osteogenic

medium significantly enhanced mineralisation (Fig.
4b). Compared to PET filaments, MSCs cultured
on the PET/CaP filaments (2 % w/w) significantly
enhanced OCN (p < 0.05) expression at day 7, Runx2
(p <0.05) and OCN (p < 0.01) expression at day 14
and Runx2 (p <0.05), OCN (p < 0.01), OP (p < 0.01)
and ALP (p < 0.01) expression at day 21 under
osteogenic medium culture (Fig. 4c). Alizarin red S
staining of the MSCs on the PET/CaP filaments also
showed significantly enhanced mineralisation after

a b 1 month 3 months 3 months
/,12 ““ﬂ.‘ ;> ) o b
PET/C/CaP
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C
Bone surface density Bone volume density
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Fig. 6. The PET/C/CaP graft enhanced bone formation and graft pull-out load in vivo. (a) The medial
femoral tunnel was locked using a titanium alloy (Ti6Al4V) interference screw. (b) The puCT analysis
showed that bone formation in the PET/C/CaP group was better than in the control group 1 and 3 months
post-operation. 3D uCT demonstrated that the bone tunnel in the PET/C/CaP group had completely
healed after 3 months. (c) The bone surface density of the PET/C/CaP group at 1 month (5.06 = 0.28 mm™)
was significantly higher than that of the control group (2.60 + 0.36 mm™). The bone volume density of the
PET/C/CaP group after 1 (27.32 + 1.88 %) and 3 months (35.67 + 0.60 %) was significantly higher than that
of the control group (17.14 + 0.50 % and 21.06 = 0.05 %, respectively) (n =3, * p <0.05, ** p <0.01). (d) The
ultimate pull-out load of the constructs was analysed by a material testing machine. The maximal pull-out
failure load of the PET/C/CaP group at 3 months (68 + 7.07 N) was significantly higher than that of the
control group (48.67 +3.21 N) (n =3, * p <0.05). CTL: control.
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28 d (2.827 + 0.021 mmol/L in the PET/CaP group
vs. 1.297 + 0.015 mmol/L in the PET group, p < 0.01)
(Fig. 4d).

PET/C/CaP graft enhanced cell growth and
ligamentous matrix remodelling in vivo

The animal study was conducted to evaluate the effect
of profiled PET/C/CaP ligament in a rabbit knee MCL
reinforcement reconstruction model and the two
ends of artificial ligaments were fixed using metal
buttons and screws (Fig. 5a). X-ray images that were
taken 1 month post-operation showed that the graft
fixation was relatively stable. Both the buttons and
screws remained in their original surgical positions
(Fig. 5b). SEM showed no significant difference in
morphology between the PET/C/CaP group and the
control group (LARS®) 1 month post-operation. 3
months after surgery, SEM showed that the ligaments
in the PET/C/CaP group had structural features
similar to those of native ligament tissue. In contrast,
the ligaments in the control group had no apparent
extracellular matrix adaptive changes (Fig. 5¢). H&E
and Masson’s trichrome staining at 3 months showed
that cells and collagen matrix in the PET/C/CaP
group were filled among the artificial ligament fibres,
whereas the number of cells and amount of collagen
matrix in the control group was small and distributed
only around the artificial ligament (Fig. 5d). The
results revealed that the PET/C/CaP graft enhanced
cell growth and ligamentous matrix remodelling.

PET/C/CaP graft enhanced bone formation and
graft pull-out load in vivo

The medial femoral tunnel was locked using a
titanium alloy (Ti6Al4V) interference screw (Fig.
6a). The uCT scans 1 and 3 months post-operation
showed that bone formation in the PET/C/CaP group
was better than in the control group (LARS®). 3D uCT
also showed that the bone tunnel in the PET/C/CaP
group had totally healed after 3 months (Fig. 6b).
The bone surface density of the PET/C/CaP group at
1 month (5.06 £ 0.28 mm™, p < 0.05) was significantly
higher than that of the control group (2.60 + 0.36 mm-
). The bone volume density of the PET/C/CaP
group at 1 (27.32 + 1.88 %, p < 0.05) and 3 months
(35.67 + 0.60 %, p < 0.01) was significantly higher
than that of the control group (17.14 + 0.50 % and
21.06 = 0.05 %, respectively) (Fig. 6¢). The maximal
pull-out failure load of the PET/C/CaP group at
3 months (68 + 7.07 N, p < 0.05) was significantly
higher than that of the control group (48.67 +3.21 N)
(Fig. 6d). Results indicated that a PET/C/CaP graft
enhanced bone formation in a bone tunnel and graft
pull-out failure load.

Discussion
The PET/C/CaP ligament demonstrated good

biocompatibility, ligamentisation and ligament-
bone healing following knee MCL reinforcement
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reconstruction. From the cross-sectional filament
profile perspective, the Y- and +-shaped profiled
filaments had better cell proliferation than the
O-shaped group, especially the Y-shaped filaments. A
previous study indicated that scaffolds with a higher
surface-area-to-volume ratio increase cell attachment
and proliferation (Chen et al., 2009). Noncircular-
shaped fibres provide a higher surface-area-to-
volume ratio than those with round cross sections
(Park et al., 2013; Yeom and Pourdeyhimi, 2011). Park
et al. (2013) designed fibres with circular, triangular
and cruciform cross sections on biodegradable PCL.
The results showed that the cruciform-shaped fibre
exhibited the most remarkable improvement in cell
proliferation: twice as high as that of the circular
fibre after 1 week, followed by the triangular fibre
and the circular fibre as the last. Secretion of the
extracellular matrix was also more significant on the
cruciform shape than on the circular shape. The gaps
between the PCL fibres were remarkably filled with
cells between the cruciform fibres (Park et al., 2013).
In addition to providing a higher surface-area-to-
volume ratio than those with round cross sections,
the profiled cross section fibres used in the present
study had the characteristics of moisture-wicking
fibres, which could help with the circulation of fluids
through capillary action. Hence, they were more
conducive to cell growth. In cell growth experiments,
in the presence or absence of collagen coating,
Y-shaped-profile filament promoted cell growth
better than other groups, so the Y-shaped-profile
filaments were used in the subsequent filament
profile design.

PET is a hydrophobic material. Scaffolds coated
with collagen improve their affinity for water,
cell attachment, proliferation, migration and
ligamentisation (Silva et al., 2020). Poly(ethylene-co-
vinyl alcohol) immobilised with collagen exhibits
enhanced cell proliferation and leads to a shorter
cell doubling time than that in tissue culture dishes
(Matsumura et al., 2004). Poly(L-lactide) scaffolds
coated with type I collagen show higher cell viability,
greater cell infiltration depth into the scaffold fibres
and a higher cell infiltration ratio than scaffolds
coated with fibronectin or both fibronectin and
collagen (Chang et al., 2020). ACL-derived fibroblasts
cultured on a scaffold made of collagen display
higher Tnmd and type I collagen expression than
those cultured on an elastin scaffold, suggesting that
collagen could induce ligamentisation to a greater
extent than elastin (Mizutani et al., 2014). An animal
study using polydioxanone coated with collagen and
elastin displayed a higher load from the pull-out test
and more tissue regeneration at the insertion site of
the rabbit MCL following implantation for 6 weeks
(Hirukawa et al., 2018).

The present study found that PET with a collagen
coating increased MSC proliferation, ligament-
related gene expression and extracellular matrix
content. SEM results indicated that the cells clustered
on the surface of collagen-coated PET. The larger
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number of cells on collagen-coated PET than on
uncoated PET scaffolds indicated that collagen’s
presence affected cell response positively. The
ligament-related transcription factors Scx and Egrl
had higher expression after 7 d of culture with PET/C
than PET. Other tendon matrix markers, Collal,
Col3al and Tnmd, showed higher expression in the
PET/C group after 2 weeks. These results showed that
collagen could induce ligamentous differentiation of
MSCs in the early stage. SEM observations 3 months
after implantation demonstrated that more cells or
extracellular matrix filled the gaps of the profiled
PET/C/CaP ligament than the control. Histological
findings also showed that more tissue occupied the
space between the profiled PET/C/CaP ligament
than the commercial artificial ligament. Surface
modification of collagen on the profiled PET/C/CaP
ligament indeed resulted in better cell growth and
ligamentisation.

To simulate a ligament'’s in vivo loading conditions,
a cyclicstretching device was used, a 3D environment
designed for cell growth and the ligamentous
differentiation of MSCs observed under mechanical
stimulation. Under mechanical stimulation, cells
play an active role in regulating extracellular matrix
secretion and interacting with external force and
hormone factors (Wang, 2006). Notably, the 2D tensile
model cannot fully mimic 3D stretching, which is
more physiologically relevant (Wang et al., 2018b).
However, the parameters were set differently in the
3D models due to the mechanical properties of the
selected raw materials, cell culture strategies and
customised bioreactors. One study manufactured a
3D collagen scaffold using adipose-derived stem cells
and applied a cyclic uniaxial tensile stretch, aiming
to determine the optimal parameters for tenogenesis
(Subramanian et al., 2017). The results suggested that
2 % strain and 0.1 Hz were the best parameters for
tenogenesis without cross-differentiation effects. A
report selecting 10 % strain and 0.5 Hz for 60 min to
stretch cells embedded in a PEGylated-fibrinogen
scaffold showed higher collagen gene expression and
improved mechanical properties (Testa et al., 2017).
Another study showed that under 6 % strain, 0.25 Hz
and 8 h of stress/d, uniaxial loading demonstrated
better tenogenic-specific differentiation of scaffold-
free tendon-derived stem cells in a 3D environment
than in a static 3D culture (Wang et al., 2018c). ACL-
derived fibroblasts seeded onto the poly(L-lactide) 3D
scaffold with 2 % or 5 % strain and 1 Hz displayed
upregulation of collagen types I and III, fibronectin
and tenascin C gene expression (Kreja et al., 2012).
Consequently, a customised bioreactor was used,
with cells cultured onto the collagen-coated artificial
ligament and fixed onto the clamps at both ends of
the bioreactor. The strain rate was set at 10 % and
the frequency of 1 Hz for 2 h/d imitated the regular
cadence and moderate-to-vigorous physical activity
of healthy adults (Tudor-Locke et al., 2019; 2011).
The results suggested that mechanical stretching
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promoted the ligamentous differentiation of MSCs
on PET/C filaments in vitro, which may suggest that
the artificial ligament in this experiment contributed
to the cell ligamentous differentiation and tissue
ligamentisation under the mechanical environment.

This study used a pre-dispersed CaP bioceramic
mixed with PET pellets through spinning to make
the PET/CaP filaments. This is a different protocol
from previous research, which mainly used coating
or electrodepositing CaP on PET artificial ligaments.
Results indicated that MSCs cultured on the PET/
CaP (2 % w/w) filaments had significantly enhanced
Runx2, OCN, OP and ALP expression, ALP activity
and Ca deposition in vitro. Li et al. (2011) explored
the osseointegration of HA-coated PET artificial
ligaments. The results showed that HA coating
elevates OP and collagen I mRNA expression and
induces new bone formation, indicating that HA
coating effectively promoted osseointegration.
However, HA powder agglomerates on the surface
of the PET artificial ligament material, which affects
the size effect of HA (Li et al., 2011). In the present
study, the hybrid spinning process of CaP and PET
prevented HA from forming agglomerates on the
PET surface. A recent study by Wang et al. (2018a),
using the plasma spraying technique to make PET/
HA films (PET/HA-plasma), effectively coated
HA on a PET material and promoted the growth
of BMSCs on this PET material. BMSCs grown on
the PET/HA-plasma showed upregulated mRNA
expression of BMP-2, VEGF, OCN and eNOS in vitro.
The biomechanical strength of the bone-graft complex
with PET/HA-plasma was also improved in vivo
(Wang et al., 2018a). The results of the present study
were consistent with previous studies regarding
promotion of osteogenesis.

The present animal study found that the profiled
PET/C/CaP ligament had more matrix deposition
than the control group. More cells and cell matrix
could be detected followin H&E histology and
Masson’s trichrome staining. In a previous study,
layer-by-layer coatings of hyaluronic acid and
cationised gelatine on PET artificial ligament grafts
significantly enhanced cell adhesion and facilitated
cell growth relative to a pure PET graft in vitro.
Furthermore, in vivo study also demonstrated that
there was much more formation of type I collagen in
the hyaluronic acid-cationised gelatine coating PET
group than in the pure PET group in a rabbit and
porcine ACL-reconstruction model (Li ef al., 2012).
Gelatine is known as hydrolysed collagen. Collagen
coating and gelatine have a similar function for cell
attachment and biocompatibility. In the present in
vivo study, the profiled PET/C/CaP ligament showed
good cell proliferation and ligamentisation. Wang et
al. (2018d) used LARS® combined with an autograft
ligament implanted as a reconstructed ACL and
compared it with the autograft reconstructor only. In
that study, rabbits were used as an animal model and
LARS® combined with an autograft ligament had an
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effect similar to that of the autograft reconstructors.
There were no significant side effects and satisfactory
biointegration was observed in both groups. The
present study used collagen-coated PET, which has a
design similar to an autograft tendon combined with
artificial structures without cells.

Cell composite structures or combinations
with autotissue could be considered in future
material designs (Wang et al., 2018d). Regarding
osteointegration, uCT showed that the profiled
PET/C/CaP ligament had good osteogenesis and bone
density. Jin et al. (2016) implanted hydroxyapatite-
and HA/BMP-coated fibres into rabbit femora. They
found that the HA- and BMP-coated groups had
good osteoinductive ability for MSCs and good
osteogenesis in rabbits (Jin et al., 2016). In the present
study, the profiled PET/C/CaP ligament showed
better osteogenesis than the control group, also
observed in the pull-out test.

Although the surface adjustment of the PET
ligament provides several advantages to improve
the biocompatibility and tissue regeneration
neighbouring the graft, there are still some limitations
to this material. PET is non-degradable and the
histology was performed over fewer than 3 months.
Whether the artificial ligament would wear out
over several years of usage, causing synovitis or
inflammation within the articular space, is unknown.
Future studies should prolong the test period to
determine the strengths and drawbacks of this
synthetic graft. To minimise the sacrifice of animals,
the grafts were implanted into both knees of the
rabbits. The usual care was provided and the animals
were allowed to return to cage activity following
surgery; however, it was possible that the bilateral
knee injury caused the rabbits to have intense pain,
a decreased willingness to move and a lowered
appetite. The pain condition was significantly
improved through the administration of analgesics.
Although no animal died from excessive stress, to
improve their well-being, future animal studies
should treat one limb at a time. In the present study,
the artificial ligament was implanted as a MCL
augmentation device, owing to the availability and
ease of approach. However, the prevalence rate of
ACL tears is higher in the clinic and intra-articular
healing is much more challenging due to insufficient
nutrition and circulation. The effects of utilising
this artificial ligament for ACL replacement should
be investigated in the future. Last but not least, the
results from the animal study may not be completely
in accordance with those applied to humans;
therefore, clinicians must consider both the benefits
and disadvantages before performing ligament repair
or reconstruction surgery.

In conclusion, the profiled PET/C/CaP ligament
was developed for enhancing cell growth,
ligamentisation and ligament-bone healing. The in
vitro study revealed that the profiled PET/C filaments
improved cell proliferation and cell attachment
and induced the ligamentous differentiation of
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MSCs. Furthermore, the profiled PET/CaP filaments
enhanced osteogenic gene expression, ALP activity
and mineralisation of MSCs. The in vivo study in a
rabbit knee MCL reinforcement reconstruction model
indicated that the profiled PET/C/CaP ligament
enhanced ligamentous matrix remodelling and bone
formation. This new design is an effective strategy
and can be considered as an optional ligament
augmentation device or synthetic graft for ligament
reconstruction. As the design exhibited promising
results, future studies can include more animals
to confirm the long-term effects of intra-articular
ligament reconstruction.
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Discussion with Reviewers

Reviewer 1: What is the novelty of the work?
Previous works have already shown that different
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scaffolds coated with collagen and/or including CaP
show improved cellular responses when compared
to their uncoated controls.

Authors: The novelty of the present study was the
development of anew type of PET artificial ligament
with profiled cross-section filaments and biological
modification. Since previous works have already
shown that different scaffolds coated with collagen
and/or including CaP show improved cellular
responses than their uncoated controls, most of these
researched or commercialised artificial ligaments are
circular-shaped fibers. In addition to providing a
higher surface-area-to-volume ratio than those with
round cross-sections, the profiled cross-section fibers
used in the present study had the characteristics of
moisture-wicking fibres, which can help with the
circulation of fluids through capillary action. Hence,
they were more conducive to promoting cell growth.
This new design is an effective strategy and can be
considered an optional ligament augmentation device
or synthetic graft for ligament reconstruction.

Reviewer 2: In addition to collagen coating, have
you tried hyaluronic acid or chitosan coating on your
PET/CaP filaments? If yes, what are the outcomes?

Authors: We have not yet used hyaluronic acid or
chitosan coating on PET/CaP filaments. Previous
studies by other groups have used hyaluronic acid
or chitosan for artificial ligament modification,
with pretty good results (Li et al., 2013, additional
reference). We will include it in our future research.
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S (2013) Layer-by-layer hyaluronic acid-chitosan
coating promoted new collagen ingrowth into a
poly(ethylene terephthalate) artificial ligament
in a rabbit medical collateral ligament (MCL)
reconstruction model. ] Biomater Sci Polym Ed 24:
431-446.

Editor’s note: The Scientific Editor responsible for
this paper was Manuela Gomes.
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