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Abstract: The aim of this study was to prepare a new knitted

scaffold from PLA-Pluronic block copolymers for anterior cru-

ciate ligament reconstruction. The impact of sterilization

methods (beta-ray and gamma-ray sterilization) on copoly-

mers was first evaluated in order to take into account the

possible damages due to the sterilization process. Beta-ray

radiation did not significantly change mechanical properties

in contrast to gamma-ray sterilization. It was shown that ACL

cells proliferate onto these copolymers, demonstrating their

cytocompatibility. Thirdly, in order to study the influence of

shaping on mechanical properties, several shapes were cre-

ated with copolymers yarns: braids, ropes and linear or rolled

knitted scaffolds. The rolled knitted scaffold presented inter-

esting mechanical characteristics, similar to native anterior

cruciate ligament (ACL) with a 67 MPa Young’s Modulus and

a stress at failure of 22.5 MPa. These findings suggest that

this three dimensional rolled knitted scaffold meet the

mechanical properties of ligament tissues and could be suita-

ble as a scaffold for ligament reconstruction. VC 2016 Wiley Peri-

odicals, Inc. J Biomed Mater Res Part B: Appl Biomater, 105B: 735–

743, 2017.
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INTRODUCTION

The anterior cruciate ligament (ACL) plays an important
role in knee stability and functional movements. Following
accidents or vigorous sports activities, ACL injuries fre-
quently occur. In the United States, there are between
100,000 to 200,000 ACL injuries annually.1,2 These injuries
can be the consequence of a simple rupture of some fibers
or a complete rupture of the ligament. ACL injuries can
cause short-term (instability) and long-term (osteoarthritic
degeneration) complications.

The implantation of autograft tendon tissue is the gold
standard surgical technique thanks to its good initial
mechanical strength and cell proliferation capacity. However,
it was shown that up to 19% of autologous transplants
require surgical revision 10 years following surgery.3 Graft
failures are caused by several factors like technical errors
or a lack of graft maturation. In addition, this therapeutic
solution requires a donor site (usually the operated knee,
sometimes the contralateral knee), which increases the mor-
bidity and the length of time required for surgery. To over-
come this problem, allografts can be used. However, there
are many associated disadvantages such as risk of infection,

increased transmitted diseases, reduced graft strength,
immune rejection, or delayed incorporation.4

Non degradable artificial ligaments, such as Leeds-KeioVR ,
ProplastV

R

, Gore-TexVR , and Stryker-DacronVR have also been
used in ACL repair, because they overcome drawbacks of bio-
logical grafts. Many long-term ruptures or synovitis due to
debris were observed, demonstrating that these artificial
devices are limited to reinforcement and do not provide a
complete tissue integration.5

The emergence of degradable materials allows the
arrival of new hopes for ligament regeneration. Degradable
materials can provide temporary mechanical supports that
degrade progressively and are colonized by surrounding tis-
sues until complete substitution by neotissue. Many biome-
chanical considerations should be taken into account
when designing ligament tissue reinforcement. The scaffold
should ideally fulfill all requirements of the healthy ACL.
The main mechanical features of native ligaments are stiff-
ness, reflected by a Young’s modulus of 50–150 MPa and
strain at failure of 16–36 MPa for ACL.6 PLLA braids have
been designed as a total temporary reinforcement.7–9 This
shape has a particular interest because of its high stress at
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failure (81.6 MPa). However, with a Young’s modulus of 757
Mpa this scaffold is too rigid and, accordingly, has a low
deformability with a 4% toe-region strain value. Moreover,
it has been shown that low braid porosity interfere with
cell penetration and nutriment distribution10 in the center
of the braid. In consequence, cells surround braid without
succeeding in scaffold penetration. Knitted shapes give an
opportunity to create elastic template with a better tissue
penetration.

Although particularly popular thanks to its degradable
properties and good biocompatibility, poly(lactide)s (PLAs)
do not present optimal mechanical properties to replace
soft tissues like ligaments, tendons, cartilage or blood ves-
sels.11,12 In order to obtain a degradable material that may
meet specific requirements of the ligament reconstruction
in terms of mechanical properties and degradation time, our
group synthesized a new family of high molecular weights
PLA-PluronicVR -PLA copolymers.13 We showed the possibility
of modulating both mechanical and degradation properties
by changing the crystallinity of PLA blocks and the initial
global molecular weight. Degradation rates associated with
good cytocompatibility make those PLA-based copolymers
appropriate as materials for the conception of scaffolds for
ligament reconstruction.

The goal of this work is to develop a scaffold whose
composition and design fit with ligament regeneration. We
hypothesized that the combination of PLA-Pluronic based
copolymers and adequate shapes can allow the conception
of a ligament substitute that meets specific requirements of
the ligament reconstruction in terms of mechanical proper-
ties. We first evaluated the impact of two sterilization meth-
ods (beta-ray and gamma-ray sterilization) on copolymers.
Then, ACL cell viability and behavior on these copolymers
were studied. As good mechanical properties are a key
parameter in ligament reinforcement conception, we studied
the influence of scaffold shapes on mechanical properties.
2D and 3D shapes have been created in order to design a
scaffold with mechanical properties as close as possible to
those of native anterior cruciate ligament (ACL).

MATERIALS AND METHODS

Materials
Poloxamer (PluronicVR F-127; 12,600 g mol21), tin(II)2-ethyl-
hexanoate (Sn(Oct)2, 95%), dichloromethane (DCM), diethyl
ether and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich (St-Quentin Fallavier, France). D-Lactide
(D-LA), L-lactide (L-LA), and D,L-lactide (D,L-LA) were pur-
chased from Purac (Lyon, France). Dulbecco’s Modified
Eagle Medium (DMEM) Nut Mix F-12, calf fetal serum, L-glu-
tamine, phosphate-buffered saline (PBS), penicillin, strepto-
mycin, amphotericin B and non-essential amino acid were
purchased from Gibco (Saint Aubin, France). 12-well nonad-
hesive culture plates were purchased from Becton Dickinson
(Le Pont de Claix, France) and VitonVR O-rings from Radio-
spares (Beauvais, France). All chemicals and solvents were
used without purification.

Copolymers synthesis
We synthesized PLA94-PluronicVR -PLA94 block copolymers
with two molecular weights (200 kg mol21 and 400
kg mol21; named 94P200 and 94P400) and a 200 kg mol21

PLA polymer (named 94-200). Polymers were synthesized
following a procedure previously described by our group.13

Typically, predetermined amounts of lactide and PluronicVR

or benzyl alcohol were introduced into a flask and tin(II) 2-
ethylhexanoate (0.1 molar % with respect to lactic acid
units) was then added. After degassing, the flask was sealed
under vacuum and polymerization was allowed to proceed
at 1108C. After 5 days, the copolymer was recovered by dis-
solution in dichloromethane and precipitation in cold
diethyl ether. Finally, the product was dried under reduced
pressure to constant mass. Copolymers were obtained with
an average yield of 88%.

Sterilization
To evaluate the impact of sterilization on 94P200 copoly-
mers, sample plates were prepared by compression of 3 g
of copolymer under 8 tons using a Carver press in stainless
steel mould for 10 min at 2008C. A first group of 4 samples
was sterilized under normal atmosphere by gamma-ray,
between 31.5 and 39 kGy, whereas a second group of 4
samples was sterilized by beta-ray between 25 and 27 kGy
by the company Ionisos, France.

Characterization
Number average molecular weight (Mn) and dispersity (-D)
of polymers were determined by size exclusion chromatog-
raphy (SEC) using a Viscotek GPCMax autosampler system
fitted with two Viscotek LT5000L Mixed Medium columns
(300 3 7.8 mm). Polymer solution (10 mg mL21 in tetrahy-
drofuran) was filtered through a 0.45 mm Millipore filter
before injection of 20 mL of filtered solution. Mn was
expressed according to calibration using Polystyrene
standards.

Differential scanning calorimetry (DSC) measurements
were carried out under nitrogen on a Perkin Elmer Instru-
ment DSC 6000 Thermal Analyzer. Samples (n5 4) were
submitted to a first heating scan to 2008C (108C min21), fol-
lowed by a cooling scan from 2008C to 2308C (78C min21)
and a second heating scan to 2008C (108C min21). Glass
transition temperature (Tg) or relaxation (Tr), cold recrystal-
lization temperature (Tcc), melting temperature (Tm), and
melting enthalpy (DHm) were measured on the second heat-
ing ramp for sterilization impact, to erase shaping influence.
The first heating ramp was used to study yarn thermal
properties.

Proliferation studies
Primary ligamentocytes, extracted from rat’s ACL, were cul-
tured in DMEM Nut Mix F-12 supplemented with 10% of
decomplemented calf fetal serum, 4 mM of L-glutamine, 1.5
g L21 of NaHCO2, 5000 U.mL21 penicillin, 5000 mg mL21

streptomycin, 2.5 mg mL21 of amphotericin B, and 1% (v/v
% in DMEM/F12) of non-essential amino acid.
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Ligaments were obtained from another in vivo study
that includes the taking of ligament. All animals were
treated according to institutional guidelines of laboratory
and animal treatment and care. All experiments were
approved by the animal research committee.

Sample disks were cut (3.9 cm2) from 94P400 and
94P200 copolymer films and were sterilized with beta-ray.
Disks were placed in TCPS 12-well non adhesive culture
plate. Sinkers were used to maintain them at the bottom of
wells. Second-passage rat ligamentocytes were used and
seeded at 25,000 cells per well in triplicate. After 2 h of
adhesion, the culture medium was added to immerse all
samples. The same seed was performed in cell culture
treated wells (control). Disks were incubated at 378C and
5% CO2. Cell quantification was performed by measurement
of viability with MTT (3–(4,5-dimethylthiazol-2-yl)22,5-
diphenyltetrazolium bromide) after 2, 6, and 12 days of cul-
ture. Typically, the medium was aspirated, samples were
rinsed with PBS and 1.5 mL of PBS solution containing 0.5
mg mL21 of MTT was added. After three hours (615 min)
of incubation, formazan blue was dissolved in 1 mL of
DMSO and after 40 min of shaking, absorbance was meas-
ured at 600 nm.

Copolymers scaffold conception
Yarn conception. Spinning was carried out with a pilot
spinning machine (Centexbel, Gent, Belgium). Copolymers
94P200, 94P400, and polymer 94–200 under the form of
small pellets were placed in a dryer for 2 days to remove
any residual moisture. Copolymers were heated at 2008C
during 10 minutes and then pressurized to cross a 1.5 mm
diameter die with a 10 rpm spinning speed. Obtained mono-
filaments passed through an air flow to be cooled and were
carried to a drawing frame composed of six 508C rolls. The
rolls rotational speed of 20 rpm and 40 rpm define a draw
ratio (DR) of 2 and 4 for monofilaments. Mean diameter
corresponds to the mean of 10 measurements of monofila-
ment taken on different part of filaments.

Textile conception. In order to study the mechanical prop-
erties of 94P400 yarns, we produced different shapes: linear
knitted textiles, hollow knitted ropes, braids and rolled knit-
ted scaffolds. For linear knitted textiles and hollow knitted
ropes conception, monofilaments were first coated by batch-
ing silicon oil in order to be protected from important fric-
tion forces in the knitted process. Three monofilaments
were then twisted to create a multifilament yarn. This mul-
tifilament yarn was knitted with a Silver Reed SK270 knit-
ted machine to obtain linear knitted fabrics (2 cm of width)
and hollow ropes (with a diameter of 8 mm). Silicon batch-
ing oil has been removed by 3 3 15 min baths of sodium
lauryl sulfate (v/v 1%) in ultrasound bath. For braids con-
ception, three bundles of ten monofilaments were braided
by hand to produce a 3.5 mm width braid. Rolled knitted
scaffolds were made using the linear knitted shape. Linear
knitted fabrics were rolled twice on themselves to form a
1-cm-diameter tube. The fabric edges were sewn to main-
tain tubular fabrics shapes.

Mechanical properties studies
For mechanical properties studies, beta-ray sterilized plates
obtained by hot molding (30 3 10 3 0.5 mm), beta-ray
sterilized yarns and beta-ray sterilized textiles were ana-
lyzed with an Instron 4444 at a crosshead speed rate of 5
mm min21, each sample being loaded to failure. 2 cm 3

3 cm of linear knitted fabrics, 3 cm of hollow ropes (diame-
ter of 8 mm), 3 cm of a 3.5 mm width braid and 3 cm of
rolled knitted scaffold (1-cm-diameter tube) were analyzed.
Each sample was analyzed at 378C in triplicate and Young’s
modulus (E, MPa), stress at failure (df, MPa), strain at failure
(ef, %), yield stress (dy, MPa), and yield strain (ey, %) were
expressed as the mean value of the three measurements.
Young’s Modulus was calculated using the initial linear por-
tion of the stress/strain curve.

In order to study the behavior under cyclic loads, 50
cyclic deformations were imposed on 3 rolled knitted scaf-
fold. Tensile load was recorded using a sinusoidal strain
profile according to the following regimens: 0% strain
amplitude (subphysiologic) to 10% strain amplitude (supra-
physiologic) which corresponds to the pathological elonga-
tion. Commercial polyethylene terephthalate (PET) ligament
reinforcement from Orthomed was used as reference.

Statistical analyses
Results corresponded to separate experiments done in trip-
licate and values are given as mean6 standard deviation
(SD). Statistical analyses were performed with the SigmaStat
software. Comparison between several groups used a non-
parametric Kruskal-Wallis (a level of p< 0.05 was consid-
ered statistically significant). To study cells proliferation,
comparison of material values for each times have been
done with a Wilcoxon signed rank test (a level of p< 0.05
was considered statistically significant).

RESULTS

Sterilization study
The first part of the sterilization study was to select the
sterilization method that impacts as little as possible the
properties of copolymers. For this purpose, the influence of
gamma and beta-ray sterilization processes on the molecu-
lar weight, the thermal and mechanical properties of the
94P200 copolymer were evaluated.

As shown in Table I, copolymer molecular weights were
halved after sterilization process, from 114 kg mol21 in
unsterilized copolymer to 52 kg mol21 and 45 kg mol21 in
beta-ray and gamma-ray sterilized copolymers, respectively.
Dispersity of polymers after sterilization is relatively close
to initial dispersity. The copolymer molecular weight loss
has consequences on mechanical properties. Gamma-ray
sterilized copolymers have a higher Young’s modulus
(867627 Mpa) and a lower strain at failure (10.36 1.86%)
than unsterilized material with values of 555650 MPa and
6136 37%, respectively. The low strain at failure value
illustrates the brittleness of 94P200 after gamma radiation
sterilization.

In contrast, beta-ray sterilized materials show no signifi-
cant different Young’s modulus and strain at failure, with
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value of 4526 100 MPa and 544625%, respectively (p51
and p50.1, respectively). Despite the molecular weight loss
induced by beta-ray sterilization, we observed that copoly-
mer mechanical properties were only slightly modified.
Melting enthalpy values of beta-ray sterilized copolymers
(28.0 J g21) are higher than values observed for gamma-ray
sterilized (13.12 J g21) and unsterilized copolymers (10.06
J g21). Furthermore the glass transition temperature of
beta-ray sterilized copolymer (43.28C) is lower than those
obtained for gamma-ray sterilized (49.38C) and unsterilized
copolymers (46.38C).

Cell proliferation
Tissues regeneration template should allow cell prolifera-
tion. In order to study cells behavior on two different steri-
lized copolymers, proliferation of ACL rat’s ligamentocytes
on copolymers films or in TCPS wells (control) was com-
pared using the MTT assay during a 12-day period. As
shown in Figure 1, ACL rat’s ligamentocytes highly prolifer-
ated during the overall period for all copolymers. Even if
the proliferation rate of the control is higher than those
obtained for both copolymers, the absorbance values signifi-
cantly increased during a period of 12 days (p<0.001) and
no difference between the two copolymers was observed.
These results suggest that sterilized copolymers are compat-
ible with primary rat ligamentocytes cell proliferation.

Yarn and textile conception
Yarns characterization. Microfilaments or yarns have been
made from 94–200 polymer, 94P200, and 94P400 copoly-
mers. Table II presents mechanical and thermal characteris-
tics of 94–200 polymer, 94P200, and 94P400 copolymers.
Mechanical properties of yarns without stretching (draw
ratio, DR50) could not be analyzed because of the weak
copolymer chain cohesion. Yarn diameter varies with DR.
Indeed, 94P200 yarns have a 1099 mm diameter without
stretching (DR50), a 392 mm diameter and a 188 mm
diameter with DR of 2 and 4, respectively. Table II shows
that the DR has also several consequences on thermal prop-
erties. First, the melting enthalpy (DHm) increases with DR
from 9.03 J g21 for 94P200 yarns without stretching to 19.6
J g21 and 21.58 J g21 for DR of 2 and 4, respectively. It
shows that there is an increase of copolymers chains align-
ment and therefore of copolymer crystallinity with the DR
expand. The increase of relaxation peak temperature from a
DR value of 4 confirms this observation. 94P200 yarns
relaxation occurs at 49.98C without stretching and at 50.78C

and 56.88C for DR of 2 and 4, respectively, suggesting that
more energy is necessary to obtain mobility between copol-
ymer chains. The decrease of cold crystallization tempera-
ture (Tcc) and the increase of related enthalpy (DHc) show
that the crystallization process is faster and more important
for the stretched yarns. For 94P200 yarns, it takes place at
1168 C without stretching (DHc5 28.4 J g21) and 74.28C for
a stretched yarn with a DR of 4 (DHc 5 217.79 J g21). This
requires less energy to rearrange copolymers chains. Same
consequences of DR are visible on 94P400 and 94-200.

Tensile tests show that mechanical properties of 94P200
yarns are influenced by the DR (Table II). 94P200 yarns
with a DR of 4 have a higher Young’s modulus (13116 103
MPa) and stress at failure (84.8614.2 MPa) compared to
the same material with a DR of 2 (E5 438.56656 MPa and
rr5 20.963.7). Chains alignment induced by stretching
increases copolymers crystallinity and therefore the stiff-
ness. Accordingly, copolymers yarns become less deformable
with a strain at break of 6386 127% for yarns with a DR
of 2 and of 2246 104% for yarns with a DR of 4. Same con-
sequences of DR are visible on 94P400 and 94-200.

Yarns have an interesting mechanical strength, compati-
ble with ALC mechanical properties, even more when the
copolymer molecular weight is high. 94P200 yarns present
a stress at failure of 84.86 14.2 MPa which is lower than
94P400 yarns with a value of 1326 38 MPa. Yarns com-
posed of 400 kg mol21 copolymers present a high strength.
Accordingly, their stiffness is higher and their strain at
break lower. Moreover, the influence of copolymerization is
visible on mechanical properties. The block structure is

TABLE I. Molecular Weight (Mn), Mechanical, and Thermal Properties of Unsterilized (Control), Gamma and Beta-Ray Steri-

lized 94P200 Copolymer: Polymers Dispersity (Ð), Young Modulus (E), Stress at Failure (rf), Strain at Failure (ef), Melting Tem-

perature (Tm), Melting Enthalpy (DHm), Glass Transition Temperature (Tg) Are Reported

Sterilization
Mn

(g mol21) Ð E (MPa)
rf

(MPa) ef (%) Tm (8C) DHm (J/g) Tg (8C)

Control 114 000 1.59 555 6 50 18.0 6 1.6 613 6 37 148 10.06 46.3
Gamma ray 45 000 1.85 867 6 27 15.4 6 5.8 10.3 6 1.86 149 13.12 49.3
Beta ray 52 000 1.70 452 6 100 13.0 6 2.0 544 6 25 148 28.0 43.2

FIGURE 1. Anterior cruciate ligament cells proliferation after 12 days

on TCPS (control), beta-ray sterilized 94P200 and beta-ray sterilized

94P400 copolymers films (d 5 days). Data are means 6 SD, n 5 3.

Kruskal-Wallis test compared to control, *p< 0.05 and Wilcoxon test

to compare times 1p< 0.05.
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responsible for an important increase of strain at failure.
Indeed, 94P200 breaks at a strain of 2246 104% and 94–
200 breaks at a strain of 60.56 34.9%.

Textile characterization. The 94P400 yarns have been cho-
sen to produce several fabrics because of their interesting
mechanical properties. Multifilament linear knitted textile,

TABLE II. Mean Diameter, Mechanical, and Thermal Properties of Beta-Ray Sterilized Polymer Yarns: Melting Temperature

(Tm), Melting Enthalpy (DHm), Relaxation Temperature (Tr), Cold Recrystalization Temperature (Tcc), Recrystalization Enthalpy

(DHc), and Young Modulus (E), Stress at Failure (rf), Strain at Failure (ef) Are Reported

Polymers DR
Mean

diameter (mm) Tm (8C)
DHm

(J/g)
Tr

(8C) Tcc (8C)
DHc

(J/g)
E

(Mpa)
rf

(Mpa) ef (%)

94P200 0 1099 6 47 149.64 9.03 49.99 116 28.39 2 2 2

94P200 2 392 6 36 149.99 19.6 50.69 102.71 28.67 438 6 56 20.9 6 3.7 638 6 127
94P200 4 188 6 7 150.16 21.58 56.85 74.21 217.79 1311 6 103 84.8 6 14.2 224 6 104
94P400 0 1569 6 38 149.26 2.9 55.77 121.95 22.49 2 2 2

94P400 4 118 6 9 150.13 25.71 59.5 84.84 23.89 2514 6 20 132 6 38 183 6 10
94-200 0 1111 6 57 149.01 1.78 60.51 126.01 21.39 2 2 2

94-200 4 1316 26 148.82 10.11 64.17 124.36 27.49 1591 6 158 54.9 6 4.72 60.5 6 34.9

FIGURE 2. 94P400 multifilament hollow knitted rope, 94P400 multifilament linear knitted textile, and 94P400 braid.
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multifilament hollow knitted rope and braid were designed
(Figure 2). Mechanical properties of the fabrics were eval-
uated in order to identify the more suitable for ligament
reconstruction. Figure 3 shows stress2strain curves for the
different shapes. It can be first observed that stiffness varies
according to the textile shape. Indeed, the braid has a higher
stiffness value (463.7 N mm21) compared to linear knitted
textile (98.3 N mm21) and hollow knitted rope (86
N mm21). In comparison, ACL stiffness is between 100 and
400 N mm21 6 and therefore braids seems to be too rigid.
Braid and hollow knitted rope are also less resistant than
linear knitted textile with strength at failure of 33N, 57N,
and 140N, respectively. Moreover, the deformation profile
under solicitation is different between knitted shapes and
braid: the irreversible deformation occurs earlier for braid
shape (7.5%).

As resistance is one of the key parameters of mechanical
properties, we decided to improve linear knitted textile
with the creation of a rolled knitted scaffold. The conception
of a 3D shape is also interesting to mimic ligament tissue
conformation. The mechanical properties of rolled knitted
scaffold are presented in Figure 4(A,B). The strain and
stress profile is similar to ligaments, with a toe-region (I),
which is the progressive fibers recruitment, a linear region
(II), corresponding to the fibers switched on and a breaking
zone (III). As collagen of ACL, knitted degradable fibers will
gradually be recruited and arranged in the stress direction,
giving a 67 MPa Young’s modulus. Rolled knitted scaffold
can be reversibly deformed to 27.2% of its initial deforma-
tion. It is broken for a 90% deformation of its original
length and for a stress at failure of 22.5 MPa. As a compari-
son, ACL has a Young’s modulus between 50 and 150 MPa,
a toe-region limited to 2–5% and a stress at failure between

16 and 36 Mpa.6 Rolled knitted scaffold has a similar strain
and stress profile and mechanical characteristic values are
close to those of ACL.

In order to play a role as ligament reinforcement, rolled
knitted scaffold must be able to undergo loading cycles. Fig-
ure 4(B) illustrates rolled knitted scaffold behavior under
cyclic solicitations. The cycle of the first charge is slightly
different due to the material accommodation of the load.
Thereafter, responses to other cyclic solicitations are similar.
After each cycle, rolled knitted scaffold returns to its initial
state and the necessary force to deform the scaffold is the
same after 2 or 50 cycles. Furthermore, the shape of the
cycle shows that during the cycle, the rolled knitted scaffold
is still in a reversible deformation phase. The rolled knitted
scaffold is elastic in physiological deformation zone
(between 0 and 8%)6 allowing knee movements without
being damaged.

A comparison with a commercial PET for total reinforce-
ment and the copolymer rolled knitted scaffold is shown in
Figure 5. The main advantage of PET commercial total rein-
forcement is the stress at failure of 51.27 MPa which is
higher than ligaments and its strain at failure that is above
the values corresponding to the physiological zone. How-
ever, the commercial PET for total reinforcement shows an
important stiffness as compared to ligaments, with a Young
modulus of 877 MPa and a low deformation capacity with a
yield strain of 3.75%. The irreversible deformation phase is

FIGURE 3. Typical strength and stress curves of scaffold with different

shapes and associated stiffness and strength at failure values.

FIGURE 4. Rolled knitted scaffold strain and stress curve, and strain

and strength curve of rolled knitted fabric under cyclic loads.
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reached in the physiological deformation zone which will
strongly impact the reinforcement mechanical behavior.

The knitting process involves silicone oil to lubricate the
yarn and, as silicon oil can hamper the cell compatibility,
we developed a method to remove oil silicon. A surface
analysis by Infra-Red Spectroscopy was used to confirm the
disappearance of specific peaks corresponding to silicon oil
(data not shown). Then, the cytocompatibility of the final
knitted structure after silicon oil removing was tested. Cyto-
compatibility of rolled knitted scaffold after removing silicon
oil was assessed by measuring ligamentocyte viability by
using MTT test after 24 h on the scaffold and on TCPS con-
trol (Supplementary Data 1). The OD values corresponding
to living cells on rolled knitted scaffold are very close to OD
values of TCPS control suggesting that the scaffold after sili-
con oil removing step is cytocompatible.

DISCUSSION

A resorbable fabric for ACL reconstruction should provide a
load-bearing framework that present suitable strength and
cell compatibility to promote ligament formation for long-
term. The main objective of this work was to determine the
optimal shape for scaffolds based on PLA-Pluronic block
copolymers for anterior cruciate ligament reconstruction.

Sterility is a mandatory step to ensure absence of viable
microorganisms responsible of harmful reaction in vivo. Lin-
ear block copolymers PLA-Pluronic-PLA (200 kg mol21

named 94P200) were synthesized and consequences of two
sterilization methods on their mechanical and thermal prop-
erties were studied. We showed that gamma and beta-ray
sterilization induced chain random cuts resulting in a signif-
icant loss of molecular weight. Several studies have shown
that, on PLA materials, gamma radiation is responsible for a
molecular weight loss of 50% by chain scission.14,15 Chains
arrangements after gamma sterilization strongly modify the
94P200 copolymer mechanical properties, which is not the

case of beta-ray sterilization. Two phenomena can explain
this difference: a partial crosslinking or an increase of crys-
tallinity by chain scission. Molecular weight loss and tensile
strength values suggest that chain scissions are predomi-
nant. With higher values of melting enthalpy, beta-ray steri-
lized 94P200 copolymers are more crystalline than gamma
ray sterilized or unsterilized copolymers. This may be an
explanation for the slight modification of beta-ray sterilized
copolymers mechanical properties. The weaker impact of
beta ray-sterilization as compared to gamma ray-
sterilization was also reported on PLA microspheres.16 In
order to improve it, we decided to synthesize higher molec-
ular weight copolymers (400 kg mol21 named 94P400).
Yarns have been made from PLA94 homopolymer (200
kg mol21named 94–200) and PLA-Pluronic-PLA copolymers
(200 kg mol21 named 94P200 and 400 kg mol21 named
94P400). We show that ALC ligamentocytes proliferate on
both sterilized 94P200 and 94P400 copolymers during at
least 12 days.

Initially, yarns were made by melt spinning and mechan-
ical properties were optimized through a step of yarn
stretching. This stretching step was used to decrease yarns
diameter to facilitate the knitting process and concomitantly
copolymer crystallinity was increased. This change affected
yarns mechanical properties making them less deformable,
but also more resistant. Mechanical properties comparison
between 94–200 and 94P200 yarns shows the interest of
copolymerization. Indeed, 94P200 and 94–200 present a
Young modulus of 13116103 MPa and 15916 158 MPa,
respectively and a strain of 2246 104% and 60.56 34.9%,
respectively. Blocks introduction might interfere with poly-
mer chains organization which is probably responsible of a
strain at failure and a stiffness decreases. This property
may be interesting for polymers used for the conception of
fabrics that undergo cyclic solicitations. Moreover, yarns
resistance will increase with higher DR and molecular

FIGURE 5. Illustrations of rolled knitted scaffold and PET commercial total reinforcement, mechanical characteristics of native ligament, rolled

knitted fabric, and PET commercial reinforcement (Orthomed).
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weight. Given that 94P400 yarns with a DR of 4 have an
interesting stress at failure, this copolymer has been chosen
to process the shaping.

Several shapes were compared to identify the best scaf-
fold able to meet the ligament mechanicals properties
requirement. In comparison with a braided structure, knit-
ted textiles offer a lower stiffness, an interesting deforma-
tion profile and strength at failure. This is consistent with
our previous work on braided twisted shape.17 Indeed, the
irreversible deformation of braided twisted shape occurs for
low deformations which is not compatible with a tissue that
has to meet important cyclic loads of knees. Furthermore,
the scaffolds loss of mechanical properties due to steriliza-
tion is high and could not provide braided twisted scaffold
enough properties to meet knee physiological solicitations.
In consequence we focus on knitted textile. This shape
allows the creation of 2D patches which can be used for
other applications like Achilles’ tendon or rotator cuff ten-
don reconstruction. The linear knitted textile also allows the
creation of 3D shapes for designing tubular total ligament
reinforcements. With a Young’s modulus of 67 MPa, an elas-
tic deformation of 27.2% and a tensile strength of 22.5
MPa, characteristic values of rolled knitted scaffold are simi-
lar to those of native anterior cruciate ligament.6 In cyclic
loading, the rolled knitted scaffold backs perfectly its origi-
nal state after deformation, allowing it to meet knee physio-
logical demands without being damaged.

In the literature, ligament reinforcements based on knit-
ted PLA, PLAGA or silk are found, which are easier to pro-
duce through the use of commercial yarns. It is usually
difficult to compare data from the literature not only
because of the diversity of materials, but also because of
the multitude of different units used to express the results.
However, Vaquette18,19 describes a PLAGA knitted structure
coated with poly (L-lactic-co-e-caprolactone) which present
excellent results. Mechanical properties were interesting
with a Young Modulus of 150614 MPa, a stress at failure
of 3962 MPa and a strain at failure of 4263%. Cells pro-
liferated on the composite scaffolds and synthesized an
extracellular matrix witch form a fibrous network after 14
days. Ouyang20 described a knitted rolled PLA reinforce-
ment. This scaffold is knitted with a 60 yarns multifilament
of 25 mm diameter. As PLA yarns are “ready to use”, molecu-
lar weight and percentage of L-lactide are not described.
Knitted PLA fabrics have a stiffness of 28.46 1.8 N mm21

and a load at failure of 51.463.2 N which is lower than
our PLA-Pluronic based copolymer fabric (137N). We com-
pare the rolled knitted scaffold with a Orthomed PET rein-
forcement. Main advantages of commercial PET total
reinforcement are a high stress at failure (51.27 MPa) and a
strain at failure out of the physiological zone. However, com-
mercial PET total reinforcement shows an important stiff-
ness and a low yield at failure. The stiffness can impede
tissue regeneration and a low yield at failure can strongly
impact the reinforcement of elastic mechanical properties in
cyclic solicitations. Main mechanical characteristic values of
rolled knitted scaffold are in the ligaments range of values.
Moreover, an interesting property of those materials is the

degradation ability. Indeed mechanical properties will pro-
gressively decrease and material will progressively be
replaced by a new ligament. A compromise between degra-
dation time and mechanical properties will be determined
and presented in another work. This reinforcement can be a
good alternative in tissues engineering.

In terms of limitations, mechanical tests should be per-
formed in conditions that mimic physiological conditions.
For example, a daily duration of 2 h of traction2torsion
cyclic simultaneous solicitations (10% uniaxial strain and
908 of torsion cycles at 1 Hz) could be more relevant.
Another limitation concerns the design of the scaffold and
more specifically the extremities. Indeed, the design of the
extremities of a ligament substitute is a key point to facili-
tate the fixation by surgeons and to provide a total ligament
reinforcement that could resist perfectly to cyclic
solicitation.

CONCLUSION

The goal of this study was to develop a scaffold whose com-
position and design fit to ligament regeneration. We
hypothesized that the combination of PLA-Pluronic based
copolymers and adequate shapes can allow the conception
of a ligament substitute that meet specific requirements of
the ligament reconstruction in terms of mechanical proper-
ties. We showed that beta-ray sterilized materials keep bet-
ter mechanical properties compared to gamma-ray sterilized
materials. Copolymers were processed into several fabrics
shapes which were mechanically tested. We also report that
our knitted textiles show interesting stress at failure and
elasticity capacities. Rolled knitted textile shapes present
mechanical properties close to those of native ACL ligament
tissue. As strength and elasticity are two important mechan-
ical properties in ACL tissues, rolled knitted textile shapes
are compatible with ACL ligament tissue replacement. Those
mechanical properties and the cell proliferation capability
make the knitted copolymers interesting as scaffolds for lig-
ament tissue engineering. In a future work, in vivo studies
will be performed to evaluate the in vivo degradation and
the tissue integration of a rolled knitted fabric based on
PLA-Pluronic copolymers.
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