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Abstract

Polycaprolactone (PCL) is a widely used biodegradable polyester for tissue engineering applications when
long-term degradation is preferred. In this article, we focused on the analysis of the hydrolytic degradation of
virgin and bioactive poly(sodium styrene sulfonate) (pNaSS) functionalized PCL surfaces under simulated
physiological conditions (phosphate buffer saline at 25°C and 37°C) for up to 120 weeks with the aim of
applying bioactive PCL for ligament tissue engineering. Techniques used to characterize the bulk and surface
degradation indicated that PCL was hydrolyzed by a bulk degradation mode with an accelerated degradation -
three times increased rate constant - for pNaSS grafted PCL at 37°C when compared to virgin PCL at 25°C.
The observed degradation mechanism is due to the pNaSS grafting process (oxidation, radical polymerization)
which accelerated the degradation until 48 weeks, when a steady state is reached. The PCL surface was altered
by the pNaSS grafting, introducing hydrophilic sulfonate groups that increase the swelling and smoothing of
the surface, which facilitated the degradation. After 48 weeks, pNaSS was largely removed from surface and
the degradation of virgin and pNaSS grafted surfaces were similar. The cell response of primary fibroblast
cells from sheep ligament were consistent with the surface analysis results: a better initial spreading of cells
on pNaSS surfaces when compared to virgin surfaces and a tendency to become similar with degradation time.
It is worthy to note that during the extended degradation process the surfaces were able to continue inducing

better cell spreading plus preserve their cell phenotype as shown by collagen genes expressions.

1. Introduction

Polycaprolactone (PCL) and its copolymers are used in a large number of medical devices and in
tissue engineering. The slow degradation rate of PCL allows it to stay several months in vivo without
significant degradation.™? Plus, these polymers have many advantages such as (i) flexible
mechanical properties; 343 (ii) ease of processing and fabrication; 781 (iii) adjustable degradation
kinetics by varying crystallinity, molecular weight, structure geometry (porosity, thickness,

etc.);[>101 and (iv) the possibility of being functionalized.l*> *3 Currently, there are two common
2
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approaches to modifying materials to improve their biocompatibility: surface coating or chemical
modification/functionalization of the surface. Functionalization of the surface is generally done by
the coupling of small molecules via covalent, ionic or hydrophobic interactions. [!4%1 On the other
hand, surface coating can be done by depositing the molecule of interest via methods such as plasma
spraying, thermal spraying or electrolytic deposition. 617 For hydrophobic polyesters like PCL these
strategies are of particularly interest for making their surface more cell adherent and biocompatible

to induce favorable interactions with proteins and cells.

For several decades our laboratory has successfully developed functionalization methods of polymer
surfaces introducing carboxylate and/or sulfonate groups for mimicking glycoaminoglycans
functionality and improving cell interaction to improve bio-integration of medical devices.[*81920]
Especially, the development of grafting poly(sodium styrene sulfonate) (pNaSS) on polyethylene
terephthalate (PET) LARS™ ligaments led to a new generation of biointegrable and bioactive
synthetic ligaments.[?%?22% The excellent in vitro and in vivo results in a large animal model (i.e.,
sheep) demonstrated that the pNaSS grafting provided (i) an increase of the cell adhesion strength;
221 (ii) a better morphology of the cells that were more spread out and more homogeneously
distributed; 2224231 (jii) an increase of the type-I collagen production that was accompanied by tissue
formation with a better organization; 426l (iv) an improved osteointegration of the prosthesis with
the generation of a good bone-implant interface.’”l Based on that, the idea to develop the next
generation of synthetic ligament which could be biointegrable, bioactive and biodegradable emerged.
Thus, the pNaSS grafting was extended to PCL surfaces — films, scaffold, and fibers so far - and
bioactivity improvements of those modified materials were studied. 2 2% 301 For the ligament
reconstruction application, the impact of the grafting process on mechanical properties as well as the
feasibility of a rat implantation model have been assessed and described.®%2 The first studies on cell
response to pNaSS grafted PCL are encouraging, however, one essential question remains for the
ligament application: how long does the pNaSS-PCL ligament stay in the body before degrading and

are the mechanical properties and bioactivity maintained ?
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In general, the degradation of poly(a-hydroxy esters) is stimulated by the specific action of water and
the phenomena of diffusion and reactions that occur within the material. Two distinct processes are
observed: (i) a surface degradation where the diffusion of water in the polymer volume is extremely
slow compared to the hydrolytic cleavage reaction; and (ii) a mass degradation where the water is
able to penetrate through the entire polymer so that random hydrolytic chain splits take place
uniformly throughout the matrix. 31 As a poly(a-hydroxy ester), the degradation of PCL is carried
out by hydrolysis: the PCL chains are cleaved at the ester bonds, forming carboxyl terminal groups
and thereby reducing the size of the molecular chains and yielding water-soluble degradation products
such as 6-hydroxylcaproic acid.''3% 34351 \When the by-products diffuse into the medium, the
degradation, and therefore the decrease of the molecular weight throughout the sample are
homogeneous, creating a balance between diffusion and hydrolysis reactions.[*®! In the case where
the by-products do not diffuse into the medium and remain trapped in the mass of the polymer, the
presence of the carboxylic acids will catalyze the hydrolysis. Under these conditions a concentration
gradient would be present in the material, with the rate of degradation of the core of the structure

occurring at an exponential rate due to internal autocatalysis.[**!

Many research studies focus on the hydrolytic or enzymatic in vitro degradation of PCL copolymers,
usually containing polylactic acid, for short- to mid-term applications that are often less than one
year.[37-38:39.401 Some other studies use accelerated degradation conditions such as extreme pH or UV
irradiation.[*14? Predictable mathematic models have also been developed specifically for polyester
degradation.!344 Nevertheless, very few articles focused on the long-term (i.e., >1 year) hydrolytic
degradation of pure PCL in a saline solution at pH 7.4 and 37°C.[*l Moreover, although the
degradation of some coated-PCL surfaces can be found in the literature, 146474849 few studies
investigated the degradation of functionalized-PCL surfaces.’®%! This article has two main
objectives: (i) investigate the long-term hydrolytic degradation study of two PCL structures - films
with a spherulite structure and fibers bundles with a shish-kebab structure — at two degradation

temperatures (25°C and 37°C) in saline solution; and (ii) evaluate the impact of functionalization by
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radical grafting on PCL degradation to investigate the mechanism of degradation for pNaSS-grafted
PCL samples. Therefore, the work presented here is organized in three parts: (i) the degradation study
to examine what is the mechanism of the hydrolytic degradation of pNaSS grafted PCL and how does
pNaSS impact the degradation reaction; (ii) the surface analysis of the degraded material; and (iii)

the biologic behavior of the resulting degraded structures.

2. Materials and methods

2.1 Sample preparation

2.1.1 PCL film spin-coating

PCL films were cast using a spin-coating method. Raw PCL pellets from Sigma-Aldrich (St Quentin
Fallavier, France) (sku. 704105, i.e. PC60 Mn = 60,000 g.mol™) were dissolved in dichloromethane
solution (30%, w/v) spin-coated for 30 sec at 1,500 rpm using a SPIN150-v3 SPS. The cast films
were then dried overnight at air pressure and room temperature. Using a punch, the cast films were

cut into 14-mm diameter disks and placed at 4°C until further experiments.

2.1.2 PCL fiber bundles

20 PCL fibers (diameter 110 &+ 15um) from Luxilon Industries, Belgium, were placed in a handmade
Teflon plate in which longitudinal and vertical grooves had been dug. The fibers were placed in the
vertical grooves and a PCL solution (1.2 g of PC60 dissolved in 2 ml of dichloromethane) was cast
in the longitudinal grooves. After overnight evaporation of the dichloromethane the 20 fibers were

joined together forming PCL fiber bundles with a nominal length of 30 £ 1 mm.

2.1.3 Grafting of poly(sodium styrene sulfonate) (pNaSS) on PCL samples

Purification of the NaSS monomer

Sodium 4-vinylbenzenesulfonate salt (sku. 94904, Sigma-Aldrich) was purified by recrystallization
in a mixed solution of ethanol-distilled water (90:10, v:v). Typically, 90 g NaSS were dissolved in

1,780 mL of the mixed solvent at 70°C overnight. The mixture was then filtrated and the filtrate
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placed at 4°C for 48 h. After final filtration, the filter cake (recrystallized NaSS) was collected,

vacuum-dried for 6 h at 30°C, and kept at 4°C until further experiments.

Radical grafting

The PCL films and bundles were functionalized with pNaSS using a grafting "from" technique. 6 PCL
samples were placed in 100 mL of distilled water and ozonated either for 20 min (films) or 10 min
(bundles) at 30°C under stirring. Ozone was generated using an ozone generator BMT 802 N (ACW)
with a gas pressure of 0.5 bars and an oxygen flow rate of 0.6 L.min™. Next, the ozonated PCL
samples were transferred into a degassed aqueous NaSS solution (15%, w/v) under argon and
maintained for 3 h at 45°C under stirring to allow for radical polymerization of the monomer. The

grafted samples were extensively washed with distilled water for 48 h and then vacuum-dried.

2.2 Degradation study design

The degradation of PCL was assessed by immersion in a saline solution (0.5 + 0.1 mg.mL™?) at 25°C
or 37°C for 2.5 years in a controlled temperature chamber, without light exposure. The buffered saline
solution was composed of 0.14 mol.L™* NaCl, 0.01 mol.L* NazHPOas, 0.002 mol.L?* KH2PO4 and
0.05% of NaNs to avoid contamination. This solution was renewed every three months and its pH
was measured until the degradation time points were reached (original pH = 7.4). The degradation of
grafted and non-grafted PCL samples was evaluated at 0, 2, 4, 12 and 24 weeks and every 24 weeks

after that until 120 weeks (2.5 years).

2.2.1 Characterization of degradation evolution

pH measurements

At each time point and for each condition examined the solutions from three randomly assigned
samples were kept apart and the others were pooled together. The pH of those four solutions was

measured by a benchtop pH-meter (HI 2210, Hanna Instruments, France).
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Determination of molecular weights

The PCL number average molecular weight (Mn), weight average molecular weight (Mw), and
polydispersity index (PDI) were determined by size exclusion chromatography (SEC) analysis using
a Shimadzu Prominence instrument LC20AD pump equipped with a SIL-20ACHT auto sampler and
a Shimadzu RID-10A differential refractive index detector (Shimadzu Europa GmbH, Duisburg,
Germany). The PCL films and fibers were dissolved in tetrahydrofuran (ROTISOLV CLHP, Roth
Sochiel EURL, Lauterbourg, France) at 5 mg.mL™. The solutions were filtered (45um) and eluted
through 2 SEC columns (phenomenex phenogel, Torrance, USA). A conventional calibration curve
was generated using a series of narrow polydispersity poly(methyl methacrylate) standards. Three

films or fibers samples were analyzed per condition.

Differential scanning calorimetry method

Differential scanning calorimetry (DSC) analyses were carried out with a DSC 8000 calorimeter
(Perkin Elmer, Waltham, USA) under nitrogen atmosphere. The samples were scanned once from
-75°C to 100°C at a heating rate of 10°C.min™. The glass transition temperature (Tg), melting
temperature (Tm), and melting enthalpy (AHm) of the PCL films were determined from the first scan.
The glass transition temperature was assessed using the midpoint method (temperature at which the
measured curve is equidistant between the upper and lower tangents). The melting temperature was
taken at the maximum of the peak. The melting enthalpy was calculated as the melting peak area. The

degree of crystallinity (Xc) was calculated according to Equation 1:

Xc = AHmM/AHmo x 100
Where AHmo stands for the melting enthalpy of 100% crystalline PCL (AHmo = 135.44 J.g*).1%2

Mechanical testing
Mechanical assays were performed in a Bose Electroforce 3220 equipment (TA instruments, USA).

Only the PCL fibers bundles were examined. The effective length of samples was set at 10 mm and
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the stain rate used was 3.6 mm.min. Stress strain curves until rupture were recorded and Young’s

Modulus E in MPa, elongation ¢ in % and the ultimate tensile stress (UTS) in MPa were determined.

SEM images
The micro-topography of PCL surface was carried out using a Hitachi TM3000 SEM operating at
15 kV. For PCL films, the two sides of the sample were observed. No specific sample preparation

was done.

Atomic force microscope

The nano-topography of the PCL surface was studied by Atomic force microscopy (AFM) using a
MultiMode 8 model (Bruker, Billerica, USA) and the NanoScope Analysis 1.8 software (Bruker).
Each PCL sample was analyzed in air at room temperature using the ScanAsyst mode (tapping mode).
The tip used was symmetric, 2.5 to 8 um height with a spring constant of 0.4 N/m (70 Hz). The
cantilever was made from silicon nitride and had a triangular geometry. The regions of interest for
scanning were selected based on the view of the sample in the built-in optical microscope on the AFM
instrument. Scanning size performed on PCL was 500x500 nm?.

Mean roughness was calculated by the Equation 2:

Ra= lirfOlTIZ(x)l dx, where Ra is arithmetic average (nm).

Contact angle measurements

Static solvent contact angles were measured using a DSA10 contact angle measuring system from
KRUSS GmbH. A droplet of solvent was suspended from the tip of a microliter syringe supported
above the sample stage. The image of the droplet was captured and the contact angle was measured
using DSA drop shape analysis program from KRUSS-PT 100. The contact angle of dH20 (2uL) on
the surface was recorded 8s after contact, 3 measurements were taken and averaged.

The surface energy (ys) was calculated based on Young’s equation:

ys=1yLcos 0+ ys. (Equation 3)
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Where yu is the liquid surface free energy in mN.m; 0 is the contact angle in °; ysc is the solid/liquid

interfacial energy in mN.m™.

The extended Fowker’s method was used in these calculations: y1 (1 + c0s0) = 2(y19 y29)Y2 + 2 (y2P

v2")2 (Equation 4)
Water (polar), ethylene glycol (polar) and methylene iodide (unpolar) were the liquids used.

X-Ray photoelectron spectrometry (XPS) analysis

All spectra were taken on a Surface Science Instruments S-probe spectrometer that has a
monochromatized Al Ko X-ray and a low energy electron flood gun for charge neutralization of non-
conducting samples. The PCL film samples were fastened to the sample holder using double-sided
tape and run as insulators. X-ray spot size for these acquisitions was approximately 800 um. Pressure
in the analytical chamber during spectral acquisition was less than 5 x 10°° Torr. Pass energy for
survey spectra (to calculate composition) was 150 eV and pass energy for high resolution scans was
50 eV. The take-off angle (angle between the sample normal and the input axis of the energy analyzer)
was approximatively 0°. This take-off angle corresponds to a sampling depth of approximately 100
A. The Service Physics Hawk Data Analysis Software was used to determine peak areas using a linear
background, to calculate the elemental compositions from peak areas, and to peak fit the high-
resolution spectra. The binding energy scales of the high-resolution spectra were calibrated by
assigning the lowest binding energy C1s high-resolution peak a binding energy of 285.0 eV. Three
spots were analyzed on each sample for determining the elemental composition. Analysis included a
survey spectrum, detailed spectra of the Nals, N1s, S2p, and Si2p peaks, along with a high-resolution
spectrum of the C1s peak from one spot on each sample. Due to the geometry of fibers, this analysis

could not be performed on PCL bundles.

Colorimetric method
The evidence of the pNaSS grafting was tested using the toluidine blue colorimetric assay. The

method described by Ciobanu et al ! was adapted as follows: an aqueous solution of toluidine blue

9
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(Roth Sochiel EURL) was prepared at 5 x 10 M and drops of 1 M NaOH was slowly added to reach
and maintain the pH solution value of 10.0 + 0.1. Samples were immersed in 5 mL of this solution at
30°C for 6 h and then washed three times in 5 mL of 10 M NaOH for 5 min. Each sample was placed
in aqueous acetic acid solution (50%, v/v) - in 10 mL for films and in 2 mL for fibers - for 24 h at
room temperature. The decomplexation solution was analyzed by UV/visible spectroscopy (Perkin
Elmer lambda 25 spectrometer, Waltham, USA) at 633 nm. On the grafted surfaces, 1 mole of
toluidine blue was assumed to complex 1 mole of sulfonate group from pNaSS. The grafting rate
(GR) in mol.g’* was then calculated according to Equation 5:

OD.V
c.l.m

GR =

Where, OD is the optical density, V is the aqueous acetic acid volume (L), € is the extinction
coefficient of toluidine blue solution (L.mol2.cm™), | is the length of the spectrophotometer tank
(cm), and m is the mass of the PCL films (g). The extinction coefficient was calculated based on a

dilution curve using the initial toluidine blue solution.

ATR-FTIR analyses

The Fourier-transformed infrared (FTIR) spectra, recorded in an attenuated total reflection (ATR),
were obtained using a Perkin Elmer Spectrum Two spectrometer. The PCL films were uniformly
pressed against a diamond crystal and for each surface, 128 scans were acquired from 4000 to 400

cm! at a resolution of 2 cm™.

2.2.2 Cell culture analyses

Preparation of the samples for cell culture

Prior to experiments, all PCL films were packaged and sterilized as follows: 3x washing (3 h in 0.15
M NacCl), 20 min in 70% ethanol, 10 min in ultra-pure water, and 15 min UV irradiation (both sides
of the samples). All steps were performed under stirring. The PCL films were kept in sterile PBS
solution at -20°C until further experiments. The samples were then slowly defrozen and placed

overnight at 37°C under 5% COz2 in cell culture medium (DMEM, Gibco) without supplementation
10
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followed by an overnight incubation at 37°C under 5% COz2 in cell culture medium supplemented

with 10% FBS.

Isolation and culture of primary sheep anterior cruciate ligament fibroblasts

Anterior cruciate ligaments (ACL) were isolated from one sheep (2-year old female Merino sheep
free of degenerative joint disease, ~ 60 kg) in accordance with the German legislation on protection
of animals and the NIH Guidelines for the Care and Use of Laboratory Animals [NIH Publication 85-
23, Rev. 1985], and as approved by the local governmental animal care committee. % Tissues were
cut into small pieces of 1-2 mm?, washed three times in DPBS, and incubated in a 0.1% (w/v)
collagenase (Sigma-Aldrich) for 6 h at 37°C under 5% CO2. The mixture solution was centrifuged 3
min at 1,500 rpm. The supernatant was withdrawn and the clot resuspended in DMEM complemented
with 10% bovine calf serum (BCS) (Sigma-Aldrich), 1% penicillin-streptomycin (Gibco), and 1% L-
glutamine (Gibco). The primary sheep ACL (SACL) fibroblasts were maintained in T-75 flasks until
confluence was reached. pNaSS-grafted and non-grafted PCL films were placed on the bottom of a
24-well plate using Teflon inserts. The cells were then seeded at a density of 5.10* cells/well and

cultured at 37°C under 5% CO2 over the time of the experiment.

Cell viability

PCL films were chemically degraded for one month in 2 mL of HCI solution (1 mol.Lt) at 40°C. The
macroscopic degraded pieces of PCL were collected and analyzed by SEC; while, the solvent
suspensions were equilibrated to pH 7 with NaOH (1 mol.LY). After sterilization under 0.22 um
filtration, the solutions containing the PCL degraded products were put in contact with SACL
fibroblasts for 24 h in DMEM complemented with 10% serum (dilution factor 1/5).

The medium was removed and 500 uL of MTT solution (Sigma, Saint Louis, USA) at final
concentration of 1 mg.mL* diluted in fresh culture medium without phenol red was incubated for 4
h at 37°C. The supernatant was then discarded and 350 uL of DMSO was added to each well for 10

min at room temperature. Each well was thoroughly mixed and the absorbance was read at 570 nm.

11
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The percentage of live cells in presence of PCL degraded products was calculated using a calibration

curve between the number of cells and the corresponding absorbance.

Histological and fluorescence analyses

SACL fibroblasts were harvested, fixed for 30 min with 4% formaldehyde, and rinsed twice with PBS.
For histological analyses (hematoxylin and eosin - H&E - staining), hematoxylin (Carl Roth GmbH,
Karlsruhe, Germany) was first added to each well for 10 min. The wells were then washed once with
distilled water and a solution of 1% HCI was briefly added. Prewarmed water (60°C) was added for
4 min, followed by addition of hematoxylin for 3 min, removal, and washing once with distilled water.
Eosin (Carl Roth GmbH) was then incubated for 2 min and extensively washed with distilled water.
Stained samples were kept at 4°C until observation under a light microscope (Olympus BX 45,
Hamburg, Germany).

For fluorescence analyses, the cells were fixed and the samples washed once with PBS and once with
3% bovine serum albumin (BSA)/PBS (Acros Organics, Geel, Belgium). The cells were then
permeabilized with 0.1% Triton-X 100 in PBS for 5 min at room temperature. After two washes in
PBS, the samples were incubated in 3% BSA/PBS for 1 h at room temperature. The cells were then
incubated with Fluorescein Phalloidin (FITC, Molecular probes, Eugene, USA) at 1:40 in 1%
BSA/PBS for 1 h at room temperature in the dark. After two washes in PBS, 2% 4',6-diamidino-2-
phenylindole (DAPI) dissolved in distilled water was added for 10 min at room temperature. The
samples were stored in distilled water at 4°C until observation under a fluorescent microscope

(Olympus CKX41).

Total RNA extraction and real-time g-PCR analyses

Sheep ACL cells were cultured for 7 days on grafted or non-grafted PCL films, which have been
subjected to 24, 48, 84 and 96 weeks of degradation. For each condition, total RNA was isolated
using the RNeasy mini kit according to the manufacturer’s protocol (Qiagen, Hilden, Germany). For
each experimental condition, 100 ng RNA was reverse-transcribed using the high capacity

retrotranscription kit (Applied Biosystems, Thermo Fisher Scientific). Quantitative PCR was
12
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performed using SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific)
using the following primers (Sigma, Aldrich, Merck), COL1A1 (type-I collagen alpha 1), COL2A1
(type-11 collagen alpha 1), and COL3AL1 (type-Ill collagen alpha 1), which are listed in Table 1.
COL1A1 and COL3AZ1 identify ligament collagens, while COL2A1 identifies cartilage collagen. We
used GAPDH as housekeeping gene for internal control. All primers were used at the 3 pM final
concentration. The threshold cycle (Ct) value for each gene of interest was measured for each
amplified sample by using the StepOne software (Applied Biosystems, Thermo Fisher Scientific) and
was normalized to GAPDH expression. The relative mRNA levels were calculated using the 2—AACt
method described by Livak and Schmittgen.®* The ACt values were obtained by calculating the
differences: Ct(gene of interest) — Ct(housekeeping gene) in each sample. We obtained the AACt
values by calculating the differences between ACt(Experiment) and the average of ACt(control)
values. For relative mRNA level analysis, the COL2A1 values of non-grafted and non-degraded PCL
were used as control and normalized to 1.

Table 1. Primers used for g-PCR

Forward 5°-
COL1A1L CGTGATCTGCGACGAACTTA-3 ,
Reverse 5’-
TCCAGGAAGTCCAGGTTGTC-3’
Forward 5’-
COL2AL CAACCAGGACCAAAGGGACA-3 ,
Reverse 5’-
GTCACCACGATCACCTCTGG-3’
Forward 5’-
COL3A1L CCGTGCCAAATATGCGTCTG-3 ’
Reverse 5’-
GTGGGCAAACTGCACAACAT-3’
Forward 5’-
GAPDH ACAGTCAAGGCAGAGAACGG-3 ,
Reverse 5’-

CCAGCATCACCCCACTTGAT-3

Statistical analysis
All the bulk analyses were carried out on three independents samples, all the surface analyses were

carried out on three different spots on one sample, all the biologic experiments were carried out using

13
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one to three samples per condition. Statistical analyses were performed using ANOVA with p <0.05

considered statistically significant.

3. Results

3.1 Bulk analysis of degraded material

3.1.1 pH measurement

No significant change was found in the pH of the solution after 120-weeks of degradation (p > 0.05),
the pH never deviated more than 3% from the original 7.4 pH value for the different conditions studied

(see Figure 1 for films and Figure S1 in Supplementary Materials for fibers).

A 85

+25°C-NG ®m37°C-NG 25°C-G =37°C-G
T 75 V’_—l_\\/—'ﬂh_f:_;ﬂ——\h_‘_d

6.5
0 24 48 72 96 120
Time (weeks)

Figure 1. pH variation of the saline solution used for degradation of PCL films.

3.1.2 Molecular weight

The monitoring of the molecular weights over time revealed different degradation processes,
depending on the sample type and experimental conditions (cf. Figure 2A). For the non-grafted
samples Mn decreased slowly over the first year (i.e., 48 weeks) and then reached a plateau. After 2.5
years of degradation (i.e., 120 weeks), the non-grafted PCL film molecular weight decreased by 11.4
2.6 % (p <0.05). The PDI of the non-grafted films remained constant over the 2.5 years period with
a value of 1.29 + 0.02 (cf. Figure 2B). These trends in Ma and PDI were similar whether the
degradation occurred at 25°C or 37°C, even if the loss in molecular weight was slightly increased at
the higher temperature (p < 0.05).

For the grafted samples, the degradation kinetics were significantly different (p < 0.05). First, the

molecular weight loss depended on the degradation temperature, 25°C or 37°C. At 25°C, the
14
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molecular weight loss of the pNaSS grafted samples was 8.0 + 1.4% (p <0.05) after the first 6 months,
increased to 30.7 £ 6.2 % loss (p < 0.05) after 1 year and finally stabilized at 40.1 + 2.7% loss (p <
0.05) after 1.5 years (cf. Figure 2A). The PDI increased as Mn decreased, reaching a value of 1.49 +
0.10 (p < 0.05) after 1.5 years of degradation (cf. Figure 2B). Degradation of the pNaSS grafted
sample was accelerated at 37°C compared to 25°C. After 6 months the molecular weight decrease
was 27.7 £ 0.2% (p < 0.05) and reached a plateau at 1 year corresponding to 76.5 £ 6.3% of molecular
weight loss (p < 0.05) (cf. Figure 2A). The PDI variation for this sample was different from the other
conditions, for the first 6 months (i.e. 24 weeks) the PDI was stable at 1.35 + 0.06 and then it increased
t0 2.30 £ 0.15 (p < 0.05) after 1 year of degradation (cf. Figure 2B).

Similar trends, but to a lesser extent, were observed for degradation of the PCL bundles (cf. Figure
S2 in Supplementary Materials). The initial molecular weight of the fibers was higher than the films
(i.e., 74,317 + 412 g.mol™* for the fibers versus 60,438 + 203 g.mol for the films), which slowed

down the degradation process of the fiber bundles.
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G 25°C G 25°C
=G 37°C 1 =G 37°C
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30000

M,, g.mol*

15000

0 0

0 24 48 72 96 120 0 24 48 . 72 96 120
Time, weeks Time, weeks

Figure 2. SEC analysis results. (A) evolution of Mn over degradation time, (B) evolution of PDI over
degradation time

3.1.3DSC
For all conditions, the degradation of the films was linked to increases in crystallinity and melting

temperature (Tr). Although, it occurs differently at 25°C compared to 37°C.

The crystallinity of the non-grafted samples degraded at 25°C for 120 weeks increased by 4.4% (p >

0.05), whereas the crystallinity of the grafted samples at 25°C for 120 weeks increased by 12.8% (p >
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0.05). After 120 weeks at 37°C there was no difference between grafted and non-grafted samples,
which had crystallinity increases of 16.1% (p < 0.05). The increase of the crystallinity can be observed

by the size of the melting peak in the thermograms (Figure 3).

The degradation temperature significantly influenced the Tr, causing a shift in the melting peak. An
increase of 6% (p < 0.005) was observed when films were degraded at 25°C (from Tr = 60.52 +
0.58°C to Tr = 64.41 £ 0.02°C) compared to an increase of 8.8% (p < 0.005) when degraded at 37°C

(from Tr=60.52 £ 0.58°C to Tr = 66.34 + 0.20°C) (see Figure 3).
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Figure 3. DSC thermograms of the first heat for non-grafted and grafted PCL film degraded for 0,
12, 24, 48, 72, 96, 120 weeks degradation at 25°C and 37°C.
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3.1.4 Mechanical — fibers samples

Tensile tests were carried out over 2.5 years of degradation on the PCL bundles (20 fibers) to follow
the evolution of crucial characteristics in the mechanical performance of the studied materials. After
only 2 weeks of degradation, all samples exhibited a reduction of the Young Modulus values (p >
0.05), the reduction being more prominent for non-grafted samples, which reached the same mean
value of the grafted samples after 4 weeks of degradation (i.e., E =~ 1075 MPa) (cf. Figure 4A). Those
values remained relatively stable for the next 20 weeks and then progressively decreased until 72
weeks of degradation. From 72 to 120 weeks the Young modulus is once again relatively stable.
Similarly, after the first two weeks of degradation the elastic strain for grafted and non-grafted
samples converge to similar values (i.e., e = 14%, p > 0.05). These values remained relatively constant
for the next 10 weeks and then experienced a substantial increase after 24 weeks of degradation (p <
0.005). After 24 weeks the elastic strain of both samples degraded at 25°C remained fairly constant.
In contrast the elastic strain of both samples degraded at 37°C decreased. The elastic strain decrease
for the grafted sample began at 24 weeks and was more intense after 72 weeks, while for the non-

grafted sample it didn’t begin until 72 weeks (Figure 4B).

—+=NG 25°C I

o 2 4 12 24 48 72 96 10 o 2 a 12 24 a8 72 96 120

Time (weeks) Time (weeks)

Figure 4. (A) Evolution of Young Modulus for PCL bundles over degradation time; (B) Evolution
of elastic strain percentage for PCL bundles over degradation time.

The behavior of these two parameters can be associated with weakening of the material by the
degradation process. The reduction of the ultimate stress also showed the grafted samples degraded

more rapidly at 37°C (p < 0.05) (cf. Figure 5A). Figure 5B shows the stress-strain profiles for the
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grafted sample degraded at 37°C along with the evolution of ultimate stress for all samples as a

function of degradation time.
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Figure 5. (A) Evolution of the ultimate stress with degradation time; (B) Strain stress curves for
grafted samples degraded at 37 °C

3.2. Surface analysis of degraded samples

3.2.1 Micro-topography

PCL spin-coated films presented a microstructure composed by amorphous and crystalline parts
arranged in spherulites structures (see Figure 6). The pNaSS grafting did not change the size of the
spherulites nor their proportion in the films, but some straight lines appeared. After 24-weeks of
degradation, the non-grafted samples lost their amorphous part (see circles in Figure 6) while the
grafted films started to present additional cracks in the crystalline part (see arrows in Figure 6). At
48- and 72-weeks of degradation, we observed a rearrangement of the structure with an increase in
spherulite size. The grafted films presented some microscopic holes between spherulites and a lot of
cracks localized in the germination points (see respectively stars and arrows in Figure 6). At 96-
weeks, the spherulites returned to their initial size. The first layer of the grafted films started to
disappear and films became very brittle. It was less obvious on the non-grafted samples where almost
no cracks of the crystalline part appeared over degradation time. At 120-weeks of degradation, the
films recovered a homogenous micro-topography which looks very crystalline with the grafted films
still presenting a lot of cracks in this crystalline structure (see arrows in Figure 6).

The same observations were made on non-grafted and grafted films when degraded at 25°C.
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0-, 24-, 48-, 72-, 96- and 120 weeks. Scale bar = 300 um. Legend: circle: amorphous part / arrow:
cracks / star: hole

On PCL fibers bundles, due to spinning process, we assumed that the initial structure was organized
in a shish-kebab pattern. The fibers micro-structure observed by SEM did not show any differences

between non-grafted and grafted surfaces, or between 25°C- and 37°C- degradation. The only
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observation was that fibers looked “rougher” (casting ridges accentuated) with degradation time and
120-weeks of degradation at 37°C was required to start observing holes at the surface (see Figure S3

in Supplementary Materials).

3.2.2 Nano-topography

AFM analysis demonstrated a difference in the surface topography between non-grafted and pNaSS
grafted surfaces. The increase of image mean roughness (Ra) going from 2.85 nm at 0 weeks of
degradation to 14.3 nm at 120 weeks of degradation (p < 0.05) demonstrated that the non-grafted
surface became rougher after long term degradation. The degradation, represented by a roughness
increase, also occurred with grafted film but was significant only after at 120 weeks of degradation

(Ra=8.4nm, p<0.05) (see Figure 7).

(a) Film NG-0 w (b) Film NG-24 w (c) Film NG-96 w (d) Film NG-120 w

1 Ra=2.85nm 2 Ra=4.88nm Ra=12.5 nm ;3 Ra=14.3 nm/
o £ 0l

£ 2 = - £ I3 =~ P MW\\ J\\,w/\ \
% . %

(e) Film G-Ow (f) Film G-24 w (g) Film G-96 w (h) Film G-120 w

© Ra=145nm ' Ra=199nm © | Ra=4.54nm G na=a.cnm
it HENETTEYT 88 W b {/
50 50 2 150 200 %0 50 200 s 0 20 5

Figure 7. Nano-topography of non-grafted (NG) and grafted (G) PCL films degraded at 37°: (a)
Non-degraded NG film, (b) 24 w degraded NG film, (c) 96 w degraded NG film, (d) 120 w degraded
NG film, (e) Non-degraded G film, (f) 24 w degraded G film, (g) 96 w degraded G film, (h) 120 w
degraded G film. Scan size: 500x500 nm?, the roughness diagram was measured over the red line.

The similar phenomenon happened with PCL fibers under the same conditions (see Figure S4 in

Supplementary Materials).

20



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

3.2.3 Contact Angle measurement

The non-grafted PCL films samples degraded at 25°C and 37°C, as well as the pNaSS grafted films
degraded at 25°C, did not exhibit a significant change in their water contact angle measurements with
degradation time (p < 0.05). In contrast, the pNaSS grafted films degraded over 120 weeks at 37°C
displayed a significant decrease in the water contact angle going from 66.6 + 0.9 to 54.0 £ 4.3 (28.1%
decrease, p < 0.05). This decrease is consistent with an increase of the surface hydrophilicity with
degradation (Table 2).

Table 2. Water contact angle on PCL film degraded over time at 25°C and 37°C.

Time (week) Contact angle (°) water
Degradation at 25°C Degradation at 37°C
Non grafted Grafted Non grafted Grafted
0 770+£05 66.6+09 77.0£05 66.6%0.9
12 774+18 642+51 683+11 70.2+3.6
24 779+14 71.1+30 76.0+32 68.9+0.6
48 765+09 663+69 723+38 76.1+26
72 71.3+76 73.1+48 821+03 63.2+0.6
96 714+16 662+02 754+25 501+3.1
120 728+20 683+23 73.0+16 54.0+4.3

The surface energy, calculated according to Equation 3 (see in Supplementary Materials Tables S1
and S2 for contact angle results with ethylene glycol and diiodomethane), was higher on the grafted
than on the non-grafted films due to the presence of sulfonate groups on the surface of the grafted
films (see Table 3). The degradation of the PCL films did not significantly impact the surface energy
(p > 0.05) and retained the initial difference observed between non-grafted and grafted samples.

Table 3. Surface energy (total) of non-grafted and grafted films degraded at 25°C and 37°C

Time (week) vs (MN.m?)
Degradation at 25°C Degradation at 37°C
Non Non
grafted Grafted grafted Grafted
0 406+03 445+05 406+03 445+05
12 448+11 46.0+16 459+09 469+0.3
48 434+04 459109 422+14 439105
72 432+05 464+19 43.0+03 46.0x14
96 435+16 456+06 42807 524+11
120 36.2+26 47.0+32 426+09 532+25
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456  Additionally, the polar energy of non-grafted films was not changed by the degradation process, but
457  an increase of this energy to 8.8 + 1.6 mN.m™ was observed for the grafted samples degraded at 37°C
458  for 120-weeks (table 4).

459 Table 4. Polar fraction of non-grafted and grafted films degraded at 25°C and 37°C
Time (week) v" (MN.m™1)
Degradation at 25°C Degradation at 37°C
Non grafted Grafted Non grafted Grafted

0 24+01 37202 24+01 37%0.2
12 16+03 48+x05 41+02 3103
48 21+03 49+x06 28+12 22*04
72 27+01 36+13 10+01 4905
96 35+05 45+02 33+x06 9409
120 28+08 51+11 3705 88%16

460

461  3.2.4 XPS analysis

462  The XPS analysis provided information about the degradation of the PCL films in the outer ~100 A
463  of the samples. For the non-grafted samples degraded at 37°C, no significant variation of the carbon
464  species concentrations was observed in the first 72 weeks of degradation, but at 96 weeks of
465  degradation (i.e., 2 years) an increase of 42% of the C-O bonds was observed (cf. Figure 8A).
466 Interestingly, the XPS analysis on the grafted PCL films presented the same increase of 42% in C-O
467  bonds after 96 weeks of degradation, but with a more continual increase with degradation time (11%

468 and 17% after 24 and 72 weeks of degradation, respectively) (cf. Figure 8B).
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Figure 8. C1s peak fit parameters - percentages of atomic bonds for (A) non-grafted PCL films
degraded overtime at 37°C and (B) grafted PCL films degraded overtime at 37°C.

The XPS determined atomic concentrations for all degraded PCL films were similar, but trace
amounts of sulfur (~0.2 atomic percent) were detected on the grafted PCL films after degradation (see
Table 5). The grafted samples prior to degradation exhibited a significantly different XPS elemental
composition, due to the presence of the pNaSS film (increased sulfur, increased oxygen and decreased
carbon). The colorimetric method could not be used to measure the amount of grafted pNaSS on the
degraded samples due to a significant increase in the non-specific coloration of the degraded damaged
surfaces (p < 0.05, see results on non-grafted samples in Table 5). XPS showed a decrease of the
sulfur concentration (1.8 to 0.2 atomic percentage sulfur) upon degradation (see Table 5).
Table 5. Grafting rates (GR) determined according to equation 5 (see materials and methods) and

surface concentration (XPS atomic percent) for non-grafted (NG) and grafted (G) PCL films
degraded at 37°C for 0, 24, 72 or 96 weeks.

GR (umol.gh) Atomic concentration %
before after C1s O1s S2p Na 1s N 1s Si2p
degradation  degradation
NG — 0 week 0.70+£0.27 72.1£0.9 22.7+0.9 - - - 3.4+0.1
NG -24 1.05+0.45 0.9940.35 76.3+t0.4 21.9+0.4 - 0.2+0.1 - 1.7+0.2
weeks
NG -72 0.47+0.40 2.13+0.70 76.840.9 20.2+0.9 0.1+0.0 0.3+0.1 15+0.6 1.1+0.3
weeks
NG — 96 0.30£0.12 7.26+0.96 73.1+0.8 22.7+0.7 0.1+0.1 0.6+0.1 2.3+0.2 1.2+0.1
weeks
G — 0 week 10.5+0.06 61.4+0.7 29.6+0.8 1.8+0.1 0.9+0.1 - 1.5+0.4
G — 24 weeks 8.51+0.81 41.30£5.46 74500 225+0.4 0.3x0.0 0.6%0.0 - 2.2+0.4

G — 72 weeks 4.79+0.87 96.70+£3.16  77.3x0.4 21.1+04 0.2#0.1 0500 0.5+0.2 0.5+0.2
G — 96 weeks 3.31+1.34  156.00+9.57 75.5+0.9 22.9+09 0.2+0.0 0.7¢0.1 0.4+0.2 0.3+0.1

3.2.5 Fourier Transforms Infrared Spectra

During the degradation process, the 1720 cm™ (y(C=0)) and 1167 cm™ peaks (vas(C-O)) decreased
(under 0.6 % of transmittance — see the decrease of red intensity on colors maps) after 84 weeks for
the non-grafted PCL film (see Figure 9). The increase of a number of C-OH and COOH groups
caused the significant decrease of these peaks. That phenomenon is related to the increased percentage

of - CO bonds in the XPS C1s spectra as the degradation proceeded
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Figure 9. Fourier Transforms Infrared Spectra of non-grafted (A) and grafted (B) PCL films degraded
at 37°C over time.

The increase of alcohol and acid groups on polymer chain could be observed by a shift of the C-O
peak position.% By breaking the C-O-C bond to form a C-OH bond, the C-O stretch changed, leading
to the blue-shift of the C-O peak from 1160 to 1180 cm™ (see Figure 10A). The decrease of
transmittance and the blue-shift of C-O peak are important keys to predict the surface degradation.
Following the sulfonate groups with degradation time, by monitoring the 1008 cm™ peak, revealed
the presence of sulfonate groups even after 96-weeks of degradation. However, this peak lost intensity

as the degradation process proceeded, as observed in the XPS analysis (see Figure 10B).
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Figure 10. (A) The C-O-C peak of FTIR spectrum showing the blue shift with degradation time for
the grafted PCL samples degraded at 37°C and (B) evolution of -SO3™ groups on grafted-PCL films
degraded at 37°C over time.

3.3 Impact on biologic behavior
3.3.1 Cell viability
A SEC analysis of the macroscopic pieces of PCL chemically degraded revealed a Mn of 11228 +

2481 g.mol™ independent of the grafting. This molecular weight was similar to that observed for
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grafted-PCL films naturally degraded for 2.5-years at 37°C. The solution from the chemical
degradation was then put in contact to cells to study the cytotoxicity effect of the PCL degradation
products. The percentage of live cells in the degradation solutions from the non-grafted films and

grafted films was 100.01 + 0.12 % and 100.26 + 0.22 %, respectively (p > 0.05).

3.3.2 Cell morphology

The fluorescence observations showed that primary ACL cells were better spread on the grafted PCL
films compared to the non-grafted PCL films (see Figure 11). Although the number of nuclei did not
seem to differ between the two conditions, the actin cytoskeleton was more developed for the cells
on the grafted samples. As the degradation of PCL proceeded at 37°C, the examination of the
fluorescence images became more complicated due to nonspecific attachment of the fluorochromes,
but it appeared the difference observed between the non-degraded non-grafted and grafted films was
maintained during the degradation process. These observations were confirmed with the
eosin/hematoxylin staining at selected time points. The same results were observed for the films

degraded at 25°C.
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Figure 11. Morphologies of SACL fibroblasts seeded for 7 days on non-grafted (NG) and grafted (G)
PCL films degraded at 37°C over the time period shown. Phalloidin (green)/DAPI (blue) labelling
(scale bar = 100 um) and H&E staining (insets).

3.3.3 Gene expression

The expression of collagen genes, associated with the fibroblast/ligament phenotype, COL1A1 and
COL3A1, was not modified in sheep ACL cells cultured on grafted or non-grafted PCL films
subjected to degradation over the 96-week time period (see Figure 12). The expression of COL2A1
gene, a specific marker of cartilage, was not detected in sheep ACL cells at any of the experimental

conditions, indicating that ACL cells did not differentiate into cartilage when cultured on degraded
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PCL. This molecular analysis showed that the PCL degradation process did not affect the ligament

phenotype of ACL cells.
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Figure 12. RT-gPCR analysis of the expression levels of COL1A1, COL3A1 and COL2A1 genes in sheep ACL
cells, cultured during 7 days, on non-grafted (NG) and grafted (G) PCL films degraded at 37°C for 24, 48, 84 and
96 weeks. Graphs show means +/- standard deviations of 1 to 3 samples of gene expression. The relative mMRNA
levels for each gene in the different experimental conditions were calculated as described in the Materials and
methods. For all genes and experimental conditions, the COL2A1 values of NG PCL at T=0 were used as control
and normalized to 1. Consequently, all the relative mRNA levels are comparable between them. Cts of COL2A1,
COL3A1 and COL1A1 were around 33 cycles, 20 cycles and 19 cycles, respectively. COL2A1 was not expressed
in the ACL cells, while COL3A1 and COL1A1 displayed high levels of expression in all the experimental
conditions.

27



552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

4. Discussion

4.1 Bulk analysis of material degradation

The natural degradation of PCL samples — films and fibers bundles — with or without a grafted
bioactive polymer - was studied at two temperatures (i.e. 25°C and 37°C) for 120 weeks in a saline
solution. No change in the solution pH was observed, indicating that release of acid species from the
PCL degradation could not be detected.

The hydrolysis degradation process of the PCL polymeric chains appeared to be different when the
surface was grafted with pNaSS. In particular after six months the grafted samples exhibited
accelerated molecular weight losses and increased PDIs. It should be noted that during the first 6
months, the SEC determined molecular weights for 37°C-degraded grafted samples were only slightly
lower than the other samples and that the PDI results demonstrated that the PCL chains were cut
homogeneously during this time. After 6-months of degradation, the SEC results showed a drastic
drop of Mn and a significant increase of PDI. These effects were accentuated at the higher degradation
temperature. In all conditions, the degradation increased the global crystallinity of the polymer, as
determined by the increased melting temperature detected during the first scan of DSC for both films
and fibers bundles. This increase in crystallinity was due to the preferential loss of the amorphous
component in the films.

Although no significant Mn variation has been noticed, mechanical properties under rupture load on
non-grafted and pNaSS grafted PCL bundles reached the same level after 2 to 4 weeks of natural
degradation. This fact can be explained by two different phenomena: (i) the reduction of non-grafted
samples Young Modulus can be linked to the structure modification when in aqueous environment,
(i) the temperature of the degradation media weakens the intermolecular bonds, reducing the required
tension to deform the fibers. 8 This decrease was less important for pNaSS grafted samples, since
the grafting process has already “thermally treated” the fibers. On the other hand, grafted samples
experienced a more severe increase of the crystallinity rate, which explains the more important

elasticity reduction on the early stages of degradation. In these first weeks an oscillation of UTS could
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also be noticed. This behavior can be linked the combination of both of these phenomena and a
nonhomogeneous degradation of the fibers in the bundle. After this point, the studied properties (E,
¢ and omax) remained relatively stable until 24 weeks of degradation and then became noticeably
modified by the degradation process (decreased E and omax; increased €). In comparison to the native
human ligament, after 96 weeks of natural static degradation the grafted fibers had higher rigidity
(i.e., EpcL fibers, 96-weeks = 646 = 31 MPa versus Enative ligament = 114 £ 53 MPa) and ultimate stress (i.e.,
Omax (PCL fibers, 96-weeks) = 50.0 £ 21.3 MPa Versus cmax(native ligament) = 24.5 + 11.2 MPa). After 48 weeks
of natural static degradation the grafted fibers had higher elasticity (i.e. epcL fibers, 48-weeks = 15.7 £ 1.4
% Versus enative ligament = 12.0 + 4.2 %) than the native human ligament.

These bulk properties analyses demonstrated that even if the grafting accelerated the degradation
kinetics of the PCL samples, the physico-chemical and mechanical properties were sufficiently stable
for the 6 first months of natural degradation.

4.2 Surface analysis with degradation

The micro- and nano-topography observations were consistent with different modes of degradation
between the grafted and non-grafted samples. The degraded non-grafted films exhibited holes in the
amorphous regions, whereas the grafted films exhibited holes in the amorphous regions plus cracks
in crystalline regions. Moreover, at the nanoscale, the roughness increase of PCL surfaces after 120
weeks of degradation was lower on the grafted PCL films compared to non-grafted PCL films. These
observations suggest conservation of pNaSS grafting over degradation time.

The contact angle measurements showed an increase of 28% in the hydrophilicity of the grafted films
degraded at 37°C for 120 weeks, which can explain why the pNaSS grafting accelerated the
degradation process after 6 months. Furthermore, the polar energy also increased over time, consistent
with the surface segregation of polar groups linked to the PCL degradation.

Surface characterization demonstrated an increase of C-O species for all degradation conditions,
consistent with the hydrolysis of the ester bonds of the PCL. These results were consistent with the

degradation mechanism of the PCL described by Woodruff and Hutmacher.[*¥] Noteworthy, the
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molecular breakage was more gradual overtime on the pNaSS grafted surfaces compared to non-
grafted. In the XPS sampling depth - around 100A depth - a decrease sulfur concentration over
degradation time was observed, but trace amounts of sulfur were still detected on all degraded, grafted
films. The colorimetric method commonly used to quantify the amount of sulfonate groups present
could not be used due to high levels on non-specific toluidine blue binding to the degraded polymer.
The surface characterization at a deeper sampling depths by FTIR demonstrated a reduction of the
C=0 peak coupled with a blue shift of the C-O peak for all conditions over degradation time. These
results were relevant for the PCL degradation process, which consists of the cutting of the ester bonds
and was accelerated by the increase of degradation temperature as well as the pNaSS grafting. Finally,
the FTIR analysis, which probes deeper into the sample than XPS, detected the presence of pNaSS
after long-term degradation confirming the pNaSS grafting remains after long-term natural
degradation.

4.3 Biological impact of degraded material

The cytotoxicity experiments confirmed the absence of in vitro cytotoxicity from the PCL degradation
products, as has been reported in the literature,®”1 but also demonstrated no cytotoxicity from the
degradation products from the pNaSS grafted surface. The cell morphology study showed that cells
still have the ability to grow on the degraded surfaces, which likely was amplified by the increased
surface roughness produced by the degradation process.’®%1 Moreover, it has been already
demonstrated that pNaSS grafting can modulate the fibroblast morphology, adhesion and
activity.?221 With the morphology images presented in this article, we observed that the
improvement in cell spreading due to the pNaSS grafting still present for degradation times up almost
2 years. This result confirmed the effect of pNaSS and its presence over the long-term natural
degradation as observed by AFM, XPS, FTIR and contact angles. Finally, the collagen gene
expression reveled that primary ligament cells did not lose their phenotype when in contact with

degraded surface: they maintained a high and stable type-1 and —I11 collagens gene expression without
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significant differences between non-grafted and grafted surfaces. In contrast, the type-Il collagen
gene, corresponding to the cartilage lineage, did not appear to be expressed in primary ligament cells.
5. Conclusion

This study evaluated the long-term hydrolytic degradation of two different types of PCL (films and
fibers) with different microstructures and molecular weights (i.e., films: My = 60614 + 743 g.mol*
and spherulites structure versus fibers bundles: Mn = 74674 + 2438 g.mol ™ and shish kebab structure).
The obtained results confirmed the literature reports that PCL hydrolyzes by a bulk degradation mode
with increasing degradation Kinetics for lower molecular weights and higher degradation
temperatures,[11:36:60.61]

Nevertheless, the aim of this study was to evaluate the impact of the pNaSS grafting on the long-term
PCL degradation process. The obtained results showed a strong difference in the kinetics of the
degradation process. While PCL surfaces follows the extensively described process of PCL
degradation which depends on molecular weight, crystallinity and temperaturel®], in the case of the
pNaSS grafted samples the degradation still depends on the same parameters, but the presence of
grafted pNaSS macromolecular chains increases the hydrophilic properties of the PCL surfaces which
in turn strongly accelerates the surface degradation process. To address the question “would the
mechanical properties of pNaSS grafted PCL fibers be enough strong to act as a ligament prosthesis
after long term degradation?” the results from this study show the ultimate shear stress of the degraded

fibers after 96 weeks is higher than the ultimate shear stress of the natural ligament.
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