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Focusing on the regeneration of damaged knee meniscus, we propose a hybrid scaffold made of poly
(ester-urethane) (PEU) and collagen that combines suitable mechanical properties with enhanced biologi-
cal integration. To ensure biocompatibility and degradability, the degradable PEU was prepared from a
poly(e-caprolactone), L-lysine diisocyanate prepolymer (PCL di-NCO) and poly(lactic-co-glycolic acid)
diol (PLGA). The resulting PEU (M,, = 52000 g mol™) was used to prepare porous scaffolds using the
solvent casting (SC)/particle leaching (PL) method at an optimized salt/PEU weight ratio of 5: 1. The mor-
phology, pore size and porosity of the scaffolds were evaluated by SEM showing interconnected pores
with a uniform size of around 170 pm. Mechanical properties were found to be close to those of the
human meniscus (E, ~ 0.6 MPa at 37 °C). To enhance the biological properties, incorporation of collagen
type 1 (Col) was then performed via soaking, injection or forced infiltration. The latter yielded the best
results as shown by SEM-EDX and X-ray tomography analyses that confirmed the morphology and high-
lighted the efficient pore Col-coating with an average of 0.3 wt% Col in the scaffolds. Finally, in vitro L929
cell assays confirmed higher cell proliferation and an improved cellular affinity towards the proposed

rsc.li/biomaterials-science

1. Introduction

The knee menisci play a crucial role in the knee joint by acting
as fibrocartilage discs positioned between the tibia and the
femur’s condyles. They are vital for bearing and distributing
loads, absorbing shocks, stabilizing the joint, and providing
lubrication. Unfortunately, as a person ages or experiences
joint injuries, meniscal tears frequently happen, and the
chances of natural repair are minimal due to the limited
ability of articular cartilage to regenerate.””” A limited number
of degradable meniscal implants are currently available on the
market and used in the clinic. The first one, Collagen
Meniscus Implant (Menaflex, formerly called CMI, ReGen
Biologics, Franklin Lakes, New Jersey) is composed of 3% of
glycosaminoglycan (GAG) and 97% of a type I collagen from
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scaffolds compared to culture plates and a gold standard commercial meniscal implant.

bovine Achilles tendons. This implant exhibits unwanted
folding during surgery due to its poor mechanical properties
leading to an uneven pressure, poorer mechanical properties
than native menisci.>® On the other hand, the second one,
Actifit® (Orteq Ltd, London, United Kingdom), is composed of
poly(e-carpolactone)-based polyurethane which leads to appro-
priate mechanical properties but a very slow degradation (5
years),” which may interfere with efficient tissue repair.®
Tissue engineering for cartilage offers a fresh approach to
medical treatment for arthritis, focusing on the repair and
regeneration of damaged tissue using cells, growth factors,
and a scaffold. The scaffold plays a crucial role in providing
support, reinforcement, and organization for the regenerating
tissue. The first mission of the scaffold is to replace the
damaged meniscus. To achieve this, cell infiltration and pro-
liferation in scaffolds are essential which explains why most
scaffolds present a porous structure with uniformly distributed
interconnected pores. Among several techniques developed to
create such a highly porous structure, solvent casting (SC)/par-
ticle leaching (PL) is the most commonly used method.
Particles of a specific diameter are incorporated into a polymer
solution, then the solvent is evaporated, and particles are
leached out by washing in water, leading to a porous
structure.”™" Different natural polymers have been investi-
gated to replace the meniscus, such as collagen,'* silk,"
agarose,"® hyaluronic acid"® or alginate.'® These materials

This journal is © The Royal Society of Chemistry 2024
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promote the production of essential compounds like glycosa-
minoglycans (GAG) that improve extracellular matrix (ECM)
deposition. However, they also exhibit weak mechanical
strength, uncertain breakdown, and limited availability, limit-
ing their use in regrowing the meniscus. This has led to the
widespread use of synthetic materials that offer good strength,
predictability, and controlled breakdown for making meniscal
scaffolds.” Poly(ester-urethane)s (PEUs) are widely used in the
biomedical field as they exhibit excellent mechanical and
physical properties, tunable degradation rate, and hemocom-
patibility (no hemolytic activity or activation of thrombus for-
mation) of the scaffold.'®° They generally consist of polyester
segments linked by urethane bonds obtained by reaction
between diol-prepolymers and low molecular weight diisocya-
nates. The diversity of available polyesters (e.g., PLA, PCL,
PLGA) and of diisocyanates (e.g., HDI, LDI), coupled with the
possibility to modulate the macromolecular characteristics of
the prepolymers (molecular weight, crystallinity, composition)
offers an endless array of biomaterials whose mechanical and
degradation properties can be matched with the tissue to be
engineered.”'*! However, despite their excellent properties,
PEUs exhibit low hydrophilicity and lack of physiological
activity, which are major limitations for cell adhesion and
proliferation.*

As a result, to produce an ideal PEU meniscal scaffold, it
appears of prime importance to further improve PEU scaffold
properties to get closer to the natural environment found in
the cartilage matrix. This matrix primarily consists of collagen
(type I and type II) and proteoglycans. Collagen is a type of
natural polymer (protein) that is widely abundant and pos-
sesses highly appealing physiochemical and bioactive pro-
perties.”® Collagen is resorbable and biocompatible with only a
minimal immune response since only a small number of
people possess humoral immunity against it, making it excel-
lent for cell attachment and biological interactions.>* Type I
collagen (Col-I) is the most common one in the extracellular
matrix (ECM), and type II collagen is the primary component
of cartilage.”® It is essential for load transmission between the
tibia and femur. Consequently, various natural macro-
molecules resembling the ECM, such as gelatin or collagen,
have been integrated into three-dimensional scaffolds for the
purpose of regenerating cartilage.’*™> Different techniques
have been investigated to prepare collagen-functionalized poly-
urethanes (Col-PUs): covalent immobilization on PU (e.g., by
oxygen plasma treatment®®), collagen-coatings using the
electrospinning technique (collagen functionalized PU nano-
fibers®”), double-layer-by-layer technology (alternative depo-
sition of positively charged species®?), or mixing PU with
collagen.*

In this work, we combine the unique properties of PEU and
collagen to develop biodegradable hybrid porous scaffolds
suitable for knee meniscus repair. Based on a recent work,>®
we design a PEU obtained from poly(lactic-co-glycolic acid)
diol (PLGA-diol) and poly(e-caprolactone)-r-lysine diisocyanate
(PCL-LDI) prepolymers (2000 g mol™") used at an equimolar
ratio that serve as segments with high and low glass transition
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temperatures (7), respectively. The specific composition of the
PLGA and the PLGA/PCL ratio are selected to yield more appro-
priate degradation profiles compared to the whole PCL-based
market gold-standard and to maintain suitable mechanical
properties for long-term impact reduction in knee meniscus
replacement or repair. The process of tissue regeneration with
scaffold support is inherently uncertain, influenced by cellular
behaviour and their interaction with scaffolds. Consequently,
determining the ideal degradation kinetics for a meniscal
scaffold is challenging. Nonetheless, it is acknowledged that
scaffolds with excessively slow degradation rates may impede
effective regeneration and perpetually trigger a foreign body
response from the host. On the other hand, LDI is selected to
minimize the toxicity associated with the most common diiso-
cyanates and ultimately yield the safe 1-lysine after PEU degra-
dation. Porous PEU scaffolds are prepared using the SC/PL
technique before homogeneous coating of collagen type I (Col-
I) on the surface of pores via physical adsorption. It is followed
by a thorough characterization of the scaffolds in terms of
morphology, porosity, mechanical properties, Col-I repartition
and quantification, and degradation kinetics. Finally, we
discuss the enhanced biological response of L929 fibroblast
cells induced by the Col-I/PEU hybrid scaffolds.

2. Materials and methods

2.1. Reagents and materials

Chemicals. p,.-Lactide (Lot no.: 2009002968) and glycolide
(Lot no.. 1210002433) were purchased from Corbion
(Gorinchem, The Netherlands). Tin(u) 2-ethylhexanoate
(92.5-100%, Lot no.: 1003287404), poly(e-caprolactone) diol
(PCL, M, = 2000 g mol™', WXBD4206V), 1,3-propanediol
(>98%, Lot no.: S768868143), collagen Type I-fluorescein (col-
FITC, Lot no.: SLCM8964), 4-(dimethylamine) benzaldehyde
(DMBA, 99%, Lot no.: BCCH7759), sodium acetate anhydrous
(>99%), citric acid monohydrate (>98%, Lot no.: SLBL66224V),
and chloramine-T hydrate (95%, Lot no.: MKCM5085) were
provided by Sigma Aldrich (St-Quentin Fallavier, France) and
used as received. 1,4-Dioxane (ACS-Reagent, Lot no.: M1600),
distilled in the presence of CaH,, was provided by Honeywell
(Offenbach, Germany). Diethyl ether (Batch no.: V1G060031H),
acetic acid glacial (Batch no.: 2027/10), sodium hydroxide
pellets (Batch no.: V2D06618A) and sodium chloride (Batch
number: V1L077212C), were provided by Carlo Erba Reagents
(val de Reuil, France). -Lysine diisocyanate (LDI; >98%, Lot
no.: N04H024) was provided by TCI Europe (Zwikndrecht,
Belgium) and used as received. 4-Hydroxy-L-proline (99%, Lot
no.: J3514A) was purchased from Alfa Aesar Company (USA).
Type I acid soluble collagen (Lot no.: 20ACI060) was purchased
from Symatese (Chaponost, France). Deuterated chloroform
(Lot no.: T2811) was purchased from Eurisotop (St-Aubin,
France). Iohexol was provided by Thermo Fisher Scientific
(Hlkirch, France).

For biological assays. 0.1% zinc diethyldithiocarbamate
polyurethane film (ZDEC, Lot no.: A-223K) and high-density
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polyethylene film (Lot no.: C-221) were provided by Hatano
Research Institute, Food and Drug Safety Center (Japan).
Dulbecco’s modified Eagle’s medium (DMEM/F-12, Lot no.:
RNBL4062), (Lot no.: 0000205667), Human/Murine/Rat BMP-2
(Lot no.: 0719255 BO123), and GlutaMAX™ (Lot no.: 2554717)
were purchased from Thermo Fisher (Massachusetts, USA).
Tissue Culture Polystyrene (TCPS) 96-well plates and 48-well
plates were purchased from Becton Dickinson (Le Pont-de-

IEW(LDI) =

"7.87
Mypr X Nigeq ot X [ ,5 benzophenone
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of benzophenone and 50 mg of the sample dissolved in
0.5 mL of CDCl; and analysed by 'H NMR. The [EW and HEW
were determined by integration of the signals at 3.3 and
4.0 ppm for LDI; 4.3 ppm and 4.20 ppm for PLGA; 3.6 ppm for
PCL and 7.5 ppm for benzophenone. An example is given for
the IEW calculation of LDI, in eqn (1), where Ny ¢q 11 cOITeS-
ponds to the average number of hydrogens in alpha to the iso-
cyanate moiety (2H at 3.3 ppm and 1H at 4 ppm).

Claix, France). Phalloidin-iFluor 488 was provided by Abcam
(Cambridge, United Kingdom). PrestoBlue™ HS cell viability
reagent (Lot no.: 2615830) was provided by Invitrogen (Oregon,
USA). CellTiter-Glo® Luminescent Cell Viability assay (Lot no.:
0000497159) was provided by Promega (Charbonniéres-les-
Bains, France). Hoechst 33342 solution (Lot no.: 404P189) was
purchased from PromoKine (Heidelerg, Germany).

Actifit® scaffold used as the gold standard control material
was kindly provided by MD. Michel Assor from Vert Coteau
Hospital (Marseille, France).

2.2. Nuclear magnetic resonance (NMR)

All '"H NMR analyses were done on a Bruker Avance III HD
400 MHz NMR equipped with a BroadBand Inverse (BBI)
probe. 'H and 2D NMR spectra were recorded at 298 K on a
Bruker Avance III 600 MHz NMR spectrometer using a TCI
Cryoprobe Prodigy®. 2D homonuclear "H-"H g-COSY (1 scan,
256 real (t1) x 2048 (t2) complex data points) and 2D hetero-
nuclear spectra ">C-'H g-edited HSQC (2 scans, 256 real (t1) x
2048 (t2) complex data points) were recorded to assign the
compound. All Chemical shift data are given in § ppm cali-
brated with a residual protic solvent (e.g. CDClz: 7.26 ppm -
'H/77.16 ppm - '3C). Spectra were processed and visualized
with Topspin 3.6.2 (Bruker Biospin) on a Linux station.

2.3. Fourier transform infrared (FTIR) spectroscopy

Infrared spectra of the polymers were collected using a Fourier
transform infrared (FTIR) spectrophotometer. Measurements
were carried out using attenuated total reflection (ATR) in
transmission mode with a Thermo Fisher Scientific (Waltham,
MA, USA) Nicolet iS50 FT-IR Flex Gold spectrometer equipped
with a deuterated triglycine sulfate (DTGS) detector. The
characteristic IR absorption bands are reported in cm™". Each
sample was scanned 32 times at a resolution of 4 cm™" over
the frequency range of 4000-400 cm™".

2.4. Isocyanate equivalent weight (IEW) and hydroxyl
equivalent weight (HEW)

The IEW of LDI and PCL-LDI prepolymer, and the HEW of
PCL-diol and PLGA-diol, were determined by "H NMR titration,
using benzophenone as the internal standard. For each com-
pound, three samples were prepared with approximately 20 mg

2962 | Biomater. Sci, 2024,12, 2960-2977

Mpenzophenone X NNeqbenzophenone X < 3.08 LDI + J\4A00 LDI)

3.34 4.04 (1)

The IEW of the prepolymer was determined by 'H NMR
titration (IEW = 1053 g per eq.).

The IEW and HEW of the precursors of interest are sum-
marized in Table S1.f

2.5. Thermogravimetric analyses (TGA)

Thermogravimetric analyses (TGA) of PEU were performed on
a NETZSCH TG 209 F1 Libra® (Selb, Germany) TGA under
50 mL min~" argon. The protective gas used was argon with a
20 mL min~" flow. Approximately 10 mg of the sample was
placed in an alumina crucible and heated from room tempera-
ture to 800 °C with a 20 °C min~" heating ramp to allow rapid
estimation of the thermal stability of our samples.

2.6. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were
performed using a NETZSCH DSC 3500 Sirius (Selb, Germany).
Constant calibration was performed using indium, n-octade-
cane, n-octane, adamantane, biphenyl, tin, bismuth and zinc
standard. Nitrogen was used as the purge gas at 40 mL min~".
Approximately 10 mg of sample was placed in pierced alu-
minium pans and the thermal properties were recorded
between —150 °C and 200 °C at 20 °C min~" to observe the
glass transition temperature (7). Glass transition temperatures
were measured on the second heating ramp to erase the
thermal history of the polymer.

2.7. Size exclusion chromatography multi-angle light
scattering (SEC-MALS)

SEC-MALS measurements were performed on an Agilent 1260
Infinity triple detection SEC set-up (Santa Clara, CA, USA) com-
prising a Wyatt Optilab MALS detector, and an Agilent differ-
ential refractometer. Separation was achieved using 2 PLgel
mixed B LS columns (7.5 mm x 300 mm). The eluent was tetra-
hydrofuran (THF) at 30 °C at a flow rate of 1 mL min~. The
refractive index increment (dn/dc) of PLGA, PCL, the prepoly-
mer and PU was obtained as follows. Five different concen-
trations (0.25 mg mL™, 0.5 mg mL™", 0.75 mg mL™", 1 mg
mL™}, 1.5 mg mL™", and 2 mg mL™") of the polymer in THF
were injected and the resulting RI signals were plotted as a
function of concentration. The dn/dc values of the polymers

This journal is © The Royal Society of Chemistry 2024
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are given in Table S2f and were used for the MALS analysis of
all samples in this work.

2.8. Scanning electron microscopy (SEM)

The scaffolds were evaluated using a scanning electron micro-
scope Phenom ProX Desktop from Thermo Fisher Scientific
(Waltham, MA, USA). The scaffolds were freeze-dried prior to
analysis. For each sample, 3 different sections of 2 mm were
fixed to a sample holder, with a conductive carbon ribbon.

The sections were then sputter coated with gold (thickness
of 10 nm) to analyse the porous structure at 10 kV. Pore size
distribution and average pore size in the samples were charac-
terized with the Image] program. Pore sizes are expressed as
mean + SD (n = 80).

2.9. Mechanical properties

Cubic samples (10 mm per side) were cut for testing.
Compressive strengths at 20% deformation and Young’s
modulus were determined using an Instron® tester model
3366 (Norwood, MA, USA) equipped with a 100 N load cell.
The measurements were carried out at a crosshead speed of
5 mm min~". All given values are given as means of three
measurements + SD. The modulus was determined from the
slope of the linear portion of the stress-strain at a compressive
strain of 20%.

The same experiment was conducted on wet samples.
Cubic samples were immersed in water at 37 °C under stirring
(100 rpm) for 24 h. A BioPuls Bath accessory with water at
37 °C was installed on the machine, and the compression
modulus was measured. To avoid slippage during the wet
experiments, the upper part was placed in contact with the
material, while applying a preload of 0.01 N, which had no
impact on the maximum load of 2 N of the sample.

2.10. Dynamic mechanical analyses (DMAs)

Dynamic Mechanical Analyses (DMAs) were carried out on a
Mettler Toledo DMA instrument with STARe software. Cubic
specimens (5 x 5 x 5 mm) were used. The thickness of the
sample was measured with a caliper. Compression of samples
was performed while heating at a rate of 2 °C min™' from
15 °C to 60 °C, keeping the frequency at 1 Hz. The loss
modulus (E") and storage modulus (E’) were expressed in MPa,
and tan(5) was dimensionless, as seen in eqn (2). T, was
obtained at the maximum value of tan(é).
o

tan(8) = o (2)

2.11. Poly(ester-urethane) synthesis

The synthesis of the PLGA-diol and of the PCL-diol have been
described previously and were identical in the present work.>®
PLGA with an equimolar ratio of lactide and glycolide was syn-
thesized to ensure suitable degradability. The synthesis of the
prepolymer PCL-LDI was conducted as follows: 10.2 g of LDI
(IEW = 116 g per eq., 2.5 eq.) was introduced into a dried
250 mL, two-neck, round-bottom flask. The system was purged

This journal is © The Royal Society of Chemistry 2024
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with 3 cycles: nitrogen/vacuum, and then heated up to 80 °C.
39.82 g of PCL (HEW = 1135 g per eq.) was solubilized in
60 mL of toluene and added dropwise with a syringe driver for
one hour (60 mL h™") with magnetic stirring. The mixture was
stirred for an additional 3 h. Then, the prepolymer was precipi-
tated in 800 mL of cold pentane. The prepolymer was collected
by filtration and dried at 40 °C under vacuum for 24 h. It was
stored at —20 °C. The chemical shifts and integrations of the
different signals of the PEU NMR spectrum are given in the fol-
lowing paragraph.

'H-NMR (400 MHz, CDCl;, ppm) & = 4.26 (q, 1.76H, Hy,), 6 =
4.2 (m, 2.9H, Hy), 6 = 4.1 (m, 4H, H;), 4.0 (m, 35H, Hy,), 3.98
(m, 1H, H,), 3.3 (m, 1.2H, Hy), 3.1 (m, 3.5H, H,;,), 2.3 (t, 38H,
H,), 1.7 (m, 4H, H;), 1.6 (m, 84H, H,), 1.5 (m, 4H, H;), 1.3 (m,
40H, H,) 1.2 (m, 2H, Hy) (Fig. S11).

The extension of the PCL-LDI prepolymer with PLGA was
previously described,*® and the same method was used with
prepolymer functionalized with LDI. Briefly, 7 g of PLGA (HEW
= 1120 g per eq.) was added into a dry glass reactor purged
with nitrogen, with 10 mL of distilled dioxane. The reactor was
heated to 100 °C, and 8 g of PCL-LDI prepolymer (IEW =
1053 g per eq.) was added, with tin(u) 2-ethylhexanoate
(0.5 wt%). The system was reacted with a mechanical stirring
blade at this temperature for 1 h, until the disappearance of
isocyanate band at 2300 cm™". Following the polyaddition, dis-
tilled dioxane was slowly added to control the viscosity of the
mixture and allow the transfer and use of the PEU. The
polymer was purified by precipitation in 80:20
diethylether : EtOH, with a final yield of 84%.

2.12. Scaffold preparation

Porous polymer scaffolds were prepared by SC/PL with NaCl
salt as the porogen agent. Briefly, 3 g of PEU was dissolved in
9 mL of THF and 15 g of NaCl crystals (sieved to 100-300 pm)
were added to the polymer solution. After vigorous mixing, the
suspension was poured into a mould, and rapidly frozen by
immersion into liquid nitrogen before evaporation of the
solvent at room temperature overnight. The scaffold was
washed in distilled water at room temperature, for 3 days, until
clearance of salt crystals.

To characterize the scaffold, the porosity was calculated
according to eqn (3), where m is the mass of the scaffold (g), V
is the volume of the scaffold (cm?®), and ppgy is the volumic
mass of the PEU (1.07 g cm™?). Porosity values are the mean of
three measurements + SD.

m
P= (1 —
preuV

Collagen incorporation

) x 100. (3)

2.13.

Different techniques were tested to incorporate the collagen
within the scaffold: soaking, injection and forced infiltration
with different collagen concentrations.

Soaking. Scaffolds were placed in the Col-I solution for 24 h
and lyophilized.

Biomater. Sci, 2024,12, 2960-2977 | 2963
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Injection. The Col-I solution was injected within the scaffold
at different locations with a syringe.

Forced infiltration. Scaffolds (9 mm diameter) were intro-
duced in a 5 mL syringe filled with Col-I solution at a concen-
tration of 3 mg mL ™. Pressure was applied to release the col-
lagen solution out of the syringe. The scaffold was left at room
temperature to evaporate the acetic acid. After 3 injections, the
PEU scaffold coated with Col-I (PEU-Col) was freeze-dried.

2.14. Determination of collagen content by SEM-energy
dispersive X-Ray (SEM-EDX) analysis

EDX was employed to detect the augmentation of nitrogen
atoms on the samples after collagen treatment. 3 sections of
2 mm for each sample were fixed to a sample holder with a
conductive carbon ribbon.

Maps of the relative distribution of carbon, oxygen and
nitrogen were acquired at 10 kV. Average nitrogen weight per-
centages are expressed as mean = SD (3 maps for each
section). SEM-EDX was also performed on a collagen film to
evaluate the nitrogen weight percentage: N wt% = 23.8 + 4.5%.

Collagen content was then calculated using eqn (4).

Collagen content(wt %) =
Nitrogen of collagen within the scaffold (wt%) (4)
Nitrogen of a collagen film(wt%)

2.15. Determination of collagen content from hydroxyproline
content

The collagen content within the scaffold was determined from
the hydroxyproline content.*® Briefly, the scaffold coated with
collagen was immersed in acetic acid to release collagen. After
evaporation, the collagen was hydrolysed in HCl 6 N at 100 °C
overnight. HCl was then evaporated and the collagen was dried
under vacuum for 5 hours. The resulting dried collagen was
dissolved in distilled water.

Hydroxyproline solutions were prepared at different concen-
trations to obtain the calibration curve. The solutions and col-
lagen were then reacted with chloramine-T for 20 min at RT.
Excess chloramine-T was decomposed by the addition of per-
chloric acid at 3.15 M. After 5 min, dimethyl-
aminobenzaldehyde was added and the samples were placed
in an oven at 60 °C. After 20 min, the samples were cooled for
5 min at 4 °C. The absorbance was measured at 557 nm using
a PerkinElmer UV/VIS Lambda 360 spectrometer. The hydroxy-
proline value was determined directly from the calibration
curve.

2.16. Determination of collagen content from COL-FITC

The collagen content was also determined from the fluo-
rescence of Col-FITC. The scaffold was subjected to the same
coating, as explained in section 2.12, with Col-FITC. The
scaffold was immersed for 24 h in acetic acid to release the col-
lagen content. The fluorescence of this solution was measured
with a spectrofluorophotometer Shimadzu RF-5301PC (Noisiel,
France) at a wavelength of 491 nm, an excitation width of
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20 nm, and an emission width of 5 nm. The fluorescence of
the solution could be linked to the collagen content thanks to
the calibration curve, obtained with the fluorescence of

different  Col-FITC  solutions, at known  Col-FITC
concentrations.
2.17. Micro-computed tomography

Image acquisition. Samples with 8 mm diameter, and 1 mm
thickness were placed in a SkyScan 1272 X-ray microtomo-
graph (Bruker pCT, Kontich, Belgium) without a filter at a pixel
size of 3 um with an applied X-ray tube voltage of 38 kV and a
source current of 242 pA. A camera pixel binning of 4032 x
2688 was applied. The scan orbit was 180° with a rotation step
of 0.2°.

Two scaffolds were analysed to visualize the morphology of
the scaffolds and quantify collagen content. To visualize the
collagen coating, 1 g of iohexol was solubilized in 17 mL of col-
lagen solution prior to coating according to the procedure
described in section 2.13.

Image reconstruction. Reconstruction was carried out with a
modified Feldkamp algorithm,*® using the SkyScan™ NRecon
software accelerated by GPU.*' Gaussian smoothing, ring arte-
fact reduction and beam hardening correction were applied.

Image analysis. Volume of interest selections (sample
volume), segmentations to binary and morphometric analysis
of the samples were all performed using SkyScan CT-Analyser
(“CTAn”) software. Image segmentation to binary was carried
out thanks to a global segmentation algorithm. Morphometric
parameters in 3D (porosity, pores size) were based on the ana-
lysis of a Marching Cubes® type model with a rendered
surface. The pore size in 3D was calculated using the local
thickness or “sphere-fitting” (double distance transform)
method.*>** Note that for the porosity, this analysis makes it
possible to distinguish between closed porosity and open poro-
sity. In contrast to open porosity, closed porosity is the porosity
embedded in the polymer with no contact with the
environment.

2.18. Sterilization

Gamma-ray sterilization of the PEU scaffolds was performed to
evaluate its impact on the scaffolds’ mechanical properties.
The sterilization procedure was performed using Ionisos
(Chaumesnil, France) with the following parameters: fre-
quency 640 Hz, scan width 2.6 A, one turn at 0.6 m min™". The
sample was exposed at a controlled speed to gamma radiation
(25 kGy £ 10%) for 9.5 hours, generated from an electron beam
machine.

2.19. Cytotoxicity study

The cytotoxicity of the scaffolds was investigated through the
quantification of adenosine triphosphate (ATP) using a
SpectraMax® i3x plate reader (Molecular Devices). Cells and
control polymers were chosen in accordance with NF EN
1SO-10993 guidelines.

L929 murine fibroblasts. The cytotoxicity of the PEU film
was investigated on a murine fibroblast cell line, L1929

This journal is © The Royal Society of Chemistry 2024
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(NCTC-Clone 929, ECACC 85011425). L929 cells were cultured
at 37 °C under humidified 5% CO, in Dulbecco’s Modified
Eagle’s medium 4.5 g L™ p-glucose supplemented with 2 mM
L-glutamine, 5% v/v fetal bovine serum, and 100 U mL™" peni-
cillin and 100 pg mL™" streptomycin.

CellTiter-Glo® Luminescent Cell Viability assay (Promega
G7571, Lot No.: 0000497159): a PU film containing 0.1% ZDEC,
batch A-223K, was used as the positive reference material
(RM-A) and HDPE, batch C-221, was used as the negative refer-
ence material (RM-C). The PEU film, positive and negative
RMs were irradiated at 4 = 254 nm for 2 minutes, twice on
each face for decontamination. Specimens were placed in the
culture medium (100 mg mL™") and incubated for 72 h at
37 °C under stirring. The cells were seeded into a 96-well plate
at a density of 6 x 10* cells per well and incubated overnight at
37 °C under humidified 5% CO,. Then, the medium in contact
with the materials was extracted and 100 pL was incubated
with the cell monolayer for an additional 24 h. The number of
viable cells was obtained by a CellTiter-Glo® assay, based on
the quantification of the present ATP, which represents meta-
bolically active cells. The CellTiter-Glo® reagent was added to
each well and the plate was placed at room temperature for
10 minutes to stabilize the luminescent signal before reading.
The background, corresponding to wells free of cells, was sub-
tracted from each triplicate mean.

2.20. Cell proliferation assessment (PrestoBlue™ Assay)

L929 fibroblasts were seeded in 48-well plates at a concen-
tration of 30 000 cells per well (70 pL added) using the serum-
based medium. At determined time points (twice a week), the
medium was refreshed, and cells were incubated with 10%
PrestoBlue™ (Lot no.: 2615830) at 37 °C with 5% CO, for
40 min. A sample of 200 pL of PrestoBlue™ solution was then
transferred into a black 96-well plate for fluorescence reading
at 560 nm and 590 nm using a plate reader (Spectramax i3x,
Molecular Devices). The proliferation of fibroblasts was deter-
mined by the increase in PrestoBlue™ reduction at 2, 4, 9 and
14 days. Data are expressed as means + SD and correspond to
measurements with n = 6 for TCPS, PEU and PEU-Col
scaffolds, and n = 4 for the gold standard due to the low avail-
ability of this product at the stage of the performed
experiments.

2.21. Visualization of cells on the scaffolds

Cells on scaffolds were observed using actin filaments and
nucleus staining. At the end of the proliferation study (14
days), scaffolds were rinsed 2 times with PBS. Then, they were
fixed with paraformaldehyde 4% for 30 min at room tempera-
ture. The cells were permeabilized with Triton X100 for
20 min. After 3 washes in PBS, cell actin filaments and nuclei
were stained with phalloidin-iFluor 488 (Green) and Hoechst
(Blue) for 45 min in the dark and room temperature. The
scaffolds were then rinsed 3 times with PBS and the cells were
examined with a Leica Thunder microscope with 460 nm and
488 nm filters. The obtained fluorescence image results were
analysed using FIJI software.

This journal is © The Royal Society of Chemistry 2024
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2.22. Degradation study

The kinetics of degradation was studied in vitro under stan-
dard conditions according to 1SO-13781:2017, using phosphate
buffer solution (PBS, pH = 7.4) at constant temperature (37 °C)
and under continuous stirring (100 rpm). Scaffold samples
were cut into a cubic shape, weighed (wqy, ) and incubated in
1 mL of PBS solution (pH = 7.4). The samples were removed
from the medium at specific time points, washed with distilled
water, carefully wiped and then dried to a constant weight
(Wary,s)- The solution was replaced when pH decreased of 5%.
Degradation was monitored by determination of the weight
loss, molecular weight of the PEU and Young’s modulus. The
remaining weight was calculated from eqn (5) and the remain-
ing molecular weight from eqn (6), and the remaining Young’s
modulus from eqn (7). My, is the initial molecular weight an
M, the molecular weight after ¢ time in PBS. Ey, is the initial
Young’s modulus and Ey, is the Young’s modulus after ¢ time
in PBS.

w —w
Remaining mass(¢)(%) = (1 - M) x 100  (5)

Wadry,to

. Mo — M,

Remaining My (t)(%) = (1 - M) x100  (6)

MnO

E,y — E,
Remaining E, (t)(%) = (1 - u) x 100. (7)

yo

2.23. Statistical analysis

All results are presented as means + standard deviations. The
proliferation data were analysed using the Kruskal-Wallis test
followed by a Dunn post-hoc test to determine significant
differences between groups (R software version 3.6.1). A confi-
dence interval of 95% was used and differences were con-
sidered significant when p < 0.05.

3. Results and discussion

3.1. Poly(ester-urethane) synthesis

PCL-diol with a molar mass of 2300 g mol ™" according to the
'"H NMR calculation was end-capped with an excess of LDI at
80 °C to obtain the prepolymer (see Fig. S1f). Bruin et al*
reported the synthesis of biodegradable PEU using LDI, which
did not produce adverse tissue reactions. Moreover, other
researchers used LDI and proved that no significant toxic or
tumorigenic responses to the materials were found.*®

The derivatization of PCL-diol towards PCL-LDI was moni-
tored by 'H NMR spectroscopy. Different protons were
assigned by COSY and HSQC analyses, as seen in Fig. S1 and
S2,T respectively. Spectra showed the complete disappearance
of the signal from the CH, close to the hydroxyl groups of PCL-
diol at 3.7 ppm and the appearance of new signals at 3.10 (Hq)
and 3.3 ppm (H,/) corresponding respectively to the methylene
in the a-position of the urethane function, and the methylene
in the a-position of the isocyanate function. LDI has two iso-
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cyanate moieties in o« and e positions with different reactiv-
ities. In fact, the isocyanate group in the a-position is expected
to exhibit lower reactivity than the one in the e-position due to
its secondary nature. To analyse the reactivity of the different
isocyanate groups, the intensity of the integrations of Hv' and
Hm was used. H, is representative of urethane formed from
the reaction of secondary isocyanates (left part on the prepoly-
mer structure in Fig. S1}), whereas H,, corresponds to the
hydrogen next to the urethane group from the reaction of
primary isocyanate (see the right part in Fig. S17). By calculat-
ing the ratio of these two integrations, we can conclude that
75% of the prepolymer chains are end-capped with a primary
isocyanate, and 25% by a secondary isocyanate.

The synthesis of the PCL-LDI prepolymer was further con-
firmed by FTIR spectroscopy, with spectra showing a sharp
peak at 2300 cm™" corresponding to the stretching vibration of
the isocyanate group N=C=0.

The isocyanate terminated prepolymer was then extended
with PLGA-diol with the 1.1:1 ratio to yield the targeted PEU.
A typical PEU 'H NMR spectrum is displayed in Fig. 1A, which
confirmed the equimolar composition in PCL and PLGA seg-
ments in the PEU structure. The molecular weight of PEU was
determined by SEC-MALs analyses with M,, = 52 kg mol™", M,,

o) 0 d o io/\/\ o I o)
A) foﬁ?%@ﬁ/&owoﬁ\oﬁku N%%&?WOWE%HMO\/
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= 100 kg mol™", and P = 1.8 (Fig. 1B). This high molecular
weight should ensure good mechanical properties of the
scaffolds thanks to the expected high degree of entanglement
and to the hydrogen bonds between urethane groups. The
thermal properties of PEU were investigated (as shown in
Fig. 1C for DSC thermograms, and in Fig. S3t for TGA), and
were similar to the PEU formed with HDI as building blocks
with Ty, at 50 °C and Ty at —50 °C.**

3.2. Scaffold preparation

A scaffold designed to effectively repair the meniscus should
possess several key features. It should have large pores to facili-
tate cell ingrowth, exhibit favourable mechanical properties,
and possess high porosity. The parameters to yield a scaffold
using the salt and leaching process were selected based on our
previous work. However, to ensure smooth solvent evaporation,
THF with a low boiling point (T, = 66 °C), was chosen instead
of dioxane. Salt particles were mixed with the PEU solution in
THF at the previously optimized concentration (5 g of salt per
g of PEU) to ensure good balance between porosity and
mechanical properties. This suspension was then left to evap-
orate at room temperature to yield the scaffold that was then
immersed in water to remove the salt crystals before final

CcO
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Physicochemical characterization of the PEU. (A) *H NMR in CDCls, (B) chromatogram of PEU (SEC-MALS THF), and (C) DSC thermograms.
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Fig. 2 Morphological and mechanical characterization of the PEU scaffold. (A) Macroscopic picture of a PEU scaffold, (B) typical stress/strain com-
pression curve under dry conditions at RT, (C) typical stress/strain compression curve of PEU scaffold immersed in water at 37 °C, (D) SEM micro-
graph of the inner part of a PEU scaffold, and (E) thermo-mechanical analyses of PEU scaffolds analysed by DMA (storage modulus E’, loss modulus

E" and loss factor tan(s)).

freeze-drying. The resulting scaffolds were obtained in the
form of white scaffolds (Fig. 2A). By analysing the SEM images,
an average pore size of 170 + 63 pm, corresponding to the size
of the added NaCl crystals (150-300 pm), was calculated (see
Fig. 2D and Fig. S4t). The porosity of the scaffold, determined
by the volumic mass ratios of the PEU and scaffold (see eqn
(3)), was 76 + 1%, which is sufficient to guarantee cell prolifer-
ation. After conducting these morphological analyses, the
mechanical properties of the scaffolds were investigated. In a
typical stress/strain curve, (Fig. 2B), the Young’s modulus E, at
25 °C was 0.2 = 0.2 MPa, in accordance with the mechanical
properties of the human meniscus (Ey = 0.6 MPa)."” This value
is comparable to that of scaffolds previously obtained with
HDI (Ey = 1 + 0.1 MPa), with a similar porosity of 74% (see
Fig. S5t). Furthermore, to mimic physiological conditions,
mechanical properties were measured on wet samples in a
bath at 37 °C (see Fig. 2C). The Young’s modulus was 0.18 +
0.03 MPa, which is, as expected, lower compared to dry
samples. Dynamic analyses were carried out to confirm the
results obtained from static analyses: storage modulus at 25 °C
was 3.8 = 0.7 MPa, and at 37 °C: 0.6 + 0.2 MPa (Fig. 2E): T, of
the scaffold was 36 + 0.1 °C, close to the glass transition of
PLGA blocks.

This journal is © The Royal Society of Chemistry 2024

3.3. Collagen incorporation

To enhance the biological properties of the scaffold, collagen
incorporation was then performed. Different techniques were
tested to incorporate collagen within the scaffold: soaking,
injection and force infiltration at different collagen concen-
trations (see Fig. 3A). We first investigated the influence of the
collagen concentration on the extent of collagen content in the
final scaffold by soaking. The weight percentage of nitrogen
was higher (9.2 + 2.3%) after 24 h soaking into a collagen solu-
tion at 3 mg mL™" compared to 1 mg mL™" (7.8 = 3%) and
5 mg mL™"' (6.7 + 1.5%). Indeed, the viscosity of the collagen
solution at 5 mg mL™' was too high to easily penetrate the
pores. Following this first assay, the collagen concentration of
3 mg mL™" was selected to test the other two incorporation
techniques: injection and forced infiltration. The injection
method gave the lowest percentage: 4.1 + 0.4 wt%. In the last
method, three successive forced infiltrations were performed.
Fig. 3B and C show the overall repartition of oxygen, carbon
and nitrogen atoms in the scaffolds before and after collagen
incorporation by forced infiltration, whereas Fig. 3E and F
focus only on nitrogen atoms. These analyses confirm that the
nitrogen density is higher in the PEU-Col scaffold, and that

Biomater. Sci., 2024,12, 2960-2977 | 2967
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Fig. 3 Evaluation of the collagen incorporation in the PEU scaffolds. (A) Comparison of the weight percentage of nitrogen in scaffolds as a function
of the method used for the incorporation and comparison of the weight percentage of collagen in the scaffold as a function of different characteriz-
ation techniques; (B & E) fluorescence micrograph of the scaffold before/after Col-FITC coating respectively; (C & F) SEM-EDX of the scaffold
before/after collagen coating respectively; (D & G) SEM-EDX with nitrogen atoms only of the scaffold before/after collagen coating respectively.
Scale bar corresponds to 300 um. Data are expressed as means + SD and correspond to measurement with n = 3.

collagen is homogeneously spread in all pores. This was
further confirmed by the visualization of a Col-FITC coating,
as seen in Fig. 3D. The fluorescence imaging clearly proves
this homogeneous coating of pores by the collagen.

In the next step, to quantitatively evaluate the nitrogen
content increase, the integration of the nitrogen signal in the
EDX spectra was calculated (see Fig. 4).

The weight percentage of nitrogen showed a 6.6 wt%
increase in the N content after forced infiltration. SEM-EDX

2968 | Biomater. Sci., 2024, 12, 2960-2977

was also performed on a collagen film to evaluate the nitrogen
weight percentage that corresponds to 23.8 + 4.5 wt%. This
allowed us to estimate a collagen content of 0.3 wt% in the
scaffold by EDX. Overall, forced infiltration was selected as the
more efficient, fast and convenient method to coat the PEU
scaffolds with Col-I.

To confirm this value of 0.3 wt% collagen in the scaffolds,
the collagen content was further determined by calculating the
absorbance value of hydroxyproline (Table S31) present in a

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 EDX spectrum of (A) PEU scaffold and (B) PEU-col scaffold.

sample of defined weight (37 mg). The hydroxyproline mass
present in the sample was determined to be 0.0325 =+
0.0013 mg, calculated with the linear fit of the calibration
curve (see Fig. S61). Considering that hydroxyproline constitu-
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tes 13% of collagen, it corresponds to 0.262 + 0.026 mg of col-
lagen in the scaffold, i.e., 0.7 wt%. As the two methods led to
slightly different values (0.3 wt% by EDX and 0.7 wt% by
hydroxyproline dosage) a final method was followed. Col-FITC
coated on a scaffold was released in 10 mL of acid acetic and
the fluorescence of this solution was measured. The collagen
concentration was evaluated with the calibration curve of Col-
FITC (see Fig. S77).

The percentage evaluated with this method was slightly
lower than the other techniques probably due to the lower
commercial Col-FITC concentration (1 mg mL™") used for the
forced infiltration (against 3 mg mL~" for non-labelled Col-I).
Results as a function of the technique are listed in Fig. 3A. The
collagen values were higher than values found by Chang
et al.”® (349 + 7.6 g per scaffold, for a scaffold volume of 98 x
107 cm® compared with 300 pg per scaffold, for a smaller
volume V= 0.2 x 10~* em?®) with a poly(e-caprolactone) scaffold
chemically grafted with a type II collagen.

After coating, the PEU-Col scaffolds were analysed by SEM
(Fig. 5A) showing a pore size of 188 + 59 um (Fig. 5B), similar
to that of pristine PEU scaffolds, suggesting a very thin layer of
collagen coating. The mechanical properties of the scaffolds
coated with collagen were investigated (as seen in Fig. 5C and
D). The Young’s modulus was 0.37 + 0.14 MPa, the storage
modulus was 6.14 MPa at 25 °C, and 1.4 MPa at 37 °C.

These values are slightly higher but in the same range as
that for the pristine PEU-scaffold (E, = 0.2 + 0.2 MPa), which is
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Fig. 5 Morphological and mechanical characterization of the PEU-Col scaffold. (A) SEM micrograph of the inner part of a PEU-Col scaffold, (B) pore
size distribution of a PEU-Col scaffold, (C) typical stress/strain compression curve under dry conditions at RT, and (D) thermo-mechanical analyses
of the PEU-Col scaffold analysed by DMA (storage modulus E’, loss modulus E” and loss factor tan(s)).
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not surprising considering the expected low contribution of
0.3 wt% collagen located only at the surface of the pores, and
the low mechanical properties of collagen compared to the
ones of PEU. A similar trend was also observed on the
B-tricalcium phosphate scaffold double coated with collagen,
with compression strength mean values at 0.022 + 0.012 MPa,
compared to the values of 0.024 + 0.012 MPa before coating.*®

Wagner et al. also worked on incorporating collagen in poly
(ester urethane)urea (PEUU) to incorporate bioactivity and
increase cellular interaction. The PEUU was obtained from
butanediisocyanate, PCL (M,, = 2000 g mol™") and putrescine
for soft tissue engineering applications. Type I acid soluble
bovine collagen was incorporated (at different concentrations,
ranging from 0 to 90 wt%) into the polymer film using the
electrospinning technique by blending the PEUU with collagen
in hexafluoro-2-propanol. Despite an important porosity of
85%, the pores size was relatively smaller (50 pm) compared to
our samples, due to the electrospinning technique used. The
targeted cardiac application led to mechanical evaluations
with tensile tests that cannot be compared with our
systems,*®”° however, an in vivo study showed that these PEUU
scaffolds had endocardial endothelialization at 4 weeks, with a
moderate inflammatory reaction.

3.4. Morphological study of PEU-Col scaffolds

For a more in-depth study of the scaffolds, X-ray micro-com-
puted tomography (uCT) was then used. A 3D-volumetric
image was obtained by stacking successive 2D cross sections of
the scaffold (see Fig. S8%). At first, the PEU scaffold and
PEU-Col scaffold were compared. In Fig. 6A and D white
regions correspond respectively to PEU or PEU-Col whereas
black regions correspond to air. In Fig. 6B and E an overall
reconstruction of the scaffolds is shown. The analysis led to
the calculation of a porosity of 76 + 3% for the PEU scaffold
(comparable to the value of 76 + 1% obtained by density func-
tional calculations, see section 3.2) and 74 + 2% for the
PEU-Col scaffold. The slight porosity decrease is explained by
the collagen coating.

Fig. 6C shows the uniform pore size range of the PEU
scaffold of 100-300 pm (in green), which confirmed the results
obtained by SEM. In more detail, mathematical calculation
from the software indicated the presence of two populations
on PEU scaffold images: one in the range of 100-333 pum (41%)
and one in the range of 33-99 pm (59%) which could corres-
pond to the connections between the pores. The pore size of
PEU-Col was smaller, as shown by the blue colour in Fig. 6F
and pore size distribution in Fig. 61, as a result of the presence
of the collagen layer decreasing the pore size.

Since collagen and PEU are polymers with similar density,
it is not possible to distinguish them in the pCT images. To
overcome this limitation, a PEU scaffold was coated with a col-
lagen solution saturated with iohexol as a contrast agent.
Fig. 6G shows a single 2D cross section where white regions
correspond to the part of the matrix of PEU coated with col-
lagen (saturated with iohexol). This additional analysis
revealed some heterogeneity in the collagen repartition,

2970 | Biomater. Sci, 2024, 12, 2960-2977
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denser on the edges of the scaffold compared to the core. This
difference is explained by the incorporation method with
forced infiltration of the collagen solution through the bulky
material. When the collagen solution penetrates the pores, air
is entrapped and compressed in the middle of the sample,
which results in a partial blocking of the collagen solution
that flows more freely in the pores of the outer regions. This
heterogeneity is however not considered as a problem to over-
come, since cells in contact with the material will first encoun-
ter collagen-rich regions before further infiltrating the
scaffolds and reach the collagen-depleted central region.
Actually, the alveolar structuration of the PEU matrix (Fig. 64,
B, D and E) and the deposition of collagen after forced infiltra-
tion confirm the porous network interconnectivity (as illus-
trated in Movie 1 for the PEU scaffold, see the ESIf) that can
enable cell migration.

3.5. Sterilization

Considering the mandatory sterility for implantable medical
devices and scaffolds, PEU scaffolds were subjected to beta-ray
irradiation to evaluate the impact on the PEU. A dose of 25
kGy was selected as it is a typical dose applied to medical
devices.”** Depending on the polymer nature the two-conco-
mitant process of chain scission and crosslinking can occur to
different extents under such sterilization conditions.*?
Typically, the crosslinking can be highlighted by an increase in
the weight average molecular weight and in the dispersity. In
fact, as seen on the chromatogram showing the diffraction
index and Rayleigh responses (see Fig. 7A), two populations
can be deduced from the Rayleigh response. The weight
average molecular weight increased from M,, = 35 000 kg mol ™"
(b = 2.4) before sterilization to M,, = 37 000 kg mol ™" (P = 4.1)
after sterilization.

Mechanical analyses were performed on the PEU-scaffold
after sterilization, as seen in Fig. 7B, showing no decrease of
the Young’s modulus before and after sterilization (E, PEU
scaffold sterilized = 0.20 + 0.02 MPa vs. E, PEU scaffold = 0.23
+0.02 MPa).

3.6. Cell studies

In order to assess the biocompatibility of the PEU scaffolds, a
cytotoxicity study was first carried out using a CellTiter-Glo®
assay. The scaffolds were compared to TCPS as well as two
control samples, positive RM-A and negative RM-C, in accord-
ance with the European standard NF EN ISO 10993. As shown
in Fig. 8A, the percentage of viable L929 murine fibroblasts
upon contact with the PEU scaffolds was 75% against 81% for
the negative RM-C control, and surpassing the 70% threshold
set by the European standard (indicated by the orange dotted
lines). This outcome confirms the absence of acute cytotoxicity
of the scaffolds and validates the various process steps used
for the preparation of the pristine PEU scaffolds.

The proliferation of L929 murine fibroblasts was then
assessed with the different scaffolds to evaluate the impact of
the collagen incorporation. With the exception of the first time
point at 2 days, where similar proliferations were found on all

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm00234b

Open Access Article. Published on 16 April 2024. Downloaded on 10/31/2025 4:09:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

PEU scaffold

View Article Online

Paper

-

PEU-Col scaffold with iohexol

\.

o—0—0—8=0=0—0—0—0—0
o

£

S 1

o

k<l

S 60

&

(] [

£ 40

= Pore size PEU scaffold

g d —e— Pore size PEU-Col scaffold

O 204 /

0+ o
T T T T T
0 100 200 300 400
/ Size (um)

Fig. 6 Morphological studies of the scaffolds by micro-computed tomography. Representative uCT images of scaffolds: single 2D slices of (A, D
and G) PEU, PEU-Col and PEU-Col iohexol scaffolds, respectively. White regions correspond to PEU (A) or PEU-Col (D) matrix or to the part of the
PEU matrix coated with collagen (G). Global uCT image of (B, E and H) PEU, PEU-Col, and PEU-Col with iohexol scaffolds, respectively, and (C and F)
with color scale corresponding to the pore size. (I) Cumulative fraction of pore size of PEU and PEU-Col scaffolds.

scaffolds, the PEU-Col scaffold always led to higher prolifer-
ation (Fig. 8B). After 9 days, proliferation was already signifi-
cantly improved (127% with respect to TCPS) compared to the
commercial Actifit® implant (56%). After 14 days, the trend
was even more pronounced with PEU-Col scaffolds exhibiting
much higher cell proliferation (114% with respect to TCPS)
compared to the PEU scaffold (58%) and largely outperforming
the commercial gold standard Actifit® (38%), as illustrated in
Fig. S9.f It is remarkable that proliferation was even better
than on the TCPS control and this result is highly encouraging
to envision future development with other cells like chondro-
cytes. For example, PCL-diol/HDI based PEU grafted with col-
lagen showed lower proliferation of chondrogenic cells com-
pared to TCPS.>* In another study, poly(ester-carbonate-urea-

This journal is © The Royal Society of Chemistry 2024

urethane) obtained from oligo(tetramethylene succinate-co-car-
bonate) diols and HDI were coated with collagen by simple
incubation and the resulting material, despite being non-cyto-
toxic, showed about twice lower human keratinocyte cell pro-
liferation compared to the TCPS control.>

The morphology of cells was also observed by fluorescence
microscopy (Fig. 8C-E). Assuming that the cells are uniformly
distributed, it is inferred from the pictures that the scaffolds
possess appropriate pore size and porosity, facilitating cell
infiltration. However, a denser layer of cells can be observed
on the PEU-Col scaffold, which is in line with the higher per-
centage of proliferation for this scaffold compared to the
others. Additionally, the characteristic spindle-shaped form of
the cells observed on the surface of PEU-Col scaffolds suggests

Biomater. Sci, 2024,12, 2960-2977 | 2971
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a higher affinity of cells towards these scaffolds, as seen in
Fig. S10.7 In contrast, the cells on the PEU scaffold and on the
gold standard Actifit® exhibit a round-shaped form, indicating
a lower affinity of the cells with the materials. This set of
results confirms that the collagen coated in the PEU-Col
scaffold not only enhances cell proliferation but also offers a
better cell/surface affinity to improve tissue regeneration. This
phenomenon was also observed by Bahcecioglu et al. where
fibrochondrocytes elongated and aligned along the collagen
fibres.>® They also showed that cell behaviour was correlated
with the pore size and strut mechanical properties of the
scaffold. In our study, the gold standard, PEU and PEU-Col
scaffolds exhibit similar mechanical properties and pore size,
we could suggest that the presence of collagen could enhance
the biological properties of the scaffold.

3.7. Degradation

To evaluate the degradation profile of the scaffolds, specimens
were subjected to in vitro degradation in PBS at pH 7.4. The
pH of the solution decreased faster for the PEU scaffolds com-
pared to the commercial gold standard and the medium was
refreshed when pH decreased by 5%, as illustrated in
Fig. S11.} This is due to the faster degradation induced by the
presence of PLGA segments degraded in lactic and glycolic
acid that are not present in the PCL-based Actifit® implant.
Fig. 9A shows the evolution of the residual mass of the
scaffolds over a 6 month period. After 12 months, the mass of
the gold standard remains unchanged, whereas PEU scaffolds
already witness a 40% mass loss after 2 months. It was not
possible to follow up the degradation after 2 months, due to
the samples falling into pieces when rinsing with distilled
water, as seen in the picture in Fig. 9A. These results are con-
sistent with the slow degradation of PCL (from 2 to 8 years
in vitro®”) that is the only component of the Actifit® gold stan-
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dard, compared to the faster degradation of PLGA segments.
This slow degradation can lead to loss of connection between
the scaffold and the surrounding tissue, and thus delay the
healing process.*®>°

Changes in the Young’s modulus of the scaffolds during
in vitro degradation are shown in Fig. 9B. We can observe a
fast decrease of the Young’s modulus of PEU scaffolds with a
E, = 0.05 + 0.02 MPa, after 28 days of degradation, compared to
E, = 0.27 + 0.09 MPa. This rapid loss of properties is not
necessarily detrimental and should be put in perspective with
the much-improved cellular proliferation and cell affinity
towards PEU-Col scaffolds, which may turn to a faster menis-
cus regeneration and recovery of the mechanical properties via
the formation of a neo-tissue.

Regarding the evolution of molecular weight over time (see
Fig. 9C for the evolution of light scattering signals over time),
the PEU scaffolds experienced an 80% reduction in molar
mass within a period of 15 days. In contrast, it took around 28
days to achieve the same level of reduction for the PCL-based
gold standard (Fig. 9D). This difference is most likely attribu-
ted to the differential degradation of the PLGA blocks within
our PEU scaffold, which tends to break down more rapidly into
smaller water-soluble oligomers capable of diffusing out of the
matrix. This phenomenon elucidates the swift decline in mass.
Conversely, the gold standard scaffold is composed of PCL seg-
ments that degrade at a slower rate and yield hydrophobic oli-
gomers which, at similar polymerization degrees, exhibit lower
solubility compared to their PLGA counterparts. Consequently,
these oligomers are less inclined to diffuse out of the scaffold.
Regarding the dispersity measured by SEC for the PEU
scaffolds, it remained stable (P = 1.5) for 60 days. In contrast,
the dispersity of gold standard dropped from P = 3.04 to 1.6,
which underlines the elimination of fragments of the second
population on the chromatogram (as seen in Fig. S127).

This journal is © The Royal Society of Chemistry 2024
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4. Conclusions

A polyester-polyurethane (PEU) polymer with a M, of 52~ kg
mol ™" was synthesized in a two-step process using a PCL pre-
polymer functionalized with LDI, and PLGA-diol as a chain
extender. This polymer was turned into a 3D porous scaffold
with a defined pore size and mechanical properties using an
SC/PL process with sodium chloride as the porogen agent.
SEM and tomography reconstruction confirmed that the
scaffold had a relatively uniform pore size of around 170 pm
and an overall porosity of 74%, corresponding to open poro-
sity. The deposition of collagen through forced infiltration is a
consequence of the interconnection of the porous network
that is essential for cell proliferation. The mechanical pro-
perties were evaluated and close to the human meniscus. To
enhance the biological properties, different techniques were
investigated to physically bond collagen type I: immersion,
injection and forced infiltration. The latest method was proved

2974 | Bjomater. Sci, 2024, 12, 2960-2977

to be the more efficient to build a hybrid scaffold with col-
lagen. Different techniques such as SEM-EDX, hydroxyproline
titration and Col-FITC titration showed that 0.3 wt% of Col-I
were incorporated into the scaffold. Cytotoxicity studies
revealed the biocompatibility of the PEU scaffold of 75% viabi-
lity of L929 cells. The proliferation study showed that the col-
lagen coating not only influences cell proliferation, but also
provides a better cell affinity with the material. A degradation
study in PBS revealed that PLGA blocks in the PEU scaffold
could greatly influence the degradation rate, compared to the
gold standard: Young’s modulus and molecular mass
decreased by 80% after 30 days of incubation. Despite a fast
degradation rate, the composition of this PEU scaffold could
allow fast cell proliferation and limit the presence of residual
fragments that could elicit a body response. This study con-
firms the potential of these scaffolds as meniscal replacement
and articular cartilage repair and opens the way to other
investigations. Supplementary in vitro assays will be performed

This journal is © The Royal Society of Chemistry 2024
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with cells in accordance with the application (i.e., chondro-
cytes) and in vivo assays will also be investigated.
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