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ABSTRACT

Poly(lactide) (PLA) is a widely used biomaterial in many biomedical applications. However, it is
inert and therefore lacks bioactivity, which is a major drawback in addressing tissue regeneration
issues. This work aims to develop new implantable biomaterials composed of PLAs
functionalized with bioactive peptides. For that purpose, we set up an original synthesis based on
star-PLA bearing triethoxysilyl propyl groups (PLA-PTES) and bifunctional silylated peptides
that react together via sol-gel process to create a bioactive network. We demonstrate that the
molecular weight of the PLA and the quantity of peptide have a large influence on the
crosslinking efficiency, the mechanical properties and the biodegradability of the resulting
materials. The presence of peptide increases the crosslinking efficiency of the networks resulting

in more rigid networks with stable mechanical properties up to 8 weeks. At last, the potential of
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this new type of hybrid biomaterials for soft tissue engineering was demonstrated through cells

adhesion assays that showed a significant enhancement of fibroblasts adhesion.

1 Introduction

The recent development in biomedical field has led to the creation of a wide range of
biomaterials for regenerative medicine.' In the field of tissue regeneration, new biomaterials
tend to promote the interactions with the cellular environment in order to improve either the
adhesion of cells and their proliferation or metabolic activity.'* If well-known biodegradable
polymers such as poly(e-caprolactone) (PCL), poly(glycolide) (PGA) and poly(lactide) (PLA),
are widely used as material for regenerative medicine due to their biocompatibility and
degradability,> the lack of functions on their skeleton limits their interactions with the cellular
environment.'? This is a major disadvantage in tissue engineering applications. The incorporation
of bioactive biomolecules such as drugs, proteins or nucleic acids in polymer matrixes by coating
or encapsulation could be a solution to this problem.!"'> Unfortunately, bioactive molecules are
usually rapidly released by desorption and diffusion though the material, which consequently
inactivates the polymer matrix. In this context, covalent incorporation of biomolecules into

biomaterials is a strategy of choice when sustained bioactivity is required.

Numerous studies focused on the functionalization of degradable polymers with peptides
exploring many chemical pathways.'>!* As an example, peptides grafting by alkyne azide
cycloaddition chemistry has been described on the dibenzocyclooctyne functionalized polymers
such as PLA 15 or PEG '6. Alternatively, incorporation of cysteine-containing peptides into the

polymer backbone via thiol-ene chemistry is widely described with PCL!7, ethylene glycol
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dimethylacrylate '® or four arm-PEG functionalized with norbornene!®. Cysteinyl peptides can

22,23 24

also be conjugated to a polymer bearing maleimide 22!, vinyl-sulfone , and acrylate



functions by Michael addition. Noteworthy, depending on the number of cysteine residues
present in the peptides (e.g. one or several), the reaction yields a peptide-polymer conjugate or a
three-dimensional network. Whatever the conjugation strategy used, special attention has to be
paid on the chemistry of polymerization which should conserve the integrity and the biological
properties of the bioactive moiety. Silane chemistry offers the possibility of working in soft
conditions to preserve the bioactivity of biomolecules and compatibility with different
manufacturing processes. We previously demonstrated that hydrolysis and condensation of
alkoxysilane-bearing polymers and peptides could afford, in soft conditions compatible with the
side chains of biomolecules, bioactive and modulable hydrogel networks linked through Si-O-Si

bonds.25-26

In this study, we extend the scope of this chemoselective crosslinking reaction to
biodegradable PLAs functionalized with bioactive peptides, studying different ways to modulate
their mechanical properties and their degradability (Figure 1). The introduction of a hydroxyl or
alkoxy silane group in poly(lactide)s has not been reported so far. 2’ On the other hand, we have

2831 or several 323 silyl

already demonstrated that hybrid bioactive peptides, which bear one
group(s) in controlled position(s) could be synthesized and used as building blocks by sol-gel

process, while maintaining their biological properties.

In order to promote the Si-O-Si bonds of the hybrid polymer/peptide network we used a 4-
arms star-PLA. We studied the impact of the molecular weight of PLAs and of the concentration
of peptides on the crosslinking rate. The mechanical and degradation properties of the different
crosslinked hybrid were also evaluated. Finally, we studied the bioactivity of the resulting hybrid
networks by quantifying the cellular adhesion on materials containing increasing amounts of

peptide.
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Figure 1. Silylated star-PLA and hybrid silylated star-PLA-peptide networks formation by sol-

gel process. (no color needed)
2 Experimental section

2.1 Materials

D,L-lactide was purchased from Purac (Lyon, France). Tin(II) 2-ethylhexanoate (Sn(Oct)2),
pentaerythritol, (3-isocyanatopropyl)triethoxysilane (IPTES), dichloromethane, heptane, toluene,
tetrahydrofuran, hydrochloric acid (37%), methanol and phosphate buffer solution (PBS), N,N-
diisopropylethylamine (DIEA) and triethylamine were supplied by Sigma Aldrich (St-Quentin
Fallavier, France). CellTiter Glo assay was provided by Promega G7571. Fmoc amino acid
derivatives, 2-chloro chlorotrityl PS resin, [benzotriazol-1-yloxy(dimethylamino) methylidene]-
dimethylazanium hexafluorophosphate (HBTU) and coupling agent were purchased from Iris
Biotech GmbH (Marktredwitz, Germany). ClarioStar plate reader was received from BMG

Labtek. PrestoBlue® assay was purchased from Invitrogen A13262 (batch 2103456).



2.2  Characterization methods

Size exclusion chromatography (SEC) was conducted on a Shimadzu LC-200AD Prominence
system, equipped with a RID-20A refractive index signal detector, a PLgel MIXED-C guard
column (Agilent, Spm, 50x7.5 mm), and two PLgel MIXED-C columns (Agilent, Spum, 300x7.5
mm). The polymer was dissolved in THF (5 mg/ml) and the obtained solution was filtered
through a Millipore membrane before the injection of 100 uL into the system. All measurements
were performed at 30°C at a flow rate of 1 ml/min. The results were expressed according to a
polystyrene calibration. The '"H-NMR measurements were performed at 300 MHz with an
AMX300 Bruker spectrometer using deuterated chloroform as solvent. The chemical signals are
expressed in ppm with respect to tetramethylsilane (TMS) signal used as internal reference. The
FTIR spectra have been recorded on a Perkin Elmer Spectrum 100 at a scanning rate of 4 cm!

between 4000 - 550 cm’!.

2.3 Typical procedure for the synthesis of 4-arm star-poly(lactide) of 2 000 g.mol! (PLA-2k)

D,L-lactide monomer (15 g, 104 mmol, 14 eq.) and pentaerythritol initiator (1.01 g, 7.4 mmol, 1
eq.) were placed under vacuum 3h before being dissolved in 60 ml of freshly distilled toluene.
After complete homogenization, Sn(Oct); catalyst (1.2 g, 2.9 mmol, 0.4 eq.) was added. The ring
opening polymerization took place at 110°C for 24h, under inert atmosphere. The product was
purified by precipitation with cold heptane and the resulting precipitate was dried under vacuum
overnight. The PLA molecular weight was calculated from the atomic ratio between methylene
protons of pentaerythritol (0 = 4.13 ppm, s, 2H, C-CH»-0) and the methyne proton of lactic unit

(0 =5.1 ppm, g, 1H, CO-CH(CH3 )-O). Polymers of 10 000 and 12 000 g.mol! (PLA-10k and



PLA-12k) have been obtained by varying the amount of initiator as shown in Supporting
Information (Table S1). 'TH-NMR (400 MHz, CDCl3) 8 (ppm)= 5.15 (m, CHCH3); 4.34 (m,

CHCH3-0OH); 4.14 (s, C-CH3-0); 3.5 (s, C-CH3-OH); 1.54 (m, CHCH3)

2.4  Synthesis of triethoxysilane-functionalized 4-arm star-poly(lactide)

PLA-2K (10 g, 5 mmol) was placed under vacuum 3h before being solubilized in anhydrous
THF under inert atmosphere. IPTES (7.42 g, 30 mmol, 6 eq., i.e. 1.5 eq. per hydroxyl function at
the extremity of PLA arm) and Sn(Oct); (1.62 g, 4 mmol, 0.8 eq.) catalyst were then introduced
in the solution. The reaction occurred at 85°C for 24h under inert atmosphere. The functionalized
polymer (PLA-2k-PTES) was precipitated in cold heptane and kept under vacuum to remove
solvent traces. Functionalization yield was determined by the ratio between methyne lactic
proton (6 = 5.1 ppm) and the methylene protons linked to triethoxysilane framework (6 = 0.6
ppm). 'H-NMR (400 MHz, CDCI3) ¢ (ppm)= 5.15 (m, CHCH3); 4.34 (m, CHCH3-OH); 4.14
(s, C-CH3-0); 3.83 (m, OCH2CH3); 3.5 (s, C-CH3-OH); 3.17 (m, NH CH2); 1.54 (m,

CHCH3); 1.2 (m, OCH2CH3); 0.64-0.54 (m, CH2CH?2 Si);

2.5 Peptide synthesis

2.5.1 Common procedures

Fmoc ethylene diamine (EDA) anchoring on 2 chlorotrityl chloride resin

2-Chlorotrityl chloride resin (Loading = 1.6 mmol/g) was placed in a solid-phase peptide
synthesis flask fitted with a sintered glass. Fmoc-NH-CH>-CH>-NHb> (2 eq) was anchored to the
resin in the presence of DIEA (4 eq) in DMF during 2 hours. After washing steps using the

following solvents (2xDMF, 2xDCM/MeOH/DIEA (14/2/1, v/vl/v), 3xDCM, 2xDMF, and



2xDCM), Fmoc-NH-CH»2-CH>-NH-2-Chlorotrityl-resin was dried under vacuum for 12 hours.
Resin loading was determined by detection of piperidine-dibenzofulvene adduct from pip/DMF

deprotection solution at 289 nm. A loading of 0.24 mmol/g was obtained.

Fmoc deprotection

Fmoc-peptidyl-resin was placed in a solid-phase peptide synthesis flask fitted with a glass
sintered. Fmoc group was removed by two successive treatments with DMF/piperidine (80/20;
v/v) solution of 20 min. Between the two treatments, solution was filtered off and replaced by a
new one. Standard washing steps (2xDMF and 2xDCM) were performed at the end of
deprotection.

Protected aminoacid coupling step

The appropriate Fmoc-protected amino acid (3eq.) was dissolved in DMF (75% of reactor
volume) in presence of HBTU (3eq.) and DIEA (3eq.). This solution was then added to the free
N-terminus peptidyl resin and placed under stirring at room temperature for 90 minutes. Standard

washing steps were performed afterwards.

2.5.2 Peptide 1 synthesis

=0 b=



Figure 2. Peptide 1

Peptide 1’ H-(BAla)s-Lys(Alloc)-(BAla)s-NH-(CH2)>-NH> was synthetized by standard Fmoc
SPPS on Fmoc-NH-CH,-CH>-NH-2-Chlorotrityl-resin using successively Fmoc-BAla-OH and
Fmoc-Lysine (Alloc)-OH. At the end of the synthesis, the Alloc protecting group was removed
on solid support using a DCM solution containing palladium tetrakis (0.1eq.) and phenylsilane
(20eq.) during 30 min under stirring. The deprotection was performed twice in the same
conditions. Fluorescein isothiocyanate (2.5eq.) was reacted with lysine side chain using TEA
(2.5eq.) at room temperature for 3 hours in DMF. Then the N-Fmoc protecting group was
removed as usual, using DMF/pip solution. At last, peptide was cleaved from the resin using a
TFA/TIS/H20 (45/2.5/2.5 v/v/v/) solution for 4 hours. TFA was filtered off, concentrated under
vacuum. Peptide 1’ was precipitated as TFA salts in diethylether. The crude peptide 1’ was
purified by preparative HPLC. Then, it was reacted with 3-isocyanatopropyltriethoxysilane
(2.4eq.) in DMF in presence of TEA (4.2eq.). After concentration of the reaction mixture, bis-
silylated peptide 1 (Figure 2) was obtained by precipitation in diethyl ether recovered peptide 1

with 55 % yield and 90 % purity (Figure S2).



2.5.3 Peptide 2 synthesis
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Figure 3. Peptide 2

Peptide 2’ H-(BAla)s-IleLys(Nvoc)ValAlaVal-(BAla)s-Lys-NH> was prepared using the same
protocol than peptide 1’ except that Fmoc-Val-OH, Fmoc-Ile-OH, Fmoc-Ala-OH and Fmoc-
Lys(Nvoc)OH were used during its synthesis. Peptide 2’ was reacted with 3-
1socyanatopropyltriethoxysilane (2.4eq.) in DMF in presence of TEA (4.2 eq.) to yield Nvoc-
protect peptide 2°” which was deprotected by UV irradiation at 365 nm during 3 hours. Peptide 2
(Figure 3) was obtained by precipitation in diethyl ether recovered with 51 % yield and 99 %

purity (Figure S3).
2.6 PLA-PTES and hybrid PLA-PTES-Peptide films preparation

1.6 g of PLA-PTES was solubilized in 4 mL of CH>Cl> under magnetic stirring. 50 uL of
HCI/CH30H solution (IM) was slowly added in the polymer solution. After 10 minutes of
homogenization by stirring, the solutions were placed in silicone molds for solvent evaporation
for one week. To assure the complete evaporation of solvent, the molds were placed under

vacuum for 48 hours to get PLA films. Hybrid PLA-peptide films were obtained in the same way



except that amounts of bisilylated peptides corresponding to 0.01%, 0.1% and 1% molar ratio,

were added in the PLA precursor solution.

2.7 Tensile mechanical assays

Tensile mechanical assays were performed with an Instron 4444 at a crosshead speed rate of 5
mm-min~'. Each sample was analyzed at 37°C in triplicate and Young’s modulus (E, MPa), stress
at failure (of, MPa), strain at failure (ef, %) were expressed as the mean value of the three
measurements. Young’s Modulus was calculated using the initial linear portion of the

stress/strain curve.

2.8  Gel fraction evaluation

Gel fractions have been assessed by pouring a film (12.5 mmx5.5 mmx0.5 mm, initial material
weight-W;) in 4 mL of CH2Cl; for 3 hours under slow stirring. The soluble and insoluble fraction
were separated by centrifugation (5000 rpm, 7 minutes) and placed in separate tubes. The
insoluble and soluble fractions were then dried under vacuum for 24 hours and weighted (weight
of insoluble material fraction- Winsoble, Weight of soluble material fraction- Wsownle). Each
fraction was evaluated from the following equations, after checking that the addition of soluble

and insoluble phase was 100% of the initial sample weight:
Gel fraction (%) = W”W# 100 (1)

i

The results are presented as the mean value of 3 measurements.

10



2.9 PLA-PTES and hybrid PLA-PTES-peptide films degradation

The films (12.5 mmx5.5 mmx0.5 mm, initial masse- m;) were immersed in 4 mL of PBS
(pH=7.4) at 37°C under continuous stirring. The samples were removed from PBS at different
times and samples mass loss, gel fraction and mechanical properties were measured. Samples
mass loss was evaluated by weighing samples after drying under vacuum overnight (dry masse-

mg). The masse loss was expressed as the ratio between the mass remained and the total mass:

Mass remained/Total mass (%) = % =100 (2)

Samples gel fraction was evaluated by applying the procedure described in 2.7. After removal
from PBS and drying under vacuum overnight, the mechanical properties of degraded network

films were assessed at 37°C according to the method described in 2.6.

2.10 Cytotoxicity assays

NCTCClone 929 is recommended for the evaluation of in vitro cytocompatibility of medical
devices according to EN ISO 10993-5. In this study, NCTC-Clone 929 cells (mouse fibroblast
cell line (ECACC 85011425)) were cultured in 500 ml of MEM with 5mL of glutamax (1%
stabilized glutamine), SOmL of horse serum, and 100U per mL penicillin and streptomycin
100ug per mL. L929 cells (NCTCClone 929) at passage 45 were seeded at 10* cells per well (96-
well white plate) and allowed to attach for 24 hours. Films were cut into small pieces of 6 cm?
(according to ISO 10993-12) and decontaminate under UV (UV-C irradiation at 4 =254 nm of
both film surfaces, followed by 3 washing steps with PBS). Then films and peptide (1mg/ml)
were added to 1929 cell monolayer and the plates were incubated for 24 hours at 37°C and 5%

COz. The number of viable cells was obtained by a CellTiter Glo assay (Promega G7571), based

11



on quantification of the present ATP (which represents metabolically active cells). Phenol was
used as positive control and Polyethylene was used as negative control. Results are presented in

fluorescent relative unit (FRU) as the mean value of 6 measurements.

2.11 Cell adhesion

Samples (n=3) were exposed to UV-C (Grosseron, Bio-Link 254nm) for 2.5 min per side, placed
into 24-well plate and maintained thanks to o-rings. L.929 fibroblasts passage 25 were seeded at
6.6 x10* cells per well. Plates were placed at 37°C and 5% CO, for 4 hours. PrestoBlue® assay

was used to determine cell viability by using the reducing power of living cells.

3  Results and Discussion
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Figure 4. General synthesis of tetra(triethoxysilyl) star-PLA

The synthesis of tetrafunctionalized star-PLA is presented in Figure 4. The ring-opening
polymerization of D,L-lactide using pentaerythrytol as initiator and tin octanoate (Sn(Oct)2) as
catalyst led to star-PLA 3’ with reaction yields up to 80% (Table 1). The experimental molecular
weights (My) of star-PLAs were determined by size exclusion chromatography (SEC) and by 'H

NMR spectroscopy (Table 1 and Figure S4) which were closed to the theoretical values. The
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functionalization of star-PLA  with triethoxysilyl groups was done by reacting
isocyanatopropyltriethoxysilane (ICPTES) with hydroxyl end groups of PLA chains, in the
presence of Sn(Oct), yielding urethane bonds and silylated star PLA-PTES 3. The degree of
functionalization was calculated by "H NMR spectroscopy making the ratio between methyne
proton of the lactic units at 5.1 ppm and the methylene protons of triethoxysilane at 0.6 ppm
(Figure S5). We found that the number of silanes groups per four-arm star-PLA were between
3.45 to 3.99 (Table 1) which corresponds to 86 % and 99 % of functionalization. Surprisingly,
'"H NMR analyses showed that the functionalization of star-PLAs 3’ with molecular weights
higher than 10 kDa (i.e. 3’b and 3’c) resulted in a slight decrease of lactide polymerization
degrees of the corresponding silylated star-PLA 3b and 3¢ (Table 1). We hypothesized that the
Sn(Oct): catalyst used at 0.1 molar eq. per hydroxyl function for the functionalization reaction,
generated secondary transesterification reactions leading to a partial depolymerization of star-
PLAs.3* This was confirmed by the higher dispersity of the functionalized polymers 3 (Table 1).
We also tested dibutyltin dilaurate as a catalyst. However, the functionalization rates obtained
with this catalyst were lower (~50%) to those obtained with Sn(Oct),. In order to reach a better
control of the molecular weight of the silylated PLAs, other catalysts or lower Sn(Oct)2

concentration could be investigated.

Table 1. 'H-NMR and SEC characterizations of star-PLA and tetrafunctionalized star-PLA

'H-NMR SEC
Theoretical .
Ref Polymer molecular Yield yporecular E;;Ensl) err;f S Molecular Dispersit
weight (g/mol) ? weight M, per PLgA P weight M, ?B) Y
(g/mol) chain (g/mol)
¥a Star-PLA-2k 2000 85 2350 - 2500 1.36
3a Star-PLA-2k-PTES 2900 81 2 850 3.45 3900 1.92

13



3’b Star-PLA-10k 10 000 80 7600 - 9900 1.31

3b Star-PLA-10k-PTES 10 900 84 7150 3.59 4700 3.07
3¢ Star-PLA-12k 12 000 87 14 600 - 10 500 1.25
3c Star-PLA-12k-PTES 12 900 82 10 150 3.99 7 000 2.18
4 PLA-5k 5000 89 5400 7900 1.75
4 PLA-5k-PTES 5000 87 4800 1.43 7 000 1.81

The formation of covalent crosslinked networks from star-PLA-PTES was done using a sol-
gel process. First, the hydrolysis of triethoxysilane groups (SiOEt;) was performed under acidic
condition yielding silanol groups (Si-OH), which in a second step condensed into siloxane bonds
(-Si-O-Si-) through solvent evaporation, yielding to star-PLA networks. It is worth noting that
film formation was not possible with non-modified star PLAs 3’ witnessing that a covalent
reticulation of the network can only occurred with star PLA-PTES 3. Infrared spectroscopy
confirmed the appearance of Si-O-Si bonds and the condensation of tetrafunctionalized PLA,

showing signal bands at 1635 cm™! and 855 cm! characteristic to siloxane groups (Figure S6).

The impact of the molecular weight (M) of the PLA on the network crosslinking efficiency
was determined by the estimation of the material gel fraction and by the measurement of the
mechanical properties as shown in Table 2. Higher M, star-PLA-PTES 3b and 3¢ formed
network with a lower gel fraction, showing the significative influence of M, on network
crosslinking efficiency. Correspondingly, the gel fraction ranged from 99%, 71% and 30% for
networks composed of tetrafunctionalized PLA 3a, b and ¢ (2k, 10k and 12k), respectively. A
high length of the PLA chains seems to hinder the formation of crosslinking bonds and
consequently reduces the crosslinking efficiency of the resulting material. The mechanical

properties of the biomaterials were then evaluated at 37°C, first comparing films obtained from
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star-PLA-PTES 3 and non silylated ones 3’. However, as already stated, non-functionalized star-
PLAs 3’a, b or ¢ were non-filmogenic. Therefore, to get information about the impact of the
silane functionalization on the resulting films, we decided to prepare silylated linear PLA 4 with
molecular weight M, ~5000 g.mol™!' and compare it with its non silylated counterparts (4°). It is
worth noting that each trialkoxysilane moiety may react three times, allowing an efficient
crosslinking in the 3 dimensions of space, even if silane groups are only present at both
extremities of the polymer. Hydrolysis and condensation of linear silylated PLA 4 enabled the
formation of a chemical three-dimensional network more rigid (Young’s modulus going from 0.4
to 1.47 MPa), more resistant (stress at failure going from 0.02 to 0.33 MPa) and less deformable
(strain at failure going from 653 to 219 %) than the films obtained from unfunctionalized linear

PLA 4’ (Table S7).

Having demonstrated the interest of siloxane crosslinking for improving the mechanical
properties of a PLA network obtained from linear polymers, we then studied the mechanical
properties of films obtained from tetrasilylated star-PLA-PTES 3. The molecular weight of the
polymers that formed the three-dimensional chemical network affected its mechanical properties
as shown in Table 2. As the molecular weight of the polymers increased (2k, 10k, 12k), we
observed a decrease of the young modulus (24.3, 3.3 and 1.0 MPa) and of the stress at failure
(1010, 380 and 5 MPa) along with an increase of the strain at failure (9.1, 16.4 and 28.7 %).
These results highlight the wide range of mechanical properties that can be obtained with these
PLA networks by the simple control of the pre-polymer molecular weight. This could be of clear
advantage for matching the biomaterials properties with the ones of target tissues to be

regenerated.
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Table 2 Mechanical properties at 37°C of PLA-PTES films and PLA-PTES-peptide hybrid
films: the mean value of Young’s Modulus (E, MPa), stress at failure (or, kPa) and strain at

failure (g, %)

Films composition Gel fraction (%) E (MPa) or (kPa) & (%)
PLA-2k-PTES 3a 99 243+34 1010409 9.1+£22
PLA-10k-PTES 3b 71 33+0.1 380£9.7 164 0.5
PLA-12k-PTES 3¢ 30 1.0+£0.5 5+1 28.7+4.7
PLA-12k-PTES 3c -0.1% peptide 1 82 3.8+0.7 178 + 25 99+3.1

Thanks to silane chemistry, the introduction of additional biological properties of the network
proved to be straightforward.?>-? Indeed, silylated peptides were mixed with the PLA-PTES
network precursor during acidic hydrolysis step. Upon evaporation, the silanol groups carried by
peptides crosslinked with the silyl groups of the extremities of the PLA resulting in a hybrid
peptide-PLA network. As proof of concept, we first synthesized a model hybrid peptide (peptide
1) that carry two triethoxysilyl groups at the N- and C-terminus and that modeled the identified
bioactive peptide 2. The C-terminus was coupled to a diamino spacer to generate an additional
amino group and allow its functionalization (Scheme 1). It should be noted that peptide 1 was
fluorescent to facilitate its detection within the polymer network. Peptide 1 was added (0.1 %
molar) to PLA-12k-PTES, selected for its low Young’s modulus, resulting in a homogeneous
hybrid peptide PLA film (PLA-12k-PTES 3c-0.1% peptide 1). To prove the covalent
incorporation of the peptide, PLA-12k-PTES 3c-10% peptide 1 films were immersed into
dichloromethane for 3 hours. As expected, fluorescence was maintained in the insoluble fraction,
witnessing that the peptide entered covalently in the composition of the network (Supporting

Information, Figure S8).

16



We questioned what would be the impact of introducing a peptide on the mechanical properties
of the hybrid peptide-PLA film. The peptide PLA film proved to be more rigid and more
resistant at failure compared to the crosslinked films without peptide. Correspondingly, as shown
in Table 2, the introduction of Peptide 1 at a ratio of 0.1% resulted in a 4-fold increase of E
(from 1.0 £ 0.5 MPa to 3.8 = 0.7 MPa) and a 36-fold increase of the stress at failure (from 5 + /
kPa to 178 + 25 MPa), whereas the strain at failure were 3-fold decreased (from 28.7 % t0 9.9 %)
compared to the films obtained only with PLA-12k-PTES 3c. This is explained by the formation
of new Si-O-Si bonds between the peptide and the functionalized polymers and is illustrated by
the increase in the percentage of gel fraction from 30% to 82% after the introduction of 0.1%

molar of peptide 1 for the same amount of PLA-12k PTES 3c (Table 2).

Then, we studied the impact of the molecular weight of the star-PLA-PTES and the introduction
of the peptide 1 on the degradation of the network. Due to the insolubility of films, it was not
possible to evaluate the network degradation by monitoring the evolution of M, with SEC. Thus,
the degradability of the different samples was studied by evaluation of the gel fraction and the
mass loss percentage measurement after different immersion times in phosphate buffer solution
(PBS) simulating physiological medium at 37°C. (Figure SA and Figure 5B). Polymers
networks were quite stable after 8 weeks. Indeed, the gel fractions slowly varied from 98 % to 88
% (for networks obtained with from Star-PLA-2k-PTES 3a) and from 30 % to 14 % (for
networks obtained from Star-PLA-12k-PTES 3c¢). In spite of this decrease in gel fraction which
implies chain hydrolysis of PLA or siloxanes, we noted that the mass loss was slight suggesting
that materials were still in an early degradation stage (Figure 5B). However, the introduction of
Peptide-1 led to a significant decrease of the gel fraction (54% initially to 15% after 8 weeks)

compared to the functionalized PLA 3c without peptide (30% initially to 12% after 8 weeks)
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(Figure 5C). It has been shown that silanes could hydrolyze rapidly in water at pH 7. 3% Since
the presence of the peptide increases the number of Si-O-Si bonds in the PLA-peptide network, it
can then be expected that this network degrades faster than the PLA network without peptide.
Despite the decrease of the crosslinking rate brought by the peptide, the limited samples weight
loss (4 % after 1 week and 7 % after 8 weeks) showed that samples were still at the early stage of

their degradation (Figure 5D).

We also evaluated the impact of Peptide-1 on the evolution of mechanical properties under
simulated biological conditions at 37°C over 8 weeks (Figure SE). While the gel fraction
drastically dropped during the degradation time, we observed that the Young's modulus and the
stress required to break the star-shaped PLA-Peptide-1 hybrid networks slowly decreased over 8
weeks. Indeed, the Young's modulus decreased from 6.01 + 0.02 MPa to 1.73 + 0.02 MPa after 8
weeks of degradation and the stress at failure ranged from 0.17 + 0.07 MPa to 0.10 £ 0.01 MPa

(Figure SF).
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from star PLA-PTES 3¢ and 3¢ + 1% molar of Peptide 1. (no color needed)
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Having demonstrated the easiness of functionalization and the relative stability of resulting
PLA peptide materials obtained by sol-gel, we evaluated the biological properties of a novel star
PLA-PTES based material incorporating a laminin sequence IKVAV whose effect on fibroblast
adhesion is documented in the literature.’”-*-3* Consequently, we synthesized silylated peptide 2
which included the IKVAV sequence, functionalized in the same way than peptide 1, at both
extremities by IPTES. Star-PLA-PTES 3c-Peptide 2 films have been prepared in the same way
as described above with peptide 1. We first checked the cytotoxicity of the resulting hybrid
PLA-peptide film according to ISO 10993-12 standard. Briefly Star-PLA-PTES 3¢ and Peptide 2
were put in contact with 1929 cells layer. After 24 hours, cell viability was evaluated by
measuring mitochondrial activity in the cells (Figure 6A). The percentage of cell viability was
higher than 70 % of the viability obtained on high density polyethylene film (positive control),

indicating that both Star-PLA-12k-PTES 3¢ and Peptide 2 present a very low cytotoxicity.
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Figure 6. Biological activity of materials Star-PLA-PTES 3¢ and Peptide 2. (A) Viability of
1929 cells, phenol as negative control and high-density polyethylene film as positive control. (B)
Adhesion of 1.929 cells after 4h on Star-PLA-PTES 3c-peptide 2 that contained 0, 0.01 %, 0.1 %

and 1% of peptide 2 and on treated for cells polystyrene surface (TCPS) as positive control.
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Results are presented as a mean of 3 experiments and error bars represent SD, *p <0.05 (Non-

parametric Mann-Whitney test). (no color needed)

Cell adhesion was evaluated by counting the number of cells that adhered to Star-PLA-PTES
3c-peptide 2 films that contained 0, 0.01 %, 0.1 % and 1% of peptide 2. As expected, increased
amounts of peptide 2 in PLA-12k-PTES-peptide 2 network films improved significantly the
cellular adhesion. Indeed, the variation of peptide quantity from 0.01 % to 1 % led to adhesion
between 80 % and 95 % compared to cell-treated polystyrene surfaces (Figure 6B). The
introduction of a very small quantity of peptide (between 0.3 and 3 mg, i.e. between 0.16 and
1.58 mg of peptide / cm? of biomaterials surface area) thus lead to an increase of 20.2% to 33.1%
of the cell adhesion. It has been shown that a coating of 0.31 mg IKVAV per cm? surface area of
a glass plate improves NHDF proliferation by 10%.3° The same percentage increase in adhesion
of PC-12 cells was observed in a three-dimensional environment, i.e. on PLA nanofibers grafted
by the IKVAV sequence. *° This show that the sequence covalently incorporated into a three-
dimensional polymer network have an efficiency on cell adhesion similar or even superior to

what is described in the literature.

4 Conclusions

For the first time, we demonstrated that poly(lactide), a polymer wildly used for biomedical
application could be crosslinked using sol-gel siloxane chemistry, yielding networks with tunable
properties. By modulating the molecular weight of the star-PLA, loose or tight networks could be
obtained with controllable mechanical properties. Besides this new type of inorganic-polymeric

chemical network, we took profit of the modularity of the sol-gel process to introduce, in a single
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step, silylated peptides. Thanks to triethoxysilyl moieties, these hybrid molecules took part
covalently in the 3D network. Such hybrid networks kept stable mechanical properties over 8
weeks in an aqueous environment. We also showed that when bioactive sequences are used, the
resulting hybrid network displayed interesting biological properties. As a first example, laminin-
derived IKVAV sequence increased the adhesion properties of the cells. It is worth highlighting
that besides cell-adhesive sequences, any other types of bioactive peptides or even drugs or other
biopolymers 303133 could be also added to give targeted properties to the PLA based materials, as
far as they bear one or several triethoxysilyl groups. An interesting perspective would be to
consider the complexity of tissues in the shaping of this material. Indeed, this work paves the
way to the tailorable design of a wide range of materials which could be shaped as nanofibres,

microparticles or used as bioinks for 3D printing. 233
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