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Introduction

In living tissues, cells are surrounded by a complex and bioactive matrix which provides them
mechanical support while directing their behavior. Interactions between this extracellular
matrix (ECM) and cells are crucial for cell survival, proliferation, migration and differentiation.
Consequently, ECMs are the object of many research projects that aim at studying their
properties and understanding their regulation pathways both under healthy and disease
conditions. The knowledge gained through these studies helps producing artificial ECMs.

The design of biomaterials in which cells could behave like in their native environment is of
tremendous interest in regenerative medicine. Tissue engineering is the field of regenerative
medicine dedicated to the production of living tissues intended to be used as tissue grafts or
organ replacements. Developments in this area could address the organ donor shortage which
is a major public health issue. To achieve this objective, tissue engineering relies on
biomaterials able to act as artificial ECM to guide cells towards the development of a new
tissue. ECM substitutes have also found applications in in vivo cell delivery for the treatment
of hormone and enzyme deficiencies or for cancer therapy. Therefore, considerable efforts
have been made to develop biomimetic materials and it remains a real challenge. My PhD
project fits in with this context.

The approach selected herein for the design of new bioactive materials is supported by the
complementary skills of the two research groups involved in this PhD. On the one hand, the
team “Aminoacides, Hétérocycles, Peptides et Protéines” (AHPP) of the Institute of
Biomolecules Max Mousseron has expertise in (bio)organic and peptide chemistry at the
interface with biology. On the other hand, the team “Chimie Moléculaire et Organisation du
Solide” (CMOS) of the Institute Charles Gerhard is specialized in inorganic chemistry and
materials science. This collaboration gave birth to a modular bottom-up approach in which
hybrid molecules are combined to build a multifunctional material. These hybrid building
blocks are made of a (bio)organic unit, which affords its bioactivity to the resulting material,
and an inorganic moiety, which allows the polymerization by the sol-gel process. The sol-gel
chemistry involves the hydrolysis and the condensation of metal alkoxide precursors to form
an oxide network. In our case, polymers are modified with trialkoxysilane groups (-Si(OR)s) to
yield hydrogels cross-linked by siloxane (Si-O-Si) bonds. This chemistry was chosen for its
softness and good compatibility with living cells. The process is carried out in aqueous solution
at physiological pH and body temperature. It is chemoselective and bioorthogonal, i. e. it could
occur in living systems without interfering with biological processes. In addition, it allows the
combination of hybrid precursors for the preparation of multifunctional tailor-made materials.

The first chapter of this thesis draws attention on the applications of the biomaterials we
intend to develop because these applications impose some designing constraints. The notions
of extracellular matrix and hydrogel are defined. The different cross-linking methods available
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for the preparation of chemical hydrogels under conditions compatible with living cells are
reviewed, highlighting the advantages and limitations of each strategy.

The second chapter is dedicated to a preliminary study of hybrid hydroxydimethylsilyl
peptides. Before introducing hybrid molecules in hydrogels, we evaluated the stability of the
siloxane bond in aqueous media. NMR was used to monitor the hydrolysis of siloxane dimers
in different experimental conditions. Then, we showed that the functionalization of peptides
with a hydroxydimethylsilyl group was a straightforward dimerization method and we applied
this strategy to bioactive sequences. [Publication n°1l - Selective homodimerization of
unprotected peptides using hybrid hydroxydimethylsilane derivatives] Hybrid
hydroxydimethylsilyl peptides were also used for the grafting of silicone catheters. This work,
in which | was involved, is beyond the scope of this PhD project and the corresponding
publication (Simple and specific grafting of antibacterial peptides on silicone catheters) will
be found in the annex section at the end of the manuscript.

The development of polyethylene glycol-based hydrogels is presented in the third chapter.
After their modification with triethoxysilyl groups, PEG units were cross-linked via a sol-gel
process carried out in physiological medium at 37°C. The one-pot covalent functionalization
of these hydrogels during the sol-gel process was demonstrated with fluorescein derivatives
and then applied to the preparation of cell adhesive and antibacterial hydrogels using hybrid
peptides. [Publication n°2 - Easy synthesis of tunable hybrid bioactive hydrogels]

Then, the bio-inert PEG was replaced by a synthetic peptide to prepare hydrogel networks
with inherent cell-friendly properties. The sequence of the peptide was inspired by natural
collagen sequence. The resulting hydrogels were suitable for cell adhesion and proliferation.
We demonstrated that the sol-gel process enabled the encapsulation of stem cells. These
results are described in the fourth chapter. [Publication n°3 - Sol-gel synthesis of collagen-
inspired peptide hydrogel]

Finally, in the fifth chapter, we focused our efforts on hydrogel shaping. We demonstrated
that sol-gel chemistry and extrusion 3D printing could be combined. A colloidal solution of
hydrogel precursors was used as a bioink for the 3D printing of grid-patterned scaffolds.
[Publication n°4 - Modular bioink for 3D printing of biocompatible hydrogels: sol-gel
polymerization of hybrid peptides and polymers]

Concluding remarks and perspectives will be found at the end of the manuscript before the
experimental section. Applications of the method developed herein for the preparation of
biocompatible hydrogels were protected by a patent that is also enclosed in the annex section.
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Chapter I. State of the art: hydrogels for cell
encapsulation

I.1. Cell-encapsulating hydrogels

1.1.1. Applications of cell-encapsulating hydrogels

In vitro culture of adherent cells is classically carried out on flat, rigid 2D tissue culture
polystyrene. However, in spite of its extensive use, this environment is far from native three-
dimensional cell environment and often induces unnatural cell behavior.! Therefore, the
development of matrices for 3D cell culture is of interest. Hydrogels suitable for cell
encapsulation have become popular as 3D cell culture platforms.? In particular, they can be
used as models to study cell behavior. They provide more biologically relevant conclusions
than 2D models, allowing reliable predictions for in vivo cell behavior.

For example, K. S. Anseth and co-workers engineered a hydrogel containing embryonic stem
cell-derived motor neurons to measure the forces and energies involved in neurite extension.?
Recently, S. Pedron et al. designed a hydrogel that replicates the native tumor environment
enabling the study of glioma cells at molecular and genomic levels.* Cell-encapsulating
hydrogels are also useful in drug discovery.> L. A. Gurski et al. encapsulated metastatic
prostate cancer cells in hyaluronic acid-based hydrogels and demonstrated the efficacy of this
3D system for anti-cancer drug screening.®

As a consequence, 3D cell culture platforms based on cell-encapsulating hydrogels can be
considered as precious tools for biological research.

Applications of injectable cell-laden hydrogels can also cover therapies based on a cell-
mediated drug release. Indeed, cells can be delivered in situ to secrete a molecule of interest.

This approach is investigated as a treatment for enzyme and hormone deficiencies. For
instance, type 1 diabetes is an autoimmune disease in which insulin-producing pancreatic B-
cells are destroyed by the immune system. Because insulin is responsible for the regulation of
blood glucose levels, the B-cell destruction leads to hyperglycemia that can cause serious
damages to the body. The main treatment consists of multiple daily insulin injections to
maintain glucose homeostasis. Successful delivery of insulin-producing cells could replace the
burden of injections and considerably improve the daily life of patients affected by type 1
diabetes. Therefore, the encapsulation of insulin-producing cells or pancreatic islets in
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matrices that allow the diffusion of the secreted insulin while protecting the cells from the
immune system is of interest.”~®

Cell-encapsulating hydrogels are also promising for cancer treatment. The 20 kDa C-terminal
fragment of collagen XVIII, the endostatin protein, has been identified as an endothelial
proliferation inhibitor.1° It has been proven to be an effective inhibitor of tumor angiogenesis
and growth. However, the use of endostatin for cancer therapy faces several problems. In fact,
it is difficult to produce the purified biologically active protein and huge quantities of the
protein are required for cancer therapy. Once administered, endostatin is rapidly cleared from
the blood. Consequently, the encapsulation of cells that have the capacity to continuously
release endostatin has been investigated. In vivo studies on mice demonstrated that the
injection of encapsulated baby hamster kidney-endo (BHK) cells in the close proximity of a
tumor significantly inhibited its growth.%12

Both examples illustrate the importance of cell-laden hydrogels for the development of
therapies that involve the continuous release of a therapeutically relevant biomolecule.

Above all, cell-laden hydrogels are of paramount importance in tissue engineering. This area
of research aims at producing living tissues for medical purposes.'®'* These artificial tissues
are intended to be used as tissue grafts to repair or replace damaged biological tissues/organs.
They are engineered to be functional in vivo. Here a particular focus is placed on hydrogels
encapsulating cells. The preparation and applications of cell-free scaffolds intended to be
colonized in vivo will not be discussed in this manuscript.

Developments in tissue engineering seek to address the overwhelming need for organs and
tissues. In France, 21 464 people were waiting for a lifesaving organ transplant in 2015.1° Only
5 746 of these patients received a transplant. In addition, a successful transplantation implies
a heavy follow-up with a lifelong therapeutic treatment. The production of artificial organs
from patients’ cells would address both the organ donor shortage and the graft rejection
issues.

The principle of tissue engineering is to construct biological substitutes from cells taken from
the patients (Figure 1). Differentiated cells can be used but stem cells are preferred since they
are the “wild cards” of the body. They have the ability to renew themselves ad infinitum and
differentiate into any specific cell in the body. Their plasticity makes them a perfect fit for
tissue engineering.'®’ Stem cells were originally isolated from bone marrow but can now be
isolated from a large number of adult tissues. First, they are cultured in vitro under conditions
maintaining their undifferentiated state to preserve their capacity for self-renewal and
pluripotency. Then, they are seeded in a scaffold that will support them and provide signals
to guide them towards the development of new functional tissue. Hence, they will
differentiate, proliferate and produce the matrix of the artificial tissue. Ultimately, the
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engineered tissue will be transplanted to the patient where it is expected to restore biological
tissue function.

Cell culture
in an indifferentiate state

O T

isolation of stem cells

) ¢
1 TISSUE ENGINEERING Cell encapsulation
in a 3D scaffold

Transplantation ig

Production of an artificial
tissue or organ

Figure 1. Principle of tissue engineering

Alternatively, cells can be encapsulated in injectable in situ gelling hydrogels.’®20 In this case,
cells are suspended in a precursor solution that forms a cell-laden hydrogel after injection in
vivo. These hydrogels enable cell delivery at the site of interest for in situ regeneration of a
tissue. The procedure is minimally invasive compared to surgery. The hydrogel serves as
temporary scaffold which provides mechanical support and appropriate signals until a newly
tissue is formed by the injected cells. Eventually, the regenerated tissue should be identical to
the native healthy tissue in terms of structure and function. This regenerative strategy is
investigated for instance for articular cartilage repair.2%%?

In both cases, the choice of the biomaterial in which cells are embedded is crucial for tissue
development. This material must provide to the cells an environment as similar as possible to
their native environment.

As a consequence, whatever the intended application, the development of cell-laden
hydrogels requires a comprehensive knowledge of the extracellular matrix (ECM), the native
environment of the encapsulated cells.
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1.1.2. Native extracellular matrix

In biological tissues, cells are surrounded by a complex and bioactive matrix, the extracellular
matrix (ECM). It is both the physical scaffold responsible for tissue 3D structure and an
orchestra conductor for cells.?326

Within the same living organism, the ECM composition varies from tissue to tissue. The main
components are proteins, polysaccharides and water. An interstitial fluid is entrapped in a
network constituted of hydrated proteoglycans and fibrous proteins (Figure 2). Proteoglycans
are made of polysaccharides, such as hyaluronic acid, attached to a core protein. These
polysaccharides are called glycosaminoglycans (GAG), they are negatively charged which
allows them to sequester water and cations. Proteoglycans are coiled around fibrous proteins
such as collagen, fibronectin, elastin and laminin. Collagen is the most abundant fibrous
protein in the ECM, its fibers provide tensile strength to the surrounding tissue. All together,
these components confer a hydrogel-like consistency to the ECM.

Proteoglycan Proteoglycan
molecule complex Collagen fiber

Polysaccharide
molecule

Extracellular matrix

Fibronectin

Intracellular matrix

Plasma {

membrane CYTOPLASM

Integrin  Microfilaments of cytoskeleton
Copyright & Pearson Education, Inc., publishing as Benjamin Cummings.

Figure 2. Schematic representation of the extracellular matrix

The role of the ECM is not only to provide mechanical support to the cells but also to regulate
their behavior. Indeed, ECM is involved in cell survival, proliferation, migration and
differentiation, in other words, it directs cell fate. This matrix holds cells into tissues and
maintains cells in a buffered aqueous environment. It enables the diffusion of oxygen,
nutrients and metabolic products. It sequesters and delivers growth factors and other
biological signaling molecules while controlling the diffusion of cell secreted substances.
Bioavailability of signaling factors is controlled spatially and temporally by the establishment
of chemical gradients. Consequently, ECM is highly involved in intercellular communication.
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In addition, it provides cell-matrix interactions. For instance, fibronectin presents cell adhesion
sites to attachment dependent cells. ECM serves as movement track for cell migration.
Mechanical signals from ECM also affect cell fate. Matrix rigidity greatly influences cell
differentiation. At last, ECM is highly dynamic, it is constantly undergoing remodeling. It is
produced by cells and degraded by proteases and matrix metalloproteinases (MMPs) to allow
cell migration and proliferation. ECM structure and composition result from a reciprocal
relationship with cells.

Considering the importance of ECM to so many cellular processes, it is a challenge to design
artificial matrices that recapitulate faithfully the structure and functions of native ECM.

1.1.3. Hydrogels

Hydrogels are water-swollen three-dimensional polymeric matrices.?’” They are made of
hydrophilic polymers cross-linked into water-insoluble polymeric networks. This property
allows them to retain large amounts of water while maintaining their three-dimensional
structure.

Given their high water content (typically Wwater >> Wpolymer, With W the mass fraction),
hydrogels have been investigated as artificial ECM.%?%-3 Their elastic properties provide a
mechanical environment close to native soft tissues. Their mechanical properties can be tuned
by modifying the degree of cross-linking. However, although a high cross-linking density leads
to high mechanical strength, it also results in lower swelling capabilities and decreased mesh
sizes, which has an impact on biomolecule diffusion and cell migration. Therefore, a subtle
balance should be struck between the physical properties of the hydrogel.

Natural ECM components such as collagen and hyaluronic acid have been used to prepare
ECM substitutes.3! These biopolymers are inherently biocompatible and bioactive. However,
because there are extracted from natural sources, they present several drawbacks such as a
high cost of production, a weak batch-to-batch reproducibility, potential microbial
contamination during the isolation process and risks of immunogenicity.

In contrast, synthetic polymers such as polyethylene glycol (PEG) and poly(vinyl alcohol) (PVA)
are easy to produce on a large scale and are well-defined. Their chemical modification is
simple. Hydrogels formed entirely from these polymers are highly reproducible and able to
maintain cell viability. They are bio-inert, in the sense that they are biocompatible but cannot
promote cell behavior. The term permissive hydrogels is used for them, as opposed to
promoting hydrogels made of natural polymers.?

Nevertheless, it is possible to confer some bioactivity to permissive hydrogels by
functionalizing them.3? The modification of artificial matrices with cell adhesive peptides is
very common. Peptide sequences are often derived from ECM proteins.3® Among them, the

-27 -



fibronectin-derived Arg-Gly-Asp (RGD) sequence which is a recognition motif for cell integrins
is the most frequently used.343> Other peptide sequences of interest have proven to be useful
in designing artificial ECM. K. S. Anseth and co-workers demonstrated that KLER sequence
could promote cartilage-specific matrix deposition and organization by binding and stabilizing
collagen.3® Growth factors have also been introduced in artificial matrices. For instance, E. D.
Phelps et al. engineered a system in which vascular endothelial growth factor (VEGF) was
sequestrated within a hydrogel and delivered to the cells upon proteolytic degradation of the
gel.8B M. V. Tsurkan et al. described a PEG-heparin hydrogel in which heparin serves as reservoir
for growth factors.3” The degradability of the network is also a key feature as it allows cell
growth and migration leading to the replacement of artificial matrix by natural tissue.3%38
Hydrolysable bonds can be introduced in the network providing a time-dependent
degradation.3*=*! More interestingly, cell-responsive hydrogels can be obtained with enzyme-
sensitive peptide cross-linkers, ensuring that the gel degradation will match cell growth. J.
Patterson and J. A. Hubell reported hydrogels sensitive to matrix metalloproteinases
(MMPs).4243

Depending on the type of interactions involved in the formation of the matrix, two types of
hydrogels can be defined: physical and chemical hydrogels.

Physical hydrogels result from the formation of a physical network involving weak interactions
such as ionic interactions, hydrogen bonds, -t stacking, Van der Waals forces or hydrophobic
interactions.?’” The weakness of the interactions can be counterbalanced by their large number
to give rather strong hydrogels.

Natural polymers, like collagen, hyaluronic acid, alginate, chitosan, dextran and fibrin, readily
form physical hydrogels. Alginate in particular has been extensively investigated as ECM
substitute.* Nonetheless, as already pointed out, biopolymers suffer several drawbacks. They are
expensive to produce and often ill-defined. Their properties may vary from batch to batch and are
difficult to tune. In addition, they present a risk of contamination with pathogenic substances and
they might be immunogenic. Therefore, we will focus on synthetic physical hydrogels.

Physical hydrogels can be obtained from small synthetic molecules, called hydrogelators, that
self-assemble in water to form three-dimensional supramolecular networks.* Self-assembling
peptides hold a prime position among hydrogelators.*° They have been extensively used for
drug delivery as many of them exhibit a shear-thinning behavior.>! Indeed, due to the dynamic
nature of the physical interactions, the self-assembled peptide network can be dissociated
when shear is applied, leading to a decrease in viscosity that allows injection. When shear is
removed, peptides reassemble into hydrogels. This property can be advantageously used for
cell delivery. In this case, special attention has to be paid not to damage the cells during
pressure application.
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Table 1. Some examples of self-assembling peptides used to prepare cell-encapsulating hydrogels

Peptide Sequence Design and structure Hydrogel conc. Encapsulated cells
(wt%)
RADA;6 Ac-RADARADARADARADA-NH; Hydrophobic/charged residue 0.1-1 neural stem cells,?> umbilical vein endothelial
(RAD16-1) alternation, B-sheet structure cells,”® Schwann cells.>*
RADA16-IKVAV  Ac-RADARADARADARADAIKVAV-NH;  Hydrophobic/charged residue 1 neural stem cells.*?
alternation, B-sheet structure
RAD6- Ac-RARADADARARADADA-NH> Hydrophobic/charged residue 0.1-1 embryonic stem cells,”> microvascular endothelial
alternation, B-sheet structure cells,>® umbilical vein endothelial cells.>3
KLD-12 Ac-KLDLKLDLKLDL-NH, Hydrophobic/charged residue 0.5-1 chondrocytes,” umbilical vein endothelial cells.>?
alternation, B-sheet structure
FEFEFKFK H-FEFEFKFK-OH Aromatic/charged residue 0.5-4 chondrocytes.>®
alternation, B-sheet structure
MAX8 H-VKVKVKVKvPPTKVEVKVKV-NH> Hydrophobic/charged residue 0.5-0.75 mesenchymal stem cells,>® progenitor osteoblast
alternation flanking a B-turn cells %0
sequence, B-hairpin structure
Multidomain  Ac-KKSLSLSLSLSLSLKK-NH; Amphiphilic core flanked by 1 mesenchymal stem cells,%! dental pulp stem cells.5?
peptides Ac-KSLSLSLRGSLSLSLKGRGDS-NH; charged regions, sandwich-like
B-sheet assembly
Fmoc-F, Fmoc-FF-OH Assembly driven by hydrogen 0.22-2.14 chondrocytes,®3%> dermal fibroblasts.%¢¢7

bonding and n-mt interactions,
B-sheets interlocked by Fmoc
Tt- Tt stacks
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The table 1 summarizes the examples of self-assembled peptide hydrogels discussed below.
T.-Y.Cheng et al. reported an injectable hydrogel encapsulating neural stem cells for the repair
of injured brain tissue. The hydrogel was based on the self-assembly of RADA16, @ 16-mer ionic
self-complementary peptide. They added a laminin-derived peptide sequence to RADAie
peptide to promote stem cell adhesion and differentiation.?> RADA1¢ peptide and RAD -l
peptide, whose sequence is closely related, were also used by R. T. Lee and co-workers for the
regeneration of vascularized tissues,>>>® and by F. Moradi et al. for spinal cord regeneration.>*
Another ionic self-complementary peptide, KLD-12, was used to prepare chondrocyte-
encapsulating hydrogels for cartilage tissue repair.”>’ As another example of hydrogel
precursor for chondrocyte encapsulation, we can mention FEFEFKFK.*® B-hairpin self-
assembling peptides were also designed. MAX8 peptide is made of an alternation of
hydrophilic and hydrophobic residues flanking a B-turn sequence. In presence of DMEM, a
common cell culture media, it adopts a B-hairpin conformation and undergoes self-assembly
into a B-sheet-rich injectable hydrogel. It was shown to be suitable for cell-encapsulation.>®°
K. M. Galler et al. worked with amphiphilic peptides in which cationic lysine residues flanked
a hydrophobic sequence. They showed that RGD cell adhesive and MMP-cleavable sequences
could be added to the initial gelator sequence to improve its biocompatibility.®! Their system
was applied to dental pulp engineering.®? In an original way, Ulijn group focused on Fmoc-
protected dipeptides, with a particular interest for the PhePhe dipeptide.®*% Fmoc-FF-OH
self-assembles through hydrogen-bonding and m-it stacking. They demonstrated that Fmoc-
FF-OH and Fmoc-RGD-OH could be used in combination to yield bioactive hydrogels.®®%” At
last, some groups investigated self-assembled peptide hydrogels as 3D cell culture
platforms,%8 in particular as 3D cancer models.®7°

These examples demonstrate the potential of self-assembled peptide hydrogels for tissue
engineering and other applications of cell-encapsulating hydrogels. Besides their injectability
that has already been highlighted, one of the main advantages of physical hydrogels is that no
reactive functional group is required for cross-linking and establishment of the tridimensional
network. Thus, the synthesis of precursors is straightforward (no further modification with
reactive groups is required) and cross-reactions in vivo are avoided. In addition, peptide
synthesis is well-mastered and generates well-defined products that can be isolated and
purified. However, physical hydrogels often suffer from poor mechanical properties owing to
the weak interactions involved in their formation. While shear-thinning behavior is an asset
for hydrogel injection, it prevents applications, such as articular cartilage repair, in which the
hydrogel will be subjected to shear forces. Overall, the mechanical properties of physical
hydrogels are difficult to tune. It is impossible to play with the cross-linking density. The
concentration in precursors can be increased to get stiffer gels but it may create large osmotic
gradients in vivo. It is also difficult to control the degradability of physical hydrogels. When
associations between the molecules are weak, the local concentration can be reduced over
time by dilution with physiological fluids which leads to loss of integrity. When interactions
are strong, the backbone of the gelator itself has to be degradable. At last, although a few
examples described above demonstrated that functionalization with active sequences such as
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RGD motives is feasible, it is challenging to add functionalities to a system without disrupting
its capacity to gelate. Consequently, although self-assembled peptide hydrogels have been
extensively used for drug delivery with excellent results, they are not as widespread as
chemical hydrogels regarding tissue engineering applications.

Chemical hydrogels are cross-linked through covalent bonds. Covalent cross-linking provides
improved mechanical properties and stability compared to physical cross-linking. A wide range
of precursors, displaying reactive functions, are available to prepare chemical hydrogels via
different methods. The strengths and weaknesses of each method will be highlighted in the
next section.

I.2. Cross-linking strategies

Herein, we will discuss the cross-linking methods leading to a covalent hydrogel. We chose to
limit the scope of the discussion to the methods compatible with live cell encapsulation. The
main parameters for cell-friendly embedment are summarized below.

e Organic solvents have to be avoided.

e The gelation has to proceed in an aqueous solution isotonic to cytosol.

e The pH must be kept between 7.2 and 7.5.

e Phosphate-buffered saline or, even better, cell culture media are well-suited.

e The temperature has to be maintained between room temperature and 37°C. Ideally,
the in vitro gelation process is conducted at 37°C in a humidified 5% CO, atmosphere.”*

These requirements have a strong impact on the hydrogel precursors and the cross-linking
chemistries. First of all, cross-linking proceeds in aqueous conditions. As a consequence,
hydrogel precursors have to be water-soluble. For a homogeneous cell distribution within the
hydrogel, the precursor solution has to turn rather quickly into a solid hydrogel to avoid
sedimentation of the cells after their introduction. Precursors, catalysts, initiators, cofactors,
additional reagents, etc. must be cytocompatible and the cross-linking reaction must not
release cytotoxic by-products. This is the reason why macromolecular precursors are often
preferred since most of the time they are less cytotoxic than small molecules. The cytotoxicity
is often related to a lack of selectivity of the reactive functions displayed by the precursors.
For example, aldehydes and epoxides may react with biomolecules from live cells, thus
interfering with native biological processes. Indeed small bifunctional molecules such as
epichlorohydrin,”? glyoxal’® and 1,4-butanediol diglycidyl ether’* have be used to cross-link
polymers, but presented some cytotoxicity because of their lack of selectivity. The ‘bio-
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orthogonality’, which regarding materials is the selectivity of precursors for network
formation versus reaction with biological molecules, is an important issue for the design of
convenient hydrogels.”” Therefore, we will report herein only bioorthogonal cross-linking
strategies. Noteworthy, recent reviews summarizing advances in the cross-linking chemistries
are available.”®”” They are focused on commonly used PEG-based hydrogels.

1.2.1. Free-radical photopolymerization

Light-activated cross-linking is of particular interest as it offers spatial and temporal control of
the hydrogel formation. Indeed, in this case, the gelation is triggered by a light beam that can
be applied with high precision at precise moments on the precursor solution. Free-radical
photopolymerization is the most common method to prepare hydrogels under physiological
conditions.”®”® Multifunctional macromolecular precursors can undergo chain-growth or step-
growth polymerization depending on the chosen functionalizing moieties.

Vinyl-functionalized macromolecules are subjected to chain-growth polymerization. This
process requires a photoinitiator. Upon irradiation with the appropriate wavelength, the
photoinitiator absorbs the light energy and dissociates into free-radical reactive species
(Figure 3). These reactive species add to vinyl groups on macromolecular precursors by
opening homolytically the n-bond and forming new free radical species. Hence, the reactive
center is propagated as covalent bonds are formed between precursors resulting in the
formation of a polymer network within seconds to minutes.

h XN N RTX
Pl —V>P|' R—> P|/\/R R—> PI R RIS »

R

Figure 3. Chain-growth photopolymerization mechanism. PI: photoinitiator, hv: light source.

Most of the time, ultra-violet light is chosen to trigger the polymerization, 365 nm being the
most common wavelength.8 Among the different vinyl groups introduced on precursors
(Figure 4), acrylates are the most popular. They can be introduced on hydroxyl groups using
acryloyl chloride in presence of a base, trimethylamine for instance.8-8? PEG-diacrylates
(PEGDA) are commercially available. F. Yang et al. investigated osteogenesis of bone marrow
stromal cells in a 3D environment formed by photopolymerization of PEGDA and a PEG
acrylate functionalized with peptide ligands promoting cell adhesion.?*S. R. Peyton et al. used
the same strategy to study smooth muscle cell behavior in a 3D model system.33 Methacrylate
groups are also suitable for hydrogel photopolymerization. Weber et al. encapsulated murine
pancreatic islets in dimethacrylated PEG (PEGDM) hydrogels for insulin-producing cell delivery
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applications.8 PEGDM can be mixed with other synthetic or natural methacrylated polymers.
S. J. Bryant et al. designed degradable hydrogels by copolymerizing PEG with PLA.8* The same
group also prepared hydrogels from PVA and a natural polymer, chondroitin sulfate. Both
polymers were functionalized with methacrylate by reacting their hydroxy groups with 2-
isocyanatoethymethacrylate and methacrylic anhydride respectively.®> Methacrylated
alginate® and hyaluronic acid®” were also described. Diacrylamide groups are less common
than (meth)acrylates. However, PEG diacrylamide conjugated to collagen enabled the
preparation of a hydrogel in which the co-culture of endothelial cells and fibroblasts led to the
formation of capillary vessel-like networks.2®

O
R \O)J\/ R \O)J\’/
acrylate o
methacrylate W
R—-NH

(0]
R styrene
\”)J\/ R\H)Y y

acrylamide
methacrylamide

Figure 4. Chemical structures of vinyl groups used for preparation of hydrogels by chain-growth
photopolymerization.

Although this chain-growth photopolymerization cross-linking strategy was successfully
applied to the preparation of numerous cell-laden hydrogels, careful consideration must be
taken in choosing the photoinitiating conditions. On the one hand, cytotoxicity of several
photoiniators was investigated.8%8%%0 Cell viability in their presence was found to be
dependent of cell types and cell division rate. Irgacure 2959 (2-hydroxy-1-(4-(2-
hydroxyethoxy)phenyl)-2-methylpropan-1-one, Figure 5) proved to be well-tolerated by a
broad range of mammalian cells and is the most frequently-used photoiniatiator for cell
encapsulation.*>8%84 Nevertheless, Fedorovitch et al. observed adverse effects of Irgacure
2959-initiated photopolymerization on MSC monolayers.®? Likewise, A. D. Rouillard et al.
demonstrated that Irgacure 2959-photogenerated radical species were cytotoxic and led to
cell viabilities below 70%.8¢
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Figure 5. Structures of some photoinitiators used for hydrogel preparation by photopolymerization.

On the other hand, UV photons carry more energy than visible-light photons, this is why UV
wavelengths were selected in the first place for efficient photoactivation. Yet, it is well-known
that UV exposure can damage cells.?>°? As a consequence, significant efforts have been made
in developing visible light-initiated systems.®®> Most of the time, visible blue light was chosen.
Eosin Y (Figure 5) and triethanolamine were used several times as photoinitiator and co-
initiator respectively, sometimes with N-vinylpyrrolidone (NVP) to accelerate the gelation.?*%
For instance, this initiator solution allowed the visible-light cross-linking of collagen
methacrylamide.®® Methacrylated glycol chitosan, obtained by reacting commercially
available glycol chitosan with glycidyl methacrylate, was photocrosslinked at 400-500 nm with
riboflavin photoinitiator.?”°8 A. Hoshikawa et al. described the photopolymerization of
styrene-modified gelatin with camphorquinone photoinitiator.

Nevertheless, cells can be damaged even when visible light is used to initiate the
polymerization process. Indeed, during the chain-growth polymerization, molecular oxygen
acts as a radical scavenger leading to the formation of reactive oxygen species (ROS). ROS are
known to generate oxidative stress in cells.’® J. J. Roberts and S. J. Bryant showed that
chondrocytes exhibited high levels of intracellular ROS immediately after their encapsulation
in a PEGDA hydrogel.'% According to these authors, step-growth polymerization should be
preferred since this mechanism consumes ROS.
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Step-growth photopolymerization requires two functional groups, a vinyl and a thiol. Thus, it
is often referred to as thiol-ene photopolymerization.1%> The process can be initiated under
conditions similar to chain-growth photopolymerization conditions (UV or visible light, same
photoinitiators). Upon irradiation, the photoinitiator decomposes into free-radical species. A
radical abstracts a hydrogen atom from a thiol group to produce a thiyl radical that reacts with
a double bond (Figure 6). The resulting alkane radical abstracts a hydrogen atom from another
thiol group, thus forming a thioether bond and regenerating a thiyl radical. The thiol-ene
coupling and the thiyl radical generation occur alternatively in a stoichiometric ratio until one
of the precursors is entirely consumed. When precursors are multi-functionalized, a 3D
network with thioether linkages is formed.

hv . _Ry—SH /\ _sRe
Pl —=PI' ———> R{=S
S/\/RZ

Figure 6. Step-growth photopolymerizatlon mechanism. PI: photoinitiator, hv: light source.

The radical-mediated process can be propagated by ROS which results in low ROS level in the
hydrogel. As a consequence, step-growth polymerization was found to be cell-friendlier than

chain-growth mechanism.10%103

In addition, PEG hydrogels formed by step-growth
mechanisms featured superior physical properties compared to PEG hydrogels obtained by
chain-growth mechanism. The resulting network was more homogeneous and had a higher

functional group conversion.1%

When (meth)acrylates are chosen as vinyl moieties for thiol-ene photopolymerization, the
step-growth mechanism is not guaranteed anymore and a mixed-mode photopolymerization
can occur. In this case, the free-radical species formed by irradiation of the photonitiator can
react both with the thiol and (meth)acrylate groups leading to a combination of step and
chain- growth polymerization. After studying the formation of thiol-acrylate networks through
mixed-mode photopolymerization and investigating the mechanical properties and
degradation behavior of resulting hydrogels,®* K. S. Anseth and co-workers applied this
strategy to the encapsulation of human mesenchymal stem cells (hMSCs).2%> The hydrogel was
obtained by mixed-mode photopolymerization of PEGDA with cell-adhesion peptides
containing a cysteine. Y. Hao et al. used the same strategy with visible-light irradiation.% In
another study, these later authors compared the gelation kinetics when using different tetra-
functionalized PEG (acrylate, methacrylate, acrylamide and allylether) in a mixed-mode thiol-

ene polymerization.®’
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To ensure a step-growth mechanism a thiol-norbornene combination can be chosen for thiol-
ene photopolymerization.1% This system was developed by B. D. Fairbanks et al.1® They first
described the preparation of a proteolitically degradable hydrogel by step-growth
photopolymerization of a norbornene-functionalized 4-arm PEG (Figure 7) and a
chymotrypsine-degradable peptide containing two cysteines. The norbornene moieties were
introduced on PEG by coupling norbornene acid activated as a symmetrical anhydride. The
thiol groups were brought by the side-chains of the cysteines. hMSCs were successfully
encapsulated in this hydrogel using Irgacure 2959 (Figure 5) as photoinitiator with irradiation
at 352 nm. C.C. Lin reported a similar system with irradiation at 365 nm.'% The thiol-
norbornene photopolymerization was then adapted for initiation with visible light.11%7111 |n
this system, homopolymerization between norbornenes does not happen which guarantees a

Iy w\%
92

Figure 7. 4-arm PEG norbornene

step-growth mechanism.

All together, these examples demonstrate the utmost importance of free-radical
photopolymerization for the preparation of cell-laden biomimetic hydrogels. The main
advantage of this cross-linking strategy is the spatial and temporal control over gelation
kinetics. On the other hand, the main limitation of this method is the adverse effects on
encapsulated cells. Whatever the polymerization mechanism (chain or step-growth) and the
wavelength used for irradiation, the radical species involved may interact with encapsulated
cells and be detrimental to their survival and differentiation.

Besides, the covalent functionalization of hydrogels with bioactive molecules is of interest. It
is theoretically possible to mix hydrogels precursors with vinyl-modified or thiol-containing
molecules to covalently attach these molecules to the network during its formation by
photopolymerization. However, the immobilization efficiencies of pendent
monofunctionalized bioactive molecules on the cross-linked network are often rather low and
the unreacted free bioactive molecules can lead to undesired biological responses. To
overcome this issue, two separate chemistries have to be used: the first one to conjugate the
bioactive molecule to multifunctional macromolecular precursor and the second one to cross-
link these precursors.
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1.2.2. Click chemistry

Click chemistry was first defined by Sharpless and co-workers in 2001.11? It refers to a class of
modular reactions that proceed rapidly to completion with a high selectivity for a single
reaction product. These reactions are characterized by a high thermodynamic driving force.
Insensitive to oxygen and water, they occur one-pot to give the desired product with very high
yields. Only inoffensive by-products are formed. These criteria made click reactions ideal

candidates for biomimetic hydrogel preparation.1!3-116

Michael addition is the 1,4- addition of a nucleophile to an a,B-unsaturated system (Figure 8).
This conjugate addition was discovered by Arthur Michael in 1887.1'7 It involves a Michael
donor, the nucleophile, and a Michael acceptor, the a,B-unsaturated system. Enolates and
amines can be used as Michael donors but thiols are preferred due to their higher
nucleophilicity and selectivity under physiological conditions. '811° Michael acceptors are
electron-deficient ene such as (meth)acrylates, acrylamides, vinyl sulfones and maleimides
(Figure 9). Although the Michael addition of a thiol precursor on an activated double bond
yields a thioether, the reaction mechanism is completely different from the thiol-ene
photopolymerization described above which involves radical species.

EW
RSH + ZEWG ~  R-g EWE
Michael Michael
donor acceptor

Figure 8. Michael-type addition involving a thiol as Michael donor. EWG: Electron-withdrawing group.
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Figure 9. Michael acceptors and their reactivity towards thiols.**°

J. A. Hubbell and colleagues pioneered the use of Michael-type additions to prepare cell-
encapsulating hydrogels. They reported hydrogels resulting from the cross-linking of branched
PEG multi-vinyl sulfone with a MMP-sensitive peptide containing two cysteines.??%12! Vinyl
sulfone groups were introduced by reacting divinylsulfone with PEG treated with sodium
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hydride. Acrylated polymers were also used as Michael acceptors to prepare hydrogels.*?? In
particular, chondrocytes and embryonic stem cells were encapsulated in hydrogel formed by
cross-linking thiol-functionalized dextran with a tetra-acrylated 4-arm PEG.'%> As another
example, X. Zheng Shu et al. investigated the reaction of thiol-functionalized hyaluronan with
PEG diacrylate, dimethacrylate, diacrylamide and dimethacrylamide in order to encapsulate
fibroblasts.?4

Triethanolamine and HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]lethanesulfonic acid) are
often used as catalysts to facilitate the Michael addition reaction.'?> At high concentrations,
these compounds may be toxic to cells. To overcome this issue, A. J. Garcia et al. investigated
the reactivity of PEG maleimide, PEG vinyl-sulfone and PEG-acrylate as Michael acceptors.
They demonstrated that PEG maleimide afforded the fastest reaction kinetics and required
much less triethanolamine to form a gel, resulting in a higher encapsulated cell viability.!?
They illustrated these results through the encapsulation of pancreatic islets in a hydrogel
obtained by Michael addition of a cross-linking degradable peptide containing 2 cysteines on
a 4-arm PEG tetra-maleimide (Figure 10). In this example, the Michael addition chemistry was

also used to functionalize the hydrogel with a cell adhesion peptide and VEGF.2
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Figure 10. Example of a functional hydrogel prepared by Michael addition®

A. D. Baldwin and K. L. Kiick showed that the succinimide thioether linkage resulting from the
Michael addition of thiols to maleimides could undergo retro and exchange reactions at
physiological pH and temperature.'?’ It is possible to stabilize the thioether linkage by ring-
opening the succinimide. Alternatively, the authors proposed to take advantage of these
properties to control the release of a drug or to tune the degradability of the hydrogel.'?®

Although the thiol-Michael addition is attractive for the design of biomimetic hydrogels, a
limitation of this strategy could arise from the use of thiol-functionalized molecules for in vivo
gelation. Indeed, thiols are naturally occurring chemical groups. Thus, their administration in
vivo could lead to undesired cross-reactivity, oxidation or metabolism.

Cycloaddition of monosubtituted alkynes and azides gives 1,2,3-triazoles. While the thermal
Huisgen 1,3-dipolar cycloaddition often produces a mixture of two regioisomers, the
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copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC) gives selectively 1,4-disubstituted
regioisomers (Figure 11).12°

Ry N Roy e
N~ °N + N °N Huisgen 1,3-dipolar cycloaddition

A R R
R-N; + =R
Cu(l) cat. R\N'N‘\N Copper(l)-catalyzed alkyne azide cycloaddition
=

Figure 11. Alkyne-azide cycloadditions yielding 1,2,3-triazoles

This reaction can proceed under physiological conditions and is bioorthorgonal since it
involves two mutual reactive groups, azides and alkynes, which are not found naturally in
living cells. Cu(l) species can be used directly to catalyze the reaction. However, most of the
time, Cu(l) active catalyst is generated in situ from Cu(ll) salts using a reducing agent such as
sodium ascorbate. Alternatively, B. J. Adzima et al. demonstrated that Cu(ll) could be
photochemically reduced to Cu(l), affording spatial and temporal control over CuAAC-based
gelations.'® In contrast to the concerted Huisgen cycloaddition mechanism, CuAAc proceeds
through a stepwise mechanism (Figure 12).13! It begins with the formation of a copper
acetylide. Then, the azide binds to the copper acetylide and a six-membered copper(lll)
metallacyle forms. Ring contraction to a triazolyl-copper derivative and protonolysis yield the
1,4-disubtituted 1,2,3-triazole product.
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Figure 12. Proposed mechanism for the Copper(l)-catalyzed alkyne-azide cycloaddition.**

L: ligand, H:0 for example.

D. A. Ossipov and J. Hilborn were the first to apply the CuUAAC to the preparation of hydrogels
using alkyne and azide-functionalized PVA and PEG.!32 Alkyne and azide groups were
introduced on polymers by reaction with propargylamine derivatives and 2-azidoethylamine
or sodium azide respectively. Several hydrogels were prepared with the CuUAAC strategy,33"
137 but only V. Crescenzi et al. reported the encapsulation of cells in a CuUAAC cross-linked
hyaluronan hydrogel.3® Indeed, the major limitation of CUAAC strategy is the cytotoxicity of
copper ions and their ability to generate ROS in vivo.'3°

To avoid the use of toxic copper ions, an alternative metal-free approach was developed in
which ring strain was used to promote the azide-alkyne cycloaddition.*® The reaction
between a strained cyclooctyne and an azide, called strain-promoted alkyne-azide
cycloaddition (SPAAC), proceeds under physiological conditions without additional reagent

(Figure 13).
,N
R-N; + | — N |
N
Rl v

R
Figure 13. Strain-promoted azide alkyne cycloaddition (SPAAC) between an azide and a cyclooctyne.

141 and cell-

SPAAC has been successfully applied to the preparation of injectable hydrogels
encapsulating hydrogels. C. L DeForest and K. S. Anseth have worked extensively on SPAAC
cross-linking.*427147 |n their system, gelation was achieved by a SPAAC reaction between a

cyclooctyne-functionalized 4-arm PEG and a bis(azide)-functionalized peptide,!4414>147 or
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alternatively between a 4-arm PEG azide and a cyclooctyne-functionalized peptide.14%143 For
most of their studies,'¥14> C, L. Deforest and co-workers chose a gem-difluoro cyclooctyne
(DIFO, Figure 14) since the presence of strong electron withdrawing fluorines enhances the
SPAAC kinetics and affords a faster gelation.*® Dibenzylcyclooctyne-functionalized PEG were

also reported for hydrogel preparation allowing for cell encapsulation.4%:150.146
F J— Jr—
F 0
H—=
R 0-R'
R

Difluorocyclooctyne Dib lovel Propioli t

(D”:O) ibenzylcyclooctyne ropiolic ester

Figure 14. Structures of activated yne groups used for metal-free azide-alkyne cycloaddition

The main limitation of the SPAAC cross-linking strategy comes from the syntheses of
cyclooctyne derivatives that involve over 10 steps with a low overall yield. Recently, V. X.
Truong et al. overcame this issue by taking advantage of the reaction of azides with propiolic
esters (Figure 14).1°! In propiolic esters, the triple bond is activated by the neighboring
electron-withdrawing ester group. The electron-deficiency of the alkyne allows the
cycloaddition to proceed without catalyst. V. X. Truong et al. demonstrated that a cell-laden
hydrogel could be obtained from 3-arm PEG propiolate and azide-functionalized chitosan.'>?
Proceeding under physiological conditions between two functions that are not found in the
biomolecules of living organisms without any additional reagent, the cycloaddition between

azides and propiolic esters appears as a promising tool for biomimetic hydrogel preparation.

The Diels-Alder reaction (DA) refers to a [4+2] cycloaddition of a conjugated diene to a
dienophile (Figure 15). Ideally, it occurs between an electron-rich diene and an electron-
deficient double bond. It was first reported in 1928 by Otto Diels and Kirk Alder.'>® The
reaction is spontaneous under physiological conditions. Neither catalyst nor additional
reagent is needed and no by-product is formed. It proceeds through a concerted mechanism
and the reaction rate is advantageously enhanced in water compared to organic

solvents.1>4155
EDG EDG EDG
~_EWG
_— EWG f\/ EWG .
o — | X -
AN X (+ enantiomer)
diene dienophile endo adduct

Figure 15. Diels-Alder reaction. EDG: Electron-donating group, EWG: Electron-withdrawing group.
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Furan and maleimide are the most commonly used diene and dienophile for the preparation
of Diels-Alder cross-linked hydrogels (Figure 16).1°67162 For instance, Yu et al. functionalized
hyaluronic acid (HA) with furylamine after activation of HA carboxyl groups with (4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholiniumchloride (DMTMM). The resulting HA-
furan and commercially available bis(maleimide)-PEG underwent Diels-Alder reaction in DPBS.

Murine chondrocytic cells were successfully encapsulated during the process.'%3
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Figure 16. Diels-Alder reaction between furane and maleimide moities

Furthermore, it has been shown that the Diels-Alder adducts were reversible and that the
equilibrium could be shifted towards the reverse Diels-Alder reaction under physiological
conditions.®* This reversibility was advantageously used to modulate the degradation of the
hydrogels,'®> to promote the controlled release of a drug!®®'®’ or to prepare self-healing

hydrogels.68

The click Diels-Alder reaction with its reversibility seems attractive for the preparation of
engineered biocompatible hydrogels. Yet, very few authors reported direct encapsulation of
cells in the gels using the Diels-Alder strategy. This may be attributed to rather long gelation
time (> 50 min)%3, Besides, another limitation could arise from the reactivity of maleimide
towards thiol-containing biomolecules in vivo, undergoing Michael-type 1,4-addition yielding
thioether ligation product.

Noteworthy, a second type of Diels-Alder cycloaddition was investigated as a coupling tool:
the inverse electron demand Diels-Alder reaction.'®170 This reaction involves an electron
deficient diene and an electron rich dienophile to yield a formal [4+2] Diels-Alder adduct
(Figure 17). 1,2,4,5 tetrazines are the most popular diene for this reaction. In presence of
strained dienophiles such as norbornene or trans-cylooctene, they undergo an inverse
electron demand hetero-Diels-Alder reaction, instantly followed by a retro Diels-Alder
reaction releasing nitrogen (Figure 18).

EWG

EWG EWG
EDG
_ .\ NEDG 2, rEDG ©/
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A

diene dienophile adduct

Figure 17. Inverse electron demand Diels-Alder reaction. EDG: Electron-donating group, EWG: Electron-
withdrawing group.
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Figure 18. Tetrazine-norbornene inverse electron demand hetero Diels-Alder-retro-Diels-Alder cascade.

K. S. Anseth and co-workers applied the inverse electron demand Diels-Alder reaction to the
preparation of cell-encapsulating hydrogels. The hydrogel formed within minutes from a
multi-arm PEG tetrazine and a cell degradable dinorbornene cross-linker peptide. When
functionalized with a norbornene-bearing cell adhesion peptide, these hydrogels allowed the
encapsulation of hMSC with high viability.'’* As another example, H. Zhang et al. encapsulated
prostate cancer LNCaP cells in hydrogel microspheres by reacting tetrazine-modified

hyaluronic acid with a bis-trans-cyclooctene cross-linker.”?

Native chemical ligation was initially developed for polypeptide and protein syntheses.'’® This
method allows the coupling of two unprotected peptide sequences through the formation of
a peptide bond. The reaction occurs between a C-terminal thioester peptide and an N-terminal
cysteine residue from another peptide. The first step is a reversible, chemoselective and
regioselective transthioesterification (Figure 19). The thiol side-chain of the cysteine residue
attacks the thioester to form a thioester intermediate. Then, an intramolecular S->N-acyl shift
results in the formation of a ‘native’ amide bond.

o) /—\NH SH
0 NH; o)
mPLI\ + HzN { — %\n/s\/\”ﬂ“ _ HJU\H%JF
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thioester N-ter cysteine

S—N acyl transfer o

Figure 19. Native chemical ligation

P. B. Messersmith and co-workers were the first to describe hydrogels cross-linked by NCL.*74
They prepared thioester-terminated PEG by coupling ethyl 3-mercaptoproprionate succinic
acid onto PEG amine. Cysteine-terminated PEGs were obtained by coupling Boc-Cys(Trt)-OH
or the dipeptide Boc-Cys(Trt)-AA-OH onto PEG amine followed by Boc removal in acidic
conditions Later on, they reported encapsulation of pancreatic islets and stem cells in these
PEG-based hydrogels.?’>176 Noteworthy, NCL ligation has also been used to chemically cross-
link physical hydrogels.”

The oxo-ester mediated chemical ligation (OMNCL) was proposed as a variant of the NCL
reaction, in which thioesters are replaced by activated oxo-esters such as para-nitrophenyl
ester.’® P. B. Messersmith and colleagues applied this reaction to the cross-linking of
hydrogels.'”® They successfully encapsulated cells in an OMNCL cross-linked hydrogel. The
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hydrogel network resulted from the amide bond formation between 8-arm PEG functionalized
with N-hydroxysuccinimide oxo-esters and cysteines via an OMNCL reaction. However, due to
the reactivity of the para-nitrophenyl ester, side products generated by direct nucleophilic
addition of primary amino groups (Lysine side chains, protein N terminus) are highly probable.

NCL is still under investigation as cross-linking method. The hydrolytic instability of thioesters
may be a limitation for its applications. In addition, the use of free sulfhydryl cysteine residues
may require the presence of reducing agents to prevent the formation of disulfide bonds. It
may also lead to cross-reactions in vivo with cysteine-containing proteins which are commonly
present in the cell membrane. And last but not least, special attention has to be paid to the
thiol leaving group that could generate adverse biological effects.

Imines, hydrazones, acylhydrazones and oximes are formed through the reversible reaction of
a carbonyl group (an aldehyde or a ketone) with an amino group (a primary amine, a
hydrazine, a hydrazide or a hydroxylamine respectively) (Figure 20). These reactions expand
the toolbox of cross-linking strategies. Most of the time, aldehydes are chosen as carbonyl
groups because of their higher reactivity towards nucleophiles compared to ketone.

A O
+ R' —_— X~ R
RJ\H HoN" RN
amine imine
R”OH HN"R RN R
hydrazine hydrazone
C
R”H HNTY © RTUNTY
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hydrazide acylhydrazone
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RJ\H HN"TR RTONTR
hydroxylamine oxime

Figure 20. Reactions of a aldehyde with a primary amine, a hydrazine, a hydrazide and a O-substituted
hydroxylamine to form an imine, a hydrazine, an acylhydrazone and an oxime

Hydrogel preparation through imine formation, also known as Schiff’s base formation, is
limited by the low hydrolytic stability of imine linkages. Nevertheless, it was investigated by
several groups.'8%-188 |n particular, H. Tan et al. developed an imine cross-linked hydrogel for
cartilage tissue engineering. The hydrogel was obtained from modified chitosan and aldehyde
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hyaluronic acid.'®® L. Weng et al. described in situ gelable hydrogels by imine formation
between aldehyde groups from oxidized dextran and amino groups from N-carboxyethyl
chitosan.'® Most of the time, imine cross-linked hydrogels involve aldehyde groups from an
oxidized polysaccharide since such polysaccharides are easy to access. But synthetic aldehyde
derivatives can also be used. For instance, B. Yang et al. reported an injectable cell therapy
carrier hydrogel by cross-linking glycol chitosan with a bis(formyl)PEG.*°?

Unfortunately, this strategy is not properly biorthogonal. Indeed, the nucleophile used is a
primary amine which is, as already stated in this manuscript, commonly found in proteins
(Lysine side chains and N terminus). Thus, the use of more potent nucleophiles at physiological
pH (hydrazines, hydrazides, O-substituted hydroxylamines) seems more attractive to increase
the selectivity of the reaction and minimize biological material-reagent unwanted side
reactions.

(Acyl)hydrazone bonds exhibit a higher hydrolytic stability than imines and thus afford a
hydrogel degradation rate more compatible with drug delivery and tissue engineering
applications.’®®> Hydrazone and acylhydrazone cross-linking has been widely used for
injectable hydrogel preparation.®32% As far as 3D culture systems are concerned, D. D.
McKinnon et al. presented a hydrogel to 3D culture mouse myoblasts made from hydrazine
and aldehyde-modified multi-arm PEGs in combination with a aldehyde-functionalized cell
adhesion peptide.?°* Then, they showed how this hydrogel could be used to study the
biophysical forces involved in neurite extension.? Following the work of D. A. Ossipov et al.,?%?
P. J. Martens and colleagues reported cell encapsulation in acylhydrazone cross-linked PVA or
PVA-heparin hydrogels.3%29 |, A. Gurski et al. developed a 3D matrix for in vitro anti-cancer
drug screening and cancer cell motility study. The system consisted of a acylhydrazone cross-
linked hyaluronic acid hydrogel encapsulating cancer cells.>?** Many more examples of
(acyl)hydrazone cross-linked hydrogels exist.2>72% As a last illustration, we can mention the
hydrogels developed by J. Dahlmann et al. for myocardial tissue engineering. They produced
spontaneously contracting bioartificial cardiac tissue by encapsulating neonatal rat heart cells

in acylhydrazone cross-linked alginate-HA hydrogels with additional human type | collagen.?1°

Oxime bonds are close relatives to imines and hydrazones but they exhibit a higher hydrolytic
stability.?!! They have received little attention as cross-linkages. G. N. Grover et al. worked on
oxime cross-linked hydrogels.??13  They cross-linked an aminoxy-8arm-PEG with
glutaraldehyde in presence of a ketone-containing cell adhesion peptide. Although
glutaraldehyde is known to be cytotoxic,?*#?%> they showed that MSC could be encapsulated

in this hydrogel with high viability.?!?

Due to their reversibility, imine, hydrazine, acylhydrazone and, to a lesser extent, oxime bonds
are dynamic cross-links. They can provide self-healing properties to materials and enable a
controlled degradation.?'® Aldehyde groups are preferred over ketones for their higher
reactivity. However, because of this high reactivity, aldehydes can react in vivo with amines
from biomolecules and lead to toxicity.
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Disulfide bonds play a key role in protein folding and stability.?!”2!® They result from the
oxidation of two thiol groups (Figure 21). Mild oxidizers, such as O,, are sufficient to drive the
oxidative coupling. Thus, cross-linking of thiol-containing polymers can be achieved under
physiological conditions with atmospheric oxygen. For instance, G. D. Prestwich and co-
workers functionalized hyaluronic acid with dithiobis(propanoic dihydrazide) and
dithiobis(butyric dihydrazide).2!%22° The initial disulfide bonds were reduced with
dithiothreitol to give thiolated HA that could turn into a hydrogel upon oxidation of the thiols
with air. They demonstrated that encapsulated L929 fibroblasts could proliferate in this
disulfide cross-linked HA hydrogel.??® Chitosan,??! PEG??? and gellan?®® have also been
modified by thiol moieties and cross-linked into hydrogels. Thiol groups are often introduced
via the coupling of a cysteine residue. However, K. E. Swindle-Reilly et al. prepared hydrogels
from thiolated poly(acrylamide) obtained by copolymerization of acrylamide and

bisacryloylcystamine.??4

oX ,
R-sH + R—sH 2. RS g-R

B

[red]
Figure 21. Disulfide bond formation and reduction

Cross-linking of hydrogels through oxidation of free thiols often requires long gelation times.
Alternatively, polymers can be cross-linked via thiol-disulfide exchange reaction (Figure 22).2%
This reaction is a nucleophilic substitution between a thiol and an activated disulfide that leads
to the formation of a new disulfide and a thiol. Unlike the disulfide bond formation from
sulfhydryl derivatives, this strategy ensures the formation of intermolecular linkages, avoiding
the risk of intermolecular cyclized side products. S.-Y. Choh et al. used pyridyl-disulfide-
modified HA and PEG dithiol to encapsulate several cell types in a disulfide cross-linked
hydrogel.??® In this case, cellular effects of thiols released during thiol-disulfide exchange
reactions have to be carefully studied.
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Figure 22. Example of thiol-disulfide exchange reaction used by S.-Y. Choh and co-workers to prepare a
hydrogel.??¢

J. Lee et al. showed that compression or tension applied to PEG hydrogels with disulfide
linkages induced disulfide bond rupture. They took advantage of the compression-induced
generation of free sulfhydryl groups to functionalize these hydrogels with a maleimide-
containing fluorophore through a Michael-type addition.??” Nonetheless, disulfide bond
rupture in response to applied force could be limiting for applications of disulfide cross-linked
hydrogels as ECM substitutes for tissues subjected to high physical forces. In addition, disulfide
cross-linked hydrogels are rapidly reduced by glutathione [H-Glu(CysGlyOH)-OH], a naturally
occurring anti-oxidant tripeptide synthesized in human cells. Therefore, they are more
appropriate for short-term applications. As already mentioned for Michael-type additions and
native chemical ligation, thiols can lead to cross-reactivity with proteins and peptides in vivo.

Overall, the application of click reactions to the cross-linking of hydrogels allowed a ground
breaking development in the field of biomaterials. However, the design of cell-encapsulating
hydrogels remains a challenge. Some other biorthogonal ligation reactions are only starting to
be explored by a few groups. For instance, C. L. Stabler et al. worked on Staudinger ligation
and showed that this reaction could be advantageously used to encapsulate pancreatic islets
in alginate-PEG hydrogels.??822° R. Tamate and co-workers cross-linked a hydrogel by
photoinduced dimerization of coumarin moieties.?3° Z. Zong et al. focused their efforts on
tetrazole-alkene photo-click chemistry but have not proved yet that this method allowed cell

encapsulation.?31,232

1.2.3. Enzyme-mediated cross-linking

It is well known that enzymes catalyze specific reactions with high selectivity and efficiency.
Their potential has been used in chemical synthesis as a convenient alternative to traditional
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organic chemistry.?3323% As enzymes work under physiological conditions, they are suitable for

biocompatible cross-linking strategies.?3>

Enzyme can be used in two ways for hydrogel formation: either as a mean to in situ generate
initiators for free-radical polymerization of hydrogel precursors, or to catalyze specific
covalent bond formation between two mutually reactive moieties displayed by hydrogel
precursors.

The oxidation of glucose by the glucose oxidase enzyme (GOx) produces hydrogen peroxide.
In the presence of Fe?*, hydrogen peroxide generates hydroxyl radicals that can initiate a
polymerization according to a mechanism described above in section 1.2.1. (Figure 23,
pathway A). C. N. Bowman and K. S. Anseth used GOXx to cross-link PEGDA.23%238 This system
was applied to the coating of cell-encapsulating hydrogels but was never described as a cross-
linking method to prepare cell-laden hydrogels.?3” Recently, Q. Wei et al. combined two
enzyme-mediated redox reactions in a single system (Figure 23, pathway B). The hydrogen
peroxide released by GOx oxidation of glucose was used by horseradish peroxidase (HRP) to
oxidize acetyl acetone, a diketone mediator, as a ternary initiating system to trigger the
radical-mediated polymerization of PEG methacrylate (Figure 23).2%° In these cases, enzymes
are not directly involved in the cross-linking process, they are used as initiators for chain-
growth polymerization. In that sense, enzyme-triggered free-radical polymerization cannot be
properly considered as an enzyme-mediated cross-linking method.

> Pathway B

O O
HRP
(heme proteln M +H*
HH

OH
® 0 0
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HO Fe H,0 + M —
Gl O~onH G H 0 H o
ucose B FAD
OH 4 o
e
OH OH o
~OH GO¥ FADH, 2 OH-+ Fe3* + OH Pathway A
O~ “oH

o
D-Glucono-delta-lactone

Figure 23. Enzyme-mediated redox reactions triggering free-radical polymerization
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The potential of enzymes can be used more interestingly to catalyze the reaction between two
reactive groups leading to the formation of a cross-link.

Horseradish peroxidase (HRP), which was reported above for triggering free-radical
polymerization, can also catalyze the oxidative coupling of phenol moieties in the presence of
hydrogen peroxide. A cross-link is formed between two carbon-centered radicals at the ortho-
position to the phenolic hydroxyl groups, or between an ortho-carbon radical and a phenolic
hydroxyl group (Figure 24). L.-S. Wang et al. functionalized gelatin with 3-(4-
hydroxyphenyl)propionic acid (HPA) (Figure 25) and reported the encapsulation of hMSCs in a
hydrogel formed by the HRP-catalyzed cross-linking of HPA groups.?%? Likewise, D. J. Menzies
et al. prepared cell-laden hydrogels from branched-PEG-HPA.?*! Tyramine and tyrosine
derivatives can also undergo HRP-mediated cross-linking.?472% For instance, F. Chen and co-
workers encapsulated chondrocytes in a HRP cross-linked hydrogel obtained from
carboxymethyl pullulan-tyramine and chondroitin sulfate-tyramine.?*

HO
g JON
OH
HRP, H,0, O o)
_— or
O OH

Figure 24. Horseradish peroxidase (HRP)-mediated oxidative cross-linking of phenol derivatives.

OH
HO OH OH
3-(4-hydroxyphenyl) tyramine (L)-tyrosine (L)-3,4-dihydroxyphenylalanine
propionic acid HPA DOPA

Figure 25. Chemical structures of carboxylic acid derivatives coupled on hydrogel precursors to enable
enzyme-mediated oxidative cross-linking.

Tyrosinase is another oxidative enzyme able to cross-link phenol and catechol-functionalized
molecules in the absence of hydrogen peroxide (Figure 26). This is of interest given the adverse
cellular effects of H,0,. However, few studies have investigated tyrosinase-mediated cross-
linking for biomedical applications.?*624¢ S, Das et al. reported the encapsulation of
mesenchymal progenitor cells in a silk fibroin-gelatin hydrogel. In this work, mushroom
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tyrosinase was used to create cross-links between tyrosine residues of silk and gelatin.?*
Tyramine and DOPA derivatives were also used to enable tyrosinase-mediated cross-
linking.2*824¢ Noteworthy, the oxidative coupling of DOPA-bearing polymers can also be
achieved with a chemical oxidant such as sodium periodate.?46:250-252

NH,/‘ J"H/,' NH/
o Tyrosinase (O] Tyrosinase y [e)
HO HO o)
HO 0
Tyrosine residue DOPA residue Quinone
(catechol)

‘ Cross-linking reaction ‘

Figure 26. Oxidative coupling of tyrosine residues by tyrosinase

Transglutaminase (TG) cross-links peptides and proteins by catalyzing an acyl-transfer
between the side-chain of a glutamine residue and the side-chain of lysine residue in the
presence of its cofactor, Ca?* ion (Figure 27). This reaction is highly selective for the two
substrates (i. e. the Lysine containing sequence acting as acyl acceptor and the Glutamine-
containing peptide acting as acyl donor). Thus, macromolecules that are functionalized with
two rationally designed TG substrates can be cross-linked by TG. This strategy was used by B.-
H. Hu and P. B. Messersmith, they conjugated TG peptide substrates to PEG chains and
demonstrated hydrogel formation under physiological conditions.?>? Prior to their studyj, J. J.
Sperinde and L. G. Griffith had already obtained TG cross-linked hydrogels from a
glutaminamide-functionalized PEG and a poly(LysPhe) peptide.?>* M. K. McHale et al. reported
chondrocyte encapsulation in an elastin-like polypeptide hydrogel with TG-mediated
gelation.?>> A thermally responsive gelation system was developed by T. J. Sanborn and co-
workers based on the controlled release of the enzyme cofactor. Indeed, calcium-loaded
liposomes allowed TG activation only when the system temperature was raised to 37°C,
releasing the calcium ions during the phase transition of the liposome.?*® Finally, M. Ehrbar et
al. engineered cell-laden hydrogels whose network was formed by combining different
molecules functionalized with TG peptide substrates, in particular multi-arm PEGs, cell
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adhesion peptide and MMP-sensitive peptide.?>’~2%° Interestingly, the later gave to the
resulting network interesting enzymatic degradation properties.
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Figure 27. Transglutaminase (TG)-catalyzed acyl transfer between a glutamine and a lysine side-chains.

At last, the phosphopantetheinyl transferase (PPTase) was also successfully used for tissue
engineering applications. This enzyme catalyzes the covalent attachment of the 4-
phosphopantetheine moiety of coenzyme A (CoA) to a specific serine residue on the apo-acyl
carrier protein (ACP) (Figure 28). Hydrogels were formed from 3-arm PEG multi-functionalized
with CoA and an engineered ACP dimer. The PPTase-mediated cross-linking was conducted in
the presence of cells demonstrating its biocompatibility.26°
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Figure 28. Phosphopantetheinyl transferase (PPTase)-catalyzed reaction between serine residue of ACP and
CoA-functionalized PEG.

The examples discussed in this section show that enzymes are well-suited for the cross-linking
of hydrogels. Nevertheless, special attention has to be paid to enzymes that work in an
oxidative medium either because they require H,0, or because they generate it.?%* In addition,
the enzymes used for cross-linking are not physiologically present in cell culture media or they
are present in too low quantities to avoid their additional introduction during hydrogel
formation. It implies that they could lead to immune responses and cross-reactions in vivo.
Lastly, diffusion of enzymes in the medium during the gelation process is limited which often
results in heterogeneous hydrogels with poor mechanical properties.
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1.2.4. Sol-gel chemistry

Numerous methods have already been investigated to cross-link cell-containing hydrogels but
the potential of inorganic sol-gel polymerization as a cross-linking method for cell
encapsulation in hydrogels has not been fully exploited. This PhD work was performed in this
context and aims at preparing hybrid hydrogels thanks to the sol-gel process. Therefore, the
following section is dedicated to the basics of inorganic sol-gel polymerization and highlights
the main features that make it attractive for the preparation of cell-encapsulating hydrogels.

The sol-gel chemistry was pioneered by M. Ebelman?62263 and T. Graham?®* in the 19%" century.
They observed that the hydrolysis of Si(OEt)s (tetraethyl orthosilicate, TEOS), under acidic
conditions yielded silica in the form of a "glass-like material". Since then, the sol-gel processes
have had a tremendous development as demonstrated in the numerous books and reviews
dedicated to this chemistry.265-271

The sol-gel process refers to an inorganic polymerization of molecular precursors to form an
oxide network at low temperature and under mild conditions. Precursors are generally metal
alkoxides whose general formula is M(OR), with M a metal (Si, Al, Ti, etc.) and R an alkyl group
(Me, Et, iPr, etc.). Alternatively, metal halides can be used (MX,). The process is characterized
by a sol to gel transition. A sol is a stable suspension of colloidal particles within a liquid and a
gel is a 3-dimensionnally interconnected solid network holding large amounts of solvent
(Figure 29).

The sol-gel process is based on two steps, hydrolysis and condensation, which are described
in detail in the following sections. Water is involved as a reagent but can also be used as a
solvent. Interestingly, homogeneous multi-component systems can be easily accessed by
simply mixing different molecular precursors.
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Figure 29. Principle of the sol-gel process.?’?

The sol-gel chemistry was first applied to the preparation of glasses and ceramics.26:273274 The
advantages of this approach were lower processing temperatures compared to conventional
glass melting and ceramic powder methods and a higher homogeneity. Sol-gel derived
nanoparticles, in particular nanoparticles obtained via the Stéber process,?”> have received
considerable attention and find applications in medicine for site-specific drug delivery and bio-
imaging.?’6727° The strength of the sol-gel chemistry is its compatibility with lots of processing
methods, e. g. spinning and dip coating, that lead to a wide range of products: fibers, coatings,
films, xerogels, aerogels, etc. It enables the preparation of advanced tailor-made materials.

Silicon is the second most abundant element in the Earth’s crust after oxygen.?% Silicon
alkoxides, Si(OR)4, are stable and easy to handle. Therefore, they are the most commonly used
precursors for the sol-gel process. Herein, we will discuss the hydrolysis and condensation
steps undergone by silicon alkoxides in aqueous media.

The sol-gel process starts with the hydrolysis of alkoxysilyl groups (Si-OR) into silanols (Si-OH)
and the resulting release of an alcohol (ROH) (Figure 30). At neutral pH, this reaction is very
slow (Figure 31). However, acids, bases and nucleophiles can be used as catalysts to increase
the reaction rate.

(RO);-Si-OR  + H,0 ——> (RO);-Si-OH + R-OH

Figure 30. Overall equation of the hydrolysis of a silicon alkoxide into silanol
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Figure 31. Reaction rates of tetraethyl orthosilicate hydrolysis (blue curve) and condensation (green curve) as
a function of pH.?%*

In the acid-catalyzed process, an oxygen from an alkoxysilyl group is protonated (Figure 32).
On the one hand, this protonation increases the electrophilicity of the silicon atom and favors
the nucleophilic attack of water. On the other hand, it makes ROH a better leaving group. Both
effects contribute to a high hydrolysis rate.

RO . RO RO
\ H N \
RO—Si—OR —— > RO—Si—0® ——» RO—Si—OH + R-OH
/ /6+\J AN _H*
RO RO R RO

Figure 32. Acid-catalyzed hydrolysis of a silicon alkoxide group

Under basic conditions, hydroxyl ions form and add to the silicon center to yield a penta-
coordinate silicon intermediate with a negative charge (Figure 33). The product of hydrolysis
results from the departure of an alcoholate. Finally, OH" catalyst can be regenerated by
reaction between the alcoholate and water. The overall reaction rate is lower than the acid-
catalyzed reaction.

H,0
base
OR ©
RO\ /_}OH RO//,,I(_| RO\
RO—Si—OR ——» - Si—OH | ——— RO—Si—OH + RO
/ RO™ | /
RO OR RO R-OH
H,0
- OH

Figure 33. Base-catalyzed hydrolysis of a silicon alkoxide group

Alternatively, nucleophile catalysts can be used to speed the process at neutral or
physiological pH. Owing to their high affinity for silicon, fluorides hold a prime position as
nucleophile catalysts for this reaction. The addition of a fluoride onto a silicon atom give a
penta-coordinate silicon intermediate similar to the intermediate observed in the base-
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catalyzed reaction (Figure 34). The penta-coordinate silicon is transformed into a hexa-
coordinate silicon upon attack of a water molecule. The product of hydrolysis is formed upon
the departure of an alcohol and the regeneration of the fluoride catalyst.

© ®

RO — oR RO, ?R\F RO
\ F RO, | H,0 L ) \
RO—Si—OR ——— 'Si—F — ~ SIS H ——> RO—Si—OH + R-OH
RO | RO™ | No® F
RO OR RON—~H RO

Figure 34. Fluoride-catalyzed hydrolysis of a silicon alkoxide group

The precursor may undergo four successive hydrolyses until Si(OH)4 forms but as soon as one
alkoxide group has been hydrolyzed, condensation can also begin.

The condensation step leads to the formation of siloxane bonds (Si-O-Si). When the
condensation reaction occurs between two hydroxysilyl groups with release of water, it is
called oxolation (Figure 35). When it involves a hydroxide and an alkoxide with release of an
alcohol, it is called alkoxolation.

oxolation
(RO)3—-Si-OH + (RO)3;-Si-OH —> (RO)3-Si-O-Si—(OR)3 + H,0

alkoxolation
(RO);—-Si-OH + (RO)3;-Si-OR — > (R0O);-Si-0-Si—(0OR); + R-OH

Figure 35. Condensation reactions via oxolation or alkoxolation

The condensation step can also be catalyzed by acids, bases and nucleophiles. The
mechanisms of the reaction are exactly the same as the mechanisms of hydrolysis except that
silanols and silanolates are the nucleophilic species instead of H,O and HO™ under acid and
basic conditions respectively. Likewise, in the presence of fluorides, a penta-coordinate silicon
fluoride is formed and evolves towards a hexa-coordinate silicon specie upon nucleophilic
attack of a silanol. The condensation reaction ends with the departure of H,O (oxolation) or
ROH (alkoxolation) and the regeneration of the fluoride ion.

In the sol-gel process, the choice of the catalyst is crucial and will influence the texture
(porosity, surface area...) of the resulting material. Two types of gels can be distinguished:
colloidal gels whose network is made of colloidal sol particles and polymeric gels whose
network is made of sub-colloidal chemical units such as macromolecules. An acid pH favors
hydrolysis over condensation and leads preferably to a polymeric gel whereas a basic pH
induces nucleation and generates a colloidal gel (Figure 36). Fluorides catalyze equally both
hydrolysis and condensation at neutral pH which leads preferably to a colloidal gel. Of course,
the nature of the metal alkoxide, the concentration and the temperature are parameters that
also influence the process.
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Figure 36. Influence of the catalyst on the type of hydrogels obtained

The sol-gel process was given the label “Chimie douce” by Jacques Livage.?®* The mild
conditions under which the sol-gel process occurs make it compatible with organic molecules
and biological molecules. Combination of organic and inorganic components leads to the
formation of hybrid materials.

In the sol-gel chemistry, gels are usually considered as intermediates and dried to produce
xerogels and aerogels for example. However, several sol-gel characteristics suggest that sol-
gel chemistry would be well-suited for the preparation of cell-encapsulating hydrogels.
Indeed, gelation can occur in aqueous media, at physiological pH and at room or body
temperature. Importantly, the condensation reaction is chemoselective. As no biomolecule
contains silicon atoms, the process is completely biorthogonal. In addition, the Si-O-Si bond
formation is a symmetrical reaction, involving twice the same reactive moiety. As a
consequence, it is theoretically possible to combine molecular precursors tailored to establish
the tridimensional network and precursors affording additional biological or physical
properties into a single and homogeneous multi-component system. One single chemistry (Si-
O-Si bond formation) can be used both for cross-linking and functionalizing the hydrogel
(Figure 37).
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Figure 37. Synthesis of a functional hybrid hydrogel thanks to the sol-gel process

Cell encapsulation in silica hydrogels

The encapsulation of cells in sol-gel materials was pioneered by G. Carturan et al. who
encapsulated yeast cells into thin layers of SiO, gel.8228 Then it was demonstrated that
bacteria could also remain viable in silica hydrogels (Figure 38), some of them even seemed

284-287 Unfortunately, animal cells could not tolerate

to be stabilized by sol-gel encapsulation.
to be readily suspended in silica solutions because of the acidic pH required and the large
guantities of alcohol released by the hydrolysis of alkoxide precursors. Therefore, J. Livage and
co-workers suggested to protect the biological load by immobilizing it in a suitable microphase
prior to coating with sol-gel silica.?®® Hence, Sakai et al. encapsulated pancreatic cells and islets
in sol-gel coated alginate microcapsules.?8%2°0 However, this approach requires the use of an
initial system with its own capacity to gelate, in this example alginate. In order to improve
encapsulated cell viability, some researchers focused on experimental conditions and reduced
the contact time between cells and precursor solution,?°*2°3 while others proposed sodium
silicate aqueous solutions as an alternative to alkoxide precursors to avoid alcohol release.?®*
The ‘Biosil’ method was also developed to avoid alcohol release in the medium and thus
improve encapsulated cell viability. In this process, living cells are coated by a silica film via
sol-gel reactions occurring at the surface of the cells in a water layer. Molecular silicon
precursors are continuously provided in the gas phase, i. e. an inert gaz carrier saturated by
silicon alkoxides is directed to the cell surface, and by-products, herein alcohol, are removed

in the out flow.283

<ol
/SI Sll
MeQ ome hydrolysis HO oH condensation o O_i.-
Si-oMe > Sisgy t 4 MeOH > -G Si
MeO HCI, H,0 HO phosphate buffer " 5" O
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Figure 38. Encapsulation of E. coli cells in a silica hydrogel formed by the sol-gel process.?&*
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Interestingly, amorphous silica is considered non-toxic, being used commonly as additive in
food and drugs and recognized as safe (GRAS) by the American Food and Drug
Administration.?®® Toxicity issues raised about silica were mainly due to the size and shape of
silica materials and were particularly discussed in the case of silica nanoparticles.?® The
degradation of silica hydrogels leads to the formation of polysilicic acids and ultimately to the
ortho-silicic acid (Si(OH)a4). This latter is naturally present in food and water. It is non-toxic and
plays a crucial role in delivering silicon to cells in the body. As silicon has been shown to be
involved in many biological functions such as bone mineralization, collagen synthesis and hair
condition, therapeutic effects of silicic acid were investigated.?®” A wound dressing made of
silica fibers releasing ortho-silicic acid was even reported.?®® Nevertheless, the intermediate
degradation products of silica, the polysilicic acids, were shown to present some adverse
effects by interacting with proteins.?%°

If numerous examples demonstrate that cells encapsulated in sol-gel silica are viable, it is
obvious that a promoting bioorganic network is necessary for soft tissue growth. As a
consequence, we will focus our attention on hydrogels in which silicon atoms are used only as
cross-linkers. Precursors of such hydrogels are ‘hybrid‘ molecules in the sense that they display
both an (bio)organic moiety and inorganic silane groups. Systems in which silica precursors
are mixed with polymers to improve their mechanical properties will not be discussed.

Cell-encapsulation in hybrid hydrogels cross-linked by the sol-gel process

To obtain a cell-friendly environment, it is relevant to keep the silicon amount as low as
possible to maximize the resemblance of the hydrogel with native ECM and limit the release
of alcohol when alkoxide precursors are used. This can be achieved by modifying covalently a
(bio)polymer to introduce a trialkoxysilane moiety. In this case, the silicon atom is linked to
the polymer via a C-Si bond. The network results from the formation of siloxane bonds (Figure
39). The C-Si bond being stable to hydrolysis, the network can be degraded either by hydrolysis
of the siloxane bonds or by biodegradation of the backbone by pathways specific to each
polymer. Depending on the silylation reagent chosen, the link between the polymer and the
silylation reagent can also be cleaved. Toxicity may arise from silylation reagents left
unreacted in the hydrogel. To overcome this problem, it is possible to perform the
modification of the polymer separately from the formation of the hydrogel. Washings
between the two steps enable to get rid of free reagents and potential side-products. Then
hydrogel biocompatibility is often evaluated via cytotoxicity assays. Hybrid hydrogels showed
good overall cytocompatibility but an in-deep study of the toxicity of potential biodegradation
products has never been performed.
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Figure 39. Sol-gel cross-linking of a hybrid silylated polymer. X: reactive function of the polymer.

Hybrid precursors are obtained by covalent modification of polymers with alkoxysilane
moieties (Figure 40). The choice of the silylating reagent depends on the available reactive
functions (e.g. alcohol, amine, carboxylic acid) displayed by the polymer. S. Jo and K. Park
described the functionalization of the hydroxyle extremities of PEG and Pluronic F-127 (block
copolymer HO-[CH,CH;0],-[CH(CH3)CH20]m-[CH,CH20]n-H with n = 98 and m = 67) with 3-
isocyanatopropyl triethoxysilane (ICPTES) but they used a sol-gel procedure involving ethanol,
acidic pH and solvent evaporation.3%° L. Ren et al. used 3-(glycidoxypropyl)trimethoxysilane
(GPTMS) to functionalize gelatin, a biopolymer derived from collagen that displays both
hydroxyle and primary amine functions. The reactivity of GPTMS towards nucleophiles was
studied.301302 The preparation of the hybrid polymer and its gelation were carried out one pot
in a 0.1 M HCI solution at 40°C. The hydrogels were then dried.3°® Based on this work, J. R.
Jones et al. used hybrid gelatin in combination with TEOS to prepare materials with an
increased inorganic content for a better control over mechanical and degradation properties.
Sol-gel precursors were hydrolyzed in a HCl solution and condensation was catalyzed by
hydrofluoric acid. A surfactant, Triton X-100, was used to generate porosity.3%* Then the same
group prepared silica-chitosan hybrid scaffolds. Hybrid chitosan was obtained by reaction with
GPTMS and the sol-gel process was carried out in acidic conditions. The structure of the
scaffolds could be directed by freeze-drying.3%>3% |n both cases, J. R. Jones and co-workers
selected hydrogel formation conditions that are not compatible with cell encapsulation.
Therefore, they had to develop processing methods to generate highly porous structures and
thus facilitate cell penetration in the freeze-dried scaffolds. N. Hanagata et al. used the same
silylation reagent, GPTMS, to cross-link collagen fibril hydrogels. Preformed collagen
hydrogels were soaked in a HCl/ethanol solution containing GPTMS. After dehydration, drying
and rehydration, hybrid cross-linked hydrogels could support osteoblast proliferation.3%” K.
Hosoya et al. coupled 3-aminopropyltriethoxysilane (APTES) on alginate. For that purpose,
they activated carboxylic acid functions of alginate with a carbodiimide (EDC, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide) in the presence of an auxiliary nucleophile (N-
hydroxysuccinimide, HOSu). The hybrid alginate was not isolated, it underwent gelation right
after its formation. Urea by-product resulting from carbodimiide activation and HOSu were
then washed away and the resulting hydrogels were freeze-dried.3%® None of these procedures
was compatible with cell encapsulation. Most of the hydrogels mentioned above were
prepared under acidic conditions and they were all dried before cell seeding.
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Figure 40. Functionalization of polymers with trialkoxysilylated reagents.

Y. Shirosaki et al. added GPTMS to chitosan in 0.25 M acetic acid aqueous solution. These
conditions allowed both the covalent modification of chitosan with a trimethoxysilane group
and the acid-catalyzed hydrolysis of methoxy groups into hydroxyl groups. Under such acidic
conditions, condensation was very slow. Therefore, the solution was then neutralized with
sodium hydroxide to promote condensation. At this stage, the hybrid chitosan solution was
injectable. A 2 wt% chitosan solution could turn into a gel at 37°C within 60 or 200 minutes
with 5 or 1 molar ratio of GPTMS respectively. This hydrogel was intended to be used as a
resorbable vehicle for bone graft.3%?

Finally, P. Weiss and co-workers developed hybrid cellulose-based hydrogels. They
functionalized different cellulose derivatives, in particular hydroxypropylmethylcellulose
(HPMC), with GPTMS or 3-glycidopropylmethyldiethoxysilane (GPMDS) via a Williamson
reaction between the hydroxyl groups of the biopolymer and the epoxide.31%31! |n organic
solvants, the cellulose derivatives were not soluble and the reaction occurred in
heterogeneous medium. In order to increase the modification homogeneity, they developed
and patented a silylation method in homogeneous medium by using ionic liquids.3!? Their sol-
gel procedure consisted of a hydrolysis step at pH > 12.3 and condensation upon
neutralization. At high pHs, the hybrid polymer, named Si-HPMC, is the form of sodium
silanolate. The charge repulsion prevents condensation and allows the storage of the solution
as a viscous liquid for a prolonged period. Condensation occurs upon neutralization at room
or body temperature. They demonstrated that the Si-HPMC hydrogels could encapsulate
chondrocytes and could also be injected for cartilage tissue repair.3!3 Eventually, they used Si-
HPMC as a base for the development of several materials for tissue regeneration.34-31°

The Si-HMPC hydrogels developed by P. Weiss and co-workers are very promising for tissue
engineering. However, their system relies on a natural biopolymer. As discussed earlier, the
use of natural biopolymers has some shortcomings. Therefore, the development of a similar
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approach based on synthetic molecules would be of interest. In addition, their two-steps sol-
gel procedure requires a careful pH monitoring. A protocol involving hydrolysis and
condensation at physiological pH in a cell culture medium would be simpler. Nucleophile-
catalyzed sol-gel process at physiological pH was never exploited for cell encapsulation in
hydrogels made of hybrid alkoxysilane polymers. The functionalization of this kind of
hydrogels with hybrid silylated peptides was never reported neither. Accordingly, we decided
to investigate both.
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Chapter II.
Hybrid silylated peptides

Publication 1 — Selective
homodimerization of unprotected
peptides using hybrid
hydroxydimethylsilane derivatives

Echalier C. et al., RSC Adv., 2016, 6, 32905-32914

My contribution to this paper: | prepared all the NMR samples, designed the NMR analyses,
processed and interpreted the data. | participated in the synthesis, silylation, purification and
characterization of the peptides. | participated in the writing of the paper.

-63 -



-64 -



Chapter Il. Hybrid silylated peptides

I.1. Hybrid peptides

Ahead of this PhD project, the “Amino acides, Hétérocycles, Peptides et Protéines” team of
IBMM and the “Chimie Moléculaire et Organisation du solide” team of ICGM had developed
hybrid silylated peptides and patented their applications for the synthesis of materials.3?° For
these groups and throughout this manuscript, hybrid silylated peptides refer to peptides
functionalized by one or several silyl groups (Figure 41). The silicon atom of these silyl moieties
is linked to the peptide part through a covalent and highly stable C-Si bond. The three other
groups born by the silicon atoms can be hydroxy, alkyl, alkoxy groups or halogen atoms.
Hydroxydimethylsilyl, dihydroxymethylsilyl and triethoxysilyl groups have been particularly
investigated as they can form one, two or three siloxane bonds respectively during the sol-gel

process (Figure 42).
Ri
peptider-X-Si-R,
R,

X = spacer
R1, R2, R3 = {Cl, OH, R, OR}
with R = alkyl

n

Figure 41. General formula of hybrid silylated peptides
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peptide CH,—Si—OH peptideMCHz—S{— peptidemCHz—S{—O
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hydroxydimethylsilyl peptide dihydroxymethylsilyl peptide triethoxysilyl peptide

Figure 42. Hybrid silylated peptides used for the preparation of hybrid materials via the sol-gel process.

11.2. Hybrid peptide synthesis

11.2.1. General considerations

Several methods for the introduction of silyl groups on peptides were investigated in the
laboratory before the beginning of my PhD, including the coupling of an amino derivative to
an activated acid function of the peptide or the reaction of an isocyanate derivative with an
amine function of the peptide. The reaction of an isocyanate with a primary or secondary
amine results in a urea bond between the linker displaying the silicon atom and the peptide
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(Figure 43). The use of isocyanatopropylsilyl derivatives was preferred over other methods of
silylation for several reasons. First, these reagents are commercially available (ICPTES was
obtained from Alfa Aeser, other silylated isocyanates were obtained from SIKEMIA, France).
Second, isocyanates are very reactive towards nucleophiles. The quick reaction between an
isocyanate and a free amino group limits the risks of premature hydrolysis of silyl groups which
could lead to unwanted condensation. No coupling agent is needed, only a base (N,N-
diisopropylethylamine, DIEA) is added to deprotonate ammoniums and form nucleophile
amines ready to attack the isocyanate function. At last, this reaction proceeds without
generating any side-product which simplifies the subsequent work-up and isolation of the
hybrid building blocks. This is of interest considering the risk of premature hydrolysis and
condensation. Most of hybrid peptides are not soluble in diethyl ether while silylated
isocyanate derivatives are. As a consequence, the excess of isocyanate can be easily removed
at the end of the reaction by precipitation of the hybrid peptide in diethyl ether. Usually, the
hybrid silylated peptide is recovered quantitatively after centrifugation, removal of the
supernatant and evaporation of diethyl ether traces.

R, 13 H H
2\S‘i\/\/N N, :

- Ry \n/ peptide

NT>"sic o

\J

HoN—=peptide

Figure 43. Preparation of hybrid silylated peptides. Ri, Rz, R3 = halogen atoms, alkyl or alkoxy groups.

However, peptides can display nucleophilic side-chains that are not intended to be modified
by silyl groups. When a stoichiometric amount of isocyanate is used, amino groups selectively
react with the isocyanate in the presence of Serine or Threonine alcohol side chains. However,
when several amino groups are present on the target peptide, side-chains must be protected.
The most commonly used peptide synthesis strategy, the Fmoc/tBu solid phase peptide
synthesis (SPPS) strategy, involves acid-labile side-chain protecting groups and acid-labile
linkers.32* The resin cleavage and/or the removal of these protecting groups from a hybrid
silylated peptide under acidic conditions (trifluoroacetic acide, TFA) results in the concomitant
hydrolysis of chlorosilane and alkoxysilane and the formation of silanols, due to the presence
of traces of water during TFA-mediated cleavage and subsequent workup.

11.2.2. Triethoxysilyl peptide synthesis

Triethoxysilyl hybrid peptides are prepared by reacting the N-terminal amine and/or a lysine
side-chain of a peptide with 3-isocyanatopropyltriethoxysilane (ICPTES). During acidic
mediated removal of protecting groups and resin cleavage, triethoxysilyl group is hydrolysed
into trihydroxysilyl group which leads to a significant extend of premature undesired
polycondensation of the hybrid peptide.
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Several strategies were used to overcome this limitation. Peptides which don’t display any
other amino group than the one intended to be reacted with isocyanate, can be functionalized
with ICPTES after cleavage and purification in their fully unprotected form.3?? As an
alternative, a partially protected peptide, displaying a single free amino function, can be
prepared in solution or on solid support, using suitable orthogonal linkers. It can be isolated
and purified in its partially protected form before introduction of the triethoxysilyl group by
reaction with ICTPES. The protected hybrid peptide can then be engaged in the sol-gel process
to yield a bioorganic-inorganic material including the protected peptide. Eventually, this
material is submitted to an acidic treatment for the removal of the peptide protecting groups
(Figure 44).323324 For example, the use of gaseous HCl was performed on hybrid silica materials
for removal of Boc protection. Unfortunately, this strategy is limited to the hybrid materials
that are not damaged by an acidic treatment and that can be further washed and/or dry to
remove the acid. It is not friendly with the encapsulation of fragile biological cargo and living

cells.
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Figure 44. Principle of the synthesis of hybrid materials using a silylated and protected peptide.

11.2.3. Chlorodimethylsilyl peptide synthesis

The synthesis and the handling of chlorodimethylsilyl hybrid peptides are easier than their
triethoxysilyl counterparts. They are obtained by reacting peptides with 3-
isocyanatopropylchlorodimethylsilane (ICPCDMS).32> When chlorodimethylsilyl peptides are
subjected to a TFA treatment for removal of peptide side-chain protections,
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chlorodimethylsilanes are immediately hydrolyzed into hydroxydimethylsilanes. In the same
way than trihydroxysilyl derivatives, condensation between two hybrid hydroxydimethylsilyl
peptides can occur. However, and in contrast to the multiple bonds formed by trihydroxysilyl
analogues, Me;Si-0-SiMe; siloxane bond can easily be hydrolyzed in H,0 1% TFA mixture to
recover the hybrid hydroxydimethylsilyl monomers. This feature opens the way to a wider
range of synthetic strategies, including silylation directly on the solid support used for the
peptide synthesis (Figure 45). When the reaction is performed on solid support, the excess of
ICPCDMS is removed by simple washings of the resin beads. Then the hybrid peptide s cleaved
from the support using TFA. Side-chain protections are removed simultaneously and the
chlorosilyl group is hydrolyzed into a hydroxysilyl group. The crude hydroxydimethylsilyl
peptide can be easily purified as monomer by preparative RP-HPLC using acidic buffers (i. e.
acetonitrile and water with 1%o. TFA).

P _ o p
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H,N—( peptide )—linker()) Cl/sliW\H’ "N~ peptide —linker(Q)
| / |
P CI\Si\/\/N: P
/ C,
o
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N . . .
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Figure 45. Principle of the synthesis of hybrid materials using a hybrid hydroxydimethylsilyl peptide

11.3. Hybrid peptide utilization

The more obvious utilization of hybrid silylated peptides is the surface modification of
materials by grafting. In this case, the main advantage of hybrid peptides is the
chemoselectivity of the SiOSi bond formation in the presence of other reactive side chains of
amino acids. Theoretically, any metal oxide surface can modified by grafting of hybrid peptides
through the formation of a M-0-Si(R1R2)-peptide bond. However, most of the work performed
so far with hybrid peptides concerns silicon oxide materials (Figure 46).
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Figure 46. Principle of silicon oxide material grafting with hybrid peptides

Hybrid silylated peptides can also be engaged in a sol-gel process for the one-pot synthesis of
hybrid materials. They can be used alone or in combination with silicon oxide precursors such
as tetraethyl orthosilicate (TEOS). Upon hydrolysis and condensation of silyl groups, a hybrid
bioorganic-inorganic material is formed.

11.3.1. Trialkoxysilyl peptide utilization

In the first place, trialkoxysilyl groups were chosen over other silylated groups for silica surface
modification because it was hypothesized that attachment through three siloxane bonds
would be stronger than attachment through 1 or 2 bonds (Figure 46 with R; = R, = OH). First,
S. Jebors et al. described the surface modification of silica materials with trialkoxysilyl
peptides.3?® They grafted a triethoxysilyl peptide into the pores of ordered mesoporous silica
(OMS). The peptide sequence H-ProProAsplLys-NH, was chosen for its ability to catalyze
aldolisation reactions. The peptide was modified at its N terminus with a triethoxysilyl moiety
and it was demonstrated that the resulting hybrid peptide retained its catalytic properties
once anchored on the silica.3?®> More recently, J. Ciccione et al. reported the preparation of
multi-ligand fluorescent silica nanoparticles with an accurate control of the grafting ratio of
each ligand by using two triethoxysilyl peptide ligands in appropriate concentration (Figure
47).322
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Figure 47. Synthesis of multifunctional fluorescent silica nanoparticles. Reprinted from.3%

11.3.1.2. Trialkoxysilyl peptides for direct synthesis of hybrid silica

Hybrid triethoxysilyl peptides were used for the one-step synthesis of bioorganic-silica hybrid
materials (Figure 48). S. Jebors et al. used the hybrid triethoxysilyl catalytic peptide that they
already used for grafting, in combination with tetraethyl orthosilicate (TEOS). They showed
that, in presence of a structure-directing agent, a peptide-hybrid ordered mesoporous silica
could be successfully obtained in a single step.3?* In the same paper, they selected an
antibacterial peptide sequence (H-AhxArgArg-NH) and prepared an antifouling film by dip-
coating with the corresponding triethoxysilyl hybrid antibacterial peptide analogue.3?*

)

O o-SiT\— sol-gel process 0 0--- AN

Figure 48. Principle of the direct synthesis of a hybrid peptide material using hybrid triethoxysilyl peptides
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1.3.2. Restricting the number of bonds: dimethylchlorosilyl hybrid
peptides

In our laboratory, C. Pinese et al. used hybrid hydroxydimethylsilyl peptides for the grafting of
silicone surface.32° Silicone devices are made of cross-linked polydimethylsiloxane (PDMS) and
do not display reactive silanol functions on the surface. Thus, in order to graft hybrid peptides
on them, an oxygen plasma activation was performed, generating SiOH moieties (Figure 46).
Commercially available silicone catheters were grafted with N-terminal hydroxydimethylsilyl
derivative of the antibacterial H-AhxArgArg-NH, peptide. The functionalized catheters
exhibited a prolonged antibacterial activity. Consequently, this grafting strategy could be
useful to fight against bacterial colonization of implantable medical devices. This work, in
which | was involved, does not fall into the topic of this PhD manuscript and will not be
discussed in details. However, the corresponding paper can be found in the annex section at
the end of the manuscript.

S. Jebors and co-workers focused their attention on the synthesis of peptide-functionalized
polysiloxane polymers obtained by polymerization of hybrid peptides functionalized with two
chlorodimethylsilyl groups. These polymers were designed as ‘silicone-based’ polymers
because they share the same repetitive motif —(Me),Si-O-Si(Me),— with the most common
silicone material, the polydimethylsiloxane (PDMS). Chlorodimethylsilanes undergo hydrolysis
into hydroxydimethylsilanes and condensation to form siloxane bonds. The bis-functionalized
peptides yielded silicone-peptide polymers (Figure 49) whose geometry (linear or comb-like)
resulted from the position of the chlorodimethylsilyl moietie within the peptide sequence.3%®
Alternatively, comb-like silicone-peptide polymers could be obtained from
dihydroxymethylsilyl hybrid peptides. This strategy was applied to the synthesis of

antibacterial silicone-peptide polymers.3?’
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Figure 489. Silicone-based dimers and polymers obtained from chlorodimethylsilyl hybrid peptides or
dihydroxymethylsilyl peptides3?*327

Interestingly, a monofunctionalized peptide could lead to silicone-peptide dimers. At the
beginning of my PhD, although hybrid hydroxydimethylsilyl peptides were routinely used in
the laboratory, the stability of the siloxane bond they form had never been investigated. On
the contrary of ‘silicone-based polymers’ which were all insoluble in water and whose stability
was difficult to evaluate in biological conditions, dimers were soluble and appeared to be an
interesting model to study siloxane bond hydrolysis in different experimental conditions. This
fundamental work was of interest to get an insight in the stability of the hydrogels that we
wanted to develop. It could help to modulate hydrogel degradability or design systems for
time-dependent release of active compounds.

11.4. Stability studies of siloxane bond and synthesis of
bioactive dimers

Accordingly, we chose a simple model that possessed the same dimerization arm as the hybrid
hydroxydimethylsilyl peptides developed in the team: the commercially available 1,3-bis(3-
aminopropyl)tetramethyl disiloxane and its monomer (Figure 50). As this dimer was not
soluble in water, we prepared its chloride and trifluoroacetate salts.
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Figure 50. Preparation of the dimers used as models for the siloxane stability study and their hydrolysis into
monomers

First, we needed to identify an analysis method suitable for the monitoring of dimer
hydrolysis. The method should give two different quantitative signals for the monomer and
the dimer. It should be non-destructive and allow analysis in different solvents (organic or
aqueous), at different pHs. At last, it should be quick enough to allow correct sampling for
kinetic studies. 2°Si NMR met the two first criteria. However, owing to the low natural
abundance of °Si isotope and its weak detection sensitivity, 2°Si NMR analyses are long and
do not address the last criterion. In this study, we demonstrated that *H NMR signals of the
methylene and methyl groups connected to the silicon atom (CH»-Si and Si-CHs) can be used
as sensitive probes to monitor the hydrolysis of dimers by *H NMR.

Hence, 'H NMR kinetic studies allowed us to estimate the half-lives of the model dimer in
dimethylsulfoxide (DMSO) and in water at different pHs. As expected, the dimer was stable in
the absence of water (Figure 51). In aqueous solutions, the further the pH was to the
neutrality, the faster was the hydrolysis. Importantly, at physiological pH, the dimer was rather
stable with a half-live of about 439 h. In view of this stability, we envisioned biological
applications for the dimers of hydroxydimethylsilyl peptides.
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Figure 51. *H NMR studies of siloxane dimer hydrolysis
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We showed that homodimers of peptides could be easily obtained from hydroxymethylsilyl
peptides upon freeze-dried right after purification. It is well-known that homodimerization of
a bioactive molecule can improve its pharmacological profile.3?® Therefore, we functionalized
the growth hormone releasing hexapeptide (GHRP-6) with a hydroxydimethylsilyl group at
three different positions of the peptide sequence: C-terminal, N-terminal and intra-sequence
through a modified lysine residue. Thus, we obtained three GHRP-6 dimers and found that
they exhibited different in vitro behaviors, demonstrating thereby that the bioactivity of a
drug can be modulated by its dimerization and more importantly by the position of the
dimerization.

All these results are presented in detail in the enclosed publication entitled “Selective
homodimerization of unprotected peptides using hybrid hydroxydimethylsilane derivatives”
(RSC Advances).
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We developed a simple and straightforward way to dimerize unprotected peptide sequences that relies on
a chemoselective condensation of hybrid peptides bearing a hydroxydimethylsilyl group at a chosen
position (either C-ter, N-ter or side-chain linked) to generate siloxane bonds upon freeze-drying.
Interestingly, the siloxane bond sensitivity to hydrolysis is strongly pH-dependent. Thus, we investigated
the stability of siloxane dimers in different experimental conditions. For that purpose, 2°Si, **C and H
NMR spectra were recorded to accurately quantify the ratio of dimer/monomer. More interestingly, we
showed that *H resonances of the methylene and methyl groups connected to the Si can be used as
sensitive probes to monitor siloxane hydrolysis and to determine the half-lives of the dimers.
Importantly, we showed that the dimers were rather stable at pH 7.4 (t;,> = 400 h) and we applied the
dimerization strategy to bicactive sequences. Once optimized, three dimers of the growth hormone
releasing hexapeptide (GHRP-6) were prepared. Interestingly, their pharmacological evaluation revealed
that the activity of the dimeric ligands could be switched from agonist to inverse agonist depending on

www.rsc.org/advances the position of dimerization.

Introduction

Homodimerization of bioactive molecules is a well-known
strategy to improve the pharmacological profile of the corre-
sponding monomer. Dimerization was first applied to increase
the local concentration of a ligand in the neighborhood of
areceptor. In some reported cases, such a strategy leads to a large
increase of the dimer affinity for its receptor. There are three
hypotheses to explain such a phenomenon." First, a dimer may
connect two binding sites in close proximity (i.e. two receptors or
an additional binding subsite). Alternatively, a dimer may first
bind to a single receptor and help in the recruitment of another
receptor. This is particularly relevant when signaling is initiated
by receptor oligomerization.? At last, a “statistical binding effect”
has to be taken into account: binding of a dimeric ligand is
favored by the higher local concentration of binding elements at
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the neighborhood of the receptor. The dimerization may also
improve the stability towards proteases particularly in the case of
peptide ligands and may affect the selectivity® and the biological
activity of the resulting compounds. Dimerization strategy was
applied to numerous peptide hormones including serotonin,*®
enkephalins,® bradykinin,” TGF-B.* More recently, dimerization
was also applied to the design of protein-protein interaction
inhibitors.” Several chemical strategies, in solution or on solid
support, were used for peptide dimerization using specific
functional groups and spacer arms. As examples of peptide dimer
syntheses, we can cite the anchorage of a bifunctionalized spacer
on a solid support and the simultaneous synthesis of the two
ligand peptides from C to N-terminus,' the coupling of two
identical protected peptides which bear a single free reactive
function on a bifunctionalized spacer.”

In this study, we focused our efforts on an alternate dimer-
ization process based on hydroxydimethylsilane peptides. To our
knowledge, most of the existing strategies require orthogonal
protecting groups and multistep procedures to obtain homodi-
meric peptides at the exception of dimerization of unprotected
peptide sequence containing cysteine residue through the
formation of a disulfide bond." Advantageously, the use of
dimethylhydroxysilane peptides allows the dimerization of any
peptides, even those containing a Cys residue and greatly
simplifies and speeds up the process. Indeed, dimerization occurs
chemoselectively in the presence of unprotected side chains.

RSC Adv., 2016, 6, 32905-32914 | 32905
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Moreover, it is of particular interest that hybrid dime-
thylhydroxysilane monomers are prepared by classical peptide
synthesis and can be purified before dimerization. We recently
applied this strategy to the synthesis of linear and branched
peptide-polymers and tripeptide dimers.”> In this work, we
aimed at demonstrating that the strategy is not only applicable
to the synthesis of N-ter dimers but also to C-ter and internal
bioactive peptide sequence dimerization. Interestingly we
proved here that siloxane formation simply occurred during
Iyophilization after preparative RP-HPLC of the hybrid mono-
mer. The **Si NMR signals were different in siloxane bonds and
silanols but we demonstrated that, "H NMR could be used
advantageously to measure the SiOH/SiOSi ratio. Thanks to
quick and sensitive 'H NMR analyses, we monitored the
stability of siloxane bonds in different solvents but more
importantly in water at various pHs. At last, we synthesized
three types of dimers based on the sequence of the growth
hormone releasing hexapeptide (GHRP-6). The dimerization
strategy was applied at three different positions of the peptide
sequence: C-terminal, N-terminal and intra-sequence through
a modified lysine residue (Scheme 1). Then, the binding and
signaling properties of these dimers were evaluated on intact
HEK293T cells expressing the growth hormone secretagogue
receptor 1a (GHS-Rla) involved in important physiological
pathways."

Materials and methods

All solvents and reagents were used as supplied. Solvents used for
LC/MS were of HPLC grade. Dichloromethane (DCM); N,N-
dimethylformamide (DMF) were obtained from Carlo Erba. Fmoc
amino acid derivatives, [benzotriazol-1-yloxy(dimethylamino)
methylidene]dimethylazanium hexafluorophosphate (HBTU),
Fmoc-Rink amide CM resin, 2-chloro chlorotrityl PS resin, were
purchased from Iris Biotech (Marktredwitz, Germany). Diiso-
propylcarbodiimide (DIC), diisopropylethylamine (DIEA), tri-
fluoroacetic acid (TFA) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Hexafluoroisopropanol (HFIP) and triisopro-
pylsilane (TIS) were obtained from Alfa Aeser and Acros respec-
tively. 3-Isocyanatopropyldimethylchlorosilane was purchased
from Sikemia (France).

The following abbreviations were used: ICPDMCS - iso-
cyanatopropyldimethylchlorosilane. Other abbreviations used
are recommended by the IUPAC-TUB Commission.

Peptide synthesis

Microwave assisted peptide syntheses were performed using
Fmoc/fBu SPPS strategy on a Liberty™ Microwave Peptide
Synthesizer (CEM Corporation, Matthews, NC) providing MW
irradiation at 2450 MHz. Temperature consign was set up at 70
°C as previously described.'**

Ethane-1,2-diamine anchoring on chloro-2-chlorotrityl PS
resin

The chloro-2-chlorotrityl chloride PS resin (4.00 g, 8.8 mmol,
initial theoretical loading = 2.2 mmol g~ ') was conditioned for
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15 min in DCM. The resin was filtered and a solution of ethane-
1,2-diamine (1.175 mL, 17.6 mmol, 2 eq.) in DMF (40 mL)
containing DIEA (3.060 mL, 17.6 mmol, 2 eq.) was added. The
resin was stirred overnight and washed with DMF (2x), DCM/
MeOH 1/1 v/v (2x), DMF (2x), DCM (2x) and dried overnight
in vacuo. The experimental loading of the resin was determined
after the first amino acid coupling. Optical density of
dibenzofulvene-piperidine adduct formed during Fmoc depro-
tection with a piperidine/DMF 2/8 v/v solution was measured at
299 nm and the loading was calculated according to a previously
reported method."

Coupling step

On a 0.1 mmol resin scale (either H-Rink amide ChemMatrix
resin 1.2 mmol g ' or H,N(CH,),NH-chlorotrityl-PS resin 0.8
mmol g™'), coupling reactions were performed with 5 eq. of
amino acid (0.5 mmol, 2.5 mL of 0.2 M selution in DMF), 5
eq. of HBTU (0.5 mmol, 2.5 mL of 0.2 M solution in DMF),
and 10 eq. of DIEA (1 mmol, 0.5 mL of 2 M NMP solution).
Resin was stirred for 90 minutes at room temperature or
heated at 70 °C under microwave irradiation (50 W) for 10
minutes. The resin was filtered and then washed with DMF
(2x) and DCM (2x).

Fmoc deprotection step

Fmoc removal was carried out in DMF/pip 8/2 v/v solution for 3
minutes under stirring, at room temperature. The resin was
filtered and a DMF/pip solution was added again and stirred for
20 minutes. When MW irradiation was used (50 W, 70 °C), two
cycles of 30 s and 3 minutes were used. In both cases, the resin
was filtered and then washed with DMF (2x) and DCM (2x).

Alloc deprotection

The Alloc lysine side-chain protecting group of the peptide
anchored on a Rink amide resin was removed selectively. Phe-
nylsilane (20 eq.) was added to a solution of Pd(PPhj), (0.1 eq.)
in DCM (4 mL g™ of resin). The resulting solution was poured
on the peptidyl-resin (1 eq.) in an open vessel. The resin was
stirred for 2 h and then washed with DCM (2x) and DMF (2x). A
solution of potassium O-ethyl dithiocarbonate in DMF (50 mg in
10 mL) was added and the resin was stirred for 20 minutes
before final washings with DMF (2x) and DCM (2x).

HFIP-mediated cleavage of protected peptide from 2-
chlorotrityl resin

The peptidyl-resin  was stirred in a solution of
hexafluoroisopropanol/DCM 1/4 vfv (40 mL g ' of resin) for 30
min. The resin was filtered. The solution was concentrated
under vacuum to yield the protected peptide.

Silylation in solution

The peptide to be silylated was solubilized in anhydrous
DMF under argon. DIEA (4 eq.) and 3-isocyanatopropyl-
chlorodimethylsilane (1 eq.) were added. The released hydrogen
chloride released was removed under an argon flow. The
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Scheme 1 Synthesis of GHRP-6 peptide homodimers based on dimethylhydroxysilyl peptides. 5: N-terminal dimerization; 7. C-terminal
dimerization; 9: internal residue dimerization.

mixture was stirred for 2 h and then concentrated under Side-chain deprotection in solution
vacuum. The hybrid peptide was precipitated by addition of

. . Side-chain amino acid protecting groups were removed in TFA/
diethyl ether and dried under vacuum.

triisopropylsilane/H,0 95/2.5/2.5 v/v/v. After 30 minutes under
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stirring, the solution was concentrated under vacuum. The
unprotected dimethylhydroxysilyl peptide was precipitated in
diethyl ether and dried under vacuum.

Silylation on solid support

3-Isocyanatopropylchlorodimethylsilane (3 eq.) was added in
a solution of DIEA (3 eq.) in anhydrous DMF (10 mL g ' of
resin). The resulting solution was poured on the peptidyl resin
and the resin was stirred overnight before being filtered and
washed with DMFT (2x) and DCM (2x).

Cleavage from Rink amide ChemMatrix resin along with side-
chain deprotection

The peptide was cleaved from Rink amide ChemMatrix resin in
TFA/triisopropylsilane/H,O 95/2.5/2.5 v/v/v. The resin was stir-
red in the cleavage mixture for 2 x 2 h. The resin was filtered
and the solution was concentrated under vacuum. The unpro-
tected peptide was precipitated by addition of diethyl ether.

Purification

Hybrid hydroxydimethylsilyl-peptides were purified by prepar-
ative chromatography. Purifications were performed using
a Waters HPLC 4000 instrument, equipped with a UV detector
486 and a Waters Delta-Pack 40 x 100 mm, 100 A, 15 pm, C18
reversed-phase column using a flow rate of 50 mL min .
Solvents employed were water/0.1% TFA and ACN/0.1% TFA. UV
detection was performed at 214 nm. Only the hybrid monomers
were recovered. Condensation into dimers occurred after puri-
fication, during lyophilization.

NMR analysis

NMR samples contained 0.06 mmol (3-aminopropyl)dime-
thylsilyl compounds dissolved in DMSO-d,; or D,O (600 pl). The
*?Si, 1*C and 'H spectra were collected on a Bruker AVANCE TIT
600 MHz spectrometer at 298 K. Peptide dimers (4 pmol) were
dissolved in DMSO-d; and spectra were collected on a Bruker
AVANCE III HD 400 MHz spectrometer at 298 K. Both spec-
trometers were equipped with a 5 mm BroadBand Observation
BBFO probe. The deuterated solvent was used as an internal
deuterium lock. Chemical shifts are given in § ppm calibrated
with residual protic solvent (e.g., DMSO: 2.50 ppm). A quanti-
tative inverse-gated experiment was used for *?Si NMR using
a recovery delay of 60 s (128 scans with a spectral width of 5950
Hz). The same sequence was used for quantitative '*C NMR with
the same recovery delay (64 scans with a spectral width of 15 120
Hz). For determination of silicon chemical shifts, a DEPT
sequence was used to benefit from the polarization transfer of
hydrogens near the silicon atom (256 scans, spectral width of
11 900 Hz and recovery delay of 2 s). "H NMR spectra were
typically recorded using 16 scans with a spectral width of 6000
Hz and a recovery delay of 2 s. Spectra were processed and
visualized either with Topspin 3.2 (Bruker Biospin) on a Linux
station or with MestReNova 6.0.2 (Mestrelab research).
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Ligand binding assay

K; values were determined from binding competition experi-
ments performed on intact HEK293T cells expressing the GHS-
R1a using a Homogenous Time Resolved Fluorescence (HTRF)
assay as previously described.' The HTRF signhal was collected
in a PHERAstar microplate reader (BMG LABTECH). K] values
were obtained from binding curves using GraphPad Prism
software (GraphPad Software, Inc., San Diego, CA).

Inositol phosphate assay

Inositol phosphate accumulation assay was carried out 48 h
after transfection on adherent cells in 96-well plates at a density
of 50 000 cells per well. IP1 production was measured using the
IP-One HTRF kit (Cisbio Bioassays) as previously described.'
Briefly, cells were stimulated for 30 min at 37 °C with the ligand
to be tested in 70 pl of IP1 stimulation buffer. An anti-IP1
antibody labelled with Lumi4-Tb (15 pl) and an IP1-d2 deriva-
tive (15 pl), were added on cells. The medium was incubated for
1 h at room temperature. Signals at 665 nm and 620 nm were
detected using a PHERAstar (BMG LABTECH) {fluorescence
reader. Values are expressed as AF. AF corresponded to: (ratio
665 nm/620 nm of the assay — ratio 665 nm/620 nm of the
negative control)/ratio 665 nm/620 nm of the negative control.
The negative control corresponded to the Lumi4-Tb blank and
was used as an internal assay control. Inositol phosphate
accumulation was expressed as the percentage of the maximal
ghrelin response using the formula: (AF mock cells — AF
receptor transfected cells)/(AF mock cells — AF maximal ghrelin
stimulation for receptor transfected cells). EC;, values were
determined from dose-response curves using GraphPad Prism
software (GraphPad Software, Inc., San Diego, CA).

Results and discussion

In the frame of this study, characterization of the dimeric
siloxane species was of first importance. In vitro biological assays
mostly require small quantities of bioactive compounds and thus,
peptide analogues to be tested are mostly synthesized at a small
scale (<0.1 mmol). In this context, sensitive and non-destructive
methods have to be privileged. In a general manner, NMR is
the method of choice considering nuclei having detectable
isotopes of high abundance. The distinction between dime-
thylsiloxane (dimer) or hydroxydimethylsilane (monomer) could
be achieved by *’Si NMR; chemical shifts being different between
a monomer and a dimer. However, due to the low natural
abundance and the rather weak detection sensitivity of *°Si
isotope, >°Si NMR analyses was not sufficient for a convenient
characterization of hybrid peptides, their corresponding dimers
and the study of the dimers stability. Thus, despite a narrow
spectral width and the numerous peptides resonances in the 'H
dimension, we first showed that quick "H NMR analyses allowed
us to readily quantify the relative proportions of monomers and
dimers both in D,O and DMSO-d,, and to measure the half-lives of
the dimers in different conditions. Indeed, the *H resonances of
methylene and methyl groups connected to the Si allow to
discriminate the dimeric from the monomeric peptide state.
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Fig. 1 Model compounds for NMR determination of *H, **C and 2°Si
shifts. Representative atoms of interest for the identification of both
dimer and monomer are marked in bold.

296i, *C and "H NMR chemical shifts assignment of (3-
aminopropyl)dimethylsilyl compounds as model for the
hybrid peptide characterization

First, we assigned the NMR chemical shifts of the simple model
1,3-bis(3-aminopropyl)tetramethyl disiloxane (Fig. 1) and its
monomer, which possessed the same dimerization arm as the
hybrid peptides of the study.

Compound 1a was obtained from commercially available
1,3-bis(3-aminopropyl)tetramethyl  disiloxane poured into
hydrogen chloride ether solution. On the contrary of its neutral
counterpart, 1a was soluble in water enabling the NMR analysis
in aqueous solutions. Compound 1a was solubilized either in
DMSO-d;, or D,0 and analyzed by 'H, '*C and *°Si NMR. Results
are reported in Table 1 (first column, dimer 1a). As expected,
when compound 1a was left in D,O for a prolonged time,
monomer 2a appeared upon hydrolysis. This latter was analyzed
by NMR (Table 1). Hydrochloric acid was added to dimer 1a in
DMSO-dg to force hydrolysis and subsequently identify the
chemical shifts of monomer 2a (Table 1). Since all the peptides
were purified in trifluoroacetic acid-containing solvents and
therefore recovered as trifluoroacetate salts, dimer 1b was also
prepared. It was prepared from 1,3-bis(3-aminopropyl)
tetramethyl disiloxane poured into trifluoroacetic acid ether
solution and solubilized in DMSO-d, or D,O. Partial hydrolysis
occurred with time and the mixture of monomer 2b and dimer
1b was analyzed by 'H, *>C and *°Si NMR. Chemical shifts of
monomer 2b and dimer 1b are reported in Table 1.

Analyses of monomer/dimer mixtures by *’Si NMR showed two
signals at 8.0 and 10.8 (£0.1) ppm in DMSO-d;; and 11.4 and 18.1
(£0.1) ppm in D,O that corresponded to the silicon signal involved
in siloxane Si-O-Si and hydroxysilane Si-OH bonds respectively

View Article Online
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(Fig. 2). Whatever the conditions of analysis, >’Si NMR unambig-
uously allowed the identification of hybrid monomeric and
dimeric species. The >C NMR spectra also allowed us to readily
discriminate the monomer from the dimer signals looking at the
methyl and the methylene resonances connected to the Si. *°Si and
>C NMR have the advantage to display a large spectral width and
only few %°Si and '*C signals are present in our systems. Never-
theless, due to the low natural abundance (4.7% and 1.1%,
respectively) and low NMR sensitivity of *°Si and '°C, long acqui-
sition times are required even at 0.1 M concentration. In this
context, we investigated the characterization of all derivatives
using "H NMR spectra which are far more sensitive than *Si and
>C NMR despite a narrowest spectral width and the larger number
of 'H resonances. In this context, we switched our attention to the
NMR signals of the hydrogen on carbon atoms in alpha position to
the silicon atoms (Fig. 1). Interestingly, 'H chemical shifts of
-CH,Si and CHj;Si of the monomer and dimer were localized in
a rather clear region of the "H NMR spectra of the hybrid peptides
(=0.7 ppm) (Table 1). These resonances should not overlapped
with those of the methyl groups of the Leu, Ile and Val expected
around 0.7-0.8 ppm. In addition, we showed with the model
compounds 1a-b and 2a-b that in DMSO-d; 'H NMR chemical
shifts of the monomer and dimer were clearly different whatever
the amine counter-ion, thereby hybrid dimers and monomers
could be unambiguously identified by a simple '"H NMR. In D,0,
'H NMR methy! signals of monomer and dimer as hydrochloride
salts were partially overlayed. However, the counter-ion switch
from hydrochloride to trifluoroacetate induced a splitting of
monomer and dimer signals (ESI Fig. S22t). As a consequence,
TFA salts should be preferred for a better signal separation in D,O.
In contrast to the 2°Si and the "*C resonances, the 'H chemical
shifts values of the -CH,Si (~0.7 ppm) and CH;Si (~0.2 ppm) were
rather close in both species and sensitive to the pH which could
lead to confusion between monomer and dimer during assign-
ment. When both monomer and dimer were present, signal
assignment was easy as NMR peaks always came out in the same
order: in D,O, dimer protons were typically more shielded than
monomer hydrogens. In case of any doubt about a sample con-
taining only one species, >’Si NMR analyses had to be undertaken.
In order to significantly decrease the experiment time, we used
a DEPT24 sequence instead of the typical *°Si quantitative
sequence (ESI Fig. S237).

When both monomer and dimer are present in a sample,
determination of their proportion is valuable. For that, we

Table 1 *H, *C and 2°Si NMR shifts (in ppm) of siloxane dimer 1 and monomer 2

Dimer 1a Monomer 2a Dimer 1b Monomer 2b
Solvent Nucleus -CH,Si CH,Si -CH,Si CH,Si -CH,Si CH,Si -CH,Si CH;Si
DMSO-d, 'H 0.53 0.06 0.48 0.00 0.52 0.06 0.48 0.01
e 14.6 0.2 14.5 0.0 14.5 0.1 14.4 -0.1
295 8.0 10.9 8.0 10.8
D,0O 'H 0.71 0.22 0.74 0.23 0.70 0.21 0.72 0.22
35 13.6 -1.2 12.9 -2.3 13.6 -1.2 12.9 -2.3
29gi 11.4 18.2 11.4 18.1
his jou © The Royal Sc f Chemistry 2016 RSC Adv., 2016, 6, 32905-32914 | 32909
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fFig. 2 27Si, **C and 'H NMR spectra of the dimer 1b/monomer 2b mixture recorded in DMSO-ds. Chemical shifts of relevant signals (protons,
carbons, and silicon atoms of —CH,Si and CH3Si) are reported in Table 1. Integrations suggested that the sample contained 83% of dimer 1b and

17% of monomer 2b.

used '*C and *’Si quantitative sequences which require long
acquisition times. Interestingly, the *’Si DEPT sequence was
not expected to be quantitative; however we noticed that
when applied to our hybrid systems, signal integrations re-
flected the proportion of monomer and dimer in the sample
(Fig. 2, *°Si spectra). To go further, signal integrations of 'H
spectra were compared with *’Si NMR spectra. Interestingly,
integration of NMR signals related to dimer or monomer
showed that the monomer/dimer ratio was unchanged
(Fig. 2). Thus, 'H could be used to determine the proportion
of monomer and dimer in a sample. This was particularly
advantageous for kinetic studies where high rate sampling
was required to monitor the hydrolysis of siloxane bond.
Indeed, long acquisition times provided an average ratio that
did not make sense when sample evolution was fast.
Furthermore, due to the high sensitivity of "H NMR, the
spectra always presented a higher ratio signal to noise by
comparison to those of *Si, which led to a lower detection
limit and more accurate integrations.

We showed that simple "H NMR can be routinely used to
analyze hybrid peptides and quantify hydroxydimethylsilane/
dimethylsiloxane ratio. The presence of TFA salts seemed to
be preferable in D,O for a better signal separation. However,
when possible, DMSO-d,, should be preferred as solvent since
chemical shifts in DMSO-d, were less sensitive to salts and pH,
resulting in an easier signal assignment. The analysis of hybrid
peptide ligands (4-9) used for biological assays was performed
by "H NMR in DMSO-d.

32910 | RSC Adv., 2016, 6, 32905-32914

Stability studies of the siloxane bond in different solutions by
'H NMR

The applicability of the dimerization method based on the
dimethylhydroxysilane peptides is subjected to the stability of
the siloxane bond towards hydrolysis. It is well known that acid-
or base-catalyzed polycondensation reactions are reversible and
the hydrolysis rate of siloxanes is pH-dependent. This
phenomenon was well studied in silica matrixes which quickly
dissolve in alkali aqueous solution (pH > 10)."” However, to the
best of our knowledge, no general study was reported for the
type of siloxane bonds we used in the dimerization arm. Thus,
we investigated the kinetic of hydrolysis of the 1,3-bis(3-
aminopropyljtetramethyl disiloxane in water at different pH
by 'H NMR (Fig. 3). First of all, dimer 1a was dissolved in DMSO-
d, and 'H NMR analyses were carried out regularly for one week.
No monomer was detected, which confirmed the dimer was
stable in the absence of water. This result was in agreement with
what we already observed on siloxane polymers.'* In the pres-
ence of water, dimer 1 was hydrolyzed. To study the influence of
pH on the dimer hydrolysis rate, dimer 1a was dissolved at 0.1
M in D,O at pH 4, 7, 7.4 and 10. 'H signals from the -CH,Si
group of monomer and dimer were integrated and the dimer
percent was plotted as a function of time (Fig. 3).

As expected, the closer the pH was to the neutrality, the slower
was the dimer hydrolysis. When the media is moved to acidic and
basic pH (4 and 10, respectively), the hydrolysis rate increased,
particularly in basic medium. The half-life of dimer 1a was 203
min at pH 4 and 54 min at pH 10. Most of the time, bioactive
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Fig.3 *H NMR kinetic studies. Left panel: dimer percent reported as a function of time. ¢ DMSO; Bl pH 7; ., pH7.4; ¢ pH 4; A pH 10. Full sets of
data for pH 7 and 7.4 are presented in the box. Right panel: *H NMR spectra at pH 10.

peptides are administered intravenously. As a consequence,
a good stability of hybrid peptide dimers at blood pH was
mandatory. Importantly, at pH 7.4, the half-life of dimer 1a was
439 h, with less than 10% of hydrolysis within 2 days. This stability
allows envisioning biological applications for hybrid dimers.

In order to mimic the RP-preparative HPLC experimental
conditions, the behavior of dimer 1a in more acidic conditions
(pH 2) was studied. As expected a few minutes after solubiliza-
tion of dimer 1a in D,0/0.1% TFA, only monomer was detected
(Fig. $33%). Thus, when RP-preparative HPLC is required, hybrid
compounds need to be purified as monomer species prior to
dimerization.

Synthesis of GHRP-6 analogues

Having studied the stability of the dimer 2 at physiological pH,
we decided to apply this strategy of dimerization to a relevant
bioactive sequence, We selected the growth hormone releasing
hexapeptide (GHRP-6) of sequence H-His-DTrp-Ala-Trp-DPhe-
Lys-NH,. Both binding properties and bioactivity of dimers was
assayed on intact HEK293T cells expressing the GHS-R1a. Apart

fj N
Hybrid peptide 4 ~
Dimer 5

HZN\)\N/WN\)L

N
HNJ

e

from controlling growth hormone secretion, this receptor is
involved in many physiological processes such as energy
homeostasis,'® glucose metabolism,*® gastric acid secretion®
and cardiovascular activity.® Besides, the study of this ligand/
receptor system is particularly relevant to witness an eventual
switch in the behavior of dimer analogues depending on their
structure. Indeed GHSR-1a possesses a remarkable high
constitutive activity. Indeed, ~50% of its maximal activity is
observed in the absence of its natural agonist, ghrelin (Ghr).”

We evaluated the impact of GHRP-6 dimerization in terms of
binding affinity and more importantly, in terms of bioactivity.
Indeed, we hypothesized that, depending on the position of the
bridge between monomers, the agonism behavior of GHRP-6
sequence could be impacted. To answer these questions, three
hybrid derivatives of GHRP-6 were prepared (Fig. 4).

Peptide sequences of the three hybrid derivatives of GHRP-6
were prepared on solid support by conventional Fmoc/tBu
strategy. For N-terminus dimerization, a f-alanine spacer was
added after the last amino acid and the peptidyl resin was
reacted with the 3-isocyanatopropyldimethylchlorosilane

NHZ

Hybrid peptide 6
Dimer7

Internal sequence dimerization through Lys substitution of Ala

Hybrid peptide 8, Dimer 9

Fig. 4 Peptide 3, H-His-DTrp-Ala-Trp-DPhe-Lys-NH; (GHRP-6) and potential points of dimerization.

This journal is © The Royal Society of Chemistry 2016
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(ICPDMCS) to yield the hybrid monomer 4 after cleavage and 60000 1 e Ghrelin
side-chain deprotection. In contrast, the C-terminus modifica- *__’_ ;:’::’:
tion was performed through introduction of an ethylene N _ 3 - dimer?7
diamine. For that purpose, ethane-1,2-diamine was anchored o § ok ' -+ dimer 9
on 2-chloro chlorotrityl PS resin and the sequence was elon- gg

gated to the N-terminus via conventional Fmoc/tBu SPPS. The 5 €

N-Boc, fully protected peptide was cleaved from the solid £

support by mild acidic treatment (HFIP/DCM 1/4 v/v, 30 min) to = § 20000

maintain the side chain protecting groups. The protected =

peptide was then reacted with ICPDMCS in solution, precipi-

tated in diethyl ether and treated by TFA to remove the side-

chain protecting groups to yield the hybrid peptide 6. To
conserve the N and C-termini unchanged, dimerization within
the peptide sequence was performed, which might induce
a non-negligible steric hindrance in the center of the sequence.
Alanine residue in position 3 of GHRP-6 was swapped with
a lysine, which served as anchoring point for ICPDMS. Selective
removal of Alloc protecting group on the Lys® side-chain was
performed with phenylsilane and Pd°(PPh;), on the sequence
still anchored on solid support. The g-amino group was reacted
with ICPDMCS before cleavage of the hybrid peptide from Rink
amide resin, yielding hybrid peptide 8.

In all cases, the last step of the synthesis of dimethylhy-
droxysilyl hybrid peptides was a TFA treatment, which removed
the acid sensitive protecting groups of the side chains and
cleaved the linker when the synthesis was entirely performed on
solid support (compounds 4 and 8). TFA was removed under
reduced pressure and the hybrid peptide was recovered as its
monomeric form by precipitation in diethyl ether. Hybrid
monomers 4, 6 and 8 were purified by preparative RP HPLC. We
then applied the dimerization procedure by solubilization of
the hybrid peptide monomers in aqueous solution at pH 7.4 at
high concentration (>0.2 M) as previously described for poly-
mers obtained from bis-silylated precursors.”” In most cases,
a precipitate appeared at this stage and condensation products
were recovered by centrifugation. This procedure proved to be
efficient for dimer 5, which precipitated and was recovered by
centrifugation with good yield (90%). Only dimer 5 was
observed by '*C NMR. However, a more sensitive 'H NMR
analysis indicated the presence of 3% of monomer 4. Unfortu-
nately, no precipitation occurred for dimers 7 and 9, probably
because of the presence of the free N-terminal amine, which
enhanced water solubility.

Optimization of the dimerization

We hypothesized that the condensation could also happen
during lyophilization. To verify it, a solution of the model

12 411 10 -9 -8 -7 -6 -5 -4
log [ligand] (M)

Fig. 5 Binding of dimer ligands to GHS-R1a. Ligands affinities were
determined by HTRF-based competition binding assay performed on
intact HEK293T cells as described in Materials and methods. Results
are from one representative experiment of three, each performed in
triplicate.

monomer 2a was analyzed by '"H NMR before and after freeze-
drying (ESI Fig. S34%). The percent of dimer increased from
6% to 100% upon lyophilization. As a consequence, the lyoph-
ilization constitutes an easy procedure to obtain dimers directly
from hybrid monomers species. This procedure was applied to
the synthesis of three analogues of the growth hormone
releasing hexapeptide (GHRP-6). In agreement with these
results, monomers 6 and 8 were purified by preparative HPLC to
get rid of buffer salts used during the precipitation attempts.
They were freeze-dried at a concentration of 0.1 mM approxi-
mately. After lyophilisation, dimer 7 and dimer 9 were obtained.
'"H NMR analysis revealed that 10% of monomer was still
present in both cases. However, they were used without further
processing for biological studies.

Binding property of ligands

The affinity of ligands was determined by competition binding
assay on HEK293T cells expressing the Growth Hormone
Secretagogue type 1 receptor (GHS-R1a). Competition binding
curves are reported in Fig. 5 and binding affinities are reported
in Table 2.

First of all, all dimers were able to bind to ghrelin receptor in
the 100 nM range. However, compared to GHRP-6, a 5 to 10-fold
decrease of binding was observed for compounds 5 and 7.
Internal dimerization (compound 9) induced a 15-fold loss of
affinity. N-Terminus dimerization (compound 5) had the less
impact on the binding affinity. These results could be related to
the steric hindrance of the dimeric molecule to approach GHS-

Table 2 Binding properties of dimers compared to GHRP-6 and ghrelin

N-ter dimer C-ter dimer Internal dimer Compound 3
Compound 5 JMV 6187 7 ]MV 6186 9 JMV 6185 GHRP-6 Ghrelin
K (nM) 59.7 + 21.4 173 +2 319.5 + 49.5 18.8 + 8 7.8+ 1.8

“ K; values (mean + S.E.M)s were obtained from competition binding curves analysis with GraphPad Prism v5 software.
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Fig.6 Signaling property of ligands. Efficacy of ligands to stimulate IP1
production was measured on HEK293T cells expressing the GHS-R1a
as described in Materials and methods. Results are one representative
experiment of three, each performed in triplicate.

R1a binding sites, the transmembrane region 3 of the GHS-R1a
in which peptide ligands and small molecules can bind.*
However, binding behavior cannot be associated to bioactivity
by a direct relationship. We thus investigated the biological
activity of the ligands by measuring their ability to promote
inositol phosphate (IP) production in HEK293T cells expressing
the GHS-R1a. The production of IP, reported as % of ghrelin-
induced maximal responses, are reported in Fig. 6 and
summarized in Table 3. The peptide [p-Arg’, p-Phe’, p-Trp”™”,
Leu'']-substance P (noted SPA for substance P analogue)* is
a non selective ligand of GHS-R1a, which behaves as an inverse
agonist. It was also included in the same experiments.

Table 3 Efficacy of ligands to stimulate inositol phosphate production

View Article Online

RSC Advances

Interestingly very different behaviors were obtained for the
three dimers. N-Terminal dimer 5 which was the best binder
within the dimer series, proved to be a partial agonist with an
EC;, of 20 nM. It induced 86.5 + 2.7% of the maximal effect of
the ghrelin. In contrast, the C-terminal dimer 7, which had
a three-fold lower affinity for GHS-R1a, was a full agonist with
an ECs, of 2.57 nM, close to that of GHRP-6 (1.2 nM). The most
striking result was obtained with dimer 9, which behaved as an
inverse agonist with an efficacy of 38 + 3% (Table 3). Interest-
ingly, it was reported that the peptide p-Lys*-GHRP-6 displayed
some inverse agonist activity in the sea bream® but behaved as
an antagonist in mammals.***” In the case of dimer 9, a 1-lysine
was introduced as an anchoring point of the dimethylhydrox-
ysilane moiety. Therefore, it could not be excluded that the
inverse agonist effect was not induced by dimerization but
simply by the Lys/Ala substitution, even though the stereo-
chemistry was not the same (p-Lys in the reported monomeric
inverse agonist and i-Lys in the dimer 9). Thus, to know the
significance of either the dimerization or the modification of
the linear sequence itself in inducing the inverse agonist
activity, two other compounds were prepared (Fig. 7).
Compound 10 was obtained in the same way as monomer 8
except isocyanopropyltrimethylsilane was used instead of
ICPDMCS for the formation of the urea bond. Lys*-GHRP-6
(compound 11) was also prepared. Bioactivity of 10, 11 and of
Lys® N-¢ acetylated analogue 12 was also evaluated on HEK293T
cells expressing the GHS-R1.

Interestingly none of them displayed any inverse agonist
activity and all behaved as neutral ligands (ESI Fig. S547). This
last result showed that the dimerization in itself induced
a complete switch of activity and the position of the

N-ter dimer 5 C-ter dimer 7 Internal dimer Compound 3
Compound JMV 6187 JMV 6186 9 JMV 618 SPA GHRP-6 Ghrelin
ECs" (nM) 20.4 £ 6.8 2.57 £ 0.35 160 =+ 44 272 1.18 = 0.82 0.85 & 0.29
Emax (%) 86.5 £ 2.7 97.8 £ 1.7 383 77.5 £ 7.5 99.5 = 2.2 100
Behaviour Partial agonist Full agonist Inverse agonist Inverse agonist Full agonist Full agonist

“ ECs; and E,,,, were obtained from dose-response curve analysis with GraphPad Prism v5 software. For agonist compounds, E,,,, is expressed as
the % of maximal ghrelin. For inverse agonists, E,,, is expressed as the maximal basal inhibition (100% inhibition corresponding to the basal of
mock-transfected HEK293T cells). Values are mean + S.E.M of three independent experiments.
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Fig. 7 Peptides 10, 11 and 12 monomeric analogues of dimer 9.
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dimerization within the active sequence is accordingly of great
impact. Further pharmacological studies will be performed to
investigate the structure-activity relationships of GHRP-6
analogues.

Conclusions

In this paper, we demonstrated that formation of siloxane
bound could be a simple and useful tool to yield homodimers of
peptide ligands. Formation of siloxane bonds starting from
hydroxydimethylsilane could be easily monitored by NMR
spectroscopy, especially by measuring the proton signals of the
methyl groups linked to silicon atoms. This study clearly
demonstrated that the bond was relatively stable at neutral pH
but was hydrolyzed in basic or acidic conditions. Noteworthy,
the position of dimerization and thus, the orientation of the
bioactive sequence could be controlled by introduction of
a hydroxydimethylsilane moiety either at the N-terminus, C-
terminus or within the sequence via the side chain of a lysine.
Using GHRP-6 as an example, we demonstrated that the posi-
tion of the dimerization could be crucial for modulating
bioactivity, dimers being agonists, inverse agonists or partial
agonists.
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Chapter Ill. PEG-based bioactive hybrid hydrogels

After the preliminary study of hybrid silylated peptides and siloxane bonds described in the
last chapter, we sought to prepare bio-functionalized hydrogels thanks to the sol-gel process.
Thus, we synthesized hybrid silylated PEG and hybrid silylated bioactive peptides and, based
on these hybrid blocks, we developed a modular method for the one-pot synthesis of covalent
bioactive hybrid hydrogels.

l1l.1. Selection of the hydrogel precursors

Polyethylene glycol (PEG) has been widely used for various biomedical applications ranging
from tissue engineering and drug delivery to diagnostics and drug development. 77:32%:330 For
instance, the addition of one or several PEG chains to a bioactive compound (i. e. ‘pegylation’)
is used to improve its solubility and its pharmacokinetic profile.33%332 PEG is a synthetic
polymer with HO(CH,CH,0).H as general formula. It is prepared by the polymerization of
ethylene oxide.333 A wide range of PEG units are commercially available: linear or branched
PEG with low to very high molecular weights (from a few ethylene glycol monomers to several
millions Da) and with different functional terminal groups. PEG is soluble both in water and in
a wide range of organic solvents. The end-primary alcohol functions of PEG are easy to modify
since the backbone of the polymer does not display any other reactive moiety. In addition,
PEG is non-toxic and non-immunogenic, it has been approved by the US Food and Drug
Administration (FDA) for many applications. Almost all the cross-linking strategies reported in
the first chapter have been applied to the preparation of PEG-based hydrogels.”® These
hydrogels are valuable thanks to their good biocompatibility, their high capability to retain
water and their tissue-like elastic properties. They are considered as ‘bio-inert’ that is to say
that they behave as passive environment for the cells.?

For all these reasons and as many other researchers, we selected polyethylene glycol as
building blocks for the design of hybrid hydrogels. We decided to functionalize PEG with
triethoxysilane groups which can be hydrolyzed and polycondensed to establish three siloxane
bonds. These three bonds can link a single pair of silicon atoms, thus lengthening the
polymeric chain in one dimension (Figure 52, pathway A) or, more likely, they can link a silicon
atom to two or three other molecules, thus creating a cross-link node (Figure 52, pathway B).
In that case, triethoxysilane groups allow the growing of a three-dimensional network, starting
from linear bifunctional triethoxysilyl PEG.
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Figure 52. Polycondensation of hybrid triethoxysilyl PEG

l1.2. Preparation of the hybrid precursors

PEGs are considered as monodisperse polymers, they are a mixture of molecules with a very
narrow distribution of molecular weights. The number indicated in PEG names refers to their
average molecular weights. For instance, PEG 2000 designates a PEG unit with an average
molecular weight of 2000 daltons. The silica/organic ratio in hybrid triethoxysilyl PEG is
directly related to the number of cross-links that can be formed in a hybrid hydrogel. Low
molecular weight PEGs are expected to yield highly cross-linked networks and stiff hydrogels,
while high molecular weight PEGs should lead to soft hydrogels after a prolonged gelation
time. As a compromise between gel time and mechanical properties, we selected PEG with an
average molecular weight of a few kilodaltons.

Hybrid PEG building blocks were prepared by reacting the hydroxyle extremities of PEG with
3-isocyanatopropyltriethoxysilane resulting in a carbamate linkage (Figure 53). Carbamates
exhibit a higher hydrolytic stability than esters but are still susceptible to cleavage by
esterases.334 It is worth noting that hydroxyle groups are less nucleophilic than amine groups.
Thus, the reaction between PEG and ICPTES requires tougher conditions than the introduction
of silyl groups on peptide amines which was described in the previous chapter. The reaction
proceeds to completion by heating THF at reflux for 48 h, in the presence of triethylamine.33°
Then the reaction mixture is concentrated under reduced pressure. The hybrid PEG is washed
three times in hexane to eliminate the excess of ICPTES and the traces of triethylamine. After
removal of residual hexane, the hybrid PEG can be stored under argon at 4°C for several
months. A dry storage is important to avoid the hydrolysis of triethoxysilyl groups and their

premature polycondensation. Indeed, moisture can significantly reduce the hybrid PEG
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utilization to several weeks, after which the precursor cannot be fully solubilized in aqueous
solutions anymore, witnessing a premature polymerization.
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Figure 53. Preparation of hybrid silylated polyethylene glycol

We applied this protocol to the preparation of linear and branched PEG units (Figure 54).
Equivalents of reagents were adjusted proportionally to the number of reactive hydroxyle
extremities. Hybrid PEGs were characterized by *H, 3C and 2°Si NMR in CDCls.
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Figure 54. Prepared hybrid silylated PEGs

I11.3. Development of the sol-gel gelation process

111.3.1. Gelation conditions: pH, temperature and catalyst

With these hybrid PEG-based building blocks in hand, we focused on a gelation process at
physiological pH. Therefore, we chose a phosphate buffer at pH 7.2 as solvent: Dulbecco’s
Phosphate-Buffered Saline (DPBS, Gibco 14190) containing NaCl (138 mM), Na;HPO4 (8.06
mM), KCI (2.67 mM) and KH,PO4(1.47 mM). Hybrid PEG 2000 was first selected as a model to
study and optimize the gelation process. A 10 wt% (mass/volume, 40 mM) solution of hybrid
PEG 2000 in DPBS could turn into a solid-like hydrogel at room temperature but it required
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nearly a week. In order to decrease the gelation time, the temperature was increased to 37°C,
the highest temperature compatible with living cells.

Nucleophile catalysts, in particular proline, glycine and fluorides were investigated. The
catalyst was added to DPBS and the hybrid PEG 2000 was simply dissolved in this solution. The
dissolution of the hybrid PEG occurred spontaneously but could be accelerated by trituration,
stirring or sonication. Gelation times were determined using the ‘tilting method’, i. e. gelation
was observed when the sample could not flow anymore upon inversion of the vial. Sodium
fluoride (NaF) afforded the fastest gelation times and was retained to catalyze the sol-gel
process (Figure 55). However, exposition to high fluoride doses has been shown to results in
adverse cell effects,3%338 and we envisioned that careful optimization of the fluoride
concentration would have to be performed before using hybrid PEG hydrogels in biological
assays.

. H )
(EtO)SSI\/\/NjHO\/%]O N/\/\Si(OEt)3
(e} H -
NaF, DPBS, 37°C

= (BORSK__—~_ o~ -SiOEy

Figure 55. Formation of PEG-based hydrogels via the sol-gel process

111.3.2. NMR studies

The evolution of the sol-gel process was monitored by liquid *H NMR. The hybrid PEG 2000
was dissolved in a DPBS/D,0 90/10 mixture at a 10 wt% concentration in the presence of
sodium fluoride (3 mg/ mL, 71 mM, 0.9 eq. F7/Si). The hybrid solution was immediately
introduced in an NMR tube and spectra were recorded at 37°C (Figure 57). The hydrolysis of
ethoxysilyl groups (Figure 56) was monitored by quantification of the released amount of
ethanol (Figure 58). Based on the integration of the CHs signal of EtOH, it appeared that two
thirds of the ethoxysilane groups were hydrolyzed after 1 h. The hydrolysis reached a plateau
after 2 h. The disappearance of the signal attributed to -Si(OCH2CHs); also confirmed these
results. A regular decrease of the overall signal of the hybrid PEG was observed and resulted
from the decrease in the concentration of free hybrid PEG molecules in solution upon
condensation. The solution turned into a gel after 2 h. It is worth noting that gelation limits
the movement of polymer chains thus preventing the completion of the condensation
reaction. Therefore, at the end of the process, some hybrid PEG molecules are expected to
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display free Si-OH functions but all of them are supposed to be covalently linked within the
network.
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Figure 56. Hydrolysis of hybrid triethoxysilyl PEG
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Figure 57. 'H NMR spectra of the hybrid PEG 2000 at a 10 wt% concentration in DPBS containing 0.3 wt% of
NaF
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Figure 58. Integration of *H NMR signals of the CHs group of ethanol

23Si NMR can provide information relative to the degree of condensation in the hydrogels.
Indeed, silicon atoms exhibit 2°Si NMR signals with different chemical shifts depending on the
number of siloxane bonds they are involved in (Figure 59).3%° Liquid-state 2°Si NMR was not
appropriate for our study due to the disappearance of free hybrid PEG in solution upon
condensation. As a consequence, we turned to solid-state 2°Si NMR. A 10 wt% solution of
hybrid PEG 2000 in DBPS with sodium fluoride (25 mg/mL, for a fast gelation) was prepared.
The gelation time of this hybrid solution at 37°C was found to be 35 min. Samples of this
hydrogel were lyophilized immediately after gelation, two days and four days after gelation.
Solid-state 2°Si NMR spectra of the residues were recorded (Figure 60). T2 and T3 silicon species
were observed, resulting from condensation. 2°Si quantitative sequences required very long
acquisition times and therefore could not be used. Moreover, we showed previously that
condensation can occur during lyophilization.34° Nevertheless, as all the samples underwent
the same treatment, we can say that the proportion of T3 species increases with time,
suggesting that the hydrogel is evolving towards a highly condensed network.

] 1]
[ [

OR osi~ osi-”, osi-”,
wCH,—Si-OR wCH,—Si-OR wCH,;—Si-0Si: - W‘CHZ—Si\—O.Si;\- R =H or Et
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TO T T2 T3 VY
810 = -45 ppm d14 = -50 ppm S1o = -59 ppm O13 =~ -67 ppm

Figure 59. Nomenclature used to designate silicon atoms in hybrid structures and %°Si NMR chemical shifts
associated
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Figure 60. 2°Si NMR spectra of 10 wt% hybrid PEG 2000 hydrogels lyophilized after 0, 2 or 4 days.

25Si NMR does not show whether the three siloxane bonds of T3 species are established
between only two hybrid PEG molecules or link four different hybrid PEG molecules (Figure
61). To elucidate this point, a bis(hydroxydimethylsilyl) hybrid PEG 2000 was prepared.
Hydrogels could not be obtained from this hybrid block (Figure 62, B). This result suggests that
a three-dimensional cross-linkage is required to yield a hydrogel (Figure 62, A) and that some
T3 silicon atoms link more than two PEG molecules in the network.
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Figure 61. Possible structures for T silicon species
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111.3.1. Rheology study

The gelation process was also monitored by rheology. The viscoelastic behavior of a system
can be characterized by the storage (G’) and loss (G”) moduli. These moduli respectively
guantify the solid-like and fluid-like contributions to the measured response when a sinusoidal
shear deformation is applied to the system. Rheology can provide gel time values that are
more accurate than the one determined by the tilting method. Oscillatory shear
measurements were performed on a 10 wt% hybrid PEG 2000 solution in DPBS (Gibco 14040
with calcium and magnesium) in the presence of sodium fluoride (3 mg/mL). Experiments
were carried out at 37°C using an AR 2000 rheometer (TA Instruments, Inc) with a 20 mm
diameter parallel geometry (Figure 63). The hybrid solution was deposited on the Peltier plate
and the gap was set at 500 um. The dependence of G’ and G” moduli was measured as a
function of time with a 1% strain and at 1 Hz frequency (Figure 64).
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Figure 64. G’ (in blue) and G”’ (in green) moduli measured on a 10 wt% hybrid PEG 2000 solution in DPBS with
sodium fluoride (3 mg/mL) at 37°C (1% strain, 1 Hz)

Initially, G” was greater than G’ which indicated a fluid-like behavior of the sample. During the
experiment, G’ increased quickly due to the formation of siloxane cross-links while G”
increased negligibly. Thus a crossover of G’ and G” was observed at 84 min corresponding to

the gel point. Then, the sample presented solid-like properties.
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111.4. Selection of a hydrogel

After the general studies of the gelation process, we compared the five different hybrid PEG
blocks prepared (Figure 54) in order to choose one of them for further experiments (Table 2).
First of all, the hydrogel formation was assayed. All hybrid PEG units were soluble in DPBS
except the 3-arm PEG 1000. This latter formed a second oily phase in DPBS and could not lead
to the formation of a homogeneous hydrogel. The other hybrid PEG units (hybrid PEG 1000,
2000, 6000 and 4-arm PEG 10000) were dissolved in DPBS at a 10 wt% concentration in the
presence of sodium fluoride (25 mg/ mL). All these hybrid solutions could turn into hydrogels
within 1 h at 37°C except the hybrid PEG 6000 solution that yielded a viscous liquid after 24 h
(Figure 65). This can be explained by a decrease in cross-links due to a lower silica/organic

ratio.

Table 2. Selection of the best hybrid PEG candidate for the preparation of hydrogels with good stability and
mechanical properties

Hybrid silylated unit  Dissolution Hydrogel Stability® Mechanical
in DPBS? formation® properties?

\ 4 \ 4 4 O/
\ 4 \ 4 4 \ 4
Hybrid PEG 6000 V) Q n. a. n. a
Hybrid 3-arm PEG 1000 O O n.a n.a

? # a. .a.

Hybrid 4-arm PEG O
n. d.
10000 4 4 ”

2 Assay of solubilisation of the hybrid unit in DPBS at a 10 wt% concentration.

b Capacity of a 10 wt% hybrid PEG solution in DPBS with NaF (25 mg/mL) to form a hydrogel within 1 h.
¢ Stability of the hydrogel in DPBS at 37°C.

4Mechanical properties assessed by rheological measurements. High elasticity was sought.

Hybrid PEG 1000

Hybrid PEG 2000

n.a.: non applicable; n. d.: non determined
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Figure 65. 10 wt% hybrid PEG solutions in DPBS after 24 h at 37°C. Top: hybrid PEG 2000; bottom: hybrid PEG 6000.

We carried out some comparative degradation studies on hybrid PEG 1000, 2000 and hybrid
4-arm PEG 10000 hydrogels. These degradation experiments are not described in detail but
we used an indirect evaluation based on the release of a hybrid fluorophore witnessing the
degradation of the network. These experiments are related to fluorescein release experiments
described in publication n°2 (“Easy synthesis of tunable hybrid bioactive hydrogels”). After
gelation, hydrogels were unmolded and placed in DPBS at 37°C. We observed that the hybrid
4-arm PEG 10000 hydrogels were the first one to dissolve in the buffer. Thus, we selected
linear hybrid PEGs 1000 and 2000 for a better hydrolytic stability.

It is noteworthy that hybrid PEG 1000 was obtained as a paste with a melting point close to
room temperature whereas hybrid PEG 2000 is a solid. Therefore, hybrid PEG 1000 was less
easy to handle than hybrid PEG 2000. We decided to compare the mechanical properties of
hybrid PEG 1000 and 2000 hydrogels. Cylindrical hydrogels were prepared at 37°C from a 10
wt% hybrid PEG 1000 or 2000 solution in DPBS with sodium fluoride (25 mg/mL). These
hydrogels were unmolded after 24 h at 37°C. Oscillatory shear measurements were performed
at 37°C using an AR 2000 rheometer with a 20 mm diameter parallel geometry (1 N normal
force). Storage (G’) and loss (G") moduli were recorded as a function of frequency within the
linear viscoelastic regime at 0,1% strain. Both samples presented solid-like properties with G’
higher than G”. The storage modulus values were compared to evaluate the hydrogel
elasticity. Surprisingly, G’ value of hybrid PEG 1000 gel (7973 Pa) was lower than that of hybrid
PEG 2000 (10630 Pa). An increase in the PEG chain length should induce a higher mesh size
and reduce the number of cross-links. Therefore, we could suspect a reduction of G’ for hybrid
PEG 2000 gel. In our case, observed evolution can be explained by the higher crystallinity of
PEG 2000 which could results in a self-assembly of PEG units in the gel.3*! The presence of
crystalline regions in the gels could be evidenced by differential scanning calorimetry
experiments.

Since hybrid PEG 2000 was easier to handle that hybrid PEG 1000 and yielded more elastic
hydrogels, hybrid PEG 2000 hydrogels were retained for further experiments.
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111.5. Hybrid PEG 2000 hydrogels

Based on these results, we focused our attention on hybrid PEG 2000 hydrogels. We studied
their mechanical properties, examined their structure by scanning electron microscopy and
assessed their cytotoxicity in order to validate a hydrogel composition that would be suitable
for further investigations.

I11.5.1. Mechanical properties

The effect of hybrid PEG concentration on mechanical properties of the gels was studied by
rheology and is described in the following publication. The increase in PEG/water ratio
conferred higher values to the viscoelastic parameters. On the other hand, high water content
is preferable for cell culture. Therefore, 10 wt% hybrid PEG 2000 hydrogels were selected as
a good compromise between mechanical properties and assumed cell culture properties. We
also observed that G’ values of the hydrogels increased in a minor contribution with higher
NaF concentration.

111.5.2. Microscopic images

The morphology of 10 wt% hybrid PEG 2000 hydrogels was examined by scanning electron
microscopy (SEM). Environmental SEM was chosen in the first place to observe the hydrogel
in its wet state. Unfortunately, the resolution was not high enough to distinguish between the
hybrid network and the aqueous environment. Consequently, the samples were freeze-dried
and coated with a gold layer. SEM images show a featureless homogeneous and dense matrix
whether for broad and magnified top views. However, it is worth noting that the freeze-drying
process may have denatured the hydrogel. No porosity could be observed.
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Figure 66. SEM images of 10 wt% hybrid PEG 2000 hydrogel. Left: environmental SEM; right: SEM after
freeze-drying and coating

111.5.3. Cytotoxicity assays

Cytotoxicity of 10 wt% hybrid PEG 2000 hydrogels in DPBS containing 0.3 wt% or 2.5 wt% of
sodium fluoride was assessed on L929 mouse fibroblasts. This experiment is described in the
following publication. Gels containing 2.5 wt% of sodium fluoride were toxic to the cells while
a good cell viability was observed with 0.3 wt% of sodium fluoride. As a consequence, 10 wt%
hybrid PEG 2000 hydrogels in DPBS containing 0.3 wt% of sodium fluoride were used for
further studies. Noteworthy, they exhibited a gel time of 2 h at 37°C.

I11.6. PEG-based bioactive hybrid hydrogels

Hybrid PEG 2000 was able to form a bio-inert network intended to be used as the skeleton of
the hydrogel. The second step was to covalently functionalize the hydrogel to give it
interesting properties.

While capture and release of active substances within the gel matrix can be achieved quite
easily, covalent attachment of molecules of interest to the scaffold is much more challenging
and offers attractive features. Several groups have already modified PEG hydrogels to afford
them bioactivity.>? Among the molecules of biological interest used to functionalize hydrogels,
peptides are the most common as they are easy to synthesize and can exhibit a high biological
activity. The Arg-Gly-Asp sequence (RGD) found in fibronectin has been identified more than
30 years ago as a minimal cell adhesion peptide sequence.3*? Since then, it has been by far the
most often used peptide sequence to promote cell adhesion on/in materials.3* Different
strategies have been investigated to attach RGD peptides to the hydrogel scaffold. Two main
methods arise. In the first method, RGD-PEG conjugates are obtained through a Michael type
addition: a thiol containing RGD peptide is reacted with a Michael acceptor-modified PEG
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unit.*>126 |n the second method, the N-terminal amine of RGD peptide reacts with a N-
hydroxysuccinimide-containing PEG.333>8! |n both cases, RGD-PEG conjugates are prepared
before the hydrogel synthesis to ensure a homogeneous repartition of the peptide in the
hydrogel and avoid the presence of unreacted free peptides that could lead to undesired
biological responses. When a combination of active peptides is desired, each peptide-PEG
conjugate has to be prepared prior to gelation. In contrast with these examples, we proposed
to use a single chemistry, the sol-gel process, to build up the hydrogel network and covalently
functionalize it one pot with bioactive peptides.

In the following article, we demonstrated the one-pot covalent incorporation of molecules
within the gel using hybrid silylated fluorescein derivatives. Then, two hybrid silylated
peptides were synthesized, a RGD peptide and an antibacterial peptide. Cell adhesion or
antibacterial properties were given to hybrid PEG-based hydrogels by incorporation of these
active hybrid peptides (Figure 67).

Hybrid PEG

pH =74, 37°C
+ o
Hybrid bioactive

peptide

Figure 67. Preparation of covalent hybrid bioactive hydrogels thanks to the sol-gel process
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ydrogels play a central role in the field of biomedical

materials. Indeed, their high water content makes them
the ideal candidates as extracellular matrix substitutes. They are
of high interest for biomedical applications such as
reconstructive surgery and tissue engineering'~* but also drug
delivery.5 One of the main challenges is to synthesize scaffolds
where cells will be able to proliferate, differentiate and behave
like in their natural environment. This can be achieved by
introduction of bioactive molecules like growth factors but also
shorter peptide ligands that can promote, for example, the cell
adhesion and mobility into the artificial matrix.”® In the later
case, immobilization of the suitable ligand on the material offers
attractive features. While noncovalent entrapment of such
active substances within a gel matrix can be achieved quite
easily, covalent attachment of peptides of biological interest to
the scaffold often requires UV activation” or functionalization
of precursors with different chemical groups to ensure
selectivity,'”'" In this context, we propose a modular strategy
based on alkoxysilane hybrid biomelecules that can be engaged
in a sol—gel process to yield covalently bound functional hybrid
hydrogels. Few hybrid alkoxysilane polymers were already used
to obtain biomaterials'” or modified silica hydrogels'® but their
further functionalization with bioactive peptides has never been
reported. In our case, synthesis of the hydrogel covalently
functionalized with active peptides proceeds in a single step, in
biocompatible conditions and do not require any bioconjuga-
tion chemistry, chemical reagent or solvents (Figure 1).

We chose polyethylene glycol (PEG) as the basic building
block for this study because of its nontoxicity and its high
hydrophilicity. Indeed, PEG-based hydrogels already demon-
strated promising results as biocompatible materials.'*™7
Finally, we proved that the resulting hybrid silylated functional

Hybrid PEG phosphate
buffer pH =7.4
NaF (cat), 37°C
+ - .
20008
Hybrid bioactive
peptide

Figure 1. One pot preparation of hybrid functional silylated PEG-
based hydrogels containing covalently bound bioactive peptides.

v ACS Pub“cations © 2016 American Chemical Society
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hydrogels exhibited biological properties depending on the
nature of the covalently bound bioactive peptide, promoting
cell adhesion or displaying antibacterial properties (Scheme 1,
hybrid peptides 2 and 3 respectively).

Before preparing functional gels containing peptides, we
optimized the preparation of the gel matrix itself. First, the
bifunctional PEG hybrid unit 1 was synthesized by reacting
polyethylene glycol (MW = 2000 Da) with 3-isocyanatopropyl-
triethoxysilane (Scheme 1)."® Then, the hybrid silylated PEG
block was engaged in sol—gel process, consisting in hydrolysis
of ethoxysilyl groups into silanols and their condensation to
form siloxane bonds." This process was carried out at 37 °C, in
pH 7.4 phosphate buffer (DPBS). These conditions were
chosen to eventually allow injection and in vivo gelation.”
Sodium fluoride was used as a nucleophile catalyst to accelerate
the condensation reactions.”' Different concentrations of
hybrid PEG and sodium fluoride were assayed, greatly
influencing the gelation time (Table 1).

The effect of water/PEG ratio and NaF concentration on
mechanical properties of hydrogels was also studied. Oscillatory
shear measurements of the hydrogel viscoelastic response were
performed using an AR 2000 rheometer (TA Instruments, Inc.)
with 2 20 mm diameter parallel geometry (1 N normal force).
The dependence of the storage (G') and loss (G") moduli was
measured as a function of the oscillation frequency (f) at
different PEG and NaF concentrations at 37 °C within the
linear viscoelastic regime (0.1% strain, from 0.01 to 10 Hz).
Moduli values at 1 Hz frequency for 24 h old hydrogels are
presented in Table 1. It was observed that all the samples
present solid-like properties with G’ higher than G". The
storage modulus value was used as a measurement of the
hydrogel elasticity. The loss modulus increased negligibly for all
hydrogels. Storage moduli remained constant over 1 week and
were ranging from 2500 to 55 000 Pa, covering an important
range of physiologically tunable stiffness. The increase in PEG
concentration involved the formation of a strong network that
confers higher values to the viscoelastic parameters. One can
also notice that G’ values increased in a minor contribution
with higher NaF concentration. Thus, depending on the aimed
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Scheme 1. Synthesis of Hybrid Bis-silylated PEG 1 and Hybrid Silylated Peptides 2 and 3
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Table 1. Gelation Time of Hybrid PEG Solutions in DPBS at
37 °C and Viscoelastic Moduli of Resulting Hydrogels

gel composition

gelation time

hybrid PEG (wt %) NaF (wt %) (min) G’ (Pa) G"(Pa)

20 5.0 10 nd. nd.
20 2.5 15 55 160 131
10 5.0 20 12 370 140
10 2.5 33 10 630 37

10 0.3 120 6088 -33
5 5.0 50 n.d. n.d.
5 2.5 220 2518 14

application, the stiffness of these hybrid hydrogels can be easily
modulated by varying hybrid bis-silylated PEG 1 and/or NaF
concentrations.

The influence of PEG molecular weights on hydrogel
mechanical properties was also studied, and the results are
presented in the Supporting Information.

Ten wt % hybrid hydrogels were examined by scanning
electron microscopy (SEM) (Supporting Information). Images
show a featureless homogeneous and dense matrix whether for
broad and magnificated top views.

Cytotoxicity assays were conducted on 10 wt % hybrid
hydrogels containing respectively 0.3 or 2.5 wt % of NaF. L929
mouse fibroblasts were chosen for the tests as recommended by
ISO specifications and especially for the evaluation of medical
device cytotoxicity.22 Cells were seeded on tissue culture
treated polystyrene. After 24 h of proliferation, they were
incubated with the hydrogels for 24 h. Cell viability was
measured with a LDH based cytotoxici? assay monitoring the
apparition of a red formazan product. 3 Poly(p,t-lactic acid)
was used as a positive control as it is a well-known
biocompatible polymer currently used for pharmaceutical and
medical device applications. As expected, gels containing the
higher concentration of NaF were toxic. However, over 80% of
cell viability was observed with 3 mg/mL NaF concentration;
this latter result is similar to cell viability observed with PLA
control, meaning we obtained a noncytotoxic gel (Figure 2,
left).”> These results were confirmed by microscopic

observations and showed spindle-shaped and healthy cells
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Figure 2. Left: cytotoxicity assays on L1929 Fibroblasts. TC-PS, cell
viability on TC-PS without gel; cell lysis, complete lysis; PLA-50
control, cells in the presence of poly(p,i-lactic acid); hybrid gels, 10 wt
% hybrid PEG gels containing respectively 2.5 or 0.3 wt % of NaF;
---cytotoxicity limit. Right: 1929 fibroblasts under hybrid gel
containing 0.3 wt % NaF after 24 h of incubation at 37 °C.

(Figure 2, right). Hence, 10 wt % hybrid PEG gels with 0.3 wt
% NaF were selected as biocompatible scaffolds featuring good
mechanical properties for further studies. Noteworthy, NaF
could be used at a higher concentration and removed by gel
washings.

At this stage, we wanted to demonstrate the covalent
incorporation of a biomolecule within the gel and the absence
of leaking as a function of time. To that purpose, fluorescein
derivatives were chosen as models for the ease of release
monitoring and they were prepared from fluorescein
isothiocyanate (FITC) (Supporting Information). Two types
of fluorescein derivatives yielding covalent bonds were tested
(triethoxysilane derivative 4 and dimethylhydroxysilane de-
rivative 5) as well as the nonsilylated derivative 6 (Figure 3).
Each fluorescein derivative was dissolved in 10 wt % hybrid
PEG solution at a concentration of 4.3 mol % regarding hybrid
PEG concentration (1.7 mM). Sodium fluoride was added and
solutions were homogenized.

DOI: 10.1021/acs.chemmater.5b04881
Chem. Mater. 2016, 28, 1261-1265
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Figure 3. Fluorescein release from hybrid gels. ® Nonsilylated
fluorescein 6; A dimethylhydroxysilyl fluorescein 5; M triethoxysilyl
fluorescein 4.

Fluorescent hybrid gels were obtained at 37 °C in 30 min
(See the video in the Supporting Information). The different
gels were placed in phosphate buffer (10 mL) and fluorescein
release was monitored by HPLC. In the case of noncovalent
entrapment of 6, a complete release was observed within 72 h.
As expected, the release of fluorescein in covalent gels reached a
plateau after 72 h, indicating the stability of the hybrid covalent
linkages. A maximum of 9% and 20% release was observed for
the triethoxysilyl derivative 4 and for the dimethylchlorosilyl
derivative S, respectively (Figure 3). This release could be
attributed to hybrid molecules noncovalently entrapped that
did not react to form the network during gelation process. This
is consistent with the fact that triethoxysilyl derivative 4 should
be more reactive in the condensation reaction than
dimethylhydroxysilane 5.*

Having demonstrated that covalent introduction of an
organic moiety within the hybrid gel was possible, two hybrid
bioactive peptides (Scheme 1) were prepared to yield
functional hybrid PEG gels. The hybrid peptide 2 containing
RGD sequence was selected to promote cell adhesion.”**® On
the other hand, the cationic hybrid peptide 3 was chosen for its
antibacterial effects. Indeed, a triethoxysilyl analogue of 3 was
already used to prepare antibacterial glass surfaces.”” The
utilization of 3-isocyanatopropylchlorodimethylsilane
(ICPCDMS) instead of 3-isocyanatopropyltriethoxysilane to
obtain hybrid silylated peptides facilitates the removal of acid
sensitive protecting groups such as the 2,2,4,6,7-pentamethyl-
dihydrobenzofuran-5-sulfonyl (Pbf), which protects the argi-
nine side-chains of 3. ICPCDMS was already used to prepare
silicone-based peptide polymers.™*

The unprotected peptide H-GRGDSP-OH was first prepared
by Fmoc/tBu solid phase peptide synthesis and functionalized
with a triethoxysilyl group using ICPTES to yield 2 (Scheme
1). A 10 wt % solution of the hybrid PEG 1 containing 0.3 wt %
of NaF was prepared and the hybrid block 2 was added to this
solution at a concentration of 10 mol % or 20 mol % regarding
hybrid block 1 (ie., at 4.0 mM or 8.0 mM). Hybrid solutions
were placed at 37 °C overnight, to yield PEG/RGD silylated
hybrid gels.

1,929 fibroblasts were seeded onto the surface of PEG/RGD
hybrid hydrogels and on a nonfunctionalized hybrid PEG
hydrogel. Adherent cells were quantified with PrestoBlue cell
viability reagent after 30 min, 1 and 2 h (Figure 4), As expected,
hybrid PEG gel prevented cell adhesion. In contrast, cell
adhesion was very efficient on 20 mol % hybrid PEG/RGD
hydrogels and provided even better results after 30 min than
polystyrene treated for tissue culture (TC-PS) for a similary
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Figure 4. Cell adhesion on hybrid PEG gels. White, fluorescence of
the medium without cells; light gray, cells on 10 wt % hybrid PEG gel;
medium gray, cells on 10 wt % hybrid PEG gel containing 10 mol % of
hybrid RGD peptide; dark gray, cells on 10 wt % hybrid PEG gel
containing 20 mol % of hybrid RGD peptide; black, cells on TC-PS.
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surface area. Noteworthy, cell adhesion values increased
proportionally with the amount of hybrid RGD peptide in
hydrogels.

Similarly, hydrogels with antibacterial properties were
prepared using the hybrid peptide 3. H-Ahx-Arg(Pbf)-Arg-
(Pbf)-Rink amide resin was functionalized on the N-terminal
by a dimethylhydroxysilyl group before cleavage from the resin
and deprotection of side chains (Scheme 1). The resulting
hybrid peptide was added to gel solutions in the conditions
previously described for hybrid RGD 2. Another cationic hybrid
peptide 7, (EtQ),Si-(CH,);-NHCO-LeuLeuLeuArgArgNH,
was prepared as a control. This cationic peptide is similar to
3 in terms of charge, size and lipophilicity but exhibited poor
antibacterial activity in solution. It was chosen to demonstrate
that the bioresponse is specific and peptide-dependent.
Antibacterial activity of hydrogels was evaluated against
Escherichia coli and Staphylococcus aureus. These infectious
agents display different bacterial cell structures and different
mechanisms of antimicrobial resistance. They are major
pathogens particularly involved in healthcare associated
infections. Hydrogel surfaces were inoculated with a bacteria
suspension (10° CFU/mL) and covered with tryptic soy agar
(TSA) culture medium. After 24 h at 37 °C, bacterial colonies
growing on hydrogels containing 0, 7.5, or 15 mol % of hybrid
peptide 3 or 7 were counted and compared to a bacterial
growth control performed on agar culture medium instead of
hydrogel (Figure 5). In the absence of peptides, hybrid PEG
hydrogels did not inhibit E. coli and S. aureus growth. As
expected, the hybrid peptide 7 showed a poor antibacterial
activity. However, 15 mol % of the antibacterial peptide 3
induced a complete inhibition of S. aureus growth and reduced
E. coli growth by 80%. Thus, a specific antibacterial effect was
provided by the hybrid peptide 3.

Herein, we presented an easy and original method to prepare
PEG-based hydrogels by the sol—gel process at physiological
temperature and pH. We demonstrated through two examples
that bioactive peptides can be covalently incorporated into
these gels and can confer their biological properties to the gels.
Materials described above could find applications in tissue
engineering or in controlling postsurgical adhesions. Finally,
this one-pot method to prepare biocompatible and bioactive
hydrogels is highly adaptable. Indeed, gel properties can be

DO 10.1021/acs.chemmater.5b04881
Chem. Mater. 2016, 28, 1261-1265
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Figure 5. Bacteria survival rate on hybrid gels. Black, agar; white, 10 wt
% hybrid PEG gel; light gray, 10 wt % hybrid PEG gel containing 7.5
mol % of hybrid peptide 7; dark gray, 10 wt % hybrid PEG gel
containing 15 mol % of hybrid peptide 7, white with black dots, 10 wt
% hybrid PEG gel containing 7.5 mol % of hybrid antibacterial peptide
3, black with white dots, 10 wt % hybrid PEG gel containing 15 mol %
of hybrid antibacterial peptide 3.

finely tuned by mixing different building blocks to address a
specific need for healthcare.
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Chapter IV.
Collagen-inspired

peptide hydrogel

Publication 3 — Sol-gel synthesis of
collagen-inspired peptide hydrogel

Echalier C. et al., submitted, under consideration.

My contribution to this paper: | performed the synthesis of the hybrid collagen-inspired
peptide on a small scale, | prepared the hydrogels, | carried out the rheological measurements
with the help of Héléne Van Den Berghe, | prepared the samples for microscopy, | performed
cell adhesion, proliferation and encapsulation assays. | participated in the writing of the paper.
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Chapter IV. Collagen-inspired peptide hydrogel

In the previous chapter, we presented a method for the one-pot preparation of functional
PEG-based hydrogels. As already mentioned, PEG is a bio-inert polymer and PEG-based
hydrogels have to be functionalized to afford an environment conducive to cell adhesion and
proliferation. With tissue engineering applications in mind, we wanted to substitute PEG by a
synthetic hydrogel precursor having inherent cell-friendly properties. We took inspiration
from natural collagen.

IV.1. Natural collagen

IV.1.1. Structure and function

Collagen is the most abundant protein in the human body.3* It is a major component of the
extracellular matrix. Collagen fibers form a three-dimensional network that provides tensile
strength to the surrounding tissue. Different types of collagen have been identified and all of
them share a common structure. Collagen is made of polypeptide chains whose sequence is
composed of X-Y-Gly repetitive triplets. Exceptions to these repeat are very rare.3** X and Y
can be any amino acid. However, the Pro-Hyp-Gly sequence has been identified as the most
common triplet in collagen.3* These polypeptide chains are twisted in a left-handed
polyproline ll-type (PPII) helix. Three PPIl helices wrap around each other to form a right-
handed triple helix. Eventually, triple helices can self-assemble into fibrils which can
agglomerate to form fibers (Figure 68).

The Gly-X-Y repeating
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Figure 68. Structure of natural collagen
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IV.1.2. Applications of collagen-based biomaterials

Natural collagen can be used to design biomaterials (e.g. foams, films, hydrogels) which
intrinsically provide a cell-friendly environment.3%¢ It is of tremendous interest for wound
healing and tissue engineering applications (Figure 69).34:3%8 For instance, Y. Zhao et al
encapsulated hepatocytes in collagen hydrogels to reconstitute three-dimensional,

vascularized hepatic tissue in vivo.3%

1cm

Figure 69. Commercially available collagen foam (ACE Surgical Supply Co, inc.) engineered from highly
purified cross-linked bovine type I collagen and used as a resorbable material in periodontal defects to aid in
wound healing

IV.1.3. Limitations of natural collagen extracts

Natural collagen is usually extracted from animal tissues (e. g. bovine tendon, porcine skin, rat
tail).34¢ Animal-derived collagens are costly because their production requires large amount
of animal tissues and their isolation and purification is challenging.3*” They are sterilized to
avoid infection but this do not alleviate the risk of contamination by pathogenic substances
such as prions.?*° In addition, remnant xenogeneic and allogeneic cellular antigens but also
antigenic determinants located on the collagen molecule itself due to interspecies variation
can trigger an immune response.3°3%2 At |ast, as for other natural extracts, they suffer from a
poor batch-to-batch reproducibility.

Alternatively, recombinant systems have been investigated to produce human type collagen,
in a large scale.>3 Collagen was produced in transfected mammalian cells, insect cells, yeasts,
transgenic tobacco, mice and silkworms. Some transgenic systems hold great promises for the
production of recombinant human collagen. However, none of these recombinant collagens
have received approval for clinical use yet.
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IV.2. Collagen-like peptides

IV.2.1. Pro-Hyp-Gly based peptides as synthetic collagen mimics

Owing to the limitations of natural collagen mentioned above, several groups have
investigated the synthesis of collagen-like polypeptides.3>*3°8 For example, S. E. Paramonov
et al. prepared peptides containing the Pro-Hyp-Gly triplet and used native chemical ligation
to polymerize these peptides. They showed that the polymers obtained exhibited some basic
features of natural collagen, in particular the triple-helical character and the nanofibrous
structure.3> J. D. Hartgerink and co-workers designed the collagen mimetic peptide (Pro-Lys-
Gly)a(Pro-Hyp-Gly)a(Asp-Hyp-Gly)s that formed a triple helix stabilized by electrostatic
interactions between lysine and aspartic acid. Nanofibers were observed that could self-

assemble into hydrogels.3>®

It is noteworthy that three repeated sequences of the Pro-Hyp-Gly triplet were found to be
sufficient for a peptide to adopt a PPIl conformation. However, a minimum of nine triplets is
required to form a triple helix stable at 37°C.3€°

IV.2.2. Design of the hybrid collagen-inspired peptide sequence

We chose the nonapeptide (Pro-Hyp-Gly)s as a building block for hydrogel preparation. This
sequence was expected to adopt a PPIl helix conformation but was not intended to assemble
into a triple helix. Indeed, our goal was not to reproduce the supramolecular structure of
natural collagen but rather to build a three-dimensional matrix displaying multiple Pro-Hyp-
Gly motifs. We took advantage of the sol-gel process to prepare a fully synthetic but collagen-
inspired hydrogel from a very short peptide sequence. We were hoping that this artificial
matrix would be more conducive to cell adhesion and proliferation than synthetic polymer-
based hydrogels such as PEG or PVA-based hydrogels.

The (Pro-Hyp-Gly)s peptide sequence was flanked by two lysine residues whose side-chains
were intended to be used for the introduction of silyl groups (Figure 70). The N-terminus was
acetylated while the C-terminus was amidated. Two triethoxysilyl groups were introduced on
the amino side-chains of lysines by reaction with 3-isocyanatopropyltriethoxysilane as
previously described in the second chapter yielding however urea linkages instead of the
carbamate linkages of the silylated PEGs.
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Figure 70. Hybrid collagen-inspired peptide used as a building block for hydrogel preparation

The synthesis of the hybrid collagen-inspired peptide is described in the following publication.
The structure of this hybrid peptide in physiological buffer was studied by NMR and circular
dichroism (CD). These experiments confirmed that the peptide adopted a PPII conformation
but was too short to form a triple helix.

IV.3. Sol-gel derived collagen-inspired hydrogel

IV.3.1. Optimization of the hydrogel composition

The experimental procedure developed in the third chapter for the preparation of hybrid PEG-
based hydrogels was applied to the hybrid collagen-inspired peptide. Hydrogels could be
obtained by dissolution of this hybrid peptide in DPBS or cell culture media in the presence of
sodium fluoride (3 mg/mL) and incubation at 37°C. A 10 wt% (62 mM) hybrid peptide solution
yielded a hydrogel after 1nh30. We tried to decrease the concentration in hybrid peptide but a
5 wt% solution was not able to form a hydrogel. It is noteworthy that 10 wt% hybrid peptide
hydrogels were not as transparent as 10 wt% hybrid PEG 2000 hydrogels (Figure 71). They had
a milky appearance already observed for 5 wt% hybrid PEG 2000 hydrogels. This milky
appearance seems to indicate a concentration limit below which it is not possible to form
hydrogels. Higher concentrations in hybrid collagen-inspired peptide were not investigated,
we assumed that denser hydrogels would be less valuable for cell culture.

10 wt% hybrid collagen-inspired 10 wt% hybrid PEG 2000 hydrogel 5 wt% hybrid PEG 2000 hydrogel
peptide hydrogel
Figure 71. Appearance of different hydrogels prepared in DPBS
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As a consequence, in all the following experiments, including the ones described in the
enclosed paper Echalier et al. “Sol-gel synthesis of collagen-inspired peptide hydrogel”, a 10
wt% concentration in hybrid collagen-inspired peptide was chosen.

IV.3.2. Monitoring of the hydrogel formation and characterization

The gelation of a 10 wt% hybrid peptide solution at 37°C was monitored by liquid *H NMR and
rheology. These studies are described in the following publication. It is worth noting that the
rheological measurements showed the same pattern as for the gelation of hybrid PEG,
suggesting that the nature of the organic part of the hybrid block is not determinant for the
sol-gel gelation process. The resulting hydrogel was also examined by scanning electron
microscopy. Like for the hybrid PEG hydrogels previously, environmental SEM images and
conventional SEM images of the freeze-dried samples were not satisfactory and showed a
featureless dense matrix. The porosity of the hydrogel was brought to light by cryoSEM
technique. In this case, the hydrogel sample is frozen in slush nitrogen which enables to
preserve the inner structure of the matrix. Then it is fractured and only a thin layer of water
is removed to observe the surface of the sample at low temperature. CryoSEM images showed
a porous matrix with a quite homogeneous distribution of micrometric alveoli (Figure 72) that

allowed us to envision cell encapsulation.

Figure 72. CryoSEM images of a 10 wt% hybrid collagen-inspired peptide hydrogel prepared in cell culture
medium with sodium fluoride (3 mg/mL)
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IV.4. Biological assessment of the hydrogel

Cell adhesion properties of the hybrid collagen-inspired peptide hydrogel were evaluated on
mouse mesenchymal stem cells (mMSC). Stem cells were selected considering their
significance in tissue engineering (cf. Chapter I).

IV.4.1. Influence of the functionalization of the hybrid collagen-inspired
peptide hydrogel with RGD ligand on transparency

Two hybrid solutions were prepared for cell adhesion assays. The first one consisted of the
hybrid collagen-inspired peptide dissolved in cell culture medium (high glucose DMEM
containing phenol red and GlutaMAX — Gibco ref. 31966 — with 10% FBS and 1% penicillin-
streptomicin) at a 10 wt% concentration in presence of sodium fluoride (3 mg/mL). The second
solution was obtained from the first one by addition of hybrid RGD peptide (this hybrid
peptide was already described and used to prepare bioactive PEG-based hydrogels in the
second chapter) at a 10 mol% concentration regarding the hybrid collagen-inspired peptide.
These hybrid solutions were deposited in 96 well cell culture plate (30 uL per well) and
incubated at 37°C overnight to allow the formation of hydrogels.

We noticed that the second hybrid solution yielded hydrogels more transparent than the first
one (Figure 73 left), suggesting that the addition of another hybrid block strengthens the
network. This observation was in accordance with the evolution of PEG hydrogel transparency
as a function of hybrid PEG concentration (Figure 71). To confirm this tendency, 300 pL hybrid
collagen-inspired peptide hydrogels with 0, 10 or 20 mol% of hybrid RGD peptide were
prepared (Figure 73 right).

Hybrid RGD concentration

»

0 mol% 10 mol% 20mol%

Figure 73. Appearance of hybrid collagen-inspired peptide hydrogels prepared in cell culture plates. Left
picture: 30 ulL hybrid collagen-inspired hydrogels without hybrid RGD (left column) and with 10 mol% hybrid
RGD peptide (right column) in a 96 well cell culture plate. Right picture: 300 uL hybrid collagen-inspired
hydrogels in a 24 well cell culture plate.
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Obviously, the higher the concentration in silicon atom is in the hydrogel, the more
transparent is the hydrogel. These results were not discussed in the publication n°3 (“Sol-gel
synthesis of collagen-inspired peptide hydrogel”).

IV.4.2. Influence of the functionalization of the hybrid collagen-inspired
peptide hydrogel with RGD ligand on cell adhesion

The hydrogels prepared in the 96 well cell culture plate were washed with cell culture media
before mMSC were seeded on their surface. Cells were allowed to adhere for 1 h,2 hand 4 h
at 37°C. Then cell culture media were removed and wells were washed with DPBS. Adherent
cells were quantified with the CellTiter-Glo luminescent cell viability assay (Figure 74). This cell
viability assay is based on the quantification of the adenosine-triphosphate (ATP) released
upon cell lysis. The ATP amount is directly proportional to the number of cells present in each
well. The number of adherent cells on hybrid hydrogels was compared to the number of
adherent cells on tissue-culture polystyrene (TC-PS). Results were normalized to a set of
samples that was left intact after cell seeding (no washing) and thus provided the value
corresponding to 100% adhesion. Interestingly, cell adhesion on hybrid peptide hydrogels was
found to be far more efficient than on TC-PS. In addition, no significant difference was
observed between the samples containing the hybrid RGD peptide and the others. It means
that the hybrid collagen-inspired peptide is sufficient in it-self to afford an environment
favourable for cell adhesion without the need of modification with cell adhesion peptides. This
result has to be underlined because it is rather rare that synthetic hydrogels exhibit good cell
adhesion properties prior to modification with cell adhesion ligands.

100
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2 60 -
s . :
2 50 - M Hybrid collagen peptide
@
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peptide hydrogels
20 A
10 -
0

1h 2h 4h

Figure 74. mMSC adhesion on hybrid collagen-inspired peptide hydrogels containing 0 or 10 mol% of hybrid
RGD peptide
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IV.4.3. Benchmarking of hybrid collagen-inspired peptide hydrogels vs
commercial collagen foams and cell encapsulation

Other cell adhesion experiments were set up to compare cell adhesion on hybrid collagen-
inspired peptide hydrogels and on natural collagen substrates (Figure 69), they are described
in the following paper. After 4 h of contact between cells and substrates, cell adhesion on
hybrid peptide gels was equivalent to the cell attachment on natural collagen foams. Cell
proliferation assays on the hybrid hydrogels were also performed and are discussed in the
enclosed publication. Interestingly, cell proliferation on hybrid peptide hydrogels was as
efficient as on natural collagen foams. At last, we demonstrated that stem cells could be
encapsulated within the hybrid collagen-inspired peptide hydrogels with a good viability
provided that the sodium fluoride concentration was decreased. These results suggested that
hybrid collagen-inspired peptide hydrogels could be useful matrices for cell encapsulation and
applications in tissue engineering. In view of these applications, an efficient and cell-friendly
catalyst of the sol-gel process that could replace sodium fluoride is of interest to enable a
tighter control over the gelation time while preserving cell viability.

IV.5. Collagen-inspired peptide membranes

Collagen membranes are of tremendous interest for wound healing.34¢ They serve primarily
as a barrier to protect the wound from the external environment, role that is usually held by
the skin. Thus, collagen membranes decrease the risk of infection while reinforcing
compromised tissues and guiding their regeneration. They can be loaded with growth factors
for a sustained release that will improve wound healing.3®! In view of the significance of
collagen membranes as wound dressings and the shortcomings of natural collagen, the
preparation of synthetic hybrid collagen-inspired peptide membranes was of interest.

IV.5.1. Synthesis of hybrid membranes by the sol-gel process

Accordingly, alongside the results obtained with the hybrid collagen-inspired peptide hydrogel
and described in the following publication, we investigated the use of this hybrid peptide for
the preparation of collagen-inspired peptide membranes by the sol-gel process. While
hydrogels are prepared in aqueous solutions and used in their wet state, membranes are
synthesized in a volatile solvent and obtained in their dried form. The hybrid collagen-inspired
peptide was dissolved in absolute ethanol at a 12 wt% concentration. A 0.1 M solution of
chlorhydric acid (50 pL/mL of ethanol) was added (Figure 75). The resulting hybrid solution
was poured in a Petri dish or a cap and incubated at 37°C overnight to yield a membrane
(Figure 76). Herein, HCI catalyzes the hydrolysis of ethoxysilyl groups. The condensation of
silanols is triggered by the increase in concentration resulting from ethanol evaporation. The
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high concentration in silyl precursors at the end of the process, the low amount of water and
the temperature contribute to the formation of a highly cross-linked network.
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Figure 75. Synthesis of a hybrid peptide membrane by the sol-gel process

Figure 76. Hybrid collagen-inspired peptide membranes. Left: raw membrane after unmolding. Right: cut
membrane.

IV.5.2. Physical properties of collagen-inspired peptide membranes

As shown in Figure 76, hybrid membranes are highly transparent. Their homogeneity was
confirmed by scanning electron microscopy. SEM images showed a dense matrix and absence
of aggregated domains (Figure 77).
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Figure 77. SEM image of a hybrid collagen-inspired peptide membrane.

Hybrid membranes can be cut, sterilized in 70% ethanol baths and washed with cell culture
media. They are easy to handle and exhibit low swelling capacity due to their high degree of
condensation.

Further characterizations of the hybrid membranes would be required to envision wound
healing applications. In particular, mechanical properties of the membranes have to be
studied: elastic modulus, tensile strength and elongation at break are important parameters
for wound dressings.

IV.5.3. Preliminary biological assays: adhesion and proliferation of L929
fibroblasts on hybrid collagen-inspired peptide membranes

The adhesion and proliferation of L929 mouse fibroblasts was measured on these hybrid
membranes. Fibroblasts were chosen because they are of interest for wound healing
applications. Membranes were cut to fit in a 24 well cell culture plate. They were maintained
in the bottom of the wells using O-rings. Cells were seeded on top of the hybrid membranes
and allowed to adhere for 30 min. After washing, adherent cells were quantified with a
PrestoBlue cell viability assay. PrestoBlue reagent is reduced by metabolically active cells into
a fluorescent dye. Thus, fluorescence reading values provide a quantitative measure of cell
viability. This cell viability assay was chosen because it doesn’t require cell lysis. After removal
of the reagent and addition of fresh cell culture medium, cell culture can be continued to
monitor proliferation.

Hence, the proliferation of cells on hybrid membranes was followed for 7 days using the
PrestoBlue assay (Figure 79). Adhesion and proliferation results on hybrid membranes were
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compared to results on polystyrene (PS), on TC-PS and on a commercially available natural
collagen membrane (RCM6 resorbable collagen membrane ACE, Figure 78) cut into samples
of the same size as hybrid membranes. As expected, the number of cells on PS was very low
since non-treated PS is a very poor substrate for cell culture. Herein, it was used as a negative
control. In contrast, cell adhesion and proliferation on TC-PS was very efficient. Cell adhesion
on hybrid membranes was lower than on TC-PS but similar to cell adhesion on natural collagen
membranes. In the first five days, cells grew efficiently on natural collagen membranes and
were even able to catch up with cells on TC-PS. Inexplicably, a slight decrease in the number
of cells on natural collagen membranes was observed on the 7% day. In comparison, cell
proliferation on hybrid membranes was lower and seemed to reach a plateau after 72 hours.

Figure 78. Commercially available natural collagen membrane.
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Figure 79. L929 adhesion and proliferation on hybrid collagen-inspired peptide membranes.

These results might be due to the morphology of the hybrid membranes and their high
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density. More efficient membranes could be obtained by introducing some macroporosity
(50-500 pum) in the artificial network. This could be achieved by using porogens during the sol-
gel process. When casted with material precursors, porogens, such as sodium chloride, form
particles that can be removed after establishment of the network, yielding pores in the
resulting materials (“porogen leaching” method).362 A looser network could also be accessed
by increasing the length of the hybrid peptide (i. e. 4 or more ProHypGly repeats) and/or
adding monosilylated species. Such membranes could be of interest for wound healing. As a
conclusion concerning this last section, the hybrid collagen-inspired peptide developed for the
preparation of hydrogels in the beginning of this chapter was also used to prepare membranes
through the sol-gel process. These membranes seemed to be biocompatible and exhibited
correct cell adhesion properties but were not fully optimized to promote efficient cell
proliferation.
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IV.6. Publication n°3 - Sol-gel synthesis of collagen-
inspired peptide hydrogel

The publication n°3 was under consideration at the time of printing of this manuscript (25
September 2016). It is not an accepted work but, for the ease of reading, it has been included
in this manuscript in the form of its current submission.

Sol-gel synthesis of collagen-inspired peptide hydrogel

Cécile Echalier?, Said Jebors?, Guillaume Laconde?, Luc Brunel®, Pascal Verdié?, Léa
Causse?!, Audrey Bethry?, Baptiste Legrand?, Héléne Van Den Berghe!, Xavier Garric?,
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Conceiving biomaterials able to mimic the specific environments of extracellular matrices are a
prerequisite for tissue engineering applications. Numerous types of polymers (PEG, PLA, etc.) have
been used for the design of biocompatible scaffolds, but they are still less efficient than natural
biopolymers such as collagen extracts. Chemically modified and loaded with different bioactive
factors, biopolymers afford an environment favourable to cell proliferation and differentiation.
Unfortunately, they present several drawbacks, such as weak batch-to-batch reproducibility,
potential immunogenicity and high cost of production. Herein we propose a fully synthetic covalent
hydrogel obtained by sol-gel polymerisation of a silylated peptide. We selected a short and low
molecular building-block derived from the consensus collagen sequence [Pro-Hyp-Gly]. Interestingly,
the sol-gel process occurs in physiological buffer, enabling the embedment of stem cells. This
collagen-inspired hydrogel provides a cell-friendly environment comparable to natural collagen
substrates, demonstrating its potency as a biomimetic scaffold.

Introduction

Hydrogels are exceptional biomaterials, especially for their use as scaffolds for tissue
engineering and as matrices for drug and gene delivery. Depending on the type of bonds that
are formed during their fabrication process, physical or chemical hydrogels can be obtained.
Physical hydrogels are reversible, due to the weak interactions involved in the biomaterial (e.g.
hydrogen and ionic bonds), and are attractive as injectable materials due to their shear thinning
(or thixotropic behavior). On the other hand, chemical hydrogels cross-linked by covalent
bonds, are more stable and thus suitable for a wider range of applications including cell culture.
A large family of them is based on synthetic polymers such as poly(lactic-co-glycolic acid)
PLGA,! polyacrylamides,>® polyhydroxyethylmethacrylate (PHEMA)* or polyethyleneglycol
(PEG)°. However all these materials fail to mimic the complexity of natural tissues and have to
be further functionalized with peptide ligands derived from extracellular matrix (ECM) proteins
(e.g. fibronectin, laminin) for efficient cell adhesion.®’

To improve the resemblance with natural tissues, it is also possible to form a hydrogel by
covalently linking chemically-modified synthetic polymers [i. e. poly(N-isopropylacrylamide)
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(NIPAM), PEG, etc. ] with chemically-modified natural biopolymers [i. e. polysaccharides,
heparin, etc. ]. For example, hydrazide-modified NIPAM was reacted with aldehyde-modified
carboxymethyl cellulose, to yield injectable hydrogels.® A starPEG-heparin hydrogel was
obtained after chemical modification of both starPEG and heparin with a maleimide (via
carbodiimide/active ester) °, which can be cross-linked with the thiol side-chains of a cysteine-
containing peptide by Michael addition.'®!! A analogue method was used to cross-link thiol-
modified gelatin and hyaluronic acid with PEG bis-acrylate.!? Among the described
conjugation methods that have been employed for polymer cross-linking, the embedment of
cells drastically restrains the choice to non-toxic reagents, and to the absence of side-products
coming from the reticulation reaction (i. e. active esters, metals, etc.).

Hydrogels obtained directly from cross-linked natural biopolymers are more adapted to cell
survival and proliferation. Photopolymerization of methacrylated gelatin®, chitosan* and
hyaluronic acid® were used to prepare hydrogels. Nevertheless, these natural polymers are
usually costly, they encounter low batch-to-batch reproducibility, microbial contaminants
during the isolation process and potential immunogenicity in the case of animal extracts.

In this context, we propose a novel type of biomaterial, combining the biocompatibility of
natural polymers, with the ease of synthesis and modification afforded by synthetic molecules.
We defined four requirements to address the problems raised by existing materials.

(i) The starting materials should be synthetic to avoid purification problems encountered with
extraction of natural biopolymers, and to facilitate the scale-up of the synthesis; (ii) The
formation of the hydrogel network should be compatible with the inclusion of cells, avoiding
the use of any chemical reagent; (iii) The process should be modular and should allow the
covalent incorporation of any bioactive moiety in one single step; (iv) The resulting hydrogels
should favour cell adhesion and proliferation, without the need of further addition of adhesion
ligands.

These challenges were tackled by the design and synthesis of a bis-silylated low molecular
building block (1612 g/mol) able to undergo sol-gel process, through hydrolysis and
condensation in a biological buffer, yielding a three-dimensional network (Figure 1 A). We
have already reported the synthesis of bioactive PEG-based chemical hydrogels by this type of
soft chemistry route!®. In this study, we substituted the biologically inert PEG by a peptide to
give inherent cell-friendly properties to the network.

Considering the significance of collagen in tissue engineering®’, extensive work has been
performed to mimic its multi-hierarchical structure with synthetic peptides. Among the general
repetitive triplet motifs X-Y-Gly, the Pro-Hyp-Gly tripeptide is one of the most common
stabilizing sequence found in collagens.*® Very short oligopeg)tides based on this sequence were
shown to adopt a polyproline Il (PPII) helix conformation.® In natural collagen, three peptide
sequences adopting a PPII structure wrap around each other to form a right-handed supercoil
triple helix. It has been established that a minimal oligopeptide length is required to get stable
triple helix structure. This latter structure was generally observed using nine or more X-Y-Gly
triplets.2%2® Moreover, to stabilize the self-assembly of synthetic collagen peptides, several
strategies have been developed such as disulphide bridges formation,?*% jonic interactions
between anionic and cationic side chains,?®?” and hydrogen bond networks.?

In contrast with the ongoing research related to the design of peptide-based collagen mimics,
we did not aim at reproducing the supramolecular structure of natural collagen. We focussed
on the multiple presentation of Pro-Hyp-Gly motif, structured in PPIl conformation, within a
tri-dimensional matrix. We hypothesise that such artificial but collagen-inspired matrix could
advantageously replace polymers to form hydrogels favouring cell culture with an efficiency
comparable to that of collagen-based materials. We selected the peptide sequence (Pro-Hyp-
Gly)s whose size was too small to expect the formation of triple helix, but long enough to adopt
a well-defined PPII structure.!® At last, the collagen-inspired sequence was flanked by two
lysine residues and triethoxysilane groups were introduced on the lysine side-chains using a
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flexible linker. Silyl moieties are the anchoring points promoting the covalent assembly of the

network.
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Figure 1. Schematic representation (A), photo (B) and cryo-SEM image (C) of the hybrid

collagen-inspired hydrogel.

Results and discussion

Synthesis of a bis-silylated undecapeptide as hydrogel building block

A convergent synthesis was first set up to prepare the undecapeptide 1. It involved the synthesis
of the Fmoc-Pro-Hyp-Gly-OH tripeptide in solution, and its use as a building block for the
stepwise synthesis on solid support (S.1. figure S1). In the meantime, we developed a novel
methodology for rapid peptide synthesis called Fast Parallel Peptide Synthesis (FPPS).?° This
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methodology was successfully applied to the synthesis of peptide 1 that was obtained in only 3
hours (Figure 2, S.I. p S3).

After N-terminus acetylation, the peptide 1 was cleaved from the resin concomitantly with the
removal of the N-terbutyloxycarbonyl (Boc) and t-butyl ester (tBu) groups, which protected
respectively the side chains of lysine and hydroxyproline residues. At this stage, compound 1
has been purified by RP-preparative HPLC (yield 50%, > 99% purity). The synthesis was
repeated several times and the large-scale RP-HPLC purification was optimized (S.1. p S3). The
overall process proved to be robust enough to provide multi-gram batches of pure peptide 1.
The key step of the synthesis was the introduction of the two alkoxysilane moieties. N-¢ amino
groups of lysine residues reacted quantitatively with 3-isocyanatopropyltriethoxysilane
(ICPTES) in the presence of DIEA, to yield the bis-functionalized undecapeptide 2 (Figure 2).
The hybrid peptide building block 2 was recovered quantitatively by precipitation in diethyl
ether and characterized by *H, $3C, 2°Si NMR, and LC/MS (S.I. figures S3-S7).

Bocs\m NH,

o 15 5
Fmocho — - /U\N '7 N 0 o) )LN ’7 N ° (o]

o o
Fmoc/tBu SPPS H H H H
AmphiSphere FPPS o N\,)J\N N\/U\NO TFATIS/H,0 o N\)LN N\)LNHZ
: H I H

RAM resin i H

DL . PaEE N

NH-Boc undecapeptide 1 NH,
HO,
(0]
0 Ao

0 Oy NH, oS N

L ° o N H( ro C\\O

o N e} (o] ) N, O
0 0 o NH H N\~
o1 JJ\ o oO j’
N (SS'/\/\N u/\/\/\fNJk N\)\H/\ﬁ\)LN -, H/«H/\/\ .,o\/ DIEA, DMF, RT
r L
HO OH 7 \\

hybrid collagen-inspired building block 2

Figure 2. Synthesis of the hybrid bis-silylated undecapeptide 2, Ac-Lys[CONH-(CH3)s-
Si(OEt)s]-(Pro-Hyp-Gly)s-Lys[CONH-(CH,)3-Si(OEt)3]-NH;

We investigated the propensity of the short peptide sequence of 2 to adopt a PPII helix structure
and self-assemble in triple helix by circular dichroism (CD) and NMR spectroscopies in DPBS
buffer, pH 7.2. The CD spectrum of 2 showed a typical PP1I signature with negative and positive
maxima at 200 and 224 nm, respectively (S.l. Figure S13). Moreover, characteristic NOE
correlations of the PPII helical fold were found on the ROESY spectrum of 2 (i.e, strong and
medium Ho(i),H5(i+1) and HB(i),H5(i+1) NOE peaks). In this context, the three Pro-Hyp-Gly
repeats adopt a PPI1 while the lysine residues and the silylated arms were disordered since few
NOEs could be detected in these moieties, as expected. The building block has a maximal
dimension of 66 A, with a length of 26 A for the PPII secondary structure. Finally, the *H
resonances of 2 were similar at 62 mM and 0.62 mM (10 and 0.1 wt%, respectively) showing
that this undecapeptide was too short to assemble in triple helix (S.I. Figure S9).

Hydrogel formation

The sol-gel process consists in the hydrolysis of alkoxysilyl groups followed by condensation
to yield siloxane bonds.®® Depending on the conditions (e.g. pH, catalyst) these two processes
happen either sequentially or concomitantly. Cross-linked hydrogels of biopolymers such as
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gelatin,3 alginate®?, chitosan,® and hydroxypropylmethyl cellulose (HMPC)** have already
been obtained by the sol-gel process. However, such protocols involve either a pH solution that
is not compatible with live cells or toxic chemical reagents that have to be removed prior to
biological assays. Alternatively, they are based on hydrolysis of the alkoxysilanes in acidic or
basic conditions, followed by condensation upon neutralization of the medium. The method we
have developed proceeds at 37°C, at physiological pH (7.4), in suitable biological buffer (DPBS
or DMEM). It could be compatible with the inclusion of stem cells and, more importantly, could
allow injection, and in vivo gelation.®®

Accordingly to our previous study,’® sodium fluoride was used to catalyse both the
condensation, and the hydrolysis process (S.I. figure S8 A and B respectively), at physiological
pH. Each of the silane group of the hybrid collagen peptide might undergo three successive
condensations to yield three Si-O-Si bonds, which might link the same pair of atoms. Such
‘intra’ condensation can be considered as a linear enlargement of the polymeric chain.
Alternatively, each silicon atom can be linked to two or three different partners. In this case, a
reticulation node was created which can be considered as a chemical cross-link between the
polymer chains. Hence, a covalent three-dimensional network was established, made of short
(Pro-Hyp-Gly)s sequences linked by siloxane bonds (Figure 1).

In practice, building block 2 was dissolved in cell culture medium (62 mM in DMEM with 10%
FBS), at a concentration of 10 wt%. 0.3 wt% of sodium fluoride was added and the hybrid
solution was placed at 37°C to form a gel. The evolution of the sol-gel process was monitored
by liquid *H NMR. For this study, cell culture medium was replaced by DPBS (DPBS x
10/D20/H,0 1/1/8 viviv). The hybrid solution was introduced in a NMR tube and spectra were
performed at 37°C (Figure 3 and S.I. pp S9-S13). The hydrolysis of ethoxysilanes was
monitored by quantification of the released ethanol. Based on the integration of the CHs signal
of EtOH, it appeared clearly that 70% of SiOEt groups were hydrolysed after 5 minutes. The
hydrolysis was found to be complete after 60 min. These results were also confirmed by the
disappearance of the signal attributed to -Si(OCH2CHz3)s. Since the hydrolysis and the
polycondensation reactions operated at the same time under nucleophile (F~ herein) catalyst, a
regular decrease of the overall signal of peptide was also observed, resulting from the
disappearance of free peptides in solution upon condensation. No precipitation was observed
but the solution turned into a gel after 90 minutes. It is worth noting that the condensation was
incomplete even after several hours, due to the gelation which limited the movement of polymer
chains.
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Figure 3. Monitoring of hydrogel formation by *H NMR and rheology. A: 'H NMR spectra of
the hybrid peptide 2 at a 10 wt% concentration in DPBS containing 0.3 wt% of NaF. B:
Integration of *H NMR signals of the CH3 group of ethanol (6 = 1.18 ppm, @), Si(OCH2CH3s)3 of
the hybrid peptide (6 =1.24 ppm, o) and CH, groups of the hybrid peptide located in a position
of ureas (6 =3.10 ppm, x). C: G’ (e#) and G” (0) moduli measured on a hybrid peptide 2 solution
(10 wt% in cell culture media containing 0.3 wt% of NaF) at 37°C (25% strain, 1 Hz).

The gelation process was also monitored by rheology in order to determine the gel point (Figure
3, C). The viscoelastic behavior of a system is characterized by the storage (G”) and loss (G”)
moduli which respectively quantify the solid-like and fluid-like contributions to the measured
response when a sinusoidal shear deformation is applied to the system. Oscillatory shear
measurements were performed on the hybrid peptide 2 solution (10 wt% in cell culture media
with 0.3 wt% of NaF) at 37°C using an AR 2000 rheometer (TA Instruments, Inc) with a 20
mm diameter parallel geometry. The hybrid solution was deposited on the Peltier plate and the
gap was set at 500 um. The dependence of G* and G” moduli was measured as a function of
time within the linear viscoelactic regime of the hydrogel (25% strain, 1 Hz). Initially, G” was
greater than G’ which indicated a viscous behavior of the sample. During the experiment, G’
increased quickly due to the formation of elastic intermolecular cross-links upon
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polycondensation while G” increased negligibly. Thus a crossover of G” and G” was observed
at 90 min corresponding to the gel point. Afterwards, the sample presented solid-like properties.
Frequency sweep experiment was also carried out and showed no dependence of the G’
modulus as a function of the frequency at 25% strain. (S.I. figure S14).

These hybrid hydrogels were examined by Scanning Electron Microscopy (SEM). Images
obtained in wet state by environmental SEM or after freeze-drying and gold coating by
conventional SEM were not satisfactory due to either a low resolution or the denaturation of
the hydrogel during the freeze-drying process (S.I. figure S15). We then turn our attention to
cryoSEM technique which enables to freeze the inner structure of the hydrogel. Only a thin
layer of water is removed from the sample to observe its surface. Interestingly, cryoSEM images
showed a homogeneous porous matrix all over the different samples. Interestingly, micrometric
alveoli were observed (Figure 1C and S.I. figure S16), whose size was comparable to alveoli
obtained in elastin porous hydrogels.®® The size of the pores suggested that collagen-inspired
hydrogels could be suitable for the inclusion of cells.

Biological assessment

Cell adhesion and proliferation properties of hybrid (Pro-Hyp-Gly)s-based hydrogels were
assayed using mouse mesenchymal stem cells (mMSC). This cell line was chosen in the
perspective of tissue engineering applications. Indeed, MSC are a promising alternative to
chondrocytes to treat osteoarthritis or other osteochondral defects, a major cause of disability
and pain among the ageing population.3” MSC are the most attractive stem cells for cartilage
repair,® as they can be readily isolated from various tissues such as bone marrow, adipose
tissue, umbilical cord, synovia and synovial fluid. These cells are characterized by their capacity
to differentiate into three main lineages, bone, fat, and cartilage. On the contrary to
chrodroncytes, they can be isolated and expanded quite easily. To optimize their differentiation,
to improve their viability and to limit their dissemination after implantation, it is highly
important to associate the MSC with a support.*®

Cell adhesion

The hybrid collagen-inspired peptide 2 was dissolved in cell culture media at a concentration
of 10 wt%, in the presence of sodium fluoride (0.3 wt%). The hybrid solutions were poured into
96-well cell culture plates, and incubated overnight at 37°C. The resulting hydrogels were
washed with cell culture media, and mMSC were seeded onto their surface. Adherent cells were
quantified with the CellTiter-Glo luminescent cell viability assay after 30 min, 1 h, 2 h, and 4
h (Figure 4, A). These results were compared to cell adhesion on tissue culture polystyrene
(TC-PS), and commercially available foams made of cross-linked type | bovine collagen (ACE
surgical). As expected, the number of cells measured out on bovine collagen foams after
washing was very high, since cells could be retained in their porous structure. Interestingly, cell
adhesion on hybrid peptide gels was more efficient than on TC-PS, and increased as a function
of time. After 4 hours of contact between cells and substrates, cell attachment on hybrid peptide
gels was more than twice higher than on TC-PS, and interestingly was equivalent to the cell
attachment on commercially available collagen foams.

-127 -



A 100 R B 30000 -
90 *kkok . *kkk
80 - 25000 - I
S v
< 70 bk = 20000 -
E 60 Hk .g I Fdkk
£ 50 4 = 15000 - ok
o * 2 Fededede
; 40 :I: E Fek ek
£ 5. 3 10000 -
< I
5000 -
10 =*Z
0 +— = ] — ! 0 T - 7,7‘,,,, - s
C 30 min 1h 2h 4h D 0 1 Day 2 3
. B

Figure 4. mMSC adhesion (A) and proliferation (B) on TC-PS (light grey), on hybrid collagen-
inspired peptide 2 hydrogels (dark grey) and on commercially available bovine collagen foams
(black). Microscopic images of cells after 3 days of culture on TC-PS (C) and on hybrid collagen-
inspired peptide 2 hydrogel (D).

Cell proliferation

Encouraged by the cell attachment results, we investigated the cell proliferation on the surface
of hybrid gels. Gels were prepared according to the procedure described above for adhesion
assays. TC-PS and commercially available bovine collagen foam were used as controls. mMSC
were seeded on the surface of the samples, and allowed to proliferate until confluence was
reached on the TC-PS control. Every day, cells were quantified with the CellTiter-Glo assay
(Figure 4, B). The cell proliferation on hybrid peptide hydrogels was as efficient as on bovine
collagen foams. To complement the proliferation assay, direct optical microscopy observation
was performed on TC-PS and hybrid gels which were transparent. Such direct observation was
not possible on the collagen foams because of their opacity. Although the number of cells on
hybrid gels was lower than on TC-PS by the end of the experiment, microscopic observations
showed that cells had reached confluence in both cases (Figure 4, C and D). A possible
explanation for this phenomenon was that the meniscus shape of the gel surface prevented cells
from migrating to the edges of the gels, thus reducing the available surface for proliferation.
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Cell encapsulation

After demonstrating that cells could proliferate at the surface of hybrid gels, we wanted to take
advantage of the sol-gel process to encapsulate live cells in the hybrid gels before the gel point.
mMSC were seeded in a hybrid peptide 2 solution with the same composition as previously (10
wt% of 2 in cell culture media with 0.3 wt% NaF). After 25 hours of incubation, cells were
stained with a Live/Dead assay kit and their viability was checked by observation with a
fluorescent microscope. Live cells appeared in green (calcein) while dead cells were stained in
red (EthD-I11). On the first attempt, most cells died. However, after decreasing the amount of
sodium fluoride from 0.3 wt% to 0.01 wt%, the viability of the stem cells in the hybrid gels was
fully conserved (Figure 5). Confocal microscopy images showed that cell distribution was
rather homogeneous, except in the area impacted by the meniscus of the gel surface.

Noteworthy, special attention has to be paid to sodium fluorine concentration. Cell-free
hydrogels are attractive as cell culture supports or as implantable materials aiming at filling a
gap or a defect inside native tissues, which are further colonized by endogenous cells. Hydrogel
dressings*® or scaffold designed for spinal cord injuries* fall in this category. For such
applications, hydrogels can be washed before putting them in contact with living cells and thus
a high concentration in sodium fluoride, even cytotoxic, can be used to increase the gelation
speed. However, when cells are embedded in the hydrogel matrix, a low NaF concentration
should be preferred. These conditions decrease the gelation rate. As a consequence, in our study,
the hybrid peptide solution was prepared 17 hours before cell seeding. At this point, the mMSC
were suspended in the viscous solution and did not sediment during the 25 h-incubation, as
witnessed by the lateral microscopic view (Figure 5, C). The good cell viability observed using
this procedure enlarge the range of potential applications of hybrid peptide hydrogels to cell-
laden matrixes.
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Figure 5. Confocal microscopy images of mMSC 25h after seeding. (A) top view of a 2D-culture
on TC-PS. (B) top view (z-projection) and (C) side view (y-projection) of a 3D-culture inside a
hybrid collagen-inspired peptide hydrogel.

Conclusion

In contrast to natural collagen scaffolds, the use of a short bis-silylated peptide to prepare
biocompatible hydrogels presents several interesting features. Firstly, the technology offers the
possibility to create biocompatible gels from a synthetic starting material, which is of a
paramount interest in terms of safety, cost of production and putative translation to the clinics.
Secondly, the NaF catalyzed sol-gel process we described is straightforward and proceeds
entirely in biological media. The sol-gel process has already been exploited to form hydrogels
from biopolymers such as chitosan,* gelatin® and modified-cellulose,** that were cross-linked
by silylation with 3-(glycidoxypropyl)trimethoxysilane. However, in these studies, the
hydrolysis was performed in strong acidic or basic media, and condensation occurred either at
a pH non-compatible with cell survival, or separately from hydrolysis upon careful
neutralisation. In addition, the fact that the mixture containing hydrogel precursors, nutriments,
factors and cells can be handled as a solution, is of great advantage when injection is required,
or even when scaffold 3D printing is envisioned. Biofabrication using different silylated bioinks
that could polymerize simply by the sol-gel process is of great significance for future
developments. It is important to notice that the nature of the silanol chemistry itself unlocks the
possibility to design and synthesize multifunctional and tailored hydrogels. In fact, Si-O-Si
bond formation is chemoselective, but it is also a ‘symmetrical’ reaction, involving the same
reactive moiety, several times. This represents a ground breaking improvement over systems of
chemical cross-linking such as maleimide/thiol'! or photoactivation,*> which involve two
different chemical groups. Although the Si-O-Si bond formation does not allow the control of
directed assemblies (e.g. regular formation of -A-B-A-B- from A and B blocks), a single type
of functionalization is sufficient to get a covalent network bringing together any type of
silylated building blocks (i. e. polymers, peptides, fluorophores, drugs, etc.). The control of the
cross-linking degree could be easily tuned by varying the length of precursors but also by
introducing tri or tetra-silylated molecules. Taking into account the diversity of natural tissues
in terms of biochemical composition and structural features, a versatile and generic method to
build dedicated hydrogels is of high interest. In this perspective, the hybrid collagen-inspired
peptide forming hydrogel is a promising brick for the straightforward synthesis of biomimetic
structures.

Methods

Silylation of peptide 1: Ac-Lys-[Pro-Hyp-Gly]s-Lys-NH;was reacted with 3-isocyanatopropyltriethoxysilane (2.2
eq) in DMF at a concentration of 100 mM, in the presence of DIEA (4 eq) for 50 min. The bis-silylated hybrid
block 2 was obtained after precipitation and washings with diethyl ether.

Collagen-inspired hybrid hydrogel preparation: The hybrid peptide 2 (200 mg) was dissolved in 10% FBS
supplemented DMEM (Gibco, ref. 31966, 2 mL) at a 10 wt% concentration. The solution was filtered on a 0.22
pum pore size filter. Sodium fluoride (0.3 wt%, 6 mg) was added. The hybrid solution was incubated at 37 °C
overnight to yield the hybrid hydrogel.

For peptide synthesis, NMR studies, rheology, SEM images, CD spectra and cell culture assays, see supplementary
information.
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Chapter V.
3D printing of hydrogels

Publication 4 — Modular bioink for 3D
printing of biocompatible hydrogels:
sol-gel polymerization of hybrid
peptides and polymers

Echalier C. et al., submitted, under consideration.

My contribution to this paper: | performed the synthesis of the hybrid coumpounds and
prepared the hydrogels. | performed the viscometry experiments. | printed the 3D scaffolds
after optimization of the printing settings by Riccardo Levato. | designed and carried out the
biological experiments. | participated in the writing of the paper.
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Chapter V. 3D printing of hydrogels

V.1. Applications of 3D printed hydrogels

Hydrogel shapes that can be accessed by molding are very limited. In contrast, 3D printing
allows the design of scaffolds of almost any geometrical complexity.363 One of its main
applications in medicine is the fabrication of customized implants for reconstructive
surgery.36435%> Materials with a patient-specific geometry can be designed, printed and
implanted at the site of the defect with a perfect fit. In addition, cell-friendly 3D-printing
methods hold great promises in tissue engineering.3¢3¢7 For instance, L. K. Narayanan et al.
bioprinted layer-by-layer a cell-laden human medial knee meniscus based on magnetic
resonance scans of the patient’s knee.3®® Cell-laden hydrogels with a well-defined structure
can be printed and used as vessels for the transplantation of cells into the body of the patient.
This method affords a better control over graft size and shape than the injection of a cell-laden
in situ gelling hydrogel. Living cells and scaffolding materials can thus be delivered in vivo in a
well-organized manner. In this case, the printed scaffold provides a 3D architectural template
for tissue regeneration. Porous scaffolds (100-1000 um pores) with well-defined strand-pore
structure can be printed which is of interest to enhance cell viability.?*® Indeed, higher cell
viability was observed in porous scaffolds compared non-porous scaffolds.3’° This may be
related to a lack of nutrient perfusion and waste removal for the cells embedded in thick
hydrogels. The ultimate application of 3D printing is the construction of live tissues and
organs, this is the aim of “organism manufacturing engineering” (OME).3”* OME uses modern
manufacturing techniques to create live tissues and organs through 3D assembly of cells. It is
based on the principle that every tissue, organ or organism can be regarded as assembled
from parts. All these parts can be created by co-printing several materials with different
chemical compositions, microstructures, mechanical and biological properties.3’? Recently, H.-
W. Kang et al. reported an “integrated tissue-organ printer” that can fabricate human-scale
tissue constructs (Figure 80).373

Medical imaging Visualized motion . 3D bioprinted
(CT, MRI) 3D CAD model program 3D printing process

tissue product

Figure 80. Computer-aided design (CAD) process for automated printing of 3D shape imitating target tissue or
organ developed by H.-W. et al.. A 3D CAD model is generated from medical image data. Based on this model,
a visualized motion program is created, which includes instructions for XYZ stage movements and actuating
pneumatic pressure to achieve 3D printing. Reprinted from.?”?
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V.2. Extrusion 3D printing

In order to meet this challenge, we focus our efforts on 3D printing which enables the on-
demand design of structurally complex scaffolds and is a method of choice for the handling of
soft hydrogels.3’* A collaboration was established with the “Biomaterials for regenerative
therapies” group led by Dr. Elisabeth Engel in the Institute for BioEngineering of Catalonia
(IBEC, Barcelona). This group has a rapid prototyping machine (nScrypt 3Dn-300-TE, Orlando,
FL) which is well-suited for the 3D printing of hydrogels (Figure 81). This machine
pneumatically dispenses an ink to build up scaffolds layer by layer on a stationary platform.
The ink, which is a printable material such as a viscous solution or hydrogel, is loaded in a
syringe equipped with an air pressure-driven piston. Upon application of pressure over the
piston, a filament of the ink is extruded. The x/y/z movement of the printhead enables to

produce the desired shape.

Figure 81. nScrypt 3Dn-300 rapid prototyping machine used in IBEC to print 3D scaffolds

Extrusion-based 3D printing is one of the most widespread method for tissue engineering
applications because it is cell-friendly.3’> Cells can be embedded in the bioink and printed
concomitantly with the biomaterial. Processing conditions are gentle: printing can be
performed at room temperature and cells are exposed to low shear forces due the rather large
nozzle orifices. The other size of the coin is that print resolution is limited by the nozzle
diameter. Only a milli/micron-scale resolution is achieved.
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V.3. Sol-gel derived hybrid hydrogels as bioinks

A critical aspect for 3D printing is the choice of the bioink. This latter should be able to flow
through the printing nozzle and gelate quickly enough upon deposition on the printing
platform to allow the building up of a self-supporting 3D scaffold. Different chemical and
physical hydrogels were investigated to address this challenge.3®” We wanted to demonstrate
that sol-gel chemistry was also well-suited for the preparation of bioinks and their printing by
extrusion technique. Indeed, published examples combining sol-gel and 3D printing relates to

inorganic pattern direct writing3’® o

or ink-jet printing under non-biocompatible conditions.
Recently, A. Chiappone et al. printed 3D structured hybrid materials using polyethylene glycol
diacrylate (PEGDA), tetraethyl orthosilicate and methacryloyloxypropyl trimethoxysilane
(MEMO). Photopolymerization of PEGDA led to the formation of an organic network while
TEOS yielded inorganic nanoparticles by the sol-gel process. MEMO was used as a bridging
monomer between the organic and inorganic network. In this case, the sol-gel process was
performed after printing, under conditions non-compatible with live cells.3’® In contrast, we
would like to print 3D hybrid scaffolds under cell-friendly conditions thanks to a soft sol-gel

process occurring simultaneously with the printing process.

V.3.1. Viscosity monitoring

We took as a starting point the 10 wt% hybrid PEG-based hydrogels developed previously
(“Easy synthesis of tunable hybrid bioactive hydrogels”). As the control of the bioink viscosity
is of high importance to prevent the collapse of the printed scaffold, we monitored the
evolution of hybrid PEG solution viscosity as a function of time. This study is presented in the
following publication and allowed us to determine when the hybrid solution could be printed.
The hydrogel was printed after gel point, it looked like the solid hydrogel was temporarily
broken during extrusion and then repaired after printing thanks to the still on-going sol-gel
process. We demonstrated that the hybrid solution could be maintained in the printable
viscosity range (between 2500 and 4500 mPa.s) for 2 h.

V.3.2. 3D printing

Consequently, grid-patterned 3D scaffolds were printed from a 10 wt% hybrid PEG 2000
solution in DPBS containing sodium fluoride (3 mg/mL) and hybrid RGD peptide (1 wt%), thus
demonstrating for the first time that sol-gel process and extrusion 3D printing could be
combined.

The modularity of the sol-gel process makes this approach highly promising. Indeed, the sol-
gel chemistry enables the one-pot synthesis of covalently functionalized hydrogels. Different
hybrid building blocks can be combined in desired ratio to design a tailor-made hydrogel. This
broadens the panel of available bioinks. In addition, as a single chemistry is used for cross-
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linking and functionalization, bioinks with different compositions in bioactive components
could be prepared and printed sequentially to yield heterogeneous hydrogels in which ligand
distribution would be spatially-controlled. For example, in the case of cartilage defects where
both cartilage and the sub-chondral bone are degraded, a bilayer scaffold that could repair
both tissues by presenting to stem cells two different environments, would be of utmost
interest.

V.3.3. Biological assessment of 3D scaffolds

Cell adhesion and proliferation assays were carried out on printed hybrid scaffolds.
Unfortunately, these experiments did not provide reliable results. Several technical problems
were encountered.

Firstly, when cells were seeded on top on the scaffolds, they could pass under the scaffold
because of the grid-pattern and proliferate on the bottom of cell culture plate wells. To
overcome this issue and ensure uniform cell seeding, a dynamic cell seeding procedure was
selected. The printed hydrogels were immersed in a cell suspension and continuously rotated
on a MACSmix tube rotator at 37°C for 4 h. Then, cell-laden scaffolds were washed and placed
in non-treated polystyrene cell-culture plates. However, we observed that cells were able to
migrate from the scaffolds to the cell culture plate surface and proliferated under the
scaffolds. Eventually, we placed the cell-laden scaffolds in conical polypropylene (PP) tubes
after dynamic cell seeding and washing. Hence, the contact between scaffolds and tubes was
minimized and cell migration onto PP tubes was disfavored. An overall good cell viability was
observed on the printed scaffolds but precise and reproducible quantitative results could not
be obtained. Standard deviations were high within one set of samples. Differences in cell
adhesion and proliferation were observed from batch-to-batch. A stricter protocol for scaffold
processing and cell culture assays has to be established for a better reproducibility.

The progress on this project was also limited by the fact that the printing step was performed
in IBEC in Barcelona and the biological assessment of the printed scaffolds was carried out in
IBMM in Montpellier. Frequent trips back and forth would have been required to go beyond
the proof of concept and develop functional scaffolds. Given the limited amount of time for
this PhD, we could not improve the printing process and investigate changes in the bioink
composition and the scaffold pattern. The acquisition of an extrusion 3D printer in IBMM will
boost this project.

The publication n°4 (“Modular bioink for 3D printing of biocompatible hydrogels: sol-gel
polymerization of hybrid peptides and polymers”) was under consideration at the time of
printing of this manuscript (25" September 2016). It is not an accepted work but, for the
ease of reading, it has been included in this manuscript in the template of its current
submission.
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An unprecedented generic system allowing the 3D printing of
peptide-functionalized hydrogels by soft sol-gel inorganic
polymerization is presented. Hybrid inorganic/bioorganic blocks
are mixed in biological buffer in an appropriate ratio, to yield a
multicomponent bioink that can be printed as a hydrogel without
using any photochemical or organic reagent. The resulting scaffolds
were suitable for cell culture.

3D printing raised high hopes in regenerative medicine,
enabling the on-demand design of structurally complex
scaffolds for tissue regeneration. Due to their high content in
water, hydrogels are highly attractive biomaterials for 3D
printing as efficient extracellular matrix surrogates.!3
Extrusion, due to the affordability of commercially available 3D
printers, and the compatibility with a large number of polymers,
has emerged as a method of choice for rapid fabrication of
hydrogel constructs.® It is one of the most straightforward
methods for biofabrication: a continuous filament of hydrogel
is extruded while the x/y/z movement of the printhead enables
to craft the desired shape. Blueprints from a CAD file are
constructed into 3D architectures in a layer-by-layer fashion.
The bioink contains the hydrogel precursors and has to be
carefully chosen to avoid premature collapse of the printed
structure.

Various types of physical and chemical hydrogels have been
tailored to address this challenge.? Among physical hydrogels,
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self-assembling peptide hydrogels are very promising for in vivo
applications.>® They can be injected thanks to their shear-
thinning behavior and are degraded by proteolytic enzymes,
yielding non-toxic amino acids and short peptides as
metabolites. However, although widely used as drug delivery
systems,” such hydrogels are less favoured for biofabrication as
their network only relies on weak non-covalent interactions
which impacts their stability and structural integrity when
placed in contact with biological fluids and extracellular
matrices. The main class of materials used for biofabrication
remains chemical hydrogels based on natural or synthetic
polymers.? The control of gelation is of high importance and
constitutes the main limitation in the panel of polymers that are
used. To prevent the spreading of hydrogel after printing, the
viscosity has to be precisely controlled. This entails the careful
handling of a pre-polymer solution, which has to gelate quickly
enough upon deposition on the printing platform. Biopolymers
have their own gelation methods such as complexation of
calcium ions for alginate,® pH adjustment of an acidic solution
for collagen,® and cooling a hot viscous solution for agarose,°
to name a few. One of the concerns about biopolymer is the
batch-to-batch reproducibility impacting the gelation kinetics.
Cross-linking of soluble polymer was generally employed to
increase the stability of the hydrogel. For example,
methacrylate groups introduced on biopolymers are commonly
used for that purpose, reacting with sulfhydryl containing cross-
linkers! through a Michael-type addition. They may also be
used for photo cross-linking.12 Diels alders reaction between
furan-modified gelatin and maleimide cross-linkers,!3
hydrazone formation between aldehyde-modified alginate and
hydrazide cross-linkers'4 as well as copper-free azide-alkyne
cycloaddition?51¢ were also investigated. The range of cross-
linking strategies is even wider for hydrogels prepared from
synthetic polymers. Photo cross-linking remains the most
commonly used method,171819 the transparency of the material
enabling an efficient curing process.

Chem. Comm., 2016, 00, 1-3 | 1
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Fig. 1 Principle of sol-gel extrusion printing of hybrid functional hydrogels

The bioink, which contains soluble functionalized polymers or
monomers and photoinitiators, is UV-irradiated.This can be
done while the bicink is flowing out of the nozzle or after
printing.  Polyhydroxyethylmethacrylate  (PHEMA)20
polyacrylamide (PA)2! scaffolds have been printed by this way.

and

In this study, we propose a novel methodology to 3D print
chemically cross-linked hydrogels by using the sol-gel process.
To the best of our knowledge, sol-gel was never exploited for
biofabrication with hydrogel inks. All examples combining sol-
gel and 3D printing deal either with inorganic pattern direct
writing?? or with ink-jet printing under non-bioccompatible
conditions.?? In this latter case, silane-modified polymers were
pre-hydrolysed and used as printable inks. Gel formation was
promoted by Si-0-Si formation upon solvent evaporation. The

bicink we have developed enables printing at room
temperature, in physiological buffer (pH 7.2), without
photoactivation or additional chemical reagents. An

alkoxysilane-derivatized synthetic polymer (Figure 1, bi-
functional hybrid PEG 1) solubilized in DPBS undergoes
hydrolysis and condensation in the course of the printing
process, yielding a covalent hydrogel (Figure 1).

To succeed in an efficient cell colonization of artificial
materials and its progressive replacement with natural
matrices, cells seeded in the artificial substrate have to
differentiate, to migrate and to behave like in their natural
environment. This can be induced by diverse biochemical (e.g.
growth factors, cell-adhesion peptide ligands) and physical (e.g.
pore size, stiffness, rigidity) stimuli distributed within the
tissues.?? The sol-gel approach presented in this study is highly
attractive since its modularity simplifies the covalent
modification of the hydrogel with peptide ligands exhibiting
biological activities (i.e. enhancing cell adhesion, stimulating
proliferation; etc.). This is a significant breakthrough in this
technology, since available 3D printable synthetic polymers
such as PEG, PHEMA or PA are not ideal supports as such for cell
attachment and have to be further functionalized to improve
their cell compatibility.2925.26 |nterestingly, sol-gel could simplify
the biofabrication of hydrogel scaffolds of heterogenous

2 | Chem. Comm., 2016, 00, 1-3

Journal Name

composition. Indeed, as a single chemistry system is involved,
different bioinks can be prepared to sequentially print layers
with different compositions in bioactive components, eliciting
specific cell responses in a spatially controlled environment.
We recently demonstrated the feasibility of the sol-gel
approach to obtain functional PEG-based hydrogels with either
antibacterial or cell-adhesive properties, depending on the
hybrid peptide that was used.?’” We thus determined a hydrogel
composition suitable for cell adhesion which included hybrid
RGDSPF ligand 2 which displays a trialkoxysilane function at its N-
terminus. Once homogeneously mixed in the bioink at the
chosen concentration, hybrid blocks (1 and 2) reacted together
chemoselectively to form Si-O-5i bonds, guaranteeing both the
desired orientation and the correct density of bioactive ligand
within the hydrogel matrix.

After solubilization of the hybrid silylated precursors 1 and
2 in DPBS, the sol-gel process started with a constant increase
of the bioink viscosity. First of all, the progress of sol-gel
reaction (i.e. hydrolysis and condensation) was monitored by
viscometry. The bioink viscosity was measured as a function of
time in order to precisely determine when the bioink could be
printed. To do so, a 10 wt% hybrid PEG 1 solution in DPBS
containing 0.3 wt% of NaF was prepared and poured into the
sample cup of sine-wave vibro viscometer SV-10 (A&D). This
apparatus measures the viscosity by detecting the driving
electric current necessary to resonate two sensor plates at a
constant frequency. Its wide measurement range was well
suited to follow the gelation process without damaging the
hydrogel. The viscosity of the solution was recorded at 37 “C
(Figure 2) until it reached 10 000 mPa.s, which was the highest
value measurable with the apparatus. At the beginning of the
experiment, the viscosity of the solution was quite low, around
1.5 mPa.s. It increased negligibly for the first two hours when
hydrolysis occurred and condensation started. The gel point
was observed at 120 min. Afterwards the viscosity increased
sharply. We found that printing should be performed when
hydrogel viscosity was comprised between 2 000 and 5 000
mPa.s: below 2 000 mPa.s, the hydrogel tended to spread,
whereas above 5 000 mPa.s, a continuous filament could not be
extruded. More precisely, a viscosity between 2 500 and 4 500
mPa.s was ideal for a neat deposition of the hydrogel and was
consequently selected for further studies. In order to maintain
the hydrogel in the appropriate viscosity range for a prolonged
period, we investigated printing at room temperature. After
gelation occurred at 37 °C, the temperature was lowered to 25
°C to slow down the sol-gel process. The viscosity was recorded
in these conditions (Figure 2). This change in temperature
allowed widening the printing time window from 1 to 2 hours.
As already pointed out, one objective of this work was to print
RGD-functionalized scaffolds. So the hybrid GRGDSP ligand 2 (20
mol% in regards to 1, 1 wt% in regards to the solvent) was added
to the hybrid PEG 1 solution, and the influence on viscosity
evolution was studied (Figure 2). One can notice that gelation
was faster with the hybrid GRGDSP 2, gel point was cbhserved at
84 min that is to say 36 min earlier.

This journal is ® The Royal Society of Chemistry 20xx
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Fig. 2 Viscosity af the hybrid selutions recorded as a function of time. Dashed grey
line: hybrid PEG solution at 37°C; solid grey line; hybrid PEG solution at 37°C until
gel point and then at 25°C; black line: hybrid PEG-GRGDSP solution at 37°C until
gel point and then at 25°C,

Monetheless, the presence of the hybrid RGD 2 did not seem to
induce any change in the final viscosity and still allowed printing
in the same range of viscosity (2 500 — 4 500 mPa.s) within a 2
hour time frame.All the printing assays were performed on an
nScrypt 3Dn-300-TE
Orlando, FL). This 3D dispensing machine pneumatically

rapid prototyping machine (nScrypt,

deposits a bioink to build up scaffolds layer by layer on a
stationary platform. The bioink was prepared by solubilization
of the hybrid PEG 1 (10 wt%) and the hybrid GRGDSFP peptide 2
(1 wit%) in DPBS containing NaF (0.3 wi%%). It was loaded in a 3
mL syringe (fluid dispensing system Mordson EFD) equipped
with an air pressure-driven piston. The syringe was incubated at
37 *C until gelation occurred (84 min). Then, it was kept at room
temperature (25 °C) for 76 min. The bioink reached the
appropriate viscosity for printing (2500 mPa.s) 160 min after the
beginning of the sol-gel process. At this point, the syringe was
fitted with a 27 G conical nozzle (Mordson EFD). A pressure
comprised between 0.15 and 0.28 MPa was applied over the
piston to dispense the hydrogel. It was tuned to be consistent
with the increasing viscosity., A grid pattern was chosen. The
scaffold design was a 5 layer stack of porous 13.5 mm sguares
with 0.9 mm strand spacing (Figure 3).

c e
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Fig. 3 Stereomicroscopy images of the 3D-printed scaffolds, (8,B) top views; (C,D)
side views, All the scale bars represent 1 mm,

This journal is & The Royal Society of Chemistry 20:xx
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Fig. 4 Fluorescent microscopy images of mMSC after 4 days of culture on a hybrid
3D-printed scaffold, (A) transmitted light image; [B) calcein-AM stain showing live
cells in green; (C) EthD-11 stain showing dead cells in red; (D) merged images.

The deposition of the first layer was crucial for the scaffolding.
In order to make the first strands stick and stay in place, glass
slides were coated with a thin layer of biocink before printing.

Porous 30D scaffolds were successfully printed as the
printhead moved at a constant speed of 3 mmy/s in the xy plane.
The biocompatibility of the 3D printed scaffolds was assessed
an mouse mesenchymal stem cells (mMSC). This cell line was
chosen in the perspective of tissue engineering applications.
After printing, the scaffolds were stored in their wet state (in a
humidified environment). Since the printing environment was
not sterile, the scaffolds were sterilized in an autoclave. Then,
they were allowed to swell in cell culture medium before being
cut into discs of 7 mm in diameter. The printed hydrogels were
immersed in a cell suspension to undergo a dynamic cell seeding
procedure at 37 °C, in a rotating device. Then, the cell-laden
constructs were washed with cell culture media and placed in
polypropylene tubes filled with media. After 4 days of
proliferation, a Live/Dead assay was performed on the
scaffolds. Upon observation with a fluorescent microscope, live
cells appeared in green whereas dead cells were marked in red
(Figure 4). These results were compared to cells cultured on a
PLA scaffold under the same conditions (ESIT Fig. 56). Excellent
cell viability was observed in both cases, indicating that the
hybrid PEG-peptide 3D scaffolds were suitable for cell culture.

Beyond the printing of hydrogel scaffolds made out of
hybrid PEG and hybrid integrin ligand, the combination of sol-
gel chemistry and 3D extrusion printing paves the way to
unlimited customization of biomimetic matrices. The
functionalization of (bio)polymers and small molecules, in
particular bicactive peptides, with silyl groups enables
formation of the desired network in water, using a single soft
chemoselective chemistry. Proceeding at room temperature in
biological buffer with mild pressure constraint, this process
could be a promising way to prepare cell-laden scaffolds,
Mareover, the combination of several syringes filled with

I Nome., 2013, 00, 1-3 | 3
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different hybrid bioinks is envisioned to open the way to the
biofabrication of multilayer and non-homogeneous
biomaterials, mimicking even more closely the complexity of
natural tissues in terms of shape and biochemical composition

C. Echalier's PhD was partly founded by the “Région
Languedoc Roussillon through the program  “Chercheur
d"Avenir”, grant attributed to G, Subra. Peptide synthesis and
purification were performed using SynBio3 platform facilities
supported by GIS IBISA and ITMO Cancer. The 30 scaffold
fabrication was performed using the facilities of the platform of
Production of Biomaterials and Biomolecules of the ICTS
“MAMBIOSIS”, more specifically by the US Unit of the CIBER in
Bioengineering, Biomaterials & Nanomedicine (CIBER-BBN) at
the Institute for Bioenginering of Catalonia (IBEC).
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& 3D printing: 3D printing was performed on an nScript rapid
prototyping machine (30n-300-TE) at RT wsing a 3 mlL syringe
filled with the bicink and fitted with a 200 pm tip. The hydrogel
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under a pressure ranging from 0.15 to 0.28 MPa.
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Conclusion and perspectives

During my PhD work, an easy and tunable method for the preparation of hybrid hydrogels was
developed. We combined the advantages of the sol-gel chemistry with peptide chemistry to
design new hybrid bioactive matrices.

First, polyethylene glycol blocks were functionalized with triethoxysilyl groups. The resulting
hybrid building blocks were simply dissolved in a physiological buffer to form hydrogels thanks
to the sol-gel process which consists in a soft inorganic polymerization. This process was
monitored by NMR, rheology and viscometry. It involves two steps: the hydrolysis of
ethoxysilyl groups into silanols and their condensation into siloxanes (Si-O-Si) bonds. Thus a
three-dimensional covalent network in which PEG units were linked through siloxane bonds
was obtained. Interestingly, the whole gelation process occurred at pH 7.4 and 37°C in a
biologically relevant buffer. Gel times within minutes or hours could be achieved by the
addition of sodium fluoride which catalyzes the sol-gel process. The mechanical properties of
the resulting hybrid PEG hydrogels were studied by rheology and their cytocompatibility was
investigated.

Secondly, we demonstrated that different hybrid silylated blocks could be combined and
engaged in the sol-gel process to yield covalently functionalized hydrogels. Hybrid
triethoxysilyl or hydroxydimethylsilyl peptides were synthesized and covalently incorporated
into hybrid PEG hydrogels. We showed that these hybrid peptides could confer their biological
properties to the gels. Indeed, depending on the type of bioactive peptides introduced,
hydrogels exhibited either antibacterial or cell adhesion properties.

Thirdly, we substituted the biologically inert PEG units by a peptide to give inherent cell-
friendly properties to the network. A short peptide (11-mer), whose sequence was inspired
from natural collagen, was synthesized and modified with triethoxysilane moieties. Hybrid
collagen-inspired peptide hydrogels were prepared according to the sol-gel method
developed previously. Stem cell proliferation assays suggested that these hydrogels provided
a cell-friendly environment comparable to natural collagen substrates. Interestingly, cells
could be encapsulated in the hybrid peptide hydrogel during its formation with a good
viability.

Finally, the fabrication of hybrid hydrogels with a designed shape was explored. We showed
that hybrid solutions resulting from the dissolution of hybrid building blocks in physiological
buffer could be used as bio-inks to print 3D scaffolds.

The general aim of this PhD work was to demonstrate the potential of the sol-gel chemistry
for the preparation of biocompatible hydrogels with finely tuned properties. The proof of
concept was clearly established during these three years of PhD. The versatility of this sol-gel
method allowed us to envision a huge number of applications which were protected by a
patent (Martinez J. et al. “Nouveaux hydrogels de structure silylée et procédé d’obtention” FR
1556628, PCT/EP2016/066215).
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Of course, a lot of work has to be done to move from the proof of concept to medical
applications. In that context, during my last year of PhD, several research programs started on
that topic in collaboration between IBMM, ICGM and other laboratories.

As a first follow-up of this work, hybrid hydrogels will be investigated for stem cell-based
therapies. These studies will be performed in the frame of the “LEGOGEL” project starting in
October 2016 and funded by the French National Agency for Research (ANR). Along with
IBMM and ICGM, this project involves the Institute for Regenerative Medicine and Biotherapy
(IRMB, Montpellier). It aims at developing functional hydrogels for the reparation of osteo-
articular damages. Mesenchymal stem cells (MSC) will be embedded in hybrid hydrogels
mimicking cartilage and bone extracellular matrix. The MSC proliferation and targeted
differentiation into chondrocytes will be evaluated in vitro and in vivo after injection of a MSC-
laden hybrid precursor solution. Multilayer implantable scaffolds that could repair both
cartilage and sub-chondral bone by presenting to MSCs two different environments will be 3D
printed.

One of the challenges to tackle will be to find an alternative to sodium fluoride as sol-gel
catalyst since this latter leads to adverse cell effects at concentrations high enough to catalyze
fast gelation. On-going experiments aims at finding an efficient and non-toxic organic catalyst.
This would enable a tighter control over the gelation time.

Another important point to be optimized is the control of the nanometric structure of the
network. Indeed, the extracellular matrix provides information to the cells not only in the form
of biochemical signals but also through mechanical and topographic stimuli. It has been
demonstrated that network density, pore size and topographic features affect cell behavior,
in particular cell adhesion and migration. As an example, improvements can be achieved by
preparing longer collagen-inspired hybrid peptides leading to hydrogels with larger mesh size
that would be more suitable for cell encapsulation.

So far, we have used only PEG and synthetic collagen sequences as blocks for the hydrogel
network. Nevertheless, it would be interesting to design and synthesize other hybrid blocks
inspired from important native extracellular matrix (ECM) components such as
polysaccharides. In particular, efforts are being made to silylate hyaluronic acid, a major
glycosaminoglycan of ECM. In the same way, selective introduction of silyl groups on proteins,
like growth factors, would allow their covalent immobilization in hydrogel network. This
challenging task would enable a tight spatial and temporal control over the presentation of
such factors in biomaterials.

Another promising and yet unexplored perspective of this PhD work is the use of hydrogels as
functional substrates for the controlled release of active substances. The later could be viewed
as ‘smart’ hydrogel dressings or drug reservoirs. As pointed out in chapter 3, we have
demonstrated that it could be possible to release a fluorescent dye. One can play on numerous
triggers to finely tune the release of a drug from hybrid hydrogels. First, the susceptibility to
hydrolysis of the silicon-oxygen-silicon bond depends on the substituents on the silicon atom
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and on the number of siloxane bonds linking the drug to the network. Secondly, peptide
sequences sensitive to enzymes of the extracellular matrix such as matrix metalloproteinases,
could be used as spacers between the bioactive compound to be released and the hydrogel
network. Enzymatic-responsive hydrogels could thus be obtained, resulting in the release of a
compound upon enzymatic cleavage. Enzyme-sensitive sequences could also be included as
brigdes within the tridimensional network. Large molecules such as proteins could be non-
covalently trapped in tight meshes and released upon loosening of the network by enzymatic
cleavage.

At last, matrixes responsive to external stimuli would be of utmost interest. These hydrogels
could be ‘activated’ on demand to trigger the release of a drug like analgesics or to stimulate
the encapsulated cells. Two types of hydrogels whose shape and physical properties could be
modified by an external stimulus have been considered. On the one hand, hydrogels
incorporating a hybrid photoisomerizable block, such as azobenzene derivative, would
respond to light. On the other hand, hydrogels containing magnetic nanoparticles would be
sensitive to magnetic fields.

Summing up, beyond the first series of results and achievements obtained during this PhD,
the simplicity and versatility of the soft and modular sol-gel strategy developed paves the way
to a wide range of biomaterials that could be tailored to address multiple challenges in
heathcare.
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Abbreviations

ACN, acetonitrile; Alloc, allyloxycarbonyl; Boc, t-butyloxycarbonyl; CM, ChemMatrix; DCM,
dichloromethane; DEPT, distortionless enhancement by polarization transfer; DIEA,
diisopropylethylamine; DMF, N-N’-dimethylformamide; DMSO, dimethylsulfoxide; DPBS, Dulbelcco’s
phosphate buffered saline; ESI-MS, electrospray ionization mass spectrometry; Fmoc,
fluorenylmethoxycarbonyl; GHRP-6, growth hormone releasing hexapeptide; HBTU, N,N,N’N-
tetramethyl-O-(1H-benzotriazol-1-yl)uronium  hexafluorophosphate; HFIP, hexafluoroisopropanol;
HTRF, homogenous time resolved fluorescence; ICPDMCS, 3-isocyanatopropyldimethylchlorosilane;
IP1, inositol monophosphate; LC/MS, tandem liquid chromatography/ mass spectrometry; MW, micro-
wave; NMP, N-methyl-2-pyrrolidone; NMR, nuclear magnetic resonance; pip, piperidine; PS,
polystyrene; RP-HPLC, reversed phase high performance liquid chromatography; RT, room
temperature; SPPS, solid phase peptide synthesis; TFA, trifluoroacetic acid; THF, tetrahydrofurane; TIS,
triisopropylsilane; Trt, trityl; UV, ultra-violet. Other abbreviations used were those recommended by the
IUPAC-IUB Commission (Eur. J. Biochem. 1984, 138, 9-37).

Material and Methods

All solvents and reagents were used as supplied. Solvents used for LC/MS were of HPLC grade.
Dichloromethane (DCM); N,N-dimethylformamide (DMF) were obtained from Carlo Erba. Fmoc amino
acid derivatives, [benzotriazol-1-yloxy(dimethylamino)methylidene]- dimethylazanium
hexafluorophosphate (HBTU), Fmoc-Rink amide CM resin, 2-chloro chlorotrityl PS resin, were
purchased from Iris Biotech (Marktredwitz, Germany). Diisopropylcarbodiimide (DIC),
diisopropylethylamine (DIEA), trifluoroacetic acid (TFA) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Hexafluoroisopropanol (HFIP) and triisopropylsilane (TIS) were obtained from Alfa Aeser
and Acros respectively. NMR solvents were obtained from Euriso-top.

Samples for LC/MS analyses were prepared in acetonitrile/water (50:50, v/v) mixture, containing 0.1%
TFA. The LC/MS system consisted of a Waters Alliance 2695 HPLC, coupled to a Water Micromass ZQ
spectrometer (electrospray ionization mode, ESI+). All the analyses were carried out using a
Phenomenex Onyx, 25 x 4.6 mm reversed-phase column. A flow rate of 3 mL/min and a gradient of (O-
100)% B over 2.5 min were used. Eluent A: water/0.1% HCO2H; eluent B: acetonitrile/0.1% HCO2H.
UV detection was performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate
of 200 uL/min. Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a
scan mode ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 sec intervals.

High Resolution Mass Spectrometric analyses were performed with a Synapt G2-S (Waters) mass
spectrometer fitted with an Electrospray lonisation source. All measurements were performed in the
positive ion mode. Capillary voltage: 1000 V; cone voltage: 30 V; source temperature: 120°C;
desolvation temperature: 250°C. The data were obtained in a scan mode ranging from 100 to 1500 m/z.
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1,3-bis(3-aminopropyl)tetramethyl disiloxane hydrochloride 1a

o @ [CNC)
Cl” "NH, ClI” "NH,

S

Si._.Si

VRO
Commercially available 1,3-bis(3-aminopropyl)tetramethyl disiloxane (500 pL, 1.8 mmol) was poured
into 1 M hydrogen chloride ether solution (7.2 mL, 7.2 mmol, 4 eq) cooled in an ice bath. 1,3-bis(3-

aminopropyl)tetramethyl disiloxane hydrochloride precipitated immediately. Diethyl ether was removed
under reduced pressure to yield compound la as a white powder (100%).
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Figure S1.'H NMR spectrum of 1a in DMSO-ds (600 MHZz)
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Figure S2. 3C NMR spectrum of 1a in DMSO-ds (151 MHz)

I S

22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
1 (ppm)

Figure $3.2°Si NMR spectrum of 1a in DMSO-ds (119 MHZz)
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Figure $4. *H NMR spectrum of 1a in D-O (600 MHZz)
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Figure S5. **C NMR spectrum of 1a in D20 (151 MHZz)

-S7-



Supporting information for publication n°1
Homodimerization of unprotected peptides using hybrid hydroxydimethylsilane derivatives

T T T T T T T T T T T T T T T T T T T T T T T T T T T

21 19 17 15 13 1 9 8 7 6 5 4 3 2 1 0
f1 (ppm)

Figure S6.2°Si NMR spectrum of 1a in D20 (119 MHz)

1,3-bis(3-aminopropyl)tetramethyl disiloxane trifluoroacetate 1b
CF5;CO0°
®
NH; NH;

S

Si.__Si
\

CF,C00°® ©®

Trifluoroacetic acid (220 pL, 2.89 mmol, 4 eq) was added on 1,3-bis(3-aminopropyl)tetramethyl
disiloxane (200 pL, 0.722 mmol) in diethyl ether (2 mL) on an ice bath. Diethyl ether and TFA excess
were removed under reduced pressure to yield compound 1b as a colorless oil (100%).
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Figure S8. *>*C NMR spectrum of 1b in DMSO-ds (151 MHz)
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Figure $9. °Si NMR spectrum of 1b in DMSO-ds (119 MHz)
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(3-aminopropyl)dimethylsilanol hydrochloride 2a

v

si
/ I‘OH

On the one hand, DCI 35% in D20 (6.00 uL) were added to 1a (20 mg) in DMSO-ds (600 pL) to trigger
1a hydrolysis into 2a. The 1a/2a mixture in DMSO-ds was analyzed by NMR.
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Figure $10. *H NMR spectrum of 1a/2a in DMSO-ds (600 MHz)
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Figure S11. *C NMR spectrum of 1a/2a in DMSO-ds (151 MHz)
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Figure $12. 2°Si NMR spectrum of 1a/2a in DMSO-ds (119 MHz)

On the other hand, 1,3-bis(3-aminopropyl)tetramethyl disiloxane hydrochloride 1a (20 mg) was
solubilized in D20 (600 pL) and the solution was left aside for 8 weeks to allow 1a hydrolysis into 2a. 2a
solution in D20 was analyzed by NMR. Traces of 1a are still visible on NMR spectra.
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Figure S13. '"H NMR spectrum of 2a in D20 (600 MHz)
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Figure $S14. *C NMR spectrum of 2a in D20 (151 MHz)
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Figure $15. ?°Si NMR spectrum of 2a in D20 (119 MHz)

(3-aminopropyl)dimethylsilanol trifluoroacetate 2b

Q ®
CF;CO0 NH;

<

/ I‘OH
On the one hand, 3-bis(3-aminopropyl)tetramethyl disiloxane trifluoroacetate 1b (20 mg) was dissolved
in DMSO-ds (600 pL) and the solution was left aside for 5 weeks to allow 1b hydrolysis into 2b. Then
the mixture 1b/2b in DMSO-ds was analyzed by NMR.
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Figure $16. *H NMR spectrum of 1b/2b in DMSO-ds (600 MHZz)
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Figure $17.3C NMR spectrum of 1b/2b in DMSO-ds (151 MHz)
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Figure $18.2°Si NMR spectrum of 1b/2b in DMSO-ds (119 MHz)
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On the other hand, 3-bis(3-aminopropyl)tetramethyl disiloxane trifluoroacetate 1b (20 mg) was dissolved
in D20 (600 pL). 1b hydrolysis into 2b occurred. The mixture 1b/2b in D20 was analyzed by NMR.
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Figure $19. 'H NMR spectrum of 1b/2b in DO (600 MHz)
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Figure $20. *C NMR spectrum of 1b/2b in D20 (151 MHz)
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Figure $21. 2°Si NMR spectrum of 1b/2b in D20 (119 MHz)
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Counter-ion effect on NMR signals

ey
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Figure S22. From hydrochloride to trifluoroacetate salts. Top: *H NMR spectrum of 1a/2a mixture in
D20. Bottom: 'H NMR spectrum of 1b/2b mixture in D20.
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DEPT 29Si sequence optimization

In order to decrease the experiment time, we used a DEPT 2°Si sequence, with a relaxation delay of 2
seconds, to take advantage of the polarization transfer from hydrogens of methylene in the alpha
position to the silicon atom. An optimization was made on this sequence, where the last 'H flip angle
was moved from 17° to 45° (Figure S23). The results showed a factor of 2 gain in favor of the angle of
24° compared to the standard DEPT of 45°.

| [pbm
]

Figure S23. H flip angle optimization. 1H flip angle was moved from 17° to 45°: blue 45°, green 35°,
purple 24°, red 21°, orange 19.5°, black 17°
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Stability studies of the siloxane bond in different solutions by *H-NMR

t = 0 min corresponds to the dissolution of 1,3-bis(3-aminopropyl)tetramethy! disiloxane hydrochloride
la (20 mg) in DMSO-ds or in D20-containing buffer that yields a solution at the desired pH. pH were
adjusted in advance with Dulbecco’s phosphate buffered saline, HCI or NaOH aqueous solutions on
blank samples. Dimer percent was reported as a function of time based on the integration of 'H signals
from the -CH2Si group of monomer and dimer.
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Figure S24. 'H NMR spectra of 1a in DMSO-ds
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Figure S25.*H NMR spectra of 1a at pH 4
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Figure S26. 1a hydrolysis at pH 4 based on *H NMR kinetic studies
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Figure S28. 1a hydrolysis at pH 7 based on *H NMR kinetic studies
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Figure S29.'*H NMR spectra of 1a at pH 7.4
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Figure S30. 1a hydrolysis at pH 7.4 based on *H NMR kinetic studies
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We focused our attention on *H signals from -CH,Si and CHsSi because they are the farthest signals
from the peptide sequence in hybrid peptide displaying the dimethylpropylsiloxane dimerization arm.
As a consequence, very few differences in chemical shifts and signal shapes are expected when
changing the peptide sequence. Thus, NMR studies on the 1,3-bis(3-aminopropyl)tetramethyl
disiloxane model can be generalized to hybrid peptides. In addition, these signals appear in a chemical
shift area completely different from peptide signals which makes them easily identifiable and
integrable. However, the methylene group in gamma position to the silicon is also a proble for the
determination of monomer/dimer ratio (figure S31)
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Figure S31. 'H NMR spectra of 1a at pH 10. Signals from the CH: group in gamma position to silicon
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Figure S32. 1a hydrolysis at pH 10 based on *H NMR kinetic studies
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Figure S33. 'H NMR spectrum of 1a in D20 0.1% TFA at t = 0. Hydrolysis occurred immediately.
Signals correspond to monomer 2a.
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Silanol condensation upon lyophilization
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Figure S34. From monomer to dimer upon lyophilization. Top : *H NMR spectrum of 2a in D-0/0.1%
TFA before lyophilization; bottom : *H NMR spectrum of the same sample after freeze-drying
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Figure S35. LC/MS spectrum of 4
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N-ter hybrid dimer 5 (JMV 6187)
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Figure $36. 'H NMR spectrum of 5 in DMSO-ds (400 MHz)
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Figure $37. 3C NMR spectrum of 5 in DMSO-de (101 MHz)
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Figure S39. LC/MS spectrum of 6
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C-ter hybrid dimer 7 (JMV 6186)
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Figure S40.H NMR spectrum of 7 in DMSO-ds (400 MHz)
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Figure S41.3C NMR spectrum of 7 in DMSO-ds (101 MHz)
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Figure S43. LC/MS spectrum of 8
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Lys® hybrid dimer 9 (JMV 6185)
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Figure S44. 'H NMR spectrum of 9 in DMSO-ds (400 MHz)
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Figure S45. 13C NMR spectrum of 9 in DMSO-ds (101 MHZ)
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Figure S46. HR-MS analysis of 9
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Figure S47. LC/MS spectrum of 10
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Figure S48. HR-MS analysis of 10
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Lys® monomer 11 (JMV 6244)
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Figure S49. LC-MS spectrum of 11
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Figure S50. HR-MS analysis of 11

-542 -



Supporting information for publication n°1
Homodimerization of unprotected peptides using hybrid hydroxydimethylsilane derivatives

Lys3(Ac) monomer 12 (JMV 6245)
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Figure S51. LC-MS spectrum of 12
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Figure S52. HR-MS spectrum of 12
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Monomeric ligand binding assay

Ki (nM)
-~ Ghrelin 24
-© GHRP-6 34.6
8 compound 10 478
40000 & compound 11 533
-+ compound 12 809
-

300004

20000+

HTRF signal
(665/620 nm x10000)

100001

O T T T T T
12 -1 10 9 -8 -7 -6 -5 -4
log [ligand] (M)
Figure S53. Binding of compounds 10, 11 and 12, monomeric analogues of dimer 9, to GHS-R1a.
Ligands affinities were determined by HTRF-based competition binding assay performed on intact

HEK?293T cells as described in Materials and Methods. Results are from one representative experiment
of two, each performed in triplicate.
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Bioactivity of monomeric ligands
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Figure S54. Signaling property of compounds 10, 11 and 12. Efficacy of ligands to stimulate IP1
production was measured on HEK293T cells expressing the GHS-R1a as described in Materials and
Methods. Results are one representative experiment of two, each performed in triplicate.
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Abbreviations

ACN, acetonitrile; Ahx, e-aminohexanoic acid; Boc, t-utyloxycarbonyl; DCM, dichloromethane; CFU,
colony-forming unit; DIEA, diisopropylethylamine; DMEM, Dulbecco’s modified eagle medium; DMF, N-
N’-dimethylformamide; DPBS, Dulbelcco’s phosphate buffered saline; ESI-MS, electrospray ionization
mass spectrometry; Fmoc, fluorenylmethoxycarbonyl; HBTU, N,N,N',N-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate; HPLC, high performance liquid chromatography;
HRMS, high resolution mass spectrometry; LC/MS, tandem liquid chromatography/ mass spectrometry;
n. d., non determined; NMP, N-methyl-2-pyrrolidone; NMR, nuclear magnetic resonance; Pbf, 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl; PEG, polyethylene glycol; pip, piperidine; PLA, poly(L,D-
lactic acid); PS, polystyrene; RT, room temperature; SPPS, solid phase peptide synthesis; TFA,
trifluoroacetic acid; THF, tetrahydrofurane; TIS, triisopropylsilane; TSA, tryptic soy agar. Other
abbreviations used were those recommended by the IUPAC-IUB Commission (Eur. J. Biochem. 1984,
138, 9-37).

Material and Methods

2-Chorotrityl chloride resin (100-200 Mesh, 1.44 mmol Cl/g resin) and Fmoc-Rink Amide AM PS resin
(100-200 Mesh, 0.94 mmol/g resin) were purchased from Iris Biotech and stored at 4°C. Protected amino
acids and HBTU were purchased from Iris Biotech, Senn Chemicals and Bachem. PEG (MW = 2000
g/mol) was purchased from Alfa Aesar. All reagents and solvents were from Alfa Aesar, Acros, Sigma-
Aldrich or Merck and were used without further purification.

Water sensitive reactions were carried out under an argon atmosphere with anhydrous solvents.
Preparative chromatographic purification was performed using Waters HPLC 4000 instrument, equipped
with a UV detector 486 and Waters Delta-Pack 40x100 mm, 100A, 15 um, Cis reversed-phase column
using a flow rate of 50 mL/min. Solvents employed were water/0.1% TFA and ACN/0.1% TFA.
Samples for LC/MS analyses were prepared in acetonitrile/water (50:50, v/v) mixture, containing 0.1%
TFA. The LC/MS system consisted of a Waters Alliance 2695 HPLC, coupled to a Water Micromass ZQ
spectrometer (electrospray ionization mode, ESI+). All the analyses were carried out using a
Phenomenex Onyx, 25 x 4.6 mm reversed-phase column. A flow rate of 3 mL/min and a gradient of (O-
100)% B over 2.5 min were used. Eluent A: water/0.1% HCO:2H; eluent B: acetonitrile/0.1% HCO2H. UV
detection was performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate of
200 pL/min. Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a scan
mode ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 sec intervals. High Resolution Mass
Spectrometric analyses were performed with a time of flight (TOF) mass spectrometer fitted with an
Electrospray lonisation source. All measurements were performed in the positive ion mode.

IH, 13C and ?°Si NMR spectra were recorded at room temperature in deuterated solvents on a Bruker
AMX/400 spectrometer operating at 400, 101 and 79 MHz respectively. Chemical shifts (&) are reported
in parts per million using residual non-deuterated solvents as internal references (CHCIz in CDCls, 0H =
7.26 ppm; DMSO-d6, dH = 2.50 ppm). Signals are indicated as s (singlet), d (doublet), t (triplet), q
(quartet), dt (double triplet), m (multiplet), br (broad)... Coupling constants are measured in Hertz.
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Hybrid PEG 1 synthesis

(O 5 6 H .
Sl/\/\N)L{O/\%O\H/ N~ Si(OEt)s
45 0

\/O
2
Polyethylene glycol 2000 (2.00 g, 1.00 mmol) was vacuum-dried overnight at 80°C and dissolved in
anhydrous THF (12 mL) under argon. Triethylamine (1.66 mL, 12 mmol, 12 eq) and
isocyanatopropyltriethoxysilane (744 pL, 3 mmol, 3 eq) were added. The mixture was heated under
reflux for 48 h. Then the solvents were removed under reduced pressure and the reaction mixture was
precipitated in hexane. The white solid was washed 3 times with hexane and vacuum-dried. Hybrid PEG

was then stored at 4°C under argon.

1H NMR (400 MHz, CDCls) 5 5.00 (br s, 2H, NH), 4.18 (t, J = 4.7 Hz, 4H, H-6), 3.79 (g, J = 7.0 Hz,
12H, H-2), 3.62 (s, 177H, CH2 PEG), 3.14 (dd, J = 13.2, 6.7 Hz, 4H, H-5), 1.58 (qu, J = 7.7 Hz, 4H, H-
4),1.20 (t, J = 7.0 Hz, 18H, H-1), 0.64 — 0.54 (m, 4H, H-3).

13C NMR (101 MHz, CDCl3) & 156.72 (C), 70.55 (CHz), 63.76 (CHz), 58.26 (CH2), 43.29 (CHz), 23.12
(CHy), 18.38 (CH3), 9.12 (CHy).

2Si NMR (79 MHz, CDCls) 8 -45.73 (s).
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Hybrid PEG 1000

Ko/\ s [ e o_ N Si(OEt)
SIW\N)%O/\%/QQ\H/ ~ N 3
1 _O o)

2

Hybrid PEG 1000 was prepared with the same experimental procedure as hybrid PEG 1 (2000).

H NMR (400 MHz, CDCls) & 5.00 (br s, 2H, NH), 4.19 (t, J = 4.7 Hz, 4H, H-6), 3.80 (g, J = 7.0 Hz,

12H, H-2), 3.63 (s, 83H, CHz PEG), 3.15 (dd, J = 13.2, 6.7 Hz, 4H, H-5), 1.60 (qu, J = 7.7 Hz, 4H, H-
4),1.21 (t, J = 7.0 Hz, 18H, H-1), 0.63 — 0.59 (m, 4H, H-3).
13C NMR (101 MHz, CDCls) 8 156.41 (s), 70.57 (s), 69.70 (s), 63.78 (s), 58.44 (s), 43.45 (s), 23.30 (s),

18.28 (s), 7.61 (s).
29Si NMR (79 MHz, CDCls) & -45.74 (s).
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Hybrid PEG 6000

(O/\ s e o. N Si(OEt)
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Hybrid PEG 6000 was prepared with the same experimental procedure as hybrid PEG 1 (2000).

H NMR (400 MHz, CDCls) & 5.00 (br s, 2H, NH), 4.16 (t, J = 4.7 Hz, 4H, H-6), 3.77 (g, J = 7.0 Hz,
12H, H-2), 3.60 (s, 544H, CH2 PEG), 3.42 (t, J = 4.9 Hz, 4H, CH2 PEG), 3.12 (dd, J = 13.2, 6.7 Hz, 4H,
H-5), 1.56 (qu, J = 7.7 Hz, 4H, H-4), 1.18 (t, J = 7.0 Hz, 18H, H-1), 0.59 — 0.55 (m, 4H, H-3).

13C NMR (101 MHz, CDCls) & 156.38 (s), 70.54 (s), 63.75 (s), 58.40 (s), 43.42 (s), 23.27 (s), 18.26 (s),
7.58 (s).

295i NMR (79 MHz, CDCls) & -45.76 (s).

CE284 ]
CE284 / CDCI3

6
5
5
5
5.
1.19
1.18
1.16
0.59
0.57
0.55

£
X
L3
X

—5.00
4.17
4.16
4.14
3.79
378
376
374

— 360

43
42
41

A
X
v
Y
A
X
£
N

5500
5000
4500

. — _— . — 4000

| — - | I

KO/\

)L< Si(OEt) 13500
/\/\ /\}/ I 3
Sl N 13\[]/

3000

"H NMR (400 MHz, CDClj,) I 2500

2000

1500

1000

500

-
T

- 571891

4436 I

{
1
i
1

~-500

54 52 50 48 46 44 42 40 38 3.

o

34 32 3ofz(s ge 24 22 zo 18 16 14 12 10 08 06 04 02 0.0
ppm

-S7-



Supporting information for publication n°2
An easy synthesis of tunable hybrid bioactive hydrogels

CE284
CE284 / CDCI3

156.38;

40000

— 63.75
— 58.40
43.42
—23.27
—18.26
7.58

35000
r/;s,/\\\ /ji< N Si(OEt);
Sl N 13\[]/

30000
\/
2

3G NMR (101 MHz, CDCl3)
25000

20000
15000
10000

5000

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 f1%00 ) 0 8 70 60 50 40 30 20 10 0 -10
ppm

CE284
CE284 / CDCI3

2500

-45.76

2000

(o/\ 1500

/\/\ N\/\/SI(OEt)g
Sl NJ\< /\9/1 3\[(

~_0 1000
2

1

293i NMR (79 MHz, CDCl5)
500

r-1000

r-1500

T T T T T T T T T T T T T T T T T T T T T
100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
f1 (ppm)

-S8-



Supporting information for publication n°2
An easy synthesis of tunable hybrid bioactive hydrogels

Peptide synthesis

Fmoc-AA-OH anchoring on 2 chlorotrityl chloride resin

2-Chlorotrityl chloride resin (1.44 mmol Cl/g, 1eq) was placed in a solid-phase peptide synthesis flask
fitted with a sintered glass. Fmoc-AA-OH (3 eq) was anchored to the resin in the presence of DIEA (5
eq) in DMF overnight. After standard washing steps using the following solvents (3xDMF, 1xMeOH and
1xDCM), Fmoc-AA-Cltrityl-resin was dried under vacuum for 12 h. Resin loading was determined by
detection of piperidine-dibenzofulvene adduct from pip/DMF deprotection solution at 299 nm. A loading
of 0.4 mmol/g was obtained for Fmoc-Pro-Cltrityl-resin.

Fmoc deprotection

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

Standard protected aminoacid coupling step

The appropriate Fmoc-protected amino acid (3 eq.) was dissolved in DMF (75% of reactor volume) in
presence of HBTU (3 eq.) and DIEA (3 eq.) for 10 min. This solution was then added to the free N-
terminus peptidyl resin and placed under stirring at room temperature for 1 h 30" before washing steps.

Hybrid RGD peptide 2 synthesis: (EtO)sSi-(CHz)s-NHCO-(BAla).GlyArgGlyAspSerPro-OH

. 2 H
(EtO)sSi_~_N \n/([SAIa)4-GIyArgGIyAspSerPro-OH
1 3 o)

H-(BAla)4GlyArgGlyAspSerPro-OH was synthesized on 2-chlorochlorotrityl resin in Fmoc-SPPS
strategy. Amino acid used were successively Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH, Fmoc-Asp-(tBu)-OH,
Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH and Fmoc-BAla-OH four times. Cleavage and side
chain deprotection were realized in trifluoroacetic acid/triisopropylsilane/water 95/2.5/2.5 VIVIV for 4h.
After precipitation, the peptide was purified on preparative HPLC (63%). Then, it was reacted with 3-
isocyanatopropyltriethoxysilane (1,1 eq) in DMF at a concentration of 30 mM in presence of DIEA (3
eq). After concentration of the reaction mixture, the hybrid peptide was obtained by precipitation and
washings with diethylether.

H NMR (400 MHz, DMSO-d6) & 8.61 — 8.40 (m, 2H, NH Asp and Gly), 8.21 — 8.04 (m, 2H, NH Gly N-
ter and Arg), 7.99 — 7.78 (m, 3H, NH BAla)), 7.58 — 7.42 (m, 1H, NH Ser), 7.34 — 6.98(m, 3H, OH Ser,
COOH Asp and C-ter), 5.97 (t, J = 5.6 Hz, 1H, NH urea), 5.78 (t, J = 5.6 Hz, 1H, NH urea BAla), 4.56
(9, J =6.9 Hz, 1H, Ha Ser), 4.49 —4.38 (m, 1H, Ha Asp), 4.38 — 4.26 (m, 1H, Ha Arg), 4.22 (dd, J = 8.7,
4.1 Hz, 1H, Ha Pro), 4.02 — 3.75 (m, 4H, Ha Gly), 3.73 (q, J = 6.9 Hz, 6H, CH: ethoxy), 3.67 — 3.46 (m,
4H, H3 Pro and HR Ser), 3.46 — 3.28 (m, 2H, Hd Arg), 3.28 — 3.11 (m, 8H, HB BAla), 2.92 (q, J =6.1 Hz,
2H, H-3), 2.60 — 2.48 (m, 2H, HB Asp), 2.29 (t, J = 7.1 Hz, 2H, Ha BAla), 2.26 — 2.09 (m, 6H, Ha BAla),
1.87 (dd, J = 13.3, 6.5 Hz, 2H, Hy Pro), 1.60 — 1.56 (m, 2H, HB Arg), 1.55 — 1.42 (m, 2H, H® Arg), 1.38
(m, 2H, H-2), 1.19 - 1.09 (t, J = 7.2 Hz, 9H, CHz ethoxy), 0.55 — 0.42 (m, 2H, H-1).

3C NMR (101 MHz, DMSO-d6) & 174.27 (C), 172.82 (C), 171.38 (C), 171.27 (C), 171.14 (C), 170.86
(C), 170.80 (C), 169.58 (C), 169.43 (C), 169.02 (C), 168.77 (C), 158.41 (C), 157.52 (C), 62.14 (CH>),
59.54 (CH), 58.14 (CH>), 53.51 (CH), 52.60 (CH), 49.78 (CH), 47.02 (CH2), 42.46 (CHz2), 42.36 (CH>),
40.89 (CHz2), 36.68 (CH?2), 36.30 (CH2), 35.88 (CH2), 35.76 (CH2), 30.10 (CH2), 29.13 (CHz2), 25.39 (CH2),
24.91 (CHy), 24.01 (CHy), 18.68 (CHg), 7.72 (CHy).

2Si NMR (79 MHz, DMSO-d6) 5 -45.10.

LC/MS (ESI*): Only the product of hydrolysis of ethoxysilyl groups into silanols is detected. tr = 0.62
min, m/z 1035 ([M+H]*, 50%), 509 ([M+H-OH]?*, 60), 500 ([M-20H]?*, 100).

HRMS: 1119.5481. C4sH74N18014Si requires [M+H]*, 1119.5479.
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Hybrid antibacterial peptide 3 synthesis: (CH3)2(HO)Si-(CH2)3-NHCO-AhxArg2NH:

(@) NH
1 3 4 6 8
N/, W N NH
\,Si/\/\N/U\NWV\[( T N D
HO™ | 2 H H 5 7 H
(@]
B

NH

HoN™ “NH
The hybrid antibacterial peptide was synthesized on Rink Amide resin using Fmoc-SPPS strategy.
Amino acids used were Fmoc-Arg(Pbf)-OH twice and Fmoc-E-aminohexanoic acid. After coupling and
N-deprotection of Fmoc-Ahx-OH, the tripeptide was silylated in DMF (10 mL/g of resin) using 3-
isocyanatopropyldimethylchlorosilane (3 eq) in presence of diisopropylethylamine (3 eq) at room
temperature overnight. After washings, the resin was cleaved in TFA for 5h. Cleavage solution was
concentrated. The hybrid peptide was precipitated in diethyl ether and purified by preparative HPLC.
Freeze drying gave the pure peptide as a white powder (68%).
IH NMR (400 MHz, D20) & 4.19 (ddd, J = 14.4, 8.6, 5.7 Hz, 2H, Ha Arg), 3.09 (t, J = 6.9 Hz, 4H, H&
Arg), 2.96 (td, J = 6.8, 1.9 Hz, 4H, H-3 and H-4), 2.17 (t, J = 7.3 Hz, 2H, H-8), 1.82 — 1.59 (m, 4H, HB
Arg), 1.59 — 1.44 (m, 6H, H-7 and Hy Arg), 1.41 — 1.31 (m, 4H, H-2 and H-5), 1.24 — 1.12 (m, 2H, H-6),
0.53 -0.41 (m, 2H, H-1), 0.00 (s, 6H, Si(CHa)z2).
13C NMR (101 MHz, DMSO-d6) d 172.40 (C), 171.76 (C), 170.69 (C), 157.38 (C), 156.00 (C), 51.38
(CH), 51.02 (CH), 41.54 (CHy>), 34.28 (CHy), 29.01 (CH2), 28.34 (CH>), 28.08 (CH2), 25.24 (CH2), 24.24
(CH2), 23.16 (CHy), 14.24 (CH2), -0.51 (CHsa).
29Si NMR (79 MHz, DMSO-d6) & 7.97 (dimer).
LC/MS (ESI*): tr = 0.71 min, m/z 602 ([M+H]*, 10%), 302 ([M+2H]?*, 100), 293 ([M+2H-NHz]**, 30).
HRMS: 602.3926. C24H51N1105Si requires [M+H]*, 602.3922.
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H-LeusArgz-NH2 was synthesized on Rink Amide resin by a classical Fmoc-SPPS strategy. Amino acid
used were successively Fmoc-Arg(Pbf)-OH twice and Fmoc-Leu-OH three times. Cleavage and side
chain deprotection were realized in trifluoroacetic acid for 4h. After precipitation in diethylether, the
peptide was purified on preparative HPLC (yield: 86%). Then, it was reacted with 3-
isocyanatopropyltriethoxysilane (1,1 eq) in DMF at a concentration of 30 mM in presence of DIEA (3
eq). After concentration of the reaction mixture, the hybrid peptide was obtained by precipitation and
washings with diethylether.

LC/MS (ESI™): Only the product of hydrolysis of ethoxysilyl groups into silanols was detected: tr = 0.87
min, m/z 833 ([M+H]*, 30%), 417 ([M+2H]?*, 100).
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Non-silylated fluorescein 6

N-Boc-1,3-propanediamine (56.4 mg, 0.324 mmol, 1.05 eq) was added to a solution of fluoresceine
isothiocyanate (FITC, 120 mg, 0.308 mmol) in anhydrous DMF (3 mL) with DIEA (100 pL). The reaction
solution was stirred for 1 h under argon. Then the solvent was removed under reduced pressure. The
protected amine was precipitated and washed with diethylether. The dried compound was solubilized in
TFA (4 mL) and stirred for 1 h. The crude solution was concentrated and precipitated in diethylether.
After centrifugation, fluoresceine amine was purified by preparative HPLC and obtained as a TFA salt
(180 mg, 100%).

!H NMR (400 MHz, DMSO-d6) & 10.32 (s, 1H, NH thiourea from FITC), 8.54 (t, J = 5.4 Hz, 1H, NH
thiourea from diaminopropane), 8.24 (s, 1H, H-4), 7.86 — 7.72 (m, 3H, H-6 and NH2), 7.20 (d, J = 8.3
Hz, 2H, H-5), 6.69 (d, J = 2.1 Hz, 2H, H-9 and H-10), 6.62 — 6.56 (m, 4H, H-7, H-8, H-11 and H-12),
3.60 (d, J =5.5 Hz, 2H, H-3), 2.92 — 2.82 (m, 2H, H-1), 1.92 — 1.84 (m, 2H, H-2).

13C NMR (101 MHz, DMSO-d6) & 181.20 (C), 169.01 (C), 160.00 (C), 152.36 (C), 141.82 (C), 130.13
(CH), 129.47 (CH), 126.97 (C), 124.53 (CH), 118.04 (C), 117.18 (CH), 115.12 (C), 113.07 (CH), 110.16
(C), 102.72 (CH), 41.31 (CH2), 37.36 (CH>), 27.32 (CH>).

LC/MS (ESI*): tr = 1.08 min, m/z 464 ([M+H]*, 9%), 390 ([M+H-NH2(CH2)sNHz]*, 5%), 224 ([M+2H-
NHz]?*, 100).

HRMS: 464.1278. C24H21N30sS requires [M+H]*, 464,1280.
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Non-silvlated fluorescein 6
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Triethoxysilyl fluorescein 4

.
(>
:

O>SI
3

3-Isocyanatopropyltriethoxysilane (1.35 pL, 5.45*10° mmol, 1.05 eq) was added to a solution of the

non-silylated fluorescein 6 prepared precedently (3.00 mg, 5.19*10°° mmol) in anhydrous DMF (500 pL)

with DIEA (1.35 pL, 7.79*10°3 mmol, 1.5 eq). The solution was stirred under argon for 1 h. The solvent

was removed under reduced pressure and triethoxysilyl fluoresceine 4 was obtained as a DIEA salt after

precipitation and washings with diethylether (100%).

H NMR (400 MHz, DMSO0-d6) & 10.33 (br s, 1H, COOH), 10.26 (s, 1H, NH thiourea from FITC), 8.62
(brs, 1H, NH DIEA), 8.50 (s, 1H, NH thiourea), 8.31 (s, 1H, H-4), 7.81 (s, 1H, H-6), 7.20 (d, J = 11.2 Hz,
1H, H-5), 6.70 (s, 2H, H-9 and H-10), 6.64 — 6.56 (m, 4H, H-7, H-8, H-11 and H-12), 6.00 (br s, 2H, NH
urea), 3.73 (q, J = 7.2 Hz, 6H, H-4’), 3.64 — 3.58 (m, 2H, CH2 DIEA), 3.53 (br s, 2H, H-3), 3.15 — 3.10
(m, 2H, CH DIEA), 3.09 — 3.03 (m, 2H, H-1), 3.01 — 2.93 (m, 2H, H-3’), 1.73 — 1.61 (m, 2H, H-2), 1.50 —
1.36 (m, 2H, H-2), 1.30 — 1.21 (m, 15H, CH3 DIEA), 1.14 (t, J = 7.0 Hz, 9H, H-5’), 0.59 — 0.42 (m, 2H,
H-1").

13C NMR (101 MHz, DMSO-d6) & 180.90 (C), 169.05 (C), 160.01 (C), 158.92 (C), 158.84 (C), 152.37
(C), 142.07 (C), 129.95 (CH), 129.48 (CH), 126.95 (C), 124.40 (CH), 119.05 (C), 116.88 (CH), 116.09
(C), 113.05 (CH), 110.18 (C), 102.70 (CH), 58.14 (CH>), 53.95 (CHz2), 42.55 (CH2), 42.23 (CH), 41.87
(CH2), 37.25 (CHy), 30.09 (CH2), 24.03 (CHz), 18.65 (CHS3), 17.14 (CHzs), 12.78 (CHs), 7.70 (CHz).

29Si NMR (79 MHz, DMSO-d6) & -41.85, -43.64, -45.08. Ethoxy group hydrolysis started during analysis.
LC/MS (ESI*): tr = 1.18 min, m/z 627 ([M+H]*, 70%), 609 ([M+H-H20]*, 20), 305 ([M+2H-H-0]?*, 100.
HRMS: 627.1587. C28H30N409SSi requires [M+H]*, 627,1581.
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3-Isocyanatopropylchlorodimethylsilane (16.2 pL, 0.0910 mmol, 1.05 eq) was added to a solution of
non-silylated fluorescein 6 prepared precedently (50.0 mg, 0.0867 mmol) in anhydrous DMF (2 mL) with
DIEA (45.2 pL, 0.260 mmol, 3 eq). The solution was stirred under argon for 1 h. The solvent was

removed under reduced pressure and the crude product was obtained by precipitation with diethylether.
Purification by preparative HPLC gave dimethylhydroxysilyl fluoresceine 5 (42%).

Si
4
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IH NMR (400 MHz, DMSO-d6) & 10.01 (s br, 1H, COOH), 9.97 (s, 1H, NH thiourea from FITC), 8.20
(s, 1H, H-4), 8.12 (s, 1H, NH thiourea), 7.71 (d, J = 7.6 Hz, 1H, H-6), 7.14 (d, J = 8.3 Hz, 1H, H-5),
6.65 (d, J =2.2 Hz, 2H, H-9 and H-10), 6.59 — 6.51 (m, 4H, H-7, H-8, H-11 and H-12), 5.88 (s br, 2H,
NH urea), 3.43 — 3.38 (m, 2H, H-3), 3.03 (t, J = 6.5 Hz, 2H, H-1), 2.92 (t, J = 6.9 Hz, 2H, H-3’), 1.62
(qu, J = 6.5 Hz, 2H, H-2), 1.37 — 1.29 (m, 2H, H-2’), 0.47 — 0.36 (m, 2H, H-1"), 0.00 and -0.04 (2 s, 6H,
H-4’ from dimer and monomer respectively).

13C NMR (101 MHz, DMSO0-d6) & 179.51 (C), 167.65 (C), 158.62 (C), 157.51 (C), 151.02 (C), 140.47
(C), 128.75 (CH), 128.19 (CH), 125.68 (C), 123.18 (CH), 116.66 (C), 115.79 (CH), 114.24 (C), 111.71
(CH), 108.87 (C), 101.36 (CH), 41.55 (CH>), 40.52 (CH), 35.85 (CHz2), 28.80 (CH>), 23.13 (CH>),
14.20 (CH2), -0.51 (CHs), -0.75 (CHs).

2Si NMR (79 MHz, DMSO-d6) & 11.24 (monomer), 7.99 (dimer).

LC/MS (ESI"): t = 133 min, m/iz 623  ([M+H]*, 60%), 390 ([M+H-
NH2(CH2)sNHCONH(CH?2)3Si(CHs)20H]*, 15), 312 ([M+2H]?*, 60), 303 ([M+2H-H20]?*, 100.

HRMS: 623.1996. C30H34N40O7SSi requires [M+H]*, 623,1996.

CE208
CE208 / DMSO

1600

ﬁﬁﬁﬁ ScoPRS

9.97
303
301
204
2.02
90
63
62
60
35
&
41
39

U.00

0.04

8
8
7
6
6
6
6
6
13
338
i 3.04

s
kS
<
L
<
<

1500

1400

1300

1200

A
=
—
—
[
—
:*\
T
—
T

1100

1000

900

800

TH NMR (400 MHz, dg-DMSO) 7o
HN 600
:Hg 500
-

Si. L
4/ IOH 400
i 300
200
| rl ‘ 100

I /'k A Lo
45 Kol %e¢ % LT ! 100

6 15 14 13 2 11 10 o 8 7 fl(‘ ) 5 4+ 3 2 1 o 41 2 3
ppm

-524 -



CE208
CE208 / DMSO

179.51

o

Supporting information for publication n°2
An easy synthesis of tunable hybrid bioactive hydrogels

140.47
-0.51
-0.75

&
&
\

_~158.62
™-157.51
—151.02
—41.55
— 35.85
— 28.80
—23.13
— 14.20

<

3C NMR (101 MHz, dg-DMSO)

L]

13000

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

1000

ot
!

TV

WIFILY WAL Y

210 200

CE208-KK
CE208 / dmso-KK

190

180

T T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80
f1 (ppm)

—11.24
—7.99

9000

8000

7000

6000

5000

4000

3000

2000

1000

r-1000

r-2000

r-3000

T T T T T T T T T
20 10 0 -20
f1 (ppm)

-S525 -

T
-50



Supporting information for publication n°2
An easy synthesis of tunable hybrid bioactive hydrogels

19-Sep-2014
i lhydroxysilyl fluorescein 5 09:14:53
pmethyyerorysly 1: Scan ES+ |
‘ 100 1.33 623
| H 1.64e7
‘ ’ |

] {!

2| (
[ ‘

|
|
| g |4
0.20 0.40 0.60 0.80 1.00 1.20 1.4 1.60 1.80 2.00 2.20 2.40 2.60

Z CE 165 prep

2: Diode Array |
1 1.33 Range: 3.592e-1

2.0e-1- 0‘153 022 |
i S

I
2 1.0e e R S e
001 - <
0.20 0.40 0.60 0.80 1.00 120 1.40 1.60 1.80 2,00 220 240 260
Z CE 165 prep 1: Scan ES+
- 1.33 TIC
\ ,‘I 2668
| i
|
|
‘ |
] e |
3 Il |
I 1
| “, 248 ./ }
108 A o eV
§— iy T e R A T TR\ T B 0 o o o Time
0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 260 |
Dimethylhydroxysilyl fluorescein 5 = - s '19.3ep.2014‘
09:14:53
1: Scan ES+ \
Z CE 165 prep 93 (1.325) 6.56e6
303.1
|1001 ;
| |
\ |
|
312.1 i
‘ 6232
Q\G‘
348.1
2762 ‘
P17 624.2
%
390.0 ‘
349.1 \rsso,z
313.4 (391.0 e
) % 605.2| 626.2
Al s ATEY) Al T O —— L ! — T ey Mz

350 400 450 500 550 600 650 700 | 750 800 | 850 900 ' 950 1000 |

- 526 -



Supporting information for publication n°2
An easy synthesis of tunable hybrid bioactive hydrogels

Hydrogel formation

Hybrid PEG is dissolved in Dulbecco’s phosphate buffer (DPBS). For instance, 100 mg of hybrid PEG
are dissolved in 1 mL of DPBS to obtain a 10 wt% hybrid PEG gel. The solution is filtered on a 0.22 ym
pore size filter when sterile conditions are required. Sodium fluoride is added and the solution is
incubated at 37°C to yield the hydrogel. Gelification time depends on NaF concentration (2 h at 37°C
with 0.3 wt% NaF that is to say 3 mg/mL).

Left: 5 wt% hybrid PEG gel; middle: 10 wt% hybrid PEG gel; right: 20 wt% hybrid PEG gel.

Link to a hydrogel formation movie. Reactants in the order of addition: FITC, hybrid PEG 1, NaF in DPBS.

Viscometry

Viscometry measurements were carried out on a SV-10 sine-wave vibro viscometer. Viscosity was
recorded as a function of time on 10 mL samples of hybrid PEG solutions.
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Evolution of the viscosity of a 10 wt% hybrid PEG solution containing 0.3 wt% of NaF
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Rheology

Rheological measurements were carried out on an AR2000 rheometer from TA instruments, Inc. with a
20 mm diameter parallel geometry at 37°C in the oscillatory mode. Cylindrical gels with a diameter of
20 mm and a volume of 3 mL were prepared for these studies; they were unmould after 24 h at 37°C.
Storage (G’) and loss (G") moduli were recorded as a function of frequency within the linear viscoelastic
regime at 0,1% strain. The gap was controlled by maintaining a constant normal force at 1 + 0.1 N.
Viscoelastic moduli values were also recorded at 25°C and verified 4 and 7 days after by performing the
same rheological experiments.

The effect of water/PEG ratio and NaF concentration on viscoelastic moduli was discussed in the article.
The influence of hybrid PEG size on mechanical properties was also studied. Three hydrogels were
prepared in DPBS with 10 wt% hybrid PEG (1000, 2000 or 6000 g/mol) and 2.5 wt% of NaF. Gelation
time and storage moduli of these hydrogels at 1 Hz frequency are presented in the table below.

Gelation time G’ (Pa)
(min)
Hybrid PEG 1000 30 7973
Hybrid PEG 2000 (1) 35 10630
Hybrid PEG 6000 >24h na

On the one hand, one can notice that G’ value of hybrid PEG 1000 gel was lower than that of hybrid
PEG 2000. Based on the evolution of the silica/organic ratio and the increase of the PEG chain length,
which should induce a higher mesh size, we could suspect a reduction of G’ for hybrid PEG 2000 gel.
In our case, observed evolution can be explained by the higher cristallinity of PEG 2000 which could
induce a self-assembly of PEG units in the gel. On the other hand, mechanical properties of hybrid PEG
6000 hydrogel could not be studied. Indeed, after 24 h at 37°C, hybrid PEG 6000 solution yielded a
viscous liquid. This can be explained by a decrease in cross-links due to a higher silica/organic ratio.

10 wt% hybrid PEG hydrogels after 24 h at 37°C. Top: hybrid PEG 2000; bottom: hybrid PEG 6000.

SEM images and BET

The morphology of the hydrogels was analyzed by Scanning Electron Microscopy (SEM) on a Hitachi
S4800. Pieces of gels were affixed to SEM pucks using conductive carbon tape, they were freeze-dried
and coated with a 2 nm gold layer. The images show a featureless homogeneous and dense matrix
whether for broad and magnificated top views. It's worth noting that, observed crystals on the surface
(right image) were generated from the DPBS.
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SEM images of 10 wt% hybrid PEG hydrogel containing 0,3 wt% of NaF

In addition, nitrogen sorption measurements show that these hybrid materials are also nonporous with
a low surface area (Sger < 10 m2.g%).

Cytotoxicity

Cell culture reagents were purchased from Gibco. Hydrogel cytotoxicity was measured with a LDH
cytotoxicity kit 1l from PromoKine according to the ISO 10993-5 standard. L929 mouse fibroblasts were
cultured in phenol red-containing Minimum Essential Media (MEM Alpha Medium) with 10% horse
serum, 1% GlutaMAX and 1% penicillin-streptomicin at 37°C with a humidified 5% CO. atmosphere.
Cells were detached using versene and trypsin. They were centrifugated, suspended in culture medium
and counted with a hemacytometer. The suspension was diluted to a concentration of 50,000 cells per
mL. Cells were seeded in a tissue culture treated 24 well cell culture plate (1 mL of cell suspension per
well i. e. 50.000 cells, except background control wells which contain 1 mL of growth medium without
cells). The plate was incubated at 37°C with 5% CO: for 24h to allow cell adhesion and proliferation.
Cytotoxicity assays were run in tetraplicates following the supplier’s protocol. After 24h, we added:

- 100 L of DPBS in background control and low control wells,

- 100 pL of cell lysis solution in high control wells

- a 5 mm diameter cylindrical hydrogel whose volume is 100 uL in test sample wells

- a piece of PLA-50 whose surface is equivalent to hydrogel surfaces and 100 yL of DPBS in PLA
controls.

The plate was placed again in an incubator for 24h. 10 yL of the homogenized media were transferred
from the 24 well plate to an optically clear 96 well plate. LDH reaction mix (100 pL) was added to each
well and allowed to react for 30 min at room temperature. The stop solution (10 puL per well) was then
added and the absorbance of each well was read at 450 nm. Background values were subtracted from
the other values.

Fluorescein release experience

A 10 wt% solution of hybrid PEG in DPBS with 3 wt%o of NaF (3 mL) was added to 5.2*10 mmol of a
fluorescein derivative (3.0 mg of non-silylated fluorescein 6 or 3.7 mg of triethoxysilyl fluorescein 4 or
3.2 mg of dimethylhydroxysilyl fluorescein 5). N. B. dimethylhydroxysilyl fluorescein was first dissolved
in DMF (100 pL) and water containing 1% TFA (v/v, 90 pL) was added to hydrolyse fluorescein dimers
into monomers. Gelation occurred at 37°C overnight. Then, the gel tablets were placed in different flasks
with 10 mL of DPBS and stored at RT. DPBS was regularly removed and replaced by fresh DPBS. The
release of the different fluoresceins was measured out by HPLC from collected solutions of DPBS.
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Fluorescein-containing gels at the beginning of the release experience (left) and after 8 days (right). A: non-
silylated fluorescein 6 gel; B: triethoxysilyl fluorescein 4 gel; C: dimethylhydroxysilyl fluorescein 5 gel.
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Cell adhesion assays

Adhesion properties of hybrid gels were measured on L929 mouse fibroblasts cultured in the same
conditions as for cytotoxicity assays. 300 L of a 10 wt% solution of hybrid PEG containing 0.3 wt% of
NaF and hybrid RGD peptide 2 (final concentration 0, 10 or 20 mol% compared to hybrid PEG 1) were
placed in a 24 well cell culture plate in triplicates. The plate was incubated at 37°C with a humidified 5%
CO:2 atmosphere overnight. 200 000 cells in 40 pL of culture medium were added on top of the gels. For
high control wells, cells were seeded directly on tissue culture treated polystyrene. Cells were allowed
to adhere for 30 min, 1h or 2h at 37°C. Then, all the wells were washed with DPBS and PrestoBlue (1
mL of a 10% (v/v) solution of PrestoBlue, Molecular probes by life technologies, in the culture medium)
was added. 300 pl of DPBS were added to high and low control (no cells) wells in order to reach the
same dilution as the gel-containing wells. The plate was incubated for 1h. Then 200 pL of each well
were transferred to a 96 well black plate for fluorescence reading (Aexcitation = 535 NM, Aemission = 615 nm).
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Cell observation after 30 min adhesion and 1h incubation with Prestoblue solution. Left : Tissue culture treated
polystyrene; Middle: Hybrid PEG hydrogel without RGD; Right: 20 mol% hybrid RGD hydrogel.

Hybrid RGD promoted cell adhesion by providing attachment points to the cells. However, we observed
that cells had difficulties spreading on the gel, indeed, PEG induced shrinkage. Nonetheless, the aim of
this study was to prove that new biological properties could be given to hybrid PEG hydrogels by
covalent incorporation of active peptides. Here, cell adhesion was enabled by hybrid RGD incorporation.

Antibacterial assays

Hybrid PEG was dissolved in DPBS at a 10 wt% concentration. The solution was filtered over a 0.22 ym
pore size sterilizing nitrocellulose membrane. NaF was added at a 0.3 wt% concentration. Hybrid
peptides 3 and 7 were dissolved in Milli-Q water (400 pL) containing 1% TFA (V/V) and added to the
hybrid PEG solution. The same amount of acidic Milli-Q water without peptide was added to hybrid PEG
solution to yield the reference hydrogel. This acidic addition resulted in a negligible variation in the buffer
pH (variation of less than 0.1). Hybrid PEG solutions (5 mL) were poured in 55 mm diameter Petri dishes.
Solutions were incubated at 37°C overnight to achieve gelification. Autoclaved granulated agar in DPBS
(15 g/L) was used as a control sample. Bacteria strains (Staphylococcus aureus ATCC 6538,
Escherichia coli ATCC 25922) were grown overnight at 37°C on tryptic soy agar. Bacteria were then
suspended in DPBS and the turbidity of suspensions were adjusted to an equivalent 0.5 McFarland
standard by measuring transmitted light at 620 nm (E. Coli 78%, S. Aureus 75%). Suspensions were
diluted to 10° UFC/mL concentrations and added (500 pL i. e. approximately 500 UFC) onto hydrogels
in Petri dishes. A 0.45 ym pore size nitrocellulose membrane was laid down on the inoculums before
tryptic soy agar (TSA, 5 mL) was poured on top of the layers. Bacteria colonies were counted in each
Petri dish after incubation at 37°C for 24h. To facilitate counting, bacteria were stained with MTT: 200
uL of a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide at a concentration of 0.5
mg/mL were sprayed onto TSA in each dish 1h before reading.

Picture of the experimental set-up for antibacterial assays. Upside-down Petri dish containing from top to bottom:
hybrid PEG hydrogel, MTT stained bacteria, nitrocellulose membrane, tryptic soy agar culture medium.
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Abbreviations

ACN, acetonitrile; Boc, t-butyloxycarbonyl; BBFO, broad band fluorine observation; CD, circular
dichroism; DIEA, diisopropylethylamine; DMEM, Dulbecco’s modified eagle medium; DMF, N-N’-
dimethylformamide; DMSO, dimethylsulfoxide; DPBS, Dulbecco’s phosphate buffered saline; ECM,
extracellular matrix; ESI-MS, electrospray ionization mass spectrometry; FBS, fetal bovine serum;
Fmoc, fluorenylmethoxycarbonyl; FPPS, fast parallel peptide synthesis; HATU, 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxid  hexafluorophosphate;
HPMC, hydroxypropylmethylcellulose; ICPTES, 3-isocyanatopropyltriethoxysilane; LC/MS, tandem
liquid chromatography/ mass spectrometry; mMSC, mouse mesenchymal stem cell; NIPAM, poly(N-
isopropylacrylamide); NMR, nuclear magnetic resonance; pip, piperidine; PEG, polyethylene glycol;
PHEMA, polyhydroxyethylmethacrylate; PLA, poly(lactic acid); PLGA, poly(lactic-co-glycolic acid);
RP-HPLC, reversed phase high performance liquid chromatography; RT, room temperature; SEM,
scanning electron microscopy; SPPS, solid phase peptide synthesis; TC-PS, tissue culture polystyrene;
TFA, trifluoroacetic acid; TIS, triisopropylsilane; TMSP, trimethylsilyl-3-propionic acid 2,2,3,3-sodium
salt; UV, ultra-violet, VEGF, vascular endothelial growth factor. Other abbreviations used were those
recommended by the IUPAC-IUB Commission (Eur. J. Biochem. 1984, 138, 9-37).

Material and Methods

All solvents and reagents were used as supplied. Solvents used for LC/MS were of HPLC grade. DMF,
DIEA, ACN, TIS, TFA and piperidine were obtained from Sigma-Aldrich. Fmoc amino acid derivatives
and HATU were purchased from Iris Biotech (Marktredwitz, Germany). AmphiSpheres 40 RAM 0.37
mmol/g 75-150 um resin was purchased from Agilent Technologies. ICPTES and sodium fluoride were
obtained from Alfa Aesar and Acros respectively.

Samples for LC/MS analyses were prepared in acetonitrile/water (50:50, v/v) mixture, containing 0.1%
TFA. The LC/MS system consisted of a Waters Alliance 2695 HPLC, coupled to a Water Micromass
ZQ spectrometer (electrospray ionization mode, ESI+). All the analyses were carried out using a
Chromolith Flash 25 x 4.6 mm C18 reversed-phase column. A flow rate of 3 mL/min and a gradient of
(0-100)% B over 2.5 min were used. Eluent A: water/0.1% HCO-H; eluent B: acetonitrile/0.1% HCO,H.
UV detection was performed at 214 nm. Electrospray mass spectra were acquired at a solvent flow rate
of 200 pL/min. Nitrogen was used for both the nebulizing and drying gas. The data were obtained in a
scan mode ranging from 100 to 1000 m/z or 250 to 1500 m/z to in 0.7 sec intervals.

High Resolution Mass Spectrometric analyses were performed with a Synapt G2-S (Waters) mass
spectrometer fitted with an Electrospray lonisation source. All measurements were performed in the
positive ion mode. Capillary voltage: 1000 V; cone voltage: 30 V; source temperature: 120°C;
desolvation temperature: 250°C. The data were obtained in a scan mode ranging from 0 to 2000 m/z.

NMR solvents and TMSP were obtained from Euriso-top. 2°Si, 3C and *H NMR spectra in DMSO-ds
were collected on a Bruker AVANCE 500 MHz spectrometer equipped with a BBFO helium cryoprobe
at 298 K. The deuterated solvent was used as an internal deuterium lock. Chemical shifts () are reported
in parts per million using residual non-deuterated solvents as internal references. Spectra were processed
and visualized with Topspin 3.2 (Bruker Biospin).
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Synthesis of undecapeptide 1

Convergent synthesis

A convergent synthesis strategy was first used to produce several grams of undecapeptide 1. This
strategy involved the solution phase synthesis of the Fmoc-ProHypGly-OH tripeptide. Boc-Hyp-OH
was coupled on H-Gly-OBzl. Fmoc-Pro-OH was coupled on the resulting dipeptide after Boc removal
in TFA. Removal of C-ter protecting group by catalyzed hydrogenation yielded the tripeptide ready to
use as a building block for the synthesis of the undecapeptide 1.
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H N H -
— » Fmoc—N
i Q dpo —— W IR il g O e g
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Figure S1. Synthesis of undecapeptide 1 using Fmoc-ProHypGly-OH building block
After purification, the undecapeptide 1 was obtained with 45% vyield.

FPPS synthesis

The FPPS methodology developed in our group (Laconde, G. et al. Fast parallel peptide synthesis -
FPPS: A methodology for the rapid and efficient preparation of peptide libraries. Submitted) was also
applied to the synthesis of undecapeptide 1. All the stages of the FPPS were realized under vortex
stirring at 500 rpm, on a 0.5 mmol scale using the AmphiSpheres 40 RAM (0.37mmol/g 75-150) um
resin in DMF. Stock solutions of all Fmoc-protected amino acids (Fmoc-Lys(Boc)-OH, Fmoc-Gly-
OH, Fmoc-Hyp(tBu)-OH, Fmoc-Pro-OH) and HATU were prepared in DMF at 0.5 M. The coupling
reactions were performed using a amino acid (5 ml, 5 eq) / HATU (5 ml, 5 eq) / DIEA (0.87 ml, 10 eq)
mixture for 5 minutes and repeated twice. Fast double couplings were replaced by a single 30 min
coupling for Fmoc-Hyp(tBu)-OH. The Fmoc removal steps were realized using a piperidine/DMF
20/80 v/v solution (12 ml) for 1 minute and performed twice. All washings were done with DMF (12
ml). N-Terminal acetylation was performed with 20% Ac,0 in DMF and DIEA for 5 minutes twice.
The peptide was cleaved from the resin with the cocktail TFA/TIS/H,O (95/2.5/2.5 viviv), recovered
by precipitation in diethyl ether, then taken up in ACN/H20 50/50 v/v mixture and freeze-dried.

The crude peptide was solubilized in HoO/ACN 98/2 v/v mixture with 1% TFA and purified by RP-
preparative HPLC. The purification was performed on a NOVASEP HPLC system equipped with a
C18 reversed-phase Luna column (Phenomenex 10 um, 250 x 50 mm) with a flow rate of 120
mL/min. Eluents were H20 1%o0 TFA (A) and ACN 1% TFA (B). The purification gradient started with
3 minutes at 0% of B and then increased from 0 to 20% of B in 20 min. UV detection was performed
at 221 nm. Collected fractions were concentrated and freeze-dried to yield the pure undecapeptide 1 as
a TFA salt with 50% yield. This yield was similar to the yield of the convergent strategy. However,
the synthesis of the peptide was much faster with the FPPS methodology. As a consequence, this
protocol was selected for large-scale synthesis of peptide 1.
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Figure S2. LC/MS spectrum of 1

LC/MS (ESI*): te = 0.72 min, m/z 1118 ([M+H]*, 8%), 559 ([M+2H]?*, 100)
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Silylation of undecapeptide 1

Undecapeptide 1 was reacted with 3-isocyanatopropyltriethoxysilane (2.2 eq) in anhydrous DMF at a
concentration of 100 mM in the presence of DIEA (4 eq) for 50 min under argon atmosphere. The
completion of the reaction was checked by HPLC. The bis-silylated hybrid block 2 was obtained
guantitatively after precipitation and washings with diethylether.

'

8 6 4 2 [ppm]

Figure S3. 'H NMR spectrum of 2 in DMSO-dg (500 MHz)
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Figure S4. 13C NMR spectrum of 2 in DMSO-ds (125 MHz)
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Figure S5. 2°Si NMR spectrum of 2 in DMSO-ds (99 MHz)
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Noteworthy, 3 signals are observed on the 2°Si NMR spectrum corresponding to different states of

hydrolysis and condensation of —Si(OEt)s groups.
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Figure S6. LC/MS spectrum of 2

LC/MS (ESI*): Only the product of hydrolysis of ethoxysilyl groups into silanols is detected with
several H;O losses. tr = 0.84 min, m/z 1408 ([M-2H,0+H]*, 10%), 695 ([M-3H,0+2H]?*, 100).
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Figure S7. HR-MS analysis of 2

HR/MS (ESI*): Only the product of hydrolysis of ethoxysilyl groups into silanols is detected with several
H-0 losses. It is usual to observe —Si*(OH). species when hybrid derivatives are analyzed by ESI* MS.
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The most abundant ion at m/z = 695.3188 corresponds to [M-3H,0+2H]?* with M the hydrolyzed hybrid
peptide.

Preparation of a hydrogel

Hybrid bloc 2 (200 mg) was dissolved in 10% FBS supplemented DMEM (Gibco, ref. 31966, 2 mL) at
a 10 wt% concentration. The solution was filtered on a 0.22 pum pore size filter to sterilize the solution
when required. Sodium fluoride (0.3 wt%, 6 mg) was added. The hybrid solution was incubated at 37
°C overnight to yield the hybrid hydrogel.

The sol-gel process is catalyzed by fluoride ions. Here is a proposed mechanism for this process:
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Figure S8. Proposed mechanism for fluorine-catalyzed sol-gel process. A: hydrolysis step. B: condensation step.

NMR study of 2 and monitoring of the gelation process
Preparation of samples

Two NMR samples containing the hybrid peptide 2 (0.062 M) were prepared in similar conditions, one
with NaF catalyst and the other one without. The NaF-free sample was used to characterize the
undecapeptide 2 in monomeric state since hydrolysis and condensation rates are very low in the absence
of NaF. Gelation kinetics were then monitored using the NaF-containing solution.

Hybrid peptide 2 (20 mg, 0.0124 mmol) was dissolved in 200 pL of the following mixture: DPBS x 10
(Gibco ref 14200, 100 pL), D,O (100 pL), milliQ H,O (800 pL), with or without NaF (3 mg).
Microtubes were then used to record all spectra on a Bruker Avance 600 AVANCE Ill spectrometer
equipped with a 5 mm quadruple-resonance probe (*H, $3C, *N, 3!P).

Characterization of the compound 2 at the monomeric state (NaF-free sample)

1D *H NMR spectra of compound 2 at 62 mM and 0.62 mM were first recorded to check the absence of
self-assembly of this short sequence. Then, homonuclear 2D-spectra COSY, TOCSY (DIPSI2) and
ROESY were typically recorded in the phase-sensitive mode using the States-TPPI method as data
matrices of 400 real (t1) x 2048 (t2) complex data points; 4-32 scans per t; increment with 1.0 s recovery
delay and spectral width of 6009 Hz in both dimensions were used. The mixing times were 80 ms for
TOCSY and 300 ms for the ROESY experiments. Spectra were processed with Topspin (Bruker
Biospin) and visualized with Topspin or NMRView (B. A. Johnson, R. A. Blevins, J. Biomol. NMR,
1994, 4, 603-614) on a Linux station. The matrices were zero-filled to 1024 (t1) x 2048 (t,) points after
apodization by shifted sine-square multiplication and linear prediction in the F1 domain. Chemical shifts
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were referenced to the trimethylsilylpropanoic acid (TMSP). *H chemical shifts were assigned according
to classical procedures (K. Withrich, NMR of Proteins and Nucleic acids; Wiley-Interscience: New
York, 1986). The stereochemical assignment of proline and hydroxyproline geminal protons have been
performed using the NOE correlations relative to the a protons on the ROESY spectrum. The absence
of polymerization of 2 was confirmed performing 1D spectra at different times.

62 mM (10 %) J\
N N

0.62 mM (0.1 %)
DY -

-
< T T T

T T T T T T T T T T
8 6 4 2 [ppm]

Figure S9. 1D 'H NMR spectra of the hybrid peptide 2 at 62 mM and 0.62 mM (10 and 0.1%) in DPBS buffer (10% D,0) without
NaF at 37°C, pH 7.2.
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Figure S10. 1D 'H NMR spectra of the hybrid peptide 2 at 62 mM (10%) in DPBS buffer (10% D,0) with and without NaF at
37°C, pH 7.2. Spectra were recorded after 5 and 60 min.

Table S1. IH NMR chemical shifts of the peptide moieties of the compound 2 in DPBS buffer (10 % D,0), pH 7.2 at 10°C.

Residue HN Ha Hp H, Hs Others
Lys1 8.44 4.55 1.68, 1.80 1.46 151 H.3.13; NH:6.12; Ac 2.04
Pro 2 - 4.77 2.35,1.92 2.06 3.91, 3.65
Hyp 3 - 4.61 2.39,2.11 4.66 3.90, 3.85
Gly 4 8.59 3.98 - - )

Pro 5 - 4.77 2.35,1.92 2.06 3.61, 3.58

Hyp 6 - 4.61 2.39,2.11 4.66 3.90, 3.85

Gly 7 8.59 3.99 - ; )

Pro 8 - 4.77 2.35,1.92 2.06 3.69

Hyp 9 - 4.61 2.39,2.11 4.66 3.90, 3.85

Gly 10 8.81 3.9 - . ]

Lys 11 8.22 431 1.74,1.86 1.39 1.49 H,3.11; NH.6.12; NH, 7.25, 7.82
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Figure S11. Nomenclature and chemical shifts for the silylated arm (R = -H or -CH,CH3)

SiOCH,CHg silylated arm (R = CH,CHs): HN = 6.15 ppm; CH»(1,1’) =3.12 ppm ; CH»(2,2’) = 1.58 ppm; CH»(3,3’) =0.77 ppm;
OCH,CHs3 =3.90 and 1.24 ppm.

SiOH silylated arm (R = H): HN = 6.12 ppm; CH»(1’) = 3.11 ppm; CH,(2’) = 1.58 ppm; CH3(3’) = 0.66 ppm.

Ethanol NMR signals: CH, = 3.67 ppm; CH; = 1.18 ppm.

Note: The silylated arm was partially hydrolyzed even in absence of NaF.

Gelation kinetic measurement (NaF-containing sample)

1D *H NMR spectra of 2 in DPBS buffer (10 % D,0) with NaF at pH 7.2 and 37°C were recorded at
several intervals (5, 10, 15, 20, 30, 40, 50, 60, 70, 90 and 120 min) to monitor the kinetics of
polymerization and gelation of 2. Spectra were processed and integrals were measured using the
Topspin software.
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Figure S12. 1D 'H NMR spectra at different intervals of the hybrid peptide 2 at 62 mM (10%) in DPBS buffer (10% D,0) with
NaF at 37°C, pH 7.2.

CD study

Circular dichroism experiments were carried out using a Jasco J815 spectropolarimeter. The
spectra were obtained using a 1 mm path length CD cuvette, at 37°C, over a wavelength range
of 190-260 nm. Continuous scanning mode was used, with a response of 1.0 s with 0.2 nm steps
and a bandwidth of 2 nm. The signal to noise ratio was improved by acquiring each spectrum
over an average of three scans. Baseline was corrected by subtracting the background from the
sample spectrum.
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Figure S13. CD spectrum of the hybrid peptide 2 (0.062 mM) in DPBS buffer, pH 7.2 at 37°C.

Rheology

Rheological measurements were carried out on an AR 2000 rheometer from TA instruments, Inc. with
a 20 mm diameter parallel geometry at 37°C in the oscillatory mode. The hybrid peptide 2 (50 mg) was
dissolved in cell culture medium (10% FBS supplemented DMEM at 37°C, 500 pL) containing sodium
fluoride (1.5 mg). The hybrid solution was immediately deposited on the Peltier plate and the gap was
set at 500 um. The excess solution was carefully removed with a pipette and a thin layer of silicone oil
was applied to the air/sample interface to prevent dehydration of the sample. After 1 minute
equilibration, storage (G’) and loss (G") moduli were recorded as a function of time for 5 hours within

the linear viscoelastic regime at 25% strain and 1 Hz frequency. Frequency sweep experiment was also
carried out at 25% strain.
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Figure S14. Frequency sweep from 10 to 0.1 Hz at 25% strain. Black dots: G’; Grey dots: G”.

Scanning Electron Microscopy

On the one hand, the morphology of the hydrogels was analyzed by Scanning Electron Microscopy
(SEM) on a Hitachi S4800. Pieces of gels were affixed to SEM pucks using conductive carbon tape,
they were freeze-dried and coated with a 2 nm gold layer.

.

S-4800 x30.0k 1.00um

Figure S15. SEM image of a hydrogel (10 wt% of hybrid peptide 2 in DPBS with 0.3 wt% NaF) after freeze-drying

On the other hand, a 10 wt% hybrid peptide 2 hydrogel in cell culture medium was examined by cryo-
SEM. The sample was frozen in slush nitrogen, fractured, sublimated for 1 minute at -96°C or 3 minutes
at -87°C, coated with Palladium and analyzed at 5KV and -140 °C on a FEI Quanta 250 SEM equipped
with a Alto 2500 cryo-transfer system (GATAN).
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Figure S16. Cryo-SEM images of the hydrogel. A: before sublimation. B and C: after sublimation for 1 min at —96°C. D: after
sublimation for 3 min at — 87°C.

Cell adhesion

Cell culture reagents were purchased from Gibco and Sigma-Aldrich. Mouse mesenchymal stem cells
(mMSC) from Black 6 mice were cultured in high glucose DMEM containing phenol red and
GlutaMAX (Gibco ref. 31966) with 10% FBS and 1% penicillin-streptomicin at 37°C with a humidified
5% CO, atmosphere. All the assays were run in tetraplicates.

A 10 wt% hybrid peptide 2 solution in cell culture medium was prepared according to the protocol
described above. After sterile-filtration, 30 pL of this solution were deposited in wells of a 96 well cell
culture plate (flat bottom, TC-PS). A tetraplicate set was prepared for each adhesion time. The plate was
incubated at 37°C overnight. The resulting hydrogels were washed with cell culture medium (3 x 200
pL) before cell seeding. In parallel, collagen foams (ACE surgical supply co, ref DWFN14J1) were cut
into discs of 6 mm in diameter, placed in the cell culture plate and washed with cell culture medium (3
x 200 pL).
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Cells (passage n°23) were detached with trypsin (Trypsine-EDTA solution 0.25%) after washing with
DPBS without calcium and magnesium. They were centrifugated, suspended in culture medium and
counted with a hemacytometer. The suspension was diluted to a concentration of 60,000 cells per mL.
Cells were seeded in the tissue culture treated 96 well cell culture plate, on the hydrogels and on the
foams (3 000 cells per well, 50 pL). The plate was incubated at 37°C. Cells were allowed to adhere for
30 min, 1h, 2h or 4h at 37°C. Then cell culture medium was removed, wells were washed with DPBS
and 50 pL of cell culture medium was added to each well. Only one set of samples was left intact after
cell seeding to provide the value corresponding to 100% adhesion. Background wells contained only 50
ML of cell culture medium (no cells). 50 pL of CellTiter-Glo reagent (Promega) was added to each well.
The plate was allowed to incubate at room temperature for 8 minutes. Then 50 pL of each sample were
transferred to a 96 well opaque white plate for luminescence reading (1 second per well). Background
luminescence was subtracted from the obtained values and the results were presented as adherent cell
percentage. All results were expressed as the mean + SD. Two way ANOVA test followed by Dukey's
multiple comparison test was performed to analyze differences between groups and time points. P-values
<0.05 (*), P<0.01 (**), P <0.001 (***),or P <0.0001 (****) were considered statistically significant.
Analysis was performed using Graph-Pad PrismTM software (Graphpad, San Diego, CA, USA).

Cell proliferation

Cell proliferation on hybrid hydrogels were evaluated on mMSC cultured in the same conditions as for
cell adhesion assays. Hydrogels and foam controls were also prepared according to the protocol
described in the cell adhesion section. A cell suspension at a concentration of 20,000 cells per mL was
prepared (passage n°20). 1 000 cells (50 pL) were seeded in each well. On the first day, 50 pL of
CellTiter-Glo reagent were added to a set of samples (no prior washing). After incubation (8 minutes at
RT), 50 uL of each well was transferred to a 96 well opaque white plate and luminescence was recorded
(1 second per well). 150 pL of cell culture medium were added to the other sets of samples and the
plates were allowed to incubate at 37°C. Each following day, culture medium was removed from a set
of samples and replaced by 50 pL of fresh medium. Cell proliferation was measured out with the
CellTiter-Glo assay (50 uL of the reagent) as previously detailed. Background luminescence was
subtracted from the sample luminescence values. Besides, each day, a fresh suspension of cells was
prepared, dispensed in a 96 well cell culture plate (50 pL per well) and subjected to the CellTiter-Glo
assay in order to measure the luminescence signal of known number of cells. This signal was used to
normalize the sample signals and thus obtain the number of cells. All results were expressed as the mean
+ SD. Two way ANOVA test followed by Dukey's multiple comparison test was performed to analyze
differences between groups and time points. P-values < 0.05 (*), P < 0.01 (**), P < 0.001 (***),or P <
0.0001 (****) were considered statistically significant. Analysis was performed using Graph-Pad
PrismTM software (Graphpad, San Diego, CA, USA).

Cell encapsulation

The hybrid peptide 2 (30 mg) was dissolved in DMEM (150 pL) at a 20 wt% concentration. NaF (0.3
mg/mL in DMEM, 100 pL) was added. The resulting solution was incubated at 37°C for 17.3 hours
until its viscosity got high enough to prevent cell sedimentation. 50 pL of a suspension of mMSC in
DMEM (passage n°27, 500 000 cells per mL) were added to the viscous hybrid solution. After
homogenization, this solution was dispensed in a TC-PS 96 well plate (30 uL per well). At the same
time, 50 pL of the same suspension of mMMSC in DMEM were diluted with 250 pL of DMEM to reach
the same final cell concentration as in the hybrid solution. 30 L of this solution were also dispensed in
the TC-PS 96 well plate, these wells were used as controls. The plate was incubated at 37°C for 25h.
Then, 100 pL of the live/dead cell staining solution (PromoKine live/dead cell staining kit I, 0.8 pL of
calcein-AM + 3.2 pL of EthD-1I1 in 1.6 mL of DPBS) were added on top of the gels and in the control
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wells. The plate was allowed to incubate at RT for 30 min and hydrogels were examined by laser
confocal microscopy on a Leica Sp5-11 microscope using the excitation and emission wavelengths

recommended by the live/dead cell staining kit supplier. Images were recorded with a 15 pm pitch in z
and were visualized with ImageJ.
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Abbreviations

3D, three-dimensional; CAD, computer-aided design; DMEM, Dulbecco’s modified eagle medium; DPBS,
Dulbecco’s phosphate buffered saline; ECM, extracellular matrix; EthD-IlI, ethidium homodimer IlI; FBS, fetal bovine
serum; ICPTES, 3-isocyanatopropyltriethoxysilane; mMSC, mouse mesenchymal stem cell; PA, polyacrylamide;
PEG, polyethylene glycol; PHEMA, polyhydroxyethylmethacrylate; PLA, poly(lactic acid); RGD, ArgGlyAsp cell
adhesion peptide sequence; RT, room temperature; TC-PS, tissue culture polystyrene; UV, ultra-violet. Other
abbreviations used were those recommended by the IUPAC-IUB Commission (Eur. J. Biochem. 1984, 138, 9-37).

Preparation of the bioink

The syntheses of the hybrid blocks 1 and 2 were achieved following a previously described procedure (Echalier,C.
et al. Easy Synthesis of Tunable Hybrid Bioactive Hydrogels. Chem. Mater. 2016,28, 1261-1265). Hybrid PEG 1
(10 wt%, 300 mg) and hybrid GRGDSP peptide 2 (1 wt%, 30 mg) were dissolved in DPBS (3 mL, Gibco ref. 14190)
containing sodium fluoride (0.3 wt%, 9 mg, Acros). The term bioink refers to this solution.

Viscometry

Viscosity measurements were performed using a SV-10 sine-wave vibro viscometer (A&D) equipped with a 10 mL
sample cup (polycarbonate). The sample cup was filled with 10 mL of the bioink and fitted with a water jacket
connected to a water tank. The temperature was set at 37°C. Viscosity was recorded automatically every 30
seconds. Full sets of data are presented in Figure S1.
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Figure S1. Viscosity of the hybrid solutions recorded as a function of time. Dashed grey line: hybrid PEG solution at 37°C; solid grey line: hybrid
PEG solution at 37°C until gel point and then at 25°C; black line: hybrid PEG-RGD solution at 37°C until gel point and then at 25°C.
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Hydrogel printing

All the printing assays were performed at RT on a nScrypt 3Dn-300 rapid prototyping machine (nScrypt, Orlando,
FL). The bioink was placed in a clear 3 mL syringe barrel (optimum fluid dispensing system Nordson EFD 3 cc)
equipped with a piston (Nordson EFD) and a 27G conical dispensing tip (Nordson EFD, ref. 7018417). Scaffolds
were printed on microscope glass slides (Thermo Scientific, Superfrost). The script was written and visualized with
Path2D software. The printer was controlled using the Machine tool software.

Figure S2. nScrypt 3Dn-300-TE rapid prototyping machine

Figure S3. Scaffold design

PLA scaffold printing

PLA scaffolds were 3D-printed to be used as control for biological assessment of the hybrid hydrogel scaffolds.
Printing was performed on a 3D Volumic Stream 20Pro printer. A black PLA filament (1.75 mm in diameter) was
forced through the nozzle at 200°C. As the molten material was extruded, the nozzle followed a path designed to
yield grid-patterned scaffolds similar to hydrogel scaffolds.
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Figure S4. PLA scaffold

Biological assessment

Cell culture reagents were purchased from Gibco and Sigma-Aldrich. Mouse mesenchymal stem cells (MMSC) from
Black 6 mice were cultured in high glucose DMEM containing phenol red and GlutaMAX (Gibco ref. 31966) with
10% FBS and 1% penicillin-streptomicin at 37°C with a humidified 5% CO2 atmosphere.

Hydrogel scaffolds were sterilized by autoclaving on the glass slides used for printing. Then, they were detached
with a blade, allowed to swell in cell culture medium and cut into discs of 7 mm in diameter with a punch. PLA
scaffolds were sterilized in 70% ethanol baths, washed in cell culture medium and cut into discs of 7 mm in diameter
with a punch.

Cells (passage n°18) were detached with trypsin (Trypsine-EDTA solution 0.25%) after washing with DPBS without
calcium and magnesium. They were centrifugated, resuspended in culture medium and counted with a
hemocytometer. The suspension was diluted to a concentration of 200,000 cells per mL. For each type of scaffolds,
4 samples were placed in a 1.5 mL Eppendorf tube with 1.5 mL of the cell suspension. The tubes were continuously
rotated on a MACSmix tube rotator at 37°C for 4h. Then samples were put in 2 mL polypropylene tubes (Sarstedt)
filled with cell culture medium. Non-adherent cells were removed by pipeting the media and the tubes were filled
again with 400 pL of cell culture media. Tubes were incubated at 37°C for 4 days with loose caps to allow gas
exchange. After 4 days of proliferation, scaffolds were placed in a 24 well cell culture plate (non treated PS) and
400 pL of the Live/Dead staining solution were added to each well (0.8 uL of calcein-AM solution and 3.2 pL of
EthD-III solution in 1.6 mL of DPBS). Samples were observed 30 minutes later.

Figure S5. Hybrid hydrogel scaffold in cell culture medium after autoclaving, swelling and cutting

-S4 -



Supporting information for publication n°4
Modular bioink for 3D printing of biocompatible hydrogels: sol-gel polymerization of hybrid
peptides and polymers

Microscopy

Stereomicroscopy images of the hydrogel scaffolds were taken on a Leica MZ16F stereomicroscope 24 hours after
printing. Scaffolds were still on glass slides.

Fluorescence microscopy images were recorded on a Leica DM IRB inverted fluorescence microscope (objective
lens x4, NA 0.1) equipped with a MicroMAX RS camera (Princeton instruments). Images were analyzed with
ImageJ.

Figure S6. Fluorescent microscopy images of mMMSC after 4 days of culture on a PLA 3D-printed scaffold. (A) transmitted light image; (B) calcein-
AM stain showing live cells in green; (C) EthD-lll stain showing dead cells in red; (D) merged images.
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To fight against nosocomial infection initiated by colonization of medical devices, a strategy
enabling the direct and fast functionalization of silicone surfaces is proposed. This strategy
proceeds in a site-specific way using original hybrid silylated antibacterial peptides. This safe
and up-scalable method guarantees a covalent and robust immobilization with the correct
orientation of the bioactive moiety. Importantly it also avoids multi-step chemical

modifications of the surface or multi-layer polymer coatings. As proof of concept, antibacterial
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silicone catheter has been prepared whose immediate and long term efficiency is superior by

comparison to similar silver-embedded materials.

1. Introduction

Bacterial colonization of implantable medical devices represents a serious public health care
problem!™ due to the associated risks of infection, high treatment costs and development of drug
resistance. Nosocomial infections are estimated to 5-10% of hospital admission (2-4 millions
admissions/year).?l Among them, 35% involve the urinary tract and 25% the surgical site. More
than five millions of medical devices are implanted every year in the USA and 1 to 6% became
infected.®! Antibiotics and silver particles have been already used as coatings to confer
antifouling properties to the devices presenting a high risk of infection in particular silicone
catheters, laryngeal masks or septum.?! However, the active substance has to be released from
the surface in a time-dependent manner to exert its antibacterial activity by reaching an
intracellular target. An interesting alternative is the use of antibacterial peptides™ acting as
membrane-disruptors. Due to their ‘mechanical’ mode of action, they are less susceptible to
promote the development of bacterial resistancel®! and exhibit an activity spectrum against a
wide range of microorganisms (Gram-positive and Gram-negative bacteria, protozoa, yeasts,
fungi, viruses). Immobilization of antibacterial peptides has already been performed on several
surfaces!, including silicone.l® On silicone, dendrimeric bioactive peptides have been also
successfully grafted with peptide for cells adhesion.®! The covalent linking of peptides requires
first functionalization of the surface with suitable functional groups (i. e. epoxide, primary
amine) followed by reaction with a spacer, which finally enables the chemical grafting of the
peptide. To obtain the desired orientation of the bioactive molecule on the surface, a single
function within the peptide sequence has to react. It implies that unspecific chemistries such as
N-hydroxysuccinimide-amine conjugation*® have to be avoided with compounds presenting

several reactive functions. Alternatively, chemoselective ligation strategies, involving two
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reactive functional groups (i. e. maleimide/thiol,[** thiol/ene,[*? alkyne/azide!*®)), the first one
belonging to the surface and the other to the peptide, may overcome this drawback. In both
cases, the silicone is subjected to multistep chemical reactions, organic solvents, catalysts and
even toxic reagents. This greatly impairs the transfer to such procedures to industrial scale

treatment of medical devices.

2. Antibacterial hybrid peptide

In this context, we developed a straightforward strategy to immobilize antibacterial peptides on
silicone surfaces, in a site-specific way. Our approach relies on the synthesis of hybrid peptide
building blocks bearing a hydroxysilane group.™*# We already demonstrated that trialkoxysilyl
peptides may be immobilized either into pores of the mesoporous silica or on glass surfaces.**!
The process is simple and requires neither any chemical reagent, nor toxic solvent, thus being
compatible with the stability of biomolecules. Moreover, the peptide is immobilized via
covalent SiOSi bonds, meaning that a long lasting effect can be expected. In this paper, we
modified medical silicone catheter activated by plasma treatment, with a hybrid silylated
analogue of the short cationic antibacterial peptide Palm-Arg-Arg-NH: 1. Palm-Arg-Arg-NH>
1 was found to be active against Gram-negative bacilli Escherichia coli, Pseudomonas
aeruginosa and the Gram-positive coccus Staphylococcus aureus, with a MIC in the
micromolar range (Supporting Information Table S2). These three species are among the
most representative bacterial species responsible for healthcare infections and are commonly
found in contaminated medical devices.*®! The palmitoylated dipeptide 1 possesses a
comparable activity than “Sha”, a peptide of the temporin family with a well-known membrane-
disrupting activity.[*®! Therefore, we designed a hybrid analogue of this amphipathic peptide
bearing a dimethyl hydroxysilane moiety (compound 2, Figure 1). Isocyanatopropyl

dimethylchlorosilane (ICPDMCS) reacted with the amino group of the amino hexanoic acid
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(Ahx) placed at the N terminus of the dipeptide. We hypothesized that, once attached to the
surface, the N-terminal -O-Si(Me)2-(CH>)3-NHCO-Ahx spacer could mimic the palmitic acid
in the antibacterial active sequence.

Hybrid peptide 2
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Figure 1. One-step specific grafting of antibacterial hybrid peptide 2 on activated silicone
catheters.

2.1. Synthesis of hybrid peptide

Two syntheses of compound 2 were performed, the silylation step being performed either in
solution (Figure 2) or on solid support (Supporting Information Figure S1). Due to the pKa
(12.5) of guanidine moieties of the arginine side chains, it was theoretically possible to
selectively react the N-terminus of the unprotected peptide H-Ahx-Arg-Arg-NH; with
ICPDMCS. Our attempt in this strategy was unsuccessful due to the low solubility of the
unprotected peptide in organic solvents. We thus decided to use the
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) protected arginines for the reaction with
ICPDMCS. The protected peptide H-Ahx-Arg(Pbf)-Arg(Pbf)-NH., prepared on a Sieber amide

AM-PS resin was released by TFA/DMC 5/95, followed by treatment with ICPDMCS. Pbf
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protecting groups were then removed by TFA treatment and the hybrid peptide 2 was
precipitated in diethyl ether.

Interestingly, chlorodimethylsilyl group was converted into dimethylhydroxyl-silyl during TFA
treatment. Several chlorodimethylsilylated peptides were already prepared by our group as
precursors for GPCR ligand dimers. These peptide may undergo dimerization upon freeze
drying or precipitation*”’l but are only observed in monomeric form when treated in acidic
conditions, enabling their purification by classical RP HPLC in water/acetonitrile (with TFA,

1/1000 v/v) solvent system. The hybrid peptide 2 ‘ready to use’ was purified and characterized

}_\ z Fmoc SPPS H\/}( /q“: ‘; TFE/DCM 20/805\/\"/N\)J\ /<:

(See Supporting Information).

3 x 1 hour

)\

HN I;IH

X &

NH NH Y
OZ\NH NH o)\NH NH
o
H H O
N NH
M Ky \ MNJLN Ji””z HO_~_O_~_0
o " ¢ 5 i H P
ICPDMCS \k TFA ) \L o]
- . AN
DMF, DIEA NH NH O coon
HN™NH HN)\NH2
0,8 S NH
NH 3:R=H
HO\S‘, 4: R= H
1
[e] NH Ao~ W
R o)

Figure 2. Syntheses of the hybrid dimethylhydroxysilyl peptide 2, hybrid fluorescent

compound 3 and control compound 4.
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At this stage, we measured the MIC of hybrid peptide 2. As it could have been expected, it was
not antibacterial (MIC>65 puM, Table S2). Indeed, in solution compound 2 was a very different
molecule from palmitoylated antimicrobial peptide 1. Where the latter is an amphiphilic
cationic molecule, the compound 2 displays a SiOH functional group at the end of the
hydrophobic chain. This moiety, required for the grafting, completely changes the innermost
nature of the peptide, turning it into a much more hydrophilic entity which should not be able
to interact with bacteria membranes. Once attached to the surface, the amphipathic nature of
compound 2 would be restored, the silanol group being converted to siloxane.

2.2. Grafting of hybrid peptide

In fact, the principle of grafting relies on the specific condensation of the hybrid peptide
dimethylhydroxly-silyl with silanol functions on the surface (Figure 1). This type of chemistry
had already been used to introduce simple organosilane compounds on the surface of silicones.
Recently, modification of silicone surfaces by a zwitterionic silane has been reported and led
to a super hydrophilic and antifouling material with high stability of siloxane bonds.*®! Reactive
groups on the surface of the silicone could be generated either by chemical treatments!*®! (strong
acids or bases) or by plasma treatment.’?” It is worth noting that in our case, any chemical
treatment was excluded to avoid biomaterial damages and would have necessitated extensive
washing steps to complete removal of the reagents from the catheter. We thus used oxygen
plasma treatment, which preferentially generated silanol groups.

To optimize the grafting step, we first prepared the hybrid fluorescent derivative 4 as a
convenient model to visualize the covalent surface modification (Supporting information
Figure S3). Compound 4 was dissolved in water (1/1000 TFA)/ethanol, 30/5, v/v solution at a
30 mM concentration. Noteworthy we demonstrated that dimethylhydroxysilane peptides did
not form dimers through intermolecular reaction in acidic solutions.'™ Pieces of catheters were

activated by oxygen plasma and immediately incubated in this solution at 60 °C for 12 hours.
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As a control experiment, pieces of catheters were also incubated in a solution of the unsilylated
fluorescein derivative 3. As expected, silicone catheter pieces incubated in the solution
containing compound 3 lost all their fluorescence during the washing steps. In contrast, catheter
pieces that were incubated in the solution containing the hybrid fluorescent compound 4
retained the fluorescence after several washings in various solvent including DMF, H20 and
EtOH. It is important to note that the fluorescence remained stable even after 3 weeks
incubation in PBS buffer (Supporting Information Figure S3). This qualitative experiment

demonstrated the covalent nature of the grafting with the hybrid derivative 4.

3. Antibacterial silicone catheter

3.1. Surface characterization

ATR-IR spectroscopy was first used to follow the surface modifications of the silicone and the
apparition of SiIOH groups which were indispensable for covalent anchoring of peptide. After
plasma activation, a large peak at 3350 cm-1, attributed to SiOH groups, appeared on the
spectrum (Figure S4). After incubation for 12 hours, in a 30 mM solution containing hybrid
peptide 2, and washings, other peaks were observed at 3300, 1648 and 1553 cm corresponding
to NH and CONH from immobilized peptide (Figure S4). Angle contacts were also measured
before and after plasma activation. Figure S5 shows clearly a dramatic decrease of the contact
angle (6= 26°), by comparison to starting silicone (6 = 112°), indicating a clear increase in
hydrophilicity of the surface afforded by the SIOH groups generated by the plasma. In parallel,
XPS analyses were also conducted. Spectra of non-grafted silicone catheters and of catheters
incubated for 1 hour, in a 30 mM solution containing hybrid peptide 2, are reported in Figure
S4. Both analyses confirmed the presence of carbon and oxygen elements, together with the
strong signature of silicone. A small contribution of nitrogen N1s around 400 eV was also

observed on control catheters, suggesting some contamination of the commercial substrate. The
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grafted catheters presented a clear and significant increase of the N1s peak, confirming the

grafting of the hybrid peptide 2 after one hour incubation (see insert in Figure S4).
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Figure 3. Deconvoluted N1s (left) and C1s (right) XPS spectra of catheters grafted with the

hybrid peptide 2 after 24 hours incubation.

Then, to evaluate the impact of the incubation time on the density of peptides grafted on the
silicone surface, several catheter samples were incubated in a 30 mM solution of the hybrid
peptide 2 solution during different times (10 min, 1 h, 2 h 30 min, 12 h and 24 h) and washed
thoroughly. High-resolution spectra were recorded in the four atomic regions to obtain
quantitative atomic concentrations from C1s, O1s, Si2p and N1s (Supporting Information
Table S1). As expected, the O/Si ratio remained constant (~ 0.87). Interestingly, the N/Si ratio

increased by two-fold (0.018 vs. 0.036) after 2 h 30 minutes of incubation and remained
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constant afterwards. This confirmed a covalent grafting of a layer of hybrid peptides whose
thickness reached a plateau during incubation. The XPS high-resolution spectra recorded on
grafted catheters incubated for 24 h were used to assess precise attributions of atom
environments. The C1s region was fitted with four components while the N1s region was
decomposed into two contributions (Figure 3), in agreement with previous studies of arginine-
containing peptide (details of components assignments are given in Supplementary
Information).?! These observations prompted us to choose the N1s element as a marker to
quantify the amount of molecules grafted on the silicone surface (see Supporting Information
for detailed equations). The grafting was estimated to around 0.15 hybrid peptide per nm2. In
contrast, non-covalent adsorption of a-helical antimicrobial peptides on gold surface was found
to be ~10 molecules/nm2.1??l In the same way, the density of Lasio-I1l antimicrobial peptide
immobilized on a polymer layer grafted on silicone catheters was found to be ~21
molecules/nm?.[® These important differences are related to the mode of association of the
bioactive peptide with the silicone surface. Adsorption strategies lead to multi-layers of
peptides randomly distributed on the material and post-grafting approaches on polymers
requires first the establishment of a polymer layer of multi-nm thickness on which bioactive
peptides are immobilized. In fact, hybrid peptide 2 imposed the formation of a bioactive
monolayer on the surface of the silicone only via Si-O-Si covalent bonds.

Having demonstrated the efficieny of the grafting, catheter samples were prepared for the study
of antibacterial properties. Hybrid peptide 2 was grafted in the same experimental conditions
than the fluorescent derivative 4 (i. e. 12 hours incubation in water (1/1000 TFA)/ethanol, 30/5,

vIv).

3.2. Anti-bacterial activity of hybrid peptide grafted cathethers
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More interestingly it had to be demonstrated that the relatively low density of active peptide
was not detrimental to the bioactivity of the surface. Antibacterial properties of the catheters
grafted with hybrid peptide 2 were evaluated against reference strains of Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus. Catheter samples were incubated for 24
hours at 37 °C in a solution containing a known number of bacteria. Then, bacteria present on
the silicone devices were recovered and counted (Figure 4 A). Whatever the bacterial species,
the number of bacteria found on peptide-grafted surfaces was ~75% lower than the number
found on non-grafted surfaces. This result demonstrated that the peptide kept its antibacterial

properties when covalently grafted on silicone.
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Figure 4. A: Antibacterial activity of catheters grafted with the hybrid peptide 2 after 24 h
incubation with E.coli, P. aeruginosa and S. aureus. B: Membrane permeation assay against
S. aureus. Propidium iodine (PI) fluorescence was measured after 1 h. Positive control was
obtained by killing all bacteria with 70% ethanol/water solution.
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To decipher if the reduction of the number of bacteria was due to either an anti-adhesive or a
bactericidal property, a membrane permeation assay was performed to witness S. aureus death
(Figure 4 B). Interestingly, it was observed that 92% of bacteria were killed on peptide-grafted
catheters within one hour. In addition, bacteria death was significantly higher on grafted
catheters than on the non-grafted surface. Taken together, these results are in favor of a dual
anti adhesive/bactericidal effect of the hybrid peptide 2. Taking these results into account, the
potential of hybrid peptide-grafted silicones for the inhibition of biofilm growth was evaluated.
The Staphylococcus aureus biofilm formation was studied for 30 days at 37 °C on three
different catheters. Peptide 2-grafted catheters were compared with non-grafted catheters but
also with a commercially available antibacterial silicone catheter (Covidien) coated with a
methyl vinyl ether maleic acid film, which enables the chelation of silver ions (noted ‘silver
coated catheter’).[®! It is worth noting that, despite being widely used as antibacterial agent,
silver may lead to toxicity upon accumulation in tissues favoring the appearance of silver-
resistant bacteria.?°l As envisioned, peptide-grafted catheters conserved a significant anti-

biofilm activity compared to untreated silicone catheters for at least one month (Figure 5).
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Figure 5. 30-days study of S. aureus biofilm formation and growth on catheters. A: Number
of bacteria per cm? of catheter. B: Bacteria adherence of peptide 2-grafted catheter and silver
coated catheter (striped bars) relative to non-grafted catheters expressed as: 100-[(100 x
number of bacteria on silver-coated or grafted-catheter)/ (number of bacteria on non-grafted

catheter)]

In agreement with the previous results, the number of bacteria found after one day on peptide
2-treated catheters was significantly lower than on untreated catheters. After seven days, this
ratio was 29-times lower (4.6 millions vs 140 000 bacteria, see insert in Figure 5 A). In contrast
and very surprisingly, silver coated catheters did not present any anti-biofilm activity for the
first days of incubation. During the first two weeks, the bacteria were more abundant on silver-
embedded catheters (e.g. 17 millions at t = 7 days) than on untreated ones. One explanation

could be that the methyl vinyl ether maleic acid coating was a better substrate for bacteria
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adhesion than silicone which is inherently antiadhesive. This may explain the prominent drop
in viable adherent bacteria after one day observed for the control catheters without any
antimicrobial capabilities. A similar phenomenon has already been observed in the literature:
Staphylococcus epidermidis adhered more to the surfaces of the silver-coated heart valves than
to the uncoated surfaces.!?®! Subcutaneously implanted in rabbits, these silver-coated prosthetics
did not protect against S. aureus colonization and device-related infections.!?”! However, the
number of bacteria on silver-coated catheters decreased constantly to reach roughly the same
number of bacteria that was found on peptide 2-grafted catheters, after two weeks and
maintained its antibacterial activity after that point. This late but constant effect of the
commercial catheters could be related to the slow release of silver ions from the polymer in
order to be effective. However, this delayed anti-bacterial effect will be beneficial only when
the medical device stays implanted for more than 10 days, which is generally not the case. In
addition, the major risk of contamination occurs during the short time of implantation of the
device in the patient body. Thus, a rapid antibacterial effect is required to efficiently fight
infections. The catheter grafted with hybrid peptide 2 immediately exhibited a significant
antibacterial effect, which persisted over two weeks, allowing a constant biofilm growth
inhibition, which corresponds to the common period of utilization of such devices in hospitals.
Finally, to complete this study, we verified that catheters displaying covalently immobilized
peptides were not cytotoxic (Supporting Information, Figure S7) and that their activity was not
affected by gamma irradiation, an industrial sterilization process (Figure S8).

4. Conclusion.

This study confirmed once again the efficiency of antibacterial peptides when immobilized on
a surface and highlighted their attractiveness over the use of silver ions. However, the covalent
grafting of peptides as to be performed in a chemoselective way to avoid unspecific reactions

of coupling reagents with reactive side chains and N or C extremities of peptides and to

-293 -



[1]
[2]
3]
[4]

[5]
[6]

[7]
[8]
[9]

[10]
[11]

[12]
[13]

guarantee the desired orientation. The use of a dimethylhydroxysilane function, introduced at a
suitable position within the antibacterial peptide sequence, enabled to circumvent this difficulty
and to obtain a Si-O-Si covalent bond between the peptide and the silicone surface. Avoiding
chemical reagents, catalysts and toxic organic solvants, the grafting method is simple and safe.
Further improvement involves the use of dip coating procedure instead of incubation to

facilitate the large-scale treatment of other types of silicone medical devices.
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L’objet de la présente invention concerne des hydrogels préparés au moyen de molécules
organiques silylées (telles que des biomolécules silylées), leur procédé d’obtention et leurs

utilisations.
Introduction

Il existe une recherche constante afin de trouver de nouveaux hydrogels, pouvant étre
fonctionnalisés, présentant des propriétés physico-chimiques ou biologiques précises, en
particulier pour la médecine humaine.

Toutefois, il existe actuellement de nombreuses contraintes techniques avec ces matériaux.
Par exemple, pour obtenir des matériaux possédant des propriétés biologiques, des
biomolécules (peptides, protéines, saccharides, oligonucléotides, etc..) sont souvent
introduites dans ces matériaux de fagon non covalente. Cette facon de faire est certes une
technique d’introduction certaine des molécules actives dans les hydrogels présentant
ainsi ab initio les propriétés biologiques et rhéologiques voulues. Elle présente néanmoins
le désavantage que les hydrogels ainsi obtenus ne peuvent étre envisagés pour étre utilisés
in vivo, par exemple placés dans un patient, sans une libération de la/des molécules
actives incorporées au sein de leur matrice. En outre, les hydrogels étant déja formés et
trés visqueux (dans le meilleur des cas), leur administration par injection est trés
douloureuse pour le patient.

Ainsi, si Uon désire que U’hydrogel conserve une activité biologique sans relargage
intempestif, la liaison entre Uactif et la matrice de Uhydrogel doit étre covalente.
Toutefois, lier de maniére covalente des biomolécules dans ces hydrogels sans en altérer
fondamentalement les propriétés physico-chimiques reste difficile pour plusieurs raisons :
les biomolécules étant généralement des molécules dont la chimie (de synthése) est
souvent particuliére (e.g. des molécules possédant souvent de nombreuses fonctions
chimiques réactives), il est difficile de ne pas impliquer des réactions secondaires lors de
la formation de Uhydrogel fonctionnalisé. En outre, il est difficile de lier de maniere
covalente ces biomolécules (souvent volumineuses) jusqu’au coeur de la matrice sans en
altérer les propriétés physico-chimiques et/ou son intégrité quand on réalise une
fonctionnalisation directe de {’hydrogel.

Le document brevet WO02011089267 traite, parmi d’autres sujets, de la fabrication
d’hydrogels auxquels sont liées de maniére covalente des biomolécules actives. Pour ce faire,
c’est la chimie du silicium qui a été choisie complémentairement aux biomolécules choisies.
Ainsi, deux types de biomolécules silylées sont synthétisées, ’une ayant pour role la matrice
structurelle de U’hydrogel (en particulier HPMC silylé dans W02011089267), et Uautre ayant le

role de fonctionnalisation biologique active de Uhydrogel. L’invention décrite dans
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WO02011089267 apparait donc séduisante. Toutefois, U'invention divulguée ne résout pas tous
les problémes techniques évoqués ci-dessus.

D’une part les propriétés rhéologiques des hydrogels sont difficilement contrélables par la
technique de W02011089267. En effet, WO2011089267 divulgue des hydrogels formés a partir
d’une « biomolécule » possédant un seul groupement silylé, dont les propriétés vont
essentiellement dépendre de la nature du fragment « biomolécule ». Ceci est un handicap car
il est important de pouvoir finement controler la nature chimique de la matrice de hydrogel
indépendamment de ses propriétés rhéologiques. Il est en outre fondamental que !"hydrogel
assure par exemple une biocompatibilité selon le modéle étudié et/ou présente des fonctions
biologiques et/ou physico-chimiques particuliéres voulues selon le domaine concerné. L’un des
aspects selon la présente invention a été donc de faciliter le controle de la rhéologie des
hydrogels.

De plus, seul un procédé de fabrication des intermédiaires de synthése (biomolécules silylées)
est donné dans W02011089267 (exemple 1 dudit document) et implique la suspension dans un
solvant comme de ’acétonitrile anhydre de la biomolécule d’intérét a silyler. Ceci ne permet
donc pas d’obtenir toutes les biomolécules silylées voulues. La purification apparait donc étre
un réel probléme quasiment non abordé dans W02011089267. En effet, la purification décrite
implique des lavages successifs du solide suspendu dans de Uacétonitrile afin d’en retirer
toutes les impuretés. Or, une telle purification ne permet pas Uobtention d’un produit
(principe actif) d’une pureté nécessaire pour une utilisation médicale, et d’autre part
nécessite que le produit obtenu soit également insoluble dans le solvant de lavage
(acétonitrile anhydre dans W02011089267). Les techniques de purification usuelles telle que la
chromatographie en phase inverse (technique permettant une purification optimale pour la
majorité des biomolécules) semblent étre exclues de la technologie de WO2011089267 car les
molécules silylées décrites sont hautement réactives en milieu aqueux, résultant ainsi en une
polymérisation une fois introduites dans une colonne HPLC en présence d’eau.

Ainsi, Uenseignement de W02011089267, séduisant en premiére approche, ne permet pas
de finement travailler avec les constituants des hydrogels afin de proposer des hydrogels
fonctionnalisés de qualité médicale ou d’une qualité suffisante pour des domaines voisins
(recherche biomédicale en particulier).

Toutefois, méme s’il existe d’autres exemples de molécules organiques silylées dans la
littérature, tels que ceux trouvés dans WO02013190148 olU est divulgué des conjugués
peptidiques silylés, il n’est en revanche pas divulgué leur utilisation pour la fabrication
d’hydrogels, ou une méthode de purification optimale impliquant par exemple UHPLC en

phase inverse. En outre, seuls des « xérogels », formes non hydratées de gels, sont divulgués a
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cette occasion. Or, le controle de la rhéologie d’hydrogels est également dépendant de leur
taux d’hydratation.

En résumé, les hydrogels ont un potentiel d’utilisation considérable, en particulier dans le
domaine médical. Néanmoins ce potentiel est actuellement limité par un mauvais contréle
de la fabrication de ces hydrogels, une méconnaissance des moyens de controle des
propriétés rhéologiques de ces hydrogels ou simplement Uimpossibilité de réaliser des
hydrogels biocompatibles actifs dont Uactivité perdure dans le temps.

Ainsi, Pobjet de la présente demande de brevet est de proposer au moins une solution
technique pour pallier les méthodes incompleétes de Uart antérieur afin d’aboutir a I’obtention
d’hydrogels facilement modulables, pouvant en particulier étre utilisés dans le domaine
médical et les domaines voisins.

Afin de surmonter les problémes rhéologiques des hydrogels, tout en permettant d’intégrer les
(bio-)molécules voulues dans leur structure, il a été découvert de maniére surprenante qu’en
travaillant avec des (bio-)molécules au moins bi-silylées, il était possible de modifier les
propriétés rhéologiques des gels quasiment indépendamment de la nature des (bio-)molécules
dites de structure. Ainsi, un modéle simple de polyéthyléne glycol (PEG) intégré dans un
hydrogel a permis, selon la longueur du PEG d’obtenir un hydrogel biocompatible avec les
propriétés rhéologiques voulues. C’est en effet la taille de la maille formée par la matrice qui
permet a celle-ci dans le cas particulier des hydrogels d’absorber plus ou moins d’eau et de lui
donner les propriétés rhéologiques voulues. En outre, en modifiant le nombre de groupements
silylés introduits sur les (bio-)molécules de structure, il est possible de faire varier finement
les propriétés rhéologiques de U’hydrogel quasiment indépendamment de la nature de ces (bio-
)molécules de structure.

Un autre aspect de la présente invention concerne les techniques de purification des
précurseurs d’hydrogels éventuellement fonctionnalisés. La premiere de ces techniques
implique une série de précipitations, en particulier dans un solvant inerte tel que Uéther
diethylique. Cette technique présente en effet Uintérét que, la majorité des précurseurs
synthétiques fonctionnalisés d’hydrogels sont insolubles dans ’éther et ne sont pas réactifs
dans ce solvant. Par une succession de lavages par 'éther et éventuellement de dissolutions
dans un solvant adéquat, il est possible de proposer des précurseurs synthétiques
fonctionnalisés d’hydrogels d’une pureté suffisante pour des molécules simples (peu
coliteuses).

La présente invention propose en outre une méthode de purification par HPLC en phase
inverse impliquant un choix particulier de substituants de ’atome de Si. En effet, Uutilisation
d’un seul groupement réactif, tel qu’un halogéne ou un groupement hydroxyle ou un

précurseur d’hydroxyle, sur 'atome de Si permet une purification sur colonne HPLC inverse de
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la biomolécule silylée synthétisée, alors que les techniques selon Uart antérieur restent
silencieuses quant a ce sujet. L'intérét de pouvoir utiliser la HPLC en phase inverse, est de
permettre 'obtention de molécules actives, telles que des biomolécules, avec un degré de
pureté optimum, nécessaire dans le cadre d’une utilisation médicale.

Le choix des groupements portés sur ’atome de Si permet de pouvoir éviter dans la
majorité des cas des réactions secondaires non voulues. Le potentiel de la présente
invention réside donc également dans le fait qu’il semblerait que n’importe quelle
biomolécule d’intérét biologique (en particulier une séquence peptidique), puisse étre
introduite de facon controlée dans les hydrogels selon la présente invention pour leur
conférer des propriétés biologiques.

Il a été de plus trouvé de maniére totalement opportune des caractéristiques physico-
chimiques originales d’un hydrogel de polyéthyléne glycol bi-silylé permettant de maniére tres
facile le greffage de biomolécules silylées. L’hydrogel de polyéthyléne glycol bi-silylé ainsi
formé est biocompatible, biodégradable, totalement synthétique, et facilement modulable en
termes de taux d’hydratation (plus ou moins facilement imprégnable par des liquides par
exemple aqueux). En outre il a été découvert que la matrice de I’hydrogel PEG(bi-silylé) peut
étre formée avec ou sans la présence d’eau, ce qui permet une flexibilité importante quant a
Putilisation de ce polymére (hydrogels déshydratés pouvant étre hydratés par la suite).
Néanmoins afin d’obtenir un hydrogel homogéne en terme structurel (homogénéité de
structure et d’hydratation), il est préférable de former Uhydrogel dans un milieu
majoritairement aqueux. De plus, la possibilité de modifier la réactivité du groupement silyle
en diminuant ou augmentant le nombre de substituants réactifs sur celui-ci (1, 2 ou 3
substituants réactifs), permet de finement controler le degré de réticulation de "hydrogel et
ainsi de pouvoir en controler finement sa rhéologie.

Un autre aspect selon la présente invention concerne Uinsertion d’hydrogels liquides dans
Uorganisme avec polymérisation de ces hydrogels in situ. En effet, un probléme récurrent
des hydrogels liquides préparés préalablement est que ceux-ci sont difficilement
injectables a cause de leur viscosité, occasionnant lors de leur administration (locale) au
patient des douleurs plus ou moins aigiies. La technique de W02011089267, méme si cela
est évoqué dans ce document, n’est pas utilisable en tant que telle car la pureté des
biomolécules silylées n’est pas suffisante pour une application médicale avec une injection
sous forme liquide et prise in situ. Les méthodes de purification évoquées ci-dessus
permettent de surmonter ce probléme technique.

En effet, les hydrogels peuvent étre préparés par simple dissolution des blocs hybrides
dans un tampon phosphate puis incubation de la solution a 37°C, ce qui permet

d’envisager leur injection in vivo avec prise in situ.
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Résume de l'invention

L’objet de la présente invention concerne un procédé de fabrication d’un hydrogel

comprenant les étapes de :

a) polymérisation sol-gel d’au moins une molécule de formule (I) :

‘Y!'1
A Xa"””S!iWYz
Y3

n

Formule (1)

dans laguelle :

n est un nombre entier supérieur ou égal a 2 ; préférentiellement inférieur a
10, plus préférentiellement inférieur a 5 ou 4.

A est un polymere organique de structure, préférentiellement d’origine
synthétique (pouvant étre par exemple choisi parmi les protéines, les
peptides tels que des dérivés du collagéne, en particulier les séquences
comprenant des répétitions de tripeptides Pro-Hyp-Gly ou Pro-Pro-Gly ou
Asp-Pro-Gly ou Pro-Lys-Gly, des séquences peptidiques d’autoassemblage
comme Arg-Ala-Asp-Ala , des oligoprolines, des oligoalanines, les
polysaccharides, tels que Uacide hyaluronique et ses dérivés, les
oligonucléotides, des polyméres de Cy-Cs-alkylénes-glycols, ou de
polyvinylpyrrolidone);

Xa est une liaison chimique ou un groupement espaceur préférentiellement
représenté par un radical divalent dérivé d’une chaine hydrocarbonée
aliphatique saturée ou insaturée comportant de 1 a 10 atomes de carbone,
dans laquelle sont éventuellement intercalés, un ou plusieurs chainons
structuraux choisis parmi le groupe aryléne, ou les fragments -O-, -S-, -
C(=0)-, -SO,- ou -N(R,)-, ladite chaine étant non substituée ou substituée par
un ou plusieurs radicaux choisis parmi les atomes d’halogene, les
groupements hydroxyle, C-C,4 alkyle, benzyle et/ou phénéthyle ;

Ry représente un atome d’hydrogéne, un groupement hydrocarboné
aliphatique comportant de 1 a 6 atomes de carbones, un benzyle ou un
phénéthyle ;

Y1, Ya, Y3, identiques ou différents, représentent chacun, indépendamment
Uun de autre un atome d’hydrogéne, d’halogéne, un groupement -OR;, un

aryle ou une chaine hydrocarbonée aliphatique saturée ou insaturée
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comportant de 1 a 6 atomes de carbone éventuellement substitués par un
atome halogene, un groupement aryle ou hydroxyle ;

R; représente un atome d’hydrogéne, un groupement aryle ou une chaine
hydrocarbonée aliphatique saturée ou insaturée comportant de 1 a 6 atomes
de carbone ;

au moins deux groupements Xa tels que définis ci-dessus étant reliés a des

points d’accroches différents sur A;

- b) mise en présence d’eau, optionnellement conjointement a U'étape a);

préférentiellement la qualité de I’eau étant de qualité médicale, et

- ¢) récupération de U’hydrogel.

Le procédé de fabrication d’un hydrogel tel que défini ci-dessus peut en outre comprendre

U’ajout conjointement ou successivement a U’étape a) au moins d’un type de molécule de

formule (I1) :

%1
B Xb"ﬁimzz
23 |m
Formule (i)

dans laquelle :

m est un nombre entier supérieur ou égal a 1; préférentiellement m est
inférieur a 10, plus préférentiellement inférieur a 5 ou 4, encore plus
préférentiellement égala 1;

B est un principe actif, préférentiellement une biomolécule ou un
fluorophore (pouvant étre par exemple choisi parmi un peptide, un
oligopeptide, une protéine, tel que le collagéne, un acide
désoxyribonucléique, un acide ribonucléique, un polysaccharide, tel qu’une
pectine, un chitosane, un acide hyaluronique, un polysaccharide
polyarabinose et polygalactose, et un glycolipide);

Xb est une liaison chimique ou un groupement espaceur préférentiellement
représenté par un radical divalent dérivé d’une chaine hydrocarbonée
aliphatique saturée ou insaturée comportant de 1 a 10 atomes de carbone,

dans laquelle sont éventuellement intercalés, un ou plusieurs chainons
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structuraux choisi parmi le groupe aryléne, ou les fragments -O-, -S-, -C(=0)-
, -50,- ou -N(R;)-, ladite chaine étant non substituée ou substituée par un ou
plusieurs radicaux choisis parmi les atomes d’halogene, les groupements
hydroxyle, C;-C, alkyle, benzyle et/ou phénéthyle ;

e R; représente un atome d’hydrogene, un groupement hydrocarboné
aliphatique comportant de 1 a 6 atomes de carbone, un benzyle ou un
phénéthyle ;

o 1y, 1, Zs, identiques ou différents, représentent chacun, indépendamment
U’un de autre un atome d’hydrogéne, d’halogéne, un groupement -OR4, un
aryle ou une chaine hydrocarbonée aliphatique saturée ou insaturée
comportant de 1 a 6 atomes de carbone éventuellement substitués par un
atome halogene, un groupement aryle ou hydroxyle ;

s R, représente un atome d’hydrogene, un groupement aryle ou une chaine
hydrocarbonée aliphatique saturée ou insaturée comportant de 1 a 6 atomes
de carbone ; et

s avec préférentiellement un seul des groupements Z,, Z,, ou Z; comme atome

d’halogéne ou groupement OR,.

L’objet de la présente invention, concerne donc un hydrogel susceptible d’étre obtenu par
le procédé tel que défini présentement.

L’objet de la présente invention concerne en outre un hydrogel selon la présente invention
pour son utilisation a des fins thérapeutiques et/ou chirurgicales, préférentiellement
caractérisé en ce que ledit hydrogel permet la délivrance et/ou le transport de molécules
actives, ou pour son utilisation in vivo en ingénierie tissulaire pouvant par exemple se faire
par une polymérisation dudit hydrogel in situ dans un organisme vivant suite a la coulée ou
Uinjection des molécules de formule (I) et éventuellement (ll) telles que définies ci-

dessus.

Ainsi, la présente invention concerne un hydrogel susceptible d’étre obtenu par le procédé
selon la présente invention pour son utilisation telle que définie ci-dessus, caractérisé en
ce que la polymérisation dudit hydrogel est réalisée in situ dans un organisme vivant,
c’est a dire un animal tel qu’un mammifére comme U’'Homme, suite a la coulée ou
Uinjection, préférentiellement indolore ou peu douloureuse, des molécules de formule (1)

et éventuellement (ll) telles que définies ci-dessus.

Un autre objet de la présente invention concerne Uutilisation in vitro d’un hydrogel selon

la présente invention en ingénierie tissulaire.
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De plus, la présente invention concerne un procédé de purification d’un produit de formule
(1) ou (1) tel que défini présentement, caractérisé en ce que ledit procédé comprend les

étapes suivantes:

- a1) éventuelle solubilisation du produit de formule (I) ou (ll) a purifier dans un
solvant ;

- b1) précipitation du produit de formule (l) ou (ll) a purifier, éventuellement en
solution selon U’étape al), dans un liquide de suspension, i.e. dans lequel les
produits (1) ou (1) ne sont pas solubles ;

- ¢1) filtration du solide obtenu a U’étape (b1) ;

- d1) répétition au moins une fois des étapes a1) le cas échéant, b1) et c1) ; et

- e1) récupération du produit de formule (I) ou (Il) purifié.

L’objet de la présente invention concerne de plus un procédé de purification d’un produit
de formule () tel que défini présentement dans lesquels un seul des groupements Z,, Z,,
Z; est un atome d’halogene ou un groupement -OR;, caractérisé en ce que ledit procédé

comprend les étapes suivantes:

- a2) passage du produit de formule (lI) a purifier sur une colonne de
chromatographie en phase liquide, i.e. dans un solvant d’élution,
préférentiellement en phase inverse ;

- b2) évaporation du solvant d’élution de U’étape a2), éventuellement par
lyophilisation ; et

- ¢2) récupération du produit de formule (Il) purifié.

Ainsi, la présente invention concerne également un produit de formule (I) ou (il) tel que
défini présentement, susceptible d’étre obtenu par le procédé de purification de
Uinvention caractérisé en ce que ledit produit présente une pureté d’au moins 98% en

masse vis-a-vis du poids total de produit, préférentiellement supérieure a 99% en masse.

Définitions
« Hydrogel »

Un « hydrogel » est un type de matériau comportant une composante liquide aqueuse et
une composante solide. Structurellement, il est composé dune matrice de chaines
polymeéres, gonflée par un fluide comprenant de Ueau, ce fluide, préférentiellement
constitué essentiellement d’eau, étant préférentiellement en une proportion égale ou

supérieure a 40% en poids dudit hydrogel, plus préférentiellement comprise entre 40 et
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99% en poids, entre 50 et 98%, entre 60 et 97%, entre 70 et 96% ou encore entre 80% et
95%. De maniére préférée ce fluide comprend au moins 95% d’eau en poids, voire 100%
d’eau. Ce fluide peut en outre étre un liquide d’origine biologique. La teneur en eau d'un
hydrogel détermine également en grande partie ses caractéristiques physico-chimiques. Il
est possible de retrouver ces hydrogels également pour diverses applications biomédicales

notamment dans la libération de médicaments et dans le traitement de brilures cutanées.
« Polymére pouvant étre réticulé » ou « polymére réticulable »

Les hydrogels selon Uinvention sont constitués de chaines de polymeéres liées entre elles
par des liaisons covalentes. Un polymere réticulé comprend des nceuds avec au moins 3
liaisons chimiques, préférentiellement covalentes. Cette réticulation permet aux hydrogels
selon la présente invention de fournir un caractére dit "permanent” aux nceuds de
réticulation car l’atome de silicium tétravalent génére 4 liaisons covalentes. Néanmoins,
de par la double nature des hydrogels selon la présente invention (organique et
inorganique), il est possible d’obtenir des propriétés remarquables : une rigidité partielle
et une capacité a donner une réponse élastique a un stress mécanique. La nature
organique permet une haute biocompatibilité et une non-toxicité des hydrogels produits.
En outre, les hydrogels selon la présente invention ont un degré de flexibilité trés similaire
a celui des tissus naturels (induit par leur importante teneur en eau). Le terme
« réticulable » fait donc préférentiellement référence ici a la capacité des atomes de
silicium a générer au plus 3 liaisons covalentes avec au plus 3 groupements comprenant un

atome de Si (tel que Si-OH).
« Polymerisation sol-gel »

Le procédé sol-gel permet de fabriquer un polymére inorganique par des réactions
chimiques simples a une température proche de la température ambiante (en réalité
applicable a des gammes de températures allant de 0°C a 150 °C, préférentiellement
entre 20°C et 70°C, plus préférentiellement entre 35°C et 40°C). Typiquement, la
synthése est effectuée a partir d’alcoxysilanes ou de silanols de formule Si(OR), ou R est

un groupement organique alkyle C,H;,.1 ou un hydrogéne.

Un des intéréts de ce procédé est que ces précurseurs sont soit liguides soit solides, dans
ce cas ils sont, pour la plupart, solubles dans des solvants usuels. Il est donc possible de

préparer des mélanges homogénes de monomeéres (précurseurs) ou oligomeres.
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Les réactions chimiques simples a la base du procédé sont déclenchées lorsque les
précurseurs sont mis en présence d’eau : Uhydrolyse des groupements typiquement alcoxy
(ou halogene le cas échéant) intervient tout d’abord, puis la condensation des produits

hydrolysés conduit a la gélification du systéme, formant ainsi ’hydrogel.

« Polymére organique de structure »

Par « polymére organique de structure », il est compris selon la présente invention un
polymeére de nature organique, donc hydrocarboné, permettant de structurer U’hydrogel
sous forme d’une matrice polymérique. Ceci est réalisé facilement a partir du moment ou
les monomeéres composant ledit polymére organique de structure sont controlés en terme
de structure chimique et de pureté ; i.e. par les techniques usuelles de chimie de synthése
ou de purification. En effet, en controlant la nature des monomeéres impliqués dans la
polymérisation de U’hydrogel, il est possible de faire varier les caractéristiques physico-

chimiques et rhéologiques du polymére obtenu in fine.
« Qrigine synthétique »

Les matiéres premieres utilisées pour la production des matériaux synthétiques sont bien
sir issues de la Nature, comme le pétrole. Cependant, les matériaux synthétiques créés
par l'Homme a partir de procédés chimiques, les différencient des autres matériaux. Selon
la présente invention, U'expression « origine synthétique » implique que le produit
considéré a été modifié au moins une fois par un procédé chimique mis au point par

UHomme.

« Liaison chimique »

On appelle « liaison chimique » toute interaction attractive qui maintient au moins deux
atomes a courte distance 'un de autre. Cette interaction peut étre directionnelle comme
la liaison entre deux atomes au sein d'une molécule, ou non directionnelle comme
linteraction électrostatique qui maintient les ions d'un cristal ionique en contact. Elle peut
étre forte comme les deux précédents exemples, ou faible comme les interactions de van

der Waals qui sont de nature dipolaire.
« Groupement espaceur »

On appelle « groupement espaceur » selon la présente invention, un fragment comprenant
au moins un atome. Préférentiellement, le groupement espaceur contient au moins un
atome de carbone. Avantageusement le groupe espaceur permet d’éloigner au sein d’une

méme molécule, deux groupements chimiques, de diminuer la géne stérique entre le
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groupement A (ou B) et ’atome de Si. Plus avantageusement, le groupement espaceur
permet au groupement silylé de réagir avec une géne limitée du fragment A (ou B) ou au
groupement A (ou B) d’interagir et de conserver ses propriétés biologiques, avec une géne
limitée du fragment contenant le Si. En outre le groupement espaceur permet une liaison
stable entre le fragment A (ou B) et Si, tout en permettant au fragment silicate de réagir.
Il est donc clair que le groupement espaceur ne peut pas étre considéré comme un
élément constitutif du fragment A (ou B), comme par exemple un résidu d’acide aminé si A

(ou B) est un fragment peptidique).

Avantageusement, le groupement espaceur comprend, ou consiste en, une chaine
hydrocarbonée aliphatique saturée ou insaturée, préférentiellement comprise entre 1 et
10 atomes de carbone, plus préférentiellement entre 2 et 5 atomes de carbone. De
maniére préférée, le groupement espaceur est une chaine hydrocarbonée aliphatique

saturée.

Le groupement espaceur (en particulier lorsqu’il s’agit d’une une chaine hydrocarbonée
aliphatique saturée ou insaturée telle que décrite ci-dessus) peut en outre inclure des
hétéroatomes, en particulier choisis parmi N, O, S, ou encore P, et peut en plus étre
substitué, en particulier par des atomes d’halogenes, ou par des groupements hydroxyles,
aryles, alkyles en C;-C,, sulfates, amines, ou encore phosphates. Toutefois, si des
hétéroatomes sont présents dans le groupement espaceur, préférablement ces

hétéroatomes ne sont pas directement reliés a Si.

Préférablement, le groupement espaceur est un fragment alkyle en C;-C, linéaire ou
ramifié. Plus préférablement, le groupement espaceur comprend un fragment -(CH,),-, -
(CH)3-, -(CH;)4-. De maniere plus préférée encore, le groupement espaceur comprend le

fragment -(CH,),-.
« Radical divalent dérivé »

Selon la présente invention, U'expression « radical divalent dérivé » concerne un élément
ayant une valence de deux. La valence est le nombre de liaisons chimiques formées, qui
peuvent étre des liaisons covalentes, polaires, ou ioniques. Le terme «dérivé » fait
simplement référence aux liaisons chimiques formées pour incorporer ledit radical dans la

structure.

« Chaine hydrocarbonée aliphatique saturée ou insaturée »
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Par «chaine hydrocarbonée aliphatique saturée ou insaturée », il est compris des
fragments de type alkyle en Cy-Cy, alcéne en C,-C4y ou alcyne en Cy-Cyy,

préférentiellement ces chaines sont linéaires ou ramifiées.
« Alkyle en C1‘C1o »

Dans la présente invention, il est compris par « alkyle en Ci-Cyo », ou encore « alkyle de 1
a 10 atomes de carbone », un groupe aliphatique saturé, linéaire, ramifié, voire cyclique,
comportant de 1 a 10 atomes de carbone, comme par exemple un groupement meéthyle,

éthyle, isopropyle, tertio-butyle, n-pentyle, cyclopropyle, cyclohexyle, etc.
« Alcéne en C-Cqp »

Par groupement « alcéne en C,-Cy », ou encore « alcéne de 2 a 10 atomes de carbone »,
on entend au sens de la présente invention, un groupe aliphatique mono- ou poly-insature,
linéaire, ramifié ou cyclique comprenant de 2 a 10 atomes de carbone. Un groupe alcéne
selon Uinvention comprend, de préférence, une ou plusieurs insaturations éthyléniques. A
titre d’exemple, on peut citer les groupes éthylénes, propyléne, propyl-2-éne ou propyl-3-

ene, butyléne, cyclobuténe etc.

« Aleyne en Cp-Cyo »

Par groupement « alcyne en C,-Cy, », ou encore « alcyne de 2 a 10 atomes de carbone »,
on entend au sens de la présente invention, un groupe aliphatique, linéaire, ramifié ou
cyclique comprenant de 2 a 10 atomes de carbone et au moins une double insaturation,
c’est-a-dire une triple liaison entre deux atomes de carbones. Un groupe alcyne selon
Uinvention comprend, de préférence, une ou plusieurs doubles insaturations. A titre

d’exemple, on peut citer les groupes acétyléne, propyne, butyne, etc.
<« Aryle »

Par groupement «aryle», on entend un groupement aromatique, comportant de
préférence de 5 a 10 atomes de carbone, comprenant un ou plusieurs cycles et comprenant
éventuellement un ou plusieurs hétéroatome(s) en particulier un oxygene, un azote ou un
soufre, comme par exemple un groupement phényle, furane, indole, pyridine, naphtaléne,

etc.

« Arylene »
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Un groupement « aryléne » représente un substituant d’un composé organique dérivé d’un
fragment aryle dans lequel au moins un atome d’hydrogéne a été retiré de deux carbones

inclus dans Uaryle. Préférentiellement, il s’agit d’un groupement phénéthyle.
« Phénéthyle »

Le terme phénéthyle représente le fragment :

?\/\W:j

« Halogene »

Le terme halogéne désigne les éléments chimiques de la 17° colonne du tableau
périodique, anciennement appelé groupe VI ou VIIA. Ces éléments chimigues sont

préférentiellement : le fluor, le chlore, le brome et Uiode.
« Hydroxyle »

Le terme hydroxyle selon la présente invention concerne le fragment -OH, et

éventuellement ses sels, par exemple de sodium ou potassium.
« Xa reliés a des points d’accroches différents sur A »;

Par Uexpression « Xa reliés a des points d’accroches différents sur A », il est compris selon
la présente invention que les groupements Xa ne sont pas reliés au méme atome
appartenant au polymére A. De maniere préférée, les points d’accroches (i.e. les atomes
d’accroche) sont positionnés de maniére la plus éloignée possible sur le polymere A. Une
maniére pour évaluer cet éloignement peut étre simplement de compter le nombre
d’atomes entre les deux points d’accroche sur le polymere A. En effet, les propriétés
physico-chimiques et rhéologiques sont plus facilement controlables lorsque Uentropie des
polyméres A est diminuée, ce qui se fait en principe en fixant les extrémités des chaines

de polymere.
« Récupération »

Par « récupération », il est compris selon la présente invention que les produits obtenus
sont extraits selon les techniques communes de U’art, i.e. par Uintermédiaire d’un lavage
biphasique comprenant par exemple un solvant organique et de [’eau ; alternativement, il

est possible de récupérer les produits par suspension dans le liquide qui les contient, puis
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de les filtrer. Une autre facon de récupérer les produits, peut étre tout simplement
d’évaporer ou lyophiliser le solvant qui les contient. Cette phase de récupération peut en
outre contenir une purification par lavage ou passage sur colonne chromatographique, le

cas échéant.
« Eau de qualité médicale »

Par « eau de qualité médicale », il est compris selon la présente invention que U'eau est de
qualité ultra pure communément utilisée dans le milieu médical, éventuellement avec des
adjuvants permettant de retrouver les conditions physiologiques de ’organisme humain,
tel que des sels comme NaCl, KCl, CaCl,, MgCl,, etc. ; de tampon pH tel que des tampons

phosphates pH 7,4, etc. ; ou encore des sucres tels que du glucose, du mannitol.
« Principe actif »

La définition générale d’un principe actif, est : le principe actif est la molécule qui dans
un médicament posséde un effet thérapeutique. Dans le contexte de la présente invention,
qui concerne les hydrogels, le principe actif est la molécule présentant des
caractéristiques physico-chimiques ou biologiques distinctives du polymeére qui la porte.
Par exemple, le principe actif peut étre un médicament connu, une molécule biologique
telle qu’une séquence peptidique permettant U"accroche de cellules biologiques, ou un
colorant ou toute autre molécule présentant une ou des activités biologiques ou physico-

chimiques. Le principe actif peut étre d’origine naturelle ou synthétique.

De maniére avantageuse, [’hydrogel selon la présente invention comprend un principe actif

a activité antimicrobienne, antibiotique et/ou antifongique.

Préférentiellement, le principe actif est une biomolécule, par exemple choisie parmi un
peptide, une protéine, un glycopeptide, une glycoprotéine, un acide déoxyribonucléique,
un acide ribonucléique, une pectine, un chitosane, un acide hyaluronique, un saccharide,

un oligosaccharide, un lipide, un glycolipide, ou leurs dérives.

De maniére avantageuse le principe actif est choisi parmi des molécules favorisant
’adhésion cellulaire, telles que des peptides contenant ou consistant en la séquence
ArgGlyAsp, en particulier, le peptide H-GlyArgGlyAspSerPro-OH (Seq ID 1), des molécules
favorisant la cicatrisation, telles que des peptides contenant ou consistant en la séquence
H-GluGlyLeuGluProGly-OH (Seq ID 2), des molécules favorisant la production de matrice
extracellulaire telles que des peptides contenant ou consistant en H-ValGlyValAlaProGly-
OH (Seq ID 3) ou des molécules antibactériennes, telles que des peptides contenant ou

consistant en H-AhxArgArg-NH,, des molécules (e.g. peptides) antidouleurs, des molécules
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(e.g. peptides) qui favorisent la coagulation du sang, des molécules (e.g. peptides)
anticoagulantes, des molécules (e.g. peptides) antiprolifératives, ou un mélange de

plusieurs de ces (bio-)molécules.

De maniére avantageuse le principe actif peut étre un colorant, un fluorophore ou un
marqueur choisi parmi les composés suivants : fluorescéine, sel sodique de fluorescéine,
4',5"-Bis[N,N-bis(carboxyméthyl)-aminométhyl]fluorescéine, acide 6-[fluorescéine-5(6)-
carboxamidolhexanoique, acide 6-[ fluorescéine-5(6)-carboxamidolhexanoique, ester N-
hydroxysuccinimide de fluorescéin-5(6)-isothiocyanate, fluorescéin-a-D-N-
acétylneuraminide-polyacryl-amide, amidite de fluorescéine, fluorescéine-di(B-D-
galactopyranoside), fluorescéin-di-(B-D-glucopyranoside), diacétate de fluorescéine,
diacétate fluorescéin-5(6)-isothiocyanate, diacétate de fluorescéin-5-maleimide, diacétate
de fluorescéin-6-isothiocyanate, dibutyrate de fluorescéine, fluorescéine dilaurate, sel de
diphosphate de fluorescéine triammonium, acide fluorescéin-hyaluronique, isothiocyanate
de fluorescéine- Dextran 500000-Conjugué, isomere | de l‘isothiocyanate de fluorescéine,
isothiocyanate de fluorescéine-dextran, acétate de mercure-fluorescéine, chlorhydrate de
mono-p-guanidinobenzoate-fluorescéine, 0,0-diacrylate de fluorescéine, fluorescéine
0,0-diméthacrylate, fluorescéine o-acrylate, fluorescéine O-méthacrylate, ester N-
hydroxysuccinimide de fluorescéine, fluorescéine-5-thiosemicarbazide, fluorescéin-a-D-
galactosamine polyacrylamide, fluorescéin-a-D-mannopyranoside-polyacrylamide, 4(5)-
(iodoacétamido)-fluorescéine, 5-(Bromométhyl)fluorescéine, 5-
(lodoacétamido)fluorescéine, diacétate de ester N-succinimidyl-5-Carboxy-fluorescéine,
diacétate de Uester N-succinimidyl-6-Carboxy- fluorescéine, Aminophényl-fluorescéine,
Biotin-4- fluorescéine, hydroxyphényl-fluorescéine, MTS-4- fluorescéine, chlorhydrate de
poly(fluorescéine-isothiocyanate allytamine), poly(fluorescéine-O-acrylate),
poly(fluorescéine-O-méthacrylate), acétate de PPHT-fluorescéine, chlorhydrate de 5-([4,6-
dichlorotriazin-2-ylJamino)  fluorescéine, chlorhydrate de 6-([4,6-dichlorotriazin-2-
ylJamino) fluorescéine, poly[(méthylméthacrylate)-co-( fluorescéine-O-méthacrylate)],
poly[méthylméthacrylate-co-(fluorescéine O-acrylate)], 5(6)-
(Biotinamidohexanoylamido)pentylthioureidylfluorescéine, N-(5- fluorescéinyl)maléimide,
sel  disodigue de  Mercure-dibromo-fluorescéine,  fluorescéin-di-[méthyléne-N-
méthylglycine], sel disodique de 2,4,5,7-tétrakis-(acétoxymercuro)-fluoroscéine,
Uérythrosine B, U’éthyl éosine, 5-carboxy fluorescéine, ester N-succinimidyl de 5-carboxy
fluorescéine, rhodamine B octadécyl, ester N-hydroxysuccinimide de 6-Carboxy-
fluorescéine, dibenzyl fluorescéine, rhodol, 6-amino fluorescéine, rhodamine 6G, la

rhodamine B ou encore la rhodamine 123. Ces colorants, fluorophores et/ou marqueurs
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peuvent étre incorporés dans l’hydrogel avec une biomolécule ou un mélange de plusieurs
biomolécules.

Le terme « biomolécule » selon la présente invention concerne une molécule susceptible
d’étre trouvée dans le milieu biologique, i.e. synthétisée par un organisme vivant. Cette
définition comprend également les analogues fonctionnels de ces molécules (qui
deviennent donc des molécules de synthese). En effet, il est par exemple commun dans
l’art de modifier la structure des biomolécules afin d’uniquement en garder la région
active ou le site actif, ou d’ajouter des groupements protecteurs des fonctions réactives,

empéchant ainsi les réactions secondaires, par exemple.

Ces groupements protecteurs et leur utilisation sont décrits dans des ouvrages tels que par
exemple Greene, “Protective Groups in Organic Synthesis”, Wiley, New York, 2007 4e
édition ; Harrison et al. “Compendium of Synthetic Organic Methods”, Vol. 1 a 8 (J. Wiley
& sons, 1971 to 1996).

« Activité antimicrobienne »

Une « activité antimicrobienne » selon la présente invention est la définition générique
telle que comprise par ’homme du métier, c’est-a-dire un effet relatif a un agent
antimicrobien. Un (agent) antimicrobien est une substance qui tue, ralentit la croissance
ou blogue la croissance d’un ou de plusieurs microbes. Par « croissance » il est compris
dans le cadre de la présente invention toute opération cellulaire permettant un
accroissement volumétrique de la cellule, une division cellulaire ou une reproduction
cellulaire. Un microbe dans le cadre de la présente invention concerne tout organisme
unicellulaire ou pluricellulaire pathogéne ou parasitaire d’autres organismes vivants

comme les humains.

Par exemple, les antimicrobiens peuvent étre généralement choisis parmi les différentes
familles suivantes : les bétalactamines, les céphalosphorines, la fosfomycine, les
glycopeptides, les polymyxines, les gramicidines, la tyrocidine, les aminosides, les
macrolides, les lincosamides, les synergistines, les phénicolés, les tétracyclines, lacide
fusidique, les io oxazolidinones, les rifamycines, les quinolones, les fluoroquinolones, les
produits  nitrés, les sulfamides, la triméthoprime, et leurs mélanges.
De maniére plus spécifique les antimicrobiens peuvent étre choisis parmi la nystatine, le
nitrate de miconazole, l'acide lauryl-oxypropyl-B-aminobutyrique, U’amphotéricine B,
Pacide undécylénique, le chloroquinaldol, le nitrate d'éconazole, la natamycine, le
cloprothiazole, le clotrimazole, le tolnaftate, la lucensomycine, la tétracycline,
Uérythromycine, les pénicillines, Uoxacilline, la cloxaciline, lampicilline, l'amoxicilline, la

bacampicilline, la métampicilline, la pivampicilline, lazlocilline, la mezlocilline, la
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pipéracilline, la ticarcilline, le pivmécillinam, le sulbactam, le tazobactam, l'imipénéme,
la céfalexine, le céfadroxil, le céfaclor, la céfatrizine, la céfalotine, la céfapyrine, la
céfazoline, la céfoxitine, le céfamandole, le céfotétan, le céfuroxime, le céfotaxime, le
céfsulodine, le céfopérazone, le céfotiam, la céftazidime, le céftriaxone, le céfixime, le
céfpodoxime, le céfépime, le latamoxef, l'aztréonam, la vancomycine, la vancocine, la
téicopianine, la polymyxine B, la colistine, la bacitracine, la tyrothricine, la
streptomycine, la kanamycine, la tobramycine, l'amikacine, la sisomicine, la dibékacine, la
nétilmicine, la spectinomycine, la spiramycine, Uérythromycine, la josamycine, la
roxithromycine, la clarithromycine, l'azithromycine, la lincomycine, la clindamycine, la
virginiamycine, la pristinamycine, la dalfopristine-quinupristine, le chloramphénicol, le
thiamphénicol, la tétracycline, la doxycycline, la minocycline, lacide fusidique, la
linézolide, la rifamycine, la rifampicine, lacide nalidixique, lacide oxolinique, lacide
pipémidique, la fluméquine, la péfloxacine, la norfloxacine, Uofloxacine, la ciprofloxacine,
l'enoxacine, la sparfloxacine, la lévofloxacine, la moxifloxacine, la nitroxoline, le
tilboquinol, la nitrofurantoine, la nifuroxazide, la métronidazole, lornidazole, la

sulfadiazine, le sulfaméthisol, le triméthoprime, lisoniazide et leurs dérivés et mélanges.
Préférentiellement, les antimicrobiens greffés ont un mode d"action de contact.

En outre, toutes ces molécules antimicrobiennes présentent des fonctions chimiques plus
ou moins réactives. Ainsi, ’homme du métier est tout a fait capable d’adapter U'objet de
la présente invention afin d’utiliser 'une de ces fonctions comme point d’attache au

fragment Xb.

« Activité antibiotique »

Une « activité antibiotique » (équivalent au terme « antibactérien ») selon la présente
invention est la définition générique telle que comprise par ’homme du métier, c’est-a-
dire un effet relatif a un agent antibiotique. Un (agent) antibiotique est une substance est
une substance qui tue, ralentit la croissance ou bloque la croissance d’une ou de plusieurs
bactéries. Par « croissance » il est compris dans le cadre de la présente invention toute
opération cellulaire permettant un accroissement volumétrique de la cellule (bactérie),

une division cellulaire (de la bactérie) ou une reproduction cellulaire (de la bactérie).

Par exemple les antibiotiques peuvent étre généralement choisis parmi les différentes

familles suivantes : les béta-lactames, les monobactames, les pénicillines, les inhibiteurs
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de beta lactamases, les aminoglycosides, les glycylcycline, les tétracyclines, les
quinolones, les glycopeptides, les lipopeptides, les macrolides, les ketolides, les

lincosamides, les streptogramines, les oxazolidinones, les polymyxines.

De maniere plus spécifique les antibiotiques peuvent étre choisis parmi 'amikacine, la
gentamycine, la tobramycine, Uimipéneme, le méropénéme, U'ertapéneme, le composé
connu sous l'appellation PZ-601, la céfazoline, la céfépime, la céfotaxime, la céfoxitine, la
ceftaroline, la ceftazidime, la ceftibiprole, la ceftriaxone, la céfuroxime, la céphalexine,
l’aztréoname, ’amoxicilline, la clavulanate, "ampicilline, le sulbactame, Uoxacilline, la
pipéracilline, le tazobactame, la ticarcilline, la pénicilline, la doxycycline, la minocycline,
la tétracycline, la tigécycline, la ciprofloxacine, la gatifloxacine, la grépafloxacine, la
lévofloxacine, la moxifloxacine, Uofloxacine, ’azithromycine, la clarithromycine, la
roxythromycine, la télithromycine, la colistine, la polymyxine B, la fosfomycine, le

triméthoprim et le sulfaméthoxazole.

On peut encore citer comme exemples d’agents antibiotiques les alcools, les polyols en C2-
C8, les acétate, benzoate et diacétate daluminium, des conservateurs tels que
le chlorure de benzalkonium, le chlorure de cétrimonium, la chlorhexidine, le climbazole,
des citrates, oxyde et le sulfate dargent, des acides tel que l’acide borique, Uacide
usnique, ’acide pyroglutamique et dérivés, les acétate, borate, salicylate et sulfate de

zinc, des peptides antimicrobiens tels que les béta-défensines, et leurs mélanges.
Préférentiellement, les antibiotiques greffés ont un mode d"action de contact.

Toutes ces molécules antibiotiques présentent des fonctions chimiques plus ou moins
réactives. Ainsi, ’homme du métier est tout a fait capable d’adapter objet de la
présente invention afin d’utiliser 'une de ces fonctions comme point d’attache au

fragment Xb.

« Activité antifongique »

Une « activité antifongique » selon la présente invention est la définition générique telle
que comprise par ’homme du métier, c’est-a-dire un effet relatif a un agent antifongique.
Un (agent) antifongique est une substance qui tue, ralentit la croissance ou bloque la
croissance d’un ou de plusieurs champignons. Par « croissance » il est compris dans le

cadre de la présente invention toute opération cellulaire permettant un accroissement
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volumétrique de la cellule (champignon), une division cellulaire (du champignon) ou une

reproduction cellulaire (du champignon).

Des exemples d’antifongiques peuvent en outre étre choisis parmi les différentes familles
suivantes : les polyenes, les imidazoles, les triazolés, les analogues nucléosidiques, les
allylamines, les échinocandines, les sordarines, les morpholines, la griséofulvine, la

ciclopiroxolamine, le sulfure de sélénium, et leurs mélanges.

Plus préférablement, l'agent antifongique est choisi parmi la nystatine, l'amphotéricine B,
le kétoconazole, 'éconazole, le miconazole, le clotrimazole, le fluconazole, litraconazole,
le voriconazole, le posaconazole, la 5-fluorocytosine, la naftafine, la terbinafine, la

caspofongine, l'amorlfine, et leurs dérivés et mélanges.
Préférentiellement, les antifongiques greffés ont un mode d"action de contact.

Toutes ces molécules antifongiques présentent des fonctions chimiques plus ou moins
réactives. Ainsi, "homme du métier est tout a fait capable d’adapter Uobjet de la
présente invention afin d’utiliser 'une de ces fonctions comme point d’attache au

fragment Xb.

« Principe actif naturel »

Un principe actif naturel, telle qu’une biomolécule naturelle, est un principe actif trouvé

dans Uenvironnement sans intervention humaine directe (hormis son extraction/isolement)
« Principe actif synthétique »

Un principe actif synthétique est un principe actif qui n’est pas trouvé dans
Uenvironnement sans intervention humaine directe (hormis son extraction/isolement). Par
exemple, un principe actif tel qu’un peptide synthétique peut étre une séquence d’un
peptide naturel dans lequel au moins un acide aminé naturel a été remplacé par un autre,

naturel ou synthétique.
« Peptide » et « protéine »

Les termes « peptide » (équivalent au terme « oligopeptide ») et « protéine » doivent étre
compris comme des polymeéres d’acides aminés, lesdits acides aminés étant reliés entre
eux par une liaison peptidique et/ou pseudopeptidique. Un peptide contient généralement
entre 2 et 80 a 100 acides aminés, la limite supérieure n’étant pas clairement définie. Au-

dela de cette limite supérieure, on parlera plutot de protéines. Préférentiellement le
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principe actif peptidique selon la présente invention contient entre 2 et 80 acides aminés,

plus préférablement entre 3 et 40, et encore plus préférablement entre 4 et 20.

Les peptides ou protéines peuvent étre extraites d’un milieu biologique ou fabriquées de
maniére synthétique. Les techniques de synthese peptidique sont décrites dans Paul Lloyd-
Williams, Fernando Albericio, Ernest Giralt, “Chemical Approaches to the Synthesis of
Peptides and Proteins”, CRC Press, 1997 ou Houben-Weyl, “Methods of Organic Chemistry,
Synthesis of Peptides and Peptidomimetics”, Vol E 22a, Vol E 22b, Vol E 22¢, Vol E 22d., M.
Goodmann Ed., Georg Thieme Verlag, 2002.

« Acide aminé »

L’expression « acide aminé » doit étre comprise comme toute molécule présentant au
moins un acide carboxylique, au moins une amine et au moins un carbone reliant cette
amine et cet acide carboxylique. Préférentiellement, les acides aminés pouvant étre
utilisés dans le cadre de la présente invention sont les acides aminés dits « naturels »
et/ou les acides aminés synthétiques tels que défini ci-dessous. Préférentiellement les

acides aminés de la présente invention sont de configuration L.
« Acide aminé naturel »

L’expression « acide aminé naturel » représente entre autres les acides aminés suivants :
la glycine (Gly), U’alanine (Ala), la valine (Val), la leucine (Leu), Uisoleucine (ile), la sérine
(Ser), la thréonine (Thr), la phénylalanine (Phe), la tyrosine (Tyr), le tryptophane (Trp), la
cystéine (Cys), la méthionine (Met), la proline (Pro), I’acide aspartique (Asp), [’asparagine
(Asn), la glutamine (Gln), ’acide glutamique (Glu), Uhistidine (His), Uarginine (Arg) et la
lysine (Lys). Les acides aminés naturels préférés selon la présente invention sont les acides

aminés de la série L.
« Acide aminé synthétique »

Par acide aminé synthétique, il est compris tous les acides aminés non « codés » et non

naturels tels que définis ci-dessus.

« Glucide »
Le terme “glucide” comprend les monosaccharides et polysaccharides.

Un monosaccharide, ou ose, est un polymeére de carbones hydraté, lesquels carbones sont
reliés entre eux par une liaison C-C. Il existe deux types d’ose : les aldoses et les cétoses.
Les monosaccharides sont en outre « cyclisables » par Uintermédiaire d’une fonction

hémiacétal. Les monosaccharides préférés selon la présente invention sont les
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monosaccharides de la série D. Les monosaccharides sont classés par nombre de carbones.
Par exemples les monosaccharides a 6 carbones sont les hexoses de formule C¢H;04 et
peuvent étre Uallose, ’altrose, le glucose, le mannose, le gulose, 'idose, le galactose ou
le talose. Les monosaccharides a 5 carbones sont les pentoses de formule CsHq 05 et

peuvent étre le ribose, "arabinose, le xylose, ou le lyxose.

Un polysaccharide concerne un polymere fait de monosaccharides (préférentiellement de
la série D) joints par des liaisons glycosidiques. Des exemples de polysaccharides sont la
cellulose et ses dérivés, la pectine, le chitosane, ou encore l'acide hyaluronique. Les
dérivées de  cellulose  comprennent  Uhydroxypropylméthylcellulose (HPMC),
Uhydroxyéthylcellulose (HEC), Uhydroxypropylcellulose (HPC), carboxyméthylcellulose
(CMC).

Les glucides naturels ou synthétiques sont compris dans cette définition.
« Glycopeptide »

Un glycopeptide est un peptide relié a un glucide par Uintermédiaire d’au moins une

liaison chimique.
« Glycoprotéine »

Une glycoprotéine est une protéine reliée a un glucide par Uintermédiaire d’au moins une

liaison chimique.
« Acide déoxyribonucléique »

Lacide désoxyribonucléique, ou ADN, est une macromolécule biologique présente dans
toutes les cellules ainsi que chez de nombreux virus. L'ADN contient toute linformation
génétique, appelée génotype, permettant le développement et le fonctionnement des

étres vivants.
« Acide ribonucléique »

L'acide ribonucléique (ARN) est une molécule biologique présente chez pratiquement tous
les étres vivants, et aussi chez certains virus. LARN est une molécule trés proche
chimiquement de UADN et il est d'ailleurs en général synthétisé dans les cellules a partir
d'une matrice d'ADN dont il est une copie. Les cellules vivantes utilisent en particulier
UARN comme un support intermédiaire des genes pour synthétiser les protéines dont elles

ont besoin.

« Pectine »
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Les pectines sont des polysaccharides caractérisés par un squelette d’acide a-D-

galacturonique et de faibles quantités de a-L-rhamnose plus ou moins ramifiés.
« Chitosane »

Le chitosane ou chitosan est un polyoside composé de la distribution aléatoire de D-
glucosamine liée en B-(1-4) (unité désacétylée) et de N-acétyl-D-glucosamine (unité

acétylée).
« Acide hyaluronique »

Les acides hyaluroniques sont des polymeéres de disaccharides eux-mémes composés d'acide
D-glucuronique et de D-N-acétylglucosamine, liés entre eux par des liaisons glycosidiques
alternées oo1,4 et oo1,3, Les polymeéres de cette unité récurrente peuvent avoir une taille
moyenne entre 400 et 10’ Da in vivo. Dans le cadre de la présente invention, les polyméres
de cette unité récurrente peuvent avoir une taille moyenne entre 1000 et 7.10° Da,
préférentiellement entre 1500 et 5.10° Da, par exemple entre 2000 et 9000 Da ou entre 10*
et 4.10¢, telle qu’entre 150000 et 500000 ou encore entre 2.10° et 3.10°%. Par exemple dans
le cadre de la présente invention, les polymeéres de cette unité récurrente peuvent avoir

une taille moyenne d’environ 6400 Da, 2.10° Da ou encore 2,6.10° Da.
« Lipide »

Les lipides comprennent plusieurs classes de molécules comprenant les acides gras, les

glycérides, les phosphoglycérides, les sphingolipides, les stérols, les prénols.

Les acides gras sont des acides carboxyliques a chaine aliphatique. Les glycérides sont
constitués d'un résidu de glycérol estérifié par un, deux ou trois acides gras, ce qu'on
appelle  respectivement  monoglycérides, diglycérides et triglycérides. Les
phosphoglycérides sont des phospholipides constitués de deux résidus d'acides gras
estérifiant un résidu glycérol lui-méme estérifié par un résidu phosphate. Les
sphingolipides sont constitués d'un alcool aliphatique aminé, produit de novo a partir de la
sérine et d'une acyl-coenzyme A a longue chaine, et convertie entre autres en céramides,

phosphosphingolipides, glycosphingolipides.
« Glycolipide »

Un glycolipide est un saccharide relié, préférentiellement par un groupement phosphate, a

un lipide.

« Polymérisation in situ »

Par ’expression « polymérisation in situ », il est compris selon la présente invention que la

polymérisation se fait aprés injection dans un organisme vivant, tel qu’un étre humain.
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Ceci est réalisable lorsque les conditions de la polymérisation sont celles du milieu
physiologique de ’organisme vivant en question (pH, température, eau, tampon, etc).
L’introduction du précurseur non polymérisé dans Uorganisme vivant peut s’effectuer
simplement en faisant couler ce précurseur sur ou dans [’organisme vivant, si celui-ci a été
ouvert au préalable a l'aide d’instruments chirurgicaux. Alternativement, le précurseur de
Uhydrogel peut étre introduit dans l’organisme vivant en Uinjectant a l’aide d’une
seringue et d’une aiguille creuse adaptées. Le précurseur de ’hydrogel polymérise alors
une fois en contact avec ledit organisme vivant. De maniére avantageuse selon la présente
invention, I"injection est peu douloureuse, car le précurseur peut étre choisi pour étre trés
fluide et donc, le moyen d’injection (seringue et surtout diameétre de Uaiguille) peut étre
de taille réduite favorisant son introduction dans U'organisme vivant de maniére peu
douloureuse. En outre, le liquide a injecter étant moins visqueux que si U"hydrogel a déja
été formé au préalable, le liquide une fois injecté prend beaucoup plus facilement sa

place, sans distordre les tissus avoisinants, résultant en une injection moins douloureuse.

Description détaillée

Les caractéristiques physico-chimiques exceptionnelles des hydrogels selon la présente
invention permettent des applications pharmaceutiques et biomédicales, notamment dans
Vadministration de médicaments (dans des nanosphéres ou nanocapsules, par voie orale ou
voie transdermique...). Les hydrogels selon la présente invention peuvent également étre
utilisés dans la lutte contre les briilures cutanées. lls peuvent aussi étre utilisés pour une
large gamme dapplications dans les essais cliniques de la médecine expérimentale
comprenant : lingénierie tissulaire et la médecine de la régénération, le diagnostic,
limmobilisation cellulaire, la séparation de biomolécules ou de cellules, l'utilisation de

matériaux "barriére” pour réglementer les adhérences biologiques.

Ainsi U'objet de la présente invention concerne un procédé de fabrication d’hydrogels tel
que défini présentement caractérisé en ce que le groupement A de la formule (1) de
Uhydrogel tel que défini est choisi parmi les protéines, les peptides tels que des séquences
peptidiques issues des collagenes par exemple les séquences comprenant des répétitions
de tripeptides Pro-Hyp-Gly ou Pro-Pro-Gly ou Asp-Pro-Gly ou Pro-Lys-Gly, des séquences
peptidiques d’autoassemblage comme Arg-Ala-Asp-Ala (Seq ID 4), des oligoprolines, des
oligoalanines, des polysaccharides, tels que l'acide hyaluronique* et ses dérivés, des

oligonucléotides, des polymeres de C,-Cq-alkylénes-glycols, ou de polyvinylpyrrolidone.

* L’acide hyaluronique peut étre utilisé pour ses propriétés structurantes et/ou pour ses

activités biologiques.
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L’objet de la présente invention concerne en outre un procédé de fabrication d’un
hydrogel tel que défini ci-dessus, caractérisé en ce que le groupement B de la formule (Il)
de hydrogel tel que défini présentement est une biomolécule choisie parmi un peptide,
un oligopeptide, une protéine, telle que le collagéne, un acide désoxyribonucléique, un
acide ribonucléique, un polysaccharide, tel qu’une pectine, un chitosane, un acide

hyaluronique, un polysaccharide polyarabinose et polygalactose et un glycolipide.

De maniere préférée, le fragment B de la formule (ll), est un agent antimicrobien,
antibiotique et/ou antifongique listés plus haut. De maniére plus préférée le fragment B de
la formule (), est plus particulierement un peptide antimicrobien choisi parmi les
amphipathiques, les cationiques, la daptomycine, la polymyxine, la tachyplésine, la
magainine, les défensines, les cathélicidines, les histatines, les cécropines, la mellitine, la

temporines, les bombinines.

L’objet de la présente invention concerne de plus un procédé de fabrication d’un hydrogel
tel que défini ci-dessus, caractérisé en ce que le procédé de polymérisation sol-gel est
effectuée a pH physiologique, c’est-a-dire a un pH compris entre pH 6 et 9,
préférentiellement entre pH 7 et 8, et encore plus préférentiellement a pH 7,4 = 0.1, ou
en ce que Uhydrogel est formé en présence d’une gquantité suffisante d’eau pour que la
teneur en eau de U’hydrogel soit d’au moins 50% en poids vis-a-vis du poids total de

Uhydrogel formé.

L’objet de la présente invention concerne d’ailleurs un procédé de fabrication d’un
hydrogel tel que défini ci-dessus, caractérisé en ce que Uhydrogel est formé en présence
d’une quantité suffisante d’eau pour que la teneur en eau de ’hydrogel soit d’au moins
50% en poids vis-a-vis du poids total de U’hydrogel formé. De maniére avantageuse,
Uhydrogel selon la présente invention peut contenir entre 60 et 99% en poids d’eau vis-a-
vis du poids total de Uhydrogel formé selon la présente invention, de maniere plus
avantageuse "hydrogel selon la présente invention peut contenir entre 70 et 98% en poids
d’eau et de maniére encore plus avantageuse ’hydrogel selon la présente invention peut
contenir entre 75 et 97%, voire entre 80 et 95% en poids d’eau vis-a-vis du poids total de

Uhydrogel formé.

L'objet de la présente invention concerne également un procédé de fabrication d’un
hydrogel tel que défini ci-dessus, caractérisé en ce que ledit hydrogel est polymérisé sur
ou dans au moins un premier hydrogel en tant que support, résultant ainsi en un hydrogel
multicouches. Toute technique connue de U’homme du métier afin d’obtenir un

multicouche est applicable en Uespéce. De maniére simple, un premier hydrogel peut étre
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coulé dans un fond de moule, puis un second hydrogel coulé sur ce premier hydrogel et
ainsi de suite. En outre, les hydrogels selon la présente invention pouvant étre découpés et
faconnés a volonté, ce découpage peut avoir lieu avant la coulée d’un hydrogel

supplémentaire sur un premier hydrogel ou multicouche découpé/faconné.

L’objet de la présente invention concerne en outre un hydrogel pour son utilisation a des
fins thérapeutiques et/ou chirurgicales, telle que décrite ci-dessus, caractérisé en ce qu’il
permet la délivrance et/ou le transport de molécules actives, ou pour son utilisation in

vivo en ingénierie tissulaire.

Figures

Figure 1: cette figure concerne des essais de cytotoxicité sur des fibroblastes 1L929. Le
témoin « TC-PS » (colonne « témoins bas » dans la figure) représente la viabilité cellulaire
sur TC-PS (i.e. sans hydrogel). Le témoin « cellules lysées» (colonne « témoins haut » dans
la figure) correspond a la lyse compléte des cellules et donc a un maximum de toxicité. Le
témoin « PLA-50 » permet de vérifier la viabilité cellulaire en présence de poly (acide
lactique). L’échantillon « hydrogel PEG silylé 2,5% NaF » concerne les cellules incubées 24
h en présence d’un hydrogel contenant 10% en masse de PEG silylé obtenu avec 2,5% en
poids de NaF. L’échantillon « hydrogel PEG silylé 0,3% NaF » concerne les cellules
incubées 24 h en présence d’un hydrogel contenant 10% en masse de PEG silylé obtenu

avec 0,3% en poids de NaF.

Figure 2 : cette figure concerne des essais pour quantifier le relargage de fluorescéine a
partir de différents hydrogels selon Uinvention. Les hydrogels greffés par de la fluorescéine
par liaison covalente affichent des taux de relargage bien moindres que Uhydrogel

contenant de la fluorescéine simplement emprisonnée sans liaison covalente.

Figure 3 : cette figure concerne des essais d'adhésion cellulaire sur les hydrogels selon la
présente invention. Deux contréles ont été choisis pour comparaison : Uun indique les
valeurs mesurées de fluorescence du milieu de culture en absence de cellules et l’autre
est la fluorescence mesurée pour les cellules déposées directement sur TC-PS. Sur cette
base comparative, trois séries d’essais ont été réalisées avec des hydrogels de PEG silylé
selon Uinvention a 10% en masse de PEG silylé nus, puis avec 7,5% molaire ou 15 % molaire
(par rapport au nombre de moles de PEG silylé) d’un peptide permettant Uadhésion

cellulaire (« RGD ») lié par liaison covalente audit hydrogel.

Légende figure 3:
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« Colonnes (de ’histogramme) en blanc (i.e. les 1¥* colonnes en partant de la
gauche de U’histogramme): milieu de culture en absence de cellules ;

« Colonnes en gris clair (i.e. les 2°™° colonnes en partant de la gauche de
Uhistogramme): cellules déposées sur hydrogel de PEG nu ;

e Colonnes en gris moyen (i.e. les 3™ colonnes en partant de la gauche de

Uhistogramme): cellules déposées sur hydrogel de PEG contenant 7.5% de

peptide hybride RGD ;

e Colonnes en gris foncé (i.e. les 4™

colonnes en partant de la gauche de
Uhistogramme): cellules déposées sur hydrogel de PEG contenant 15% de
peptide hybride RGD ;

e Colonnes en noir (i.e. les 5°

colonnes en partant de la gauche de

Uhistogramme): cellules déposées sur TCPS.

Figure 4 : cette figure concerne des essais antibactériens avec des hydrogels selon la
présente invention. Les bactéries ayant fait U’objet du test sont E. coli, S. aureus et P.
aeruginosa. Deux essais témoins ont été réalisés : "un étant une évaluation du nombre de
colonies bactériennes sur gel d’agar simple, Uautre sur Uhydrogel PEG silylé nu selon la
présente invention (i.e. un hydrogel de PEG silylé a 10% en masse de PEG silylé). Un
peptide antibactérien a été greffé sur ce méme gel (i.e. hydrogel PEG nu) par liaisons
covalentes a différents taux (7,5% en moles de peptide antibactérien et 15% en moles de
peptide antibactérien par rapport au nombre de moles de PEG silylé). Les colonies
bactériennes qui se sont formées au contact des gels sont comptées aprés 24 h

d’incubation a 37°C.

Légende figure 4:

e Colonnes (de Uhistogramme) en noir (i.e. les 1°® colonnes en partant de la

gauche de ’histogramme): colonies ensemencées sur Agar ;

e Colonnes en blanc (i.e. les 2°™° colonnes en partant de la gauche de

’histogramme): colonies ensemencées sur hydrogel PEG nu ;
e Colonnes en gris clair (i.e. les 3*™° colonnes en partant de la gauche de

Uhistogramme): colonies ensemencées sur hydrogel PEG avec 7.5% de

peptide hybride antibactérien ;
e Colonnes en gris foncé (i.e. les 4™ colonnes en partant de la gauche de
Uhistogramme): colonies ensemencées sur hydrogel PEG avec 15% de peptide

hybride antibactérien.
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Exemples

Les exemples ci-dessous ne limitent en rien la portée de la protection convoitée et sont la

a titre d’illustration selon la présente invention.
Abréviations

ACN, acétonitrile ; Ahx, acide €-aminohexanoique ; Boc, t-Butyloxycarbonyl ; DCM,
dichlorométhane ; DIEA, diisopropyléthylamine ; DMF, N-N’-diméthylformamide ; DPBS,
Dulbelcco’s phosphate buffered saline ; ESI-MS, spectrométrie de masse avec ionisation
électrospray ; Fmoc, fluorénylméthoxycarbonyl ; HBTU, N,N,N,N-tétraméthyl-O-(1H-
benzotriazol-1-yl)uronium hexafluorophosphate ; HPLC, chromatographie liquide haute
performance ; HRMS, spectrométrie de masse haute résolution ; LC/MS, spectrométrie de
masse couplée a la  chromatographie liquide ; Pbf,  2,2,4,6,7-
pentaméthyldihydrobenzofuran-5-sulfonyl ; PEG, polyéthyléne glycol ; pip, pipéridine; PS,
polystyréne; RMN, résonnance magnétique nucléaire ; TA, température ambiante , c’est-a-
dire compris entre 20 et 25°C; TFA, acide trifluoroacétique; THF, tétrahydrofurane; TIS,

triisopropylsilane.

Matériel et méthodes

Les HPLC analytiques ont été réalisées sur un appareil Agilent Infinity 1260 équipé d’une
barette de diode et d’une colonne Kinetex C18 phase inverse, 2,6 pm, 50 x 4.6 mm avec un
gradient de 0% a 90% (% en volume) de B en 5 min avec éluant A : eau/0.1% TFA et éluant B
: ACN/0.1% TFA a un débit de 2,5 mL/min.

Les purifications par HPLC préparative ont été réalisées sur un appareil Waters HPLC 4000,
équipé d’un détecteur UV 486 et d’une colonne en phase inverse Cy3 Waters Delta-Pack
40x100 mm, 100 A, 15 pm, & un débit de 50 mL/min. Les solvants utilisés sont H,0/0.1%
TFA et ACN/0.1% TFA.

Les échantillons pour les analyses LC/MS ont été préparés dans un mélange eau/ACN
(50:50, v/v) contenant 0.1% TFA. L’appareillage LC/MS est constitué d’une HPLC Waters
Alliance 2695, couplée a un spectrometre Water Micromass ZQ (ionisation électrospray,
mode positif). Les analyses ont été réalisées avec une colonne phase inverse Phenomenex
Onyx, 25 x 4.6 mm a un débit de 3 mL/min avec un gradient de 0 a 100% (% en volume) de
B en 2,5 min avec éluant A : eau/0.1% HCO;H ; éluant B : ACN/0.1% HCO,H. La détection
UV a été faite a 214 nm. Les spectres de masse ont été acquis avec un débit de solvant de
200 pL/min. L’azote est utilisé comme gaz nébulisant et séchant. Les données sont

obtenues en scannant les m/z de 100 a 1000 en 0,75 secondes ou de 200 a 1600 en 0,9
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secondes. Les analyses de spectrométrie de masse haute résolution ont été réalisées en
mode positif sur un spectrometre temps de vol (TOF) équipé d’une source d’ionisation
électrospray.

Les spectres RMN 'H, PC et *°Si ont été enregistrés a température ambiante (TA) dans des
solvants deutérés sur un spectrométre a 400, 101 et 79 MHz respectivement. Les
déplacements chimiques (8) sont donnés en parties par million en utilisant les solvants non
deutérés résiduels comme références (CHCl; dans CDCl;, 0H = 7.26 ppm; DMSO-d6, &H =
2.50 ppm). Les signaux sont notés s (singulet), d (doublet), t (triplet), q (quadruplet), dt
(triplet dédoublé), m (multiplet)... Les constantes de couplage sont mesurées en Hertz.
Accrochage d’un acide aminé sur la résine 2-chlorochlorotrityle :

La résine 2-chlorochlorotrityle (1,44 mmol Cl/g, 1 éq) est placée dans un réacteur de
synthése peptidique en phase solide équipé d’un fritté. L’acide aminé protégé Fmoc-AA-
OH (3 éq) est couplé sur la résine en présence de DIEA (5 éq) dans le DMF pendant une
nuit. Aprés les lavages standards (3xDMF, 1xMeOH et 1xDCM), la résine Fmoc-AA-Cltrityle
est séchée sous vide pendant 12 h. La charge de la résine est déterminée par détection a
299 nm de Uadduit pipéridine-dibenzofulvene qui se forme dans la solution de
déprotection pip/DMF (20/80 v/v).

Déprotection du Fmoc :

La résine Fmoc-Rink Amide AM PS ou Fmoc-peptidyl-résine est place dans un réacteur de
phase solide muni d’un fritté. Le groupement Fmoc est retiré par deux traitements
successifs avec une solution de DMF-pipéridine (80:20; v/v, 2 x 20 min). Entre les deux
traitements, la solution est filtrée et remplacée par une solution fraiche. Les étapes

classiques de lavage sont réalisées en fin de déprotection (3xDMF, 1xMeOH et 1xDCM).

Couplage d’un amino acide :

L’acide aminé protégé en N-ter par un groupement Fmoc (3 éq) est dissous dans le DMF (10
mL par g de résine) en présence d’HBTU (3 éq) et de DIEA (3 éq) pendant 10 min. Cette
solution est ajoutée sur la peptidyl-résine dont le N-ter est libre. La résine est agitée a TA
pendant 1h30 puis lavée (3xDMF, 1xMeOH et 1xDCM).

Exemple 1 : Silylation de PEG

Du polyéthyléne glycol de masse moléculaire moyenne 2000 g/mol (2,00 g, 1,00 mmol) est
séché sous vide a 80°C pendant une nuit puis il est dissous dans du THF anhydre (12 mL)
sous argon. De la triéthylamine (1,66 mL, 12 mmol, 12 éq) et l’isocyanatopropyl-
triéthoxysilane (744 uL, 3 mmol, 3 éq) sont ajoutés. Le mélange est chauffé a reflux

pendant 48 h puis concentré sous pression réduite. Le PEG bi-silylé est alors précipité dans
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’hexane. Aprés centrifugation, il est lavé 3 fois a U’hexane et séché sous vide. Il est
obtenu sous forme d’une poudre blanche stockée a 4°C sous argon. 'H RMN (400 MHz,
CDCl3) 0 5.00 (sl, 2H, NH), 4.18 (t, J = 4.7 Hz, 4H, H-6), 3.79 (q, J = 7.0 Hz, 12H, H-2), 3.62
(s, 177H, CH, PEG), 3.14 (dd, J = 13.2, 6.7 Hz, 4H, H-5), 1.58 (qu, J = 7.7 Hz, 4H, H-4),
1.20 (t, J = 7.0 Hz, 18H, H-1), 0.64 - 0.54 (m, 4H, H-3)."C RMN (101 MHz, CDCl;) 3 156.72
(C), 70.55 (CHy), 63.76 (CH,), 58.26 (CH,), 43.29 (CH,), 23.12 (CH,), 18.38 (CHs), 9.12
(CHy). *°Si RMN (79 MHz, CDCl3) & -45.73 (s).

Exemple 2 : Synthése d’un peptide dérivé du collagéne et bi-silylé

Préparation du tripeptide : Fmoc-Pro-Hyp-Gly-OBzl

Couplage de Boc-Hyp-OH :

Dans un ballon monocol de 5000 mL sont introduits H-Gly-OBzl.HCl (11,42 g, 56,6 mmol,
1éq) dissous dans AcN et de la DIEA (37,44 mL, 226,5 mmol, 4 éq). Dans un bécher, Boc-
Hyp-OH (13,3 g, 56,6 mmol) est dissous dans AcN. La DIEA ainsi que le pyBOP (29,3 g, 56,63
mmol, 1 éq) sont ajoutés a cette solution. Les deux acides aminés sont mis en contact et
agités a TA pendant 4h. Le suivi de la réaction est effectué par HPLC analytique.

Une fois la réaction terminée, AcN est évaporé et [’huile orangée obtenue est solubilisée
dans de 'acétate d’éthyle. Cette solution est lavée par des solutions aqueuses de KHSOy,
NaHCO; et NaCl. La phase organique est ensuite séchée avec Mg5S0, et le solvant évaporé
sous pression réduite.

Déprotection N-ter du dipeptide :

Le produit est mis ensuite en solution dans 150 ml de TFA pendant 40 min jusqu'a
disparition compléte de dégagement gazeux. Le TFA est alors évaporé sous pression
réduite et le dipeptide est précipité dans l’éther diéthylique puis lyophilisé.

Couplage de Fmoc-Pro-OH :

Fmoc-Pro-OH est couplé sur H-Hyp-Gly-OBzl selon le méme protocole que le couplage de
Boc-Hyp-OH décrit ci-dessus. La réaction dure 2 h. A Uissue des lavages, le tripeptide est
purifié sur gel de silice (appareil Biotage, colonne SNAP 340 g, gradient de 0% de MeOH
dans le DCM a 10% de MeOH dans le DCM, sortie du produit a 50 % du gradient, rendement
71%).

Déprotection C-ter :

Dans un ballon monocol de 250 mL sont introduits Fmoc-Pro-Hyp-Gly-OBzl (20,4 g, 40,2
mmol) dissous dans EtOH et 200 mg de Pd/C. Le tout est mis sous bullage d’hydrogéne
pendant 6h a 60°C. Le suivi de la réaction est effectué par HPLC analytique. Une fois la
réaction terminée, la solution est filtrée sur célite puis concentrée sous pression réduite.
Le solide est repris dans H,0/AcN 50/50 V/V et lyophilisé (Rendement : 86%).



10

15

20

25

30

35

30

Synthése du peptide Ac-Lys-(Pro-Hyp-Gly);-Lys-NH; (Seq ID 5) sur support a partir du
bloc tripeptidique

La synthese s’effectue dans une seringue munie d’un fritté sur une résine Rink Amide PS
dont la charge est de 0,94 mmol/g avec une échelle de synthése de 1 mmol. La résine est
gonflée dans le DCM puis lavée au DMF. Elle est déprotégée grace a deux traitements avec
la solution de déprotection pip/DMF (15 mL pendant 5 min, 3 lavages au DMF, 15 mL
pendant 20 min puis lavages (3xDMF, 3xDCM, 1xDMF)). Les conditions de couplage
habituelles sont légerement modifiées. Les couplages sont allongés a 2 h et se font avec
1,5 éq de Fmoc-Lys(Boc)-OH ou Fmoc-(Pro-Hyp-Gly);-OH, 5 éq de DIEA et 1,5 éq d’"HATU
qui remplace U'HBTU. En fin de couplage, la résine est lavée avec les solvants suivants :
(3xDMF, 3xDCM, 1xDMF). Le dernier couplage est lui aussi suivi d’une déprotection du
groupement Fmoc. Puis la peptidyl-résine est acétylée avec de 'acide acétique (2 éq) dans
le DCM (10 mL) en présence de BOP (2 éq) et de DIEA (4 éq) pendant 1h30. La résine est
lavée puis clivée dans un mélange TFA/TIS/H,0 (95/2,5/2,5 v/v/v, 50 ml). La solution de
“clivage” est concentrée sous pression réduite et le peptide est précipité a Uéther. Apres
centrifugation et élimination du surnageant, le peptide brut est repris dans un mélange
eau/ACN et lyophilisé. Il est enfin purifié par HPLC préparative sur une colonne Luna Cyg
phase inverse (15 ym, 250 x 50 mm) a un débit de 120 mL/min avec un gradient de 0 a 6%
de B en 6 min, de 6% a 10% de B en 8 min et de 10% a 18% en 24 min avec éluant A :
H,0/0,1% TFA et éluant B : ACN/0,1% TFA. Rendement : 49% ; pureté > 99%. LC/MS (ESI*):
tg = 0.73 min, 1118 ([M+H]’, 5%), 559 ([M+2H]*, 100).

Silylation

Ac-Lys-(Pro-Hyp-Gly);-Lys-NH, (20 mg, 14,9 pmol) est dissous dans le diméthylformamide
anhydre (300 pL) sous argon. La diisopropyléthylamine (12,4 L, 71,3 pmol, 4,8 éq) puis le
3-isocyanatopropyltriéthoxysilane (9,7 uL, 39,3 pmol, 2,6 €q) sont ajoutés a la solution de
nonapeptide. Le mélange réactionnel est laissé 50 min sous agitation. La fin de la réaction
est controlée par LC/MS. Le solvant est évaporé sous pression réduite. Puis le nonapeptide
a 3 reprises a ’éther diéthylique puis la poudre obtenue est séchée sous vide. LC/MS
(ESI): tg = 0.82 min, 704 ([M+2H-2H,0]*, 100%), 695 ([M+2H-3H,0]]*, 80) et t = 0.87 min
(conformeére), 704 ([M+2H-2H,0]%, 70%), 695 ([M+2H-3H,0]]%, 100).

Exemple 3 : Préparation d’un hydrogel constitué d’une molécule de formule (1)
E rog

Une molécule de formule (l), par exemple le PEG bi-silylé préparé dans 'exemple 1 ou le
peptide bi-silylé dérivé du collagene synthétisé dans Uexemple 2, est dissous dans du
tampon phosphate a pH 7,4 (DPBS Dulbecco’s phosphate buffered saline), de préférence a

une concentration de 10 % en masse, en présence de fluorure de sodium (3 mg de NaF par
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mL de DPBS). La solution non visqueuse est incubée a 37°C, il se forme alors un gel. Le
temps de gélification dépend de la nature de la molécule de formule (l) et de sa
concentration.

Exemple 4 : Synthése du peptide silylé (Et0);Si-(CH,);-NHCO-(BAla),-Gly-Arg-Gly-Asp-
Ser-Pro-OH (Seq ID 6)

H-(BAla),-Gly-Arg-Gly-Asp-Ser-Pro-OH (Seq ID 6) est synthétisé sur une résine 2-

chlorochlorotrityle {(charge : 1,44 mmol/g, échelle de synthése : 0,5 mmol) en stratégie
Fmoc/tBu. Les acides aminés utilisés sont successivement Fmoc-Pro-OH, Fmoc-Ser(tBu)-
OH, Fmoc-Asp-(tBu)-OH, Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH et Fmoc-BAla-OH
quatre fois. Chaque couplage d’acide aminé est suivi d’une déprotection du groupement
Fmoc en N-ter. Le “clivage” du peptide et la déprotection des chaines latérales sont
effectués dans un mélange TFA/TIS/H,0 95/2.5/2.5 V/V/V pendant 4 h. Aprés
précipitation, le peptide est purifié par HPLC préparative sur une colonne Cy. Il est obtenu
apres lyophilisation avec un rendement de 63%. Il est ensuite silylé par réaction avec le 3-
isocyanatopropyltriéthoxysilane (1,1 éq) dans le DMF a une concentration de 30 mM en
présence de DIEA (3 éq). La réaction est suivie par HPLC analytique. Le DMF est ensuite
évaporé sous pression réduite et le peptide silylé est précipité dans I’éther diéthylique. Il

est récupéré par centrifugation a Uissue de 3 lavages dans ’éther diéthylique.

'H RMN (400 MHz, DMSO-d6) & 8.61 - 8.40 (m, 2H, NH Asp et Gly), 8.21 - 8.04 (m, 2H, NH
Gly N-ter et Arg), 7.99 - 7.78 (m, 3H, NH BAla)), 7.58 - 7.42 (m, 1H, NH Ser), 7.34 -
6.98(m, 3H, OH Ser, COOH Asp et C-ter), 5.97 (t, J = 5.6 Hz, 1H, NH urée), 5.78 (t, J = 5.6
Hz, 1H, NH urée BAla), 4.56 (q, J = 6.9 Hz, 1H, Ha Ser), 4.49 - 4.38 (m, 1H, Ha Asp), 4.38 -
4.26 (m, 1H, Ha Arg), 4.22 (dd, J = 8.7, 4.1 Hz, 1H, Ha Pro), 4.02 - 3.75 (m, 4H, Ha Gly),
3.73 (q, J = 6.9 Hz, 6H, CH, éthoxy), 3.67 - 3.46 (m, 4H, HO Pro et HB Ser), 3.46 - 3.28 (m,
2H, HJ Arg), 3.28 - 3.11 (m, 8H, HB BAla), 2.92 (q, J = 6.1 Hz, 2H, H-3), 2.60 - 2.48 (m, 2H,
HB Asp), 2.29 (t, J = 7.1 Hz, 2H, Ha BAla), 2.26 - 2.09 (m, 6H, Ha BAla), 1.87 (dd, J = 13.3,
6.5 Hz, 2H, Hy Pro), 1.60 - 1.56 (m, 2H, HB Arg), 1.55 - 1.42 (m, 2H, H0 Arg), 1.38 (m, 2H,
H-2), 1.19 - 1.09 (t, J = 7.2 Hz, 9H, CH; éthoxy), 0.55 - 0.42 (m, 2H, H-1). C RMN (101
MHz, DMSO-d6) & 174.27 (C), 172.82 (C), 171.38 (C), 171.27 (C), 171.14 (C), 170.86 (C),
170.80 (C), 169.58 (C), 169.43 (C), 169.02 (C), 168.77 (C), 158.41 (C), 157.52 (C), 62.14
(CH,), 59.54 (CH), 58.14 (CH,), 53.51 (CH), 52.60 (CH), 49.78 (CH), 47.02 (CH,), 42.46
(CH,), 42.36 (CH,), 40.89 (CH,), 36.68 (CH,), 36.30 (CH,), 35.88 (CH,), 35.76 (CH,), 30.10
(CH,), 29.13 (CH,), 25.39 (CH,), 24.91 (CH,), 24.01 (CH,), 18.68 (CHs), 7.72 (CHz). ¥Si RMN
(79 MHz, DMSO-d6) 0 -45.10. LC/MS (ESI*): Seuls les produits d’hydrolyse des groupements
éthoxysilanes en silanols sont détectés. tg = 0.62 min, 1035 ([M+H]’*, 50%), 509 ([M+H-OH]*,
60), 500 ([M-20H]**, 100). HRMS: 1119.5481. C,sH74N1504Si implique [M+H]", 1119.5479.
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Exemple 5 : Synthése du peptide silylé HO(CH;),Si-(CH;);-NHCO-Ahx-Arg-Arg-NH,

Le peptide antibactérien H-Ahx-Arg-Arg-NH, est synthétisé sur une résine Rink Amide

(charge 0,94 mmol/g, échelle de synthése : 3 mmol) en stratégie Fmoc/tBu. Les acides
aminés utilisés sont successivement Fmoc-Arg(Pbf)-OH deux fois et U'acide Fmoc-€-
aminohexanoique. Chaque couplage est suivi d’une déprotection du groupement Fmoc en
N-ter. Le tripeptide est ensuite silylé sur support dans le DMF (10 mL/g de résine) en
utilisant le 3-isocyanatopropyldiméthylchlorosilane (3 éq) en présence de DIEA (3 éq). La
réaction de silylation est laissée sous agitation pendant une nuit puis la résine est lavée
(3xDMF, 1xMeOH et 1xDCM) et clivée dans le TFA pendant 5 h. La solution de « clivage »
est concentrée sous pression réduite puis le peptide antibactérien silylé est précipité dans
Uéther diéthylique et enfin purifié par HPLC préparative sur une colonne Cyg (Eluant A :
H,0/0,1% TFA, éluant B : ACN/0,1% TFA, gradient : de 0 a 7% de B en 2 min puis de 7% a
30% de B en 23 min, sortie du produit a 16% de B). Aprés lyophylisation, le peptide
antibactérien silylé est obtenu sous forme d’une poudre blanche (Rendement : 68%, pureté
> 98%). 'H RMN (400 MHz, D,0) & 4.19 (ddd, J = 14.4, 8.6, 5.7 Hz, 2H, Ha Arg), 3.09 (t, J =
6.9 Hz, 4H, H3 Arg), 2.96 (td, J = 6.8, 1.9 Hz, 4H, H-3 et H-4), 2.17 (t, J = 7.3 Hz, 2H, H-
8), 1.82 - 1.59 (m, 4H, HB Arg), 1.59 - 1.44 (m, 6H, H-7 et Hy Arg), 1.41 - 1.31 (m, 4H, H-2
et H-5), 1.24 - 1.12 (m, 2H, H-6), 0.53 - 0.41 (m, 2H, H-1), 0.00 (s, 6H, Si(CHs);). C RMN
(101 MHz, DMSO-d6) 6 172.40 (C), 171.76 (C), 170.69 (C), 157.38 (C), 156.00 (C), 51.38
(CH), 51.02 (CH), 41.54 (CH,), 34.28 (CH,), 29.01 (CH,), 28.34 (CH,), 28.08 (CH,), 25.24
(CHy), 24.24 (CH,), 23.16 (CH,), 14.24 (CH,), -0.51 (CH;). 2°Si RMN (79 MHz, DMSO-d6) &
7.97 (dimere). LC/MS (ESI): tg = 0.71 min, 602 ([M+H]’, 10%), 302 ([M+2H]Z, 100), 293
(IM+2H-NH;]%, 30). HRMS: 602.3926. C,4Hs:N;405S1 implique [M+H]*, 602.3922.

Exemple 6 : Synthése d’une hydroxydiméthyisilyl fluorescéine

e]

(o] | COOH

|

A

OJ\H/\V/N%FOH
La N-Boc-1,3-propanediamine (56,4 mg, 0,324 mmol, 1,05 éq) est ajoutée a une solution
de fluorescéine isothiocyanate (FITC, 120 mg, 0,308 mmol) dans le DMF anhydre (3 mL) en

présence de DIEA (100 pL). Le mélange réactionnel est agité pendant 1 h a TA sous argon.



10

15

20

25

30

35

33

Puis le DMF est évaporé sous pression réduite. La Boc-amino fluorescéine est précipitée et
lavée dans U’éther diéthylique puis séchée. Elle est ensuite solubilisée dans le TFA (4 mL)
et cette solution est agitée pendant 1 h. Le mélange réactionnel est concentré et précipité
dans Uéther diéthylique. Apreés centrifugation, le surnageant est retiré. La fluorescéine
amine est purifiée par HPLC préparative sur une colonne Cy (Eluant A : H,0/0,1% TFA,
éluant B : ACN/0,1% TFA, gradient : de 0 a 15% de I’éluant B en 3 min puis de 15% a 40% de
U’éluant B en 25 min, sortie du produit a 22% de U’éluant B) et obtenue sous forme de sel

de TFA (180 mg, 100%, pureté = 95%).

Le 3-isocyanatopropylchlorodiméthylsilane (16,2 pL, 0,0910 mmol, 1,05 éq) est ajouté a
une solution de fluorescéine amine purifiée précédemment (50,0 mg, 0,0867 mmol) dans le
DMF anhydre (2 mL) en présence de DIEA (45,2 pL, 0,260 mmol, 3 éq). Le mélange
réactionnel est agité sous argon pendant 1 h. Le solvant est évaporé sous pression réduite
et le produit brut est obtenu par précipitation dans Uéther diéthylique. La
hydroxydiméthylsilyl fluorescéine est purifiée par HPLC préparative sur une colonne Cig
(Eluant A : H,0/0,1% TFA, éluant B : ACN/0,1% TFA, gradient : de 0 a 20% de U’éluant B en
4 min, de 20 a 26% de ’éluant B en 6 min puis de 26% a 46% de U’éluant B en 30 min, sortie
du produit a 32% de U’éluant B, rendement : 42%, pureté : 97%) '"H RMN (400 MHz, DMSO-d6)
5 10.01 (sl, 1H, COOH), 9.97 (s, 1H, NH thiourée provenant de la FITC), 8.20 (s, 1H, H-4),
8.12 (s, 1H, NH thiourée), 7.71 (d, J = 7.6 Hz, 1H, H-6), 7.14 (d, J = 8.3 Hz, 1H, H-5), 6.65
(d, J = 2.2 Hz, 2H, H-9 et H-10), 6.59 - 6.51 (m, 4H, H-7, H-8, H-11 et H-12), 5.88 (s br,
2H, NH urée), 3.43 - 3.38 (m, 2H, H-3), 3.03 (t, J = 6.5 Hz, 2H, H-1), 2.92 (t, J = 6.9 Hz,
2H, H-3%), 1.62 (qu, J = 6.5 Hz, 2H, H-2), 1.37 - 1.29 (m, 2H, H-2’), 0.47 - 0.36 (m, 2H, H-
1’), 0.00 et -0.04 (2 s, 6H, H-4’ du dimére et du monomeére respectivement). *C RMN (101
MHz, DMSO-d6) & 179.51 (C), 167.65 (C), 158.62 (C), 157.51 (C), 151.02 (C), 140.47 (C),
128.75 (CH), 128.19 (CH), 125.68 (C), 123.18 (CH), 116.66 (C), 115.79 (CH), 114.24 (C),
111.71 (CH), 108.87 (C), 101.36 (CH), 41.55 (CH,), 40.52 (CH,), 35.85 (CH,), 28.80 (CH,),
23.13 (CH,), 14.20 (CH,), -0.51 (CH;), -0.75 (CHs). ®Si RMN (79 MHz, DMSO-dé) & 11.24
(monomére), 7.99 (dimere). LC/MS (ESI*): tz = 1.33 min, 623 ([M+H]’, 60%), 390 ([M+H-
NH, (CH,)sNH-CONH(CH,):5i(CH,),0H]", 15), 312 ([M+2H]*, 60), 303 ([M+2H-H,0*, 100.
HRMS: 623.1996. C30H34N40,5Si implique [M+H]", 623,1996.

Exemple 7 : Préparation d’hydrogels comportant une molécule de formule (i) et une

molécule de formule (1)

Une molécule de formule (I}, par exemple le PEG bi-silylé préparé dans ’exemple 1 ou le
peptide bi-silylé dérivé du collagéne synthétisé dans U'exemple 2, est dissous dans du

tampon phosphate a pH 7,4 (DPBS Dulbecco’s phosphate buffered saline), de préférence a
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une concentration de 10 % en masse, en présence de fluorure de sodium (3 mg de NaF par
mL de DPBS). Une molécule de formule (ll), par exemple le peptide silylé contenant la
séquence Arg-Gly-Asp synthétisé dans U’exemple 4 ou le peptide silylé antibactérien
préparé dans 'exemple 5 ou la fluorescéine silylée décrite dans Uexemple 6, est ajouté a
la solution de molécule de formule (1) a une concentration comprise entre 1% et 15 mol%
par rapport a la molécule de formule (I). La solution non visqueuse est incubée a 37°C, il
se forme alors un gel. Le temps de gélification dépend de la nature des molécules choisies

et de leur concentration.

Exemple 8 : exemples d’applications d’un hydrogel selon P’invention

» Optimisation de la synthese
L'unité bi-fonctionnelle (Et0);-Si-(CH,);-NHCO-(PEG2000)-OCONH-(CH;);-Si-(OEt);  (i.e.
« bloc PEG hybride bi-silylé ») a été synthétisée en faisant réagir le polyéthylene glycol
(PM = 2000 Da) avec du 3-isocyanatopropyltriéthoxysilane. Ensuite, le bloc PEG hybride bi-
silylé a été engagé dans le procédé sol-gel, consistant en Uhydrolyse des éthoxysilyles en
silanols et leur condensation pour former des liaisons siloxanes. Ce processus a été réalise
a 37 ° C, apH7,2-7,4 dans un tampon phosphate (DPBS). Le fluorure de sodium (NaF) a
été utilisé en tant que catalyseur nucléophile pour accélérer les réactions de
condensation. Différentes concentrations de PEG hybride bi-silylé et de fluorure de sodium

ont été testées démontrant ainsi leur influence sur le temps de gélification (tableau 1) :

Tableau 1 : Temps de gélification de solutions de PEG hybride bi-silylé dans le DPBS a 37°C

et modules visco-élastiques des hydrogels obtenus

Composition du gel

Bloc PEG hybride bi- NaF Temps de gélification | g’ G”
silylé (% massique) (min) (Pa) (Pa)
(% massique)
20 5.0 10 n. d. n. d.
20 2.5 15 77 750 204
10 5.0 20 n. d. n. d.
10 2.5 35 18 960 49
10 0.3 120 9 947 61
5 5.0 50 n. d. n. d.

5 2.5 220 5413 39
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L'effet du rapport PEG/eau et de la concentration en NaF sur les propriétés mécaniques
des hydrogels a également été étudié. La réponse viscoélastique des hydrogels a été
mesurée en oscillation sur un rhéométre AR 2000 (TA Instruments, Inc.) avec une
géométrie paralléle de 20 mm de diamétre (force normale = 2 N). L’évolution des modules
de conservation (G’) et de perte (G”) a été suivie en fonction de la fréquence d’oscillation
dans le domaine linéaire visco-élastique (0,1 % de déformation, de 0,01 Hz a 10 Hz) pour
des gels de compositions différentes. Les valeurs des modules pour une fréquence de 10 Hz
sont présentées dans le tableau 1. Tous les échantillons présentent les propriétés d’un
solide avec G’ supérieur a G’’. Les modules de conservation ont été utilisés comme mesure
de ’élasticité des hydrogels. Ils sont restés stables pendant une semaine. S’étendant de
5 000 a 80 000 Pa selon la composition du gel, ils couvrent une large gamme de rigiditeé.
Trés peu de variations ont été observées sur les modules de perte pour U'ensemble des
échantillons. Ainsi selon "application visée, la rigidité des gels peut étre ajustée en faisant
varier les concentrations en PEG hybride bi-silylé et/ou en NaF.

» Tests de cytotoxicité de I’hydrogel nu
Des essais de cytotoxicité ont été effectués sur deux des hydrogels présentés ci-
dessus contenant chacun 10% massique de PEG hybride bi-silylé par rapport a la masse de
solvant et 0,3% ou 2,5% massique de NaF respectivement.
Des fibroblastes murins de la lignée L929 ont été ensemencés dans des puits en polystyréne
traités pour la culture de tissus. Aprés 24 h de prolifération, ces cellules ont été incubées
avec les hydrogels pendant 24 h supplémentaires. La cytotoxicité a ensuite été mesurée a
l'aide d’un test mettant en évidence la libération de lactate déhydrogénase par les
cellules. Comme prévu, les hydrogels contenant la plus forte concentration de NaF se sont
révélés toxiques. Cependant, plus de 80% de la viabilité cellulaire a été observée pour une
concentration en NaF de 3 mg / ml, ce qui signifie que ce dernier hydrogel n’est pas
toxique pour les cellules (Figure 1).
Ces résultats ont été confirmés par des observations microscopiques qui ont montré des
cellules saines fusiformes.

» Vérification de la fonctionnalisation de [’hydrogel
Afin de montrer lincorporation covalente d'une (bio-)molécule dans le gel et l'absence de
relargage dans le temps des molécules greffées, des dérivés de fluorescéine ont été choisis
pour étre liés chimiquement aux hydrogels conformément a la présente invention (cf.
figure 2 pour les formules exactes). Ainsi, s’il devait y avoir un relargage des molécules
greffées, Uutilisation de la fluorescéine permettrait de le détecter aisément.
L'isothiocyanate de fluorescéine (FITC) a été utilisé pour préparer deux types de dérivés de

fluorescéine donnant des liaisons covalentes (triéthoxysilane et diméthylhydroxysilane),
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ainsi qu’une molécule non-silylée servant de témoin/contréle. Chaque dérivé de la
fluorescéine a été dissous a une concentration de 5,2 mM dans une solution de PEG hybride
bi-silylé lui-méme a une concentration de 10% massique par rapport a la masse de DPBS
servant de solvant. Le fluorure de sodium a été ajouté et les solutions ont été
homogénéisées. Des hydrogels hybrides fluorescents ont été obtenus a 37 “C en 30
minutes. Les différents hydrogels ont été placés dans du tampon phosphate (10 ml) et la
libération de fluorescéine a été controlée par HPLC. Dans le cas de ’emprisonnement non-
covalent, un relargage complet de fluorescéine a été observé dans les 72h. Comme on s'y
attendait, le relargage de fluorescéine est limité (au regard du controle) dans le cas des
dérivés covalents et atteint un plateau aprés 72 heures. Ceci indique la stabilité des
liaisons covalentes hybrides. Un maximum de 9% et 20% (par rapport a la quantité totale de
fluorescéine introduite) de libération a été observé pour les hydrogels obtenus avec la
« triéthoxysilylfluorescéine » et la <« diméthylhydroxyfluorescéine », respectivement
(figure 2). Ce relargage pourrait étre attribué a des molécules hybrides piégées de fagon
non-covalente qui n’auraient pu réagir pendant le processus de gélification. Ceci est
cohérent avec le fait que le dérivé triéthoxysilyle devrait étre plus réactif que le
diméthylhydroxysilyle lors de la réaction de condensation.
e Test d’adhésion cellulaire

Un peptide contenant la séquence RGD a été choisi pour favoriser adhérence cellulaire. 1l
s’agit de la séquence GRGDSP (SEQ ID 7).

Le peptide déprotégé H-GRGDSP-OH (Seq ID 7) a tout d’abord été préparé par synthese
peptidique sur support solide en stratégie Fmoc / tBu et fonctionnalisé par un groupement
triéthoxysilyle en utilisant UICPTES (3-isocyanatopropyltriéthoxysilane). Une solution de
PEG hybride bi-silylé a 10% massique par rapport a la masse de DPBS) contenant 0,3%
massique en NaF a été préparée et le peptide hybride GRGDSP silylé a été ajouté a cette
solution. La concentration relative en GRGDSP silylé dans le mélange avant réaction a été
fixée a 7,5% (1% solution) et a 15% (2°™ solution) en moles par rapport au nombre de
moles de PEG hybride bi-silylé. Ces deux solutions ont été placées a 37 ° C pendant une

nuit, pour fournir deux hydrogels de « PEG / RGD-silylés ».

Des fibroblastes L929 ont été ensemenceés a la surface des hydrogels de PEG/RGD-silylés et
sur un hydrogel hybride de PEG non fonctionnalisé (« hydrogel nu»). Les cellules
adhérentes apres 30 min, 1 h et 2 h d’incubation ont été mises en évidence et dosées a
Uaide d’un réactif de viabilité « PrestoBlue Cell Viability Reagent ® » (figure 3). Aucune
adhésion cellulaire n’a été constatée sur U"hydrogel nu. En revanche, Uadhésion cellulaire a

été tres efficace dans le cas de ’hydrogel contenant 15% molaire en RGD silylé (solution
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2). En effet, 'adhésion sur ce dernier aprés 30 min d’incubation est meilleure que sur le
polystyréne traité pour la culture de tissus (TC-PS), et ce pour des surfaces d’adhésion de

taille identique.

e Tests antibactériens

De méme, des hydrogels avec des propriétés antibactériennes ont été préparés en utilisant
la séquence peptidique H-Ahx-Arg-Arg-NH, convenablement silylé du coté N-terminal. Pour
ce faire, le peptide H-Ahx-Arg(Pbf)-Arg(Pbf)-NH- sur résine rinkamide a été fonctionnalisé
a lextrémité N-terminale par un groupement diméthylhydroxysilyle avant clivage de la
résine et déprotection des chaines latérales. Le peptide hybride résultant a été ajouté a
des solutions de PEG hybride bi-silylé selon le protocole décrit précédemment pour
Uhydrogel «PEG-RGD silylés». L’activité antibactérienne des hydrogels a été évaluée
contre Escherichia coli, Staphylococcus aureus et Pseudomonas aeruginosa. Les hydrogels
ont été inoculés en surface avec des bactéries et recouverts de gélose trypticase soja.
Aprés 24 h d’incubation a 37 ° C, les colonies bactériennes ont été comptées (Figure 4).
Les hydrogels de PEG « nus » semblent inhiber la croissance de P. aeruginosa méme en
Uabsence de peptide. Pour E. coli et S. aureus, leffet antibactérien a été apporté par le
peptide greffé. En effet, 15 mol% en peptide antibactérien ont induit une inhibition

compléte de la croissance de S. aureus et ont réduit la croissance d’E. Coli de 80%.

¢ Conclusion

Il a été démontré la facilité de synthese et d’utilisation des hydrogels selon la présente
invention. Ces hydrogels ont été valablement utilisés avec des molécules de structures
chimiques diverses prouvant la flexibilité du procédé selon la présente invention. Il a ainsi
pu étre préparé des hydrogels présentant des propriétés rhéologiques, biologiques et/ou
physico-chimiques satisfaisantes avec trés peu de variation (voire aucune variation) des

conditions opératoires, hormis la nature des molécules greffées.
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REVENDICATIONS

1. Procédé de fabrication d’un hydrogel comprenant les étapes de :

- a) polymérisation sol-gel d’au moins une molécule de formule (1) :

?1
A XaMS§iWY2
Y3

Formule (1)

dans laquelle :

n est un nombre entier supérieur ou égal a 2 ;

A est un polymére organique de structure, préférentiellement d’origine
synthétique pouvant étre par exemple choisi parmi les protéines, les
peptides tels que des dérivés du collagéne, en particulier les séquences
comprenant des répétitions de tripeptides Pro-Hyp-Gly ou Pro-Pro-Gly ou
Asp-Pro-Gly ou Pro-Lys-Gly, des séquences peptidiques d’autoassemblage
comme Arg-Ala-Asp-Ala (SEQ ID 4), des oligoprolines, des oligoalanines, les
polysaccharides, tels que Uacide hyaluronique et ses dérivés, les
oligonucléotides, des polyméres de Cy-Cealkylenes-glycols, ou de
polyvinylpyrrolidone;

Xa est une liaison chimique ou un groupement espaceur préférentiellement
représenté par un radical divalent dérivé d’une chaine hydrocarbonée
aliphatique saturée ou insaturée comportant de 1 a 10 atomes de carbone,
dans laquelle sont éventuellement intercalés, un ou plusieurs chainons
structuraux choisis parmi le groupe aryléne, ou les fragments -O-, -S-, -
C(=0)-, SO; ou -N(R¢)-, ladite chaine étant non substituée ou substituée par
un ou plusieurs radicaux choisis parmi les atomes d’halogene, les
groupements hydroxyle, C-C, alkyle, benzyle et/ou phénéthyle ;

Ri représente un atome d’hydrogene, un groupement hydrocarboné
aliphatique comportant de 1 a 6 atomes de carbones, un benzyle ou un
phénéthyle ;

Y1, Y2, Y3, identiques ou différents, représentent chacun, indépendamment
Uun de Pautre un atome d’hydrogéne, d’halogéne, un groupement -OR,, un

aryle ou une chaine hydrocarbonée aliphatique saturée ou insaturée
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comportant de 1 a 6 atomes de carbone éventuellement substitués par un
atome halogéne, un groupement aryle ou hydroxyle ;

R, représente un atome d’hydrogéne, un groupement aryle ou une chaine
hydrocarbonée aliphatique saturée ou insaturée comportant de 1 a 6 atomes
de carbone ;

au moins deux groupement Xa tels que définis ci-dessus étant reliés a des

points d’accroches différents sur A;

- b) mise en présence d’eau, optionnellement conjointement a U’étape a) ; et

- ¢) récupération de Uhydrogel.

2. Procédé de fabrication d’un hydrogel selon la revendication 1, caractérisé en ce

que ledit procédé comprend ’ajout conjointement ou successivement a !’étape a)

d’au moins un type de molécule de formule (Il) :

Z4
B Xb*“?iWZz
Z3 m
Formule (I)

dans laquelle :

m est un nombre entier supérieur ou égal a 1, préférentiellement égal a 1 ;
B est un principe actif, préférentiellement une biomolécule ou un
fluorophore, pouvant étre par exemple choisi parmi un peptide, un
oligopeptide, une protéine, telle que le collagéne, un acide
désoxyribonucléique, un acide ribonucléique, un polysaccharide, tel qu’une
pectine, un chitosane, un acide hyaluronique, un polysaccharide
polyarabinose et polygalactose, et un glycolipide;

Xb est une liaison chimique ou un groupement espaceur préférentiellement
représenté par un radical divalent dérivé d’une chaine hydrocarbonée
aliphatique saturée ou insaturée comportant de 1 a 10 atomes de carbone,
dans laquelle sont éventuellement intercalés, un ou plusieurs chainons
structuraux choisis parmi le groupe aryléne, ou les fragments -O-, -S-, -

C(=0)-, SO, ou -N(R;)-, ladite chaine étant non substituée ou substituée par
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un ou plusieurs radicaux choisis parmi les atomes d’halogene, les
groupements hydroxyle, C;-C, alkyle, benzyle et/ou phénéthyle ;

e R; représente un atome d’hydrogene, un groupement hydrocarboné
aliphatique comportant de 1 a 6 atomes de carbones, un benzyle ou un
phénéthyle ;

o 17y, 1, 13, identiques ou différents, représentent chacun, indépendamment
Uun de Pautre un atome d’hydrogene, d’halogéne, un groupement -OR,, un
aryle ou une chaine hydrocarbonée aliphatique saturée ou insaturée
comportant de 1 a 6 atomes de carbone éventuellement substitués par un
atome halogene, un groupement aryle ou hydroxyle ;

e R, représente un atome d’hydrogene, un groupement aryle ou une chaine
hydrocarbonée aliphatique saturée ou insaturée comportant de 1 a 6 atomes
de carbone ; et

* avec préférentiellement un seul des groupements Z4, Z;, ou Z; comme atome

d’halogéne ou groupement OR,.

3. Procédé de fabrication d’un hydrogel selon la revendication 1 ou 2, caractérisé en

ce que le procédé de polymérisation sol-gel est effectuée a pH physiologique ou en
ce que Uhydrogel est formé en présence d’une quantité suffisante d’eau pour que
la teneur en eau de U’hydrogel soit d’au moins 50% en poids vis-a-vis du poids total

de Uhydrogel formé.

Procédé de fabrication d’un hydrogel selon l’une quelconque des revendications 1 a
3 caractérisé en ce que ledit hydrogel est polymérisé sur ou dans au moins un

premier hydrogel en tant que support, résultant ainsi en un hydrogel multicouches.

Hydrogel susceptible d’étre obtenu par le procédé selon Uune quelconque des

revendications 1 a 4.

Hydrogel selon la revendication 5 pour son utilisation a des fins thérapeutiques
et/ou chirurgicales, préférentiellement caractérisé en ce que ledit hydrogel permet

la délivrance et/ou le transport de molécules actives, ou pour son utilisation in vivo
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en ingénierie tissulaire pouvant par exemple se faire par une polymérisation dudit
hydrogel in situ dans un organisme vivant suite a la coulée ou Uinjection des
molécules de formule (I) et éventuellement (II) telles que définies dans la

revendication 1 ou 2.

Utilisation in vitro d’un hydrogel selon la revendication 5, en ingénierie tissulaire.

Procédé de purification d’un produit de formule (1) ou (Il) tels que définis selon

Uune quelconque des revendications 1 ou 2 caractérisé en ce que ledit procédé

comprend les étapes suivantes:

- al) éventuelle solubilisation du produit de formule (i) ou (ll) a purifier dans un
solvant ;

- b1) précipitation du produit de formule (1) ou (ll) a purifier, éventuellement en
solution selon U’étape a1), dans un liquide de suspension ;

- c1) filtration du solide obtenu a ’étape (b1) ;

- d1) répétition au moins une fois des étapes a1) le cas échéant, b1) et c1) ; et

- e1) récupération du produit de formule () ou (Il) purifié.

Procédé de purification d’un produit de formule (ll) tel que défini selon la

revendication 2 dans laquelle un seul des groupements Z;, Z;, Z; est un atome

d’halogene ou un groupement -OR;, caractérisé en ce que ledit procédeé

comprend les étapes suivantes:

- a2) passage du produit de formule (il) a purifier sur une colonne de
chromatographie en phase liquide, préférentiellement en phase inverse ;

- b2) évaporation du solvant d’élution de Uétape a2), éventuellement par
lyophilisation ;

- ¢2) récupération du produit de formule (Il) purifié.

Produit de formule (1) ou (il) tel que défini selon la revendication 1 ou 2,
susceptible d’étre obtenu par le procédé selon la revendication 8 ou 9 caractérisé
en ce que ledit produit présente une pureté d’au moins 98% en masse vis-a-vis du

poids total de produit obtenu, préférentiellement supérieure a 99% en masse.
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Nouveaux hydrogels de structure silylée et procédé d’obtention

ABREGE DESCRIPTIF

L’objet de la présente invention concerne des hydrogels préparés au moyen de molécules
organiques silylées (telles que des biomolécules silylées), leur procédé d’obtention et leurs

utilisations
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Résumé : Nous avons imaginé et développé une méthode pour la préparation d’hydrogels par
procédé sol-gel a partir de blocs hybrides (bio)organiques-inorganiques. Les blocs hybrides sont
obtenus par introduction de groupements silylés, triéthoxysilanes ou hydroxydiméthylsilanes, sur des
polymeéres synthétiques ou des molécules d’intérét biologique telles que des peptides. Ces blocs
hybrides peuvent étre combinés dans des proportions choisies pour former des hydrogels
multifonctionnels. Le procédé de gélification se déroule a 37°C a pH 7.4 dans un tampon
physiologique. L’hydrolyse et la condensation des précurseurs silylés conduit a la formation d’un
réseau tridimensionnel covalent dans lequel les entités organiques sont reliées par des liaisons
siloxanes. Dans un premier temps, cette méthode a été appliquée a la synthése d’hydrogels a base
de PEG. Nous avons ensuite montré que ces hydrogels pouvaient étre fonctionnalisés de fagon
covalente par des entités bioactives au cours de leur préparation. Des hydrogels possédant des
propriétés antibactériennes ou favorisant I'adhésion cellulaire ont ainsi été préparés. Dans un
deuxieme temps, un peptide hybride inspiré du collagéne naturel a été synthétisé et a permis
I’obtention d’hydrogels qui présentent des propriétés de prolifération cellulaire similaires a celles
observées sur des substrats de collagéne naturel. La biocompatibilité du procédé sol-gel a été
démontrée par I'encapsulation de cellules souches dans I'hydrogel au cours de sa formation. Enfin,
I'impression 3D d’hydrogels hybrides a été réalisée. Ce travail de thése met donc en lumiere le
potentiel de la chimie sol-gel pour la conception a facon de matériaux biomimétiques
particulierement prometteurs pour des applications en ingénierie tissulaire.

Mots-clés : peptide, silane, hybride, sol-gel, hydrogel et biomatériau

Biomimetic Peptide Hybrid Materials

Abstract: We designed and developed a method for the preparation of hydrogels through the sol-gel
process. It is based on (bio)organic-inorganic hybrid blocks obtained by functionalization of synthetic
polymers or bioactive molecules, such as peptides, with silyl groups (triethoxysilanes or
hydroxydimethylsilanes). These hybrid blocks can be combined in desired ratio and engaged in the
sol-gel process to yield multifunctional hydrogels. Gelation proceeds at 37°C at pH 7.4 in a
physiological buffer. Hydrolysis and condensation of silylated precursors result in a three-
dimensional covalent network in which molecules are linked through siloxane bonds. First, this
method was applied to the synthesis of PEG-based hydrogels. Then, we demonstrated that hydrogels
could be covalently functionalized during their formation. Thus, hydrogels exhibiting antibacterial
properties or promoting cell adhesion were obtained. Secondly, a hybrid peptide whose sequence
was inspired from natural collagen was synthesized and used to prepare hydrogels that provided a
cell-friendly environment comparable to natural collagen substrates. Stem cells could be
encapsulated in these hydrogels with high viability. Finally, hybrid hydrogels were used as bio-inks to
print 3D scaffolds. This PhD work highlights the potential of the sol-gel chemistry for the design of
tailor-made biomimetic scaffolds that could be particularly promising for tissue engineering
applications.

Keywords: peptide, silane, hybrid, sol-gel, hydrogel and biomaterial
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