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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)3) 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°1 ‒ 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 I 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 

I.1.1. Applications of cell-encapsulating hydrogels  

I.1.1.1. 3D cell culture platforms 

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.1 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.2 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.3 

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.4 Cell-encapsulating 

hydrogels are also useful in drug discovery.5 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.6  

As a consequence, 3D cell culture platforms based on cell-encapsulating hydrogels can be 

considered as precious tools for biological research.  

 

I.1.1.2. Cell-based therapies 

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 β-

cells are destroyed by the immune system. Because insulin is responsible for the regulation of 

blood glucose levels, the β-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.7–9  

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.10 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.11,12 

Both examples illustrate the importance of cell-laden hydrogels for the development of 

therapies that involve the continuous release of a therapeutically relevant biomolecule. 

 

I.1.1.3. Tissue engineering applications 

Above all, cell-laden hydrogels are of paramount importance in tissue engineering. This area 

of research aims at producing living tissues for medical purposes.13,14 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 2015.15 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.16,17 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. 

 

Figure 1. Principle of tissue engineering 

Alternatively, cells can be encapsulated in injectable in situ gelling hydrogels.18–20 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.21,22 

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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I.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.23–26  

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.  

 

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. 

 

I.1.3. Hydrogels 

I.1.3.1. Hydrogels as artificial ECM 

Hydrogels are water-swollen three-dimensional polymeric matrices.27 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.2,28–30 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.31 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.2 

Nevertheless, it is possible to confer some bioactivity to permissive hydrogels by 

functionalizing them.32 The modification of artificial matrices with cell adhesive peptides is 

very common. Peptide sequences are often derived from ECM proteins.33 Among them, the 
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fibronectin-derived Arg-Gly-Asp (RGD) sequence which is a recognition motif for cell integrins 

is the most frequently used.34,35 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.36 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.8 M. V. Tsurkan et al. described a PEG-heparin hydrogel in which heparin serves as reservoir 

for growth factors.37 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.32,38 

Hydrolysable bonds can be introduced in the network providing a time-dependent 

degradation.39–41 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).42,43 

Depending on the type of interactions involved in the formation of the matrix, two types of 

hydrogels can be defined: physical and chemical hydrogels. 

 

I.1.3.2. Physical hydrogels 

Physical hydrogels result from the formation of a physical network involving weak interactions 

such as ionic interactions, hydrogen bonds, π-π stacking, Van der Waals forces or hydrophobic 

interactions.27 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.44 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.45 Self-assembling 

peptides hold a prime position among hydrogelators.46–50 They have been extensively used for 

drug delivery as many of them exhibit a shear-thinning behavior.51 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. 

(wt%) 

Encapsulated cells 

RADA16 

(RAD16-I) 

Ac-RADARADARADARADA-NH2 Hydrophobic/charged residue 

alternation, β-sheet structure 

0.1-1 neural stem cells,52 umbilical vein endothelial 

cells,53 Schwann cells.54  

RADA16-IKVAV Ac-RADARADARADARADAIKVAV-NH2 Hydrophobic/charged residue 

alternation, β-sheet structure 

1 neural stem cells.52  

RAD16-II Ac-RARADADARARADADA-NH2 Hydrophobic/charged residue 

alternation, β-sheet structure 

0.1-1 embryonic stem cells,55 microvascular endothelial 

cells,56 umbilical vein endothelial cells.53 

KLD-12 Ac-KLDLKLDLKLDL-NH2 Hydrophobic/charged residue 

alternation, β-sheet structure 

0.5-1 chondrocytes,57 umbilical vein endothelial cells.53 

FEFEFKFK H-FEFEFKFK-OH Aromatic/charged residue 

alternation, β-sheet structure 

0.5-4 chondrocytes.58  

MAX8 H-VKVKVKVKvPPTKVEVKVKV-NH2 Hydrophobic/charged residue 

alternation flanking a β-turn 

sequence, β-hairpin structure 

0.5-0.75 mesenchymal stem cells,59 progenitor osteoblast 

cells.60 

Multidomain 

peptides 

Ac-KKSLSLSLSLSLSLKK-NH2 

Ac-KSLSLSLRGSLSLSLKGRGDS-NH2 

Amphiphilic core flanked by 

charged regions, sandwich-like 

β-sheet assembly 

1 mesenchymal stem cells,61 dental pulp stem cells.62  

Fmoc-F2 Fmoc-FF-OH Assembly driven by hydrogen 

bonding and π-π interactions, 

β-sheets interlocked by Fmoc 

π- π stacks 

0.22-2.14 chondrocytes,63–65 dermal fibroblasts.66,67  
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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, a 16-mer ionic 

self-complementary peptide. They added a laminin-derived peptide sequence to RADA16 

peptide to promote stem cell adhesion and differentiation.52 RADA16 peptide and RAD16-II 

peptide, whose sequence is closely related, were also used by R. T. Lee and co-workers for the 

regeneration of vascularized tissues,55,56 and by F. Moradi et al. for spinal cord regeneration.54 

Another ionic self-complementary peptide, KLD-12, was used to prepare chondrocyte-

encapsulating hydrogels for cartilage tissue repair.57 As another example of hydrogel 

precursor for chondrocyte encapsulation, we can mention FEFEFKFK.58 β-hairpin self-

assembling peptides were also designed. MAX8 peptide is made of an alternation of 

hydrophilic and hydrophobic residues flanking a β-turn sequence. In presence of DMEM, a 

common cell culture media, it adopts a β-hairpin conformation and undergoes self-assembly 

into a β-sheet-rich injectable hydrogel. It was shown to be suitable for cell-encapsulation.59,60 

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.61 Their system 

was applied to dental pulp engineering.62 In an original way, Ulijn group focused on Fmoc-

protected dipeptides, with a particular interest for the PhePhe dipeptide.63–65 Fmoc-FF-OH 

self-assembles through hydrogen-bonding and π-π stacking. They demonstrated that Fmoc-

FF-OH and Fmoc-RGD-OH could be used in combination to yield bioactive hydrogels.66,67 At 

last, some groups investigated self-assembled peptide hydrogels as 3D cell culture 

platforms,68 in particular as 3D cancer models.69,70 

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. 

 

I.1.3.3. Chemical hydrogels 

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.  

 Organic solvents have to be avoided.  

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

 The pH must be kept between 7.2 and 7.5.  

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

 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% CO2 atmosphere.71  

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,72 glyoxal73 and 1,4-butanediol diglycidyl ether74 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.75 Therefore, we will report herein only bioorthogonal cross-linking 

strategies. Noteworthy, recent reviews summarizing advances in the cross-linking chemistries 

are available.76,77 They are focused on commonly used PEG-based hydrogels. 

 

I.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.78,79 Multifunctional macromolecular precursors can undergo chain-growth or step-

growth polymerization depending on the chosen functionalizing moieties. 

 

I.2.1.1. Chain-growth photopolymerization 

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 π-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.  

 

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

Most of the time, ultra-violet light is chosen to trigger the polymerization, 365 nm being the 

most common wavelength.80 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.81,82 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.35 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.83 PEGDM can be mixed with other synthetic or natural methacrylated polymers. 

S. J. Bryant et al. designed degradable hydrogels by copolymerizing PEG with PLA.84 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.85 Methacrylated 

alginate86 and hyaluronic acid87 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.88 

 

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.80,89,90 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.41,81,84 Nevertheless, Fedorovitch et al. observed adverse effects of Irgacure 

2959-initiated photopolymerization on MSC monolayers.91 Likewise, A. D. Rouillard et al. 

demonstrated that Irgacure 2959-photogenerated radical species were cytotoxic and led to 

cell viabilities below 70%.86  
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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.91,92 As a consequence, significant efforts have been made 

in developing visible light-initiated systems.93 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.94,95 

For instance, this initiator solution allowed the visible-light cross-linking of collagen 

methacrylamide.96 Methacrylated glycol chitosan, obtained by reacting commercially 

available glycol chitosan with glycidyl methacrylate, was photocrosslinked at 400-500 nm with 

riboflavin photoinitiator.97,98 A. Hoshikawa et al. described the photopolymerization of 

styrene-modified gelatin with camphorquinone photoinitiator.99  

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.100 J. J. Roberts and S. J. Bryant showed that 

chondrocytes exhibited high levels of intracellular ROS immediately after their encapsulation 

in a PEGDA hydrogel.101 According to these authors, step-growth polymerization should be 

preferred since this mechanism consumes ROS. 
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I.2.1.2. Step-growth photopolymerization 

Step-growth photopolymerization requires two functional groups, a vinyl and a thiol. Thus, it 

is often referred to as thiol-ene photopolymerization.102 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.  

 
Figure 6. Step-growth photopolymerization mechanism. PI: photoinitiator, hν: 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.101,103 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.103 

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,104 K. S. Anseth and co-workers applied this 

strategy to the encapsulation of human mesenchymal stem cells (hMSCs).105 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.106 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.107 
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To ensure a step-growth mechanism a thiol-norbornene combination can be chosen for thiol-

ene photopolymerization.108 This system was developed by B. D. Fairbanks et al.109 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.103 The thiol-

norbornene photopolymerization was then adapted for initiation with visible light.110,7,111 In 

this system, homopolymerization between norbornenes does not happen which guarantees a 

step-growth mechanism. 

 
Figure 7. 4-arm PEG norbornene 

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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I.2.2. Click chemistry 

 

Click chemistry was first defined by Sharpless and co-workers in 2001.112 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.113–116 

 

I.2.2.1. Michael-type addition 

Michael addition is the 1,4- addition of a nucleophile to an α,β-unsaturated system (Figure 8). 

This conjugate addition was discovered by Arthur Michael in 1887.117 It involves a Michael 

donor, the nucleophile, and a Michael acceptor, the α,β-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. 118,119 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. 

 

Figure 8. Michael-type addition involving a thiol as Michael donor. EWG: Electron-withdrawing group. 

 
Figure 9. Michael acceptors and their reactivity towards thiols.119 

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.120,121 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.122 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.123 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.124 

Triethanolamine and HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) are 

often used as catalysts to facilitate the Michael addition reaction.125 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.126 

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.8 
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Figure 10. Example of a functional hydrogel prepared by Michael addition8 

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.127 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.128 

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.  

 

I.2.2.2. Azide-alkyne cycloaddition 

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(I)-catalyzed alkyne-azide cycloaddition (CuAAC) gives selectively 1,4-disubstituted 

regioisomers (Figure 11).129  

 

 

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(I) species can be used directly to catalyze the reaction. However, most of the 

time, Cu(I) active catalyst is generated in situ from Cu(II) salts using a reducing agent such as 

sodium ascorbate. Alternatively, B. J. Adzima et al. demonstrated that Cu(II) could be 

photochemically reduced to Cu(I), affording spatial and temporal control over CuAAC-based 

gelations.130 In contrast to the concerted Huisgen cycloaddition mechanism, CuAAc proceeds 

through a stepwise mechanism (Figure 12).131 It begins with the formation of a copper 

acetylide. Then, the azide binds to the copper acetylide and a six-membered copper(III) 

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(I)-catalyzed alkyne-azide cycloaddition.131 

 L: ligand, H2O for example. 

D. A. Ossipov and J. Hilborn were the first to apply the CuAAC to the preparation of hydrogels 

using alkyne and azide-functionalized PVA and PEG.132 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 CuAAC strategy,133–

137 but only V. Crescenzi et al. reported the encapsulation of cells in a CuAAC cross-linked 

hyaluronan hydrogel.138 Indeed, the major limitation of CuAAC strategy is the cytotoxicity of 

copper ions and their ability to generate ROS in vivo.139 

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.140 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).  

 

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

SPAAC has been successfully applied to the preparation of injectable hydrogels141 and cell-

encapsulating hydrogels. C. L DeForest and K. S. Anseth have worked extensively on SPAAC 

cross-linking.142–147 In their system, gelation was achieved by a SPAAC reaction between a 

cyclooctyne-functionalized 4-arm PEG and a bis(azide)-functionalized peptide,144,145,147 or 
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alternatively between a 4-arm PEG azide and a cyclooctyne-functionalized peptide.142,143 For 

most of their studies,142–145 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.148 Dibenzylcyclooctyne-functionalized PEG were 

also reported for hydrogel preparation allowing for cell encapsulation.149,150,146  

 

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).151 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.152 

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. 

 

I.2.2.3. Diels-Alder cycloaddition 

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.153 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.154,155  

 

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).156–162 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.163  

 

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.164 This reversibility was advantageously used to modulate the degradation of the 

hydrogels,165 to promote the controlled release of a drug166,167 or to prepare self-healing 

hydrogels.168 

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)163. 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.169,170 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). 

 
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.171 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.172 

 

I.2.2.4. Native chemical ligation 

Native chemical ligation was initially developed for polypeptide and protein syntheses.173 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. 

 

Figure 19. Native chemical ligation 

P. B. Messersmith and co-workers were the first to describe hydrogels cross-linked by NCL.174 

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.175,176 Noteworthy, NCL ligation has also been used to chemically cross-

link physical hydrogels.177 

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.178 P. B. Messersmith and colleagues applied this reaction to the cross-linking of 

hydrogels.179 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. 

 

I.2.2.5. Imine, hydrazone and oxime formation 

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. 

 

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.180–188 In 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.189 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.190 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.191 

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.192 Hydrazone and acylhydrazone cross-linking has been widely used for 

injectable hydrogel preparation.193–200 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.201 Then, they showed how this hydrogel could be used to study the 

biophysical forces involved in neurite extension.3 Following the work of D. A. Ossipov et al.,202 

P. J. Martens and colleagues reported cell encapsulation in acylhydrazone cross-linked PVA or 

PVA-heparin hydrogels.39,203 L. 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.6,204 Many more examples of 

(acyl)hydrazone cross-linked hydrogels exist.205–209 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 I collagen.210 

Oxime bonds are close relatives to imines and hydrazones but they exhibit a higher hydrolytic 

stability.211 They have received little attention as cross-linkages. G. N. Grover et al. worked on 

oxime cross-linked hydrogels.212,213 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,214,215 they showed that MSC could be encapsulated 

in this hydrogel with high viability.212 

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.216 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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I.2.2.6. Disulfide formation 

Disulfide bonds play a key role in protein folding and stability.217,218 They result from the 

oxidation of two thiol groups (Figure 21). Mild oxidizers, such as O2, 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).219,220 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.220 Chitosan,221 PEG222 and gellan223 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.224 

 

 

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).225 

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.226 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.226 

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.227 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.228,229 R. Tamate and co-workers cross-linked a hydrogel by 

photoinduced dimerization of coumarin moieties.230 Z. Zong et al. focused their efforts on 

tetrazole-alkene photo-click chemistry but have not proved yet that this method allowed cell 

encapsulation.231,232  

 

I.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.233,234 As enzymes work under physiological conditions, they are suitable for 

biocompatible cross-linking strategies.235 

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. 

 

I.2.3.1. Enzyme-triggered free-radical polymerization 

The oxidation of glucose by the glucose oxidase enzyme (GOx) produces hydrogen peroxide. 

In the presence of Fe2+, hydrogen peroxide generates hydroxyl radicals that can initiate a 

polymerization according to a mechanism described above in section I.2.1. (Figure 23, 

pathway A). C. N. Bowman and K. S. Anseth used GOx to cross-link PEGDA.236–238 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.237 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).239 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. 

 

Figure 23. Enzyme-mediated redox reactions triggering free-radical polymerization 
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I.2.3.2. Enzyme-mediated ligation 

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.240 Likewise, D. J. Menzies 

et al. prepared cell-laden hydrogels from branched-PEG-HPA.241 Tyramine and tyrosine 

derivatives can also undergo HRP-mediated cross-linking.242–244 For instance, F. Chen and co-

workers encapsulated chondrocytes in a HRP cross-linked hydrogel obtained from 

carboxymethyl pullulan-tyramine and chondroitin sulfate-tyramine.245  

 

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

 

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 H2O2. However, few studies have investigated tyrosinase-mediated cross-

linking for biomedical applications.246–248 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.249 

Tyramine and DOPA derivatives were also used to enable tyrosinase-mediated cross-

linking.248,246 Noteworthy, the oxidative coupling of DOPA-bearing polymers can also be 

achieved with a chemical oxidant such as sodium periodate.246,250–252 

 

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, Ca2+ 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.253 Prior to their study, J. J. 

Sperinde and L. G. Griffith had already obtained TG cross-linked hydrogels from a 

glutaminamide-functionalized PEG and a poly(LysPhe) peptide.254 M. K. McHale et al. reported 

chondrocyte encapsulation in an elastin-like polypeptide hydrogel with TG–mediated 

gelation.255 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.256 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.257–259 Interestingly, the later gave to the 

resulting network interesting enzymatic degradation properties. 

 

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.260 

 

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 H2O2 or because they generate it.261 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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I.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.  

 

I.2.4.1. Overview 

The sol-gel chemistry was pioneered by M. Ebelman262,263 and T. Graham264 in the 19th century. 

They observed that the hydrolysis of Si(OEt)4 (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)n with M a metal (Si, Al, Ti, etc.) and R an alkyl group 

(Me, Et, iPr, etc.). Alternatively, metal halides can be used (MXn). 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.  



- 54 - 
 

 

Figure 29. Principle of the sol-gel process.272  

The sol-gel chemistry was first applied to the preparation of glasses and ceramics.266,273,274 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 Stöber process,275 have received 

considerable attention and find applications in medicine for site-specific drug delivery and bio-

imaging.276–279 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.280 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. 

 

I.2.4.2. Hydrolysis step 

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.  

 

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.265 

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. 

 

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. 

 
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.  

 

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. 

 

I.2.4.3. Condensation step 

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. 

 

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 H2O 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 H2O (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.281 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.  

 

I.2.4.4. Hydrogels cross-linked by the sol-gel process 

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 SiO2 gel.282,283 Then it was demonstrated that 

bacteria could also remain viable in silica hydrogels (Figure 38), some of them even seemed 

to be stabilized by sol-gel encapsulation.284–287 Unfortunately, animal cells could not tolerate 

to be readily suspended in silica solutions because of the acidic pH required and the large 

quantities 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.288 Hence, Sakai et al. encapsulated pancreatic cells and islets 

in sol-gel coated alginate microcapsules.289,290 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,291–293 while others proposed sodium 

silicate aqueous solutions as an alternative to alkoxide precursors to avoid alcohol release.294 

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  

 
Figure 38. Encapsulation of E. coli cells in a silica hydrogel formed by the sol-gel process.284 
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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.295 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.296 The 

degradation of silica hydrogels leads to the formation of polysilicic acids and ultimately to the 

ortho-silicic acid (Si(OH)4). 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.297 A wound dressing made of 

silica fibers releasing ortho-silicic acid was even reported.298 Nevertheless, the intermediate 

degradation products of silica, the polysilicic acids, were shown to present some adverse 

effects by interacting with proteins.299 

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-[CH2CH2O]n-[CH(CH3)CH2O]m-[CH2CH2O]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.300 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.301,302 The preparation of the hybrid polymer and its gelation were carried out one pot 

in a 0.1 M HCl solution at 40°C. The hydrogels were then dried.303 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.304 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.305,306 In 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.307   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.308 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.309 

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.310,311 In 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.312 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.313 Eventually, they used Si-

HPMC as a base for the development of several materials for tissue regeneration.314–319  

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: I prepared all the NMR samples, designed the NMR analyses, 

processed and interpreted the data. I participated in the synthesis, silylation, purification and 

characterization of the peptides. I participated in the writing of the paper. 
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Chapter II. Hybrid silylated peptides 

II.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.320 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).  

 

Figure 41. General formula of hybrid silylated peptides 

 

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

 

II.2. Hybrid peptide synthesis 

II.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. 

 

Figure 43. Preparation of hybrid silylated peptides. R1, R2, 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.321 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. 

 

II.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.322 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).323,324 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.  

 

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

II.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).325 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, Me2Si-O-SiMe2 siloxane bond can easily be hydrolyzed in H2O 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 is 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‰ TFA). 

 
Figure 45. Principle of the synthesis of hybrid materials using a hybrid hydroxydimethylsilyl peptide 

 

II.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-O-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. 

 

II.3.1. Trialkoxysilyl peptide utilization 

II.3.1.1. Trialkoxysilyl peptides for grafting on silica 

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 R1 = R2 = OH). First, 

S. Jebors et al. described the surface modification of silica materials with trialkoxysilyl 

peptides.323 They grafted a triethoxysilyl peptide into the pores of ordered mesoporous silica 

(OMS). The peptide sequence H-ProProAspLys-NH2 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.323 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.322 

 

II.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.324 In the same paper, they selected an 

antibacterial peptide sequence (H-AhxArgArg-NH2) and prepared an antifouling film by dip-

coating with the corresponding triethoxysilyl hybrid antibacterial peptide analogue.324 

 

Figure 48. Principle of the direct synthesis of a hybrid peptide material using hybrid triethoxysilyl peptides 



- 71 - 
 

 

II.3.2. Restricting the number of bonds: dimethylchlorosilyl hybrid 

peptides 

II.3.2.1. Grafting of dimethylchlorosilyl hybrid peptides 

In our laboratory, C. Pinese et al. used hybrid hydroxydimethylsilyl peptides for the grafting of 

silicone surface.326 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-NH2 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 I 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.  

 

II.3.2.2. Direct synthesis of ‘silicone-based’ polymers 

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)2Si-O-Si(Me)2— 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.325 

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.327 
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Figure 49. Silicone-based dimers and polymers obtained from chlorodimethylsilyl hybrid peptides or 

dihydroxymethylsilyl peptides325,327 

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.  

 

II.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. 29Si NMR met the two first criteria. However, owing to the low natural 

abundance of 29Si isotope and its weak detection sensitivity, 29Si NMR analyses are long and 

do not address the last criterion. In this study, we demonstrated that 1H NMR signals of the 

methylene and methyl groups connected to the silicon atom (CH2-Si and Si-CH3) can be used 

as sensitive probes to monitor the hydrolysis of dimers by 1H NMR.  

Hence, 1H 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.  

 

Figure 51. 1H 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.328 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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PEG-based bioactive  

hybrid hydrogels  

 

Publication 2 ‒ Easy synthesis of 
tunable hybrid bioactive hydrogels 

 
Echalier C. et al., Chem. Mater., 2016, 28, 1261-1265 

 

My contribution to this paper: I carried out all the experiments: synthesis of the hybrid PEG, 

peptides and fluorescein derivatives, preparation of the hydrogels, determination of gelation 

times, rheology, fluorescein release experiments, cell adhesion assays, antibacterial assays. I 

wrote the paper. 
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Chapter III. 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.  

 

III.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. 77,329,330 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.331,332 PEG is a synthetic 

polymer with HO(CH2CH2O)nH 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.76 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.32  

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 

 

III.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.335 

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.  

 
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 1H, 13C and 29Si NMR in CDCl3. 

 

Figure 54. Prepared hybrid silylated PEGs 

 

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

III.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), Na2HPO4 (8.06 

mM), KCl (2.67 mM) and KH2PO4 (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,336–338 and we envisioned that careful optimization of the fluoride 

concentration would have to be performed before using hybrid PEG hydrogels in biological 

assays. 

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

 

III.3.2. NMR studies 

III.3.2.1. Hydrolysis monitored by liquid-state 1H NMR 

The evolution of the sol-gel process was monitored by liquid 1H NMR. The hybrid PEG 2000 

was dissolved in a DPBS/D2O 90/10 mixture at a 10 wt% concentration in the presence of 

sodium fluoride (3 mg/ mL, 71 mM, 0.9 eq. F-/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 CH3 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(OCH2CH3)3 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. 

 
Figure 56. Hydrolysis of hybrid triethoxysilyl PEG 

 

Figure 57. 1H 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 1H NMR signals of the CH3 group of ethanol 

III.3.2.2. Condensation monitored by solid-state 29Si NMR 

29Si NMR can provide information relative to the degree of condensation in the hydrogels. 

Indeed, silicon atoms exhibit 29Si NMR signals with different chemical shifts depending on the 

number of siloxane bonds they are involved in (Figure 59).339 Liquid-state 29Si 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 29Si 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 29Si NMR spectra of the residues were recorded (Figure 60). T2 and T3 silicon species 

were observed, resulting from condensation. 29Si quantitative sequences required very long 

acquisition times and therefore could not be used. Moreover, we showed previously that 

condensation can occur during lyophilization.340 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.  

 
Figure 59. Nomenclature used to designate silicon atoms in hybrid structures and 29Si NMR chemical shifts 

associated 
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Figure 60. 29Si NMR spectra of 10 wt% hybrid PEG 2000 hydrogels lyophilized after 0, 2 or 4 days. 

29Si 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. 

 

Figure 61. Possible structures for T3 silicon species 
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Figure 62. Comparison of networks formed from hybrid triethoxysilyl PEG (A) and hybrid dimethylhydroxysilyl 

PEG (B) 

 

III.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 

quantify 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 µm. 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 63. AR 2000 rheometer fitted with a 20 mm parallel geometry 

 

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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III.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 

in DPBSa 

Hydrogel 

formationb 

Stabilityc Mechanical 

propertiesd 

Hybrid PEG 1000 
    

Hybrid PEG 2000 
    

Hybrid PEG 6000 
  

n. a. n. a 

Hybrid 3-arm PEG 1000 
  

n.a. n. a. 

Hybrid 4-arm PEG 

10000    n. d. 

a 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. 
c Stability of the hydrogel in DPBS at 37°C. 
d Mechanical properties assessed by rheological measurements. High elasticity was sought. 

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.341 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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III.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. 

 

III.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.  

 

III.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 

 

III.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. 

 

III.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.32 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.342 Since then, it has been by far the 

most often used peptide sequence to promote cell adhesion on/in materials.34 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.42,126 In the second method, the N-terminal amine of RGD peptide reacts with a N-

hydroxysuccinimide-containing PEG.33,35,81 In 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). 

 

Figure 67. Preparation of covalent hybrid bioactive hydrogels thanks to the sol-gel process 
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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: I performed the synthesis of the hybrid collagen-inspired 

peptide on a small scale, I prepared the hydrogels, I carried out the rheological measurements 

with the help of Hélène Van Den Berghe, I prepared the samples for microscopy, I performed 

cell adhesion, proliferation and encapsulation assays. I 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.343 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.344 X and Y 

can be any amino acid. However, the Pro-Hyp-Gly sequence has been identified as the most 

common triplet in collagen.345 These polypeptide chains are twisted in a left-handed 

polyproline II-type (PPII) helix. Three PPII 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). 

 
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.346 It is of tremendous interest for wound 

healing and tissue engineering applications (Figure 69).347,348 For instance, Y. Zhao et al 

encapsulated hepatocytes in collagen hydrogels to reconstitute three-dimensional, 

vascularized hepatic tissue in vivo.349  

 

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).346 Animal-derived collagens are costly because their production requires large amount 

of animal tissues and their isolation and purification is challenging.347 They are sterilized to 

avoid infection but this do not alleviate the risk of contamination by pathogenic substances 

such as prions.350 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.351,352 At last, 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.353 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. 

 

1 cm 
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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.354–358 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.359 J. D. Hartgerink and co-workers designed the collagen mimetic peptide (Pro-Lys-

Gly)4(Pro-Hyp-Gly)4(Asp-Hyp-Gly)4 that formed a triple helix stabilized by electrostatic 

interactions between lysine and aspartic acid. Nanofibers were observed that could self-

assemble into hydrogels.355  

It is noteworthy that three repeated sequences of the Pro-Hyp-Gly triplet were found to be 

sufficient for a peptide to adopt a PPII conformation. However, a minimum of nine triplets is 

required to form a triple helix stable at 37°C.360 

 

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

We chose the nonapeptide (Pro-Hyp-Gly)3 as a building block for hydrogel preparation. This 

sequence was expected to adopt a PPII 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)3 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 1h30. 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 

peptide hydrogel 

 
10 wt% hybrid PEG 2000 hydrogel 

 
5 wt% hybrid PEG 2000 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 1H 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 µL 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 µL hybrid 

collagen-inspired peptide hydrogels with 0, 10 or 20 mol% of hybrid RGD peptide were 

prepared (Figure 73 right).  

 

Figure 73. Appearance of hybrid collagen-inspired peptide hydrogels prepared in cell culture plates. Left 

picture: 30 µL 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 µL hybrid collagen-inspired 

hydrogels in a 24 well cell culture plate. 

Hybrid RGD concentration 

0 mol%           10 mol%       20mol%
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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 h and 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.  

 

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.346 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.361 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 µL/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, HCl 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. 

 
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).  

5 mm 

5 mm 
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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 7th 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. 

 

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 µm) 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 (25th 
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 Echalier1,2, Said Jebors1, Guillaume Laconde1, Luc Brunel1, Pascal Verdié1, Léa 
Causse1, Audrey Bethry1, Baptiste Legrand1, Hélène Van Den Berghe1, Xavier Garric1, 
Danièle Noël3, Jean Martinez1, Ahmad Mehdi2, Gilles Subra1 
 
 
1 Institut des Biomolécules Max Mousseron (IBMM), UMR5247 Université de Montpellier, CNRS, ENSCM, France. 
2Institut Charles Gerhardt de Montpellier (ICGM), UMR5253 Université de Montpellier, CNRS, ENSCM, France.  
3 Institute for Regenerative Medicine and Biotherapy (IRMB), Inserm U1183, CHU, Université de Montpellier, France. 
 
Correspondence should be addressed to G.S. (gilles.subra@umontpellier.fr) 

 
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,1 polyacrylamides,2,3 polyhydroxyethylmethacrylate (PHEMA)4 or polyethyleneglycol 
(PEG)5. 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.6,7  

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.8 A starPEG-heparin hydrogel was 
obtained after chemical modification of both starPEG and heparin with a maleimide (via 
carbodiimide/active ester) 9, which can be cross-linked with the thiol side-chains of a cysteine-
containing peptide by Michael addition.10,11 A analogue method was used to cross-link thiol-
modified gelatin and hyaluronic acid with PEG bis-acrylate.12 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 gelatin13, chitosan14 and 
hyaluronic acid15 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 route16. 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 engineering17, 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.18 Very short oligopeptides based on this sequence were 
shown to adopt a polyproline II (PPII) helix conformation.19 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.20–23 Moreover, to stabilize the self-assembly of synthetic collagen peptides, several 
strategies have been developed such as disulphide bridges formation,24,25 ionic interactions 
between anionic and cationic side chains,26,27 and hydrogen bond networks.28  

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 PPII 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)3 whose size was too small to expect the formation of triple helix, but long enough to adopt 
a well-defined PPII structure.19 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.  

 

 
 

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.I. figure S1). In the meantime, we developed a novel 

methodology for rapid peptide synthesis called Fast Parallel Peptide Synthesis (FPPS).29 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.I. 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 1H, 13C, 29Si NMR, and LC/MS (S.I. figures S3-S7).  

 

 

 
 

Figure 2. Synthesis of the hybrid bis-silylated undecapeptide 2, Ac-Lys[CONH-(CH2)3-
Si(OEt)3]-(Pro-Hyp-Gly)3-Lys[CONH-(CH2)3-Si(OEt)3]-NH2  
 

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 PPII signature with negative and positive 
maxima at 200 and 224 nm, respectively (S.I. Figure S13). Moreover, characteristic NOE 
correlations of the PPII helical fold were found on the ROESY spectrum of 2 (i.e, strong and 
medium Hα(i),H(i+1) and Hβ(i),H(i+1) NOE peaks). In this context, the three Pro-Hyp-Gly 
repeats adopt a PPII 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 Å, with a length of 26 Å for the PPII secondary structure. Finally, the 1H 
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.30 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,31 alginate32, chitosan,33 and hydroxypropylmethyl cellulose (HMPC)34 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.35  

Accordingly to our previous study,16 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)3 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 1H NMR. For this study, cell culture medium was replaced by DPBS (DPBS × 

10/D2O/H2O 1/1/8 v/v/v). 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 CH3 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(OCH2CH3)3. 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 1H NMR and rheology. A: 1H NMR spectra of 
the hybrid peptide 2 at a 10 wt% concentration in DPBS containing 0.3 wt% of NaF. B: 
Integration of 1H NMR signals of the CH3 group of ethanol (δ = 1.18 ppm, •), Si(OCH2CH3)3 of 
the hybrid peptide (δ = 1.24 ppm, o) and CH2 groups of the hybrid peptide located in α position 
of ureas (δ = 3.10 ppm, ×). C: G’ (•) and G” (o) 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 µm. 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.36 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)3-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.37 MSC are the most attractive stem cells for cartilage 
repair,38 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.39 

 

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 I 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. 
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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-III). 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 
dressings40 or scaffold designed for spinal cord injuries41 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,33 gelatin31 and modified-cellulose,34 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/thiol11 or photoactivation,42 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]3-Lys-NH2 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 

μm 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. 

 
Acknowledgements 



- 131 - 
 

C. Echalier’s PhD was partly founded by the “Region Languedoc Roussillon”, grant attributed to G. Subra, 

through the program ‘Chercheur d’Avenir’. Peptide syntheses were performed using the facilities of SynBio3 

IBISA platform supported by IBMM and ITMO cancer. Cryo-SEM analyses were realized by the CTµ (Centre 

technique des microstructures) from EZUS-Lyon 1 University. Karine Toupet and Gautier Tejedor performed 

confocal microscopy observations, using the facilities of the Institute for Regenerative Medicine and Biotherapy 

(IRBM, Montpellier). 

 

Author contributions 

C.E. performed all the syntheses of hybrid peptides, hybrid gels, performed the assays and participated in the 

writing of the paper. S.J. synthesized the first collagen-inspired sequence. G.L. optimized the synthesis of peptide 

1 on the FPPS platform. P.V. and L.C. performed the large-scale synthesis of peptide 1. L.B. performed the large-

scale purification of peptide 1. A.B provided advices for biological assessment of the gels. B.L performed the 

NMR and CD studies. H.V. helped for the set up of the rheological study. X.G. helped in the design of bioassays 

and in the interpretation of data. D.N. provided the cell line and helped in the design of bioassays and analysis of 

proliferation data. J.M. provided scientific advices in chemistry and biology, and initiated the project of hybrid 

peptides. G.S. and A.M. supervised the project and wrote the paper.  

 

Additional information 

The authors declare no competing financial interests. 

 

References 

1. Taba, M., Jin, Q., Sugai, J. V. & Giannobile, W. V. Current concepts in periodontal 

bioengineering. Orthod. Craniofac. Res. 8, 292–302 (2005). 

2. Barry, R. A. et al. Direct-Write Assembly of 3D Hydrogel Scaffolds for Guided Cell 

Growth. Adv. Mater. 21, 2407–2410 (2009). 

3. Cretu, A., Castagnino, P. & Assoian, R. Studying the Effects of Matrix Stiffness on 

Cellular Function using Acrylamide-based Hydrogels. J. Vis. Exp. JoVE (2010). 

doi:10.3791/2089 

4. Guvendiren, M. & Burdick, J. A. The control of stem cell morphology and 

differentiation by hydrogel surface wrinkles. Biomaterials 31, 6511–6518 (2010). 

5. Lin, C.-C. Recent advances in crosslinking chemistry of biomimetic poly(ethylene 

glycol) hydrogels. RSC Adv. 5, 39844–39853 (2015). 

6. Hersel, U., Dahmen, C. & Kessler, H. RGD modified polymers: biomaterials for 

stimulated cell adhesion and beyond. Biomaterials 24, 4385–4415 (2003). 

7. Lin, C.-Y. et al. Peptide-Modified Zwitterionic Porous Hydrogels for Endothelial Cell 

and Vascular Engineering. BioResearch Open Access 3, 297–310 (2014). 

8. Patenaude, M. & Hoare, T. Injectable, Mixed Natural-Synthetic Polymer Hydrogels 

with Modular Properties. Biomacromolecules 13, 369–378 (2012). 

9. Freudenberg, U. et al. Using Mean Field Theory to Guide Biofunctional Materials 

Design. Adv. Funct. Mater. 22, 1391–1398 (2012). 

10. Tsurkan, M. V. et al. Defined Polymer–Peptide Conjugates to Form Cell-Instructive 

starPEG–Heparin Matrices In Situ. Adv. Mater. 25, 2606–2610 (2013). 

11. Watarai, A. et al. TGFβ functionalized starPEG-heparin hydrogels modulate human 

dermal fibroblast growth and differentiation. Acta Biomater. 25, 65–75 (2015). 

12. Vanderhooft, J. L., Alcoutlabi, M., Magda, J. J. & Prestwich, G. D. Rheological 

Properties of Cross-Linked Hyaluronan–Gelatin Hydrogels for Tissue Engineering. 

Macromol. Biosci. 9, 20–28 (2009). 

13. Nichol, J. W. et al. Cell-laden microengineered gelatin methacrylate hydrogels. 

Biomaterials 31, 5536–5544 (2010). 



- 132 - 
 

14. Hu, X. & Gao, C. Photoinitiating polymerization to prepare biocompatible chitosan 

hydrogels. J. Appl. Polym. Sci. 110, 1059–1067 (2008). 

15. Park, Y. D., Tirelli, N. & Hubbell, J. A. Photopolymerized hyaluronic acid-based 

hydrogels and interpenetrating networks. Biomaterials 24, 893–900 (2003). 

16. Echalier, C. et al. Easy Synthesis of Tunable Hybrid Bioactive Hydrogels. Chem. 

Mater. 28, 1261–1265 (2016). 

17. Chattopadhyay, S. & Raines, R. T. Review collagen-based biomaterials for wound 

healing. Biopolymers 101, 821–833 (2014). 

18. Ensanya A Abou Neel, L. B. Collagen - Emerging collagen based therapies hit the 

patient. Adv. Drug Deliv. Rev. (2012). doi:10.1016/j.addr.2012.08.010 

19. Feng, Y., Melacini, G., Taulane, J. P. & Goodman, M. Acetyl-terminated and template-

assembled collagen-based polypeptides composed of Gly-Pro-Hyp sequences. 2. 

Synthesis and conformational analysis by circular dichroism, ultraviolet absorbance, 

and optical rotation. J. Am. Chem. Soc. 118, 10351–10358 (1996). 

20. Kotch, F. W. & Raines, R. T. Self-assembly of synthetic collagen triple helices. Proc. 

Natl. Acad. Sci. U. S. A. 103, 3028–3033 (2006). 

21. Cejas, M. A. et al. Collagen-Related Peptides:  Self-Assembly of Short, Single Strands 

into a Functional Biomaterial of Micrometer Scale. J. Am. Chem. Soc. 129, 2202–2203 

(2007). 

22. Cejas, M. A. et al. Thrombogenic collagen-mimetic peptides: Self-assembly of triple 

helix-based fibrils driven by hydrophobic interactions. Proc. Natl. Acad. Sci. 105, 

8513–8518 (2008). 

23. Jenkins, C. L. & Raines, R. T. Insights on the conformational stability of collagen. Nat. 

Prod. Rep. 19, 49–59 (2002). 

24. Saccá, B. & Moroder, L. Synthesis of heterotrimeric collagen peptides containing the 

α1β1 integrin recognition site of collagen type IV. J. Pept. Sci. 8, 192–204 (2002). 

25. Ottl, J. & Moroder, L. Disulfide-Bridged Heterotrimeric Collagen Peptides Containing 

the Collagenase Cleavage Site of Collagen Type I. Synthesis and Conformational 

Properties. J. Am. Chem. Soc. 121, 653–661 (1999). 

26. Kumar, V. A. et al. A Nanostructured Synthetic Collagen Mimic for Hemostasis. 

Biomacromolecules 15, 1484–1490 (2014). 

27. O’Leary, L. E. R., Fallas, J. A., Bakota, E. L., Kang, M. K. & Hartgerink, J. D. Multi-

hierarchical self-assembly of a collagen mimetic peptide from triple helix to nanofibre 

and hydrogel. Nat. Chem. 3, 821–828 (2011). 

28. Luo, J. & Tong, Y. W. Self-Assembly of Collagen-Mimetic Peptide Amphiphiles into 

Biofunctional Nanofiber. ACS Nano 5, 7739–7747 (2011). 

29. Laconde, G. et al. Fast parallel peptide synthesis - FPPS: A methodology for the rapid 

and efficient preparation of peptide libraries. Submitted 

30. Zha, J. & Roggendorf, H. Sol–gel science, the physics and chemistry of sol–gel 

processing, Ed. by C. J. Brinker and G. W. Scherer, Academic Press, Boston 1990, xiv, 

908 pp., bound—ISBN 0-12-134970-5. Adv. Mater. 3, 522–522 (1991). 

31. Ren, L., Tsuru, K., Hayakawa, S. & Osaka, A. Synthesis and characterization of gelatin-

siloxane hybrids derived through sol-gel procedure. J. Sol-Gel Sci. Technol. 21, 115–

121 (2001). 

32. Hosoya, K. et al. A novel covalently crosslinked gel of alginate and silane with the 

ability to form bone-like apatite. J. Biomed. Mater. Res. A 71A, 596–601 (2004). 

33. Shirosaki, Y., Botelho, C. M., Lopes, M. A. & Santos, J. D. Synthesis and 

Characterization of Chitosan-Silicate Hydrogel as Resorbable Vehicle for Bonelike® 

Bone Graft. J. Nanosci. Nanotechnol. 9, 3714–3719 (2009). 



- 133 - 
 

34. Vinatier, C. et al. A silanized hydroxypropyl methylcellulose hydrogel for the three-

dimensional culture of chondrocytes. Biomaterials 26, 6643–6651 (2005). 

35. Nguyen, M. K. & Lee, D. S. Injectable Biodegradable Hydrogels. Macromol. Biosci. 

10, 563–579 (2010). 

36. Annabi, N., Mithieux, S. M., Weiss, A. S. & Dehghani, F. The fabrication of elastin-

based hydrogels using high pressure CO2. Biomaterials 30, 1–7 (2009). 

37. Makris, E. A., Gomoll, A. H., Malizos, K. N., Hu, J. C. & Athanasiou, K. A. Repair and 

tissue engineering techniques for articular cartilage. Nat. Rev. Rheumatol. 11, 21–34 

(2015). 

38. Vinatier, C., Mrugala, D., Jorgensen, C., Guicheux, J. & Noël, D. Cartilage engineering: 

a crucial combination of cells, biomaterials and biofactors. Trends Biotechnol. 27, 307–

314 (2009). 

39. Morille, M., Toupet, K., Montero-Menei, C. N., Jorgensen, C. & Noël, D. PLGA-based 

microcarriers induce mesenchymal stem cell chondrogenesis and stimulate cartilage 

repair in osteoarthritis. Biomaterials 88, 60–69 (2016). 

40. Murakami, K. et al. Hydrogel blends of chitin/chitosan, fucoidan and alginate as 

healing-impaired wound dressings. Biomaterials 31, 83–90 (2010). 

41. Tukmachev, D. et al. Injectable Extracellular Matrix Hydrogels as Scaffolds for Spinal 

Cord Injury Repair. Tissue Eng. Part A 22, 306–317 (2016). 

42. Nichol, J. W. et al. Cell-laden microengineered gelatin methacrylate hydrogels. 

Biomaterials 31, 5536–5544 (2010). 

 
 

 

  



- 134 - 
 

  



- 135 - 
 

 

 

 

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: I performed the synthesis of the hybrid coumpounds and 

prepared the hydrogels. I performed the viscometry experiments. I printed the 3D scaffolds 

after optimization of the printing settings by Riccardo Levato. I designed and carried out the 

biological experiments. I 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.364,365 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.366,367 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.368 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 µm pores) with well-defined strand-pore 

structure can be printed which is of interest to enhance cell viability.369 Indeed, higher cell 

viability was observed in porous scaffolds compared non-porous scaffolds.370 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).371 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.372 Recently, H.-

W. Kang et al. reported an “integrated tissue-organ printer” that can fabricate human-scale 

tissue constructs (Figure 80).373 

 

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.373 
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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.374 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.375 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.367 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 writing376 or ink-jet printing under non-biocompatible conditions.377 

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.378 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 (25th 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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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 (0-

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 µL/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 Ionisation 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  

 

Commercially available 1,3-bis(3-aminopropyl)tetramethyl disiloxane (500 µL, 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 1a as a white powder (100%). 

 

Figure S1. 1H NMR spectrum of 1a in DMSO-d6 (600 MHz) 
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Figure S2. 13C NMR spectrum of 1a in DMSO-d6 (151 MHz) 

 

 
Figure S3. 29Si NMR spectrum of 1a in DMSO-d6 (119 MHz) 
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Figure S4. 1H NMR spectrum of 1a in D2O (600 MHz) 

 

 

Figure S5. 13C NMR spectrum of 1a in D2O (151 MHz) 
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Figure S6. 29Si NMR spectrum of 1a in D2O (119 MHz) 
 
 

 

 

1,3-bis(3-aminopropyl)tetramethyl disiloxane trifluoroacetate 1b  

 

Trifluoroacetic acid (220 µL, 2.89 mmol, 4 eq) was added on 1,3-bis(3-aminopropyl)tetramethyl 

disiloxane (200 µL, 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 S7. 1H NMR spectrum of 1b in DMSO-d6 (600 MHz) 

 

 
Figure S8. 13C NMR spectrum of 1b in DMSO-d6 (151 MHz) 
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Figure S9. 29Si NMR spectrum of 1b in DMSO-d6 (119 MHz) 

 
 
 
 
(3-aminopropyl)dimethylsilanol hydrochloride 2a  

 

On the one hand, DCl 35% in D2O (6.00 µL) were added to 1a (20 mg) in DMSO-d6 (600 µL) to trigger 

1a hydrolysis into 2a. The 1a/2a mixture in DMSO-d6 was analyzed by NMR. 
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Figure S10. 1H NMR spectrum of 1a/2a in DMSO-d6 (600 MHz) 

 
 

 
Figure S11. 13C NMR spectrum of 1a/2a in DMSO-d6 (151 MHz) 
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Figure S12. 29Si NMR spectrum of 1a/2a in DMSO-d6 (119 MHz) 

 
On the other hand, 1,3-bis(3-aminopropyl)tetramethyl disiloxane hydrochloride 1a (20 mg) was 

solubilized in D2O (600 µL) and the solution was left aside for 8 weeks to allow 1a hydrolysis into 2a. 2a 

solution in D2O was analyzed by NMR. Traces of 1a are still visible on NMR spectra. 
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Figure S13. 1H NMR spectrum of 2a in D2O (600 MHz) 

 
 

 
Figure S14. 13C NMR spectrum of 2a in D2O (151 MHz) 
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Figure S15. 29Si NMR spectrum of 2a in D2O (119 MHz) 

 
 

(3-aminopropyl)dimethylsilanol trifluoroacetate 2b 

 

On the one hand, 3-bis(3-aminopropyl)tetramethyl disiloxane trifluoroacetate 1b (20 mg) was dissolved 

in DMSO-d6 (600 µL) and the solution was left aside for 5 weeks to allow 1b hydrolysis into 2b. Then 

the mixture 1b/2b in DMSO-d6 was analyzed by NMR. 

 
Figure S16. 1H NMR spectrum of 1b/2b in DMSO-d6 (600 MHz) 
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Figure S17. 13C NMR spectrum of 1b/2b in DMSO-d6 (151 MHz) 

 

 
Figure S18.29Si NMR spectrum of 1b/2b in DMSO-d6 (119 MHz) 

 
 

On the other hand, 3-bis(3-aminopropyl)tetramethyl disiloxane trifluoroacetate 1b (20 mg) was dissolved 

in D2O (600 µL). 1b hydrolysis into 2b occurred. The mixture 1b/2b in D2O was analyzed by NMR. 
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Figure S19. 1H NMR spectrum of 1b/2b in D2O (600 MHz) 

 
 

 
Figure S20. 13C NMR spectrum of 1b/2b in D2O (151 MHz) 

 

 
Figure S21. 29Si NMR spectrum of 1b/2b in D2O (119 MHz) 
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Counter-ion effect on NMR signals 

 

 
Figure S22. From hydrochloride to trifluoroacetate salts. Top: 1H NMR spectrum of 1a/2a mixture in 
D2O. Bottom: 1H NMR spectrum of 1b/2b mixture in D2O. 
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DEPT 29Si sequence optimization  

 

In order to decrease the experiment time, we used a DEPT 29Si 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 1H 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°. 

 

Figure S23. 1H 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° 

  

[ppm
] 
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Stability studies of the siloxane bond in different solutions by 1H-NMR 

t = 0 min corresponds to the dissolution of 1,3-bis(3-aminopropyl)tetramethyl disiloxane hydrochloride 

1a (20 mg) in DMSO-d6 or in D2O-containing buffer that yields a solution at the desired pH. pH were 

adjusted in advance with Dulbecco’s phosphate buffered saline, HCl or NaOH aqueous solutions on 

blank samples. Dimer percent was reported as a function of time based on the integration of 1H signals 

from the -CH2Si group of monomer and dimer. 

 

Figure S24. 1H NMR spectra of 1a in DMSO-d6 



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

- S20 - 
 

 

 

 

Figure S25.1H NMR spectra of 1a at pH 4 

 

 

Figure S26. 1a hydrolysis at pH 4 based on 1H NMR kinetic studies 
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Figure S27.1H NMR spectra of 1a at pH 7 

 

 

Figure S28. 1a hydrolysis at pH 7 based on 1H NMR kinetic studies 
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Figure S29.1H NMR spectra of 1a at pH 7.4 

 

 

Figure S30. 1a hydrolysis at pH 7.4 based on 1H NMR kinetic studies 
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We focused our attention on 1H signals from -CH2Si and CH3Si 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) 

 

Figure S31. 1H NMR spectra of 1a at pH 10. Signals from the CH2 group in gamma position to silicon 
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Figure S32. 1a hydrolysis at pH 10 based on 1H NMR kinetic studies 

 

Figure S33. 1H NMR spectrum of 1a in D2O 0.1% TFA at t = 0. Hydrolysis occurred immediately. 
Signals correspond to monomer 2a. 
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Silanol condensation upon lyophilization 

 

 

Figure S34. From monomer to dimer upon lyophilization. Top : 1H NMR spectrum of 2a in D2O/0.1% 
TFA before lyophilization; bottom : 1H NMR spectrum of the same sample after freeze-drying 
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N-ter hybrid monomer 4 

 

 

 

Figure S35. LC/MS spectrum of 4 
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N-ter hybrid dimer 5 (JMV 6187) 

 

Figure S36. 1H NMR spectrum of 5 in DMSO-d6 (400 MHz) 
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Figure S37. 13C NMR spectrum of 5 in DMSO-d6 (101 MHz) 
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Figure S38. HR-MS analysis of 5 
 

 

C-ter hybrid monomer 6 
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Figure S39. LC/MS spectrum of 6 
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C-ter hybrid dimer 7 (JMV 6186) 

 
 

Figure S40. 1H NMR spectrum of 7 in DMSO-d6 (400 MHz) 
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Figure S41. 13C NMR spectrum of 7 in DMSO-d6 (101 MHz) 
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Figure S42. HR-MS analysis of 7 

 
 

Lys3 hybrid monomer 8 
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Figure S43. LC/MS spectrum of 8 
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Lys3 hybrid dimer 9 (JMV 6185) 

 

 

 

 

Figure S44. 1H NMR spectrum of 9 in DMSO-d6 (400 MHz) 
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Figure S45. 13C NMR spectrum of 9 in DMSO-d6 (101 MHz) 
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Figure S46. HR-MS analysis of 9 

 

 

Lys3(NH(CH2)3Si(CH3)3) monomer 10 (JMV 6246) 
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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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Lys3 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 

 

 



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

- S43 - 
 

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 

 

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 
HEK293T 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 

 

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, -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 40100 mm, 100Å, 15 µm, C18 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 (0-
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 µL/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 Ionisation source. All measurements were performed in the positive ion mode. 
1H, 13C and 29Si 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 (δ) are reported 
in parts per million using residual non-deuterated solvents as internal references (CHCl3 in CDCl3, δH = 
7.26 ppm; DMSO-d6, δH = 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 

 
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 μL, 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, CDCl3) δ 5.00 (br s, 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, 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) δ 156.72 (C), 70.55 (CH2), 63.76 (CH2), 58.26 (CH2), 43.29 (CH2), 23.12 
(CH2), 18.38 (CH3), 9.12 (CH2). 
29Si NMR (79 MHz, CDCl3) δ -45.73 (s). 
 

 

 



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

- S4 - 
 

 

 
  



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

- S5 - 
 

Hybrid PEG 1000  

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

 
1H NMR (400 MHz, CDCl3) δ 5.00 (br s, 2H, NH), 4.19 (t, J = 4.7 Hz, 4H, H-6), 3.80 (q, J = 7.0 Hz, 
12H, H-2), 3.63 (s, 83H, CH2 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, CDCl3) δ 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, CDCl3) δ -45.74 (s). 
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Hybrid PEG 6000  

 
 
Hybrid PEG 6000 was prepared with the same experimental procedure as hybrid PEG 1 (2000). 

 
1H NMR (400 MHz, CDCl3) δ 5.00 (br s, 2H, NH), 4.16 (t, J = 4.7 Hz, 4H, H-6), 3.77 (q, 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, CDCl3) δ 156.38 (s), 70.54 (s), 63.75 (s), 58.40 (s), 43.42 (s), 23.27 (s), 18.26 (s), 
7.58 (s). 
29Si NMR (79 MHz, CDCl3) δ -45.76 (s). 
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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 (3×DMF, 1×MeOH and 
1×DCM), 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)3Si-(CH2)3-NHCO-(βAla)4GlyArgGlyAspSerPro-OH 

 
H-(βAla)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-βAla-OH four times. Cleavage and side 
chain deprotection were realized in trifluoroacetic acid/triisopropylsilane/water 95/2.5/2.5 V/V/V 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. 
1H NMR (400 MHz, DMSO-d6) δ 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 βAla)), 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 βAla), 4.56 
(q, J = 6.9 Hz, 1H, Hα Ser), 4.49 – 4.38 (m, 1H, Hα Asp), 4.38 – 4.26 (m, 1H, Hα Arg), 4.22 (dd, J = 8.7, 
4.1 Hz, 1H, Hα Pro), 4.02 – 3.75 (m, 4H, Hα Gly), 3.73 (q, J = 6.9 Hz, 6H, CH2 ethoxy), 3.67 – 3.46 (m, 
4H, Hδ Pro and Hβ Ser), 3.46 – 3.28 (m, 2H, Hδ Arg), 3.28 – 3.11 (m, 8H, Hβ βAla), 2.92 (q, J = 6.1 Hz, 
2H, H-3), 2.60 – 2.48 (m, 2H, Hβ Asp), 2.29 (t, J = 7.1 Hz, 2H, Hα βAla), 2.26 – 2.09 (m, 6H, Hα βAla), 
1.87 (dd, J = 13.3, 6.5 Hz, 2H, Hγ Pro), 1.60 – 1.56 (m, 2H, Hβ Arg), 1.55 – 1.42 (m, 2H, Hδ Arg), 1.38 
(m, 2H, H-2), 1.19 – 1.09 (t, J = 7.2 Hz, 9H, CH3 ethoxy), 0.55 – 0.42 (m, 2H, H-1).  
13C NMR (101 MHz, DMSO-d6) δ 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 (CH2), 
59.54 (CH), 58.14 (CH2), 53.51 (CH), 52.60 (CH), 49.78 (CH), 47.02 (CH2), 42.46 (CH2), 42.36 (CH2), 
40.89 (CH2), 36.68 (CH2), 36.30 (CH2), 35.88 (CH2), 35.76 (CH2), 30.10 (CH2), 29.13 (CH2), 25.39 (CH2), 
24.91 (CH2), 24.01 (CH2), 18.68 (CH3), 7.72 (CH2). 
29Si NMR (79 MHz, DMSO-d6) δ -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]2+, 60), 500 ([M-2OH]2+, 100). 
HRMS: 1119.5481. C45H74N18O14Si requires [M+H]+, 1119.5479. 
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Hybrid RGD peptide 2 
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Hybrid antibacterial peptide 3 synthesis: (CH3)2(HO)Si-(CH2)3-NHCO-AhxArg2NH2 

 
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-Ɛ-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%). 
1H NMR (400 MHz, D2O) δ 4.19 (ddd, J = 14.4, 8.6, 5.7 Hz, 2H, Hα Arg), 3.09 (t, J = 6.9 Hz, 4H, Hδ 
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, Hβ 
Arg), 1.59 – 1.44 (m, 6H, H-7 and Hγ 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(CH3)2). 
13C NMR (101 MHz, DMSO-d6) δ 172.40 (C), 171.76 (C), 170.69 (C), 157.38 (C), 156.00 (C), 51.38 
(CH), 51.02 (CH), 41.54 (CH2), 34.28 (CH2), 29.01 (CH2), 28.34 (CH2), 28.08 (CH2), 25.24 (CH2), 24.24 
(CH2), 23.16 (CH2), 14.24 (CH2), -0.51 (CH3). 
29Si NMR (79 MHz, DMSO-d6) δ 7.97 (dimer). 
LC/MS (ESI+): tR = 0.71 min, m/z 602 ([M+H]+, 10%), 302 ([M+2H]2+, 100), 293 ([M+2H-NH3]2+, 30). 
HRMS: 602.3926. C24H51N11O5Si requires [M+H]+, 602.3922. 

Hybrid RGD peptide 2 
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Hybrid antibacterial peptide 3 
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Hybrid peptide 7 synthesis: (EtO)3Si-(CH2)3-NHCO-Leu3Arg2NH2 

 
H-Leu3Arg2-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]2+, 100). 
 
 

Hybrid antibacterial peptide 3 
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Hybrid peptide 7 

Hybrid peptide 7 
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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 µL). 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%). 
1H NMR (400 MHz, DMSO-d6) δ 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) δ 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 (CH2), 27.32 (CH2). 
LC/MS (ESI+): tR = 1.08 min, m/z 464 ([M+H]+, 9%), 390 ([M+H-NH2(CH2)3NH2]+, 5%), 224 ([M+2H-
NH3]2+, 100). 
HRMS: 464.1278. C24H21N3O5S requires [M+H]+, 464,1280. 
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Non-silylated fluorescein 6 

Non-silylated fluorescein 6 
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Triethoxysilyl fluorescein 4 

 
3-Isocyanatopropyltriethoxysilane (1.35 µL, 5.45*10-3 mmol, 1.05 eq) was added to a solution of the 
non-silylated fluorescein 6 prepared precedently (3.00 mg, 5.19*10-3 mmol) in anhydrous DMF (500 µL) 
with DIEA (1.35 µL, 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%). 
 
 
1H NMR (400 MHz, DMSO-d6) δ 10.33 (br s, 1H, COOH), 10.26 (s, 1H, NH thiourea from FITC), 8.62 
(br s, 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) δ 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 (CH2), 53.95 (CH2), 42.55 (CH2), 42.23 (CH), 41.87 
(CH2), 37.25 (CH2), 30.09 (CH2), 24.03 (CH2), 18.65 (CH3), 17.14 (CH3), 12.78 (CH3), 7.70 (CH2). 
29Si NMR (79 MHz, DMSO-d6) δ -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-H2O]+, 20), 305 ([M+2H-H2O]2+, 100. 
HRMS: 627.1587. C28H30N4O9SSi requires [M+H]+, 627,1581.  
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Triethoxysilyl fluorescein 4  
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Dimethylhydroxysilyl fluorescein 5 

 
3-Isocyanatopropylchlorodimethylsilane (16.2 µL, 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 µL, 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%). 

Triethoxysilyl fluorescein 4  
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1H NMR (400 MHz, DMSO-d6) δ 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, DMSO-d6) δ 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 (CH2), 40.52 (CH2), 35.85 (CH2), 28.80 (CH2), 23.13 (CH2), 
14.20 (CH2), -0.51 (CH3), -0.75 (CH3). 
29Si NMR (79 MHz, DMSO-d6) δ 11.24 (monomer), 7.99 (dimer). 
LC/MS (ESI+): tR = 1.33 min, m/z 623 ([M+H]+, 60%), 390 ([M+H-
NH2(CH2)3NHCONH(CH2)3Si(CH3)2OH]+, 15), 312 ([M+2H]2+, 60), 303 ([M+2H-H2O]2+, 100. 
HRMS: 623.1996. C30H34N4O7SSi requires [M+H]+, 623,1996. 
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Dimethylhydroxysilyl fluorescein 5 

Dimethylhydroxysilyl fluorescein 5 
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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 μm 
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. 
 
 

 
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 
(min) 

G’ (Pa) 

Hybrid PEG 1000 30 7973 

Hybrid PEG 2000 (1) 35 10630 

Hybrid PEG 6000 > 24 h 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 (SBET < 10 m2.g-1). 
 

Cytotoxicity 

Cell culture reagents were purchased from Gibco. Hydrogel cytotoxicity was measured with a LDH 
cytotoxicity kit II 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% CO2 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% CO2 for 24h to allow cell adhesion and proliferation. 
Cytotoxicity assays were run in tetraplicates following the supplier’s protocol. After 24h, we added: 
- 100 μL of DPBS in background control and low control wells, 
- 100 μL of cell lysis solution in high control wells 
- a 5 mm diameter cylindrical hydrogel whose volume is 100 μL in test sample wells 
- a piece of PLA-50 whose surface is equivalent to hydrogel surfaces and 100 μL of DPBS in PLA 
controls. 
The plate was placed again in an incubator for 24h. 10 μL of the homogenized media were transferred 
from the 24 well plate to an optically clear 96 well plate. LDH reaction mix (100 μL) was added to each 
well and allowed to react for 30 min at room temperature. The stop solution (10 μL 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‰ of NaF (3 mL) was added to 5.2*10-3 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 µL) and water containing 1% TFA (v/v, 90 µL) 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. 

 

 
Example of calibration curve obtained for non-silylated fluorescein 6 

 
 
 
Cell adhesion assays 

Adhesion properties of hybrid gels were measured on L929 mouse fibroblasts cultured in the same 
conditions as for cytotoxicity assays. 300 µL 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% 
CO2 atmosphere overnight. 200 000 cells in 40 µL 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 µl 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 µL of each well 
were transferred to a 96 well black plate for fluorescence reading (λexcitation = 535 nm, λemission = 615 nm). 
 

y = 994,74x
R² = 1,00

0

200

400

600

800

1000

1200

0 0,2 0,4 0,6 0,8 1 1,2

HPLC peak area
(mAU.min)

Weight concentration in DPBS (mg/10mL)



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

- S31 - 
 

   

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 μm 
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 μL) 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 103 UFC/mL concentrations and added (500 μL i. e. approximately 500 UFC) onto hydrogels 

in Petri dishes. A 0.45 μm 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 
µL 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 µm 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% 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 µL/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 Ionisation 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. 29Si, 13C and 1H NMR spectra in DMSO-d6 

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 (δ) 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.  

 

 
Figure S1. Synthesis of undecapeptide 1 using Fmoc-ProHypGly-OH building block 

After purification, the undecapeptide 1 was obtained with 45% yield. 

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) µm 

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% Ac2O in DMF and DIEA for 5 minutes twice. 

The peptide was cleaved from the resin with the cocktail TFA/TIS/H2O (95/2.5/2.5 v/v/v), recovered 

by precipitation in diethyl ether, then taken up in ACN/H2O 50/50 v/v mixture and freeze-dried. 

The crude peptide was solubilized in H2O/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 µm, 250 × 50 mm) with a flow rate of 120 

mL/min. Eluents were H20 1‰ 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+): tR = 0.72 min, m/z 1118 ([M+H]+, 8%), 559 ([M+2H]2+, 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 

quantitatively after precipitation and washings with diethylether.  

 

 

Figure S3. 1H NMR spectrum of 2 in DMSO-d6 (500 MHz) 

[ppm]
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Figure S4. 13C NMR spectrum of 2 in DMSO-d6 (125 MHz) 

 

Figure S5. 29Si NMR spectrum of 2 in DMSO-d6 (99 MHz) 

Noteworthy, 3 signals are observed on the 29Si NMR spectrum corresponding to different states of 

hydrolysis and condensation of –Si(OEt)3 groups.  

[ppm]

[ppm]
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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 H2O losses. tR = 0.84 min, m/z 1408 ([M-2H2O+H]+, 10%), 695 ([M-3H2O+2H]2+, 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 

H2O losses. It is usual to observe –Si+(OH)2 species when hybrid derivatives are analyzed by ESI+ MS. 

 

Theoritical 

Experimental 
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The most abundant ion at m/z = 695.3188 corresponds to [M-3H2O+2H]2+ 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 μm 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: 

 

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 µL of the following mixture: DPBS × 10 

(Gibco ref 14200, 100 µL), D2O (100 µL), milliQ H2O (800 µL), with or without NaF (3 mg). 

Microtubes were then used to record all spectra on a Bruker Avance 600 AVANCE III spectrometer 

equipped with a 5 mm quadruple-resonance probe (1H, 13C, 15N, 31P).  

 

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

 

1D 1H 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) × 2048 (t2) complex data points; 4-32 scans per t1 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 (t2) 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). 1H chemical shifts were assigned according 

to classical procedures (K. Wüthrich, 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 α protons on the ROESY spectrum. The absence 

of polymerization of 2 was confirmed performing 1D spectra at different times. 

 

 

 

 
Figure S9. 1D 1H NMR spectra of the hybrid peptide 2 at 62 mM and 0.62 mM (10 and 0.1%) in DPBS buffer (10% D2O) without 
NaF at 37°C, pH 7.2. 
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Figure S10. 1D 1H NMR spectra of the hybrid peptide 2 at 62 mM (10%) in DPBS buffer (10% D2O) with and without NaF at 
37°C, pH 7.2. Spectra were recorded after 5 and 60 min. 

 

Table S1.
 1H NMR chemical shifts of the peptide moieties of the compound 2 in DPBS buffer (10 % D2O), pH 7.2 at 10°C. 

Residue HN H H H H Others 

Lys 1 8.44 4.55 1.68, 1.80 1.46 1.51 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 3.99 - - -  

Lys 11 8.22 4.31 1.74, 1.86 1.39 1.49 H 3.11; NH 6.12; NH2 7.25, 7.82 
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Figure S11. Nomenclature and chemical shifts for the silylated arm (R = -H or -CH2CH3) 
 
SiOCH2CH3 silylated arm (R = CH2CH3): HN = 6.15 ppm; CH2(1,1’) = 3.12 ppm ; CH2(2,2’) = 1.58 ppm; CH2(3,3’) = 0.77 ppm; 
OCH2CH3 = 3.90 and 1.24 ppm. 
SiOH silylated arm (R = H): HN = 6.12 ppm; CH2(1’) = 3.11 ppm; CH2(2’) = 1.58 ppm; CH2(3’) = 0.66 ppm. 
Ethanol NMR signals: CH2 = 3.67 ppm; CH3 = 1.18 ppm. 
Note: The silylated arm was partially hydrolyzed even in absence of NaF. 

 

Gelation kinetic measurement (NaF-containing sample) 

 

1D 1H NMR spectra of 2 in DPBS buffer (10 % D2O) 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 1H NMR spectra at different intervals of the hybrid peptide 2 at 62 mM (10%) in DPBS buffer (10% D2O) 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 µL) containing sodium 

fluoride (1.5 mg). The hybrid solution was immediately deposited on the Peltier plate and the gap was 

set at 500 µm. 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.  

 

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% CO2 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 µL 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 × 200 

µL) 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 

× 200 µL).  

A B 

C D 
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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 µL). 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 µL 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 

µL of cell culture medium (no cells). 50 µL of CellTiter-Glo reagent (Promega) was added to each well. 

The plate was allowed to incubate at room temperature for 8 minutes. Then 50 µL 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 µL) were seeded in each well. On the first day, 50 µL of 

CellTiter-Glo reagent were added to a set of samples (no prior washing). After incubation (8 minutes at 

RT), 50 µL of each well was transferred to a 96 well opaque white plate and luminescence was recorded 

(1 second per well). 150 µL 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 µL of fresh medium. Cell proliferation was measured out with the 

CellTiter-Glo assay (50 µL 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 µL 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 µL) at a 20 wt% concentration. NaF (0.3 

mg/mL in DMEM, 100 µL) 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 µL 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 µL per well). At the same 

time, 50 µL of the same suspension of mMSC in DMEM were diluted with 250 µL of DMEM to reach 

the same final cell concentration as in the hybrid solution. 30 µL 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 µL of the live/dead cell staining solution (PromoKine live/dead cell staining kit II, 0.8 µL of 

calcein-AM + 3.2 µL of EthD-III 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-II microscope using the excitation and emission wavelengths 

recommended by the live/dead cell staining kit supplier. Images were recorded with a 15 µm 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-III, ethidium homodimer III; 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. 
 

 
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 µL 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 µL of the Live/Dead staining solution were added to each well (0.8 µL of calcein-AM solution and 3.2 µL 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  
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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 ×4, NA 0.1) equipped with a MicroMAX RS camera (Princeton instruments). Images were analyzed with 

ImageJ. 

 

 

Figure S6. Fluorescent microscopy images of mMSC 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-III stain showing dead cells in red; (D) merged images. 

A B

C D
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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[1] 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).[2] 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.[3] 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.[4] 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[5] acting as 

membrane-disruptors. Due to their ‘mechanical’ mode of action, they are less susceptible to 

promote the development of bacterial resistance[6] 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[7], including silicone.[8] On silicone, dendrimeric bioactive peptides have been also 

successfully grafted with peptide for cells adhesion.[9] 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[10] 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,[11] thiol/ene,[12] alkyne/azide[13]), 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.[14] We already demonstrated that trialkoxysilyl 

peptides may be immobilized either into pores of the mesoporous silica or on glass surfaces.[15] 

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-NH2 1. Palm-Arg-Arg-NH2 

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.[3,6] The palmitoylated dipeptide 1 possesses a 

comparable activity than “Sha”, a peptide of the temporin family with a well-known membrane-

disrupting activity.[16] 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-(CH2)3-NHCO-Ahx spacer could mimic the palmitic acid 

in the antibacterial active sequence.  

 

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-NH2 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)-NH2, 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[17] 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 

(See Supporting Information).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 µM, 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.[18] Reactive 

groups on the surface of the silicone could be generated either by chemical treatments[19] (strong 

acids or bases) or by plasma treatment.[20] 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.[17] Pieces of catheters were 

activated by oxygen plasma and immediately incubated in this solution at 60 °C for 12 hours. 



 

- 287 - 
 

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, H2O 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 SiOH 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-1 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 (= 26°), by comparison to starting silicone ( = 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).  

 

 

  

 

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).[21] 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 α-helical antimicrobial peptides on gold surface was found 

to be 10 molecules/nm².[22] In the same way, the density of Lasio-III antimicrobial peptide 

immobilized on a polymer layer grafted on silicone catheters was found to be 21 

molecules/nm2.[8] 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, 

v/v).   

 

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.  

 

 

 

 

 

 

 

 

 

 

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’).[23] 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.[24][25] 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 cm² 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 × 

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.[26] Subcutaneously implanted in rabbits, these silver-coated prosthetics 

did not protect against S. aureus colonization and device-related infections.[27] 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 
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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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Résumé : Nous avons imaginé et développé une méthode pour la préparation d’hydrogels par 

procédé sol-gel à partir de blocs hybrides (bio)organiques-inorganiques. Les blocs hybrides sont 

obtenus par introduction de groupements silylés, triéthoxysilanes ou hydroxydiméthylsilanes, sur des 

polymères synthétiques ou des molécules d’intérêt biologique telles que des peptides. Ces blocs 

hybrides peuvent être combinés dans des proportions choisies pour former des hydrogels 

multifonctionnels. Le procédé de gélification se déroule à 37°C à pH 7.4 dans un tampon 

physiologique. L’hydrolyse et la condensation des précurseurs silylés conduit à 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 à la synthèse d’hydrogels à base 

de PEG. Nous avons ensuite montré que ces hydrogels pouvaient être fonctionnalisés de façon 

covalente par des entités bioactives au cours de leur préparation. Des hydrogels possédant des 

propriétés antibactériennes ou favorisant l’adhésion cellulaire ont ainsi été préparés. Dans un 

deuxième temps, un peptide hybride inspiré du collagène naturel a été synthétisé et a permis 

l’obtention d’hydrogels qui présentent des propriétés de prolifération cellulaire similaires à celles 

observées sur des substrats de collagène naturel. La biocompatibilité du procédé sol-gel a été 

démontrée par l’encapsulation de cellules souches dans l’hydrogel au cours de sa formation. Enfin, 

l’impression 3D d’hydrogels hybrides a été réalisée. Ce travail de thèse met donc en lumière le 

potentiel de la chimie sol-gel pour la conception à façon de matériaux biomimétiques 

particulièrement 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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