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Sol-gel and peptides: An attractive route to unprecedented biomaterials
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Affording biological properties to a material is one of the challenges the chemists have to tackle, to improve 
the efficiency of existing devices and also to propose new biomaterials. Most of synthetic approaches to obtain 
functional materials rely on non-covalent coatings or post-grafting realized by multistep ligation chemistry. In 
this context, we envisioned a bottom-up strategy to introduce bioactive peptides in polymers or materials and in 
particular to prepare hydrogels. [1–3] 

A bottom-up approach to mimic extracellular matrix

Extracellular matrix (ECM) is a complex and bioactive scaffold offering a physical support for cells but also 
providing the chemical and mechanical signals cells need to migrate, differentiate and grow properly. Hydrogels 
have been investigated as artificial ECM for 3D-cell culture, tissue engineering or regenerative medicine and are 
of paramount interest for bioink design.[4]

Natural biopolymers (e.g. collagen, gelatin, hyaluronic acid, alginate) are bioactive and biocompatible. However 
due to their natural origin, they present a poor batch-to-batch reproducibility and may lead to safety issues 
(immunogenicity, biocontamination). Their large-scale production  can be difficult. Moreover, biopolymers 
are mostly used as physical hydrogels meaning that they have to be chemically cross-linked for long-lasting 
tissue engineering applications where the hydrogel is supposed to behave as support of cells for weeks. In 
contrast, several biocompatible synthetic polymers (e.g. PEG, PVA, Pluronic) are produced (even in large scale) 
with a good reproducibility and offering a large panel of molecular weight/chain sizes in order to tune their 
properties. Unfortunately they are bioinert (they are called ‘permissive hydrogels’) in a sense that they do not 
give any biologically relevant signaling to cells and have to be further functionalized to acquire suitable 
bioactivity. They also need to be cross-linked to form a 3D hydrogel network. By the way, it requires selective 
chemical cross-linking reactions (e.g. thiol-ene reaction, acrylate cross-linking) which may ideally proceed 
biorthogonally in the presence of other fragile biomolecules and eventually cells (if the hydrogel is a bioink for 
3D biofabrication). At last, small organic gelators and in particular self-assembling peptides have also been 
described (betasheets KLD-12 [5]; RADA16 [6]; FEFQFK [7]; betahairpin VKVKVKVKvPPTKVEVKVKV 
[8] ; foldamers (β 3AA)3 [9]). They present many advantages such as easy synthesis, shear-thinning behavior 
(injectability), biocompatibility and could be used as drug delivery platform. Unfortunately, they are bioinert and 
their further functionalization may disrupt their self-assembly. Moreover, once implanted, dilution in biological 
fluids induce rapid disassembly of the structure  which is a strong limitation as their mechanical properties 
cannot be easily tuned.
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Figure 1: Hybrid hydrogel composition

In that context, we developed chemical hydrogels, obtained via a block-wise approach offering a degree of 
flexibility required to mimic different ECM compositions (Fig. 1). The bioorthogonal reaction creating the 3D 
network is driven by hydrolysis and condensation of alkoxysilanes moieties connected the different hydrogel 
components. The hydrolysis and condensation of such moieties proceeds chemoselectively, at room temperature 
or 37°C and is compatible with the side-chains of biomolecules. Interestingly, any type of peptides but also 
biopolymers and dyes can be silylated and thus can participate to the covalent formation of the material. We 
already used this sol-gel process to prepare peptide-functionalized fluorescent silica nanoparticles [10,11], 
grafting of wound-healing or antibacterial peptides on silicone catheter,[12] dressings [13] and titanium [14] and 
comb-like and silicone linear polymers were prepared. [15,16] 

At pH 7, the sol gel process needs to be catalyzed with a nucleophilic compound to faster the gelation. We 
selected sodium fluoride at low and non-toxic concentration (< 0.3 mg/ml) to perform the hydrolysis of 
alkoxysilane and subsequent condensation reactions (Fig. 2).

Figure 2: Proposed mechanism of fluoride catalyzed sol-gel process

Peptide-modified PEG based hydrogels

We first demonstrate the approach on PEG-based hydrogels.  We synthesized bisilylated PEG, for the ‘ bricks’  of 
the hydrogel network, and monosilylated RGD peptide (Fig. 3) as adhesion ligand for cells.[1]
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Figure 3: Silylation of PEG and synthesis of silylated RGD peptide

Peptide-functional hydrogel was simply obtained by solubilizing the bisilylated PEG at 10%wt  and the silylated 
RGD peptide at different concentrations (20 and 10 mol %) in phosphate buffer and in presence of NaF. After 
overnight gelation at 37°C, L929  fibroblasts were seeded on the surface of RGD-functionalized  hydrogel and 
non-functionalized  hydrogel as a negative control. We observed that the cell  adhesion of fibroblasts after 2 hours 
was strongly improved (over 5 times) on peptide functionalized-hydrogel.[1] Interestingly, we demonstrated that 
this hydrogel could be 3D-printed by an extrusion process (Biobot 1 3D printer), after reaching the appropriate 
viscosity  (between 2500 and 4500 mPa/s) during sol-gel  condensation (Fig. 4). 

Figure 4: 3D printing of hybrid PEG hydrogel

Collagen peptide-based hydrogels

We wanted to replace the PEG by a more biomimetic building block. Collagen being the most abundant protein 
found in ECM, we chose to synthesize several peptides presenting the proline-hydroxyproline-glycine repetition 
unit (from 3 to 9 units) found in natural collagen sequence. Flanked by two lysine residues, these peptides were 
bis-silylated (Fig. 5).[3] 
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Figure 5: Synthesis of bisilylated collagen-like peptides

Hybrid peptide hydrogels were obtained by sol-gel  process at 6-10 %weight  concentration. Noteworthy, we 
demonstrated that human mesenchymal stem cells  (hMSC) could be seeded on the surface of hydrogels but also 
could be embedded directly in the solution during gelation with a good viability. The incorporation of silylated 
hyaluronic acid, peptide ligands and growth factors (TGFβ -3) to mimic the ECM composition of cartilage is 
under investigation to induce the hMSC differentiation into chondrocytes for cartilage repair applications. 
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