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Abstract (English) 

Glycosaminoglycans (GAGs) are involved in various biological functions, regulating tissue 

homeostasis and cellular differentiation in the human body. These long polysaccharide chains 

interact with a wide range of proteins that modulate the cellular behavior, including growth 

factors, chemokines, cytokines and morphogens. The interactions of GAGs with proteins 

mainly rely on negatively charged sulfate groups distributed along the polysaccharide chains, 

which bind to positively charged regions of proteins. Through these sulfation-dependent 

interactions, GAGs regulate the bioactivity and spatial distribution of proteins, thereby 

modulating their induced cellular responses. Among GAGs, heparan sulfate (HS) was reported 

to have a crucial role in regulating the bioactivity of bone morphogenetic proteins (BMPs), and 

in particular BMP2. As suggested by their name, BMPs are involved in the regulation of bone 

development. Interestingly, the deficiency of HS polymerization enzymes has been associated 

to an elevated BMP signaling and to a human disorder characterized by the formation of 

osteochondroma. In contrast to HS, the role of other GAGs in the regulation of BMP signaling 

has not been determined.  

In this PhD thesis, we aimed at deciphering the role of the different GAGs in BMP signaling, 

including HS, chondroitin sulfate (CS), dermatan sulfate (DS), and hyaluronic acid (HA). To 

this end, we conducted molecular interaction studies and cellular studies, aiming to provide a 

comprehensive understanding of the interactions between GAGs and BMP2, and of their role 

in modulating the signaling. The binding affinities and kinetic properties of the GAG-BMP2 

molecular interactions were investigated with biolayer interferometry (BLI). Our findings 

revealed a much stronger affinity of BMP2 for HS compared to the other GAGs, and differences 

were observed between CS types. Alongside, we investigated the effect of the interactions 

between GAGs and BMP2 on the cellular response using previously developed biomaterials, 

called biomimetic streptavidin platforms. Methodological developments have been achieved to 

allow a platform construction on glass substrates and the automation of the process permitting 

their functionalization in 96-well plates. Using these platforms, we explored the role of distinct 

GAGs on BMP signaling, but also of their localization (cell surface or extracellular), an aspect 

which has not been fully understood. Our results highlighted a distinct role of cell surface and 

extracellular GAGs, and distinct roles of HS and CS. Specifically, cell surface HS appeared to 

inhibit BMP2 signaling while cell surface CS promoted it. On the other hand, extracellular HS 

bound BMP2 and allowed its signaling, while CS had no observable effect.  
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The sulfation patterns of GAGs is key factor regulating the binding and bioactivity of proteins. 

In the literature, the extensively studied interactions of HS with antithrombin III and FGF1 are 

striking examples of how specific sulfation motifs and sequences are crucial for the bioactivity 

of proteins. We aimed to explore whether in a similar way the interaction of BMP2 with HS is 

dependent to specific sulfation motifs. To address this, we prepared a library of HS-

oligosaccharides and we investigated the molecular interactions of the synthesized compounds 

with BMP2 using BLI technique. Our findings revealed a HS trisulfated disaccharide sequence 

(IdoA(2S)-GlcNS(6S)) that appeared to mediate high-affinity binding with BMP2. However, 

this sequence was not unique in mediating high-affinity binding and our data suggest that BMP2 

exhibits some structural plasticity that allows its binding to various HS sulfation patterns. The 

multiple findings of this thesis constitute important bricks in the understanding of the complex 

interplay between GAGs and growth factors. 
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Abstract (French) 

Les glycosaminoglycanes (GAG) sont impliqués dans diverses fonctions biologiques, régulant 

l'homéostasie des tissus et la différenciation cellulaire dans le corps humain. Ces chaines 

polysaccharidiques interagissent avec de nombreuses protéines qui modulent le comportement 

cellulaire, telles que les facteurs de croissance, les chimiokines, les cytokines, et les 

morphogènes. Les interactions GAGs-protéines reposent principalement sur des groupes 

sulfates chargés négativement, répartis le long de la chaîne polysaccharidique et se liant aux 

régions chargées positivement des protéines. Par ces interactions, les GAGs régulent la 

bioactivité et la localisation des protéines, modulant ainsi les réponses cellulaires induites par 

ces dernières. Parmi les GAGs, l'héparane sulfate (HS) joue un rôle crucial dans la régulation 

de la bioactivité des protéines morphogénétiques osseuses (BMPs), telles que BMP2, 

impliquées dans le développement osseux. La déficience d’enzymes de polymérisation de l'HS 

a notamment été reliée à une signalisation élevée des BMPs et à une maladie génétique 

caractérisée par la formation d'ostéochondromes. Cependant, le rôle d'autres GAGs dans la 

régulation de la signalisation des BMPs demeure énigmatique.  

Cette thèse cherche à élucider le rôle de différents GAGs dans la signalisation de la BMP2, dont 

les chondroïtines sulfate (CS), les dermatanes sulfate (DS), les acides hyaluroniques (HA), et 

les HS. Pour cela, nous avons mené des études d'interactions moléculaires et des études 

cellulaires, pour comprendre de façon globale les interactions entre les GAG et la BMP2, et 

leur rôle dans la signalisation cellulaire. Les affinités de liaison et les propriétés cinétiques de 

ces interactions moléculaires ont été étudiées via une technique d’interférométrie optique (BLI). 

Les résultats ont révélé une affinité plus élevée de la BMP2 pour les HS que pour les autres 

GAGs, et des variations d’affinité entre différents types de CS. Parallèlement, l'effet des 

interactions entre les GAG et la BMP2 sur la réponse cellulaire a été exploré grâce à des 

biomatériaux appelés plateformes biomimétiques de streptavidine. Des développements 

méthodologiques ont permis la construction de ces plateformes sur des substrats en verre et 

l'automatisation de leur fonctionnalisation dans des plaques 96 puits. Utilisant ces plateformes, 

nous avons étudié le rôle de différents GAGs sur la signalisation BMP, mais aussi le rôle de 

leur localisation (surface cellulaire ou extracellulaire), un aspect peu exploré jusqu’à présent. 

Nos résultats ont mis en évidence un rôle distinct des GAGs de surface cellulaire et 

extracellulaires, ainsi que des rôles distincts des HS et des CS. Plus précisément, les HS de la 

surface cellulaire semblent inhiber la signalisation de la BMP2 alors que les CS de la surface 
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cellulaire la favorisent. D'autre part, les HS extracellulaires interagissent avec la BMP2 et 

permettent sa signalisation, tandis que les CS n'ont pas d'effet détectable. 

Les motifs de sulfatation des GAG constituent un facteurs clé qui régule la liaison et la 

bioactivité de certaines protéines. Nous avons cherché à savoir si, de la même manière, 

l'interaction de la BMP2 avec les HS dépend de motifs de sulfatation spécifiques. Pour cela, 

nous avons préparé une librairie d’oligosaccharides d’HS et nous avons étudié les interactions 

moléculaires de ces composés avec la BMP2 par la technique BLI. Nos résultats ont révélé le 

rôle d’un motif disaccharidique trisulfaté d’HS (IdoA(2S)-GlcNS(6S)) qui semble promouvoir 

une affinité importante avec la BMP2. Cette séquence n'était cependant pas unique à 

promouvoir des interactions de haute affinité et nos données suggèrent que la BMP2 présente 

une certaine plasticité structurelle qui lui permet de se lier à divers motifs de sulfatation des HS. 

Les conclusions de cette thèse fournissent des éléments essentiels à la compréhension des 

interactions complexes entre les GAG et les facteurs de croissance. 
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I.A. Prolog 

Bones are essential tissues of our body, providing structural support, allowing motor capability 

and protecting vital organs[1]. In bone and other tissues, glycosaminoglycans (GAGs) play a 

crucial role in the development and homeostasis, by regulating the activity and diffusion of 

bioactive molecules[2]. Incorporating GAGs into biomaterials has emerged as a widely adopted 

strategy in medical applications due to their biocompatibility and ability to control the release 

of bioactive molecules[3]. The use of GAG-based biomaterials is broadly investigated for bone 

repair clinical applications to deliver bone morphogenetic proteins (BMPs), which exhibit a 

strong potential in inducing bone formation[3,4]. In particular, the bone morphogenetic protein 

2 (BMP2) is widely employed since it has been approved for clinical use by the Food and Drug 

Administration (FDA)[5]. 

GAGs are known to modulate the BMP cell signaling in vivo and their absence leads to skeletal 

defects, highlighting their role in the regulation of bone development[6]. However, the precise 

role of GAGs in BMP signaling remains unclear. The interplay between GAGs and BMP holds 

significant importance for the design of BMP-delivering GAG-based biomaterials, and 

therefore, the effect of these interactions at the cellular level should be better understood to 

enable their safe use in clinics. The main objective of this thesis was precisely to decipher the 

effects of the interplay between BMP2 and different GAGs, to provide fundamental knowledge 

for the development of future applications. Specifically, we sought to compare the modulation 

of BMP2 signaling exerted by different GAGs, in particular heparan sulfate (HS) and 

chondroitin sulfate (CS). 

The following chapters introduce the context of GAGs, BMPs, and their interactions. 

Furthermore, we present the development of biomaterials for investigating the role of GAGs in 

a biomimetic context and we provide novel insights about the regulation of BMP2 signaling 

mediated by GAGs. During my PhD, I have written a review about GAG-based biomaterials 

(Annex information) that we submitted to Advanced Materials. Some sections of this review 

were extracted and appropriately inserted into the introduction of this thesis. 
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I.B. Proteoglycans and glycosaminoglycans 

I.B.1. Classification of glycosaminoglycans (Review published in Advanced Materials, 

Annex)  

I.B.1.a. Heparin 

Glycosaminoglycans (GAGs) are the most abundant polysaccharides in the human body. The 

GAG family includes Heparin (Hep), Heparan Sulfate (HS), Chondroitin Sulfate (CS), 

Dermatan Sulfate (DS), Keratan Sulfate (KS) and Hyaluronic Acid (HA) (Table 1). 

Every GAG is constituted by the repetition of a disaccharide unit, forming linear and negatively 

charged chains. Except for HA, these chains are covalently linked on a protein core to form a 

proteoglycan (PG) in a well-defined manner. The most important modifications of GAG chains 

are the transfer of sulfate groups at specific positions of the disaccharide units, which are 

catalyzed by various sulfotransferase enzymes. By precisely controlling the positions of sulfate 

groups all along the GAG chain, these sulfation enzymes can generate many different sulfated 

saccharide sequences, leading to a tremendous structural diversity. These different 

combinations of highly negatively charged sulfate groups mediate the interactions with a 

myriad of proteins. A recent extensive literature research revealed the existence of more than 

3400 distinct GAG-binding proteins[7]. By interacting with proteins, GAGs can regulate their 

activity, their structural conformation, their interaction with cell receptors and their spatial 

distribution[8,9]. Through these interactions, GAGs govern a large number of biological 

functions in the organism[2]. Mutations of the genes associated to GAG biosynthesis are often 

related to phenotypical defects[10]. It suggests that the GAG biosynthesis is highly regulated and 

some evidence indicate the existence of compensation effects between GAGs. Indeed, 

alterations of both HS length or sulfation in chondrocytes have been correlated with a strong 

increase of CS content[11,12]. Due to their negative charge, the GAG chains adopt an extended 

conformation in aqueous solutions.  

 Disaccharide unit Tissue prevalence Biological functions 

Hep 

  

Intracellular granules of mast cells [13] 

Lung arteries 

Liver and skin 

Bipotential glial progenitor cells 

Anti-coagulation 

Anti-inflammation 

Anti-proliferation 

Anti-metastatic 
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HS  
 

 

Basement membranes 

Cell surface of all cell types 

ECM of all tissues 

Cell differentiation and proliferation 

Cell-cell interactions 

Tissue morphogenesis and organ function 

Interactions with GFs, cytokines and cell 

adhesion molecules 

Inflammation 

HA  

 

Synovial fluid  

Articular cartilage 

 Skin 

Vitreous humor 

ECM of loose connective tissues 

Umbilical cord 

ECM assembly[14–16] 

Resilience to compression 

Molecular weight dependent: 

▪ pro/anti-cancerous[17] 
▪ pro/anti-inflammatory[17] 
▪ pro/anti-angiogenic[17] 
▪ pro/anti-proliferation[17] 

KS  

 

Cornea 

Bone 

Cartilage 

Central and peripheral nervous 

system 

Corneal ECM assembly for light passage and 

hydration 

Resilience to compression 

Guidance of neural growth and regeneration  

CS  

 

Cartilage 

Bone 

Brain 

Heart valves 

Elasticity and anti-inflammatory properties 

Guidance of neural growth and regeneration  

Angiogenesis (CS-E) 

DS  

 

 

Skin 

Blood vessels 

Heart valves 

Cornea 

Tendons 

Lung 

Wound repair 

ECM assembly with collagen 

Inflammation 

Anticoagulation 

Neural guidance and development 

Cell proliferation, invasion, and metastasis 

Table 1. Structure, location, and biological functions of the different GAGs 

In the disaccharide unit column are presented both the chemical structure and the representation with the Symbol 

Nomenclature for Glycans (SNFG). R2, R3, R4, R6, R6’ and R indicate H or SO3
- groups. 

Heparin (Hep) was discovered in 1916. It was first extracted from the liver but it is also present 

in the intracellular granules of mast cells, lung arteries, skin and in the bipotential glial 

progenitor cells. L-iduronic acid (IdoA) and N-sulfated glucosamine (GlcNS) are the two major 

components of the Hep disaccharide unit. With a substantially lower proportion, some 

disaccharides can also be composed of a D-glucuronic (GlcA) and an N-Acetyl glucosamine 

(GlcNAc). Hep can be sulfated at the C-2 hydroxyl of the Hexuronic Acid (HexA), at the C-2 

amine of the GlcNAc (which becomes GlcNS) and at the C-3 and C-6 hydroxyl of the GlcNAc 

or GlcNS. Hep exhibits the highest sulfation degree among GAGs, with approximately 1.6 to 

3.0 sulfates per disaccharide unit[18,19], which explains its high affinity for various proteins with 

electropositive surfaces. Hep is particularly recognized in the medical field for its exceptional 

anticoagulant properties, but it can also inhibit cell proliferation, inflammation and tumor 

metastasis[20].  
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I.B.1.b. Heparan Sulfate 

Heparan sulfate (HS) is closely structurally related to Hep. Originally, the less sulfated HS was 

considered as a side product of Hep purification and attracted less attention[21,22]. It was 

discovered later that Hep and HS follow the same biosynthesis pathway but Hep undergoes 

more modification steps than HS (sulfation, epimerization of GlcA into IdoA). Therefore, the 

main disaccharide unit of HS comprises a D-glucuronic (GlcA) and an N-Acetyl glucosamine 

(GlcNAc), although the reality is more complex. HS chains are organized in a succession of 

relatively homogeneous, poorly sulfated and modified regions (NAc domains) alternating with  

highly sulfated domains (NS domains), which are more prone to epimerization of GlcA into 

IdoA[23]. As a result, the sulfation degree of HS chains is generally between 0.4 and 2.0 sulfates 

per disaccharide, even if it can be sulfated at the same positions as Hep[18,19]. Differently from 

Hep, HS is produced ubiquitously in the body at the cell-surface of virtually all cell-types, and 

is present in the ECM of all tissues, especially in basement membranes. HS is involved in wide 

range of functions such as cell differentiation, tissue morphogenesis, cell interactions and 

proliferation, and interaction with GFs, cytokines and cell adhesion molecules[24–33].  

I.B.1.c. Hyaluronic acid 

Hyaluronic acid (HA), or hyaluronan, was first discovered in 1934 by Karl Meyer and John 

Palmer[34]. It is abundantly found in soft tissues such as synovial fluid, articular cartilage, skin, 

vitreous humor, ECM of loose connective tissues and in the umbilical cord. HA is peculiar 

because it is the only GAG that is unsulfated and never linked to a PG. Its disaccharide unit is 

composed of a GlcA and a GlcNAc like HS/Hep but with 𝛽1 → 3 and 𝛽1 → 4 glycosidic bonds 

instead of 𝛽1 → 4 and 𝛼1 → 4, since the biosynthesis of HA is performed by different enzymes 

than for HS/Hep. Although not sulfated and thus interacting with fewer proteins than other 

GAGs, HA is playing key roles in the ECM of various tissues for hydration preservation and 

resilience to compression. In cartilage and brain tissues, it mediates the ECM assembly through 

binding with several chondroitin sulfate PGs (CSPGs) such as aggrecan, neurocan, versican and 

brevican[35]. It also regulates cell-adhesion and motility through its well-studied CD44 and 

RHAMM cell receptors[36,37]. Many studies have reported that HA plays different roles 

depending on its molecular weight[17]. Generally, high molecular weights HA (HMW HA) are 

related to tissue homeostasis with anti-inflammatory, anti-proliferative, anti-angiogenic and 

anti-metastatic effects. On the other hand, low molecular weight HA (LMW HA) are often 

considered as an alarm signal related to inflammation, angiogenesis and metastasis[17]. It is 

important to acknowledge that even though most studies support this view, there are several 
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opposing results indicating cancer-promoting effects of HMW HA, which could be related to 

differences of cancer types[17].  

I.B.1.d. Keratan Sulfate 

Keratan Sulfate (KS) was initially identified in the cornea in 1939 by Suzuki et al[38]. Although 

having important functions in the cornea, central and peripheral nervous systems, cartilage and 

bone, it is probably the least studied GAG. The structure of KS is atypical compared to the other 

GAGs because its disaccharide unit does not feature a HexA (IdoA or GlcA). The disaccharide 

unit of KS is composed of Gal and GlcNAc residues that can be both sulfated at their C-6 

hydroxyl groups. Generally, its overall sulfation degree is comprised between 0.9 and 1.8 

sulfates per disaccharide[19]. As opposed to the other GAGs, KS is associated to its core proteins 

by a branched glycosylation linkage that is not always connected to serine residues but may 

instead be coupled to a threonine or asparagine[39]. Furthermore, the attachment to their protein 

core involves complex N-linked or O-linked glycans. A classification has been established to 

differentiate the various KS types depending on their structure and location. KS-I/-II/-III are 

respectively associated to the cornea, cartilage and brain tissues. KS has an essential function 

in the cornea for the organization of collagen fibers to allow proper light transmission. KS can 

also regulate bone mineralization and bone induction. Within cartilage, when combined with 

aggrecan, it provides hydration and elasticity characteristics to the tissue, enabling it to 

withstand compression and shocks[40]. And finally in the brain, it contributes to neural guidance, 

development and regeneration with notably involvement in the promotion of neuron-glial cells 

interactions, myelination and axonal repair[39].  

I.B.1.e. Chondroitin Sulfate 

Chondroitin Sulfate (CS) was first isolated by Fisher and Boedecker in 1861[41]. Mainly located 

in cartilage tissues, CS is also present in bone, brain and heart valves in important proportions. 

Its disaccharide unit is composed of GlcA and N-Acetyl galactosamine (GalNAc). In human, 

its sulfation degree varies between 0.1 and 1.3 sulfates per disaccharide[10,19]. Natural sulfation 

can occur at the C-4 or C-6 hydroxyl of the GalNAc and at the C-2 and C-3 hydroxyl of the 

GlcA[42,43]. The different sulfation combinations for a disaccharide are classified as specific 

units (A, C, D, E, etc…), which are depicted in the Figure 1. In cartilage, the CS is mainly 

attached to aggrecan in very large number, which confers its elasticity and anti-inflammatory 

properties[44,45]. In the nervous system, CS chains behave as cues for the guidance of neural 

development and regeneration[46,47]. CS plays also roles in angiogenesis, in particular for the 

CS-E sulfation pattern[48].  
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Figure 1. Distribution of sulfates in different CS types.  

Here are represented the main O-,A-,C-,D-,E- units and the more rare K-[49,50],  L-[49], M-[49,51], R-[52],  S-[53],]T-[54], 

U-[55], and V-[55] units. The star symbol * indicates a unit that was synthesized but not identified nor extracted from 

natural source. 

I.B.1.f. Dermatan Sulfate 

Dermatan sulfate (DS) was first extracted from skin by Karl Myer in 1941[56]. In addition, DS 

is also widely distributed in blood vessels, heart valves, cornea, tendons and lung. The 

disaccharide unit of DS is composed of IdoA and GalNAc. In old scientific publications, DS 

was referred as CS-B, before the classification changed. DS and CS can be distinguished by the 

presence of IdoA moieties in the former. DS can be sulfated at the C-4 or C-6 hydroxyl of the 

GalNAc and at C-2 hydroxyl of the IdoA, which results in a polysaccharide with a sulfation 

degree between 1 and 3 sulfates per disaccharide[10,19]. It is involved in various biological 

functions including wound repair, ECM assembly with collagen fibers, inflammation, anti-

coagulation, neural guidance, cell proliferation, invasion and metastasis[56,57].  

I.B.2. Structure and classification of proteoglycans 

With the exception of HA, GAGs are found covalently linked on a protein core to form a 

proteoglycan (PG) in a well-defined manner. More than forty PGs have been identified and can 

be classified based on the sequence of their protein core, their location, or by their number and 

type of GAG chains[58]. The size of protein cores varies between 10 and 500 kDa and their 

amino acid sequence define the number and the positions of GAG linkages[59]. Depending on 

their protein core, PGs can carry between one to more than a hundred GAG chains of one or 

different GAG types[59]. PGs are present at different locations: in the ECM, at the cell surface, 

in the blood stream or even in intracellular vesicles. A few common PGs are schematically 

represented in the Figure 2 to illustrate important structural properties including the number 

and the type of GAG chains, the size and conformation of the protein core and its possible 

linkage to the cell-surface. The location of these PGs is related to different biological functions, 

but several questions remain to be elucidated. In particular, it is not clear whether cell-surface 

and extracellular PGs have identical or distinct functions in cell signaling.  
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Figure 2. Schematic representation of various PGs 

Cell-surface PGs correspond to glypican and syndecans that are attached to the cell membrane either by a GPI-

anchor or by their transmembrane domain. Syndecans, among others, are hybrid PGs and may carry both HS and 

CS chains while glypicans carry exclusively HS chains. Aggrecan, perlecan, decorin and biglycan are 

extracellular matrix PGs secreted by the cells. They exhibit different core protein structures, carrying a highly 

variable number of GAG chains. Aggrecan is also able to bind HA via its N-terminal domain containing a G1 

globular domain. Reproduced with permission[59]. 

In 2015, Iozzo and Schaeffer proposed a novel and comprehensive classification of PGs, based 

on criteria of localization in the cell environment, overall gene/protein homology, and the 

presence of specific protein modules within their protein cores (Figure 3)[58]. PGs are classified 

within four major classes: intracellular, cell-surface, pericellular and extracellular. In this 

manuscript, we chose to detail only the cell-surface and extracellular PGs featuring HS, CS or 

DS chains. For extracellular PGs that are abundant, only the most relevant for bone tissues are 

presented[60]. Most functions of PGs are attributed to their GAG chains and have been described 

in the previous section. Therefore, the following description of PGs focuses on their protein 

core structures and associated specific functions. 
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Figure 3. Classification of PGs based on their location characteristics 

PGs are classified in four groups: intracellular, cell-surface, pericellular and extracellular. Further information 

about their GAG characteristics and specific modules of their protein cores are also depicted. Reproduced with 

permission under the terms of CC BY NC ND licence[58]. Copyright 2015, Iozzo and Schaefer, published by 

Elsevier. 

I.B.2.a. Cell-surface proteoglycans 

Cell-surface PGs (csPGs) are associated with the plasma membranes of cells, either directly 

through an intercalated protein core or indirectly through a glycosyl-phosphatidyl-inositol 

(GPI) anchor. Transmembrane PGs are composed of syndecan 1-4, NG2, betaglycan and 

phosphacan, while GPI-anchored PGs correspond to the glypican family. The GAG chains 

exhibited by cell-surface PGs are limited to HS, CS and to a lesser extent DS. 
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GPI-anchored proteoglycans/Glypicans 

Glypican are a family of PGs that are linked to the cell surface by a GPI anchor. Six members 

of this family (Glypican 1-6) have been identified in mammals and two in Drosophila 

melanogaster (Dally and Dlp)[61]. They are characterized by a protein core between 60 and 70 

kDa with moderate homology among the family except for the conserved positions of 14 

cysteine residues, suggesting that the three-dimensional structures of glypicans are similar. 

Another characteristic that is shared by all glypicans is the location of the linkage sites for the 

GAG chains, which seems to be restricted to the last 50 amino acids in the C-terminus, placing 

the chains close to the cell membrane. Glypicans carry from one to three GAG chains and are 

considered as strict heparan sulfate proteoglycans (HSPGs), although glypican-5 was reported 

to carry CS chains under specific conditions[62]. Even though these proteins lack transmembrane 

and cytoplasmic domains, it has been demonstrated that glypicans are involved in cellular 

response to various growth factors and morphogens[63–66]. A mutation in its gene has also been 

associated with Simpson-Golabi-Behmel overgrowth syndrome[59]. Finally, some biological 

properties of glypicans may be attributed to their GPI membrane anchoring, enabling their 

localization within specialized membrane microdomains called "lipid rafts", including or 

excluding specific cell-membrane receptors[67–69]. 

Transmembrane proteoglycans  

• Syndecans 

The syndecan family is composed of four members that all display an intracellular domain, a 

transmembrane domain and an ectodomain exhibiting GAG chains. The intracellular and 

transmembrane domains are rather conserved (60-70%) among syndecans, while their 

ectodomains have a low homology (10-20%). Short sequences at the N-terminal extremity of 

their ectodomains are however conserved in the four syndecans and correspond to attachment 

sites for HS chains. Syndecans -1 and -3 additionally present attachment sites for CS chains in 

the membrane-proximal region of the ectodomain. Syndecan-4 can carry CS chains as well, but 

their positions have not been elucidated[70]. Overall, syndecans are considered as hybrid HS/CS 

PGs and can carry up to four HS chains and two CS chains. The transmembrane domains of 

syndecans can form homodimers or heterodimers and this clustering could be of importance 

since antibody-induced dimerization of syndecans can trigger signaling[58,71]. Adding to the 

common role of PGs to interact with various growth factors, syndecans have a key role in cell 

adhesion mechanisms and cytoskeletal organization. Their intracellular domain contain an 

EFYA PDZ-binding site that plays a key role in their anchoring to cytoskeletal components.[58] 
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In relation with that, syndecan-4 activity is crucial to establish focal adhesion and depends on 

its mutimerization[72,73]. Syndecans such as other PGs can be cleaved at specific sites close to 

the plasma membrane, releasing a part of their ectodomain in the extracellular domain. This 

naturally occurring process is called “shedding” and will be described further in the section 

“I.B.4. Proteoglycans post-synthesis regulation and turnover”. 

• Betaglycan 

Betaglycan, also called TGF- type III receptor, is a ubiquitously expressed transmembrane 

cell surface PG that acts as a co-receptor for protein members of the transforming growth factor 

beta (TGF-β) superfamily. Betaglycan can present up to two HS or CS chains. It was classified 

as part-time PG, since it can exist with or without a GAG chain[72]. Interestingly, betaglycan is 

able to bind its TGF- ligand with high affinity, independently of its GAG chains[74]. Its 

cytoplasmic domain is short and contains like syndecans a PDZ-binding domain. 

• Phosphacan 

Receptor protein tyrosine phosphatase zeta (RPTP) is a transmembrane CSPG that interacts 

with neurons and neural cell-adhesion molecules (N-CAM). Its gene (PTPRZ1) encodes a 

single-pass type I membrane protein with a relatively large ectodomain harboring a fibronectin 

type III domain commonly found in cell adhesion molecules. The ectodomain contains up to 

five GAG-binding sites for CS or DS chains that can be substituted in some cases with KS 

chains. The shed ectodomain of RPTP corresponds to its extracellular isoform called 

Phosphacan. RPTP and Phosphacan have been reported to bind with high affinity to neural 

cell adhesion molecule (N-CAM), neuron-glia cell adhesion molecule (Ng-CAM), and neuron-

glia-related cell adhesion molecule (Nr-CAM), as well as other cell surface molecules like 

contactin[75]. Therefore, while RPTP seems to promotes neuronal adhesion and neurite 

outgrowth, Phosphacan seems to have the opposite effect[76,77]. It has been recently 

demonstrated that RPTP act as structural regulators of perineuronal nets[75]. Furthermore, it 

has been suggested that Phosphacan, which is abundantly expressed in the neural stem cells 

niche, may help to create the favorable environment that supports self-renewal and maintenance 

of the cells[78]. 

Other cell-surface PGs 

There are other members of the cell-surface PG group. NG2 (also termed CSPG4) is a CSPG 

associated to melanoma and promotes tumor vascularization. Its ectodomain contains a D2 

domain that exhibits attachment sites for the CS chains as well as a repetition of fifteen ‘CSPG’ 
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motifs that binds directly to collagens V and VI and mediate cell-matrix interactions[58]. An 

isoform of the FGF2 receptor, FGFR2-IIIb, carries an HS chain increasing the affinity for its 

ligand[79]. Similarly, several members of the transmembrane hyaluronan cell-receptor CD44 

family can carry HS or CS chains. Members of the CD44 family arise from alternative splicing 

of a single gene. The isoforms CD44H, CD44E and CD44 Epican can carry CS chains, but HS 

chains have only been identified on Epican[80]. Interestingly, while CD44 members are 

generally expressed on many epithelial, mesenchymal and hematopoietic cells, the expression 

of Epican is restricted to epithelial cells, mostly stratified squamous epithelial cells. 

 

I.B.2.b. Extracellular proteoglycans 

In the Figure 3 of Iozzo and Schaeffer, pericellular PGs are distinguished from extracellular 

PGs. The explanation is that agrin, perlecan, collagen XV and collagen XVIII are extracellular 

PGs generally in close vicinity to the plasma membranes of cells (pericellular). Another 

characteristic of this distinction is that pericellular PGs are prevalently HSPGs while 

extracellular PGs further to the cell membranes are essentially CS- or DS- carrying PGs. For 

simplification purpose, these two groups of PGs will be classified here as extracellular PGs. 

Small Leucine-Rich Proteoglycans (SLRPs) are the most abundant PGs found in the bone 

mineralized matrix[60,81]. SLRPs represent a group of extracellular PGs characterized by their 

relatively small protein core with a molecular weight ranging from 36 to 42 kDa, and a central 

region composed of leucine-rich repeats. SLRPs share similar functions such as the stabilization 

and organization of collagen fibers, or other roles in innate immunity and regulation of growth 

factor signaling. In this family of PGs, biglycan and decorin, have important functions in the 

bone homeostasis[81]. Interestingly, decorin and biglycan are predominantly modified with CS 

chains within mineralized matrices, while they predominantly carry DS chains within soft 

connective tissues[81]. 

• Biglycan 

Biglycan is a class I SLRP containing two GAG chains, which are attached on amino acids 5 

and 10 in humans. Biglycan-deficient mice develop age-dependent osteopenia and fail to 

achieve peak bone mass. These mice have a reduced number of bone marrow stromal cells, 

leading to lower osteoblast number and activity, increased osteoclast differentiation and 

activity, and reduced response to BMP2, BMP4 and TGF-β[82]. Biglycan can interact with TGF-

 via its protein core such as other SLRPs like decorin[83]. 
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• Decorin 

Decorin is also a class I SLRP. It contains only one GAG chain attached to a serine residue 

(Ser4). The interaction of decorin with TGF-β increases the ligand affinity to its receptors and 

thus its activity. At the difference of biglycan, decorin-deficient mice display a fragile skin 

phenotype but without any apparent effect on bone mass or architecture. The structural 

similarity of decorin and biglycan suggests possible function redundancy, supported by 

overexpression of one due to ablation of the other. Double-deficient mice support this 

hypothesis with a more severe and premature skeletal phenotype with reduced cortical and 

trabecular bone mass[81]. 

• Perlecan 

Perlecan is an extracellular/pericellular strict HSPG and a major component of all basement 

membranes. Its large protein core of 400-500 kDa is composed of five domains with homology 

to N-CAM and laminin, therefore playing a role in cell adhesion[58,84]. The C-terminal domain 

is essential for supramolecular assembly of the basement membranes[81]. When cleaved by 

enzymes, this domain called Endorepellin is released in the ECM where it appears to exhibit 

anti-angiogenic properties[85]. On the other side, the N-terminal domain carries three HS chains 

that can interact with various components of the ECM, including osteogenic growth factors. 

Mutations in the human perlecan gene result in two rare diseases, namely Silverman-

Handmaker-type dyssegmental dysplasia and Schwartz-Jampel syndrome type 1. These 

conditions are characterized by various clinical features, including short-limbed dwarfism, 

myotonic myopathy, dystrophy of epiphyseal cartilages, and joint contractures[81]. 

• Aggrecan 

Aggrecan is a main component of cartilage tissues and brain tissues. It is the largest form of PG 

identified and it belongs to the hyalectan family of PGs that bind HA. The protein core of 208-

220 kDa is not the largest, but it carries about one hundred of CS chains and twenty KS chains. 

It features a G1 domain and a link module that interact with hyaluronan to form a very stable 

network, contributing to the mechanical properties of cartilage[58]. The important number of 

GAG chains provides a prodigious capacity of water retention that contributes to the resilience 

property of cartilage upon compression and shocks. Moreover, the G3 domain of aggrecan 

interacts with tenascins, fibulins and sulfated glycolipids, connecting various elements of the 

extracellular matrix. In the brain, aggrecan is primarily expressed in perineuronal nets. 

Mutations in the human aggrecan gene lead to conditions characterized by short stature and 

skeletal abnormalities, specifically chondrodysplasia and spondyloepiphyseal dysplasia[81]. 
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I.B.3. Biosynthesis of proteoglycans 

The PG protein core is initially produced within the rough endoplasmic reticulum (ER), after 

which it undergoes glycosylation modifications in the different compartments of the Golgi 

apparatus. The first step initiating the GAG chain synthesis consists in the addition of a Xyl-

Gal-Gal-GlcA tetrasaccharide linker to the protein core (Figure 4). The formation of the 

tetrasaccharide begins with a xylosyltransferase (XylT1 or XylT2) that transfers a xylose (Xyl) 

residue to a serine residue of the protein core, generally juxtaposed to a glycine residue[86]. This 

step occurs in the ER or in the cis-Golgi compartment depending on the cell type. The 

xylosylation process is not necessarily exhaustive, which may explain why PGs with multiple 

potential attachment sites exhibit a variable number of GAG chains in different cells[59]. Next, 

in the cis-Golgi and the medial-Golgi compartments, two galactose (Gal) residues are 

transferred successively by GalT-1 and GalT-2 enzymes. The tetrasaccharide linker formation 

is completed in the medial- or the trans-Golgi with the transfer of a glucuronic acid (GlcA) 

residue by the GlcAT-1 enzyme. Alternatively, as previously mentioned, KS chains are linked 

to asparagine, serine, or threonine residues of the protein core via complex N-linked or O-linked 

glycans[87]. The different biosynthesis of KS PGs is not detailed here but it has been reviewed 

previously[87]. 

 

Figure 4. Biosynthesis of the GAG tetrasaccharide linker 

Transmembrane glycosyltransferases catalyzing the transfer of monosaccharide residues to the protein core of 

PGs are represented in the intracellular space of the Golgi/ER compartments. The residue catalyzed after the 

tetrasaccharide linker constitutes the divergence point in HS and CS biosynthesis. Reproduced with permission[88]. 

The addition of the next residue to the tetrasaccharide linker determines the nature of the 

synthesized GAG chains. The transfer of a GlcNAc residue leads to the synthesis of HS chains, 

while the transfer of a GalNAc residue is associated to the synthesis of CS/DS chains. The 
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regulation mechanisms of this determinant step remain unclear. Several potential mechanisms 

have been previously reviewed, including modification of the linker residues such as the 

sulfation of Gal residues that would promote CS/DS synthesis, and the 3-O sulfation of the 

GlcA linker that would prevent CS/DS synthesis in some cases[89]. The acidic and hydrophobic 

characteristics of the polypeptide sequence in proximity to the serine attachment site may also 

have an influence[90]. Several enzymes appear to be involved in this crucial step.  

For the synthesis of HS/Hep, EXTL2 and EXTL3 glycosyltransferases of the exostosin family 

exhibit GlcNAcT-I activity that catalyzes the transfer of a GlcNAc upon the tetrasaccharide 

linkage[91]. EXTL3 exhibits both GlcNAcT-I (transfer of GlcNAc to the tetrasaccharide linker) 

and GlcNAcT-II (chain polymerization) activities and is therefore involved in both HS 

initiation and polymerization. EXTL2 appears to be involved in the termination of GAG chain 

biosynthesis by catalyzing either a GlcNAc to a Xyl-phosphorylated tetrasaccharide linker[92], 

or a GalNAc to the tetrasaccharide linker, but with an unusual (1-4) glycosidic linkage[93]. 

Both activities terminate the GAG chain elongation by preventing the additional transfer of 

residues[93,94]. Alternatively, for the synthesis of CS/DS chains, GalNAcT-1 and GalNAcT-2 

enzymes catalyze the transfer of a GalNAc to the tetrasaccharide linker[44,95]. 

The GAG linkers are then elongated by several biosynthesis enzymes coupled to sugar donors 

(UDP-GlcNAc, UDP-GalNAc, UDP-GlcA, etc…) in the medial-, trans-Golgi and trans-Golgi 

network compartments[10,23,44,95–98].  

The elongation of HS/Hep chains is achieved by the alternating transfer of GlcA and GlcNAc 

residues, mediated by other glycosyltransferases of the exostosin family (EXT1, EXT2). In the 

Golgi, EXT1 and EXT2 proteins form a hetero-dimeric complex harboring four 

glycosyltransferase domains with both GlcNAc and GlcA transferase activities. Interestingly, 

recent studies indicate that the EXT2 pseudo-GlcA-T domain lacks catalytic activity and 

propose that GlcA transfer is exclusively performed by EXT1[99]. The EXTL1 and EXTL3 

glycosyltransferases also possess GlcNAcT-II activity that catalyzes GlcNAc transfer for chain 

polymerization, even though their contribution remains unclear. EXTL1 exhibits a striking 

structural similarity to EXT1 and EXT2, but its absence in species such as C. elegans and D. 

melanogaster suggests that it may not be an essential component of the HS biosynthetic 

machinery[91].  

The elongation of CS/DS chains is performed by the combination of several enzymes, namely 

chondroitin synthase-1, -2 and -3 (ChSy-1, -2, -3), chondroitin polymerizing factor (ChPF), and 

chondroitin GalNAcT-1 and -2 (also referred as ChGn-1,-2). The former three enzymes ChSy-
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1, 2 and -3, show dual GlcAT-II and GalNAcT-II glycosyltransferase activities, but cannot 

polymerize CS chains by themselves. They apparently need to form hetero-dimeric enzyme 

complexes composed of any combinations of ChSy-1, ChSy-2, ChSy-3, and ChPF to exhibit 

strong CS polymerase activity[100]. The other GalNAcT-1 and GalNAcT-2 glycosyltransferases 

also exhibit GalNAcT-I (CS initiation) and GalNAcT-II (CS elongation) activities. Their 

contribution to the CS elongation process iss not clear, but some evidence suggests they could 

cooperate with sulfotransferases to control the chain length and number[100].  

The final step of PG biosynthesis is the maturation of the GAG chains, performed by several 

sulfotransferases that transfer sulfate groups at specific positions and epimerases that modify 

the stereoisomeric conformation of HexA moieties. The activity of sulfotransferases requires 

the presence of a sulfate donor molecule called 3’-phosphoadenosine 5’-phosphosulfate 

(PAPS), synthesized in the cytosol before its translocation to the Golgi. 

The maturation of HS/Hep starts with the N-deacetylation/N-sulfation of glucosamines 

performed by bifunctional N‐deacetylase/N‐sulfotransferase (NDST) enzymes (four isoforms). 

This step is responsible for generating the alternation between low-sulfated domains and high-

sulfated domains along the HS chain, termed NAc and NS domains, respectively. Especially, 

the NDST-1 has a critical role since it processes the substrate chain sequentially from the non-

reducing end toward the reducing end until it finds a previously sulfated glucosamine, thereby 

generating an NS domain[101]. This step is considered the divergence point in the biosynthesis 

of HS and Hep since NS domains greatly influence the subsequent sulfation and modification 

steps of the maturation. In mast cells producing mainly Hep, NDST-2 enzymes acting 

principally on low-sulfated regions are highly expressed and may play a role in extending NS 

domains[102]. Supporting this idea, NDST-2 defficient mice are unable to synthesize sulfated 

Hep[103]. Next, the C5-epimerase enzyme (also called Hsepi) may convert D-GlcA residues into 

L-iduronic acid residues. To catalyze this process, the C5-epimerase requires the presence of 

an adjacent GlcNS residue towards the non-reducing end of its substrate[104–106]. This process is 

reversible in vitro, yielding a 2:1 ratio of GlcA and IdoA but it was identified as irreversible in 

cellular systems. Further analysis of the modified HS chains revealed that most IdoA units were 

also 2-O sulfated, likely blocking the back-epimerization. Since the HS 2-O sulfotransferase 

(2OST) has a strong substrate preference for IdoA compared to GlcA[107,108] and that 2-O 

sulfation is irreversible, the proportion of IdoA residues in NS domains of HS/Hep is favored 

compared to GlcA. It was later found that C5-epimerase associates in vitro with 2OST, thereby 

generating contiguous epimerized and 2-O-sulfated HS domains[109]. Additionally, the physical 
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interaction of C5-epimerase and 2OST is required in vivo for their translocation from the ER to 

the Golgi compartments[110], suggesting they naturally work together. The final modifications 

of HS/Hep chains correspond to the 6-O sulfation and the 3-O sulfation of glucosamine 

residues, catalyzed by 6-O-sulfotransferases (6OSTs, 3 isoforms) and 3-O-sulfotransferases 

(3OSTs, 7 isoforms). The activity of 6OSTs seems to be less preferential for NS domains and 

targets low-sulfated NAc domains as well. The different 6OST isoforms were shown to have 

similar substrate specificities, with only minor differences linked to the presence of nearby 2-

O sulfated IdoA residues[111,112]. Finally, 3OSTs have been extensively studied, because of their 

contribution to the formation of 3-O sulfated sequences involved in the binding of antithrombin 

III (AT III, Section I.B.5.). Among the seven 3OST isoforms, only 3OST1 and 3OST5 are 

involved in the formation of the specific AT III binding sequence, while other isoforms show 

different substrate specificities. Remarkably, except for the 3OST1 isoform that is also secreted 

in the ECM, all the enzymes involved in HS biosynthesis are single-pass transmembrane type 

II proteins associated with the Golgi or the ER membranes.  

 

Figure 5. Elongation and maturation steps in the biosynthesis of HS/Hep chains 

EXT1 and EXT2 are the main enzymes that polymerize the chains. Next NDSTs catalyze the deacetylation and N-

sulfation of glucosamines generating NS and NAc domains. Then, the C5-epimerase and 2-O sulfotransferases act 

in association principally within NS domains to generate stable IdoA residues with 2-O sulfates, IdoA or more 

rarely GlcA2S residues. Finally, 3-O- and 6-O-sulfotransferases catalyze the transfer of additional sulfate groups. 

Reproduced under the terms of the CC BY-NC-ND 4.0 licence[59]. 

The maturation of CS/DS chains involves several sulfotransferases and two epimerases. The 

two DS-epimerases (DS-epi1 and DS-epi2) convert the GlcA residues of CS chains into IdoA 

residues characteristic of DS disaccharide units (i0-iE, Figure 6). The proportion of 
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epimerization from GlcA to IdoA can vary significantly, with the IdoA content ranging from a 

single IdoA residue per chain to nearly 100%. The hybrid nature of these galactosaminoglycan 

chains is defined by the term CS/DS. IdoA can be distributed in different patterns, such as 

continuous blocks, alternating structures of IdoA and GlcA, or isolated IdoA dispersed among 

unmodified GlcA residues. DS-epi1 activity in vitro generates structures with only a few 

adjacent IdoA units, while the formation of long IdoA blocks is more common in vivo. 

Interestingly, the in vivo 4-O sulfation of adjacent GalNAc residues catalyzed by the dermatan 

4-O-sulfotransferase 1 (D4ST1) facilitates the activity of DS-epi1 and the formation of 

contiguous IdoA-containing blocks with iA units[113]. Studies showed that DS-epi1 and D4ST1 

colocalize in the Golgi and that they can form homomeric and heteromeric complexes with DS-

epi2[113].  

Three isoforms of 4-O-sulfotransferases (C4ST1,2,3) are responsible for catalyzing the 4-O-

sulfation of GalNAc residues, thus generating CS-A units. These enzymes show a preference 

for GlcA-rich regions. An intriguing observation is that C4ST1 works in conjunction with 

ChSy-2 to facilitate the elongation of CS chains[114]. Alternatively, 2 isoforms of 6-O 

sulfotransferases (C6ST1,2) can catalyze the 6-O sulfation of GalNAc residues to generate CS-

C or iC units. The modification of CS/DS chains may continue to synthesize di-sulfated units 

with the activity of two distinct sulfotransferases: uronyl 2-O-sulfotransferase (UST) and 

GalNAc 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST). GalNAc4S-6ST transfers sulfate to 

the C-6 position of preexisting 4-O-sulfated GalNAc (A/iA units) to generate E or iE units. On 

the other hand, UST is responsible for catalyzing the 2-O-sulfation of the GlcA residues of CS-

C units to form disulfated D units (GlcA2S-GalNAc6S). UST might also be implicated in the 

formation of CS-B units (GlcA2S-GalNAc4S) but in vitro assays demonstrated no 2-O 

sulfotransferase activity of the enzyme on chondroitin and CS-A substrates[115] and CS-B are 

very uncommon in vivo. However, it displays a strong activity on IdoA-GalNAc4S units (iA, 

Figure 6) to form IdoA2S-GalNAc4S units (iB). After completing their biosynthesis, PGs can 

be transported to the cell membranes or secreted to the extracellular space via extracellular 

vesicles[98]. 
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Figure 6. Maturation step in the biosynthesis of CS/DS chains 

The DS and CS units are described with the terms 0-E for CS (HexA: GlcA) and i0-iE for DS (HexA: IdoA). Dotted 

lines indicate putative pathways because iC and iD unit formation has not been clarified yet. Reproduced with 

permission[116]. 

Overall, the variable expression in different cell types and tissues of the GAG biosynthesis 

enzymes and their isoforms with distinct substrate preferences certainly contributes to the 

precise temporal and spatial regulation of specific GAG structures. This finely tuned GAG 

environment thereby regulates the spatial distribution and bioactivity of various proteins and 

growth factors, and plays a key role in embryogenesis and tissue homeostasis. In agreement 

with this, mutations of several GAG biosynthesis enzymes in different animals are associated 

with diseases and abnormal development[88]. Mutations in both EXT1 and EXT2 HS-elongating 

enzymes are responsible for the Hereditary Multiple Extostosis (HME) disease in humans. Most 

HME patients exhibit genetic mutations in EXT1 (60-70%), which are distributed throughout 

the entire gene, and in EXT2 (30-40%), with a more precise localization in the N-terminal 

domain[117]. In a minority of cases, mutations in the EXT3 genetic locus could also be associated 

with HME[118,119]. Interestingly, EXT-like genes (EXTL1, EXTL2, and EXTL3) of the 

exostosin family were not linked to HME. In drosophila, EXT1 and EXT2 (ttv and sotv) 

mutations were associated with developmental defects and alterations of hedgehog (Hh), 

wingless (Wg, homolog of Wnt-1) and decapentaplegic (Dpp, BMP2/4 ortholog). In mice, 

NDST-1, 2OST, and HS C5-epimerase knockouts lead to neonatal death, with skeletal defects 

for 2OST and C5-epimerase mutants. The reduction of drosophila 6OST activity causes 

embryonic lethality and a significant reduction of fibroblast growth factor (FGF) signaling. In 
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mice, C4ST-1 mutation is linked to a chondrodysplasia skeletal phenotype. In humans, GalT-I, 

C6ST-1, Glypican-3 and Perlecan mutations are related respectively to Ehlers–Danlos 

syndrome, Spondyloepiphyseal dysplasia, Simpson–Golabi-Behmel syndrome and Schwartz–

Jampel syndrome, which are all associated with developmental or skeletal defects. 

I.B.4. Proteoglycans post-synthesis regulation and turnover 

After the controlled biosynthesis and transport of PGs to the cell surface or the extracellular 

matrix, other regulation mechanisms are involved in the continuous remodeling of PG content 

and structure of the cellular environment. In particular, extracellular lyases, sheddases and 

sulfatases play key roles in addition to the natural catabolism of PGs (Figure 7). 

 

Figure 7. Mechanisms involved in the post-synthesis regulation and turnover of PGs 

1 Glypicans undergo a fast lysosomal degradation, while 2 transmembrane PGs undergo a stepwise lysosomal 

degradation including repetitive actions of lyases (green) to cleave the GAG chains and sulfatases (red) to cleave 

sulfate groups. In this stepwise degradation, PGs or GAG fragments may be transferred to 3 the Golgi or to 4 the 

nucleus. 5 Ectodomains of cell-surface PGs can be shedded by cleavage of matrix metalloproteinases (MMPs) 

and released in the ECM. 6 Sulfs are extracellular sulfatases that can remodel the cell-surface and ECM by 

removing 6-O sulfate groups of HS/Hep chains. 7 Lyases can also be secreted to cleave GAG chains in the 

extracellular space. Created with Biorender.  

Cell surface HSPGs have half-lives about 3-20 hours on the cell surface[120]. They are removed 

from the cell surface mainly by endocytosis prior to lysosomal degradation. The mechanisms 

involved in the endocytosis of HSPG appear to differ, whether they are attached to the cell 
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surface via a GPI-anchor or a transmembrane domain, but also depending on cell type. GPI-

anchored PGs seem to be directly transferred to lysosomes and degraded within 30 minutes 

(Figure 7.1). In contrast, transmembrane HSPGs follow a stepwise degradation during 

endocytosis transfer to lysosomes, involving an endo--glycosidase (heparanase) that cleaves 

HS chains in smaller fragments and sulfatases that cleave sulfate groups (Figure 7.2). CS/DS 

PGs follow a similar endocytic route[59]. However, several other mechanism were reported such 

as the transfer of HSPGs to the Golgi for reutilization or to the nucleus to regulate cell 

proliferation[120] (Figure 7.3-4). 

Matrix metalloproteinases (MMPs) cleave proteolytically the protein core of PGs, releasing 

them in the ECM[121] (Figure 7.5). This mechanism called “shedding” has been particularly 

studied for syndecans[122] but exist also for other PGs, such as TGF- type III receptor and its 

released ectodomain named betaglycan. Importantly, the growth of myeloma tumors in vivo is 

significantly stimulated by soluble syndecan-1. This stimulation, due to the shedding of 

syndecan-1, is further intensified by heparanase activity[58]. 

Sulfatases catalyze the desulfation of GAGs or other sulfated compounds (Figure 7.6). In 

eukaryotes, several types of sulfatases exist and exhibit different properties. Among them, 

arylsulfatases (ARS) can be located in the Golgi, the ER, or in the lysosomes for GAG 

degradation.  Lysosomal sulfatases targeting GAGs include N-acetylgalactosamine-4-sulfatase 

(ARSB, Uniprot P15848), N-sulfoglucosamine-3-sulfatase (ARSG, Uniprot Q96EG1), N-

acetylglucosamine-6-sulfatase Glucosamine-6-sulfatase (G6S, Uniprot P15586), N-

sulfoglucosamine sulfohydrolase (SGSH, Uniprot P51688), Glucuronate-2-sulfatase (ARSK, 

Uniprot Q6UWY0) and Iduronate 2-sulfatase (IDS, Uniprot P22304). It is worth noting that 

these sulfatases are only active at the non-reducing end of GAGs and probably act in a stepwise 

manner in concert with lyases to achieve the lysosomal degradation of GAGs. Other sulfatases 

can be secreted in the extracellular space and belong to the Sulfs family. In humans, HSulf1 

and HSulf2 are the only identified members of this family and target 6-O sulfate groups of 

HS/Hep chains, especially trisulfated disaccharides HexA2S-GlcNS6S[123,124]. Interestingly, 

they are also the only eukaryotic sulfatases that exhibit an endosulfatase activity (intrachain, 

not only extremities). It was recently demonstrated that HSulf2 harbors a CS/DS chain, 

classifying it as a PG[125]. The activity of Sulfs is a unique post-synthetic mechanism that 

remodels the 6-O-sulfation patterns of cell surface and extracellular matrix HS, which 

modulates the signaling of several growth factors and morphogens such as Wnt, BMP and Sonic 

Hedgehog (SHh)[126]. Through these mechanisms, they constitute key regulators of tissue 
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development, in particular for neuronal and skeletal development. Additionally, they exhibit 

either pro- or anti-oncogenic properties in cancer[127]. 

Lyase enzymes catalyze the cleavage of GAG glycosidic bonds, either intracellularly or in the 

extracellular environment. In humans, cells secrete heparanase which selectively cleaves HS 

chains, leading to the release of growth factors and chemokines bound to HSPGs on cell 

surfaces and in the ECM[128] (Figure 7.7). Likewise, hyaluronidase enzymes cleave both HA 

and CS chains into smaller fragments[129]. The release of high levels GAGs in solution, triggered 

by these lyase enzymes, is generally correlated with specific processes such as inflammation, 

sepsis and intoxication responses[130,131]. High levels of degraded soluble GAGs fragments but 

also PGs are considered as biomarkers of several diseases[132,133].  

 

I.B.5. Interactions with proteins and importance of sulfation 

I.B.5.a. Functional view of GAG-protein interactions  

GAGs are negatively charged molecules, which enables the binding of proteins, growth factors, 

cytokines, and chemokines through electrostatic interactions[8,9,26]. The charge along the GAG 

chains varies locally, contributing to the specificity of the interactions with proteins. Upon 

binding, GAGs can trigger different mechanisms regulating the cellular response: organization 

and assembly of the ECM by interacting with extracellular components, sequestration and 

protection of protein ligands from degradation, establishment of morphogen gradients, and 

regulation of ligand-receptor binding by inducing ligand conformational change activating the 

protein function, or by forming complexes with cellular receptors (Figure 8).  

 

Figure 8. PG functions regulating the cellular response 

Reproduced with permission under the terms of CC BY 4.0 licence[58]. Copyright 2021, Chen et al., published by 

Frontiers. 
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The most documented example of GAG effect on proteins is the role of Hep on the activation 

of AT III by inducing a conformational change of the protein[134]. There has been a global effort 

to investigate which sulfation motif of Hep has the highest affinity for AT III. It was found that 

the AT III bio-activation is highly specific of Hep pentasaccharide sequences featuring a central 

3-O sulfated glucosamine (Figure 9)[135–137]. Compounds exhibiting this sulfation motif are 

therefore interesting for their anticoagulation properties.   

 

Figure 9. Key HS sequences for specific interactions with proteins  

HS features specific sulfation patterns implicated in the high affinity interactions with AT III or for the formation 

of ligand-receptor-HS complex with FGF and FGF receptor. Reproduced from Sarrazin et al., 2011[72]. 

Interactions of HS with members of the fibroblast growth factor (FGF) family, especially FGF1 

and FGF2, have also been extensively studied. In 1991, two research groups independently 

showed that cell-surface HS is a co-receptor of FGF2 and is required for the growth factor 

biological activity[138,139]. Since then, extensive studies highlighted distinct structural features 

for the binding to these growth factors. The interaction between FGFs and HS requires 

saccharide motifs similar in size (5-6 sugar units) and saccharide content (need for GlcNS and 

IdoA,2S residues, Figure 9)[140,141]. However, 6-O-sulfates were found essential for binding to 

FGF1, but not necessary for the interaction with FGF2[142,143]. Surprisingly, studies highlighted 

different structural requirements for the promotion of FGF2 biological response, thereby 

providing the first evidence of an uncoupling between HS binding properties and ligand-

promoting activities. Indeed the induction of FGF2 activity required longer saccharide 

fragments (10-12 sugar units) and the presence of 6-O-sulfates[144]. Resolution of the 

FGF/FGFR/HS complex structure by X-ray crystallography showed that 6-O-sulfates 

contributed to the stabilization of the ternary complex by establishing contacts with the 

FGFR[145]. Other studies provided further evidence of distinct structural requirements for the 
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binding and/or activation of other FGFs[126]. However, despite an increasing interest, the 

tremendous structural heterogeneity of GAGs and the lack of dedicated tools have constituted 

severe limitations that have hampered progress in the structural and functional characterization 

of GAGs and GAG/protein interactions[146]. 

 

I.B.5.b. Structural view of GAG-protein interactions  

Interactions between GAGs and proteins arise mainly from ionic interactions between the 

highly acidic sulfate groups and the basic side chains of arginine, lysine and, to a lesser extent, 

histidine[8]. Other interactions such as Van der Waals forces, hydrogen bonds and hydrophobic 

interactions with the carbohydrate backbone may also be involved. The pioneering study of 

Cardin and Weintraub formulated two consensus GAG-binding sequences known as 

[XBBXBX] and [XBBBXXBX], where B is a basic residue (Arg or Lys) and X is a non-charged 

residue[147]. Depending on the secondary structure of the protein, very few residues in these 

consensus sequences may actually participate in GAG binding[8]. GAG-binding sites are often 

found along one exposed face of a protein.  

Molecular modeling indicated that when the [XBBXBX] sequence adopts a -strand 

conformation, the basic amino acids align along one side of the β-strand, while the hydrophobic 

amino acids are oriented towards the interior of the protein core. Similarly, if the 

[XBBBXXBX] sequence is folded in an α-helix, then the basic amino acids would be aligned 

on a specific side of the helix, mediating interactions with GAGs, while hydropathic residues 

would be oriented towards the protein core (Figure 10A)[148]. In another study, Margalit et al. 

examined linear and contiguous protein binding sites known to interact with Hep. They 

observed that a ~20 Å distance between basic amino acids promotes the protein interaction with 

Hep (Figure 10B). 

Two additional consensus sequences were proposed in other studies. First, by analysis of 

several GAG-binding proteins, the sequence [XBBXXBBBXXBBX] was proposed, where B 

represent a cationic residue (Arg, Lys, His) and X any other residue[149]. This led to the 

identification of the GAG-binding site in the protein von Willebrand factor. Then, the consensus 

sequence [TXXBXXTBXXXTBB] was proposed by Hileman and coworkers, where T defines 

a turn, B a basic amino acid (Arg, Lys) and X a hydropathic residue[148].  

Not all GAG binding proteins contain binding sites that can be defined by linear contiguous 

sequences. AT III is known to contain a linear contiguous Hep-binding domain responsible for 

interaction with a specific Hep pentasaccharide binding site. Upon the folding of AT III, 
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additional remote basic residues (distant chain) are brought into close spatial proximity to 

participate in the interaction (Figure 10C). 

 

Figure 10. Structures of GAG-binding sites present in proteins 

A. Linear XBBBXXBX sequence within an -helix of interleukin-8. Basic residues (blue) are oriented on one 

surface of the helix (green, residues 53–72). B. A linear motif of platelet factor-4 having two basic residues (blue) 

separated of a critical 20 Å linear distance, located on opposite surfaces (green, residues 48–50 and 60–62). C. 

Example of a higher order GAG-binding motif in AT III. The binding domain is comprised of two linearly 

contiguous domains (green, residues 46–65 and 113–140) brought spatially close through folding of the protein 

(white) with basic arginine and lysine residues (blue). Reproduced with permission[148]. 

Overall, GAG binding sites are complex and often not conserved between proteins[8]. Moreover, 

there has been limited investigation into the influence of the structural variability of GAGs 

regarding their interactions with these consensus binding sequences. Historically, the 

exploration of protein-GAG interactions has primarily concentrated on the interactions with 

Hep or HS. Therefore, although the interactions of proteins with CS/DS can generally occur 

through the same consensus sequences with lower affinity, it is unclear whether proteins 

interacting specifically with other GAGs (CS, DS, KS or HA) feature distinct GAG binding 

sequences. Additionally, the role of specific sulfations in the GAG-protein interactions has only 

been investigated for few proteins. To facilitate these investigations for other proteins, methods 

for the synthesis of GAG compounds with defined structure and sulfation pattern are needed. 
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I.B.6. Strategies for synthesis of glycosaminoglycans (Review published in Advanced 

Materials, Annex) 

A major challenge for studying GAGs and their mechanisms is to prepare or to obtain pure and 

well-characterized GAG materials, with defined length or sulfation patterns. To do so, different 

strategies can be adopted (Figure 11). We have listed and compared these strategies (Table 2) 

on the basis of several parameters, namely the simplicity and the time saving of their 

implementation, the purity, the control of GAG structure in terms of length, sequence and 

sulfation of the obtained compounds. They are also evaluated based on a versatility criterion, 

which indicates their potential for translation into other contexts such as cell-based assays, 

complete PG synthesis, or in vivo assays that require significant quantities of material. 

 

Figure 11. Methods for preparing structurally defined GAG compounds 

Using natural sources of GAGs, the two approaches with a beige background are commonly used chemical 

methods used for sulfation modification of large polysaccharide chains. Chemical desulfation consists in using 

regioselective solvent-based reactions to eliminate sulfate groups at specific positions. Chemical sulfation uses 

the opposite strategy with SO3
- complexes to confer sulfate groups at specific positions of the GAGs. An alternative 

strategy is the recently reported cell-based biosynthesis approach (represented with a blue background) that 

combines knock-in or knock-out of various GAG-biosynthesis genes in CHO cells to produce cell-surface GAGs 

with specific sulfation features. The three methods with the background in light purple are particularly adapted 

for the synthesis of GAG-oligosaccharides. Purification method consists in using a natural source of GAGs. GAG 

chains are depolymerized with digestion enzymes, and the generated oligosaccharides are purified by size or 

charge with chromatography. Chemo-enzymatic synthesis approach consists in combining enzymes with sugar 

donors to elongate the oligosaccharide chain or with 3’-phosphoadenosine-5’-phosphosulfate (PAPS) sulfate 

donor to confer sulfate groups at specific positions of the sugars. Alternatively, full chemical synthesis methods 

are essentially based on combining various monosaccharide or disaccharide building blocks to elongate the chain. 
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I.B.6.a. Specific desulfation 

Methods for specific desulfation of sulfated carbohydrates can use different chemistry 

strategies, including acid-catalyzed desulfation, solvolytic desulfation, alkali-catalyzed 

desulfation, and desulfation mediated by silylating reagents[13,150–152].  

For Hep and HS, chemical treatment for specific 2-O, 6-O, or N-desulfation have been 

developed and are now commonly used[153–159]. N-desulfation is usually performed by 

solvolytic desulfation with dimethyl sulfoxide containing methanol, without depolymerization 

of HS chains and very low O-desulfation[160]. Specific 2-O desulfation is generally achieved 

using sodium hydroxide treatment[156]. Under this treatment, Hep other sulfation motifs were 

not altered. However its chains were affected by depolymerization with a 2.5 kDa reduction, 

starting from an initial mean molecular weight of 9 kDa[156]. The 6-O specific desulfation is 

generally performed using N-methyl-N-(trimethylsilyl)-trifluoro acetamide (MTSTFA) 

silylating reagent allowing control of the desulfation degree by the temperature and reaction 

time[161,162]. For complete 6-O desulfation of Hep, a loss of ~20% of 2-O sulfate groups was 

reported but without any other structural alteration or depolymerization[163]. In contrast, the 

specific removal of 3-O sulfate groups cannot be achieved without affecting other sulfation 

sites. Lyophilization of Hep under extreme alkaline conditions induce selective loss of 2-O and 

3-O sulfates, leaving intact 6-O and N-sulfation[164]. These strategies are adapted to study the 

overall importance of one type of sulfation, but do not allow the study of precise sulfation 

sequences. Another strategy for the selective desulfation of HS is to perform digestion of HS 

or Hep by sulfatase enzymes[123]. Human Sulf1 and Sulf2 (HSulf1 and HSulf2) are the only 

known extracellular post-synthetic HS modifying enzyme with a substrate specificity for 6-O 

sulfation motifs. More precisely, it seems that HSulf2 essentially targets HexA(2S)-GlcNS(6S) 

trisulfated disaccharides, which are then converted into HexA(2S)-GlcNS disaccharides. 

HSulf2 was shown to reduce dramatically the FGF1/FGF2-induced proliferation of FGFR1-

IIIc-transfected BaF32 cells[124]. This result supports further the previously reported 

requirement of HS 6-O sulfation for promoting the bioactivity of these growth factors[144,165]. 

In addition, the authors showed that HSulf2 differentially regulated FGF1 and FGF2, thereby 

highlighting the involvement of specific 6-O sulfation pattern in these mechanisms[124] The 

approach of enzymatic desulfation is limited by the lack of sulfatases with other substrate 

specificities. The discovery of other enzymes may trigger the development of new strategies 

for preparation of GAGs compounds. 
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Chondroitin, the non-sulfated version of CS can be obtained from the reaction of CS with acidic 

methanol[166,167], or in dimethyl sulfoxide (DMSO) with a small amount of methanol[168]. These 

desulfation methods can also be used for other GAGs such as DS or KS[157]. For CS, 

regioselective methods for 4-O and 6-O desulfation have been established[169]. The 6-O 

desulfated CS can be obtained with MTSTFA agent without any depolymerization. A 

DMSO/methanol-based method was recently reported as an efficient regioselective method for 

the preparation of 4-O desulfated CS, albeit with some depolymerization. Surprisingly, the 

conditions used are very similar to the method of Nagasawa et al. for the preparation of 

chondroitin via global 4-O and 6-O desulfation of CS[168], suggesting that minor protocol 

modifications may affect the reaction.  

I.B.6.b. Specific sulfation 

Another approach for studying sulfation of GAGs is to perform sulfation of non-sulfated 

precursors such as HA, heparosan (non-sulfated HS) or chondroitin (non-sulfated CS).  

For CS, the use of SO3
--pyridine complex in dimethylformamide (DMF) at 0 °C, allows 

regioselective sulfation at the C-6 hydroxyl of the GalNAc with limited sulfation at the C-2 

hydroxyl of the GlcA[170,171]. 

For HS, chemically sulfated GAGs can be obtained from sulfation of heparosan. O-sulfation is 

not effective prior N-sulfation of the heparosan chain. First, heparosan must be N-deacetylated 

with NaOH before N-sulfation in Na2CO3 at 40-50 °C with SO3
--pyridine complex or SO3

--

trimethylamine complex. The N-sulfated HS can further be O-sulfated with regioselective 

sulfation at the C-6 hydroxyl of the GlcNS with some sulfation at the C-2 or C-3 hydroxyls of 

the GlcA[150]. Several studies have used the same approach for sulfation of HA with apparently 

similar regioselectivity of the C-6 hydroxyl of the GlcNAc followed by sulfation at the C-4 of 

the GlcNAc and at the C-2 and C-3 of the GlcA[172–174]. 

I.B.6.c. Cell-based biosynthesis 

Due to the complexity of GAG structures, recent research has focused on producing GAGs 

using genetically modified cells to avoid complex chemistry or chemo-enzymatic steps. After 

a first success to genetically modify the production of GAGs in CHO-K1 cells by Dr Jeffrey 

Esko in the 1980s, the way was open to constitute a larger cell library with specific knock-in 

(KI) and knock-out (KO) of GAG biosynthesis enzymes. Such a library called the GAGOme 

has been recently developed by Chen et al. and comprises various cell lines with distinct CS/DS 

and HS biosynthetic capabilities[175]. In total, 28 different genes of biosynthesis enzymes have 
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been targeted to generate cell-lines displaying unique GAG structural features. The recovery of 

GAGs from the cell lysates is possible but the purity of the samples obtained is certainly limited 

by undesired components. Additionally, GAG-biosynthesis enzymes unlikely catalyze 

structural modifications on every available substrates, yielding intra-variation of GAG chains 

with enzyme-processed and -unprocessed domains. However, this genetic approach is very 

versatile (Table 2) and hold huge potential because it enables to perform directly cell-based 

assays, or to synthesize entire PGs and xyloside-primed GAG chains that can be used in 

microarrays. 

I.B.6.d. Preparation of well-defined GAG oligosaccharides 

Three other methods are more adapted to the synthesis of defined oligosaccharides with control 

of length and sulfation patterns: the purification, the chemo-enzymatic synthesis and the 

chemical synthesis. Arising from the development of these methods, commercial GAG 

compound libraries constitue an alternative option. 

Purification 

GAGs extracted from natural sources have a large structural diversity and are by definition 

physiologically relevant. Natural GAGs can be directly used as they stand, but they will exhibit 

a strong level of structural heterogeneity. Alternatively, libraries of oligosaccharides with 

defined size and charges can be generated using a combination of different depolymerization 

and purification strategies. For this, a first step of digestion is performed to fragment the GAG 

chains in smallest oligosaccharides. Different enzymes can be used to obtain different fragment 

structures. As an example, the use of Heparinase III enzyme will cleave HS/Hep mostly in the 

low-sulfated NAc domains, yielding highly sulfated fragments from the NS domains. GAG 

samples are then purified by size-exclusion chromatography to separate them by their 

polymerization degree (dp2, dp4…). The collected oligosaccharides can be further separated 

according to charge by several chromatography techniques, such as anion-exchange 

chromatography or reverse-phase ion pair liquid chromatography, to isolate fractions with 

distinct sulfation patterns. These purification strategies have been already reviewed[176–178]. 

However, due to the charge heterogeneity of related oligosaccharides, it is likely to collect 

fractions with co-eluting compounds. To improve the resolution of separation, columns 

modified with cetyltrimethylammonium salts (CTA-SAX) were used in combination with 

volatile ammonium bicarbonate salt to distinguish Hep hexasaccharides isomeric structures, 

which was not possible with traditional methods[179]. Another advantage is that the volatile 

ammonium salt allows evaporation of the produced samples instead of a dialysis desalting step, 
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reducing considerable sample loss and enabling more effective subsequent mass spectrometry 

analysis. Polyacrylamide Gel Electrophoresis (PAGE) has also shown the ability to separate 

compounds that cannot be differentiated with traditional chromatography methods. 

Oligosaccharide co-eluting species obtained with strong-anion exchange high-performance 

liquid chromatography could be further separated with PAGE to obtain pure compounds[180]. 

The preparation of oligosaccharide libraries using purification methods is time-consuming and 

requires some expertise, but it is more straightforward and accessible compared to the other 

oligosaccharide synthesis methods (Table 2). However, the control of oligosaccharide 

structures is limited to naturally occurring structures in GAG extracts and by the limitation to 

separate closely related structures with chromatography technique, especially challenging for 

large oligosaccharides. The quantities obtained depend on the amount of the starting material, 

but are mainly limited by the scale-up capabilities of preparative chromatography[181]. Another 

general limitation is that selective depolymerization enzymes are available for HS but not for 

CS. It is therefore more complex to prepare CS oligosaccharide libraries with purification 

methods. 

Chemo-enzymatic synthesis 

The chemo-enzymatic synthesis combines chemical reactions with the use of natural GAG-

biosynthesis enzymes to elongate the oligosaccharide chain or for sulfate transfer. With the 

unique capabilities of these enzymes, this approach circumvents the technical difficulties of 

chemical synthesis (see next section) such as regio- and stereo-selectivity, and prevents 

numerous steps of group protection and de-protection for the transfer of sulfate groups at 

specific positions.  

The action and functional specificities of a large number of GAG biosynthesis enzymes are 

well characterized, facilitating their use for the production of defined oligosaccharides. 

Elongation enzymes catalyze the transfer of monosaccharide compounds with the adequate 

glycosidic linkage. These enzymes rely on the presence of uridine diphosphate (UDP) sugar 

donors such as UDP-GlcNAc, UDP-GlcA, UDP-Glc, UDP-Gal or UDP-GalNAc. Sulfation 

enzymes transfer sulfate groups at specific position with the assistance of the 3’-

phosphoadenosine-5’-phosphosulfate (PAPS) sulfate donor. The exceptional abilities of these 

various enzymes reduce considerably the number of reaction steps needed for the 

oligosaccharide synthesis. The successive reactions and their order of execution must be 

carefully designed to be compatible with the substrate specificities of the enzymes and to 

improve the reactions yields. Various reviews about chemo-enzymatic synthesis provide more 
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in-depth information about the different aspects of the approach[182–185]. The chemo-enzymatic 

strategy is complex and needs a strong expertise and knowledge in the production of 

recombinant biosynthesis enzymes, their roles and substrate specificities. The preparation of 

defined oligosaccharides requires the availability to various enzymes, and a large quantity of 

various sugar and sulfate donors, which represents a considerable initial investment. Chemo-

enzymatic synthesis of oligosaccharides have a good performance regarding the purity and the 

control of oligosaccharide structure, but it is complex and time-consuming. Quantities obtained 

with this method are compatible for translation to in vivo assays and therefore account for its 

versatility potential in Table 2. The enzymatic approach may also be employed for sulfation of 

large GAG polysaccharide chains starting from non-sulfated heparosan or chondroitin, or to 

increase specifically the content of some sulfation types of natural GAG samples[186,187]. 

Chemical synthesis 

The chemical synthesis of GAG oligosaccharides requires the use of monosaccharides or 

disaccharides building blocks with protection groups in well-defined positions. The chain 

elongation is achieved by assembling these building blocks controlling the stereochemistry of 

the glycosidic bonds formation. The sulfation of the oligosaccharides at specific positions is 

then performed after initial de-protection of the targeted groups. The introduction of HexA 

moieties is an additional difficulty due to their low reactivity. The chemical synthesis can be 

carried-out either in solution-phase or on-resin (automated solid-phase synthesis) to facilitate 

the removal of side products after each reaction. More details of the different strategies of 

chemical GAG oligosaccharide synthesis have been reviewed elsewhere[188–190]. The control of 

the different steps of the process is very challenging and requires strong chemistry expertise to 

design properly the successive reactions. Only a few research groups have the equipment and 

skills to achieve the chemical synthesis of large oligosaccharides libraries. However, the purity 

and the structural control of the chemically synthesized oligosaccharides are excellent[191]. 

Similarly, as chemo-enzymatic synthesis, quantities obtained can be important and are therefore 

compatible with in vivo assays. 

Commercial GAG-oligosaccharide libraries 

Thanks to the development of the above-mentioned techniques, various GAG compounds and 

oligosaccharides of defined length and sulfation pattern are available commercially (Biosynth, 

Creative Biolabs, Glycan Therapeutics, Iduron…). Since most compounds commercially 

available are produced with chemical, chemo-enzymatic and to a lesser extent purification 

approaches, commercial libraries obviously facilitate strongly the access to defined 
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oligosaccharide structures with high purity. Although the structural diversity is limited to the 

available compounds, the number of available structures is increasing with time and some 

companies provide custom synthesis service that may circumvent this problem. Furthermore, 

the cost of oligosaccharide compounds is relatively low compared to the time and effort 

required for self-preparation of oligosaccharide libraries. 

 Simplicity 
Time 

saving 
Purity 

Control of 
GAG structure 

Versatility 

Chemical desulfation ++ ++ - - - 

Chemical sulfation ++ ++ - - - 

Cell-based 
biosynthesis 

- - - + ++ 

Chemical synthesis - - +++ +++ + 

Chemo-enzymatic 
synthesis 

- - +++ +++ + 

Purification +/- +/- + ++ +/- 

Commercial libraries +++ +++ +++ + - 

Table 2. Comparison of methods for production of defined GAG compounds 

Comparison is based on various criteria: simplicity to establish the technique in your own laboratory, time saving 

characteristics, purity of the produced materials and the ability to control precisely the structure of the GAG 

materials produced regarding their sulfation and length. The methods are also compared upon a versatility 

criterion that represents their potential of use in other experimental contexts, such as cell-based assays, entire PG 

synthesis or in vivo assays. The two methods with a light brown font correspond to rather simple chemical methods 

generally used for sulfation modification of large GAG chains. The cell-based biosynthesis method, as the only 

genetics-based method, is represented with a blue font. The three methods with a purple font are particularly 

adapted for the synthesis of GAG-oligosaccharides. Commercial libraries, represented with a black font, arose 

from the development of the other methods. 

 

I.C. Bone Morphogenetic proteins (BMPs) and osteogenesis 

I.C.1. BMPs belong to the TGF-β superfamily 

Bone morphogenetic proteins (BMPs) are protein members of the vast transforming growth 

factor beta (TGF-β) superfamily. The TGF-β superfamily comprises 33 identified protein 

members in humans, involved in the control of development, differentiation, proliferation and 

tissue homeostasis[192]. As depicted in Figure 12, the TGF-β superfamily can be classified into 

three different subfamilies: the TGF-β subgroup (three isoforms: TGF-β1, TGF-β2, and TGF-

β3), the subgroup composed of BMPs and growth differentiation factors (GDFs), the group 

composed of activins, inhibins and anti-Müllerian hormone (AMH, also termed MIS for 

Müllerian-inhibiting substance). Finally, there is a last group composed of glial cell line-derived 

neutrophic factors (GDNFs), considered as distant members of the family[193,194]. Due to the 

evolution of naming conventions, the initial nomenclature for each growth factor may not 

always accurately reflect their structural homology, which could lead to some confusion. A 
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striking example is BMP1, which was initially associated with the TGF-β superfamily and has 

been subsequently reclassified as a member of the astacin family of metalloproteinases[195]. 

Members of the TGF-β superfamily are structurally related and all comprise a central “cystine 

knot” motif, which stabilizes the protein structure[196,197]. Moreover, except for GDNFs, all 

proteins signal through similar mechanisms involving their interaction with a receptor complex, 

composed of two type I, and two type II receptors (section I.C.5). 

 

Figure 12. Classification of the TGF- superfamily 

Protein members of the TGF- superfamily are classified in four different subgroups: TGF-, BMP/GDF, 

Activins/Inhibins/AMH, and the distant GDNF. Inspired from [198]. 

I.C.2. The BMP family  

BMPs were initially discovered in the 1960s, when Dr. Urist identified a substance responsible 

for the induction of bone formation[199]. Few years later, he introduced the name of BMP to 

describe the discovered proteins[200]. In 1988, two BMPs where cloned for the first time. Termed 

at this time BMP2A and BMP3, these proteins were recognized as members of the TGF-β 

superfamily[201]. Since then, more than a dozen members of the BMP family have been 

identified in humans[202].  

The homology in the polypeptide sequences of BMPs allows refining their classification within 

different subgroups. This classification is based on phylogenetic trees established by different 

studies[203,204]. First, a group composed of BMP2 and BMP4 arose from a single ancestral gene 

and exhibits more than 80 % homology[205]. The decapentaplegic BMP-gene identified in 

drosophila is also related to this family, sharing more than 75 % identity with the human 



50 

 

BMP2/4[206]. A second group is composed of BMP5, BMP6, BMP7 (also termed OP-1), and 

BMP8 (also termed OP-2)[207]. Two BMP-genes in drosophila are also linked to this family: 

first, the gene screw showing similarities to human BMP5/6/7/8, and secondly, glass bottom 

boat (gbb or 60A), the orthologue of BMP7 sharing more than 70 % homology with human 

BMP5/6/7[206]. A third group composed of BMP9 and BMP10 group exhibits a good degree of 

similarity, with 65% amino acid homology[208]. Finally, additional proteins within the BMP 

family can be classified into distinct groups, including GDF1/3 group, GDF5/6/7 group (also 

known as BMP12/13/14), and GDF9/15, BMP15 and Nodal group. A subgroup of the TGF-β 

superfamily composed of BMP3 and GDF10 is inconsistently classified, either in the 

activin/inhibin family or in the BMP family. Classification differences observed in various 

studies may arise from the use of different polypeptide sequence (prodomain included or not) 

to perform phylogenetic analysis. The most extensively studied members of the BMP family 

include BMP2, BMP4, BMP6, BMP7, BMP9[192].  

I.C.3. The functional diversity of BMPs 

As suggested by their name, BMPs play a crucial role in bone development. The osteogenic 

role of 14 human members of the BMP family was previously compared with C3H10T1/2, 

C2C12 and TE-85 cells in vitro, and in vivo using an athymic mice model[209,210]. These findings 

demonstrated the important osteogenic role of BMP2, 6, and 9 and to a lesser extent, of BMP4 

and 7. In contrast, BMP3 was identified as negative modulator of osteogenic differentiation, 

and acting as an antagonist of BMP2 signaling[211]. This mechanism was suggested to occur 

through signaling via distinct BMP cell receptors (activin receptors). Intriguingly, within the 

study of Kang et al., BMP9 was the only BMP member inducing bone differentiation that was 

not inhibited by BMP3, in contrast to BMP2, 6 and 7[210]. Although BMP5 has been scarcely 

studied, it was reported to contribute to sternal and rib development, acting in synergy with 

GDF5[212,213]. Despite the osteogenic potential of other BMPs, BMP2 and 7 are the most studied 

for bone repair applications, since they have both been approved by the FDA[214]. The use of 

BMP2 is approved for spine fusion, open tibial fractures and craniomaxillofacial surgery 

applications, and BMP2 has also been used “off-label” for treating large segmental defects[215]. 

In contrast, the approved BMP7 is no longer used, since its production was discontinued by the 

manufacturer. 

As shown in Figure 13, although the term BMP refers only to bone tissues, a striking 

particularity of BMPs is their involvement in a wide variety of functions and in many different 

organs. It was thus suggested by Obradovic Wagner and coworkers that BMPs should be called 
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instead body morphogenetic proteins[216]. Since the roles of BMPs in different organs is too 

broad to be covered in this thesis, only few key aspects are discussed here to provide a general 

overview of their functional diversity. Several reviews on the subject may provide additional 

information to the interested reader[202–204]. 

 

Figure 13. Functional diversity of BMPs and implications in diseases 

Various organs in which BMPs are involved and the related disorders caused by their dysregulation. Alterations 

of BMP activity in these organs can lead to pathologies, depicted by the red markings in the diagram. Created in 

BioRender.com, adapted with permission from previous works[202,216,217].  

BMP2 is involved throughout the whole body. Besides its roles in bone tissues, it has been 

implicated in cartilage, brain, heart, muscle, pulmonary artery, and gastrointestinal tract[216]. 

BMP2 has a crucial role in chondrocyte proliferation and maturation during endochondral bone 

development[218] and appears to be connected to cartilage remodeling and osteoarthritis 

disease[219,220]. Additionally, BMP2 contributes to angiogenesis, as reported with human 

endothelial progenitor cells[221]. In the heart, BMP2 has an effect in the regulation of 

cardiomyocyte contractility[222]. In the brain, the neurogenesis is controlled by inhibition of 

BMP2/4 signaling mediated by histone deacetylases[223]. In line with this, the aberrant 

expression of BMP2 in the brain was correlated with poor prognosis for human glioma 

patients[224]. Furthermore, mutations in BMP2 are responsible to the brachydactyly type A2 

disease (“short finger” disease), associated to congenital limb malformation[204]. 
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BMP4 is reported to be upregulated in the gastrointestinal system, where it has an essential role 

in the development of Barrett esophagus (BE) disease[225]. The selective inhibition of BMP2 

and BMP4 was reported to repress the development of BE[226]. Genetic mutation of BMP4 is 

responsible for microphthalmia disease associated to eye, brain and digital anomalies[227] 

BMP6 is highly expressed in the kidney, adipose tissues, and female tissues such as ovary and 

placenta (source: Human protein atlas). It appears to be very important for iron metabolism and 

for the regulation of hepcidin expression[228,229]. Its role in the kidney seems to prevent renal 

fibrosis[230,231]. BMP6 also was studied for its promoting role in female fertility[232,233]. Recently, 

it was reported that BMP6 also has a role in glucose homeostasis, improving the glycaemia in 

type 2 diabetes[234]. 

BMP7 gene is abundantly expressed in human kidney and heart[235]. The protein was reported 

to be essential during the mammalian development, especially for kidneys and eyes[236]. 

Furthermore, BMP7 is important in skeletal development, as evidenced by the presence of 

skeletal patterning defects in the rib cage, skull, and hind limbs of BMP7-deficient mice. 

BMP8 has a demonstrated role in spermatogenesis, while BMP12 is needed for seminal vesicle 

development and tenocyte differentiation[202,237]. BMP13 plays a modulatory role in the eyes 

development, and BMP15 is classically associated with ovarian function[202]. 

BMP9 and BMP10 are particularly associated with angiogenesis. They have been proposed as 

crucial circulating factors for the adulthood endothelium quiescence[238]. The balance between 

pro- and anti-angiogenic factors is essential to maintain the endothelium quiescence. While 

vascular endothelial growth factor (VEGF) promotes endothelial proliferation, BMP9 and 10 

are necessary to stabilize the newly formed vessels[239]. Interestingly, BMP9 mutations have 

recently been linked to a vascular anomaly syndrome that has phenotypic similarities with 

hemorrhagic telangiectasia (HHT), a disorder linked to mutations in a BMP9 specific cell 

receptor[240]. It appears that BMP2, 4 and 7 have pro- and antiangiogenic roles while BMP9 and 

10 have anti-angiogenic roles instead[241].  

Many BMPs have also been linked to adipose tissues, including the different subgroups 

BMP2/4, BMP9/10, BMP5/6/7/8, and BMP3[242]. 

I.C.4. Biosynthesis and structure of BMPs 

BMPs, as other members of the TGF-β superfamily are synthesized in the endoplasmic 

reticulum as a precursor containing a signal peptide, a large prodomain of 200 to 300 residues 

and a mature signaling domain of about 115 residues (Figure 14)[243]. After removal of the 
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signal peptide, the precursor is further processed through furin protease cleavage at basic 

residues, thus separating the prodomain from the mature signaling polypeptide, which remain 

associated through non-covalent interactions. Subsequently, glycosylation and disulfide-linked 

dimerization of the mature polypeptides lead to the mature homodimeric or heterodimeric 

complexes[244].  

 

Figure 14. Schematic representation of BMP biosynthesis and maturation 

Full-length BMP pre-pro-protein includes a signal peptide at the N-terminal domain for its secretion, a long 

prodomain (or propeptide), and a C-terminal mature region responsible for signaling. After release of the signal 

peptide, dimerization and glycosylation take place, prior to cleavage of the prodomain, and secretion. Reproduced 

with permission[245]. 

While the association of TGF-β proteins with their prodomains have been well-studied, very 

little is known about the interactions of BMPs and their prodomains[243,246]. For the majority of 

BMPs, whether they are secreted with or without their prodomain is not known. Some studies 

reported that BMP7 and BMP9 are naturally secreted in the ECM with their prodomains, which 

mediate their interaction with ECM components such as fibrillin microfibrils[247,248]. Their 

prodomains however do not block their bioactivity, in contrast to GDF-11 and myostatin 

members of the TGF-β superfamily which are inactive when associated with their 

prodomains[246]. Moreover, it was demonstrated that the interaction of prodomain-BMP7 or 

prodomain-BMP9 with fibrillin modified their conformation into an inactive form[249]. 

Alternatively, their interactions with Hep/HS spatially concentrate the complexes into a 

bioactive form. Another finding highlighted that BMP cell receptors compete with and displace 

the BMP7 prodomain to bind the BMP7 protein[250]. For BMP2, the interaction with its 

prodomains appears to be significantly less stable than for other BMPs[248], which suggest that 
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studying BMP2 bioactivity in absence of its prodomain may be still physiologically relevant. 

The prodomain of BMP2 appears to be involved in the secretion of the mature part[251] and it 

also alters the signaling by modulating the ability of the mature part to interact with the 

receptors[252]. 

BMPs have been mostly characterized without their prodomains, as homodimers or 

heterodimers formed by a single disulfide-bridge within the mature polypeptide chains[197,253]. 

Most studies focus on homodimers assuming these are physiologically formed, but few 

evidence suggest that natural secretion as heterodimers also occurs[254–256]. In particular, it was 

shown that both BMP2/BMP7 heterodimers and BMP2 and BMP7 homodimers are expressed 

in zebrafish, but that only the heterodimer is able to induce BMP signaling in the early 

embryo[257].  

The structures of mature BMP homodimers have been well characterized. In particular, the 

structures of BMP2, 3, 6, 7 and 9 have been determined by X-ray crystallography[253,258–261]. 

The mature BMP monomers comprise seven cysteine residues, with six forming three intra-

molecular disulfide bonds. The remaining seventh cysteine residue is involved in the 

dimerization with another BMP monomer through a covalent disulfide bond, resulting in a 

biologically active dimeric ligand for BMP receptor activation[262]. 

BMPs are often described as a “butterfly-shaped” dimer, as illustrated by the structure of BMP2 

in Figure 15A. Each monomer is formed by two antiparallel β-sheets and a four-turn α-helix 

perpendicular to the strands. This folding structure has also been compared to two hands joined 

palm to palm, with the β-sheets corresponding to “fingers” 1 and 2, the -helix and the dimer 

interface forming the “palm”, and the N-terminus described as “thumb”. At the cell surface, 

BMPs interact with a tetrameric complex formed of two type I and two type II kinase receptors. 

The binding sites for the receptors are highlighted in Figure 15B.  
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Figure 15. Structural representations of the BMP2 homodimer protein 

A. Ribbon representation of BMP2 dimer with each monomer represented in green and blue. Disulfide bridges 

are represented in yellow. The denoted “thumb” part corresponds to the N-terminal domains of each monomer. 

Reproduced with permission[263]. B. Spacing-filling sphere model representation of BMP2 dimer, colored by 

monomer units and domains for BMP receptors and GAG (annotated here Hep/HS) binding sites. Reproduced 

with permission[264]. 

To focus on BMP2, it is synthesized as a pre-pro-peptide chain of 396 amino acids with an N-

terminal signal peptide of 23 amino acids (1-23) and a long prodomain (amino acids 24-282). 

It contains five glycosylation sites, four of which are in the prodomain sequence, and the last 

one (Asn338) is located on the mature chain. The mature monomer chain is composed of 114 

amino acids, yielding a dimer of 26 kDa with an isoelectric point of 8.2 ± 0.4. Therefore, BMP2 

is positively charged at physiological pH, which enables its binding to negatively charged 

GAGs. The binding of BMP2 of GAGs is believed to occur mainly through its N-terminal 

domain, termed “thumb” domain in Figure 15A and corresponding to the amino acids colored 

in red in Figure 15B (Hep/HS binding site). The structural details about the interaction between 

BMP2 and GAGs are described in the section I.D.1. 

I.C.5. BMP signaling and osteogenic differentiation 

As previously mentioned, BMPs possess binding sites mediating their interaction with cell 

membrane receptors. Upon the interaction of the dimeric BMP ligand with a tetrameric complex 

composed of two type I and two type II serine/threonine kinase receptors, the BMP signaling 

cascade is triggered (Figure 16A), of which the key steps are described below. The interaction 

between BMP and its receptors leads to the activation by phosphorylation of the type I 

receptors, which then bind, phosphorylate and activate a group of transcription factors proteins 

known as R-SMADs, belonging to the Mothers against decapentaplegic (SMAD) family. The 

R-SMADs recruited in the BMP pathway by type I receptors consist mainly in SMAD1, 

SMAD5 and SMAD9 (also referred to as SMAD8). Upon phosphorylation in the C-terminus 

domain, these factors hetero-oligomerize with the common mediator SMAD4 (Co-SMAD), 

often as a trimer. The constituted complex next translocates into the nucleus, where it associates 

to DNA with co-factors to regulate the expression of BMP responsive genes. Through this 
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signaling, the exposition of mesenchymal stem cells to potent osteogenic BMPs such as BMP2 

can drive their differentiation toward the osteoblast lineage (Figure 16B). This is achieved by 

suppressing the adipogenic, myogenic, chondrogenic and other related transcription factors, 

while inducing the expression of osteogenic transcription factors RUNX2 and Osterix. This 

leads to the cell transition into an immature osteoblast, which expresses alkaline phosphatase 

and synthesizes type I collagen. Differentiation to the non-proliferating mature osteoblast that 

actively mineralizes bone matrix is dependent on the transcription factor Osterix. Matrix 

maturation is associated with increased expression of alkaline phosphatase, osteocalcin, 

osteopontin, and bone sialoprotein. Mineralization of bone is completed by the incorporation 

of hydroxyapatite into the matrix along with the differentiation into osteocyte. 

 

Figure 16. BMP signaling via SMAD pathway and osteogenic differentiation 

A. Schematic representation of BMP signaling via the canonical SMAD pathway. Created in BioRender.com. B. 

Osteogenic differentiation of mesenchymal progenitors triggered by BMPs or other osteogenic factors such as 

Wnt. Reproduced with permission[265]. 
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I.C.5.a. BMP cell-surface receptors 

In humans, four type-I BMP receptors (BMPR) have been identified, namely ALK1 (Activin 

receptor-like kinase 1), ALK2 (or Activin A receptor type I, ACVR1), ALK3 (or BMPR type 

IA, BMPR-IA), ALK6 (or BMPR type IB, BMPR-IB). The type I receptors comprise key 

cytoplasmic structural domains essential for their function. A glycine-serine rich region termed 

GS domain is highly conserved and constitutes the phosphorylation site activated by type II 

receptors and mediating the recruitment of R-SMADs. A L45-loop within the serine/threonine 

kinase domain is critical regarding this event, mediating the binding selectivity and 

phosphorylation of R-SMADs. It has been reported in particular that swapping the L-45 domain 

of different type-I receptors modified their binding preferences[266]. 

Three type-II receptors have been identified, named BMPR-II, activin receptor 2A (ACTR-IIA) 

and activin receptor 2B (ACTR-IIB). Once forming a complex with the BMP ligand and BMP 

receptors type I, the type II receptors initiate the signaling process by phosphorylating the GS 

domain of the type I receptor, which triggers a signaling cascade. The receptors-BMP complex 

formation has been described to occur by two distinct binding models. First, the “preformed 

complex” (PFC) binding model was described to involve the binding of a BMP ligand to 

naturally occurring complexes of type I and type II receptors at the cell surface[267]. A second 

binding model was described as “BMP-induced signaling complexes” (BISC) where BMPs 

bind first to one receptor, triggering the recruitment of additional receptors to form the signaling 

complex[267]. BMP2 and BMP4 exhibit a stronger affinity for type I receptors compared to type 

II receptors, leading to stable ligand-type I receptor complexes with half-lives of several 

minutes instead of few seconds with type II receptors[268]. Based on these differences, it is 

assumed that for the BISC binding model, BMP2 first binds to its type I receptor prior to 

recruiting type II receptors[269]. Interestingly, the PFC or BISC binding models appear to 

activate different signaling mechanism, with SMAD1/5/9 phosphorylation for PFC model and 

SMAD-independent pathways (section I.C.5.c) for BISC model[270]. 

The interactions between BMP ligands and BMP receptors exhibit some specificities depicted 

in Figure 17. ALK1 was reported to bind preferentially BMP9/10, while ALK2 binds both the 

BMP9/10 and BMP5/6/7 subgroups. ALK3 is more affine to the BMP2/4 and ALK-6 binds 

both BMP2/4 and BMP5/6/7 subgroups. In contrast to the type I receptors, no obvious ligand 

specificities were identified for the type II receptors.  

A recent study in our group provided new insights into these interactions[271]. In particular, the 

ALK5 receptor, classically related to TGF- proteins, has been shown to also interact with all 
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BMPs studied (BMP2,4,7,9). Although type II receptors interacted with all BMPs, they showed 

a preference for interacting with BMP9. Additionally, some interaction specificities were 

identified between BMP2 and BMP4, despite belonging to the same subgroup. 

 

Figure 17. Specificities of interactions between BMP ligands and its receptors. 

The different BMP subgroups all bind type II receptors but exhibit more specificities towards type I receptors. 

Reproduced with permission[272]. 

As for BMP proteins, mutations in several BMP receptors are associated with human 

disorders[202,204], and some of them are listed here. Regarding type I receptors, mutations in the 

ACVRL1 gene coding for the receptor ALK1 are related to a genetic vascular disorder named 

hemorrhagic telangiectasia (HHT)[239]. Due to the specificity of the BMP9/10 subgroup for 

ALK1, the role of these BMPs has been particularly studied in this pathological context[239,240]. 

ALK2 is related to fibrodysplasia ossificans progressiva, ALK3 to juvenile polyposis 

syndrome, ALK5 to Loeys–Dietz syndrome type 1 and ALK6 to brachydactyly type A2. 

Regarding type II receptors, mutations in genes encoding for BMPRII are associated to 

pulmonary arterial hypertension (PAH) and for ACVR2B are related to heterotaxy-4. 

I.C.5.b. The SMAD transcription factors 

SMADs are key transcription factors that mediate BMP signaling from the membrane receptors 

to the nucleus, targeting DNA. The SMAD family includes receptor-regulated R-SMADs 

(SMAD1/5/9 and SMAD2/3), one common mediator Co-SMAD corresponding to SMAD4, 

and two inhibitory I-SMADs (SMAD6/7). All members of this family contain an MH1 and an 

MH2 domain (MAD homology 1/2) except for I-SMADs, which do not feature the MH1 

domain[273]. While there is an established divergence between TGF- and BMP signaling 
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involving SMAD2/3 or SMAD1/5/9 respectively (Figure 18), some findings highlighted that 

BMPs can also signal through SMAD2/3[274]. 

The MH2 domain mediates the interactions with several protein partners. In particular, it 

facilitates the binding of R-SMADs to type I receptors, leading to their phosphorylation (into 

pR-SMADs) and activation. This phosphorylation allows the subsequent binding of 

SMAD4[275], forming a free heterotrimeric R-SMAD/R-SMAD/SMAD4 complex able to 

translocate to the cell nucleus. The MH2 domain is also responsible for facilitating the 

interaction with proteins such as SMAD partners and transcription cofactors associated with 

DNA. Except for SMAD2, the MH1 domain of R-SMAD or Co-SMAD mediates the interaction 

with DNA and can bind directly to it. Some characteristic DNA binding sequences of SMADs 

have been identified, such as the so-called SMAD-binding elements (SBEs; AGAC or GTCT 

sequence) interacting with SMAD4 and SMAD3. The best-defined SMAD1/5-binding site is 

GGCGCC, which is present in the enhancers of well-characterized BMP-responsive genes, such 

as the Id genes[276]. 

The direct affinity of SMADs for DNA is however relatively low to induce effective signaling 

(KD ~ 100 nM). Thus, high-affinity and high-specificity recruitment of SMADs to DNA usually 

requires additional transcription cofactors. Such cofactors bind to both DNA and SMAD 

oligomeric complexes, thereby increasing the specificity of the interactions at transcription 

sites. The expression of these cofactors probably contributes to the selectivity of the further 

expressed genes. Cofactors involved in BMP signaling include the RUNX family and several 

others previously reviewed[273,277]. Interestingly, SMAD complexes activate the expression of 

RUNX2 gene and subsequently associate with the synthesized RUNX2 protein, which acts 

itself as a cofactor to regulate the expression of genes involved in osteoblastogenesis[278]. 

Since I-SMADs do not have an MH1 domain, they cannot bind DNA. However, through their 

MH2 domain, they still can bind R-SMADs, SMAD4, type I receptors and DNA-binding 

cofactors, thus exhibiting an inhibiting effect by preventing the formation of bioactive signaling 

complexes (Figure 18).  

Within R-SMADs, the linker region located between the MH1 and MH2 domains plays an 

additional role in BMP signaling regulation. This region contains specific sites that serve as 

binding sites for Smad ubiquitination-related factor (Smurf) ubiquitin ligases, facilitating the 

process of ubiquitination. Although generally linked to protein degradation, the effects of the 
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ubiquitination process are not limited to that and include regulation of substrate localization, 

protein–protein interactions and activity[279,280].  

 

Figure 18. Structural domains in proteins of the SMAD family 

Circles and green squares in the middle linker region indicate motifs potentially phosphorylated by MAP kinases. 

Adapted with permission[281]. 

I.C.5.c. Other protagonists of BMP signaling 

Despite its complexity, the SMAD canonical pathway has been intensively studied and is now 

rather well understood. However, BMPs were also demonstrated to signal through several non-

canonical pathways, reviewed elsewhere[243]. These pathways, not detailed here, include the 

ERK MAP kinase pathway, the activation of p38 MAPK and JNK pathway signaling through 

TAK1, the PI3K-AKT–mTOR signaling pathway, and the JAK-STAT activation. 

Additionally, several other factors are involved in BMP signaling, such as interactions with 

BMP co-receptors or cross-talk with other cell-surface receptors[282]. As an example, a cross-

talk mechanism was identified between BMP2 and integrins (cell adhesion receptors)[283]. This 

effect is characterized by a mutual positive dependency of BMP2 and integrins, where BMP2 

binding to its receptor induces integrin-mediated adhesion, and activation of integrins up-

regulates BMP2 signaling. Moreover, several ECM components regulate the availability, 

spatial distribution, and bioactivity of BMPs[246]. First, a large number of antagonists bind 

BMPs with very high affinity and prevent the interaction of BMPs with their receptors[284]. For 

instance, Noggin, the most characterized antagonist of BMPs, binds to BMP4 with a KD in the 

picomolar range (~19 pM)[285], while the interactions between BMPs and BMPRs are generally 

within the nanomolar range[271]. Finally, several major ECM components bind to BMPs with 
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low or high affinities, such as fibrillins, collagen, possibly fibronectin, and PGs[282]. The 

interaction of BMPs with PGs occurs through their GAG chains and is crucial for the BMP 

spatial distribution and signaling regulation[27,244,246,286], as discussed in the next sections of this 

introduction. 

 

I.D. Interactions of glycosaminoglycans with BMPs  

I.D.1. Structural basis of BMP-GAGs interactions 

BMP2 and BMP4 interact with GAGs through their N-terminal domains. Both exhibit typical 

Cardin-Weintraub sequences[147] in their N-terminal region, with [XBBXBX] and 

[XBBBXXBX] arrangements, respectively (B: basic residue; X: non-charged residue). These 

motifs are well conserved from Xenopus to humans. Ruppert et al. demonstrated that a BMP2 

variant, where the N-terminal residues 1-12 have been substituted by a dummy sequence, 

exhibited a negligible interaction with Hep[287]. In contrast, they proved that the wild type BMP2 

bound Hep with a high affinity, characterized by a KD of 20 nM. The competition of BMP2 

with a BMP2 N-terminal peptide (amino acids 1-17) increased BMP2 activity by about fivefold, 

probably by restraining its interaction with GAGs and thus facilitating the binding to cell 

surface receptors. Therefore, the N-terminal domain, represented in red in Figure 15B was 

highlighted as the region containing the Cardin-Weintraub sequence responsible for GAG 

binding, identified as QAKHKQRKRLKSSCKRH (1-17)[288]. However, the precise 

contribution of each amino acid in this sequence has not been investigated yet. Billings and 

coworkers recently performed a sequence analysis of the N-terminal domain in different 

BMPs[288]. Their N-terminal sequences exhibited a significant degree of conservation across 

different species, despite being highly variable from one BMP to another. Interestingly, HS 

binding appeared to involve domains at opposite ends for different BMPs: at the N-terminal 

domain of BMP2/4 versus the C-terminal domain of BMP5/6/7. Several elements about the 

interaction of BMP2 with GAGs remain unclear in the literature. First, it has not been clarified 

whether the two N-terminal domains of each monomer constitute two independent binding sites 

with identical affinity, or if they associate to form a large single binding domain. Secondly, the 

BMP2 structure is composed of two electropositive areas on opposite sides (Figure 19)[289]. 

The basic residues in the N-terminal domain modelled by Gandhi and Mancera conferred an 

electropositive nature to both sides[289]. It was suggested that these two surfaces could constitute 

a Hep-binding site for long oligosaccharides, while the two N-terminals could form two 

independent binding sites for binding short oligosaccharides. Although supported by a 
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biosensor assay indicating two distinct fast and slow phases of BMP2 association with Hep[287], 

these hypotheses remain largely speculative and should be further explored. It is noteworthy 

that the highly flexible N-terminal domain of BMP2 greatly influences molecular simulation 

studies. Therefore, the combination of molecular dynamics with experimental techniques such 

as NMR will be required to account for the flexibility in the interactions between BMP2 and 

GAGs[289]. 

 

Figure 19. BMP2 dimer exhibits a double-sided electropositive surface potential 

Surfaces are colored by electrostatic potential on the accessible surface on a scale of −10 to +10 kbT/ec (red to 

blue i.e. negatively to positively charged). For visualization of the protein orientation, the BMP2 dimer is shown 

as yellow ribbons with its two receptors colored according to their secondary structures (blue and red). A BMP2 

protein surface is shown in an orientation facing the residues Lys73, Lys76, His44 and His17. B The second 

electropositive region (including Arg114) is shown upon rotation by 180°. Reproduced with permission[289]. 

 

I.D.2. Physiological importance of the interactions 

As previously mentioned, mutations in the PG/GAG biosynthesis are often related to skeletal 

human disorders, such as HME for EXT1/2 mutations[290], skeletal dysplasia for CHST3 

mutations[291], and others for GalT-I, C6ST-1, 2OST, C5-epimerase, glypican-3 and perlecan 

mutations[88]. In mice models, heterozygote mutants of EXT2 develop exostoses (like in HME) 

and homozygote mutants of EXT1 and EXT2 fail to gastrulate[292,293]. 

One well-investigated hypothesis to explain the link between GAGs and these diseases is the 

involvement of GAGs in finely regulating the signaling and the spatial distribution of 

morphogens involved in the skeletal developments such as hedgehogs (Hh), Wingless-related 

integration site (Wnt), fibroblast growth factors (FGF) and BMPs. 

BMPs are believed to act as morphogens in organisms regulating the development of tissues[244]. 

The precise definition of a morphogen consists of locally synthesized signaling molecules that 
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diffuse and act over long distances to induce cellular responses and control growth and pattern 

throughout a tissue region[294]. At the production site, morphogen levels are elevated and 

decrease progressively further away in the tissues. Consequently, morphogens are spatially 

distributed according to concentration gradients during embryonic development. In the absence 

of other regulators, the signaling intensity downstream of the morphogen is assumed to be 

directly linked to the morphogen concentration. The BMP gradients have been nicely studied 

in drosophila embryonic development, by exploring the distribution of the Dpp BMP2/4 

orthologue, in particular in the wing imaginal disc. The visualization of the gradient has 

commonly been achieved either directly with fluorescently labelled Dpp, or indirectly by 

observing the intensity of fluorescently labelled phosphorylated Mad (pMad), a readout of Dpp 

signaling (analogue to pSMAD). While studies in drosophila show indeed the morphogen 

diffusion of the fluorescently labelled Dpp to some extent, studies in vertebrates use fluorescent 

gene reporters revealing gradient-like expression of BMPs, but do not provide information on 

their diffusion[244].  

Interestingly, a wealth of studies in drosophila demonstrated the presence of Hh, Wingless (Wg, 

homolog of Wnt-1), and Dpp signaling defects in mutants for several elongation or sulfation 

PG/GAG biosynthesis enzymes[88,295–300]. These defects include spatial alteration of signaling 

within tissues and alteration of signaling levels, leading to developmental defects. For instance, 

it was demonstrated that the pMad signaling gradient was altered with a restricted diffusion in 

the wing discs of drosophila dally mutants compared to wild types, as illustrated in Figure 20A 

Belenkaya and coworkers demonstrated that the diffusion of extracellular GFP-Dpp fails to 

move across cells mutant for dally and dally-like (dly), two drosophila glypicans[296]. 

Consequently, the pMad signaling was abolished in the same area, as illustrated in the Figure 

20B. These effects were also verified for mutants of sulfateless (sfl), which encode for encodes 

an NDST enzyme. Apart from HSPGs, the aggrecan CSPG has also been implicated in the 

gradient distribution of morphogens such as BMP[301]. 
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Figure 20. Influence of GAG/PG defects on the shape of morphogen gradients 

A pMad staining (pink) in the wing disc of drosophila either wild type or homozygote mutants for dally 

hypomorphic alleles. Adapted with permission[295]. B pMad levels in the wing imaginal disc of drosophila. On the 

left is pMad fluorescence and area delimited by blue dots correspond to mutant cells for sbl or dally and dly. On 

the right is the merge of the pMad signal (orange) and the GFP signal (green) to visualize mutant and non-mutant 

clones (mutants are localized in unstained areas). Adapted with permission[296]. 

Overall, PGs are believed to regulate the signaling by controlling BMP diffusion to shape 

morphogen gradients and control the development and tissue homeostasis[302]. This mechanism 

appears to occur through their GAG chains since the sulfation of GAGs also contributes to the 

controlled diffusion of BMPs. Therefore, the fine-tuning of sulfation patterns on the GAG 

chains of cell-surface and extracellular PGs could contribute to regulate precisely the different 

stages of development. Noteworthy, PGs have the potential to collaborate with additional 

extracellular proteins, including BMP antagonists, in order to govern the signaling process[244]. 

In particular, various BMP antagonists are also believed to play a role in shaping the gradients 

of morphogens[303]. This process seems to rely also on their interactions with PGs, which create 

an antagonist counter-gradient to that of the morphogen. In drosophila, the Dpp gradient is also 

regulated by an inverse gradient of one antagonist termed Short gastrulation[27]. 

I.D.3. Influence of the GAG interactions on BMP signaling 

Apart from their role in shaping morphogen gradients, GAGs have been investigated for their 

direct effect on BMP signaling, to determine whether they positively or negatively regulate the 

signaling. As depicted in Table 3, the role of GAGs in BMP signaling has been intensively 

investigated, using several strategies such as mutating GAG biosynthesis enzymes in vivo or in 

vitro, interfering with GAG function, or treatments with exogenous GAGs. However, it seems 

that the action of GAGs on the signaling is highly complex and context-dependent, as observed 

by the many discrepancies in the literature. Studies in drosophila are rather in good agreement, 

indicating that PGs, their GAG chains and their sulfation positively influence Dpp diffusion 

and subsequent pMad signaling. Few studies not included in Table 3 show that Dpp signaling 

in dorsoventral patterning during embryogenesis is not defective in fly embryos mutant for HS 
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biosynthesis enzymes, in contrast to signaling in the wing discs[27] (Table 3). One explanation 

suggested by Lin and coworkers is that Dpp is highly expressed in the dorsal half of embryos, 

where its activity gradient is regulated by an inverse gradient of its antagonist Short 

gastrulation, whereas Dpp forms concentration gradients in the wing discs to transduce its 

signaling[27]. Mutations of GAG biosynthesis enzymes in other species generally disagree with 

the observed findings in drosophila. In mice, EXT1 mutants develop osteochondromas, 

reminiscent of the HME disease. EXT1 cell mutants exhibit an increased BMP2-induced 

signaling and chondrogenic differentiation[6,304]. Interestingly, treating EXT1 mutant mice with 

LDN-193189, a BMP type I receptor inhibitor, suppresses osteochondroma formation[304]. In 

zebrafish, the overexpression of the 6-O endosulfatase Sulf1 led to phenotypic defect of the 

myoseptum and an increased SMAD1/5/9 phosphorylation, showing that reduced HS sulfation 

aberrantly potentiates the signaling. In a similar way as described before, treating the mutants 

the LDN-193189 drug rescued both the phenotype and the SMAD phosphorylation to a normal 

state[305]. The effect of in vitro treatments interfering with the GAG functions has also been 

subject to several contradictions in the literature. Common treatments include lyase treatment 

to degrade GAG chains, surfen treatment to inhibit protein binding to GAGs, and chlorate 

treatment to reduce the sulfation of GAG chains synthesized by the cells. Heparinase and 

chlorate treatment demonstrated to reduce the signaling induced by either BMP2 or BMP7 in 

mice and rat cell lines[306,307], while increasing the BMP2-induced signaling in C2C12 or mice 

limb bud mesenchymal stem cells (MSCs)[6,308]. 

When treating cells with exogenous GAGs and BMPs, there seems to be a clearer trend that it 

promotes BMP signaling. Only a few studies contradict this trend, such as Jiao et al.[308], who 

showed that ALP signaling at 6 days was reduced with BMP2 and Hep compared to BMP2 

alone. This difference could be explained by the experimental design, where media was 

changed every two days with fresh BMP2. Therefore, the effect of exogenous Hep in protecting 

the BMP2 degradation and sustaining its release in the long term would be countered by the 

addition of new BMP2 in conditions without Hep. 

It is noteworthy that some of these studies also implicated the role of HS in recruiting type II 

BMP receptors to the complex of BMP2 and type I receptors, unraveling another mechanism 

by which GAGs can modulate the BMP signaling[306,309].  
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Interference with GAGs function 

 Growth factor Treatment Study model Animal Effect 

[6] BMP2 Heparitinase I limb bud MSC Mice 
Increased ectopic pSMAD 1/5/8 and 
chondrogenic genes levels 

 BMP2 Chlorate limb bud MSC Mice 
Increased ectopic pSMAD 1/5/8 and 
chondrogenic genes levels 

 BMP2 Surfen limb bud MSC Mice 
Increased ectopic pSMAD 1/5/8 and 
chondrogenic genes levels 

[306] BMP2/4 Heparitinase C2C12/PC12 Mice Reduced pSMAD1/5 levels and p38 activation 

 BMP2/4 Chlorate C2C12/PC12 Mice Reduced pSMAD1/5 levels and p38 activation 

 N-Ter BMP2 Heparitinase C2C12 Mice No effect on SMAD1/5 with the DN-Ter BMP2 

[313] BMP2 Heparitinase limb bud MSC Chick 
Increased BMP2-induced cartilage differentation 
and related genes 

[308] BMP2 Heparinase III C2C12 Mice Increased ALP activity 

 BMP2 Chlorate C2C12 Mice Increased ALP activity 

Mutations in GAG biosynthesis 

 
Growth 
factor 

Genetic 
modification 

Drug Study model Animal Effect 

[300] Dpp Dally mutant  In vivo Drosophila Reduced Dpp target genes expression 

[296] Dpp 
Dally /Dly mutant 
Sulfateless mutant 

 In vivo Drosophila 
Restricted diffusion of Dpp and disrupted 
signaling across mutants 

[297] Dpp ttv, sotv mutants  In vivo Drosophila Reduced pMad signaling 

[298] Dpp 
ttv, sotv, botv 
mutants 

 In vivo Drosophila 
Reduced pMad signaling and altered gradient 
across mutants 

[299] Dpp 
ttv, sotv, botv 
mutants 

 In vivo Drosophila 
Restricted diffusion of Dpp and disrupted 
signaling across mutants 

[295] Dpp 
Dally 
overexpression 

 In vivo Drosophila 
Increased pMad in mutant cells / Altered 
signaliing and protein gradients 

[310] 
N-Ter 
BMP4 

  In vivo 
Xenopus 
laevis 

Increased diffusion of N-Ter BMP4 compared 
to BMP4 

[311] 
BMP4 
mRNA 

XtSulf1 
overexpression 

 Ex vivo Xenopus 
Reduced SMAD1 phosphorylation / Inhibit 
binding of BMP to its receptors 

[305] - 
Sulf1 
overexpression 

 In vivo Zebrafish 
Increased SMAD1/5/8 phosphorylation and loss 
of the myoseptum 

  Sulf1 
overexpression 

LDN-
193189 

In vivo Zebrafish 
Rescued SMAD1/5/8 phosphorylation and 
myoseptum 

[312] BMP4 
Syndecan-1 
overexpression 

 In vivo Xenopus 
Reduced BMP signaling (gene expression 
reporter) 

 BMP4 
Syndecan-1 
silencing 

 In vivo Xenopus 
Concentration-dependent effect; high levels 
block and low levels enhance BMP signaling 

 BMP4 
Syndecan-1 
silencing 

 C2C12 Mice 
Increased BMP signaling (gene expression 
reporter) 

[313] BMP2 
Syndecan-3 
overexpression 

 limb bud 
MSCs 

Chick 
Reduced SMAD phosphorylation and impaired 
cartilage differentiation 

[6] - EXT1 flox/flox  In vivo Mice Ectopic bone formation 

[6] BMP2 EXT1 flox/flox  limb bud MSC Mice 
Increased ectopic SMAD1/5/8 phosphorylation 
and chondrogenic genes levels 

[304] - EXT1 flox/flox  In vivo Mice Osteochondromagenesis 

 - EXT1 flox/flox 
LDN-
193189 

In vivo Mice Suppression of osteochondroma 

 BMP2 EXT1 flox/flox  MSCs Mice 
Increased BMP signaling, increased 
chondrogenic differentiation 

[314] - C4st1 gt/gt  In vivo Mice 
Reduced SMAD1 phosphorylation in 
hypertrophic zone of embryonic growth plate 
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[315] BMP2/4 Heparitinase C2C12 Mice No effect of heparitinase 

[307] BMP7 Heparitinase ROS 17/2.8 Rat Reduced BMP7-induced pSMAD1/5/8 

 BMP7 Chlorate ROS 17/2.8 Rat Reduced BMP7-induced pSMAD1/5/8 

[11] BMP2 Chondroitinase 
Primary 
chondrocytes 

Mice Reduced BMP2-induced pSMAD1/5/9 

Exogenous GAG treatment 

 Growth factor Exogenous GAG Study model Animal Effect 

[313] BMP2 HS limb bud MSC Chick 
Increased BMP2-induced cartilage differentation 
and related genes 

[308] BMP2 Hep C2C12 Mice Reduced ALP activity 

[315] BMP2/4 Hep C2C12 Mice 
Increased BMP2-induced pSMAD1/5/8 and ALP 
activity 

 BMP2 Hep In vivo Mice Increased amounts of mineralized bone tissue 

[264] BMP2 bHS C2C12 Mice Sustained signaling compared to soluble BMP2 

[283] BMP2 bHS C2C12 Mice 
Comparable/reduced pSMAD1/5/8 compared to 
soluble BMP2 

 BMP2 bHS hPDSC Human 
Increased pSMAD1/5/8 compared to soluble 
BMP2 

[287] BMP2 Hep limb bud cells Chick 
Increased sulfated GAG synthesis after 6 days of 
culture 

[316] BMP2 Hep/HS C2C12 Mice 
Increased BMP2-induced osteogenic 
differentiation (RUX2, ALP, osteocalcin) 

[317] BMP4 CS-E MC3T3-E1 Mice 
Increased BMP4-induced ALP acitivity and 
mineralization 

[318] BMP4 Hep SaOS-2 Human Reduced pSMAD1 signaling 

[307] BMP7 Hep ROS 17/2.8 Rat Reduced BMP7-induced pSMAD1/5/8 

Table 3. Literature review about the effects of GAGs in the BMP signaling 

The different studies are classified within three different groups: Mutations in GAG biosynthesis, interference with 

GAG function, or exogenous GAG treatment. The effects observed in each study are depicted in green or red when 

GAGs or their sulfation positively or negatively influences the BMP signaling, respectively. N-Ter indicate a 

protein that has been mutated at its N-terminal domain (GAG-binding site for BMP2/4). MSC: Mesenchymal stem 

cells. dly: dally-like. ttv (tout-velu), sotv (sister of tout-velu) and botv (brother of toutvelu) are homologues of 

EXT1, EXT2 and EXTL3, respectively. LDN-193189 is a type I BMP receptor inhibitor.  

The role of GAGs in the regulation of BMP signaling appears to be very complex and context-

dependent. The localization of GAGs at the cell surface or in the ECM could potentially 

contribute to different roles in cell signaling and dynamics of interactions with cell-surface 

receptors. Additionally, the presentation of GAGs in solution may not be physiologically 

relevant since GAGs are generally attached to their protein core on PGs, themselves frequently 

linked to other matrix components such as HA. Therefore, future studies should focus on the 

aforementioned aspects that might clarify the ambiguous role of GAGs in the signaling of 

several proteins, including BMPs. Furthermore, the role of the PG protein core may also be of 

importance, although not explored in this thesis. Miguez and coworkers showed in the C2C12 

cell line that BMP2-induced ALP activity was increased by biglycan PG, but even more by the 

deglycanated biglycan deprived of its GAG chains[319], indicating a suppressor role of GAG 

chains in the biglycan-assisted BMP activity. This is in line with the previously mentioned 
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ability of biglycan to bind TGF-. As suggested previously, the role of GAGs appears to be 

tissue-dependent (i.e. wing discs versus dorsal half of drosophila). This tissue dependency 

might be linked to differences in growth factor concentrations, where GAGs would increase the 

signal with low concentrations by catching the ligands whereas they would reduce the signal 

by sequestering ligands at high concentrations. 

In the Figure 21 are depicted several models about the potential different roles of PGs in 

regulating BMP signaling.  

 

Figure 21. Models of PGs regulation of BMP signaling 

A. Competitive interactions of BMP2 with PGs or with BMP receptors. B. HSPGs facilitate the recruitment of type 

II receptors to the complex of BMP2 and type I receptors. C. The role of CS chains in PGs remains unexplored 

but it could modulate the dynamics of BMP interactions with its receptors. D. Cell-surface PGs mediate the 

restricted diffusion of BMP from BMP-expressing cells to BMP-receiving cells, forming a morphogen gradient. 

E. Shedding of cell-surface could also regulate BMP signaling by modifying the dynamics of BMP interactions 

with its receptors. F. Lyase degradation of GAG chains could modulate BMP signaling by releasing soluble GAG 

fragments and exposing the protein core of PGs binding BMPs such as biglycan. G. CSPGs in the extracellular 

matrix could be involved in the formation of BMP gradients. H. PGs could have opposite roles depending on the 

BMP concentration: with low concentration, PGs could attract distant BMP molecules to facilitate the binding to 

its receptor while at high concentration it would restrain the binding to its receptors by sequestering BMP 

molecules. Created with Biorender. 

Recently, another intriguing model implicating the role of HS nanostructure was described by 

the research group of Prof. Kiessling for the regulation of FGF signaling[320]. In undifferentiated 

human pluripotent stem cells, the HS chains formed extended hair-like protrusion structures, 

while along the differentiation into motor neurons, HS chain morphology changed towards a 

dispersed punctate structure. This differentiation process was also associated with the loss of 

FGF binding to the neural cells and loss of signaling, suggesting a role of the HS nanostructure 

in the regulation of growth factor signaling.  
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I.D.4. Molecular interactions between GAGs and BMPs 

A survey of the literature was conducted to provide a more comprehensive understanding of 

BMPs with GAGs. As depicted in Table 4, the molecular interactions of BMPs with GAGs 

have been mainly studied with Hep and HS. BMPs exhibit a high affinity for HS and Hep in 

the nanomolar range. However, the affinity values determined in the literature deserve to be 

clarified, since they are subject to variations of several orders of magnitude. In particular, for 

BMP2 which has been the most studied, the KD values vary from 37 to 1600 nM for HS 

interaction[288,321,322], and from 2.4 to 490 nM for interaction with Hep[6,287,323]. Such 

discrepancies could be related to different experimental setups or GAG sources. Furthermore, 

it was demonstrated that the minimal size of HS oligosaccharides to bind BMP2 is a 

hexasaccharide[324]. 

The interactions of BMPs with other GAGs such as CS, DS, KS and HA remain rather 

unexplored and deserve to be investigated to bring new insights into their role in the regulation 

of BMP signaling.  

KD [nM] BMP2 BMP4 BMP5 BMP6 BMP7 

HS 
37[288] 

186±33[321] 
1600[264] 

4940-5450[172] 16[288] 56[288] 
40[288] 

7[249] 

Hep 
20,0[287] 

2,4±0,3[323] 
490±20[6] 

69,4[325]  6,3[142]  

2O-ds-Hep    11[142]  

6O-ds-Hep    15[142]  

Hep dp6-n°1 24000[326]     

Hep dp6-n°2 46000[326]     

Hep dp6-n°3 34000[326]   9000[326]  

CS-E  30,0[325]    

DS 20,0[323]     

HA      

sHA (SD=1,0)  7,3-11,4[172]    

sHA (SD=2,8)  0,013-0,020[172]    

Table 4. Affinities between different GAGs and BMPs determined in the literature 

The KD values, corresponding to the inverse of the affinity, are indicated for each interaction. Hep dp6 n°1-3 

indicate synthesized Hep-oligosaccharides. 

Given the crucial role of specific HS sequences for protein binding and bioactivity of some 

growth factors (as demonstrated with FGF and AT III)[137,144,165], it is plausible that essential 

HS structural features (sequences and sulfation patterns) are similarly crucial for the 

interactions with BMPs. Up to date, only a few studies have explored the role of GAG sulfation 

degree and sulfation patterns for their interaction with BMP2, focusing mainly on HS. Using 

desulfated Hep, Smith et al. found that N-sulfation played a crucial role in BMP2 binding, 
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surpassing the influence of 6-O sulfation, while 2-O sulfation had only a minor role[324]. 

However, these results contradicted the findings from Tellier and coworkers, which indicated 

a minor importance of N-sulfation and a clear importance of 6-O sulfation[327]. Another study 

conducted by Chopra et al. in 2021 investigated the interaction between HS and BMP2 using a 

microarray that exhibited rare 3-O sulfated hexasaccharides[328]. The authors demonstrated that 

oligosaccharides including a 3-O sulfate bound BMP2 with more affinity. In particular, 

oligosaccharides featuring a central IdoA(2S)-GlcNS(3S6S) disaccharide generally exhibited a 

high affinity for BMP2. The importance of 3-O sulfation in BMP signaling and organ function 

was also shown for other BMPs[2,329]. In contrast, in a microarray study, Söderlund and 

coworkers did not observe major modification of BMP interactions for five distinct 

oligosaccharides, with KD values in the 100 nM range[330]. In particular, there was no significant 

effect on the binding using a HS dodecasaccharide that included a 3-O sulfated GlcNS(3S6S)-

IdoA(2S) sequence, which is palindromic to the motif identified by Chopra et al.[328].  

 

I.E. Biomaterials to study GAGs 

I.E.1. Use of biomaterials in medical applications (Review published in Advanced 

Materials, Annex) 

The remarkable physical and biological properties of GAGs make them excellent candidates 

for biomaterial applications and particularly for tissue regeneration[3,46,331–336]. In this section, 

we provide an overview of the biomedical applications investigated using GAG-based 

biomaterials, for each type of GAG, summarized in the Table 5.  

Because of its large binding properties, Hep has been incorporated in many biomaterials 

developed for biomedical applications, and especially tissue engineering. Various medical 

devices incorporating Hep for its anticoagulant properties have been successfully validated in 

clinical trials and are now commercially available. These devices include cardiopulmonary 

bypass devices, hemodialysis catheters, vascular and stent-grafts[337]. Due to its ability to bind 

growth factors that play key roles in various tissues, Hep-based biomaterials have also been 

developed for anti-inflammation[338–340], bone repair[323,341–347], wound healing[348,349], cartilage 

repair[343,350,351], vascular reconstruction[333,352–367], tendon reconstruction[368–370], nerve 

growth[371–373], and cancer detection and apoptosis [374,375] (Table 5). 

HS has been less studied than other GAGs and there is currently no HS-based biomaterial under 

clinical trial. However, in vitro and in vivo studies have investigated HS-based biomaterials for 
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bone repair[376], cartilage repair[377–379], angiogenesis[360,380–383], wound healing[380], and stem 

cell-therapy enhancement[384] (Table 5).  

HA is certainly the most advanced GAG for biomaterial applications and commercial uses in 

medicine and cosmetics. It is commonly used in a wide range of cosmetics but also in clinical 

trials for wound repair in different biomaterials like HA-based sponges[385], or HA-based dermal 

substitute membranes[386,387]. Some HA-based scaffolds have also been tested in clinics for 

cartilage repair[388–395]. In research, HA-based biomaterials are emerging for bone repair[343,396–

401], vascular reconstruction[402–404], anti-inflammation[405,406], vocal fold repair[407–409], muscle 

regeneration[410,411], lung tissue modelling[412], tendon or ligament repair[413], nerve growth[414], 

and adipose tissue engineering[415] (Table 5). 

Even though KS seems to have a lot of potential for biomedical application, no KS-based 

biomaterial has been developed, to our knowledge. 

Various CS-based biomaterials have been developed for a broad range of applications. Notably, 

a membrane made of bovine tendon collagen and CS-C has passed clinical trials and is now 

commercially available for skin repair of burn victims[416,417]. Other biomaterials with CS have 

been developed for bone repair[376,418–421], nerve growth[422,423], tendon regeneration[424,425] and 

vascular applications[381] (Table 5). For cartilage repair, CS has already been used in clinical 

trials and is commercially available, though not as a biomaterial. Instead, it was used as an intra-

articular injectable solution[426]. Alongside, CS-based biomaterials such as hydrogels are 

currently being developed to repair damaged cartilage 
[392–395,427,428]. 

The use of DS in biomaterials is progressing slowly compared to the other GAGs, but as 

depicted in Table 5, some applications are emerging for the reduction of biofilm deposition[429], 

vascular application[430,431], bone repair[323,432], and wound healing[433]. 

The ability of GAGs to interact with GFs and to regulate their bioactivity is attractive to design 

biomaterials. The combination of GAGs with GFs in biomaterials has been extensively 

investigated for biomedical applications, as shown in Table 1. However, up to date, the only 

GAG-biomaterials that reached clinics do not include GF, likely due to the increased 

biomaterial intricacy resulting from the addition of GF. 

Disaccharide unit Biomaterial applications 

Hep 

 

Anti-coagulation [337] 

Anti-inflammation [338–340] – IL-4[338,339], IL-13[340] 

Bone repair [323,341–347] – BMP2 [323,341–347] 

Wound healing [348,349] – FGF2[348], HB-EGF [349] 

Cartilage repair [343,350,351] – BMP2[343],TGF-3[350] 

Vascular reconstruction [333,352–367] – SDF-

1[353,354], VEGF[352,358–364], FGF2[365,366], Shh+IL-

10[367] 

Tendon reconstruction [368–370] – PDGF-BB[368–370] 

Nerve growth [371–373] – GDNF[371], NGF [371–373] 

Cancer detection and apoptosis [374,375] 
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HS  

 

Bone repair [376] – BMP2 [376] 

Cartilage repair [377–379] – BMP2[377–379] 

Vascular reconstruction [360,380–383] – VEGF[360,380], 

FGF2[382,383] 

Wound healing [380] – VEGF[380] 

Stem cell therapy enhancement [384] 

HA 

 

Wound healing [385,434–436] – HB-EGF [436] 

Cartilage repair [388–395] 

Bone repair [396,343,397–401] – BMP2[343,396–398], 

SV[400], FGF2 [401] 

Vascular reconstruction [402–404] 

Anti-inflammation [405,406] – IL-10[405] 

Vocal fold repair [407–409] 

Muscle regeneration [410,411] 

Lung tissue model [412] – FGF7+FGF10[412] 

Tendon / ligament repair [413] 

Nerve growth [414] 

Adipose tissue engineering [415] 

KS 

 

  

CS 

 

Wound healing [348,417,437,438] – FGF2[348] 

Cartilage repair [392–395,427,428] 

Bone repair [376,418–421] – BMP2 [376,418,419], 

BMP4[420], PDGF-BB[421] 

Nerve growth [422,423] – NGF[422,423] 

Tendon regeneration [424,425] – IGF-1/GDF-5 [425] 

Angiogenesis [381] 

DS 

 

Reduction of biofilm deposition [429] 

Vascular reconstruction [430,431] 

Bone repair [323,432] – BMP2 [323] 

Wound healing [433] 

Table 5. Biomaterial applications of the different GAGs 

In green, the biomaterials that have already been used in clinical trials for the mentioned application. In light 

brown, which bioactive molecules have been used in the biomaterials. BMP2/4: Bone Morphogenetic Protein 2/4; 

FGF2: Fibroblast Growth Factor 2; GDNF: Glial cell line-derived neurotrophic factor;  HB-EGF: Heparin-

Binding EGF-like Growth Factor; IGF-1: insulin-like growth factor-1; IL-4/-10/-13: Interleukin-4/-10/-13; NGF: 

Nerve Growth Factor; PDGF-BB: Platelet Derived Growth Factor –BB; SDF-1α: Stromal cell-Derived Factor 1-

Alpha; Shh: Sonic Hedgehog; SV: Simvastatin; TGF-β3: Transforming Growth Factor Beta-3; VEGF: Vascular 

Endothelial Growth Factor 

 

I.E.2. Biomaterials to study GAGs (Review published in Advanced Materials, Annex) 

Many GAG-based biomaterials have been developed for medical applications, tissue 

engineering, and GF delivery. The cytotoxicity and GF delivery of these biomaterials are widely 

studied, but the mechanisms by which the biomaterials regulate GF signaling depending on 

GAG type are generally less considered. A majority of studies on GAG-mediated regulation of 

growth factor signaling have been using GAGs in their soluble form[29,308,324,439]. However, the 

release of GAGs or PGs in solution is generally correlated with specific processes such as 

inflammation, sepsis, and intoxication responses. High levels of degraded soluble GAG 

fragments are considered as biomarkers of several diseases[132,133]. For in vitro studies, treating 

cells with GFs bound to soluble or immobilized GAGs (most GAGs are bound at the cell surface 

or the ECM) may therefore induce a different response. For example, contradictory roles of HS 

have been reported for BMP2 growth factor signaling, depending on whether HS was presented 

in a soluble form or bound at the cell surface. In particular, it has been shown that HS promotes 
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the BMP2-mediated SMAD 1/5/9 pathway (early effectors of BMP signaling) when added in 

solution to cells[316,440]. On the contrary, conditional KO mice for Ext1 HS elongation enzyme 

showed an improved SMAD1/5/9 phosphorylation, thereby suggesting that cell-surface HS 

inhibits BMP signaling [6,309]. Biomaterials developed for clinical applications are often 

presenting immobilized GAGs, which may have a different role with respect to soluble and 

cell-surface GAGs. It is therefore important to determine the effects of immobilized GAGs in 

simple experimental in vitro conditions before using GAG-based biomaterials in clinics. It is 

noteworthy that the immobilization strategy can also have an impact. A study of protein-Hep 

interactions demonstrated that immobilizing Hep to a surface via intra-chain modifications 

negatively affects the protein binding compared to Hep biotinylated at the reducing end[441]. 

Therefore, reducing-end functionalization of GAG chains is certainly a more biomimetic 

approach, mimicking better the natural PG structure and enabling efficient interactions with 

proteins[442]. 

Additionally, the modulation of some GAG properties (i.e. type, density, length, and sulfation) 

directly affects the interactions with bioactive molecules and consequently modifies the cellular 

response. Therefore, they have to be considered in the design of GAG-based materials. The 

fine-tuning of these parameters should be achieved to determine the best conditions for a 

specific medical application. Interestingly, these parameters are highly variable in vivo 

depending on the tissue, pathology or age. The variation of these parameters in tissues is 

summarized in the Figure 22. The panel A illustrates differences in GAG type distributions, as 

exemplified by distinct localizations of HS and CS mice eye sections during embryonic 

development. The panel B depicts variations in concentration of sulfated GAGs (sGAG), as in 

mice growth plate exhibiting well-defined areas with high (dark blue) or low (white) 

concentrations. The panel C highlights differences in GAG sulfation in tissues. This panel 

shows glycan fragments detected by MALDI-FT-ICR mass spectrometry in gastric cancer 

patients. Some glycans detected can be attributed to GAG structures. It is possible to identify a 

separation between an area with sulfated glycans and a non-sulfated area. Considering the 

natural variability of GAG type, density and sulfation distributions, a rational design of 

biomaterials in relation to the in vivo characteristics of the tissue targeted is critical for 

biomedical application. Obviously, the systematic evaluation of these characteristics in tissues 

for translation into biomaterials is a tremendous challenge and will require important 

technological developments. 
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Figure 22. Natural variation of GAG in animal tissues or cell cultures 

A. Immunocytochemical staining of HS and CS in mouse eye sections at embryonic days 9.5, 10.5, 11.5 and 14.5. 

Scale bars are 25 μm. Adapted with permission under terms of the CC-BY license[443]. Copyright 2023, Wishart 

and Lovicu, published by MDPI. B. Toluidine Blue staining representing the density variation of sulfated GAGs 

in growth plate of wild type mice. Adapted with permission[444]. Copyright 2017, Elsevier. C. Ion map of N-

acetylhexosamine sulphate, hexose sulfate, and hexuronic acid N-acetylhexosamine glycan fragments detected by 

MALDI-FT-ICR mass spectrometry in whole tissue sections from a gastric cancer patient shows a separation 

between areas with sulfated glycans (red and blue) and without non-sulfated area (green). Adapted with 

permission under terms of the CC-BY license[445]. Copyright 2017, Kunzke et al., published by Oncotarget 

We present in this section several biomaterials designed for modulating the aforementioned 

parameters and investigating their role in the cellular response. The incorporation of GAGs into 

biomaterials alters their effect on stem cell fate, either directly by activating some specific cell 

response, or indirectly by modulating the binding of GFs and their activity. Since the various 

GAGs interact with specific partners and with distinct affinities, it is not surprising that each 

GAG can differently modulate the cellular response when incorporated into a biomaterial 

(Figure 23A). Depending on the application, some GAGs may be more adapted to trigger the 

desired effects. Interestingly, only a few studies compared the effect of different GAGs on 

specific processes.  Dewey et al. observed the effects of different GAG types incorporated in 

collagen scaffolds and showed that CS-C induced the greatest endothelial tube formation 

compared to Hep and CS-A scaffolds, and was also associated with the highest expression of 

VEGF[446]. All GAGs had anti-inflammatory effects, but CS-C scaffolds were the ones with the 

strongest influence to decrease IL6 levels and induce the M1 to M2 macrophage gene 

expression transition. In the same study, Hep showed the best potential to inhibit 

osteoclastogenesis.  
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In animal tissues, the density of GAGs varies depending on tissue type but also throughout 

lifetime[447,448]. Therefore, it is important, in the design of a biomaterial, to consider the GAG 

density of the targeted tissue since it may impact the behavior and the response of cells, 

ultimately affecting the tissue regeneration properties of a biomaterial. However, the 

determination of GAG density in tissues can be complex to assess and to relate with biomaterial 

fabrication. The determination of GAG concentrations in body fluids such as urine plasma and 

serum is the most straightforward and can be performed with ultra-high-performance liquid 

chromatography (UHPLC) eventually coupled with mass spectrometry systems[444,449,450]. In 

soft and solid tissues, the determination of GAG content is more complex and only a few 

quantitative values of tissue-specific GAG density are available in the literature, especially for 

human tissues. When designing a biomaterial, it might be possible to some extent to identify a 

range of GAG concentrations specific to a tissue type or age of the patient. With this 

information, the biomaterial can be modulated in GAG density to target the best tissue 

regeneration properties. Wang and Yang compared the incorporation of methacrylated HS and 

CS at different densities in hydrogels to induce chondrogenic differentiation of hMSCs[451]. In 

this study, different hydrogel stiffnesses were used, and the GAG concentration was tuned 

between 20 mg/mL to 100 mg/mL. They observed that chondrogenesis was enhanced with CS 

compared to HS, especially in soft (7.5 kPa) hydrogels. The highest amount of collagen types I 

and II and sulfated GAGs neocartilage deposition was obtained for intermediate CS density (50 

mg/mL), suggesting that GAG density has to be well regulated in tissues to induce specific 

cellular response (Figure 23B). 

Several evidence demonstrated the importance of sulfation degree and specific sulfation motifs 

in various biological contexts. They regulate the formation of morphogen gradients (hedgehogs, 

BMP, Wnt), particularly important in early development[27,439,452–454]. As previously mentioned, 

they are also key factors for regulating the bioactivity of growth factors such as FGF, AT III or  

hepatocyte growth factor (HGF), VEGF, IGFs, and cell membrane receptors and 

coreceptors[2,134]. Therefore, the control of sulfation degree and patterns in a biomaterial has a 

determinant role on its properties. In the study of Tellier et al., microparticles were coated with 

either Hep, N- or N,6-O-desulfated Hep or fully desulfated Hep to assess how Hep sulfation 

pattern regulates BMP2-induced ALP expression in C2C12 cells (Figure 23C)[327]. The 

microparticles coated with the most sulfated compounds (Hep and N-desulfated Hep) combined 

with BMP2 enhanced ALP expression compared to soluble BMP2. Microparticles carrying 

N,6-O-desulfated Hep and fully desulfated Hep with BMP2 were not able to promote ALP 

expression. This suggested that N-sulfation is not essential for efficient Hep-mediated BMP2 
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bioactivity, although this result was not supported by another study as previously 

mentioned[324].  

 

Figure 23. Modulation of specific GAG parameters in biomaterials 

A. Modulation of GAG type in collagen-GAG scaffolds induces distinct differentiation pathways. Adapted with 

permission[446]. Copyright 2021, Elsevier. B. Modulation of GAG density in hydrogels induces a stronger 

chondrogenic response for intermediate concentrations of CS, with a more important deposition of collagen II. 

Scale bar is 200 µm. Adapted under terms of the CC-BY license[451]. Copyright 2017, Wang et Yang, published by 

Springer Nature. C. Modulation of GAG sulfation degree/pattern in microparticles with BMP2 induce sulfation-

dependent alkaline phosphatase (ALP) expression. Adapted with permission[327]. Copyright 2015, The Royal 

Society of Chemistry. 

The previously presented biomaterial constructions all constitute sophisticated approaches to 

investigate the interplay between GAGs and growth factors within a cellular environment, each 

carrying its advantages and drawbacks depending on the scientific question addressed. Within 

the context of this thesis, we made the strategic choice of using biomimetic streptavidin (SAv) 

platforms, described in the following section, and offering several benefits to address our 

scientific aims. 

 

I.E.3. Biomimetic streptavidin platforms 

An additional challenge in the design of biomaterials is to present GAGs in an oriented manner 

such as in the ECM, side-specifically attached to their protein core. To achieve this, Migliorini 

and coworkers developed a two-dimensional SAv-based biomaterial allowing the 

immobilization of biotinylated compounds in a controlled way (Figure 24) [264]. They studied 
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the role of HS in the regulation of BMP2 signaling by comparing the effect of soluble BMP2 

(sBMP2) and HS-adsorbed BMP2 (aBMP2). Interestingly, they demonstrated that HS sustained 

the BMP2-induced signaling. Indeed the pSMAD1/5/9 protein content decreased over time with 

sBMP2, reaching a significantly lower level than with immobilized HS after 3 hours of culture. 

In our research group, Sefkow-Werner and coworkers also used the same biomaterial to explore 

the interplay between integrins and GF receptors, showing the bidirectional property of a 

crosstalk between these receptors[283]. Few other research groups also investigated similar SAv-

based biomaterial systems, but not necessarily for cellular studies[455–457].  

 

Figure 24. Schematic representation of biomimetic SAv platforms 

SAv monolayer is functionalized on a gold substrate via a mix of thiol-PEG-biotin and inert thiol-PEG. 

Biotinylated molecules were next immobilized on the platform. BMP2 was adsorbed onto oriented iHS and 

compared to immobilized BMP2. 

The concept of the biomimetic SAv platforms is to enable the binding of molecules of interest 

from the ECM in a controlled way for presenting them to cells. In this project, we used 

biomimetic SAv platforms to address the role of various GAGs in the regulation of BMP2 

signaling. The biomimetic SAv platform, introduced above, is functionalized on a gold 

substrate using a sequential buildup with successive binding of molecules, as depicted in Figure 

25. To functionalize the SAv monolayer, a thiol-conjugated biotinylated linker is coupled to the 

gold substrate.  

Gold exhibits strong interactions with thiol groups following oxygen plasma or UV/Ozone 

activation, making it a widely used strategy for constructing self-assembled monolayers 

(SAMs)[458–460]. Migliorini et al. used a blend comprising thiol-conjugated PEG and PEG-biotin 

to establish a SAM on gold substrates, with a specific 95:5 molar providing the optimal amount 

of biotins that ensure the availability of biotin-binding sites facing upwards the protein[461]. 

Furthermore, the incorporation of PEG chains into biomaterials is known to reduce effectively 

undesired protein adsorption, especially in SAMs[462,463].  
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The functionalized SAv monolayer next serves as a molecular breadboard for the attachment 

of various biotinylated ligands. The interaction between SAv and biotin is extremely affine. 

With a KD estimated to 10-15 M, it constitutes one of the strongest interactions occurring in 

nature[464], thereby providing a robust functionalization strategy for biomaterials. From 

previous works using similar constructs, we can estimate an average binding of 1.68 to 1.95 

biotinylated compounds per SAv molecule[456].  

A further development of the biomimetic SAv platforms is the co-functionalization of two 

different biotinylated molecules on the same SAv monolayer. This approach has been employed 

to improve the cell adhesion properties of the platforms using biotinylated cell adhesion 

molecules such as intercellular adhesion molecule 1 (ICAM-1)[461] or cyclic RGD (cRGD) 

integrin ligand[465]. Sefkow-Werner and coworkers co-functionalized the cRGD peptide in 

combination with HS[283]. Using a technique called quartz crystal microbalance with dissipation 

monitoring (QCM-D), they could determine concentrations and incubation times to perform a 

partial functionalization of the SAv, preventing the saturation of all biotin-binding sites and 

allowing subsequent binding of the second molecule of interest. 

In addition to biotinylated molecules, biomimetic SAv platforms can also be employed to 

investigate interactions with non-biotinylated molecules. As an example, Migliorini et al. 

previously used biomimetic platforms functionalized with BMP2 adsorbed to HS[264]. Unlike 

the SAv-biotin interaction, this type of interaction is partly reversible, depending on its affinity. 

The interaction of BMP2 with HS seemed rather stable, since it sustained the signaling for up 

to three days, as measured with an ALP assay. 

 

Figure 25. Sequential buildup of the SAv biomimetic platform on gold substrates 

Molecules in solution are incubated with the gold substrate to form a SAM of SAv allowing the binding of 

biotinylated compounds such as cRGD and HS. In the case of cRGD co-functionalization with HS, the cRGD 

incubation is stopped before saturation of the biotin-binding sites of SAv, to allow subsequent binding of 

biotinylated HS (bHS) on the remaining available binding sites[283]. 
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I.E.3.a. Advantages and opportunities for development 

The biomimetic SAv platforms exhibit several advantages but also carry opportunities for 

further developments to improve their potential.  

The biomimetic platform being founded on the key SAv-biotin interactions, their design offers 

great flexibility in tailoring the platform construction to specific needs. Indeed, any molecules 

of interest can be biotinylated and immobilized on the platforms to be investigated in 

association with one or a few other co-functionalized compounds. For instance, the co-

functionalization of GAGs with adhesion peptides offers enhanced cellular adhesion properties 

for cellular assays. Furthermore, the platforms are compatible with commonly used biophysical 

techniques such as QCM-D, enabling convenient ex situ characterization of newly made design 

adaptations. The platforms also appear to be suited for modulating molecular surface density, 

by determining the adequate concentration and incubation time to occupy the biotin-binding 

sites of SAv to the desired extent. This property could be particularly interesting to investigate 

the role of GAG density in the binding of proteins and in the induced cellular response.  

For cellular studies, the experimental setup of Migliorini et al. is based on gold-sputtered 2.4 

cm x 2.4 cm glass coverslips, which remain compatible with optical and fluorescence 

microscopy due to the thin layer of 1.5 nm Cr and 8 nm Au[264]. Sefkow-Werner et al. next 

improved the system by gluing the PEG-passivated gold surfaces to standardized bottomless 

96-well plates, thereby dividing the surface into 4 different wells that increase the number of 

conditions achievable within an experiment and reduce the sample quantity required for 

functionalization[283]. Lastly, the previous use of the platforms for studying the interplay 

between BMP2 and HS highlights its potential for investigating GAG-BMP2 interactions in a 

broader context.  

Apart from these advantages, this experimental setup carries potential to be further developed. 

The use of gold-sputtering equipment to prepare gold surfaces is time-consuming and requires 

an expensive access to a clean-room facility. Moreover, such surfaces need to be manually 

glued to bottomless 96-well plate using a double-sided tape, which represents a delicate step. 

The successive steps of the functionalization being performed with manual pipetting, it is also 

extensively time-consuming. Although optically transparent, the gold-sputtered surfaces 

require the use of high-power excitation sources to be compatible with fluorescence microscopy 

and may generate diffraction artifacts. In the absence of a direct characterization method for the 

functionalized platforms intended for cellular studies, the characterization is performed ex situ 
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using QCM-D. Therefore, we have to assume there is no significant difference between the 

QCM-D crystals and the functionalized platforms for cellular studies.  

Other strategies have been developed to prepare SAMs on negatively charged glass or metal 

oxide surfaces, which are optically transparent (Figure 26). These strategies include the 

functionalization of a lipid-supported bilayer (Figure 26A) [461] or covalent silane-PEG 

molecules (Figure 26B)[466], or more recently to silicon oxide by electrostatic and covalent 

immobilization of a complex polymer termed PAcrAmTM-g-(PEG,NH2, Si) (Figure 26C)[467]. 

For the latter, stability is conferred through covalent siloxane binding to the silicon oxide 

surface, while additional electrostatic binding ensures resilience and allows achieving an 

optimal packing of the macromolecule on the surface[467]. The most commonly employed 

strategy is the electrostatic adsorption of poly(L-lysine)-graft-poly(ethylene glycol) 

(PLLgPEG) and several studies have investigated the influence of PEG grafting ratio (g) and 

chain length on the polymer architecture in liquid and its anti-fouling properties (Figure 26D) 

[468–470]. Such strategies may be interesting for future improvements. In particular, it would 

allow the functionalization of biomimetic platforms on commercial 96-well plates, ruling out 

the necessity of gold-sputtering and gluing surfaces, and providing a more adequate substrate 

for optical and fluorescence microscopy.  

 

Figure 26. Strategies for building SAMs on optically transparent substrates 

A. Supported lipid bilayer with SAv functionalization Adapted with permission[264]. B. Silane-PEG covalent 

immobilization. Adapted with permission under the terms CC BY-NC 3.0.[471]. C. PAcrAmTM-g-(PEG,NH2, Si) bi-

covalent-electrostatic functionalization. Adapted with permission under the terms CC BY [467]. D. PLLgPEG 

electrostatic functionalization on negatively charged surface. The grafting ratio (number of lysine monomers to 

PEG chains) is indicated as g [x]. Adapted with permission[470]. 
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As previously mentioned, the functionalization process of biomimetic platforms is manual, 

time-consuming, and prone to errors. In our team, Machillot et al. previously developed a 

liquid-handling robot system to automate the functionalization of layer-by-layer (Lbl) films in 

96-well plates, previously performed manually, with alternative deposition of twelve PLL and 

HA layers[472] (Figure 27). In particular, they implemented an automated plate tilting that 

allowed complete aspiration of the liquid in microwells to perform efficiently the rinsing steps 

between each molecule deposition.  

 

Figure 27. Automation of Lbl functionalization by a liquid-handling robot 

a. Lbl fabrication process by successive incubation and rinsing of PLL polycation and HA polyanion. The 96-well 

plate is tilted for dispensing and aspirating the solutions deposed in 96-well plates. b. Scheme of the liquid-

handling robot functionalization. c. Fluorescently-labelled Lbl film homogeneity in a microwell tile-scan. d. Lbl 

film thickness visualized by z-stacks images e. Quantification of LBL film thickness based on the z-stack. 

Reproduced with permission[472]. 

This new setup improved greatly the homogeneity and the reproducibility of the produced Lbl 

films, also saving precious time for the researcher. Few experimental parameters could be easily 

changed (number of multilayers or the choice of wells) but the process was developed to 

achieve a single task: performing the highly repetitive incubation and rinsing steps of these two 

molecules, after deposing a base layer of polyethyleneimine (PEI). Therefore, this process is 

not yet adapted for the versatile functionalization of biomimetic SAv platforms including 

several different molecules but it represents a great potential for future developments.  
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Chapter II. Objectives of the PhD thesis
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As previously introduced, the role of GAGs in the regulation of BMP signaling remains unclear, 

even for HS and Hep, which have been extensively studied. While a consensus seems 

established regarding the contribution of GAGs in the formation of BMP gradients, the direct 

influence of GAGs on BMP signaling is subject to many controversies, thus requiring further 

investigation. In particular, the role of GAGs besides HS and Hep has been so far disregarded, 

leaving unexplored the effects of CS, DS, HA, and KS in the BMP signaling. Additionally, we 

speculate that GAGs may elicit different signaling mechanisms when located at the cell surface 

or in the extracellular matrix, thereby contributing to the observed discrepancies in the 

literature. Specific sulfation motifs of Hep have been demonstrated to have different roles for 

the binding of BMP2 and its signaling, with N- and 6O- sulfates appearing to be the two most 

important motifs[324,327]. Nevertheless, it has not been elucidated whether the BMP2 interaction 

with HS is responsive to specific sequences with key sulfation patterns.  

The first objective of my PhD thesis consisted in methodological development to pave the way 

for investigating the role of various GAG compounds in the presentation and signaling of 

BMP2. To conduct these experiments, it was necessary to explore a wide range of conditions, 

which required high levels of parallelization and automation. Regarding molecular interactions, 

the BLI technique is particularly adapted to investigate many conditions since it has a higher 

throughput than surface plasmon resonance (SPR). In contrast, the cellular experiments on 

biomimetic SAv platforms exhibited a restricted parallelization capacity. Indeed, the 

requirement of gold surfaces limited the number of conditions in a 96-well plate and the multi-

step build-up process was time-consuming, involving gold sputtering, gluing surfaces on 

bottomless plates, and manual pipetting. Therefore, we aimed to develop a new approach for 

building biomimetic SAv platforms on standardized 96-well plates. Furthermore, to increase 

the parallelization degree of our experimental setup, we inspected the possibilities of 

implementing new functionalities to a liquid-handling robot available in the team for 

automating the SAv platform functionalization.  

The second and main objective of my PhD was to decipher the role of the type and the 

localization of GAGs in BMP2 binding and signaling. In this context, we first aimed to explore 

the molecular interactions between BMP2 and diverse GAGs. Using the biolayer interferometry 

(BLI) technique, we sought to provide in-depth information about the molecular dynamics 

between BMP2 and GAGs compounds, such as affinity, association and dissociation rates. 

Alongside, our strategy was to prepare and use a library of structurally defined HS-

oligosaccharides to investigate whether specific sulfation patterns within HS sequences have a 
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crucial influence on the BMP2 interaction. Furthermore, we planned to investigate the interplay 

between GAGs and BMP2 in a cellular context using biomimetic SAv platforms, to provide 

novel insights about the type, sulfation, and localization of GAGs. We intend to correlate these 

findings with molecular interaction data obtained from the BLI studies. 

In the frame of achieving this objective, we identified that the biomimetic SAv platforms in 

their existing state were unsuitable for our investigations due to BMP2 non-specific adsorption. 

A limited amount of BMP2 non-specific attachment on components of the platforms, besides 

GAGs, induced significant BMP2 signaling and hampered the use of the platforms for our 

purposes. Therefore, we explored various options aimed at improving their anti-fouling 

properties. 

Overall, the work achieved during my PhD is divided into three chapters written in the form of 

articles, which are summarized below. 

Chapter III: Biomimetic SAv platforms were newly constructed on glass with a PLLgPEG-

biotin linker. The surfaces were characterized ex situ with QCM-D and spectroscopic 

ellipsometry as well as in situ through photobleaching image correlation spectroscopy. Tools 

were developed to enable the automated functionalization procedure of up to 96 distinct 

biomimetic SAv platforms within a standardized glass-bottom 96-well plate. 

Chapter IV: The molecular interactions between HS, HA, DS, and various CS types (-A, -D, -

E) were investigated with BLI. Biomimetic SAv platforms with reduced non-specific BMP2 

adsorption were characterized extensively for performing cellular experiments to investigate 

the role of extracellular GAGs in BMP2 signaling. The effects of cell-surface GAGs were 

explored by employing CHO cell mutants for GAG biosynthesis. The requirement of specific 

HS sulfation patterns for the interaction with BMP2 was examined with BLI employing a 

library of HS-derived oligosaccharides.  

Chapter V: A limited non-specific adsorption of BMP2 on biomimetic SAv platforms induced 

significant signaling to the cells. Several control experiments have been performed to 

understand the origins of this non-specific adsorption and various condition optimizations have 

been undertaken to reduce this phenomenon, thereby allowing the study of GAGs with the 

biomimetic platforms (Chapter IV). 
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Chapter III. Materials and methods 
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In this chapter, I have chosen to highlight the preparation of specific materials and the most 

specific methods employed in this thesis, providing a description of their operation principles, 

important for the understanding of the following chapters. Additional information about the 

experimental conditions adopted for each measurement, or about other methods not detailed 

here, are described within the material and methods section of each article.  

Materials 

Functionalization of biomimetic SAv platforms for cellular studies 

The fabrication of biomimetic SAv platforms built on gold substrates requires the initial 

preparation of gold-sputtered surfaces. To this end, glass coverslips (24×24 mm; Menzel 

Gläser) were first cleaned in acetone and isopropanol baths with sonication, before being gold-

sputtered (1.5 nm Cr and 8 nm Au) in a clean room with a Plassys™ evaporating machine 

(Figure 28A). Gold-sputtered surfaces were activated with UV/Ozone ProcleanerTM (BioForce 

Nanosciences) for 10 min, functionalized with mPEG-Thiol and biotin-PEG-Thiol, and 

immersed overnight in an ethanol solution with 0.95 mM mPEG-thiol and 0.05 mM biotin-

PEG-thiol, before blow-drying the surfaces with nitrogen. When preparing samples for 

automated immunofluorescence analysis, gold-coated surfaces were attached to the bottom side 

of a bottomless 96-well plate (Greiner Bio-one) using double-sided adhesive tape (FRAP 

Sandwich set, Paul Marienfeld), dividing one surface into four wells (Figure 28B).  

 

Figure 28. Preparation of gold-sputtered surfaces 

A. The surfaces after gold sputtering with the evaporating machine in the clean room 

B. Four square gold surfaces glued on bottomless 96-well plate. In comparison, two round glass surfaces were 

also glued. 

 

Next, the assembly of SAv platforms was achieved by a liquid-handling robot executing the 

incubation of all molecules (SAv, cRGD, biotinylated GAGs and BMP2) and rinsing steps as 

described in previous work[47] and in the introduction of this thesis. 
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Library of HS-oligosaccharides  

The preparation of our library of HS-derived oligosaccharides was achieved in three main steps 

described below: 

• Digestion of native HS 

First, 8 g of native HS from porcine intestinal mucosa (Celsus Laboratories, 12 kDa average, 

polydispersity of 1.59) were exhaustively digested with heparinase III at 37°C in heparinase 

buffer: 100 mM sodium acetate and 0.5 mM CaCl2 buffer at pH 7.1. The substrate specificity 

of heparinase III allows generating fragments from highly sulfated domains (NS domains). The 

enzyme cleavage generates unsaturated bonds at the non-reducing end of oligosaccharides, 

absorbing at 232 nm. The digestion was monitored for 6 days by absorbance measurements at 

232 nm with a NanoDropTM 2000. The content of the digestion was then stored at -20 °C in 

eight fractions of 1 g.  

• Size-exclusion chromatography (SEC) 

The digested HS was next separated by size using SEC, a robust chromatography technique 

commonly employed for the separation of macromolecules based on their hydrodynamic 

volume[178].  The working principle of SEC relies on the ability of compounds to enter the pores 

of beads constituting the stationary phase of the column. Depending on their hydrodynamic 

volume, the analyte will enter a different number of pores, modulating their elution time. 

Smaller molecules will enter to more pores, thus moving slower in the column than larger 

molecules (Figure 29). The use of mobile phases with high ionic strength allows reducing 

unwanted electrostatic interactions of analytes with the stationary phase. In our case, we used a 

Vantage® L VL44 x 1000 column, extended with a Vantage extension kit (Merck-Millipore), 

and packed with Bio-Gel® P-10 Gel resin (Bio-Rad), equilibrated in 0.2 M NaCl buffer at a 

flow rate of 0.5 mL/min. Fractions of 15 mL were collected, and the absorbance at 232 nm was 

measured for all fractions to identify the peaks corresponding to oligosaccharides of different 

sizes, which were then pooled, dialyzed against water, and lyophilized. 

• Strong anion exchange high-performance liquid chromatography (SAX-HPLC) 

The tetrasaccharides (polymerization degree: dp4) and hexasaccharides (polymerization 

degree: dp6) collected with SEC were then separated according to their charge by SAX-HPLC. 

SAX-HPLC is a widely used chromatography technique for separating analytes based on their 

charge, and is “the approved method for FDA‐approved quality control of pharmaceutical 

Hep”[178]. This method relies on a column stationary phase composed of positively charged 

groups like quarternary amines. Negatively charged analytes, such as GAG compounds, interact 
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with the stationary phase and are retained in the column under low ionic conditions (Figure 

29). Gradually increasing the ionic strength of the mobile phase allows achieving the separation 

of anionic compounds based on their charge. For small GAG oligosaccharides with identical 

number of sulfates, there is a significant degree of separation based on the presence of 2OS, 

6OS, and NS groups, but this resolution decreases with larger oligosaccharides. In our case, 

HS-dp4 and HS-dp6 were separated using a ProPac PA1 preparative column (ThermoFisher 

Scientific) composed of quarternary amines. The salt gradient was optimized to resolve the 

different oligosaccharide species out of the column and each sample injection in the column 

used 5 mg of oligosaccharides, for a total of ~65 mg of each dp4 and dp6 oligosaccharides.  

 

Figure 29. Chromatography methods for HS-oligosaccharide separation. 

Reproduced with permission[178]. 

Biotinylation of GAGs and oligosaccharides 

For functionalization on biomimetic platforms and molecular interaction studies, GAGs and 

HS-oligosaccharides were biotinylated at their reducing-end through oxime ligation that yields 

a more stable product than biotinylation through hydrazine linkage[442]. GAGs or HS-

oligosaccharides were incubated for 24 h at 37°C at 5 mg/mL concentration in 100 nM sodium 

acetate, 12.5 nM EZ-Link Alkoxyamine-PEG4-biotin (ThermoFisher Scientific), and 10 mM 

aniline (Sigma-Aldrich) to achieve coupling with the biotinylated linker. Double HiTrap® 

Desalting columns (GE29-0486-84, Sigma-Aldrich) coupled to AKTA Pure equipment (GE 

Healthcare) were used to identify and recover the fractions of desalted biotinylated GAGs. The 

compounds were next concentrated by freeze-drying. 
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Methods 

Reverse-phase ion pair high-performance liquid chromatography  

Reverse-phase ion-pair high-performance liquid chromatography (RPIP-HPLC) is a common 

method for the separation of di- and oligo-saccharides and is particularly used for full 

disaccharide compositional analysis[473]. In our case, we used RPIP-HPLC for disaccharide 

analysis of our HS-derived oligosaccharides library. 

This liquid chromatography technique involves a hydrophobic stationary phase (reverse phase 

column) and an (essentially) aqueous mobile phase including an ion pairing reagent (IPR). The 

IPR features a hydrophobic moiety and an ionic group that has the opposite charge of the studied 

analyte. Through its hydrophobic part, the IPR binds and covers the reverse phase column 

surface, thereby displaying a charged surface to the mobile phase, allowing binding of the 

analyte. The elution of the analyte is achieved by applying a salt gradient to the column, which 

reduces the stability of analyte-IPR complexes and thereby disrupts the analyte interaction with 

the stationary phase. In our case, the experimental setup used a reverse-phase column packed 

with octadecyl (C18)-coated silica particles (Luna 5 µm C18, 4.6 x 300 mm, Phenomenex) and 

tetra-N-butylammonium hydrogen sulfate (TBA) as IPR (Figure 30).  

 

Figure 30. Scheme of molecular interactions within the RPIP-HPLC 

The ion-pairing reagent (blue) binds the polar analyte (GAG) to form a neutral hydrophobic complex that interacts 

with the hydrophobic stationary phase (C18-coated silica particles). Simultaneously, it also binds through its 

hydrophobic domain to the stationary phase prior to being joined by the polar analyte. Inspired from [178]. 

The elution of unsaturated HS disaccharides (obtained with heparinase I/II/III digestion) was 

performed at 0.5 mL/min in 1.2 mM tetra-N-butylammonium hydrogen sulfate (TBA), pH 3.15 

with 8.5% (v/v) acetonitrile and using a NaCl gradient generated by a first set of pumps (Pump 

1, Figure 31A-B) and calibrated with HS disaccharide standards.  
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Figure 31. Experimental setup of the RPIP-HPLC system 

A. Scheme of the RPIP-HPLC setup. Created with Biorender. B. NaCl gradient applied for the elution of HS-

disaccharides. 

In addition, a second set of pumps (Pump 2, Figure 31) adds 0.25% 2-cyanoacetamide and 1% 

NaOH at 0.16 mL/min to the column eluents, to allow the fluorescence labelling of the resolved 

disaccharides through a passage in a 130°C-heated reaction oven. The reaction mechanism of 

2-cyanoacetamide with carbohydrates in weakly alkaline conditions is complex, as illustrated 

by the reaction with glucose in Figure 32[474].  

 

Figure 32. Reaction of 2-cyanoacetamide with glucose 

The compounds 6 and 13 are considered the fluorescence-generating entities of the reaction. Reproduced with 

permission[475]. 

The reaction has been adapted for the detection of unsaturated GAGs disaccharides[476,477], 

where the labelled disaccharides are detected by the 410 nm fluorescence emission after 



93 

 

excitation at 346 nm, in contrast to neutral sugars that exhibit maximum fluorescence intensity 

with 331 nm excitation and 383 nm emission wavelengths. It is worth noting that the 

fluorescence formation is restricted to reducing carbohydrates[474], which has important 

implications to determine the reducing end of oligosaccharides.  

Disaccharide composition was attributed by comparison to the elution of standard unsaturated 

HS disaccharides (Figure 33) (Iduron, Alreley Edge, UK: ∆UA–GlcNAc/∆UA–GlcNS /∆UA– 

GlcNAc6S /∆UA2S – GlcNAc /∆UA – GlcNS6S /∆UA,2S – GlcNS /∆UA,2S – GlcNAc,6S 

/∆UA2S – GlcNS6S). By integrating the area of disaccharide peaks and applying signal / mass 

ratio corrections, we could determine the quantities generated for the entire oligosaccharide 

library.  

To determine the sequence of HS oligosaccharides, a second analysis was undertaken with an 

initial reduction step performed overnight at 37°C with 50 mM NaOH and 150 mM NaBH4, 

prior to digesting oligosaccharides. Consequently, the reducing-end disaccharide was excluded 

from the labelling procedure, allowing to identify it by comparison of the two analysis RPIP-

HPLC profiles.  

 

Figure 33. Elution of HS-disaccharide standards with RPIP-HPLC 

The elution of the unsaturated ( ) HS disaccharide standards from the reverse phase column is detected by 

fluorescence detection for 70 minutes. 

 

QCM-D  

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) is a technique used to 

characterize molecular interactions at surfaces[478,479]. A piezoelectric quartz crystal (Figure 

34A) connected to electrodes serves as a substrate to detect the binding of molecules. 

Commercial quartz crystals are available with a wide range of coatings such as gold or SiO2. 

Quartz being a piezoelectric material, the mechanical constraints are converted in electric 

signals and inversely. Therefore, when an oscillating voltage is applied to the crystal, the crystal 

resonates at a specific resonance frequency (Figure 34B-C). Upon adsorption of molecules at 
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the surface, the oscillation frequency of the crystal decreases, which is detected by the QCM-

D setup as a shift in the voltage oscillation frequency. When operating in liquid conditions, the 

QCM-D devices provide an additional readout compared to standard QCM, which is the 

dissipation monitoring. The dissipation measurement is obtained by monitoring the decay in 

the signal amplitude after the drive potential has been switched off[480]. The rate of decay is 

fitted to an exponential curve from the moment when the drive potential is switched off (Figure 

34C). The dissipation parameter corresponds to a coefficient of the fitted exponential curve, 

indicating a loss of energy. The dissipation therefore reflects the rigidity of the adsorbed film; 

i.e.: high dissipation meaning a soft film and low dissipation a rigid film. 

 

Figure 34. Principle of QCM-D technique 

A. Quartz crystal with gold surface for molecule deposition. B. Oscillation of the crystal induced by applying a 

driving electric potential. C. Exponential decay of the signal amplitude over time (t) after switching off the driving 

potential. f: resonance frequency; D: dissipation parameter. Adapted with permission[479,481]. 

Both frequency and dissipation are measured by the QCM-D at multiple overtones of the 

resonance frequency (n), typically 1, 3, 5, 7, 9, 11, and 13. As the overtone number increases, 

there is a reduction in the penetration depth, enabling to determine information at specific layers 

within the deposited film. Rigid films exhibit no strong variations among overtones, whereas 

viscoelastic films display varying frequency or dissipation signals depending on the overtone. 

In rigid films, mostly encountered when measurements are performed in air, the Sauerbray 

equation (Equation 1) enables to determine the molecule surface concentration[482] :  

∆𝑚 =  −
𝐶

𝑛
 ∆𝑓 (1) 

𝐶 = 18 𝑛𝑔 ∙ 𝑐𝑚−2 ∙ 𝐻𝑧−1 where C is the mass sensitivity constant  

The Sauerbrey equation may be used in liquid conditions if the dissipation shift is small 

(ΔD ~0). More precisely, it was determined that it could be applied under the following 

conditions (Equation 2), where n corresponds to the overtone number [482] : 
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−∆𝐷𝑛

∆𝑓𝑛/𝑛
 ≪ 0.4 ∙ 10−6 𝐻𝑧 (2)  

Even in the case of rigid films (Equation 2), the Sauerbrey equation is always a measurement 

of the hydrated mass adsorbed on the surface (mass of the molecules + the solvent around them) 

The QCM-D technique is particularly adapted to follow the sequential buildup of biomaterials. 

In the Figure 35 is depicted the QCM-D monitoring of the functionalization of SAv biomimetic 

platforms. Upon binding of SAv, biotinylated HS (bHS), and BMP2, the frequency gradually 

decreases, confirming the functionalization of these molecules. The dissipation increases 

mostly during the binding of bHS, while it decreases for BMP2 binding. As previously shown, 

this indicates that BMP2 rigidifies the molecule film by crosslinking the HS chains[264]. 

 

Figure 35. QCM-D characterization of SAv biomimetic platforms functionalization 

f and D corresponds to the shifts in frequency and dissipation shown for the third overtones (n=3). 

 

Biolayer Interferometry  

Biolayer interferometry (BLI) is a biophysical technique that enables the investigation of 

molecular interactions. It shares many similarities with surface plasmon resonance (SPR), as 

they are both label-free optical techniques allowing the determination of interaction kinetic 

parameters (kon, koff, KD). Despite that, the working principles of the two techniques are rather 

different. BLI instruments (Figure 36A) are based on reflectometry interference spectroscopy 

and use disposable glass fiber tips (biosensors) that are successively dipped into solutions 

disposed in 96-well plates, maintained at constant agitation (Figure 36B). The biosensors can 

be functionalized with a ligand to detect the binding of an analyte molecule. To facilitate the 

immobilization of ligands, BLI biosensors are commercially available with various base 

coatings such as anti-Fc, anti-Fab, Amine Reactive 2G, protein A/L/G, aminopropylsilane, anti-

His and Ni-NTA biosensors. In our studies, we used an OctetRED96e BLI instrument and 

commercial SAv pre-coated biosensors allowing efficient binding of biotinylated GAG ligands.  
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Figure 36. Experimental setup of BLI technique 

A. The OctetRED96e BLI instrument. B. BLI biosensor tips are moved by an automated system to the wells of a 

96-well plate containing ligand, analyte, buffer or any other solution. Reproduced with permission[483]. 

The principle of the binding detection relies on an incident white light travelling through the 

sensor and being reflected in different wavelengths at various interfaces: the internal reference 

interface and the interface of bound molecules on the surface of the biosensors (Figure 37). 

Upon analyte binding, the optical thickness perceived by the biosensor changes, shifting the 

interference pattern detected[484]. After detection, the signals are processed to compute a 

wavelength shift (or spectral shift,  [nm] Figure 37) that is proportional to the binding of 

molecules.  

 

Figure 37. Biophysical principle of BLI technique  

An incident white light is reflected in different wavelengths at the internal reference interface of the biosensor and 

at the interface of bound molecules at the surface. The interference pattern detected from the reflected wavelengths 

is processed to determine a spectral shift () that is correlated to the binding of molecules. 

The typical process to determine kinetic parameters of a molecular interaction consists in 

immobilizing the ligand and then measuring the analyte association and dissociation at different 

concentrations, ideally covering the concentration range from 0.1 KD and 10 KD (Figure 38). 

Short NaCl pulses can also be used before analyte association or after to dissociate the analyte 
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from the biosensors and regenerate them for reuse. For interactions of proteins with GAGs, the 

GAG ligand immobilization level should be very low to avoid mass transport and steric 

hindrance effects that are facilitated with large chains.  

 

Figure 38. Kinetic sensorgram of HS/BMP2 interactions 

The different steps of the sensorgram include baselines, immobilization of the ligand (here biotinylated HS), 

analyte association (here with BMP2) and dissociation steps, NaCl pulses for disrupting protein interactions and 

sensor regeneration. Sensors are incubated with increasing analyte (BMP2) concentrations. 

Next, the kinetic data were fitted with a 1:1 Langmuir model and kinetic constants such as 

association rate (kon) and dissociation rate (koff) were determined. The KD equilibrium binding 

constant, known as the inverse of the affinity, was obtained by the analysis software using the 

equation KD= koff / kon. 

 

Evaluation of BMP signaling in cellular assays 

The BMP signaling of cells seeded on biomimetic SAv platforms was quantified by 

immunofluorescence staining and analysis of nuclear pSMAD1/5/9 a few hours after BMP 

stimulation (generally 1h30). 

Immunofluorescence is a technique employing antibody/antigen interactions to detect and 

locate target molecules. Fluorescently labeled antibodies attach to the target molecules, 

enabling their visualization under a fluorescence microscope. This method is often performed 

with an indirect configuration using an unlabeled antibody binding the antigen, followed by a 

secondary fluorescent antibody binding to the primary one. In our case, we used indirect 

immunofluorescence where a rabbit anti-pSMAD1/5/9 primary antibody binds to pSMAD1/5/9 

and a goat anti-rabbit Alexa Fluor 488 binds to the primary antibody, enabling its detection. A 

robust high-content imaging and analyzing system was previously developed in the team, 

allowing the subsequent quantitative analysis of nuclear markers such as pSMAD1/5/9 for a 

large number of conditions performed in 96-well plates[485] (Figure 39). 
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To describe the protocol in details, cells were fixed after using pre-fixation and fixation steps 

with 2% paraformaldehyde (PFA) for 5 min and 4% PFA for 20 min, respectively. Fixed cells 

were first permeabilized with 0.2% Triton X-100 (w/v) in PBS for 3 min and blocked for 1 h 

with 3% BSA at RT. Primary rabbit anti-pSMAD1/5/9 (Cell Signaling Technology) was diluted 

at 1:400 in PBS with 3% BSA and incubated overnight at 4°C. The goat anti-rabbit Alexa Fluor 

488 secondary antibody (1:500, ThermoFischer Scientific), as well as rhodamine phalloidin 

(1:1000, ThermoFischer Scientific) and DAPI (1:1000, Sigma-Aldrich) were incubated for one 

hour at RT in PBS with 3% BSA. The immunofluorescence assay is concluded with three 

rinsing steps with PBS prior to image acquisition and data analysis.  

Each condition was performed in technical duplicates and cells were imaged using InCell 

Analyzer 2500 high-content microscope using the 20x objective on three channels (red, green, 

and blue), acquiring 20 fields of view for each well. Images were further analyzed with the 

automated image analysis software InCarta (Molecular Devices), as previously described[47,48]. 

 

Figure 39. Pipeline of pSMAD1/5/9 fluorescence intensity analysis. 

 

Segmentation of cells and their nuclei were achieved using the phalloidin-rhodamine and DAPI 

images. The pSMAD1/5/9 intensity was measured only inside the nucleus under a mask defined 

by the DAPI signal and background-subtracted for at least 100 cells/well. Mean nuclear area 

was calculated by the InCarta software. For comparing conditions with identical nuclear area, 

the mean intensity was calculated. In contrast, the total intensity in the nuclei was plotted for 

conditions exhibiting differences in nuclear area. After analysis, we obtain data are presented 

in excel files with data per cell, field of view or well. We then analyze the data per well by 

taking the nuclei intensity subtracted from background and do the mean and standard deviation 

for each condition. 
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Chapter IV. Automated Fabrication of 

Streptavidin-Based Self-assembled Materials 

for High-Content Analysis of Cellular Response 

to Growth Factors
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IV.A. Article introduction 

The previously developed streptavidin biomimetic platforms are sophisticated biomaterials that 

enable the study of the complex ECM environment by co-presenting several molecules and 

investigating their effects on the cellular response[264]. A first improvement of the platforms was 

implemented by Sefkow-Werner et al., which allowed their functionalization on gold-sputtered 

surfaces that could be glued on bottomless 96-well plates, dividing each surface into 4 wells[283]. 

This development enhanced the throughput of both the platform functionalization and cellular 

experiments by increasing the number of conditions and reducing the amount of samples needed 

for functionalizing each condition. Despite that, the necessity of using and gluing gold-sputtered 

surfaces represents a delicate and time-consuming manual procedure that limits the number of 

conditions to 48 wells within a 96-well plate, and limits the quality of microscopy images due 

optical absorption of the gold layer.  

In this article, we identified a PLLgPEG-biotin molecule as a compatible linker for building 

streptavidin biomimetic platforms on standardized glass 96-well plates, thereby reducing the 

cost and duration of fabrication, enhancing the throughput of the experiments and increasing 

the quality of fluorescence microscopy images. The platforms built with this new linker were 

extensively characterized by QCM-D and spectroscopic ellipsometry (SE) ex situ techniques, 

but also with a novel in situ photo bleaching image correlation spectroscopy (pbICS). The 

quantifications of bound fluorescently tagged SAv with SE and pbICS were in agreement, 

confirming that the in situ and ex situ functionalization are comparable.  

Furthermore, we developed a software enabling to perform the functionalization of the 

platforms with a liquid-handling robot. This software allowed a fully automated and versatile 

workflow to functionalize 96-well plates (glass or gold substrates) by choosing the number of 

solutions and selecting the wells to be incubated for each solution. To demonstrate the potential 

of this automated setup, we functionalized an entire 96-well plate with HS and aBMP2, aBMP4, 

aBMP6, and aBMP7 at various concentrations to study the short-term BMP signaling via 

SMAD1/5/9 phosphorylation. 

We demonstrated the compatibility of the novel platform construction with cellular assays, by 

showing that C2C12 cells homogeneously adhered over the entire surface and responded to the 

different BMPs presented via immobilized HS. Using adjusted concentration ranges of BMP2, 

BMP4, BMP6, and BMP7, we could identify EC50 values for all BMPs adsorbed to iHS 

(aBMPs) based on their bioactivity. Our findings highlighted that BMP2 was about 10-fold 

more bioactive than BMP4, BMP6, and BMP7, regarding the induced SMAD1/5/9 
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phosphorylation. 

In this highly collaborative work, Julius Sefkow-Werner, a former doctoral student of our team, 

was the main contributor. He performed the QCM-D, SE experiments and pbICS experiments 

in collaboration with the Liphy laboratory (Antoine Delon, Irene Wang). As for me, I was in 

charge of the development of the software to control the liquid-handling robot to automate the 

functionalization of the biomimetic platforms and for the supervision of the student performing 

the cellular experiment in the 96-well plates. My contributions in this article extended as well 

to experimental design, preliminary experiments for the high-throughput proof of concept 

experiment, and revisions of the article draft. I also trained and supervised Bertin Ndayishimiye, 

the M2 student who performed this high-content experiment (Figure 6 of the article). The 

software developments in this study took inspiration from previous developments in the 

team[472]. The software consists in a graphical user interface created with Visual Basic 6, 

enabling users to define conveniently the parameters of the functionalization in order to 

generate worklists compatible with the liquid-handling robot. This interface allows in particular 

the selection of the total number of solutions, the position of the solution in the robot worktable, 

the wells to be incubated for each solution, the volume of solution per well, the type of tips 

(volume capacity), the incubation time for each solution and the number of rinsing steps. An 

option was implemented to enable the functionalization of several molecules in parallel to 

prevent successive incubations and reduce the functionalization time (i.e. several BMPs or 

several GAGs simultaneously in different wells instead of one by one). The robot can 

functionalize up to three plates simultaneously, and developments were carried out to allow the 

distinct functionalization of each plate, and the use of distinct plate formats (12-, 24-, 48- or 96-

well plates). Additionally, I improved the ergonomics of the interface in several aspects, 

especially for the selection of the well to be functionalized and of the solution’s positions on 

the robot worktable. In the frame of data management guidelines, a saving option was also 

added to allow the storage of the generated worklists transmitted to the liquid-handling robot.  

These developments in the automation of the biomimetic platform functionalization opened the 

path for further studies. Indeed, developing such an automated system was a fundamental 

achievement to investigate the role of many diverse GAGs or HS-derived oligosaccharides in 

BMP signaling. 
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ABSTRACT: The automation of liquid-handling routines offers
great potential for fast, reproducible, and labor-reduced biomaterial
fabrication but also requires the development of special protocols.
Competitive systems demand for a high degree in miniaturization
and parallelization while maintaining flexibility regarding the
experimental design. Today, there are only a few possibilities for
automated fabrication of biomaterials inside multiwell plates. We
have previously demonstrated that streptavidin-based biomimetic
platforms can be employed to study cellular behaviors on
biomimetic surfaces. So far, these self-assembled materials were
made by stepwise assembly of the components using manual
pipetting. In this work, we introduce for the first time a fully automated and adaptable workflow to functionalize glass-bottom
multiwell plates with customized biomimetic platforms deposited in single wells using a liquid-handling robot. We then characterize
the cell response using automated image acquisition and subsequent analysis. Furthermore, the molecular surface density of the
biomimetic platforms was characterized in situ using fluorescence-based image correlation spectroscopy. These measurements were
in agreement with standard ex situ spectroscopic ellipsometry measurements. Due to automation, we could do a proof of concept to
study the effect of heparan sulfate on the bioactivity of bone morphogenetic proteins on myoblast cells, using four different bone
morphogenetic proteins (BMPs) (2, 4, 6, and 7) in parallel, at five increasing concentrations. Using such an automated self-assembly
of biomimetic materials, it may be envisioned to further investigate the role of a large variety of extracellular matrix (ECM)
components and growth factors on cell signaling.
KEYWORDS: automation, biomaterials, biomimicry, growth factors, BMP, glycosaminoglycans, high-content studies

■ INTRODUCTION
Biomimetic approaches gain influence in the design and
fabrication of biomaterials for biomedical applications such as
tissue repair and drug screening or in fundamental research
when studying the interface between cells and their
surrounding extracellular matrix (ECM).1,2 Biomimetics in
cellular studies means to model the natural environment of
cells as precisely as possible, notably mimicking their
surrounding ECM in terms of molecular composition3 and
physical properties.4,5 These models help for example to reveal
synergies between the ECM components such as glycosami-
noglycans (GAGs) and growth factors (GFs), which influence
cellular fate.6,7 Also spatial proximity between cellular adhesion
ligands and GFs8 as well as matrix elasticity or topography9

play a role in cell signaling. Various biomaterials to study these
parameters in two-dimensional (2D) and three-dimensional
(3D) were extensively reviewed and each of them helps to
respond to a specific need.8,10−12

Due to the high chemical, mechanical, and structural
complexity of the ECM models and the need for flexibility in
biomaterial design for fundamental research, most of the
workflow from fabrication to data analysis is manual and thus
time-consuming.13 This makes these approaches less suitable
for high-content studies, which gain popularity to test different
functionalities of biomaterials. Vasilevich et al. predicted a
rising involvement of robotics and automation covering almost
the integral workflow of an experiment.14 The researcher
would formulate a precise question, later recover the desired
biomaterial, and present data to the scientific community,
while the central robot takes over the experimental design,
biomaterial fabrication, cell culture, and data analysis. A recent
review summarizes the implementation of automation in
research laboratories related to biomimetic modeling of
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diseases and thus enabling high-content studies.15 Notably,
manual pipetting can be replaced by automation, with the
advantage of saving labor time. Indeed, recent studies showed
that manual pipetting accuracy depends on the individual
operator and thus decreases data reproducibility.16,17 Soft
lithography or microcontact printing was already shown to be
well suited for a high degree of parallelization and
miniaturization by creating poly(dimethylsiloxane) (PDMS)
microwells,18 which can further include bioactive com-
pounds.19 However, the degree of flexibility is limited due to
time-consuming design and the need for fabrication of new
masks. Other techniques are adapted to build high-complexity
assemblies or human tissues, including bioprinters to produce
spatially controlled 3D tissues20 and liquid-handling robots to
produce thin films.17

Standardized multiwell plates with for example 96 wells offer
a degree of miniaturization, which reduces the amount of
precious cells like stem cells and expensive molecules like
growth factors and chemokines while still providing sufficient
sample volume and thus are adapted for automated biomaterial
fabrication.15 They are commercially available in different
versions with different substrates, mostly plastic and glass, and
are compatible with common laboratory equipment, including
liquid-handling robots, microplate readers, and high-content
screening microscopes. This makes them candidates for
automation over the whole experimental workflow from
fabrication, cell seeding, sample preparation, data acquisition,
and post-treatment.17,21−23 Examples of liquid-handling robots
in industry24 or of automated cell cultures25 demonstrate the
broad application potential and interest of automation.
Regarding biomaterial fabrication, Brooks et al. described the
fabrication of 2D and 3D hydrogels on glass using a liquid-
handling robot inside 96-well plates and further immobilized
ECM proteins.22 In a previous work by our team, Machillot et
al. built up a polyelectrolyte multilayer film inside 96-well
plates for cellular studies by executing iterative cycles of

incubation and rinsing of the three involved electrolytes using a
liquid-handling robot.17 This ensured high reproducibility
between the equally functionalized wells and plates but the
loading of bone morphogenetic proteins (BMPs) at different
concentrations was still done by hand. Sales et al. further
automated the workflow of this system by applying automated
microscopy and automated image analysis to perform a high-
content screening of cell adhesion and early cell differentiation
to four BMPs simultaneously.21 Eggert et al. recently
developed the automated fabrication of hydrogels at the
single-well level.23 To our knowledge, this approach has never
been applied to self-assembled materials made of several
combinations of deposited layers.
Another challenge relies on the precise characterization of

the functionalization of biomaterials inside the 96-well plates,
i.e., in situ. For thin assemblies, surface-sensitive techniques like
quartz crystal microbalance with dissipation monitoring
(QCM-D) or spectroscopic ellipsometry (SE), among others,
enable to follow binding events and to quantify the surface
density of molecules built-up on model substrates.26−29

However, to date, these techniques are barely adapted to the
96-well plate format. Thus, there is a need to use other
quantitative characterization methods that can be performed in
situ.
Fluorescence microscopy reveals only relative intensity

changes between different conditions based on labeled
molecules of interest.30,31 Our group recently further
developed image correlation spectroscopy (ICS) to precisely
measure the number of labeled molecules on 2D biomate-
rials.32 The spatial autocorrelation of confocal images reveals
intensity fluctuations and its amplitude indicates the number of
molecules per point spread function (PSF), and ICS is thus a
suitable tool to characterize 2D biomaterials.
In terms of the type of biomaterials, thin films or assemblies

are often used to biofunctionalize surfaces. Notably, the layer-
by-layer technique33 and the streptavidin-based platforms28

Figure 1. Schematic of automated platform fabrication, surface characterization, and cellular studies. A user communicates the plate-map
corresponding to the experimental plan to the liquid-handling robot. Glass-bottom 96-well plates are then automatically functionalized with
different biomimetic platforms co-presenting cellular adhesion ligands, glycosaminoglycans, and growth factors. In this work, streptavidin binds to
the linker poly(L-lysine)-g-poly(ethylene glycol)biotin(3.4)50% (PLL-g-PEGbiotin50%). Then, biotinylated cRGD and biotinylated heparan sulfate
bind to streptavidin and BMP2, 4, 6, or 7 adsorbs to heparan sulfate. The areal mass density of fluorescence-labeled molecules such as Streptavidin
Alexa555 is characterized in situ using image correlation spectroscopy. Cells are seeded on the platforms for biophysical assays using automated
image acquisition and automated image analysis to quantify for example BMP-mediated SMAD1/5/9 phosphorylation inside the nucleus.
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can provide a high degree of versatility in experimental
conditions. Our team previously developed a biomimetic
platform based on a streptavidin (SAv) monolayer, built on
gold-sputtered glass surfaces.6,28,34−36 SAv is commonly used
for analytical assays or as an antibody conjugate and for
biochemical studies of molecular interactions.37 The high
affinity and specificity between SAv and biotin permits to
immobilize biotinylated molecules of interest in a highly
controlled manner to reveal their specific role in cell fate. We
recently used such streptavidin platforms to study the synergy
between integrins, the GAG heparan sulfate (iHS), and BMP2
adsorbed on iHS, by quantifying cell adhesion and BMP2
signaling (i.e., the phosphorylation of the SMAD1/5/9
proteins is an early effector of BMP2 interaction with BMP
receptors).38 To date, comparable data for the role of HS on
BMP4, 6, and 7-mediated SMAD signaling is not available.
In this work, we present for the first time the automated

fabrication of customized biomimetic SAv platforms on glass-
bottom 96-well plates to study cellular responses to GF
presented via iHS. The entire workflow from discrete
functionalization of every single well of a 96-well plate to
subsequent analysis of cellular readouts was fully automated
using a liquid-handling robot, automated image acquisition and
analysis (Figure 1). To this end, a custom-made graphical user
interface was designed to allow the operator to individually
assign different biomimetic SAv platforms to discrete wells
selected by the user and to define experimental parameters in
minutes. As a proof of concept, we co-immobilized the
adhesion peptide cRGD together with HS to promote cellular
adhesion and to present GFs via its natural ligand HS. Using
ICS, we quantified in situ, inside 96-well plates, the molecular
surface density and homogeneity of the self-assembled
material. Using the automated approach, we simultaneously
studied increasing concentrations of BMP2, BMP4, BMP6, and
BMP7 adsorbed on HS and compared them to the
presentation in solution. We selected theses BMPs in view of
their role in various biological processes throughout the
body.39 BMP2 is mainly involved in the development of the
musculoskeletal system, BMP4 regulates cancer, BMP6 takes
part in the ion metabolism, and BMP7 participates in fat cell
differentiation.7 We quantified SMAD1/5/9 phosphorylation
in BMP-responsive C2C12 mouse myoblasts.21,40,41

■ METHODS
Buffers and Molecules. 10 mM N-(2-hydroxyethyl)piperazine-

N′-ethanesulfonic acid (Hepes) and 150 mN NaCl buffer (Sigma-
Aldrich, Saint-Quentin Fallavier, France), pH 7.2, named hereafter
Hepes, was used for dilution and rinsing of all molecules if not further
specified. PLL(20)-g[3.5]-PEG(2)/PEGbiotin(3.4)50% (PLL-g-PEG-
biotin50%, ∼107 kDa, SuSoS AG, Dübendorf, Switzerland) consists

of a poly(L-lysine) backbone (∼20 kDa, ∼100 monomers) with one
PEG chain (2 kDa) or one PEGbiotin chain (3.4 kDa) grafted to one
of 3.5 PLL monomers in a 50% ratio. Stock solution (10 μM) was
stored at 4 °C for up to 2 months and diluted to 100 nM upon use.
Details for SAv (SAv, 55 kDa, Sigma-Aldrich, Saint-Quentin Fallavier,
France), biotinylated cyclic arginylglycylaspartic acid (RGD)
pentapeptide (cRGD, 3.9 kDa), and biotinylated HS (iHS, 12 kDa)
can be found in previous works.36,38 Biotinylated Atto565 (bAtto, 922
Da, Sigma-Aldrich, Saint-Quentin Fallavier, France) and streptavidin
Alexa Fluor 555 conjugate (SAvAlexa, ∼55 kDa, Molecular probes,
Eugene, Oregon) were used for ICS studies and homogeneity
analysis. For some conditions, SAv or SAvAlexa was pre-bound to
cRGD at a molar ratio of 3:4 and incubated for 30 min before binding
to PLL-g-PEBbiotin50% on the surface. BMP2 (26 kDa, R&D
Systems Inc., Minneapolis, Minnesota), BMP4 (24 kDa, Peprotech,
Neuilly-Sur-Seine, France), BMP6 (30 kDa, R&D Systems Inc.,
Minneapolis, Minnesota), and BMP7 (26 kDa, Olympus Biotech,
Lyon, France) were serial-diluted to reach the concentrations to bind
to iHS or to be added to the cell media.
Surface Functionalization. For ex situ characterization, bio-

mimetic platforms were built on silicon dioxide (SiO2) crystals (QSX
303, Biolin Scientific, Va ̈stra Frölunda, Sweden) for QCM-D
measurements and on thermally oxidized silicon wafers coated with
a 60 nm thick SiO2 layer for SE analysis. For in situ characterization
and cellular studies, glass-bottom 96-well plates (Greiner bio-one, Les
Ulis, France) were used. Substrates were activated using UV/Ozone
(ProCleaner Plus, Bioforce Nanosciences, Virginia Beach, Virginia)
for 10 min to clean and charge the surface. Molecules were pumped
inside a liquid chamber for crystals (QCM-D) and wafers (SE) or
pipetted by the liquid-handling robot (Evo 100, Tecan, Man̈nedorf,
Switzerland) in the case of 96-well plates with the concentrations
mentioned in Table 1.

Ex Situ Characterization with Quartz Crystal Microbalance
with Dissipation Monitoring (QCM-D). To assess the effective
deposit on the self-assembled streptavidin-based platform on glass, we
used QCM-D (QSense Analyzer, Biolin Scientific, Vas̈tra Frölunda,
Sweden), which allows to follow binding events of the sequential
buildup of the biomimetic platform, using SiO2-coated QCM-D
crystals.
Dissolved molecules in the concentrations stated in Table 1 passed

through the liquid chamber via a peristaltic pump with 15 μL/min
(IPC4, Ismatec, Wertheim, Germany) followed by rinsing with Hepes
as described in more detail elsewhere.28 The measured time for a
molecule to saturate on the surfaces indicates the incubation time
used for each molecule when building up the biomimetic platforms
inside 96-well plates.

Ex Situ Characterization with Spectroscopic Ellipsometry
(SE). We used SE (RC2, J.A. Woollam, Lincoln, New England)
complementary to QCM-D to measure the mass of molecules bound
to the biomimetic platform ex situ on silicon wafers covered with a 60
nm-thick thermal SiO2 layer. Due to optical constraints, it was not
possible to use amorphous glass surfaces as in 96-well plates. A
peristaltic pump (IPC4, Ismatec, Wertheim, Germany) pumped the
molecules or the rinsing buffer Hepes at 100 μL/min into the 500 μL

Table 1. Molecule Concentrations and Incubation Times Based on QCM-D Measurements

compound abbreviation concentration (μg/mL) incubation time for surface saturation (min)

PLL(20)-g[3.5]-PEG(2)/PEGbiotin(3.4)50% PLL-g-PEGbiotin50% 10 45
streptavidin SAv 10 30
streptavidin alexa555 SAvAlexa 10 30
biotinylated cyclic arginylglycylaspartic acid cRGD 0.25 4 min (partly saturated)
SAv/cRGDmix in molar ratio 3:4 SAv/cRGDmix 10 (SAv) + 1 (cRGD) 30 for pre-coupling, then 45 for saturation
SAvAlexa/cRGDmix in molar ratio 3:4 SAvAlexa/cRGDmix 10 (SAvAlexa) + 1 (cRGD) 30 for pre-coupling, then 45 for saturation
biotinylated Atto565 bAtto 10 30
biotinylated heparan sulfate iHS 10 30
adsorbed BMP2, 4, 6, and 7 on IHS aBMP2, 4, 6, and 7 0.01−10 90−130
soluble BMP2, 4, 6, and 7 sBMP2, 4, 6, and 7 0.005−5 until cell fixation
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liquid chamber (J.A. Woollam, Lincoln, New England), which was
tightly screwed on the wafer.
SE measures the change of the ellipsometric angles Ψ and Δ of

polarized light upon changes in the refractive index and thicknesses of
optical layers.42 We measured the SiO2 layer in buffer and fitted its
thickness and the angle of incidence offset based on the known optical
properties of thermal SiO2 with the J.A. Woollam model SIO2_JAW3
on a fixed 1 nm Intr_JAW3 layer to account for the SiO2/Si interfacial
layer.43 The refractive index for the Hepes buffer was modeled with a
Cauchy dispersion law with parameters A set to 1.324, B set to
0.00322, and C set to 0.44 Molecular adsorption to this base substrate
was then modeled using a Cauchy layer where thickness and
parameter A were fitted. B was set to 0.00322 and C to 0.45 The areal
mass density was calculated using the De Feijter eq 1

M d
A A

dn/dcA
A C=

(1)

with dA is the fitted thickness of the adsorbed layer, AA its fitted
Cauchy parameter, A and AC are the Cauchy parameter of the
ambient buffer.46 The corresponding refractive index increments dn/
dc relative to water for each molecule were 0.18 (SAv, SAvAlexa,
SAvcRGDmix) and 0.158 (PLL-g-PEGbiotin50%, bHS).47

Automated Liquid Handling. The liquid-handling robot was
used to fabricate different biomimetic platforms at the bottom of the
wells of a 96-well plate. First, the user entered the experimental design
of the 96-well plate into a custom-made graphical user interface,
defining the corresponding wells and incubation time for each
molecule and their position in the compound rack. Each well can thus
represent a different biomimetic platform or replicates of those. Then,
molecule solutions, in their adjusted concentrations (Table 1) based
on QCM-D measurements, and rinsing buffer were placed into racks
and up to three UV/ozone-activated 96-well plates were put on the
plate carrier. The operating software of the liquid-handling robot
executed a custom-made script with the user-entered parameters’ well
selectionn and incubation timen for each molecule n as the input. For
each of the defined molecules, an iterative cycle was run:
1. Aspiration of storage buffer from wellsn to empty the wells
2. Aspiration of solutionn from compound rack positionn and
dispense of 60 μL inside well selectionn

3. Waiting for incubation timen
4. Rinsing wellsn via five loops of dispense and aspiration of
rinsing buffer

With the five rinsing loops, we achieved a dilution of ∼1000 times
the initial compound, which was enough to interrupt the binding to
the previous molecule. PLL-g-PEGbiotin50% and biotinylated
molecules were incubated much longer than measured since
incubation inside wells was static and not under flow as in QCM-
D. BMP was incubated as long as measured in QCM-D. Plates were
then ready for cellular studies and were always used the same day.
In Situ Characterization Inside 96-Well Plates with Optical

Fluorescence Microscopy and ICS. A fluorescence-based approach
was used to quantify the homogeneity of glass-bottom 96-well plates
functionalized by the robot as well as to measure the areal mass
density of different components of the biomimetic platform. SAvAlexa
replaced SAv and bAtto served as a representative molecule for the
binding of functional biotinylated molecules to SAv.
Wells were functionalized by the robot with PLL-g-PEGbiotin50%

followed by either SAvAlexa, SAvAlexa/cRGDmix, or SAv and
subsequently bAtto in the latter case. The plate was imaged in situ
with an automated image acquisition system (InCell Analyzer 2500,
20×, Molecular Devices, San Jose, California) for qualitative defect
characterization on the macroscale. These immunofluorescence
images of the whole well were further treated to remove artifacts
due to uneven illumination or optical constraints. An average image
based on at least 20 images not touching the well’s border was
calculated to represent the acquisition bias. All images of this well
were then divided by this average image and in the next step stitched
together for a 96-well montage. Intensities were analyzed along a
vertical and horizontal line.

To quantify the areal mass density of SAvAlexa and bAtto, a series
of 10 acquisitions at five different positions throughout the well were
taken with a Leica SP8 confocal microscope (Leica, Wetzlar,
Germany) using an HC PL APO 63×/1.2 water-immersion objective.
The focal plane was identified at maximum intensity and stabilized
with automated focus control, and a field of 25 μm × 25 μm with a
512 × 512 pixels was imaged with 1% laser intensity at 561 nm and
1.2 μs pixel dwell time. Images were then analyzed using the principle
of ICS as described elsewhere.32,48 In summary, the confocal images
were split up into 64 subimages and the spatial autocorrelation
function (ACF) was calculated for each subimage. This ACF reveals
intensity fluctuations and its amplitude is inversely proportional to the
number of molecules in the observation area.49 The observation area
is defined by the waist of the point spread function specific for each
microscope and the used objective and ranges around 230 nm. An
additional photobleaching routine revealed the average number and
distribution of fluorophores per molecule and was used to correct the
number of molecules by the factor 1.2 for SAvAlexa and 1.09 for
bAtto. Representative 63× images were equally contrast treated to
retain relative intensity differences.
Cell Culture. To study the cellular compatibility of PLL-g-

PEGbiotin50%-based biomimetic platforms, C2C12 mouse myoblasts
(CRL-1772, ATCC, Manassas, Virginia) were chosen as BMP-
responsive reference cells.41 They were cultured on tissue-treated
polystyrene cell culture flasks in Dulbecco’s modified Eagle’s growth
medium (DMEM, Gibco, Illkirch, France) supplemented with 10%
heat-deactivated fetal bovine serum (FBS, PAA Laboratories,
Toronto, Canada) and antibiotic-antimycotic (1%, Gibco, Illkirch,
France) at 37 °C and 5% CO2. Cells were passed at subconfluency
with Trypsin EDTA (Gibco, Illkirch, France) and discarded after 12
passages. Four hours prior to manual seeding onto biomimetic
platforms inside 96-well plates, cells were serum-starved with FBS-free
growth media and then detached from the flask with Accutase (Sigma-
Aldrich, Saint-Quentin Fallavier, France) and resuspended in FBS-free
growth media.
C2C12 Cell Adhesion and Differentiation for Microcopy

Analysis. To study cellular adhesion on biomimetic platforms,
31 000 serum-starved C2C12 cells per cm2 were plated on
functionalized 96-well plates, incubated (37 °C, 5% CO2), and
stained with 10 ng/mL Hoechst after 1 h. Cells were imaged using a
Zeiss Axio Observer 7 epifluorescence microscope (Carl Zeiss Sas, Le
Pecq, France) and then rinsed with phosphate-buffered saline (PBS)
to remove nonadherent cells before again imaging the remaining cells
at the same position. Nuclei were counted using an ImageJ plugin to
calculate the percentage of adherent cells.
For the quantification of the cellular area and the phosphorylation

of SMAD1/5/9 translocated into the nucleus upon BMP2
stimulation, 31 000 serum-starved cells per cm2 were plated on
functionalized surfaces, and sBMPs2, 4, 6, and 7 was added into the
cell media at increasing concentrations. Cells were incubated (37 °C,
5% CO2), rinsed after 1 h 30 min with PBS, and fixed with 4%
paraformaldehyde. Cell membranes were permeabilized with 0.2%
(w/v) Triton X-100 (Sigma-Aldrich, Saint-Quentin Fallavier, France)
for 3 min and blocked with 3% bovine serum albumin (BSA) for 1 h.
Primary rabbit anti-pSMAD1/5/9 (Cell Signaling Technology,
Danvers, Massachusetts) diluted 1:400 in PBS and 3% BSA was
incubated overnight at 4 °C. After rinsing, secondary goat anti-rat/
rabbit Alexa Fluor 488 (Thermo Fischer Scientific, Illkirch, France),
1:500, F-actin phalloidin-rhodamine (Sigma-Aldrich), 1:1000, and
4′,6-diamidino-2-phenylindole (DAPI), 1:1000, were incubated for 60
min in PBS and 3% BSA at RT. 2.5% (w/v) Dapco (Sigma-Aldrich,
Saint-Quentin Fallavier, France) in PBS at pH = 7.8 was used as
antifade. Cells were imaged using InCell Analyzer 2500 using the 20×
objective on three channels. Images were further analyzed with the
automated image analysis software InCarta (Molecular Devices, San
Jose, California), as previously described:21 pSMAD1/5/9 intensity
was measured only inside the nucleus under a mask defined by the
DAPI signal and background-subtracted for at least 50 cells/well.
Statistical Analysis and Data Treatment. For cell experiments,

each condition was prepared as a technical duplicate in two different
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wells, and experiments were repeated in three biological replicates.
Means were tested for statistical significance between different
conditions with the nonparametric Mann−Whitney test with p = ≤
0.05 and based on at least three biological replicates. To calculate the
half-maximal effective concentration (EC50), data was fitted with
Origin using the dose response curve (four-parameter logistic
model50). For the negative control, we assigned a BMP concentration
10−4 times lower than the lowest BMP concentration instead of zero.
The coefficient of variation (CV) was used as a measure for the
overall homogeneity of stitched full-well immunofluorescence images
by dividing the standard deviation of its intensity by its mean
intensity. Then, the homogeneity is expressed by the mean and
standard deviation of the CV over three wells. To assess the
reproducibility of the functionalization, the CV of the mean intensity
of five confocal images per well of three wells and two independent
plates was calculated.

■ RESULTS
Ex Situ Characterization of Biomimetic Platforms on

QCM-D Crystals and SiO2-Coated Wafers. To establish the
streptavidin-based self-assembled material on glass surfaces, we
studied ex situ the step-by-step buildup using QCM-D and SE
with silica-coated crystals and wafers.
PLL-g-PEGbiotin50% saturated the surface after 30 min with

an average frequency shift of −23.4 ± 2.9 Hz (Figure 2a). A
positive shift in dissipation of 2.8 ± 0.3 × 10−6 indicated the
deposition of a soft layer. SAv precoupled in solution with the
cellular adhesion peptide cRGD at the molar ratio 3:4
saturated after 30 min, decreasing the frequency further by
−31.1 ± 2.6 Hz. The study of Zhen et al.51 showed that the
number of available biotin-binding sites increased when SAv
was prelinked with a biotinylated molecule, probably due to
improved layer organization. iHS bound to the remaining
biotin-binding sites with −4.6 ± 1.3 Hz and BMP2 (192 nM)
adsorbed specifically to iHS with −11.7 ± 2.8 Hz. About 50%

of BMP2 was partly removed from iHS when rinsed until
equilibrium was reached and we further measured that BMP2
bound only marginally and reversibly to the SAv/cRGDmix
(Figure S1a). BSA bound nonspecifically to SiO2 with 2.5 Hz
but the passivation with PLL-g-PEGbiotin50% led to non-
measurable BSA binding after all incubation steps (Figure
S1b,c). Biotinylated molecules bound as well to a plain SAv
layer as seen via the example of iHS (Figure 2a), and also a
sequential functionalization of cRGD, iHS, and aBMP2 was
feasible but more difficult to control (Figure S1d).
We further observed that SiO2 crystals aged from their third

regeneration cycle, which lead to up to 25% higher molecule
adsorption starting with PLL-g-PEGbiotin50% and propagating
through the consecutive compounds (Figure S1c,e). Data in
Figure 2 was acquired on new crystals, while experiments in
Figure S1 were conducted on crystals regenerated at least 3
times.
We conclude that the SAv/cRGDmix has the highest

potential to bind further functional molecules and is the
most practical and straightforward approach for automated
platform fabrication since it is more simple than incubating
SAv and cRGD sequentially. Table 1 lists the concentrations
and incubation times based on the results obtained using
QCM-D. These conditions will be used for in situ
functionalizations of the 96-well plates using the liquid-
handling robot.
We then characterized these platforms with SE on SiO2-

coated wafers to measure adsorbed “dry” mass of the
immobilized compounds. PLL-g-PEGbiotin50% bound to
glass with 119 ± 9 ng/cm2, SAv then with 264 ± 6 ng/cm2,
and SAv/cRGDmix with 343 ± 25 ng/cm2 (Figure 2c). To
characterize the amount of SAv inside the 96-well plates, we
used the in situ ICS technique. We first verified if SAvAlexa
binds similarly to SAv to PLL-g-PEGbiotin50% by QCM-D

Figure 2. Ex situ QCM-D and SE characterization of the sequential functionalization of the biomimetic platform (a) QCM-D graph showing the
frequency change and dissipation change upon the sequential buildup of a biomimetic platform on plasma-activated SiO2 crystals. SAv and cRGD
were precoupled in solution with a molar ratio of 3:4 before binding to the PLL-g-PEGbiotin50% layer. Black arrows indicate periods of incubation
followed by rinsing with buffer. (b) Graph showing the change in frequency by SAv binding to PLL-g-PEGbiotin50% and iHS occupying the
remaining biotin-binding sites measured with QCM-D. (c) Graph showing the change of the areal mass density of PLL-g-PEGbiotin50% binding to
plasma-activated SiO2 wafers measured with SE (c, top left). Black arrows indicate the time of incubation followed by rinsing with buffer. Areal
mass density was calculated using the de Feijter (eq 1) equation based on the measured Δthickness and Δrefractive index. The other three panels
show SAv, SAv/cRGDmix, and SAvAlexa binding to PLL-g-PEGbiotin50%.
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(Figure S1f). We measured that SAvAlexa bound with a
frequency shift of −18.6 ± 0.7 Hz to the PLL-g-PEGbiotin50%
layer, which is about 25% less than that of unlabeled SAv
(−24.7 ± 2.2 Hz); on the other hand, we observed a higher
decrease in dissipation. Plotting both binding curves
normalized to the time we observed that molecules saturated
after an equivalent time. We thus chose SAvAlexa as a suitable
molecule to study the SAv-base-layer homogeneity. We also
performed SE to calculate the dry mass adsorption of SAvAlexa
and SAvAlexa/cRGDmix, which are bound to PLL-g-
PEGbiotin(50%) with 253 ± 31 ng/cm2 (Figure 2c) and
315 ± 6 ng/cm2 (Figure S2a), respectively.
We demonstrated that it is possible to fabricate complex

biomimetic surfaces presenting three different functional
molecules on glass surfaces.
In Situ Characterization of Biomimetic Platforms

Fabricated Using a Liquid-Handling Robot. Biomimetic
platforms were fabricated inside glass-bottom 96-well plates
using a liquid-handling robot, as described above (Figure 1).
To characterize surface homogeneity and areal mass density in
situ with fluorescent-based approaches, SAvAlexa was immo-
bilized on PLL-g-PEGbiotin50%. The homogeneity of
biotinylated molecules binding to SAv was quantified by
immobilizing bAtto on unlabeled SAv in a second incubation

step and bAtto binding to the free biotin pockets on SAv. As a
third condition, we tested SAvAlexa bound to cRGD with the
molar ratio of 3:4 before binding to PLL-g-PEGbiotin50%.
Stitched and shading-corrected 20× fluorescent images of

wells acquired with the automated microscope show the global
appearance of wells functionalized with the liquid-handling
robot (Figure 3a). The wells only presented few minor defects.
However, in some cases, artifacts were present, such as sickle-
shaped black spots (white arrows) at the same place where the
tips of the liquid-handling robot touched the surface. These
were present close to the border of the well. Intensity
measurements along a line from left to right and from top to
bottom enabled us to visualize that SAvAlexa, SAvAlexa/
cRGDmix, and SAv + bAtto surfaces were globally uniform and
reproducible over three different wells (Figure 3b). Tight
histograms of the montage of the stitched and shading-
corrected images further show the uniformity of the wells and
their reproducibility (Figure S3a). The CV based on intensity
distribution of the full-well images is on average 3.5 ± 0.7% for
SAvAlexa, 6.2 ± 1.7% for SAvAlexa/cRGDmix, and 7.3 ± 1.1%
SAv + bAtto. We demonstrated that the 96-well plates were
homogeneously functionalized with self-assembled streptavidin
platforms using the liquid-handling robot.

Figure 3. Homogeneity analysis of individual wells of a 96-well plate functionalized using the robot with PLL-g-PEGbiotin50%, SAvAlexa, and
bAtto (a) Representative stitched and shading-corrected 20× IF images of the whole wells presenting different surface functionalization. White
arrows indicate the presence of artifacts due to pipetting tips touching the surface. (b) Graphs showing the intensity quantification of stitched 96-
well images along a line from left to right and top to bottom (n = three independent wells, error bars = standard deviation (SD)).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c08272
ACS Appl. Mater. Interfaces 2022, 14, 34113−34125

34118

107

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c08272/suppl_file/am2c08272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c08272/suppl_file/am2c08272_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c08272/suppl_file/am2c08272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08272?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08272?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08272?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c08272?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c08272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Confocal images were acquired to quantify the mass density
in situ using ICS (Figure 4). Representative 63× confocal
images showed no systematic defect at the microscale, which is
the size of a typical spread cell (Figure 4a). The grain-like
structure was then compared to a simulated image based on
the random placement of SAvAlexa-like fluorescence emitting
entities, which had a similar morphology (Figure S4a).
The count rate, which is the measure of mean intensity over

three independent wells, revealed a 15% higher signal of
SAvAlexa/cRGDmix compared to SAvAlexa (Figure 4b). The
bAtto signal could not be directly compared due to the
different fluorophore. The CV based on average intensities was
4% for SAvAlexa, 7% for SAvAlexa/cRGDmix, and 25% for
bAtto.
The areal mass density of SAvAlexa and bAtto molecules

was quantified in situ at five different positions. Figure 4c gives
an example of an ACF over the entire SAvAlexa image. The 25
μm × 25 μm grayscale map exemplarily represents the areal

mass densities of 64 subimages for the SAvAlexa sample
deduced from the corresponding autocorrelation functions
(Figure 4d). We applied ICS on the above-mentioned
simulated image, which presents a similar theoretical molecular
density and equal image size (Figure S4b−e). We showed that
fluctuations between the subimages were similar to the
simulated image by comparing their CV (Figure S4e).
The absolute quantification of the adsorbed mass with ICS

in situ at five different positions of the well indicated a
homogeneous functionalization of SAvAlexa, SAvAlexa/
cRGDmix, and SAv + bAtto (Figure 4e). SAvAlexa saturated
the surface on average with 336 ± 34 ng/cm2 and the
SAvAlexa/cRGDmix condition presented an average of 334 ±
45 ng/cm2. Then, 0.79 ± 0.19 ng/cm2 bAtto bound to SAv. To
note: bAtto binding could not be measured by QCM-D and
neither SE probably due to its low molecular weight and hence
low adsorbed mass.

Figure 4. In situ characterization for areal mass density of SAvAlexa, SAvAlexa/cRGDmix, and SAvAlexa + bAtto. (a) Representative 63× confocal
images were taken inside a single well. (b) Graph showing the count rate quantification of 63× confocal images acquired at five positions inside
each well (n = three wells, error bars = SD). (c) Exemplary spatial autocorrelation function calculated from the whole image to deduce the number
of molecules via its amplitude. (d) Representative grayscale map visualizing the areal mass density per subimage (3.1 μm × 3.1 μm) measured via
ICS. (e) Graphs showing the areal mass density via ICS at the five different positions: center (C), east (E), north (N), south (S), and west (W) per
well (n = three wells, two replicates, error bars = SD).
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Compared to simple intensity measurements, ICS further
revealed information about the fluorescence intensity per
molecule, which indicated that SAvAlexa molecules bound to
cRGD were brighter than plain SAvAlexa molecules. This
might be explained by the different spatial organization of
these molecules on the surface with an impact on fluorophore
efficiency, which did not influence ICS analysis but biased
relative intensity comparison between both conditions.
With ICS studies, we succeeded to measure the areal mass

density of large and small labeled molecules in situ.
ICS-derived areal mass densities were compared to

complementary SE measurements summarized in Table 2.

The mass of SAvAlexa is the only one directly comparable
between both ICS and SE. ICS is the only technique to
measure molecular densities in situ inside 96-well plates
without passing via auxiliary substrates as needed for SE or
QCM-D. It is further sufficiently sensitive to measure very
small densities as seen with bAtto.
Cellular Adhesion and BMP2 Signaling on Biomi-

metic Platforms in 96-Well Plates. To study BMP2-
mediated cellular responses on C2C12 skeletal myoblasts, we
studied the cellular responses on streptavidin-based biomi-
metic platforms fabricated using the liquid-handling robot. We
quantified the homogeneity of cell adhesion onto cRGD and
also the homogeneity of BMP2 signaling.
While 86.6 ± 4.2% of cells adhered to saturated cRGD and

spread well, only 10.0 ± 0.1% remained on bPEG-function-
alized surfaces and with round shape (Figure 5a). A
comparison of cellular adhesion between different positions
throughout the well revealed no significant difference (Figure
5b). We showed that C2C12 cells adhered specifically to
cRGD and homogeneously over the whole surface (Figure 5b).
Platforms functionalized with a submonolayer of cRGD and

co-functionalized with iHS and aBMP2 (2.5 μg/mL for 90
min) were fabricated, and sBMP2 at 100 ng/mL was used as a
control. Seeded cells were fixed after 1.5 h, and F-actin,
nucleus, and pSMAD1/5/9 were stained to quantify BMP2
signaling. Cells still spread on platforms with the subsaturated
layer of cRGD with an area of 951 ± 9 μm2 and slightly more
on the co-functionalized platform with 1009 ± 17 μm2.
We quantified the homogeneity of BMP2 response by

analyzing pSMAD1/5/9 intensity at five positions throughout
the surface (Figure 5c). sBMP2 and aBMP2 equally induced

Table 2. Comparison of SE and ICS to Measure the Areal
Mass Density Ex Situ and In Situa

compound
molecular weight

(kDa)
mass SE
(ng/cm2)

mass ICS
(ng/cm2)

PLL-g-PEGbiotin50% 107 120 ± 8.7 N.A.
SAv 55 263 ± 6 N.A.
SAvAlexa 55 253 ± 33 336 ± 34
SAv/cRGDmix 3:4 N.A. 343 ± 25 N.A.
SAvAlexa/cRGDmix
3:4

N.A. 315 ± 6 334 ± 45

bAtto 0.922 N.A. 0.79 ± 0.19
aThe measured mass of SAvAlexa/cRGDmix for ICS presents only
the SAvAlexa part, whereas for SE, the mass of the whole complex is
measured. Values are given as mean and SD. ICS measurements were
not possible on unlabeled molecules and SE was not sensitive enough
to measure bAtto binding. Values are given as mean ± SD over at
least three replicates.

Figure 5. C2C12 cell adhesion to cRGD and BMP2-induced pSMAD1/5/9 signaling (a) Representative bright-field images of C2C12 cells
adhering to bPEG and cRGD with the graph showing the corresponding quantification of relative cellular adhesion after rinsing. (b) Representative
stitched 10× immunofluorescence image of fixed and actin-labeled C2C12 cells adhering throughout the whole well at the five positions: center
(C), east (E), north (N), south (S), and west (W). The white arrow indicates rinsing artifacts during staining. Below, a graph shows the
quantification of relative cellular adhesion of C2C12 cells on saturated cRGD platforms at five positions throughout the well. (c) Automatically
acquired representative immunofluorescence images of C2C12 cells on cRGD and/or BMP2-presenting platforms stained for actin and pSMAD1/
5/9. Below is a graph showing the pSMAD1/5/9 intensity quantification at five positions throughout the well and processed using an automated
image analysis software. All experiments were repeated at least 3 times, error bars = standard error of the mean (SEM), and significance was tested
with the Mann−Whitney test for p ≤ 0.05.
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SMAD1/5/9 phosphorylation with significant difference from
the negative controls, and the signal was evenly intense at the
five different positions.
We conclude that C2C12 adhesion on PLL-g-PEGbio-

tin50%-based platforms is specific to cRGD and that platforms
are sequentially built up by the robot and presenting the
functional molecules cRGD, bHS, and aBMP2 are homoge-
neous over the entire well.
C2C12 Dose Response to sBMP2, 4, 6, and 7 or

aBMP2, 4, 6, and 7. We took advantage of the high-content
fabrication protocol to study the dose response of C2C12 cells
to four different BMPs in parallel by comparing the EC50
values. We further studied the effect of HS on BMP signaling.
With the liquid-handling robot, we functionalized a 96-well
plate with 42 different conditions in technical duplicates
presenting the BMPs either in solution (sBMP2, 4, 6, and 7) or
adsorbed on iHS (aBMP2, 4, 6, and 7) for 130 min. This
approach is easy to use for the experimentalist, with a trained
user taking only 15 min to enter the experimental parameters
via the custom-made graphical user interface. We quantified

SMAD1/5/9 phosphorylation with automated microscopy and
image analysis (Figure 6a).
We identified initial aBMP2, 4, 6, and 7 concentrations in a

way that all BMPs bound with comparable frequency shifts to
iHS before rinsing using QCM-D (Figure S5a). These
concentrations were high, in the range of 1−10 μg/mL, to
induce maximal SMAD1/5/9 phosphorylation. From this
BMP2, 4, 6, and 7 specific base concentration, we chose a
stepwise 100-fold dilution and also added a 10 μg/mL
common upper concentration.
The robot functionalized this specific whole plate in 6 h of

which roughly 4 h were waiting time for molecule incubation
and 2 h liquid-handling operations. Automated image
acquisition and analysis took 1 h each with additional 15
min user interaction for both steps to set up the microscope
and calibrate the image analysis software.
Representative single-cell images of the negative control, an

intermediate BMP concentration, and a plateau condition
show the presence of pSMAD1/5/9 in the nucleus (Figure
6b). For all sBMP2, 4, 6, and 7 and aBMP2, 4, 6, and 7
conditions, we observed a BMP dose-dependent response in

Figure 6. Automated high-content study of the C2C12 cell response to sBMP2, 4, 6, and 7 and aBMP2, 4, 6, and 7. (a) Schematic of a 96-well plate
with 42 different conditions in duplicates fully functionalized by the robot. sBMP2, 4, 6, and 7 in different concentrations were added by hand into
the cell media when cells were plated. (b) Representative and equally treated images of C2C12 cells plated inside the 96-well plate were
functionalized by the robot, fixed after 90 min, and labeled for actin, and pSAMD1/5/9 was translocated into the nucleus. BMP concentrations
were chosen to represent a condition close to the EC50 concentration (c) Graphs show the quantification of pSMAD1/5/9 translocated into the
nucleus. Values were normalized to the sBMP2 condition at 0.1 μg/mL. Each experiment was the average of two wells and the error bars represent
the SEM. Significance was tested with the Mann−Whitney test and p < 0.05 for n = 3. The aBMP2, 4, 6, and 7 concentrations represent the
concentrations used for the incubation on iHS and do not permit a quantitative conclusion on the amount of aBMP2/4/6/7 eventually adsorbed
on iHS.

Table 3. EC50 Values for sBMP2, 4, 6, and 7 and aBMP2, 4, 6, and 7 on cRGD Platforms Compared to Values of a Similar
Study with C2C12 Cells on Tissue Culture Plates52 a

EC50 (μg/mL) EC50 (nM) EC50 (nM)

sBMP aBMP sBMP aBMP sBMP52

BMP2 (26 kDa) 0.007 ± 0.001 0.028 ± 0.007 0.269 ± 0.038 1.08 ± 0.27 0.033 ± 0.002
BMP4 (24 kDa) 0.027 ± 0.003 0.227 ± 0.033 1.13 ± 0.13 9.46 ± 1.38 0.010 ± 0.0004
BMP6 (30 kDa) 0.035 ± 0.022 fit failed 1.12 ± 0.73 fit failed 1.3 ± 0.032
BMP7 (26 kDa) 0.042 ± 0.011 0.294 ± 0.150 1.62 ± 0.42 11.3 ± 5.77 5.9 ± 0.22

aValues are given as mean ± SD over three replicates.
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C2C12 cells (Figure 6c). The sBMP2, 4, 6, and 7
concentration of 1 μg/mL, which in all cases represented an
upper plateau pSMAD1/5/9 signal, was significantly higher
than the negative control. Also, when comparing the aBMP2,
4, 6, and 7 conditions, the comparable concentration of 3, 5,
10, and 5 μg/mL respectively induced a plateau pSMAD1/5/9
signal, which was significantly higher than the negative control
and comparable to the plateau induced by corresponding
sBMP2, 4, 6, and 7. Statistical significance between
intermediate concentrations and the negative control and
either sBMP2, 4, 6, and 7 at 1 μg/mL or aBMP2, 4, 6, and 7 at
3, 5, 10, or 5 μg/mL was tested.
EC50 was calculated from these curves, which corresponds to

the BMP concentration for which the pSMAD1/5/9 signal is
about 50% of the plateau value (Figure S5b). The results of the
fits are summarized in Table 3. sBMP2 thus was more potent
to induce SMAD1/5/9 phosphorylation than sBMP4, 6, and 7,
which were comparable to each other. In addition, aBMP2 was
more bioactive than aBMP4 and aBMP7 but for aBMP6 the fit
for the dose response curve failed because at high aBMP6
concentrations the plateau of the pSMAD1/5/9 response was
not reached. In a similar experiment with soluble BMPs,
Hammers et al. measured EC50 values for sBMP2, 4, 6, and 7
(Table 352).
Thus, using the robot, many different conditions could be

studied in parallel to user demand. Together with automated
image acquisition and analysis, the workflow appears to be fast
and reproducible for high-content studies with a customized
biomaterial. Here, we were able to identify sBMP2, 4, 6, and 7
and aBMP2, 4, 6, and 7 concentrations in the dynamic range of
induced SMAD1/5/9 phosphorylation, which allows direct
comparison of the BMP bioactivity. These so-called critical
concentrations may further be used to measure the influence of
other factors on SMAD1/5/9 phosphorylation, including gene
mutations, drugs, receptors, or molecules from the extracellular
matrix.

■ DISCUSSION
Here, we presented for the first time the automated
functionalization of SAv biomimetic platforms built-up on
glass-bottom 96-well plates for cellular studies. To this end, we
developed an automated experimental workflow to fabricate
on-demand biomimetic platforms using custom-made software,
a liquid-handling robot, and automated image acquisition and
analysis. C2C12 cells responded to co-presented cRGD and
iHS-adsorbed aBMP2, 4, 6, and 7 via specific adhesion and
SMAD1/5/9 phosphorylation.
Automated liquid-handling protocols for self-assembled

materials directly inside multiwell plates have been rarely
developed before,17 and the previous study did not address
single-well customization with a large choice of different
solutions. The originality here relies on the possibility to assign
complex and independent experimental conditions to each
individual well. Moreover, it is possible to choose between
using few wells only or the plate as a whole, resulting in
optimized material consumption and allowing low-content
preliminary studies. In addition, the number of replicates is
flexible, which is important if different cell types are studied in
parallel on identical conditions or if different readouts on the
same condition are desired. Finally, the advantage of using SAv
as a base opens this system to a vast field of applications due to
its specific affinity to biotin.

By transferring all liquid-handling operations to the robot,
the user participation in the experiment was reduced by hours
depending on the complexity of the experimental plan and a
source for human errors was eliminated.16 Adaptation to other
glass-bottom multiwell supports is possible due to the large
range of compatible pipetting hardware offered by TECAN but
would also come along with further development of the
graphical user interface. In addition, cell seeding and adding
soluble factors to the media would be feasible with this setup
under the condition that the system is placed under a sterile
environment.
Here, we applied ICS for the first time to quantify molecular

densities in fluorescence confocal images acquired in situ in the
context of surface characterization of biofilms where this
technique is not common.29 Functionalized surfaces were
characterized in situ using ICS and compared to results
obtained in ex situ measurements on model silica substrates
using QCM-D and SE.
The calculated number of molecules per observation area

translated into mass per area allow direct comparison to
measurements acquired with SE (Table 2). With SE, we were
not able to detect the small-molecule bAtto binding to SAv,
whereas with ICS, we reproducibly measured 0.79 ± 0.19 ng/
cm2. The SE measurements for SAv and SAvAlexa were
comparable to each other, while the SAvcRGDmix bound with
an increase of 80 ng/cm2. Since ICS measurements suggest
that the amount of SAvAlexa on the surface in its pure version
or coupled to cRGD is similar, the additional mass describes
mostly the amount of cRGD on the surface. Interestingly, the
amount of bAtto bound on the SAv layer is more than an order
of magnitude lower than the amount of cRGD precoupled with
SAvAlexa.32 This may indicate that when we premixed SAv and
cRGD we avoided the long PLL-g-PEGbiotin chains from
occupying the biotin pockets available on streptavidin, in line
with Zhen et al.51

ICS-derived areal mass densities were comparable to the
ones measured with SE with a difference of 32% for SAvAlexa,
while the standard deviation between replicates ranges around
10−20% for both approaches. We thus validated ICS as a
suitable technique to characterize biomimetic SAv platforms in
situ. One source for this difference can originate from the two
different substrates used, glass for ICS and thermal SiO2 for SE.
With SE, we measured 120.2 ± 8.7 ng/cm2 PLL-g-
PEGbiotin50% and 253.2 ± 32.8 ng/cm2 SAvAlexa. Indeed,
other studies show that the binding of PLL-g-PEGbiotin
depends on the substrate.53 Huang et al. show that PLL-g-
PEGbiotin with different percentages of grafted biotin binds all
similar with 2.5 pmol/cm2 (268 ng/cm2 for PLL-g-
PEGbiotin50%) to NbO2 to which SAv adsorbed with 369
ng/cm.2,47 Stad̈ler et al. however measured on the same
substrate 218 ± 16 ng/cm2 of PLL-g-PEGbiotin with 350 ng/
cm2 neutravidin adsorption.54 But experiments on SiO2 show
145 ng/cm2 for a PLL-g-PEGbiotin layer and subsequent SAv
binding of only 120 ng/cm2.55

While ICS avoids passing via tools with different substrates
such as QCM-D, SE, OWLS, or via indirect measurements
(μBCA), it has other constraints: Compounds need to be
labeled with a fluorophore, which might alter molecular
binding properties and also leads to negligence of unlabeled
molecules.56 While confocal microscopes are abundant in
research facilities, specific analysis software to calculate the
ACF and deduce the number of molecules per observation area
is scarcely available and analysis relies on custom-made tools,
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extensions, and experienced users. Nevertheless, we proved
that this method is more accurate to characterize biomaterials
in situ than a simple relative intensity comparison done with
any fluorescent microscopy due to artifacts from varying
fluorophore efficiency between samples probably related to
quenching (Figure 4b,e).57

As proof of concept of our functionalization workflow, we
studied the dose−response of C2C12 cells to different
concentrations of BMP2, 4, 6, and 7 in parallel adsorbed to
iHS or in soluble conditions. The calculated EC50 values
proved that BMP2 is the most potent among the four studied
GFs in the soluble form and adsorbed on HS because it already
induced SMAD1/5/9 phosphorylation at lower concentra-
tions. Hammers et al. measured one and two orders of
magnitude lower EC50 values for sBMP2 and sBMP4,
respectively, whereas sBMP6 and sBMP7 were comparable.52

Their use of typical tissue culture plates compared to our
cRGD platforms could explain these differences. Sales et al.
also compared concentrations of matrix-bound BMP2, 4, and 7
to each other and found higher SMAD1/5/9 phosphorylation
induced by BMP2 compared to BMP4 and BMP7 at low
concentrations.21 However, at higher concentrations, BMP7
was inducing the highest signal among all. Due to the novel
workflow here reported, it will be possible to perform a
systematic study of the effect of different GFs and different
GAGs on cellular signaling.

■ CONCLUSIONS
We presented an automated workflow for the functionalization
at the single-well level of a biomimetic self-assembled material
inside glass-bottom 96-well plates. With a graphical user
interface, we empowered the user to enter a complex
experimental setup in minutes, presenting a maximum of 96
different conditions on the same plate for up to three identical
plates in parallel. A custom-made software translated this plan
into liquid-handling commands, which were executed by a
liquid-handling robot in a reproducible and homogeneous way.
By characterizing the wells with image correlation spectrosco-
py, we measured the molecular density of biomimetic surfaces
in situ. We did a proof of concept and studied the effect of
BMP-mediated cell signaling on streptavidin platforms
presenting heparan sulfate and four different BMPs. Cell
adhesion and BMP2-mediated signaling were followed using
automated image acquisition and subsequent high-content
analysis. We found that BMP2, 4, 6, and 7 adsorbed at very low
concentrations to immobilized heparan sulfate and could
induce SMAD1/5/9 phosphorylation, BMP2 being the most
effective. Due to this automated workflow, it may be
considered to custom-design any type of multiwell plate
made of biological or nonbiological self-assembled materials
and to perform parallel studies in the same experimental
conditions. Such fabrication methods may be used by other
researchers to study the synergies between matrix components
and growth factors in cellular processes.
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simulated images (Figure S4); and binding kinetics of
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Chapter V. Glycosaminoglycans exhibit distinct 

interactions and signaling with BMP2 according 

to their nature and localization 
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V.A. Article introduction 

Past investigations into the role of GAGs in the regulation of BMP signaling have 

focused essentially on HS and Hep. In line with this, the molecular interactions between BMP2 

and GAGs have only been explored for HS and Hep. Although few findings suggested an 

influence of CS and its sulfation in upregulating the SMAD1/5/9 phosphorylation[11,314], the 

role of CS, DS, HA, and KS in the regulation of BMP2 signaling has been scarcely explored. 

In addition, several contradictory findings obscure the precise role of HS and Hep in the 

regulation of BMP2 signaling. We suspect that the type of GAGs and their location at the cell 

membrane or in the extracellular matrix may elicit different BMP2 signaling dynamics, thereby 

complicating the comparison of various studies and obscuring our understanding of their roles. 

In this article, we aimed to compare within a single study the molecular interactions of 

different GAGs with BMP2. To address this, we used the BLI optical technique to perform 

kinetics studies and determine interaction kinetic parameters with a higher throughput than the 

standard surface plasmon resonance technique. We next explored how these interactions 

modulate BMP2 signaling, depending on the localization of GAGs. We used well-characterized 

biomimetic SAv platforms to investigate the role of GAGs when presented in the extracellular 

matrix. Alternatively, we employed Chinese hamster ovary (CHO) cell mutants that synthesize 

distinct GAG repertoires to explore the role of cell-surface GAGs. The BMP2 signaling was 

studied using a robust high-content imaging and analysis system developed in the team to 

evaluate the fluorescence nuclear intensity of SMAD1//5/9 phosphorylation. Our findings 

highlighted a potential distinct role of cell-surface and extracellular GAGs, as well as a distinct 

effect of CS compared to HS at both sites. Specifically, HS was the only extracellular GAG 

significantly enhancing SMAD1/5/9 phosphorylation. For cell-surface GAGs, we unraveled a 

role of CS that increased BMP2 signaling in comparison to HS that seemed to inhibit it, as 

previously observed in the literature using EXT1 mutant cells. These results regarding the role 

of cell-surface GAGs have also been confirmed using Western Blot. 

Specific HS sulfation patterns have been demonstrated to be crucial for FGF and AT III 

binding and bioactivity, which questions whether similar sulfation specificity may also exist 

for BMP2. Since previous studies demonstrated the distinct contributions of different HS 

sulfation types (N-,6O, 2-O)[324,327] for the binding to BMP2, we sought to refine these identified 

HS structural preferences using a library of HS-derived oligosaccharides to explore their 

molecular interactions with BMP2. Smith and coworkers previously reported that the minimal 

size of HS oligosaccharides to bind BMP2 was a hexasaccharide[324]. However, preliminary 
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QCM-D experiments in the team showed the binding of BMP2 on tetrasaccharides. Therefore, 

we chose to generate a library of both HS-derived tetrasaccharides and hexasaccharides for our 

investigations. Several strategies exist to generate structurally defined GAG oligosaccharides, 

such as chemical synthesis, chemo-enzymatic synthesis, and purification method, which have 

been detailed and compared in the review article provided in Annex information. Despite their 

efficacy, all these strategies are highly time-consuming. In our case, we used the purification 

strategy, benefiting from the strong expertise of Romain Vivès in this approach. We started by 

digesting native heparan sulfate (HS) to retrieve smaller fragments. These fragments were 

initially separated using size-exclusion chromatography and subsequently by charge using 

strong anion exchange HPLC (SAX-HPLC). The oligosaccharide amounts produced and their 

structural features for the whole library are detailed in the Annex information. Among the 

oligosaccharides generated, some were selected based on their purity and structural features to 

be further biotinylated for molecular studies. Molecular interaction studies with BLI enabled 

the identification of HS structural features that modulate the binding to BMP2. In particular, a 

central trisulfated disaccharide in HS-dp6 compounds appeared to enable high-affinity binding 

with BMP2. It is worth noting that these interesting experimental data will be further 

consolidated with molecular modeling of the interactions thanks to an ongoing collaboration 

with Dr. Olga Makshakova and Dr. Serge Pérez (CERMAV, Grenoble). 

In this study, we intended to employ the new construction of biomimetic SAv platforms 

on glass substrates to compare several conditions in parallel. However, initial experiments 

revealed a strong non-specific signal due to the adsorption of BMP2 on other platform 

components than GAGs, thus preventing the interpretation of our results. The SAv platforms 

on gold substrates were also affected by this problem. Significant work was achieved to 

establish conditions that allowed the distinction between the non-specific signal and the signal 

induced by GAG-bound BMP2 (Chapter VI). These conditions consisted in adding a blocking 

step with a mix of BSA and trehalose, which was more effective on gold platforms than on 

glass platforms. Additional investigations will be needed to further the background signal for 

applications with the library of HS-oligosaccharides. 

Moreover, we have needed to readapt the co-functionalization protocol used in the team 

since only a few cells adhered to on gold platforms presenting CS, DS, and HA, which had 

never been tested before. Indeed the CS, DS, and HA chains are longer than the HS chains and 

therefore hid the cRGD peptides needed for cell adhesion (data not shown). By QCM-D 

followed by cellular experiments, we defined a new protocol for platform functionalization by 

increasing the time of injection of cRGD peptide and therefore decreasing the amount of GAGs 



118 

 

on the surface. This increased the space between them and permitted the access of integrins to 

the cRGD peptides to obtain a comparable cellular adhesion between the different platforms. 

 We intend to publish this original article in a peer-reviewed journal with interests in the 

biology of the extracellular matrix or more specifically in the biological functions of 

carbohydrates. I was the main contributor of this article by preparing the oligosaccharide 

library, performing nearly all experiments, analyzing data, preparing figures, writing the entire 

manuscript, and revising it with my supervisors. Additionally, I supervised Paola Nevola, an 

M2 foreign student, training her in conducting cellular experiments related to cell-surface 

GAGs and QCM-D experiments for co-functionalization with RGD and GAGs. Other 

contributors to the article provided essential technical support such as preparation of common 

reagents, or scientific support and supervision, and funding acquisition. They also assisted in 

revising the manuscript and improving the overall quality of the article.  
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Abstract 

The role of glycosaminoglycans (GAGs) in the regulation of bone morphogenetic protein 

(BMP) signaling appears to be very complex and context-dependent. Indeed, several studies 

indicate either a positive or a negative effect on the BMP signaling or in the establishment of 

BMP gradients, and tissue-dependent effects. It remains unclear whether these effects depend 

on the localization of the GAGs (at the cell surface or in the extracellular matrix) or on the type 

of GAG. Furthermore, the molecular interactions between BMP2 and different GAGs, 

including chondroitin sulfate (CS) and dermatan sulfate (DS), have not been investigated up to 

date. Moreover, the importance of heparan sulfate (HS) sulfation patterns for the binding to 

BMP2 has not been deciphered. In this study, we show that BMP2 binds preferentially to 

heparan sulfate (HS) in comparison to differently sulfated CS, DS, and the unsulfated 

hyaluronic acid (HA). Next, using well-characterized biomaterials for cellular studies, we 

investigated the role of GAGs by distinguishing the effects of extracellular GAGs and cell-

surface GAGs. Extracellular GAGs were presented by the biomaterials in an immobilized 

manner and the role of cell-surface GAGs was explored using Chinese hamster ovary (CHO) 

cell mutants for GAG biosynthesis enzymes. Our findings unveil novel perspectives in the 

regulation of BMP signaling where cell-surface CS appears to enhance the BMP2 bioactivity. 

Alternatively, the extracellular HS immobilized on our biomaterials increased the BMP2 

signaling compared to CS, DS, and HA, in a mechanism that seems related to its BMP2 binding 

mailto:elisa.migliorini@cea.fr
mailto:romain.vives@ibs.fr
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properties. Our study clarifies the role of HS in BMP signaling and highlights distinct roles 

depending on its localization. 

To elucidate the structural properties of HS that are responsible for the high affinity binding to 

BMP2, we prepared a library of HS-derived oligosaccharides to explore the role of specific 

sulfation patterns. Interestingly, we observed that BMP2 could bind to HS compounds as short 

as tetrasaccharides and that a central IdoA(2S)-GlcNS(6S) tri-sulfated motif in hexasaccharides 

appeared to increase significantly the binding. Generally, BMP2 exhibited a certain plasticity 

for different HS sulfation types and sequences and our results do not suggest the existence of a 

unique sequence required for BMP2 high affinity binding. 

 

Introduction 

Glycosaminoglycans (GAGs) are linear polysaccharides, which are major components 

of the extracellular matrix. They include Heparan Sulfate (HS), Heparin (Hep), Chondroitin 

Sulfate (CS), Dermatan Sulfate (DS), Hyaluronic Acid (HA) and Keratan Sulfate (KS). With 

the exception of HA, GAG chains are found attached to a protein core to form a proteoglycan 

(PG). GAGs exhibit a wide range of interactions with proteins, growth factors, cytokines, and 

chemokines, facilitated by electrostatic forces influenced by sulfation patterns along their 

chains. Sulfation patterns of GAGs are not genetically encoded but are regulated by the 

spatiotemporally controlled expression of enzymes involved in the GAG biosynthesis 

machinery, including glycosyltransferases, sulfotransferases, and epimerases[5]. As a result, 

GAGs modulate diverse biological processes and contribute significantly to tissue 

homeostasis[6–11]. Bone Morphogenetic Protein 2 (BMP2) is a protein member of the 

transforming growth factor beta superfamily (TGFβ) and is a potent osteogenic growth factor, 

classified also as a morphogen. The transmission of BMP signals from receptors on the plasma 

membrane to the nucleus occurs either via the canonical SMAD pathway or via several non-

canonical pathways such as the p38 mitogen-activated protein kinase pathway[12]. The BMP 

signaling cascade is regulated by various endogenous and exogenous molecular factors at 

different spatiotemporal scales, which can exert either positive or negative effects[13,14].  

The interaction of GAGs with BMP2 is particularly important for bone development[1,15–

17]. Alterations in the biosynthesis of HS are responsible for Hereditary Multiple 

Osteochondromas (HMO, previously Hereditary Multiple Exostoses)[18], a skeletal disease in 

humans highly correlated to an altered BMP2 signaling[19,20]. CSPGs may also contribute to 

bone tissue homeostasis by regulating BMP2 signaling. Although there is limited research on 

the involvement of CS in BMP signaling, it has been demonstrated that the introduction in mice 
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of a gene trap mutation in the gene chondroitin-4-sulfotransferase 1 (C4st1), responsible for the 

transfer of a sulfate group to the 4-O-position in CS, results in a severe chondrodysplasia[1]. 

This mutation also leads to a significant increase of TGFβ signaling, while simultaneously 

decreasing BMP signaling. 

Several studies focused on the role of Hep and HS in the regulation of BMP2 signaling. 

While the lack of HS is clearly dysregulating embryonic development and BMP signaling, 

several contradictory findings have obscured its precise role as a promoter or inhibitor of 

signaling. First, the alteration of GAG biosynthesis in Ext1 or Ext2 (glycosyltransferases 

responsible for elongation of HS chains) mutant mice causes the disruption of gastrulation[21]. 

In Drosophila, the mutation of tout-velu (ttv), homolog of the human EXT1 gene, leads to 

defective decapentaplegic (Dpp, orthologue of BMP2/4) signaling activity and morphogen 

distribution[16]. During Drosophila embryogenesis, HSPGs are crucial regulators of Dpp (a 

BMP2/4 ortholog) signaling by mediating the formation of gradients, which is a characteristic 

of morphogens[16,22]. Takei and coworkers showed that the signaling of hedgehog (Hh), Dpp, 

and wingless (Wg) morphogens are reduced in mutant cells for homologs of EXT genes, 

indicating a positive role of HS in these signaling pathways[22]. In agreement with this, another 

study showed that a pre-treatment of C2C12 and PC12 cells with heparinase III before exposure 

to BMP2 led to a decreased SMAD1/5/9 phosphorylation and p38 activation[23]. Several studies 

contradict these results and report a negative role of HS in BMP signaling[19,20,24,25]. Huegel and 

coworkers showed that reducing EXT1 expression or interfering with HS function by 

heparinase I or Surfen treatment stimulated the chondrogenesis in vivo, with an increase of 

pSMAD1/5/9 protein levels and Runx2/Sox9 gene expression[19]. This increase of pSMAD1/5/9 

was reproduced by the same research group in Ad-293 and C3H/10T1/2 cells upon Surfen 

treatment[24]. Another study showed that the pretreatment of limb mesenchymal cells in 

micromass culture with Hep III also enhanced the chondrogenic activity of BMP2[25]. Recently, 

Inubushi and coworkers demonstrated that the enhancement of BMP2 signaling in EXT1 

mutant mice is the primary signaling defect that leads to osteochondroma formation, suggesting 

the possibility of targeted treatment of HME with BMP inhibitors[20]. In addition, the 

comparison of several studies suggests that cell-surface[17,25–27] and extracellular GAGs[25,28–31] 

exhibit different functions. The comparison of these studies is complicated by several factors 

that may influence the effect of GAGs, such as their location (extracellular/cell-surface), the 

presentation mode (solution/immobilized), the assay duration (short-term/long-term), or even 

the concentrations of growth factor or GAG used[32]. The precise role of GAGs in BMP 

signaling therefore remains unclear. 
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The understanding of GAGs-protein interactions is a key step to comprehending the full 

picture of the GAG-mediated regulation of protein bioactivity. Regarding BMP2, it exhibits a 

well-demonstrated high affinity for HS[33–35] and Hep[19,33,36], which might be related to the 

important functions of HSPGs in the regulation of bone development in vivo. However, the 

affinity values described in the literature deserve to be clarified since they are subject to 

variations of several orders of magnitude, likely related to different experimental setups or GAG 

sources. The sulfation degree and sulfation patterns of HS are key structural features driving 

the high affinity of HS for various proteins. For some proteins like antithrombin III and FGF1, 

specific sulfation motifs and/or sulfation sequences of HS are particularly important for their 

interaction and their bioactivity[37–39]. In the case of BMP2, few studies investigated the HS 

sulfation motifs or sequences required for the interaction. Using desulfated Hep, Smith et al. 

demonstrated that N-sulfation was more important for BMP2 binding compared to 6-O 

sulfation, and 2-O sulfation which had a minor contribution[3]. This trend is however in 

contradiction with in vitro assays of Tellier and coworkers, who showed a minor importance of 

N-sulfation and a role of 6-O sulfation using desulfated Hep immobilized on microparticles. 

Chopra and coworkers also studied the HS-BMP2 interaction with a microarray displaying 3-

O sulfated hexasaccharides. The authors demonstrated that BMP2 bound more strongly on 

oligosaccharides including a 3-O sulfate. They noticed generally a high affinity of several 

proteins to oligosaccharides with a central IdoA(2S)-GlcNS(3S6S) disaccharide[40]. In 

zebrafish, 3-O sulfation was demonstrated to contribute to the spatial restriction of BMP 

signaling away from ventricular myocytes, thereby promoting the cardiac contractile 

function[41]. In contrast, in a microarray study, Söderlund and coworkers did not observe major 

modification of BMP interactions for five distinct oligosaccharides, with KD values in the 100 

nM range. In particular, an HS dodecasaccharide including a 3-O sulfated GlcNS(3S6S)-

IdoA(2S) sequence did not have a particular effect. 

In this study, we have examined the molecular interactions between various GAGs and 

BMP2, yielding novel insights into their affinity and kinetics parameters. To investigate the 

involvement of GAGs in mediating BMP2 signaling as extracellular components, we employed 

biomimetic streptavidin (SAv) platforms, previously developed to support cell adhesion and 

present immobilized GAGs in a manner resembling the natural extracellular matrix[30,31]. These 

platforms have been thoroughly characterized regarding the binding of GAGs and BMP2 and 

the co-functionalization with cRGD peptides. To explore the role of cell-surface GAGs, we 

employed different CHO cellular models, including mutations of GAG biosynthesis enzymes. 

In particular, we unveil novel perspectives about the distinct contributions of cell-surface HS 



123 

 

and cell-surface CS in BMP2 signaling. Finally, we generated a library of HS tetrasaccharides 

and hexasaccharides to investigate the structural specificities of BMP2-HS binding and the 

significance of specific HS sulfation motifs and sequences. Moreover, to gain a deeper 

understanding of these interactions, we performed 3D molecular reconstruction and molecular 

dynamics simulations. 

 

Materials and methods 

Buffers and Molecules 

A solution called Hepes, with a composition of 10 mM Hepes and 150 mM NaCl (Sigma-

Aldrich) at pH 7.4, was used for diluting and rinsing all molecules unless otherwise specified. 

To prepare biomimetic SAv platforms, mPEG-Thiol and biotin-PEG-Thiol (11156-0695 and 

41156-1095, Polypure) were functionalized on gold substrate, and further conjugated with 

streptavidin (SAv, Sigma-Aldrich). For information on the biotinylated cyclic arginyl-glycyl-

aspartic acid (cRGD), refer to previous works[31,42]. Heparan sulfate (HS) sourced from porcine 

intestinal mucosa was acquired from Celsus Laboratories. It has an average molecular weight 

of 12 kDa and a polydispersity of 1.59[43]. Chondroitin Sulfate A (C9819, CS-A, bovine trachea, 

average molecular mass 28 kDa[44],) and Dermatan Sulfate (C3788, DS/CS-B, porcine intestinal 

mucosa) were purchased from Sigma-Aldrich. Chondroitin Sulfate D (400676, CS-D, shark 

cartilage, average molecular mass of 38 kDa[45]) was acquired from Seikagaku. Chondroitin 

Sulfate E (CS-E) and Hyaluronic Acid (HA) were a gift from Kawthar Bouchemal. BSA was 

purchased from ThermoFisher Scientific (BP9703-100) and D-(+)-Trehalose was acquired 

from ThermoFisher Scientific (A19434.14). BMP2 produced in CHO cells was obtained from 

Medtronic (26 kDa, InductOs). Heparinase I, II and III were acquired from GrampEnz (GE-

H0001, GE-H0002, GE-H0003). Filtered phosphate buffered saline (PBS, without MgCl2 and 

CaCl2, GibcoTM, ThermoFisher Scientific) was used in all the rinsing steps related to the cells.  

 

Generation of HS-oligosaccharide libraries 

An HS-oligosaccharide library was generated as previously described[38]. 8 g of HS were 

exhaustively digested with heparinase III at 37°C in heparinase buffer: 100 mM sodium acetate 

and 0.5 mM CaCl2 buffer at pH 7.1. The digestion was monitored for 6 days by absorbance 

measurements at 232 nm with a NanoDropTM 2000. The content of the digestion was then 

stored at -20 °C in eight fractions of 1 g. The fractions were separated by size one by one with 

a Vantage® L VL44 x 1000 size-exclusion chromatography (SEC) column, extended with a 

Vantage extension kit (Merck-Millipore), and packed with Bio-Gel® P-10 Gel resin (Bio-Rad), 
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equilibrated in 0.2 M NaCl buffer at a flow rate of 0.5 mL/min. Fractions of 15 mL were 

collected, and the absorbance at 232 nm was measured for all fractions to identify the peaks 

corresponding to oligosaccharides of different sizes, which were then pooled, dialyzed against 

water, and lyophilized. The dp4- and dp6- oligosaccharides were then separated according to 

their charge by strong anion exchange (SAX)-HPLC (5 mg of oligosaccharides per injection, 

for a total of ~65 mg of each dp4 and dp6 oligosaccharides) using a ProPac PA1 preparative 

column (ThermoFisher Scientific). The salt gradient was optimized to resolve the different 

oligosaccharide species out of the column. 

 

Analysis and characterization of HS-oligosaccharides 

The generated HS-oligosaccharides were characterized with reverse phase ion pair (RPIP)-

HPLC disaccharide analysis. First, oligosaccharides (1-2 µg) were cleaved into disaccharides 

with 10 mU of each heparinase I, II and III in heparinase buffer for 48 h at 37 °C. Samples were 

boiled at 100 °C for 10 min, and the supernatant was recovered after centrifugation at 13200 

rpm to remove the enzymes. The RPIP-HPLC experimental setup has been described in 

previous work[46]. Briefly, the different HS disaccharides were resolved from a C18 reversed-

phase column (Luna 5 µm C18, 4.6 x 300 mm, Phenomenex), using a NaCl gradient in 1.2 mM 

tetra-N-butylammonium hydrogen sulfate (TBA), pH 3.15, 8.5% (v/v) acetonitrile. The post-

column labelling was performed in a 130 °C heated reaction with a second pump mixing the 

HS disaccharides with 0.125% 2-cyanoacetamide and 0.5% NaOH. After passing through a 

cooling tank, the disaccharides were detected by the 410 nm fluorescence emission of 2-

cyanoacetamide after excitation at 346 nm. Disaccharide composition was attributed by 

comparison to the elution of standard unsaturated HS disaccharides (Iduron, Alreley Edge, UK: 

∆UA–GlcNAc/∆UA–GlcNS /∆UA– GlcNAc6S /∆UA2S – GlcNAc /∆UA – GlcNS6S 

/∆UA,2S – GlcNS /∆UA,2S – GlcNAc,6S /∆UA2S – GlcNS6S). By integrating the area of 

disaccharide peaks and applying signal / mass ratio corrections, we could determine the 

quantities generated for the entire oligosaccharide library. The analysis was repeated with 

NaBH4 reduction to determine the reducing-end disaccharide of oligosaccharides, which could 

not be detected anymore after treatment. Oligosaccharides were reduced with 50 mM NaOH 

and 150 mM NaBH4 (Sigma-Aldrich) overnight at 37 °C and the pH was neutralized with acetic 

acid (Sigma-Aldrich) prior to heparinase digestion. 

 

 

 



125 

 

Biotinylation of GAGs and oligosaccharides 

Glycosaminoglycans or oligosaccharides were incubated for 24 h at 37°C at 5 mg/mL 

concentration in 100 nM sodium acetate, 12.5 nM EZ-Link Alkoxyamine-PEG4-biotin 

(ThermoFisher Scientific), and 10 mM aniline (Sigma-Aldrich) to achieve coupling with the 

biotinylated linker. Double HiTrap® Desalting columns (GE29-0486-84, Sigma-Aldrich) 

coupled to AKTA Pure equipment (GE Healthcare) were used to identify and recover the 

fractions of desalted biotinylated GAGs. The compounds were next concentrated by freeze-

drying. 

 

Biolayer interferometry (BLI) measurements  

BLI studies were performed with an OctetRED96e instrument (Pall/FortéBio), using the 

manufacturer's software (Data Acquisition v11.11) to record the data. All molecules were 

dissolved in PBS-T, a PBS buffer (Euromedex) containing 0.02% Tween® 20 (Sigma-Aldrich). 

Samples were deposited in the wells of black 96-plates (Nunc F96 MicroWell, ThermoFisher 

Scientific), kept at a constant temperature of 25°C while being stirred at 1000 rpm throughout 

the experiments. All biosensors were pre-wetted in 200 µL of PBS-T for 10 min before each 

test, after which the equilibration was monitored for 60 s. SAv-coated biosensors (FortéBio) 

were loaded with each biotinylated GAG ligand for 600 s. The concentrations used for 

immobilization were as follows: 0.06 µg/mL and 0.12 µg/mL for HS and CS/DS/HA, 

respectively. The concentrations used were 0.075 µg/mL and 0.04 µg/mL for dp4 and dp6 

ligands, respectively. Association and dissociation phases were monitored during 200 s. 

Identical procedures were followed on non-functionalized reference biosensors to assess and 

monitor BMP2 non-specific binding. All measurements were performed in three independent 

experiments with new sensors, and newly prepared sample solutions.  

Kinetics data were analyzed using the manufacturer software (Data analysis HT v11.1). The 

non-specific signals on reference biosensors were subtracted from the signals obtained on 

GAGs-functionalized biosensors for each BMP2 analyte concentration. The kinetic signals 

were then fitted using a global method with a 1:1 Langmuir model. Dissociation on several 

GAG ligands was composed of a rapid phase and a slow phase close to the baseline. Therefore, 

only the first 40 s of dissociation were included in the fitting.  Affinity constants were calculated 

from the ratio of koff/kon values. The reported values are plotted as mean ± SEM obtained from 

independent experiments. 
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Biomimetic streptavidin platforms surface functionalization 

Glass coverslips (24×24 mm; Menzel Gläser) were gold-sputtered (1.5 nm Cr and 8 nm Au) in 

a clean room with a Plassys™ evaporating machine and constituted the base substrates for 

biomimetic platforms functionalization. Gold-sputtered surfaces were activated with 

UV/Ozone ProcleanerTM (BioForce Nanosciences) for 10 min, functionalized with mPEG-

Thiol and biotin-PEG-Thiol, and immersed overnight in an ethanol solution with 0.95 mM 

mPEG-thiol and 0.05 mM biotin-PEG-thiol, before blow-drying the surfaces with nitrogen. 

When preparing samples for automated immunofluorescence (IF) analysis, gold-coated 

surfaces were attached to the bottom side of a bottomless 96-well plate (Greiner Bio-one) using 

double-sided adhesive tape (FRAP Sandwich set, Paul Marienfeld), dividing one surface into 

four wells. For Western blot experiments requiring significant amounts of samples, whole 

surfaces were put in a UV-sterilized polycarbonate dish.  

Next, the assembly of SAv platforms was achieved by a liquid-handling robot executing all the 

incubation and rinsing steps as described in previous work[47]. SAv was incubated at 10 µg/mL 

for 30 min to construct a monolayer and a 2-hour blocking with 10% BSA and 0.6 M of D-(+)-

Trehalose was achieved to reduce non-specific binding of BMP2. Then, co-functionalization of 

cRGD and GAGs was performed with a 10-minute incubation of biotinylated cRGD at 1.2 

µg/mL prior to saturation of SAv binding sites with biotinylated GAGs at 10 µg/mL for 40 min. 

BMP2 was allowed to bind to GAGs with a 90-minute incubation step at 0.02 µg/mL (0.768 

nM) in Hepes supplemented with 0.02% Tween® 20 (Hepes-T) to prevent aggregation at 

physiological pH during the process. To remove the non-adsorbed BMP2, two rinsing steps 

were performed in Hepes-T followed by three rinsing in Hepes prior to cell seeding.  

 

Ex Situ Characterization with Quartz Crystal Microbalance with Dissipation 

Monitoring (QCM-D) 

We measured with QCM-D (QSense Analyzer, Biolin Scientific) the shifts in resonance 

frequency (Δf in Hz) and energy dissipation (ΔD in dissipation units, ppm=10-6) to characterize 

binding events in the biomimetic platforms sequential buildup. Experiments were performed at 

24°C and Δf and ΔD were measured at six overtones (i = 3, 5, ..., 13)[30]. In this article, only 

dissipation and normalized frequency of the third overtone (i = 3) are presented. Frequency 

measurements are related to the hydrated mass bound on the surface, while dissipation 

measurements are related to the rigidity of the adsorbed film. With the exception of BMP2, all 

surface functionalization steps were carried out using the concentrations indicated above for 

biomimetic platforms surface functionalization. To enable adequate signal detection for 
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comparing its binding on various GAGs, BMP2 was injected at a concentration of 5 µg/mL. 

Molecules were injected into the liquid chamber with a peristaltic pump (IPC4, Ismatec) 

imposing a flow rate of 15 μL/min until saturation (except for cRGD and BMP2), followed by 

rinsing with Hepes at the same flow rate. For cRGD and BMP2, we used a “fast injection” 

procedure to mimic the functionalization performed by the liquid-handling robot. The solutions 

of cRGD and BMP2 were injected at a high flow rate of 100 µL/min until the liquid chamber 

was filled. At this moment, the flow was stopped to let the molecules bind in a static regime. 

All measurements of frequency and dissipation shifts were performed after stabilization of the 

signal. For co-functionalization of cRGD with GAGs, the frequency shift of -4.7 Hz obtained 

for a 10 mi static incubation at 1.2 µg/mL was reproduced using 0.5 µg/mL of cRGD to allow 

a better control.  

 

Cell Culture 

CHO cell lines (CHO-K1: CCL-61™; pgsD-677 : CRL-2244™; pgsA-745 : CRL-2242™) 

were a gift from Andrea Vortkamp. The cell lines were cultured below confluence in 

polystyrene cell culture flasks (Falcon®, Corning) using growth medium composed of 

Dulbecco's modified Eagle's medium (DMEM/F-12 GlutaMAX, 10565018, Gibco™), 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, 10270-106, Gibco™), and 

1% of antibiotic-antimycotic (15240062, Gibco™). Cells were cultured at 37°C under a 5% 

CO2 atmosphere until they were discarded upon reaching a passage number of 12. Before any 

experiment, cells were serum-starved for 4 hours. Accutase (A6964, Sigma-Aldrich) was used 

to detach the cells from the culture flasks, and they were seeded on functionalized surfaces in 

growth medium without FBS. Throughout the experiment, the seeded cells were maintained at 

37 °C with 5% CO2. 

 

Cellular assays on biomimetic platforms 

For each condition, 10000 starved cells were seeded in 96-well plates functionalized with 

biomimetic platforms. The soluble BMP2 (sBMP2) positive control consisted in seeding cells 

with 0.1 µg/mL BMP2 on platforms with cRGD. For other conditions, we focused on the role 

of adsorbed BMP2 on the GAGs by rinsing the unbound BMP2 prior to seeding cells. Cells 

were fixed after 90 min with pre-fixation and fixation steps using 2% PFA for 5 min and 4% 

PFA for 20 min, respectively. Each condition was assessed with intra-experimental technical 

duplicates and at least biological triplicate.  
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To quantify pSMAD1/5/9 via IF, we adapted already published protocols[31,47,48]. Briefly, fixed 

cells were first permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) (w/v) in PBS for 3 min 

and blocked for 1 h with 3% BSA (Sigma-Aldrich) at RT. Primary rabbit anti-pSMAD1/5/9 

(Cell Signaling Technology) was diluted at 1:400 in PBS with 3% BSA and incubated overnight 

at 4°C. A secondary antibody (1:500, goat anti-rabbit Alexa Fluor 488, ThermoFischer 

Scientific), as well as rhodamine phalloidin (1:1000, ThermoFischer Scientific) and DAPI 

(1:1000, Sigma-Aldrich) were incubated for one hour at RT in PBS with 3% BSA. Cells were 

imaged using InCell Analyzer 2500 using the 20x objective on three channels. Images were 

further analyzed with the automated image analysis software InCarta (Molecular Devices), as 

previously described[47,48]: pSMAD1/5/9 intensity was measured only inside the nucleus under 

a mask defined by the DAPI signal and background-subtracted for at least 100 cells/well. Mean 

nuclear area was calculated by the InCarta software. For comparing conditions with identical 

nuclear areas, the mean intensity was calculated. In contrast, the total intensity in the nuclei was 

plotted for conditions exhibiting differences in nuclear area.  

 

Western Blot  

800 000 serum-starved cells were seeded onto 24x24 mm gold surfaces, functionalized with 

biomimetic platforms as previously described, disposed in wells of 6-well plates (Corning), and 

incubated for 90 min at 37°C and 5% CO2. Then they were rinsed with ice-cold PBS, and lysed 

with RIPA lysis buffer (Sigma-Aldrich) and scraped. The samples were centrifuged at 1600 

rpm for 20 min at 4°C. The proteins were quantified using BCA assay (Sigma-Aldrich). 

Laemmli SDS sample buffer 4X (ThermoFisher Scientific) was added to the samples. For each 

sample, 8 µg of total protein was loaded in precast polyacrylamide gel (4561023, Bio-Rad) and 

protein migration was achieved by electrophoresis with Mini-PROTEAN Tetra Cell (Bio-Rad) 

in running buffer (25 mM Tris, 190 mM glycine, 0.1% (v/v) SDS in MilliQ water) according 

to standard protocols.  

The proteins were then transferred to a PVDF (polyvinylidene difluoride) membrane using 

iBlot™ 2 Dry Blotting System (Bio-Rad Laboratories), rinsed with TBS-T (20 mM Trizma® 

base, 150 mM NaCl and 0.1% (v/v) Tween-20 at pH 7.5), blocked with 5% BSA in TBS-T and 

kept in constant agitation for 1 hour. Blocked membrane was probed with rabbit anti-

pSMAD1/5/9 (1:1000 Cell Signaling Technology) and rabbit anti-GADPH (1:2000, Cell 

Signaling Technology) as a reference in 3% BSA in TBS-T and kept on constant agitation 

overnight at 4°C. Immunological detection was achieved with anti-rabbit HRP-conjugated 

secondary antibody (1:5000, ThermoFisher Scientific). The proteins were visualized by 
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chemiluminescence on an iBright FL1000 Imaging System (ThermoFisher Scientific) using a 

Clarity™ Western ECL Substrate (Bio-Rad Laboratories). pSMAD1/5/9 was quantified with 

ImageJ and was normalized by GAPDH control.  

 

Separation of glycosaminoglycan with PAGE 

The separation of GAGs based on their size was achieved with polyacrylamide gel 

electrophoresis (PAGE)[49]. Initially, 10 μg of samples diluted in 20% glycerol were run through 

a 1.5 cm stacking gel (1 M Tris/HCl, pH 6.8, 5% acrylamide, 2% cross-linker) at a constant 

voltage of 150 V for 1 h in running buffer (Tris-HCl 2.5 mM, glycine 20 mM). Then samples 

were passed through the resolving gel (1.5 M Tris/HCl at pH 8.8, 25% acrylamide and 5% 

cross-linker) with a constant current of 25 mA for 3 h (maximum voltage of 1000 V). A mixture 

of Xylene Cyanole, Bromophenol Blue and Phenol Red in 20% glycerol was used in a separate 

lane as electrophoresis markers. After electrophoresis, GAG bands were visualized by staining 

with 0.08% aqueous Azure A for 10 min under constant agitation. The gel was washed twice 

in water for 5 min to remove the excess of dye. 

 

Statistical Analysis and Data Treatment 

To compare independent experiments, the values were possibly normalized to a positive 

control, the mean was calculated and the SEM was used for the error bars in the figures and in 

the text (mean ± SEM). For cell experiments, intra-experimental technical duplicates were used 

to calculate the mean of biological replicates for each condition. Significance between two 

conditions was tested with the non-parametric Mann-Whitney test and represented in the graphs 

with ∗ for p ≤0.05. 

 

Results 

BMP2 exhibits higher binding affinity for HS compared to CS, DS, and HA  

In the literature, the binding affinities between BMP2 and GAGs are highly variable and have 

never been compared within the same study. Here, we have investigated the dynamics of the 

interactions between BMP2 and different GAGs (HS, HA, CS-A, -D, -E and DS), using the BLI 

biophysical characterization technique. As depicted in Fig. 1A-E and Supplementary Fig. S1, 

the binding of BMP2 was detected on all the different GAGs except the non-sulfated HA (data 

not shown). While BMP2 bound to HS at concentrations as low as 10 nM, the binding to CS or 

DS required concentrations above 200 nM to trigger a detectable signal. CS-A exhibited the 

lowest binding affinity to BMP2, requiring concentrations greater than 600 nM. We determined 
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binding affinities (KD) and the kinetics parameters kon and koff for the tested GAGs by fitting 

the binding curves with a 1:1 binding model (Fig. 1F and Supplementary Table 1). BMP2 

bound to HS with the highest affinity (KD of 57±7 nM) followed by CS-D (KD of 400 ±43 nM). 

The other CS types and DS exhibited affinities in the low µM range (2.5±0.4 and 1.4±0.4 µM 

for CS-E and DS, respectively), or above 70 µM for CS-A. Of note, the concentration range 

used for the BLI analysis is suitable for KD values found for HS and CS-D, but is not optimal 

for KD values found for CS-A, -E, and DS interactions with BMP2. Therefore, the determination 

of KD values for CS-E, DS and CS-A may not be as accurate. 

 

Fig. 1. Biolayer Interferometry (BLI) kinetics assays of BMP2 binding on different GAGs: A. HS; B. CS-A; C. 

CS-D; D. CS-E; E. DS. The phases of BMP2 association and dissociation were measured for 200 s each at different 

concentrations indicated at the bottom of each graph (nM). The curves were fitted with a 1:1 Langmuir binding 

model on the full association and 40 s of the dissociation (red curves) to obtain the kinetics parameters of the 

interactions. F. KD values of BMP2 interactions for the different GAGs, representing the inverse of the affinity, 

are plotted on a logarithmic scale.  

Design of well-characterized biomaterials for cellular assays  

Once the BMP2 affinity for different GAGs was determined, we sought to investigate the role 

of GAGs in BMP signaling, which has been the subject of conflicting studies[19–25]. These 

discrepancies may be attributed to differences in GAG presentation mode (in solution or bound 

to a biomaterial) and their location (cell-surface or extracellular). To address this, we adapted 

our previously developed biomimetic SAv platforms, which enable the presentation of GAGs 

as extracellular components mediating the BMP2 cellular response[30,31,50]. Gold has been 

chosen as support on which a SAv monolayer is bound by a biotin-PEG-thiol linker. 

Biotinylated GAGs are then immobilized on SAv, and BMP2 is adsorbed onto the GAG films. 

The functionalization process was characterized ex situ with QCM-D to evaluate the binding of 
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each GAG and BMP2 to the platforms, as examplified for HS and CS-D in Fig. 2A-B. The 

binding of the SAv monolayer was homogeneous in all experiments, with an average shift 

around -24.3±1.3 Hz. The immobilization of GAGs (at 10 µg/mL) on the SAv monolayer 

generates important positive shifts in dissipation, indicating an increased softness of the 

platforms, and strong negative frequency shifts due to the high hydration of the GAG layer[50]. 

The immobilization of HA yielded the largest frequency shift  (thus the heaviest hydrated mass 

on the QCM-D crystals), CS/DS compounds yielded intermediate shifts and HS the smallest 

shift (Fig. 2C, E). This trend was also observed in the analysis of GAGs by acrylamide gel 

electrophoresis (Supplementary Fig. S2), confirming the distinct molecular weights of these 

GAGs.  

 

Fig. 2. Characterization of the sequential buildup of the biomimetic platform by QCM-D. Example of platform 

buildup characterized by QCM-D for A. HS and B. CS-D. Black arrows represent injection of molecules, SAv, 

biotinylated GAGs and BMP2, alternating with Hepes rinsing. The third overtones of frequency and dissipation 

shifts are depicted in blue and red, respectively. C-H Representative QCM-D raw data to compare the C. frequency 

and G. dissipation shifts of different GAGs on SAv monolayer, and similarly, we compared the D. frequency and 

H. dissipation curves upon binding of BMP2 on the different GAGs. The experiments were performed at least in 

duplicate for each GAG and we quantified the mean of frequency shifts (E-F) and dissipation shifts (I-J) for GAG 

immobilization (E, I) and BMP2 binding (F, J). Data are plotted as mean ± SEM.As previously observed, the 

binding of BMP2 to HS triggered a negative shift of the dissipation, likely indicating a cross-linking of HS chains 

mediated by the growth factor[30,51]. We show that BMP2 binding on CS and DS triggers the same effect, 

characterized by a negative dissipation shift measured via QCM-D. The dissipation shift was the highest for DS 

followed by CS-D, CS-E and HS in a comparable manner, and finally CS-A (Fig. 2H, J).  

Subsequently, the binding of BMP2 at 5 µg/mL was varying depending on the GAGs, as 

indicated by the distinct frequency shifts (Fig. 2D, F). BMP2 bound stronger to CS-D followed 

by CS-E, with frequency shifts of 23.7 ± 3.9 Hz and 16.9 ± 3.6 Hz, respectively. The frequency 
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shift for DS was larger than for HS and CS-A, with values of 14.2 ± 4.2 Hz, 12.8 ± 0.7 Hz, and 

10.1 + 2.1 Hz, respectively. On the contrary, BMP2 did not bind to the non-sulfated HA. 

Interestingly, the binding of BMP2 on CS-A seems less stable, since some BMP2 dissociated 

during the incubation step. By plotting Δf versus ΔD, we can relate the levels of BMP2 binding 

(Δf) to the rigidification of the GAG film (ΔD). As shown in Supplementary Fig. S3., we 

observed that for similar Δf induced by BMP2, the cross-linking is stronger for HS and DS, 

followed by CS-E and CS-A, and finally CS-D. For cellular assays, the biomimetic platforms 

were co-functionalized with cRGD peptide to mediate a similar cell adhesion for the different 

GAG conditions. The co-functionalization process of cRGD with HS, CS-A, or CS-D was also 

characterized via QCM-D as shown in Supplementary Fig. S4. In comparison to the platform 

without cRGD, the frequency shift upon BMP2 binding was increased on HS and CS-D while 

it was reduced on the CS-A platform. With the co-functionalization procedure, the number of 

available biotin binding sites for the GAGs was decreased by about 65-75%. The reduced GAG 

density on the platforms may modify the binding dynamics by reducing cross-linking and 

facilitating the BMP2 binding to intra-chain regions. Overall, the binding of BMP2 detected via 

QCM-D on the biomimetic platforms was stronger on CS-D and CS-E than on DS, HS, and 

CS-A. In conclusion, we obtained well-characterized platforms binding and presenting BMP2 

for cellular studies.  

 

Role of extracellular and cell-surface GAGs in BMP2 signaling 

To explore the potential functional differences between cell-surface (csGAGs) and extracellular 

GAGs in BMP2 signaling, we seeded CHO cells on characterized biomimetic SAv platforms, 

either wild type (WT) or mutant cells presenting an altered repertoire of cell surface GAGs. We 

first investigated the role of extracellular GAGs on BMP2 bioactivity. CHO WT cells were 

cultured on biomimetic platforms for 90 min, fixed and the nuclear pSMAD1/5/9 was measured 

by IF (Fig. 3A). The mean nuclear intensity of pSMAD1/5/9 is plotted in Fig. 3B. We show 

that only HS significantly increased the amount of pSMAD1/5/9 above the control. CS-D 

seemed to generate a more pronounced signal than DS and the other CS types, but these 

differences were not significant. These data correlate well with the affinity measured by the 

BLI experiment: the higher the binding affinity, the stronger the BMP-induced SMAD1/5/9 

phosphorylation. During method development, we first noticed significant non-specific binding 

of BMP2 to the platforms. This non-specific binding was not strongly detected in QCM-D[30], 

suggesting that only a small amount of BMP2 binds non-specifically to the platforms. 

Nevertheless, even these small amounts can trigger SMAD1/5/9 phosphorylation, therefore 
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complicating the interpretation of the results. In the following experiments, we succeeded in 

reducing the non-specific binding, through blocking of the substrate with BSA and trehalose 

(Chapter VI).  

 

Fig. 3. Extracellular HS enhances while cell-surface HS regulates pSMAD1/5/9 levels and csCS promotes 

short-term signaling.  

A. Representative IF images of wild type CHO cells after a 90-minute culture on the biomimetic platforms 

functionalized with different GAGs (extracellular) and BMP2, and stained for actin (red) and pSMAD1/5/9 

(green). Scale bar is 100 µm. Positive and negative controls correspond to cRGD functionalized platforms (without 

GAGs) exposed to soluble BMP2 at 0.1 µg/mL (sBMP2) or not (ctrl-). The platforms harboring GAGs were 

incubated with 0.02 µg/mL BMP2, which was rinsed before cell seeding. cRGD platforms without GAGs followed 

the same procedure, as a control of BMP2 non-specific binding (Nonspe). B. Corresponding mean fluorescence 

intensity of nuclear pSMAD1/5/9 in wild type CHO cells. Values were normalized by the positive sBMP2 positive 

control (n=4).  

C. Representative IF images of CHO WT, KO HS, and KO HS/CS cells cultured for 90 min on cRGD biomimetic 

platforms with or without sBMP2 at 0.1 µg/mL, and stained for actin (red) and pSMAD1/5/9 (green). Scale bar is 

100 µm. D. Corresponding total fluorescence intensity of nuclear pSMAD1/5/9 in CHO WT, KO HS, and KO 

HS/CS cells. For each cell type, the intensity value was plotted after subtraction of the negative control without 

BMP2 (n=4). Statistical significance between two conditions was tested with Mann-Whitney test and is represented 

with * for p ≤ 0.05. 

To test the role of the csGAGs, we analyzed CHO with defects in the GAG synthesis. We either 

used the wild type CHO-K1 and mutant CHO pgsD-677 and pgsA-745 cell lines previously 

characterized. Wild type CHO-K1 (CHO WT) cells produce about 70% HS and 30% CS[52], 

whereas CHO pgsD-677 cells (CHO KO HS) contain mutations in the gene encoding EXT1, 

an enzyme responsible for HS chain elongation[53]. It has been shown that these cells produce 

3-to 4-fold more csCS than the wild type cells[52]. CHO-pgsA-745 cells (CHO KO HS/CS) 

completely lack csHS and csCS since they are deprived of xylotransferase responsible for the 

catalysis of the first sugar transfer in GAG synthesis[52,54,55]. In Fig. 3C-D, the total 

pSMAD1/5/9 levels induced by soluble BMP2 treatment were evaluated for the three CHO 

variants exhibiting distinct cell-surface GAGs. As previously shown[19,20], we noticed increased 
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SMAD1/5/9 phosphorylation for the CHO KO HS compared to the wild type. Interestingly, the 

CHO KO HS/CS cells deprived of csGAGs exhibited a pSMAD1/5/9 level similar to the wild 

type cells. These results obtained with IF were also confirmed by Western Blot 

(Supplementary Fig. S5A-B). Overall, HS mutant cells exhibit an increased pSMAD1/5/9 

level while HS/CS mutants display a reduced signaling. We conclude that csCS promotes 

BMP2 signaling while csHS may have an inhibitory effect. On the contrary, extracellular HS 

enhances the most pSMAD1/5/9 levels compared to HA, CS and DS.  

 

Heparan Sulfate structural requirements for BMP2 binding 

HS is the most potent extracellular GAG to induce the BMP-mediated SMAD1/5/9 

phosphorylation and is therefore an attractive target for regenerative medicine. However, 

potential applications require the determination of the minimal HS structural requirements for 

binding to BMP2. We therefore sought to define the specific HS sulfation pattern responsible 

for the binding of BMP2, as previously shown for other growth factors[37–39]. To investigate 

this, we generated a library of HS tetrasaccharides (dp4) and hexasaccharides (dp6) from 

porcine intestinal mucosa HS as starting material. After depolymerization with heparinase III, 

the cleaved fragments were separated by size to obtain pure samples of HS-dp4 and-dp6 

(Supplementary Fig. S6A). The isolated oligosaccharides were further separated by charge to 

isolate compounds with distinct sulfation patterns. The elution of the generated HS-

hexasaccharides in SAX-HPLC is shown in Fig. 4A (or Supplementary Fig. S6B for 

tetrasaccharides). Disaccharide analysis of the obtained oligosaccharides was then performed 

by RPIP-HPLC (Supplementary Fig. S7). For the most abundant species, the oligosaccharides 

were biotinylated and their interactions with BMP2 were analyzed using the BLI technique to 

determine the KD parameters. The raw data of the BLI experiment are provided in 

Supplementary Fig. S8. Disaccharide analysis was also performed with NaBH4 

oligosaccharide reduction (Supplementary Fig. S9) to identify the disaccharide reducing end 

(blocked by the reduction), thereby allowing to determine their sequences with high confidence, 

as shown in Fig. 4C.  
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Fig. 4. Characterization of BMP2 binding on HS-oligosaccharides with defined structures.  

A. Absorbance measurement detecting the elution of HS hexasaccharides from SAX-HPLC. The absorbance at 

232 nm detects the unsaturated bonds generated by heparinase III cleavage. The different peaks represented by 

letters (B to AC) were collected and their disaccharide composition was determined by RPIP-HPLC. Letters in 

red represent the selected oligosaccharides that were biotinylated to perform kinetics analysis with BMP2. B. 

Comparison of the KD values of BMP2 interactions with the selected oligosaccharides. For each oligosaccharide, 

the KD value was measured with BLI at least in duplicate in independent experiments with a 1:1 Langmuir model 

on the 200 s association phase and the first 40 s of the dissociation phase. C. Structure of selected 

oligosaccharides, depicted according to the Symbol Nomenclature for Glycans (SNFG, Version 1.5). Legend for 

symbols is represented on the bottom right. Few compounds correspond to a mixture of co-eluting species the 

major and minor components are depicted. For dp6-G, two alternative structures are possible, while there was an 

unidentified compound in dp6-AC (potentially 3-O sulfated). 

Oligosaccharides tested in BLI comprised between 3 and 6 sulfate groups for hexasaccharides, 

and between 2 and 3 for tetrasaccharides. Some of the isolated compounds clearly corresponded 

to a mix of two co-eluting species, which could be individually identified (dp4-AB, dp6-K, -R 

and –AC, see Fig. 4C). For dp6-G, the relative position of the identified disaccharides could 

not be ascertained, and the two possible sequences are shown in Fig. 4C. We show for the first 

time that BMP2 is able to bind to different HS-dp4 with a moderate affinity (Fig. 4B), in the 

same range or better than full chains of DS or CS-A,-E. Indeed, the KD of dp4-S, -Y and –AB 

compounds for BMP2 was between 500 nM and 1 µM and the KD of dp4-P was about 3 µM. 

We also show that the affinity for HS-dp6 oligosaccharides is generally better than for HS-dp4, 

with some potent BMP2-binding compounds (dp6-Z, -AC) exhibiting an affinity relatively 
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close to that of full chains of HS. By studying more precisely the variation in affinity in relation 

to the oligosaccharide structures, some binding characteristics could be identified. The dp6-D, 

-I and –L only differ by the addition of one consecutive sulfate. While the tri-sulfated dp6-D 

binding was too weak to measure an affinity, a low affinity was measured on the dp6-I 

(KD=1143±472 nM) showing one additional 2-O sulfate group and a high affinity was 

determined for the dp6-L (KD=206±64 nM) featuring five consecutive sulfate groups 

(additional 2-O and N- sulfates). These data support the idea that the sulfation degree increases 

the binding affinity for BMP2. Interestingly, dp6-J had a 4-fold better affinity (KD =273±61 

nM) than the structurally close dp6-I exhibiting the same sulfate number, indicating that 

sulfation patterns are also important for the binding. While dp6-I is composed of four mono-

sulfated monosaccharides, dp6-J differs by featuring a central tri-sulfated disaccharide 

IdoA(2S)-GlcNS(6S) that may play a role in high-affinity binding of BMP2. This central tri-

sulfated disaccharide was common with other hexasaccharides exhibiting a high affinity for 

BMP2 such as dp6-P, -S, -U, -Z, and -AC. The study of dp6-K, composed of two co-eluting 

oligosaccharides, is very interesting. The major component of dp6-K is identical to dp6-J, but 

it is also composed of a minor oligosaccharide with one more sulfate, which however reduced 

the affinity compared to dp6-J only. Essentially, the central part of the minor compound is 

inversed compared to dp6-J with a disaccharide GlcNS(6S)-IdoA(2S) and the N-terminus 

features a GlcNAc(6S). This suggests either that the structurally inversed central part was less 

favorable for the binding of BMP2 or that the additional 6-O sulfate on the reducing GlcNAc 

was somehow destabilizing the high-affinity binding to the central part. A similar effect seemed 

to occur with dp6-R. In this compound, a high-affinity sequence GlcA-GlcNS(6S)-IdoA(2S)-

GlcNS(6S)-IdoA-GlcNAc corresponding to dp6-S is present in minority. Here again, the major 

component GlcA-GlcNS-IdoA(2S)-GlcNS(6S)-IdoA-GlcNAc(6S) may have decreased the 

overall binding affinity of dp6-R, with an isolated GlcNAc(6S) at the reducing end that could 

destabilize the high-affinity domain in the central region. This effect was however not observed 

in the dp6-Z compound with an isolated GlcNAc(6S), maybe related to a higher sulfation in its 

central domain. Also, in the dp6-P, the isolated GlcNS at the reducing end seemed to have rather 

a positive effect, by comparison with the similar dp6-J without this additional sulfate. This 

would suggest that the differences in spatial positioning of the isolated N- and 6-O sulfate 

groups positively or negatively influence the binding of BMP2. The use of molecular modelling 

is needed to better understand the molecular dynamics of BMP2 binding to these 

oligosaccharides. Overall, our data do not point to a highly specific saccharide structure 

required for BMP2 binding, but indicate that sulfation types and/or distribution may drastically 
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improve binding, at least within the structures tested. BMP2 seems to show a certain binding 

plasticity regarding the sulfation types and sequences, with no striking binding differences 

between various HS oligosaccharides. Globally, we identified a positive role of sulfation levels, 

with high affinity binding achievable through locally highly sulfated motifs (such as IdoA(2S)-

GlcNS(6S)), or through a lower sulfation degree on more extended domains (dp6-L). 

 

Discussion 

In this manuscript, we explored the molecular interactions of BMP2 with various GAGs and 

investigated the role of GAGs as either extracellular or cell-surface components in the 

regulation of BMP2 signaling. While csCS may enhance short-term BMP2 signaling and csHS 

is a regulator of BMP2 bioactivity, HS presented by the platforms (extracellular HS) is the most 

potent to trigger BMP2 signaling. To better understand the molecular interactions between HS 

and BMP2, we generated a library of HS oligosaccharides. With that, we aimed at exploring 

the specific HS sulfation patterns that are responsible for the high-affinity binding with BMP2. 

We demonstrated for the first time that the minimal length of HS oligosaccharides able to bind 

BMP2 is a tetrasaccharide (dp4), contrary to what had been previously reported[3]. BMP2 binds 

to dp4 with a moderate affinity and hexasaccharides with a good affinity, comparable to that of 

full-length HS chains. We also show that BMP2 exhibits some structural plasticity for its 

binding to various HS sulfation patterns, with high affinity binding achievable through locally 

high sulfated domains such as (IdoA(2S)-GlcNS(6S)) or through a lower sulfation degree on 

more extended domains (dp6-L). 

Although the affinity of BMP2 for HS and Hep has been already explored, to our 

knowledge the interactions with other GAGs have never been investigated and the affinities for 

HS and Hep remained unclear, due to important variations of KD values reported in the 

literature. Indeed, KD of HS for BMP2 was measured at 37 nM[35] or 1.6 µM[30], while that of 

Hep ranged from 2.4 nM to 490 nM[19,33,36]. Such differences likely arise from different 

experimental conditions, since the Hep source was identical (Sigma-Aldrich, porcine intestinal 

mucosa) and a SPR setup was used in all these studies. In our case, we performed several tests 

to identify an optimal ligand concentration for the immobilization, to avoid mass transport and 

steric hindrance effects. We established the KD of BMP2 interactions with HS and CS-D at 57 

nM and 400 nM respectively. However, the KD values determined for CS-A, -E, and DS were 

out of the concentration range tested and should be considered with caution. The affinities of 

these GAGs for BMP2 are relatively low, with a KD in the µM range, but this does not preclude 

the possible physiological importance of these interactions in vivo. Indeed, as an example, the 
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interaction of CS-E with Contactin-1 in the nervous system with a KD of 1.4 µM is required for 

CS-mediated neurogenesis in N2A cells[56]. The high affinity observed for CS-D may be linked 

to its higher sulfation level with disulfated D units. The CS-E, exhibiting disulfated E units, 

however showed a moderate affinity, which may be linked to the slightly lower number of di-

sulfated units within its chains (Supplementary Table 2), or a less affine E-unit sulfation 

pattern compared to the D unit. Although the fitting of the binding curves to a 1:1 binding model 

is not ideal, it remains the most appropriate option, given the structural heterogeneity of the 

GAG ligands. Furthermore, applying a more intricate model to account for this heterogeneity 

could introduce further bias.  

When characterizing the biomimetic platforms with QCM-D, we observed different 

trends of binding compared to BLI. The binding of BMP2 was in this case more important on 

CS-D and CS-E, followed by HS, CS-B, and CS-A. Two main reasons can explain these 

differences. First, the density of GAGs is much lower in the BLI setup compared to QCM-D, 

where GAGs saturate all the binding sites of the SAv monolayer. Despite low affinity for 

BMP2, CS chains may sequester the protein more efficiently at high chain density. Secondly, 

the frequency shift upon BMP2 binding was measured with QCM-D at the end of the 

association phase, not accounting for the dissociation of the protein that is important in the KD 

measurements with BLI.  

We also observed with QCM-D that for similar f levels upon BMP2 binding, the D 

negative shifts were more important for DS and HS, followed by CS-A and CS-E and finally 

CS-D, suggesting cross-linking differences depending on the GAG chains. Since BMP2 

exhibits a preferential affinity for HS and CS-D, these differences in crosslinking might be 

related to the percentage variability of sulfated units in GAG chains. 

Thereafter, the biomimetic platforms were used as a support for cellular assays to study 

the roles of extracellular and cell-surface GAGs in BMP2 signaling. In the literature, the role 

of GAGs in BMP interactions and signaling regulation has only been explored for HS and Hep, 

neglecting the potential roles of other GAGs such as CS and DS. We first showed that 

extracellular HS is more potent in inducing SMAD1/5/9 phosphorylation compared to CS, DS, 

and HA. This result is consistent with the affinity measurement, suggesting that a higher affinity 

of extracellular GAGs leads to increased signaling, likely due to an increased amount of BMP2 

sequestered and later delivered to the cells. Supporting this idea, we also observed a small 

increase of pSMAD1/5/9 level with CS-D, although not statistically significant. Using CHO 

cells variants mutated for GAG biosynthesis, we showed that both cell-surface and extracellular 

GAGs are not essential to trigger SMAD1/5/9 phosphorylation, as observed with the culture of 
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KO HS/CS cells on biomimetic platforms with cRGD only. In agreement with that, it was 

previously suggested that HSPGs are not essential for triggering Dpp signaling, at least in 

tissues where Dpp is strongly expressed[27]. However, proper signaling in Drosophila wing 

development requires HSPGs for the spatial distribution of the morphogen and generation of 

gradients[22,57]. We also showed that the EXT1 mutation in CHO pgsD-677 (KO HS) cells 

results in an increased pSMAD1/5/9 level, as observed in the literature in other cellular or mice 

models[19,20]. Interestingly, this increase has only been related to the lack of HS in these cells. 

Here, we show for the first time that this increase is related to the presence of CS chains at the 

cell surface. Indeed, the signaling in KO HS/CS mutant cells was reduced in comparison to the 

HS mutants, returning to the same level as the wild type. While the role of CS in promoting 

signaling is evident, the influence of HS is not entirely clear. Since the number of CS chains is 

upregulated in KO HS (pgsD-677) compared to the wild type cells, the pSMAD1/5/9 reduction 

in these cells could be attributed either to an inhibitory effect of HS or to the increased 

availability of CS chains at the cell surface. Interestingly, the same trend was observed in the 

basal SMAD1/5/9 phosphorylation without BMP2 (Supplementary Fig. S5C). These effects 

could be related to GAGs regulating the bioactivity of endogenous BMPs or to BMP-

independent mechanisms.  

Our findings about how cell-surface and 

extracellular GAGs modulate the BMP2 

signaling are illustrated by the model 

depicted in Fig. 5. BMP2 secreted by 

cells in the extracellular matrix interact 

mainly with HS, while interactions with 

CS and DS are less important, or null in 

the case of HA without an additional 

partner. When getting near the cell 

surface, BMP2 from the extracellular 

matrix or bound to GAGs can interact 

with either csHS, csCS, or potentially 

directly with BMP receptors. When 

BMP2 binds csHS, it appears that 

SMAD1/5/9 phosphorylation is 

hindered, potentially by restraining 

interactions of BMP2 with its receptors. 

Fig. 5. Model of BMP2 interactions with extracellular and cell-

surface GAGs modulating the BMP2 signaling. Figure created 

with BioRender.com. 
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In contrast, the interactions between BMP2 and csCS promote SMAD1/5/9 phosphorylation, 

likely due to their transient nature that does not retain BMP2 as strongly as csHS, but rather 

deliver it to BMP receptors.   

We speculate that csCS would promote the short-term BMP2 signaling, while csHS would slow 

down the signaling but sustain it in the long term. In line with this, the relatively low BMP2 

affinity for csCS could promote transient interactions, governed by fast kinetics of BMP2 

binding/unbinding along the CS chains. This mechanism may facilitate the BMP2 binding to 

cell-surface BMP receptors. For HS, due to higher affinity, this process would occur at slower 

dynamics, resulting in a lower but sustained BMP signaling. Cell response to BMP2 exposition 

would therefore be finely tuned by the balance of fast/transient csCS and slow/sustained csHS 

promoting signaling. In agreement with this, Bachvarova and coworkers demonstrated that a 

chondroitinase treatment reduced pSMAD1/5/9 levels in chondrocytes[2]. In another study, 

unlike Hep, incubation of BMP4 with various concentrations of CS was not able to trigger 

significant ALP signaling[32], which is consistent since the secretion of ALP requires sustained 

BMP exposition and corresponds to long-term signaling compared to pSMAD1/5/9. We 

therefore believe that the temporal dynamics of BMP signaling induced by HS or CS chains 

should be the object of future studies, to explore the validity of the mentioned hypotheses. 

Subsequently, we investigated whether the ability of HS to bind to BMP2 required 

specific sulfation patterns. To this end, a library of tetrasaccharides and hexasaccharides was 

generated from a natural source of HS. The use of Hep III digestion allowed the recovery of 

oligosaccharides originating mostly from highly sulfated NS domains. The preparation of 

defined and highly pure oligosaccharides remains a time-consuming and technical challenge. 

Consequently, although the library comprised many compounds, only the few that exhibited 

sufficient purity levels were selected for structural and functional characterization. For 

structural analysis of oligosaccharides, we first performed a disaccharide analysis to determine 

their disaccharide content. Further information about their saccharide sequence was deduced 

from the substrate specificity of Hep III for GlcNAc±6S-GlcA and GlcNS±6S-GlcA linkages, 

and disaccharide analysis of the NaBH4-treated oligosaccharides, which enabled unambiguous 

determination of the reducing end disaccharide. BMP2 binding properties of oligosaccharides 

were then assessed using the BLI technique. We demonstrated for the first time that BMP2 

could bind to HS tetrasaccharides with a moderate affinity, and bound to HS hexasaccharides 

with an affinity close to that of intact HS chains for some of the tested species. In a previous 

study, Smith et al. did not detect binding of BMP2 on HS tetrasaccharides, probably related to 

the use of less sensitive, indirect SPR competition assays, or less sulfated oligosaccharides[3]. 
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Here, we immobilized HS oligosaccharides onto BLI sensors to monitor binding to BMP2 

directly. Furthermore, we did not find any binding with the least sulfated species of our HS 

hexasaccharide library. For species interacting with BMP2, although we found a positive 

correlation between binding and global sulfation degree, striking differences in affinity were 

observed for oligosaccharides exhibiting the same sulfate number, thus highlighting the 

importance of sulfation pattern for the interaction. Further analysis of structure/binding 

relationships did not reveal an obvious specific sequence required for the interaction with 

BMP2, except for a central IdoA(2S)-GlcNS(6S) tri-sulfated disaccharide shared by several 

high-affinity binding oligosaccharides. Overall, we identified a positive role of sulfation level, 

with high affinity binding achievable through locally highly sulfated motifs such as (IdoA(2S)-

GlcNS(6S)), or through more extended domains with a lower sulfation degree (dp6-L). It is also 

noteworthy that, due to the absence of commercial standards, we could not identify 3-O sulfates 

in our oligosaccharide library, except for the dp6-AC compound that comprised a non-identified 

peak. Indeed it was previously shown that 3-O sulfated tetrasaccharides are lyase-resistant[40,58]. 

An oligosaccharide microarray study reported that BMP2 has some dependence on 3-O sulfate 

modified HS, showing especially a high binding on hexasaccharides containing a IdoA(2S)-

GlcNS(3S6S)[40]. Compounds featuring a central GlcNS(3S6S) generally bound better than 

with a GlcNS(3S), followed by compounds with a central GlcNS(6S). In the presence of two 

IdoA(2S) bridging moieties, the compounds including a GlcNS(3S) or a GlcNS(6S) however 

exhibited identical binding levels of BMP2, suggesting a positive effect of the flexible IdoA(2S) 

moieties. Another study showed that 2-O-sulfation was the least critical in BMP2 binding, 

compared to 6-O and the utmost important N-sulfation, but still had a positive effect on the 

BMP2 binding, stabilization, and induced SMAD1/5/9 phosphorylation[3]. If GlcNS(3S6S)-

containing compounds are binding BMP2 efficiently, 3-O sulfation does not mediate the 

binding by itself. Several compounds containing 3-O sulfates and other sulfates did not bind 

BMP2[40]. The additional 3-O sulfate in IdoA(2S)-GlcNS(3S6S) moieties could contribute to 

increasing locally the negative charge and thus stabilize the interaction. Regarding our data, it 

also seems unlikely that the presence of 3-O sulfate would play a major role in BMP2 binding 

since the affinity of many hexasaccharides is already rather close to that of full-length HS. More 

generally, it seems that BMP2 exhibits a certain plasticity for different HS sulfation types or 

sequences. This plasticity could be a common feature of morphogens that require GAGs to 

regulate their spatial distribution and establish concentration gradients. Specifically, GAGs 

could establish gradients of BMP2 from tissues with elevated endogenous BMP2 production to 

other tissues producing less BMP2, such as in the wing disc of Drosophila[27]. For future studies, 
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it would be particularly interesting to observe whether the sulfation patterns and the expression 

of GAG biosynthesis enzymes are correlated in vivo with the gradient of morphogens such as 

BMP2. 
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Supporting information 

 KD (µM) 
kon (1/Ms) 

(103) 

koff (1/s) 

(10-2) 

HS 0.057±0.007 300±33 2±0.01 

HA       

CS-A 74±23 1±0.7 10±4 

CS-D 0.40±0.04 134±18 5±1 

CS-E 2.5±0.4 37±3 9±1 

DS 1.4±0.4 97±24 12±1 
Supplementary Table 1. Kinetics parameters determined via BLI for the interactions of BMP2 with various GAGs. 

Background in darker blue indicates a stronger interaction. Data are represented as mean ± SEM for at least two 

independent experiments. 
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Supplementary Fig. S1. Raw data for all replicates of BLI kinetics assays of BMP2 binding on different GAGs: 

CS-A, CS-D, CS-E, DS, HS and HA (binding not detected). The phases of BMP2 association and dissociation were 

measured for 200s each at different concentrations indicated at the bottom of each graph (nM). The curves were 

fitted with a 1:1 Langmuir binding model on the full association and 40 s of the dissociation (red curves) to obtain 

the kinetics parameters of the interactions.  
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Supplementary Fig. S2. Acrylamide gel electrophoresis of the different GAGs for relative comparison of 

molecular weights (with the approximation of the global charge impact). 

 
Supplementary Fig. S3. Plots of D versus -f for the A. immobilization of GAGs on SAv and B. binding of BMP2 

on the different GAGs. -f corresponds to the hydrated mass bound on the surface and D corresponds to the 

mechanical properties of the deposited molecule film (rigidity, crosslinking). We notice that the mechanical 

properties of the different GAGs are not comparable upon binding of BMP2. BMP2 increased more the rigidity of 

the HS and DS films compared to the other GAGs, in particular CS-D. 
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Supplementary Fig. S4. Co-functionalization process to build biomimetic platforms presenting cRGD peptides, 

GAGs and BMP2 for cellular assays. A. Schematic representation of the biomimetic platforms presenting cRGD, 

GAGs and BMP2. The sequential buildup of the platforms was characterized via QCM-D for B. HS, C. CS-A and 

D. CS-D. The cRGD peptide was injected at 0.5 µg/mL at 100 µL/min until reaching a frequency shift of -4.7 Hz. 

This shift was determined by mimicking the liquid-handling robot functionalization with a “fast injection” 

procedure at 100 µL/min followed by 10 min static incubation. Since the follow-up rinsing always led to additional 

binding of cRGD remaining in the tubing, we chose this lower concentration of 0.5 µg/mL with respect to the 1.2 

µg/mL used for the liquid-handling robot to allow a better control. The * symbol corresponds to a transition in 

Hepes-T before the BMP2 injection at 5 µg/mL. 

 

 
Supplementary Fig. S5. A. Western blot of pSMAD1/5/9 levels of CHO WT and the mutants KO HS and KO HS/CS 

cells cultured for 90 min on cRGD biomimetic platforms with or without sBMP2 at 0.1 µg/mL.  

B. Quantification of the Western Blot bands. pSMAD1/5/9 was normalized by GAPDH. 

C. Quantification of the mean immunofluorescence intensity of pSMAD1/5/9 translocated in the nuclei of CHO 

wild type and mutants in identical experiment. Values were normalized by the positive sBMP2 positive control 

(n=4). Statistical significance between two conditions was tested with Mann-Whitney test and was represented 

with * for p ≤ 0.05. 
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Supplementary Fig. S6. Generation of the HS-oligosaccharide library. A. Size exclusion chromatography of HS 

fragmented by heparinase III digestion. The absorbance at 232 nm detects the unsaturated bonds generated by 

heparinase III cleavage. Collected tetrasaccharides and hexasaccharides are represented in red. B. Absorbance 

measurement to detect the elution and separation of HS tetrasaccharides by SAX-HPLC. The different peaks 

represented by letters (B to AC) were collected and their disaccharide composition was determined by RPIP-

HPLC. Letters in red represent the selected oligosaccharides that were biotinylated to perform binding analysis 

with BMP2. 
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Supplementary Fig. S7. Disaccharide composition profile of the entire oligosaccharide library. After digestion 

with a cocktail of heparinase I, II and III, the oligosaccharides are cleaved into disaccharides that are separated, 

labelled and detected using a RPIP-HPLC setup, calibrated with HS disaccharide standards to identify detected 

disaccharide structures. For each experiment (called batch), at least one sample composed of standard 

disaccharides was injected (see above). It is common to observe a peak at 17’ that might correspond to an isomeric 

structure of ∆UA–GlcNS disaccharide but the unambiguous elution times of standard disaccharides are as follows: 

16’ 20’ 22’-24’ 24’-26’ 33’-36’ 36’-40’ 43’-47’ ~57’ 

∆UA–
GlcNAc 

∆UA–
GlcNS 

∆UA– 
GlcNAc6S 

∆UA2S – 
GlcNAc 

∆UA – 
GlcNS6S 

∆UA,2S – 
GlcNS 

∆UA,2S – 
GlcNAc,6S 

∆UA2S – 
GlcNS6S 

 The different peaks were integrated and signal / mass ratio corrections were applied to determine the amounts of 

each disaccharide. By summing the amounts of disaccharide components for each oligosaccharide, we could 

determine the quantities produced for the entire oligosaccharide library. 
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Supplementary Fig. S8. Raw data for all replicates of BLI kinetics assays of BMP2 binding on different HS 

oligosaccharides. The phases of BMP2 association and dissociation were measured for 200 s each at different 

concentrations indicated at the bottom of each graph (nM). The curves were fitted with a 1:1 Langmuir binding 

model on the full association and 40 s of the dissociation (red curves) to obtain the kinetics parameters of the 

interactions. 
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Supplementary Fig. S9. RPIP-HPLC disaccharide analysis of oligosaccharides with or without NaBH4 reduction. 

The comparison of both analyses allow determining the reducing end of the oligosaccharides (lacking in the 

analysis with NaBH4). Generally, the sequence of the different oligosaccharides could be determined from the 

substrate specificities of heparinase III for GlcNAc±6S-GlcA and GlcNS±6S-GlcA linkages. For each compound, 

the determined structure is first depicted, then the disaccharide analysis of the oligosaccharide, and finally the 

disaccharide analysis of the oligosaccharide reduced with NaBH4. The disaccharides corresponding to detected 

peaks are depicted in the HPLC profiles with the Symbol Nomenclature for Glycans (SNFG, Version 1.5). 
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 CS-A CS-D CS-E 

0S (0/i0) 8,7 18,1 4,2 

4S (A/iA) 63,6 19,7 20,0 

6S (C/iC) 27,7 33,0 56,3 

2S (U/iU) 0,0 0,0 0,0 

6S4S (E/iE) 0,0 0,0 19,5 

4S2S 0,0 0,0 0,0 

6S2S (D/iD) 0,0 29,2 0,0 

2S4S6S (T/iT) 0,0 0,0 0,0 

Supplementary Table 2. Composition of the different GAG chains determined by RPIP-HPLC disaccharide 

analysis. 
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Chapter VI. BMP2 binds non-specifically to 

PEG-passivated biomaterials and induces 

substantial signaling



174 

 

VI.A. Article introduction 

Non-specific adsorption of proteins is a frequent and challenging issue for biomaterial studies. 

In the case of our biomimetic SAv platforms, we normally expect the binding of BMP2 to occur 

only on GAGs and not on any other components of the platforms (non-specific binding), in 

order to study specifically the effect of GAG-bound BMP2. Previous QCM-D data 

demonstrated a significantly lower BMP2 non-specific attachment on glass biomimetic SAv 

platforms compared to its binding onto HS-functionalized platforms[486]. However, we show in 

this manuscript that the contribution of this limited non-specific BMP2 attachment to BMP 

signaling is not negligible. This phenomenon has represented the major issue of my PhD 

project, hampering the acquisition of unbiased findings about the role of GAGs in the BMP2 

signaling. This manuscript, in the form of an article, intends to share the significant work 

achieved to address this issue of non-specific signaling, from its discovery to the investigations 

to circumvent it. 

The non-specific BMP2 signaling was studied by comparing the level of SMAD1/5/9 

phosphorylation on platforms with or without GAGs, using immunofluorescence and high-

content imaging and analysis. For both glass-based and gold-based SAv platforms, we found 

that non-specific BMP2 signaling fell within the same range as BMP2 signaling mediated by 

GAGs, preventing to distinguish their specific effects. The non-specific BMP2 signaling was 

dose-dependent and was observed up to three days by analyzing the expression of ALP, a 

marker of osteogenic differentiation. Other BMP proteins than BMP2 (BMP4, BMP7) were 

also subject to strong non-specific signaling.  

We used dynamic light scattering (DLS) technique to analyze the aggregation of BMP2, 

potentially involved in its non-specific adsorption. Different buffers were tested and we 

observed that BMP2 aggregates at neutral pH and that it could be reduced by the addition of 

Tween-20 surfactant or by decreasing the pH.  

To facilitate our investigations for reducing the BMP2 non-specific adsorption, we employed a 

fluorescent plate reader to measure the binding of BMP2 (with a specific anti-BMP2 antibody) 

or a fluorescently tagged BMP2. Several blocking strategies were tested and a combination of 

highly concentrated bovine serum albumin (BSA) and trehalose had the strongest effect in 

reducing the non-specific BMP2 binding. This combination was applied to the studies of the 

article presented in Chapter V and enabled to distinguish different effects of distinct 

extracellular GAGs in BMP signaling.  
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The investigations conducted in this work were performed mainly with the glass biomimetic 

platforms because of the higher throughput, simplicity, and convenience of the fluorescence 

readout with the glass substrate. However, gold streptavidin biomimetic platforms were also 

employed in some cases. We explored mainly the cellular response of C2C12 cells, which are 

a standard model for studying the bone differentiation induced by BMPs. Additionally, we 

extended our investigations to Chinese hamster ovary (CHO) wild type cells, as the availability 

of CHO mutants for GAG biosynthesis enzymes represents an attractive opportunity to 

investigate the role of GAGs. As the initial objective of these investigations was not to publish 

an article but to find rapidly a solution, some experiments were not sufficiently replicated for 

statistical analysis. We therefore intend to publish this article in an open archive (such as 

bioRxiv) as a methodological development to explain and support the use of BSA trehalose 

combination in the Chapter V article for blocking BMP2 non-specific binding. It is worth 

noting that for logical purposes, this manuscript does not encompass all experiments conducted 

within the scope of our investigation. 

I was the main contributor of this article by performing about 90% of experiments, analyzing 

data, preparing figures, writing the entire manuscript, and revising it with my supervisors. I also 

supervised Amaury Guibert, an apprenticeship student (L2 equivalent), and trained him in 

conducting immunofluorescence assays to measure the non-specific binding of BMP2 in 

various conditions. Other authors of the article provided essential scientific support and 

supervision, and contributed to the funding acquisition and manuscript revision.  
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Abstract 

Biomaterials are widely employed across diverse biomedical applications and represent an 

attractive strategy to explore in a physiological manner how extracellular matrix components 

influence the cellular response. In this study, we aimed to employ previously developed 

biomimetic streptavidin platforms to investigate the role of glycosaminoglycans (GAGs) in 

bone morphogenetic protein 2 (BMP2) signaling. However, we observed that the interpretation 

of our findings was skewed due to the GAG-unrelated non-specific adsorption of BMP2 on 

components of our biomaterials, beyond GAGs. Non-specific adsorption of proteins is a 

recurrent and challenging issue for biomaterial studies. Despite the initial incorporation of anti-

fouling poly(ethylene glycol) (PEG) chains within our biomaterials, the residual non-specific 

BMP2 adsorption still triggered BMP2 signaling within the same range as our conditions of 

interest. To tackle this issue, we explored in this study a wide range of options to prevent BMP2 

non-specific adsorption. Specifically, we tested alternative constructions of our biomaterials, 

either on gold or glass substrate, using distinct PEG-based linkers. We identified the 

aggregation of BMP2 at neutral pH as a potential cause of non-specific adsorption and thus we 

determined specific buffer conditions to prevent it. We also investigated the induced BMP2 

signaling over different culture periods. Nevertheless, none of these options resulted in a viable 

suitable solution to reduce the non-specific BMP2 signaling. 

Next, we studied the effect of various blocking strategies and we identified a blocking condition 

involving a combination of bovine serum albumin and trehalose that successfully reduced the 

unspecific attachment of BMP2 and the non-specific signaling. Furthermore, the effect of this 

blocking step was improved when using gold platforms instead of glass, in particular with 

Chinese hamster ovary (CHO) cells that seemed less responsive to non-specifically bound 

BMP2 in comparison with C2C12 cells. 

mailto:elisa.migliorini@cea.fr
mailto:romain.vives@ibs.fr
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Introduction 

Biomaterials are commonly used for a wide range of applications, including biosensors, 

encompassing biosensors, drug delivery systems, biomedical implants, and the exploration of 

cellular responses in a more physiological environment than classically used plastic substrates. 

In this context, the non-specific adsorption of molecules or bacteria constitutes a major issue 

hampering the development of new applications[2,3]. The underlying mechanisms of protein 

non-specific binding predominantly entail interactions between hydrophobic domains and 

surfaces, potentially augmented by electrostatic interactions[4]. To tackle this issue, common 

anti-fouling strategies include the functionalization at surfaces of highly hydrophilic 

components with a neutral charge, providing a barrier to protein adsorption[5–7]. In particular, 

poly-ethylene glycols (PEG) synthetic polymers are commonly employed for this purpose[6,8]. 

The reduction of protein adsorption exerted by PEGs can be explained physically by the 

generated steric hindrance between the protein and the surface, and chemically by the strong 

interaction between the PEG ether linkage and water molecules, which can hardly be overcome 

by proteins, thereby reducing their adsorption on surfaces. The PEG grafting density and 

polymer length also modify the conformation of the coating, but with an unclear role in its anti-

fooling performance[9–11]. Despite having a well-established role in reducing non-specific 

protein adsorption, common coating strategies including PEGs are not entirely satisfying and 

their performance are protein-dependent[10]. 

In previous studies, we developed PEG-based biomaterials (streptavidin biomimetic platforms) 

to facilitate the investigation of the roles of extracellular matrix components in cellular 

responses under physiological conditions[12–14]. In particular, we have been interested in 

investigating the roles of different glycosaminoglycans (GAGs) in the regulation of bone 

morphogenetic protein 2 (BMP2) signaling[13]. Developments were realized to functionalize the 

biomimetic platforms on glass or gold substrates either with PLL-g-PEG-biotin or thiol-PEG-

biotin linkers ensuring a certain surface passivation. These biomaterials were also designed to 

be compatible with a microscopy readout developed for high-content applications[1,15]. We have 

commonly assessed the non-specific adsorption of BMP2 (on other components than GAGs) 

ex-situ with quartz crystal microbalance (QCM) monitoring technique, revealing relatively low 

measurements in comparison to specific binding on GAGs[1].  

Existing studies on BMP2 adsorption have predominantly focused on hydrophobic substrates 

utilized in biomedical implant applications. These investigations have primarily examined the 

ability to bind and release BMP2, while preventing protein unfolding that could hinder its 
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bioactivity[16–21]. To the best of our knowledge, concerns regarding non-specific BMP2 

adsorption have not emerged, as long as bioactivity is maintained for biomedical applications. 

In this study, we underscore that even negligible amounts of non-specifically adsorbed proteins 

can induce a significant cellular response, complicating the interpretation of experimental 

outcomes in vitro. Specifically, the non-specific adsorption of BMP2 hindered our ability to 

elucidate the distinctive roles of various GAGs in the modulation of BMP2 signaling. We 

examined the effects of BMP2 adsorption on gold or glass biomaterials, at different time points, 

and with other proteins of the BMP family (BMP4 and BMP7). To circumvent this adsorption 

issue, we investigated the aggregation of BMP2 in different buffers that potentially could be 

involved in these adsorption mechanisms. The quantification of BMP2 adsorption onto distinct 

components of our biomaterials enabled us to determine whether this adsorption was specific 

to these elements. Finally, we explored various blocking strategies to reduce BMP2 adsorption 

and the associated non-specific signaling in two different cell lines, either on gold or glass 

platforms with the aim of identifying specific conditions compatible for our in vitro cellular 

studies. 

 

Material and methods 

Buffers and Molecules 

Unless stated otherwise, a solution termed Hepes, containing 10 mM Hepes and 150 mM NaCl 

(Sigma-Aldrich) at pH 7.4, was utilized for dilution and rinsing of samples. Phosphate buffer 

saline (PBS, Sigma-Aldrich) was adjusted at pH 7.4 if necessary and a sodium acetate (Sigma-

Aldrich) buffer was prepared at 10 mM with a pH of 4.2. All buffers supplemented with 0.02% 

Tween-20 are consistently termed with the -T suffix (Hepes-T, PBS-T, Acetate-T). Biomimetic 

platforms were prepared by functionalizing mPEG-Thiol and biotin-PEG-Thiol (Polypure) on 

a gold substrate, or PLL(20)-g[3.5]-PEG(2)/PEGbiotin(3.4)50% linker (PLLgPEG, SuSoS AG) 

for glass substrates. Platforms were further conjugated with streptavidin (SAv, 55 kDa, Sigma-

Aldrich). Details about biotinylated cyclic arginyl-glycyl-aspartic acid (RGD, 3.9 kDa) can be 

found in prior works[14,22]. GAGs were obtained from different sources as described elsewhere 

(Chapter V). BMP2 produced was acquired from Medtronic (26 kDa, InductOs). BMP4 and 

BMP7 were both purchased from R&D. 

 

Dynamic light scattering BMP2 size measurement 

The size distribution by volume of BMP2 aggregates in different media was determined by 

dynamic light scattering (DLS; Zetasizer Ultra, Malvern Panalytical, Worcestershire, United 
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Kingdom). Light scattering was measured in a low-volume disposable sizing cell (ZSU1002, 

Malvern) at 25°C after an equilibration time of 300 s. The DLS size distribution was calculated 

from the autocorrelation curves applying the protein analysis algorithm (“general purpose” 

option) of the Zetasizer Software 7.11 (Malvern). A refractive index (RI) of 1.45 and an 

absorption coefficient of 0.001 were defined for BMP2, using the RI of water as solvent (RI: 

1.33). Before measurement, BMP2 was stocked at 1 mg/mL in HCl 1mM (pH 3.0). The stock 

aliquot was centrifuged for 10 min at 13200 rpm preceding its dilution at 100 µg/mL with 

different buffers in low-binding tubes. Samples were briefly centrifuged for 1 min 30 before 

being placed in measurement cuvettes. Triplicate measurements were performed for each 

sample. In case of “weak scattering” indication provided by the software data quality guidance, 

measurements were removed from the analysis. 

 

Biomimetic platform surface functionalization 

Glass coverslips (24×24 mm; Menzel Gläser) underwent a gold-sputtering process (1.5 nm Cr 

and 8 nm Au) using a Plassys™ evaporating machine in a clean room, constituting the base 

substrate of gold biomimetic platforms. The gold-sputtered surfaces were activated with 

UV/Ozone ProcleanerTM (BioForce Nanosciences) for 10 min, and immersed overnight in an 

ethanol solution with 0.95 mM mPEG-thiol and 0.05 mM biotin-PEG-thiol, before blow-drying 

the surfaces with nitrogen. SAv, cRGD, HS, and BMP2 were incubated sequentially by a liquid-

handling robot (Evo 100, Tecan) performing as well the intermediate rinsing steps[1]. 

Concentrations and durations used for incubation steps are described in previous work 

(Chapter V). When preparing samples for automated immunofluorescence (IF) analysis, gold-

coated surfaces were attached to the bottom side of a bottomless 96-well plate (Greiner Bio-

one) using double-sided adhesive tape (FRAP Sandwich set, Paul Marienfeld), dividing one 

surface into four wells. 

Glass biomimetic surfaces were built on glass-bottom 96-well plates (Greiner Bio-One) via a 

PLL(20)-g[3.5]-PEG(2)/PEGbiotin(3.4)50% linker (PLLgPEG, SuSoS AG). As previously 

described, SAv and cRGD were premixed (molar ratio 3:4) before incubation on the linker to 

leave an increased number of available biotin binding sites for the subsequent functionalization 

of GAGs[1].  

For both gold and glass platforms, BMP2 was finally incubated by the robot with adequate 

buffer and concentrations indicated for each experiment. BMP2 was incubated between 30 and 

90 min for cell experiments and 30 min for BMP2 immunofluorescence assays. When using 
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0.02% Tween-20 for BMP2 incubation, the unbound BMP2 was rinsed twice in Hepes-T 

followed by three rinsing in Hepes prior to cell seeding. 

 

Blocking step on biomimetic platforms 

A 2-hour blocking step was possibly performed to prevent BMP2 non-specific adsorption. The 

blocking was performed after SAv functionalization for gold platforms, and after either 

PLLgPEG or SAv-RGD functionalization for glass platforms. The blocking step was performed 

using one of the following conditions: bovine serum albumin (BSA) at 3%, 5% or 10% 

(BP9703, ThermoFisher Scientific), D-(+)-Trehalose at 0.6 M (A19434.14, ThermoFisher 

Scientific), BSA/Trehalose mix (10%/0.6M), myoglobin at 1 mg/mL (M1882, Sigma-Aldrich), 

m-PEG2-NHS ester (284BP-23656, Tebubio), imidazole at 50mM (Sigma-Aldrich), glycine at 

0.2 M (Sigma-Aldrich), and arginine at 0.2 M (Sigma-Aldrich). After blocking, the biomimetic 

platforms were rinsed 5 times with Hepes. 

 

Ex situ characterization of BMP2 binding with quartz crystal microbalance  

We measured with quartz crystal microbalance with dissipation monitoring (QCM-D, QSense 

Analyzer, Biolin Scientific) the shifts in resonance frequency (Δf in Hz) and energy dissipation 

(ΔD in dissipation units, ppm=10-6) to characterize binding events in the biomimetic platforms 

sequential buildup. Experiments were performed at 24°C and Δf and ΔD were measured at six 

overtones (i = 3, 5, ..., 13)[13]. Only dissipation and normalized frequency of the third overtone 

(i = 3) are presented. Frequency measurements are related to the hydrated mass bound on the 

surface, while dissipation measurements are related to the rigidity of the deposed molecule film. 

Platforms were functionalized on silicon dioxide (SiO2) crystals (QSX303, Biolin Scientific) as 

previously described[1]. BMP2 was injected at a concentration of 5 µg/mL in Hepes buffer on 

crystals functionalized with SAv and cRGD, with or without HS. For BMP2, we used a “fast 

injection” procedure to mimic the functionalization performed by our liquid-handling robot. 

The solution of BMP2 was injected at a high flowrate of 100 µL/min until the liquid chamber 

was filled. At this moment, the flow was stopped to let the molecules bind in a static regime. 

All measurements of frequency and dissipation shifts were performed after signal stabilization. 

 

Cellular assays 

C2C12 cells were acquired from the ATCC (CRL1772) and cultured in DMEM with high 

glucose, pyruvate, and GlutaMAX™ Supplement (cat. 10569010, Gibco™). Wild type CHO-

K1 cell lines (CHO-K1: CCL-61™) were culture in DMEM/F-12 GlutaMAX, (cat. 10565018, 
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Gibco™). Both cell lines were cultured below confluence, at 37°C under a 5% CO2 atmosphere, 

in polystyrene cell culture flasks (Falcon®, Corning) using the previously indicated media 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, cat. 10270-106, Gibco™), 

and 1% of antibiotic-antimycotic (cat. 15240062, Gibco™). Cells were discarded after reaching 

a passage number of 12. Cells were serum-starved for 4 hours, detached with Accutase (A6964, 

Sigma-Aldrich), and plated on functionalized surfaces in 96-well plates. Each condition 

involved seeding 10,000 cells in coated wells of the 96-well plates that were maintained at 37°C 

with 5% CO2. Positive control and negative control correspond to cRGD platforms with or 

without 0.1 µg/mL of soluble BMP2 (sBMP2). The effect of BMP2 adsorbed on GAGs or non-

specifically was studied by rinsing unbound BMP2 before cell seeding. Cells were fixed after 

90 min using 2% PFA for 5 min, then 4% PFA for 20 min. Each condition was assessed with 

intra-experimental technical duplicates.  

 

Immunofluorescence assays on biomimetic platforms 

A standard ELISA assay was performed to detect the binding of BMP2 on the platforms. After 

a 1-hour blocking step with 3% BSA in PBS, a polyclonal anti-BMP2/BMP4 primary antibody 

(AF355, R&D Systems) was incubated at 10 µg/mL for 2 h with 3% BSA in PBS at room 

temperature. Samples were then washed with PBS, incubated with a secondary Cy3-conjugated 

donkey anti-mouse antibody (Jackson ImmunoResearch) for 1 h in 3% BSA and finally washed. 

Mean fluorescence intensity at 595±35 nm was measured with a spectrophotometer microplate 

reader (Spark®, Tecan) with 535±25 nm wavelength excitation. Measurements of technical 

duplicates were plotted as mean ± standard deviation (SD). 

For cellular assays, we adapted existing protocols already published to quantify the nuclear 

translocation of pSMAD1/5/9 via immunofluorescence (IF)[1,14,15]. Briefly, fixed cells were first 

permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) (w/v) before following the same steps 

as indicated above (blocking, primary antibody, fluorescent-conjugated secondary antibody). 

Primary rabbit anti-pSMAD1/5/9 (Cell Signaling Technology) was diluted at 1:400 and the 

secondary antibody (1:500, goat anti-rabbit Alexa Fluor 488, ThermoFischer Scientific), was 

incubated simultaneously with rhodamine-phalloidin (1:1000, ThermoFischer Scientific) and 

DAPI (1:1000, Sigma-Aldrich). Cell imaging was performed utilizing the InCell Analyzer 2500 

(GE Healthcare) microscope with the 20x objective across three channels. Subsequent image 

analysis was conducted using the automated software InCarta (Molecular Devices), following 

established protocols[1,15]. Intensity of pSMAD1/5/9 was evaluated exclusively within the 
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nucleus, employing a mask derived from the DAPI signal, and the measurements were 

background-corrected for a minimum of 100 cells per well. 

 

Alkaline phosphatase staining 

For ALP staining, we used fast blue RR salt (Sigma-Aldrich) within a 0.01% (w/v) naphthol 

AS-MX solution (Sigma Aldrich), following the manufacturer's guidelines. The quantification 

of ALP staining was conducted under liquid conditions by capturing images of the 96-well plate 

with the 4x objective of InCell Analyzer 2500 microscope in brightfield mode. The acquired 

brightfield images were processed using ImageJ, wherein a low-intensity threshold was applied 

to assess the positive ALP area per well. 

 

Results 

Low BMP2 non-specific binding on the biomimetic SAv platforms induces a strong 

cell signaling 

Previous studies demonstrated with QCM-D that gold-based biomimetic SAv platforms were 

well passivated against the non-specific binding of BMP2[13]. Therefore, we employed them to 

investigate the influence of GAGs on BMP signaling by evaluating the nuclear translocation of 

pSMAD1/5/9 in C2C12 cells seeded on gold biomimetic platforms. We adsorbed BMP2 at a 

concentration of 0.1 µg/mL to different GAGs and we rinsed the unbound proteins before 

seeding cells. Following a 90-minute incubation period on the platforms, we quantified 

pSMAD1/5/9 within cell nuclei via high-content immunofluorescence analysis. Strikingly, as 

illustrated in Fig 1.A, the adsorbed BMP2 led to similar increases in pSMAD1/5/9 regardless 

of the immobilized GAG on the platform. This outcome was unexpected, given the significant 

differences in affinity we have previously observed for BMP2 interactions with distinct GAGs 

(Chapter V). In light of this, we conducted a control cellular experiment, comparing the effects 

of BMP2 incubation on RGD-functionalized gold biomimetic platforms with and without 

heparan sulfate (HS), a GAG exhibiting a high affinity for BMP2 (Fig 1.B). This experiment 

revealed a slightly higher pSMAD1/5/9 level on platforms lacking HS, indicating that even the 

relatively small amount of non-specifically bound BMP2, as determined by QCM, exhibited 

significant bioactivity. This observation may explain why the signaling observed in Fig 1.A 

was comparable across different GAGs, as the non-specific signaling falls within the same 

range as the specific signaling induced by HS-bound BMP2. 
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We next investigated if the non-specific 

binding of BMP2 remained an issue 

with the alternative construction of 

biomimetic platforms on glass 

substrates. We first characterized via 

QCM-D the binding of BMP2 on glass 

biomimetic platforms, as depicted in 

Fig 1C. Our results indicated that 

specific binding on HS was 

approximately threefold greater than 

non-specific binding on RGD-

functionalized platforms. However, 

dissociation from HS platforms seemed 

quicker than from RGD platforms, 

suggesting that non-specific binding 

was relatively stable. We then plated 

C2C12 cells on glass biomimetic 

platforms to assess the impact of non-

specific binding on RGD-

functionalized platforms on 

pSMAD1/5/9 cellular response. In Fig 

1.D, we show that similarly to gold 

substrate platforms, the non-specific 

signaling is in the same range as the 

signaling mediated by HS-bound 

BMP2. Furthermore, we tested two 

different BMP2 concentrations and 

showed that the non-specific signaling 

is also dose-dependent, probably due to 

increased BMP2 adsorption at higher 

concentrations.  

The pSMAD1/5/9 level being an early 

marker of osteogenic differentiation, we 

then explored whether the non-specific 

Fig 1. For graphs A, B, D, E, G, positive (black) and negative 

(gray) controls correspond to cRGD functionalized platforms 

(without HS) exposed to soluble BMP2 at 0.1µg/mL or not. 

A. Mean fluorescence intensity of nuclear pSMAD1/5/9 in 

C2C12 cells after a 90-minute culture on gold biomimetic 

platforms with or without BMP2. BMP2 was either incubated at 

0.2 µg/mL with GAGs, or added directly in solution with cells at 

0.1µg/mL (sBMP2). Mean values were normalized by the 

positive sBMP2 positive control ± SEM (n=3).   

B. D. Mean fluorescence intensity of nuclear pSMAD1/5/9 in 

C2C12 cells after a 90-minute culture on B. gold or D. glass 

biomimetic platforms with or without BMP2. The HS platforms 

were incubated with 0.1, 0.2 or 5.0 µg/mL BMP2. cRGD 

platforms without GAGs correspond to the non-specific cellular 

response. Mean fluorescence values are plotted ± SD  

C. Frequency shifts measured via QCM-D upon binding of 

BMP2 at 5µg/mL on glass biomimetic platforms, specifically on 

HS, or non-specifically on platforms with PLLgPEG, SAv and 

RGD only.  

E. Alkaline phosphatase (ALP) positive area after 3 days of 

culture on glass biomimetic platforms. The platforms harboring 

HS were incubated with 1 (light blue) or 10 µg/mL (dark blue) 

BMP2. Cellular response induced by BMP2 non-specific 

binding is represented with diagonal stripes. Mean ALP positive 

surface is plotted ± SD. F. Brightfield images of the entire wells 

with ALP accumulation in black. Scale bar is 1000 µm. 

G. Mean fluorescence intensity of nuclear pSMAD1/5/9 in 

C2C12 cells after a 90-minute culture on glass biomimetic 

platforms, with or without BMPs: BMP2 (blue), BMP4 (green) 

and BMP7 (beige). All BMPs were incubated at 1.0 µg/mL. Data 

are plotted as normalized mean fluorescence intensity ± SD. 
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binding of BMP2 also influenced cellular signaling over an extended culture period. C2C12 

cells were cultured on glass biomimetic platforms for 3 days before comparing their expression 

of alkaline phosphatase (ALP) as a marker of bone differentiation. We show in Fig 1.E-F that 

for 10 µg/mL BMP2 concentration, the ALP expression was slightly lower on the RGD 

platform, yet remaining comparable to the ALP expression on HS platforms.  

To explore if this non-specific binding was a unique feature of BMP2, we conducted a cellular 

experiment with IF analysis of nuclear pSMAD1/5/9 with other protein members of the BMP 

family, namely BMP4 and BMP7. As shown in Fig 1.G, for all BMPs, the non-specific signal 

induced by BMPs adsorbed on RGD-functionalized glass platforms was always comparable to 

the signal on HS-functionalized platforms. Of note, BMP2 purchased from another provider 

(R&D Systems) also induced non-specific signaling (data not shown). 

Overall, the non-specific binding of BMP2 on glass or gold biomimetic platforms triggers an 

important signaling response, even if lower than on HS. The non-specific signal induced by 

adsorbed BMP2 was also found to be dose-dependent and was sustained for at least up to three 

days, as observed with ALP staining. The non-specific binding of BMP2 appears to be a 

characteristic shared with other members of the BMP family, such as BMP4 and BMP7. 

 

BMP2 aggregates at physiological pH but native state can be rescued by Tween-20 

We noticed from the literature that BMP2 tends to aggregate under physiological pH 

conditions[23]. Considering that aggregation may contribute to significant non-specific binding, 

we explored whether the use of adequate buffer conditions to avoid BMP2 aggregation could 

prevent its non-specific adsorption. Given the isoelectric point (pI) of BMP2 is 8.2 ± 0.4, its 

solubility is greatly improved at acidic pH. To allow its interaction with negatively charged 

sulfate groups of GAGs, the pH must be below the pI where BMP2 is positively charged. In 

our research of BMP2 aggregation-free conditions, we used dynamic light scattering (DLS) to 

measure the size distribution of BMP2 particles in different buffers (Fig 2.A-F). In the 

recommended HCl stock buffer at pH 3.0, the mean particle size (hydrodynamic diameter) 

measured 5.56 ± 1.39 nm, close to previously reported values for BMP2 in MES buffer at pH 

5.0 with a diameter of 7.8 ± 0.7 nm[23]. In contrast, as expected, BMP2 formed aggregates in 

Hepes and PBS buffers at pH 7.4, larger than 100 nm or 500 nm for Hepes and PBS, 

respectively. Interestingly, the addition of Tween-20 surfactant into the buffers rescued the 

native state of BMP2 observed in HCl buffer, with a mean particle size of 7.62 ± 0.4 nm and 

6.87 ± 0.67 nm in Hepes-T and PBS-T, respectively. Alternatively, the use of below-neutral pH 

at 4.2 with an acetate buffer also conserved the initial state of BMP2 with a particle size of 5.24 
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± 0.12 nm. Hence, both pH adjustments and the use of Tween-20 surfactants preserve the native 

state of BMP2 and prevent its aggregation. It is worth noting that the use of Hepes buffer 

without salt also improved the BMP2 solubility, with a monitored particle size of 13.3 ±1.7 nm, 

which could be explained by complex salting-in and salting-out effects dependent on the salt 

concentration, as previously observed[24]. With the new conditions found to avoid BMP 

aggregation, we performed a cellular experiment on glass biomimetic platforms to investigate 

their effect on the non-specific BMP2 signaling. Unfortunately, the pSMAD1/5/9 level of 

C2C12 cells was still the same between HS and the non-specific conditions, both with Hepes-

T or Acetate-T buffers, indicating that the BMP2 adsorption on platforms was not exclusively 

due to protein aggregation (Fig 2.G). Nevertheless, in subsequent experiments, we consistently 

included 0.02% Tween-20 in buffers to prevent BMP2 aggregation. 

 

Fig 2. DLS size distribution by volume of BMP2 at 100µg/mL in different buffers. A. HCl 1mM, pH 3.0; B. 

Hepes, pH 7.4; C. Hepes-T, pH 7.4; D. Sodium acetate, pH 4.2; E. PBS, pH 7.4; F. PBS-T, pH 7.4. Triplicate 

measurements are represented in blue, black, and orange.  

G. Mean fluorescence intensity of nuclear pSMAD1/5/9 in C2C12 cells after a 90-minute culture on glass 

biomimetic platforms, with or without BMP2. BMP2 was incubated at 1 µg/mL either in Hepes-T (diagonal stripes) 

or acetate-T buffer (horizontal stripes). Mean fluorescence values are plotted ± SD. 

BMP2 mainly binds non-specifically to the base substrate of biomimetic platforms 

Given that BMP2 aggregation was not the primary reason for its non-specific adsorption, we 

next explored whether it could involve non-specific interactions with one of the components 

forming the biomimetic platforms. To this end, we assessed the BMP2 adsorption at different 

stages of the glass biomimetic platform construction using either a fluorescently labelled BMP2 

(BMP2-rhodamine) or a specific polyclonal anti-BMP2 antibody (for the latter, microscopy 

images are shown in Fig 3.A).  

The protein adsorption was quantified with a fluorescence plate reader, which highlighted that 

the binding of both BMP2 and BMP2-rhodamine was most pronounced on the bare glass 
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substrate (Fig 3.B). The functionalization with PLL or PLLgPEG significantly reduced the 

binding, although not to the extent of the negative control. The functionalization with SAv 

yielded no change in binding, and neither did RGD except for a slight change detected with the 

BMP2 antibody. However, further analysis with BLI revealed that there was no specific binding 

of BMP2 onto RGD (data not shown), suggesting that the observed variation was negligible. 

BMP2 bound effectively to HS, showing that even after rinsing steps, the amount of BMP2 

seems to remain more important on the HS platforms than when non-specifically bound to the 

platforms. 

 

Fig 3. A. Representative fluorescence images of BMP2 binding detected via the anti-BMP2 antibody. B. Mean 

fluorescence intensity BMP2-Rhodamine or BMP2 detected with a specific antibody on glass biomimetic platforms 

after each functionalization step. Mean fluorescence values are plotted ± SD. 

In contrast to BMP2, the modified BMP2-rhodamine did not bind to HS, and even showed a 

slightly reduced fluorescence potentially related to the steric hindrance of HS chains. We indeed 

showed via QCM-D that the tagged BMP2 did not bind to HS (data not shown), certainly due 

to the labelling procedure primarily affecting the amine groups of lysine residues, some of 

which are present in the N-terminal BMP2 domain responsible for HS interaction[25]. Although 

the experiment was not conducted on gold platforms, the observed non-specific binding of 

BMP2 appears disconnected from the constituents of the platform (SAv, RGD). This implies 

that the predominant influence of non-specific BMP2 binding arises from the underlying 

substrate (glass or gold), which is insufficiently shielded by the PEG linkers. Increasing the 

grafting density of PEG chains should theoretically further reduce the binding. However, higher 

grafting densities of PEG on PLLgPEG copolymer products are not commercially available. 
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Non-specific binding is electrostatic and can be reduced to some extent by several 

blocking strategies  

Since the BMP2 adsorption arises from the underlying substrate of the biomimetic platforms 

(glass or gold), we attempted to reduce it by employing different blocking strategies to passivate 

the surfaces. We first tested in a cell experiment the effect of various blocking molecules after 

the functionalization of SAv and RGD, ensuring no interference with the initial steps of 

platform construction. As shown in Fig 4.A, we blocked the glass biomimetic platforms with 

either 3% BSA, 1 mg/mL myoglobin or m-PEG2-NHS-Ester. While BSA is a common choice, 

we also assessed myoglobin, which is approximately fourfold smaller (16 kDa, approximately 

the size of BMP2) and could potentially infiltrate PEG films more easily to bind to non-specific 

sites on the glass surface. To make sure that BMP2 did not bind onto the PLL, we employed an 

m-PEG2-NHS-Ester linker to react with amine groups of PLL lysine residues. This approach 

could also provide a way to increase the PEG density, potentially enhancing the platform anti-

fouling properties. 

However, none of these options reduced sufficiently the non-specific binding, since the 

pSMAD1/5/9 level was even higher than on HS signaling platforms. Comparable outcomes 

were observed when using Poloxamer 188 (also known as Pluronic® F-108), a non-ionic 

surfactant frequently employed in biological formulations. Poloxamer 188 is a tri-block 

copolymer of the form polyethylene oxide – polypropylene oxide – polyethylene oxide (PEO–

PPO–PEO). It normally binds surfaces through its central PPO hydrophobic part, while the two 

PEO hydrophilic tails extend in solution. Self-assembled monolayers of Poloxamer 188 have 

demonstrated good anti-fouling properties[26]. However, probably due to restrained surfactant 

adsorption influenced by PEG chains on the platforms (QCM-D data not shown), the surfactant 

showed no effect on the non-specific signaling in our cellular assay. 

For the following tests, we investigated with the anti-BMP2 antibody the efficacy of various 

conditions for passivating the surfaces; indeed SMAD1/5/9 is rapidly phosphorylated in the 

presence of a minimal amount of BMP2, preventing to be sensitive to small improvements of 

the passivation. As shown in Fig 4.B, we next tested an expended range of reagents at high 

concentrations to prevent the binding of BMP2 on the platforms. Each reagent was used both 

in the blocking step and in the BMP2 incubation buffer. The binding was quantified via IF by 

the anti-BMP2 antibody. Remarkably, we observed that the non-specific binding was 

significantly reduced using 1 M of NaCl, indicating that it relies, at least in part, on electrostatic 

interactions. However, the use of high salt in our experimental setup could not be considered, 

as the binding of BMP2 to GAGs also involves electrostatic interactions. We also showed that 
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increasing the BSA concentration to 10% reduced the non-specific binding by about 80%, 

similarly to the 1 M NaCl condition. Trehalose, imidazole, glycine, and arginine were other 

compounds tested for blocking non-specific binding. All exhibited a moderately positive effect, 

reducing BMP2 adsorption on PLLgPEG by approximately 50%. Among these, trehalose 

displayed a slightly better effect than the other molecules and was thus used in combination 

with 10% BSA for the blocking step. 

As shown in Fig 4.C, performing a blocking step with 10% BSA/0.6 M trehalose reduced the 

non-specific binding of BMP2 on PLLgPEG without affecting its binding to HS. The 

comparably lesser effect of the BSA and trehalose combination compared to the experiment 

shown in Fig 4.B could be attributed to inherent variability in non-specific binding across 

different experiments. In contrast, the combination of the blocking step with incubation of 

BMP2 in a Hepes-T buffer containing 10% BSA and 0.6 M trehalose further reduced the non-

specific binding but also concurrently lowered the specific binding to HS.  Overall, the precise 

contributions of BSA and trehalose in the blocking step or within the BMP2 incubation buffer 

remain unclear but their combination as blocking agents undoubtedly reduced the non-specific 

binding.  

 
Fig 4. A. Mean fluorescence intensity of nuclear pSMAD1/5/9 in C2C12 cells after a 90-minute culture on glass 

biomimetic platforms, including a blocking step with either 3% BSA, 1 mg/mL myoglobin or m-PEG2-NHS-Ester. 

BMP2 was incubated at 1 µg/mL in Hepes-T. Mean fluorescence values are plotted ± SD. 

B. Mean fluorescence intensity of BMP2 detected with a specific antibody on PLLgPEG-functionalized glass, 

using different reagents for blocking step and supplemented with Tween-20 for BMP2 incubation buffer. Negative 

control without BMP2 on glass is in gray. Means fluorescence values were normalized to the Hepes-T condition 

on PLLgPEG and plotted ± SD. 

 C. Mean fluorescence intensity of BMP2 detected with a specific antibody. Intensity comparison on glass 

biomimetic platforms with or without HS, with different combinations of blocking and BMP2 incubation buffers: 

1) No blocking and BMP2 in Hepes-T; 2) BSA/Trehalose blocking and BMP2 in Hepes-T; 3) BSA/Trehalose 

blocking and BMP2 in Hepes-T with BSA/Trehalose. BMP2 was incubated on platforms at 5 µg/mL. A secondary 

antibody control on BSA-Trehalose blocked platforms was included (blue). Mean fluorescence values are plotted 

± SEM for at least two experiments.  
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Gold-based biomimetic platforms prevent better BMP2 non-specific signal with 

respect to glass-based platforms 

To explore the effects of BSA and trehalose in reducing the BMP2 non-specific signaling, we 

performed cellular experiments on gold and glass platforms with C2C12 and CHO cells, using 

two different blocking formulations: either 5% BSA alone or 10% BSA with 0.6 M trehalose. 

We show in A-B the comparison of the mean nuclear pSMAD1/5/9 intensity between the non-

specific signal (RGD) and the signal mediated by HS platforms (RGD+HS), considering 

distinct platform substrates and passivation conditions. If the basal non-specific signaling 

seemed to be reduced for CHO cells compared to C2C12 cells, there was a consistent reduction 

of non-specific signaling on gold platforms compared to glass platforms, for both cell types. 

Indeed, while the surface passivation with 5% BSA on glass platform only slightly reduced the 

non-specific signal, the reduction amounted to approximately 50% on gold platforms. In 

comparison to BSA at 5%, the application of the BSA/trehalose mix reduced slightly more the 

C2C12 non-specific signal on glass platforms (Fig 5.A) and reduced it importantly on gold 

platforms for CHO cells (Fig 5.B). Surprisingly, BSA/trehalose blocking on gold platforms 

with C2C12 cells led to a strikingly elevated pSMAD1/5/9 intensity. Overall, the gold platforms 

seem to provide better anti-fouling properties compared to glass platforms, probably due to a 

more organized layer or PEG chains. Additionally, CHO cells apparently displayed reduced 

responsiveness to non-specifically bound BMP2 in comparison to C2C12 cells, making them 

potentially more appropriate cellular models for limiting the impact of non-specific signaling. 

 
Fig 5. Mean fluorescence intensity of nuclear pSMAD1/5/9 in A. C2C12 or B. CHO cells after a 90-minute culture 

on glass or gold biomimetic platforms functionalized, including a blocking step with 5% BSA or BSA/Trehalose 

(10%/0.6M) before BMP2 incubation. Mean fluorescence values are normalized to each HS condition ± SD. 
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Discussion 

In summary, our study highlights that moderate protein non-specific binding on biomaterials 

(here BMP2 on biomimetic platforms) can trigger an important cell signaling response. The 

non-specific binding of proteins on biomaterials should be considered in their design and for 

applications – both in vitro and in vivo – to correctly interpret the effect of biomaterials on the 

bioactivity of proteins. During our investigations, the BMP2-induced non-specific signaling 

initially prevented us from elucidating the distinct roles of GAGs in BMP2 signaling regulation. 

We established that this non-specific adsorption (and signaling) was dose-dependent, relatively 

stable, bioactive for up to three days, and was present independently of the biomimetic platform 

substrate (glass or gold). This issue was also extended to other BMP family proteins, including 

BMP4 and BMP7. We determined that the primary cause of non-specific binding is the 

platform's underlying substrate (glass or gold), rather than its constituents like SAv or RGD. 

To tackle this issue, we next explored conditions susceptible to reducing the non-specific 

signaling. Addressing this challenge was complex, with the objectives of retaining the GAG-

binding capacity of BMP2, preserving the substrate transparency for high-throughput 

microscopy, and avoiding interference with the platform construction. 

We investigated the BMP2 aggregation in different media and confirmed that BMP2 aggregates 

at physiological pH but can be solubilized with acidic pH buffers[23]. Remarkably, we 

discovered that the addition of surfactants such as Tween-20 could prevent BMP2 aggregation, 

even at neutral pH. Of note, the use of Hepes buffer without salt also enhanced BMP2 stability, 

likely due to complex “salting-out” and “salting-in” effects. As previously observed, the 

addition of NaCl in MES buffer (pH 5) was demonstrated to cause BMP2 precipitation at 

concentrations of only 80 mM NaCl (salting-out)[24]. Further increasing the NaCl concentration 

above 0.3 M increased the solubility (salting-in) until decreasing again above 1 M. 

Our research revealed that BMP2 non-specific adsorption relies on electrostatic interactions 

that could be disrupted with high salt concentrations, though not compatible with GAG-BMP2 

interactions. We then showed that some blocking reagents at high concentrations, in particular 

BSA and trehalose, could reduce the BMP2 non-specific binding by 50 % to 80 %. Although 

this study did not focus on clarifying the specific contributions of BSA and trehalose as 

blocking agents or additives in the BMP2 buffer formulation, their combined use as blocking 

agents unequivocally led to an important reduction of the non-specific binding.  

While BSA is commonly used in immunofluorescence both for the blocking step and as an 

additive in the incubation of antibodies, the use of trehalose has been primarily in biological 

formulations[27,28]. Trehalose, recognized for preventing protein aggregation, has been studied 
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in particular for treating neurodegenerative diseases, such as Alzheimer and Huntington[29]. It 

also showed some interesting properties in biolayer interferometry studies as an additive for 

reducing non-specific binding[30]. Interestingly, a patent described the use of 5% trehalose to 

block functionalized surfaces, resulting in reduced serum protein adsorption[31].  

Our findings suggested that CHO cells might be less sensitive to non-specifically bound BMP2 

than C2C12 cells. We also determined that under identical blocking conditions, gold platforms 

exhibited superior anti-fouling properties compared to glass. The distinct PEG-based linkers 

for the different substrates may contribute to these differences. Therefore, out of the scope of 

this study, another option to reduce the non-specific signaling could be to design alternative 

constructions of the platforms with improved anti-fouling properties. Potential strategies 

include the functionalization of poloxamers conjugated with an appropriate amount of biotin to 

build the streptavidin monolayer. Other strategies inspired by cell membrane properties could 

be considered, such as the functionalization of phosphorylcholines (PC) exhibiting non-fouling 

properties[32,33]. Studies on protein adsorption with PC phospholipid films underscored their 

strong resistance to protein adsorption[34–36]. Preferably, platform development should be 

achieved on optical transparent surfaces for compatibility with established high-throughput 

functionalization and readout strategies. Improving coating stability for long-term cellular 

culture involves employing covalent or nearly covalent immobilization strategies to withstand 

cell traction forces[37].  

Although some residual non-specific signaling persisted under the established blocking 

conditions (BSA/Trehalose), it was reduced enough to investigate a biological outcome, 

highlighting the potent role of HS as an extracellular GAG in mediating BMP2 signaling 

(Chapter V). However, minor effects of other GAGs may remain undetected due to the 

significant residual non-specific signaling. Thorough investigations of a broader range of 

blocking or formulation agents could potentially reveal more relevant conditions to reduce the 

BMP2 non-specific adsorption. Moreover, exploring their contribution in the blocking step or 

as additives during the incubation process may provide interesting insights.  

In summary, the findings of this study have implications for the design of biomaterials intended 

for investigating cellular responses upon bound proteins. Despite a relatively low non-specific 

protein binding detected via biophysical surface characterization techniques, it does not exclude 

a potentially significant impact at the cellular level. This study also provides new information 

about BMP2 aggregation and adsorption at surfaces. We show in particular that the combination 

of BSA and trehalose exhibits good performance as a blocking agent. Although the significant 

bioactivity of non-specifically bound BMP2 was an issue in our case, this study demonstrated 
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the potential of biomaterials with bare glass in effectively retaining and delivering biologically 

active BMP2, as previously investigated[38].  
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Along the years spent on this PhD work and while redacting the thesis, several questions and 

perspectives for future research have emerged. These elements are discussed in the following 

section.  

Automation of biomaterial functionalization 

The automation of the biomimetic SAv platform functionalization paves the way for future 

research, allowing the investigation of a wide range of conditions. Furthermore, this automated 

setup could be applied to any other biomaterial to functionalize various conditions with multiple 

peptides, GAGs, or growth factors, in a single experiment.  Combined with a high-content 

fluorescence readout developed in the team, the experimental setup is particularly adapted to 

explore the levels of signaling markers that are translocated in the nuclei of cells, such as 

pSMAD1/5/9, RUNX2 or Osterix for BMP signaling. Moreover, it allows quantifying the cell 

area, cell morphology parameters, and the cytoplasmic expression of some markers. However, 

improvements will be necessary to employ high-resolution imaging, qPCR, and WB as readouts 

since they are so far not compatible with high-throughput analysis.  

Reduction of the BMP2 non-specific adsorption 

Significant time and effort were spent to address the issue of the unexpected non-specific 

binding of BMP2 on the biomimetic SAv platforms. We managed to optimize the experimental 

conditions, leading to a strong reduction of this signal and allowing the successful study into 

the role of GAGs in BMP signaling. However, the anti-fouling properties of the SAv platforms 

are not yet entirely satisfactory. Indeed, the BMP2-induced non-specific signaling remained too 

high to identify distinct effects between HA, DS, and different CS. More importantly, the non-

specifically bound BMP2 hindered our investigation of BMP2 signaling regulation mediated 

by HS-oligosaccharides from our homemade library. Nevertheless, the technical developments 

achieved opened perspectives for further reducing the non-specific signaling.  

First, tools have been developed in the lab for investigating the amount of non-specific BMP2 

adsorption. QCM-D measurements lacked the necessary sensitivity to detect the importance of 

non-specific adsorption, whereas the highly sensitive cellular experiments were regrettably 

highly time-consuming. We identified a commercial anti-BMP2 antibody that proved to be 

sensitive enough to detect and compare the amount of BMP2 adsorption in various conditions, 

with a shorter experimentation time compared to cellular experiments.   

Since future applications of the biomimetic SAv platforms may be hampered by non-specific 

BMP2 adsorption, this antibody provides a good tool for performing an extensive screening of 
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blocking reagents that may reduce it. Such screening could investigate the effects of a wide 

range of compounds both for the blocking step and as additives in the BMP2 incubation buffer, 

and possibly for the rinsing step. Common blocking reagents that were not tested during this 

thesis could be included, such as casein or glucose. Although powdered milk and serum are 

commonly employed blocking reagents, their use may generate additional problems since they 

contain growth factors that could have consequences on the BMP or other signaling pathways. 

The use of more stringent rinsing of BMP2 after incubation on the platforms could also be 

investigated. In our study, we found that a 1 M NaCl concentration reduced strongly the BMP2 

non-specific adsorption, but a previous study showed that BMP2 elutes from a Hep-Sepharose 

column at already ~580 mM NaCl[487]. Concentrations of NaCl below this threshold might have 

a positive influence, but it certainly constitutes a delicate compromise between disrupting non-

specific interactions while maintaining GAG-BMP2 interactions. 

Our findings revealed that the addition of 0.02% Tween-20, such as in BLI experiments, 

prevented the aggregation of BMP2, even at unfavorable neutral pH. We subsequently used 

0.02% Tween-20 for the incubation of BMP2 on the biomimetic platforms. We have not 

explored whether the presence of Tween-20 could influence the blocking capacity of BSA and 

trehalose passivation. However, both Tween-20 and Tween-80 surfactants have been 

previously demonstrated to improve the passivation of PEG-coated glass substrate, when used 

at concentrations of 1-5 % (v/v) in a blocking step[488]. Therefore, the use of higher 

concentrations of Tween-20 in the BMP2 incubation buffer but also in the blocking step may 

further reduce the non-specific binding. Since Tween-20 molecules form micelles when above 

their critical micelle concentration (~0.06⋅10-3 M, ~0.007 % (v/v)), BMP2 molecules might be 

trapped into the micelles which could prevent the non-specific interactions but it might also 

affect the interactions with GAGs. Consequently, the use of low Tween-20 concentrations may 

be preferable for the incubation with BMP2 to prevent its aggregation while high concentrations 

may be appropriate for the blocking step. In a review about Tween surfactants, the time to 

establish equilibrium at the interface was reported as a potential factor of importance regarding 

their ability to prevent protein adsorption[489]. 

In addition to these strategies, the non-specific adsorption of BMP2 could be reduced by using 

alternative designs for constructing the biomimetic SAv platforms (see below). 
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Development of the biomimetic SAv platforms 

As mentioned in the introduction, several strategies have been proposed for building 

biomaterials with a SAM of SAv.  

The construction of SAMs on oxide-free metal substrates (like gold) via thiols and dithiols is 

probably the most characterized[459]. SAMs built on gold planar surfaces are generally sketched 

as a perfect monolayer, but can in fact be affected by several types of defects, such as vacancy 

islands or disordered regions. This can be partially explained by structural defects in the gold 

layer itself, like steps and dislocations[459]. In our case, defects in the SAM of thiol-PEG and 

thiol PEG-biotin may arise from imperfections from the gold-sputtering process performed in 

a clean room with evaporator equipment. To maintain the transparency of the SAv platforms, 

only a thin gold layer of 8 nm is deposited on top of a chromium adhesion layer of 1.5 nm on a 

glass coverslip. In comparison,  QCM-D crystals exhibit a gold thickness of more than 100 

nm[490]. We can reasonably question whether the ex situ QCM-D characterization exactly 

matches the in situ functionalization process on a gold-sputtered surface. The particularly low 

BMP2 non-specific adsorption detected via QCM-D could be true for crystals with a thick gold 

layer, but not necessarily on more disordered gold surfaces. The in situ photobleaching ICS 

characterization method developed for glass biomimetic platforms could be particularly useful 

to examine this, but diffraction artifacts due to the gold layer may affect the analysis. Although 

it would prevent the use of high-content microscopy readout, we could prepare biomimetic 

platforms with increased gold thickness to evaluate if they prevent more efficiently non-specific 

adsorption. BMP2 adsorption could therefore be quantified by immunofluorescence with a top 

reading microplate reader, and BMP signaling could be quantified by Western Blot, qPCR, or 

ALP colorimetric staining, as alternatives to the IF analysis of nuclear pSMAD1/5/9. 

As for glass platforms built with a PLLgPEG(biotin50%) linker, they come with great 

advantages of fabrication simplicity, allowing high-throughput and optical transparency. Glass 

constitutes a material of choice for building biomimetic platforms with the commercial 

availability of high-capacity glass-bottom plates (96-well, 384-well, and more). However, the 

glass-based platform construction with PLLgPEG(biotin50%) linker presents lower anti-

fouling properties compared to gold-based platforms with thiol-PEG and thiol-PEG-biotin. The 

binding of PLLgPEG on the glass surface requires a surface activation step. Both UV/Ozone 

and plasma O2 treatment are reported as suitable methods for surface activation, and we adopted 

the UV/Ozone method. The literature states that UV/Ozone activation is softer than plasma-

based methods causing fewer cracking failures, but it is more time-consuming with increased 
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exposition times[491,492]. QCM-D experiment could explore whether the two activation methods 

lead to similar platform construction by comparing the frequency shift obtained upon 

PLLgPEG, SAv-RGD, and GAG binding. Furthermore, the BMP2 non-specific binding should 

tested with an anti-BMP2 antibody since it might be possible that the two activation methods 

induce different conformations in the binding of the PLLgPEG, leading to altered anti-fouling 

properties. Anyway, the PLLgPEG linker appears not to be the most appropriate for long-term 

cellular culture, as observed with increased cellular detachment and clustering at 2-3 days of 

culture in comparison to the gold-based platforms[283]. This phenomenon could derive from the 

traction forces exerted by adhering cells that may disrupt the electrostatic interactions of 

PLLgPEG. For investigating the BMP signaling mediated by GAGs in the late stages of BMP 

signaling such as ALP readout at 3 days or even other applications requiring long-term cultures, 

the cellular detachment could constitute an issue. Therefore, the development of other platform 

construction strategies with covalent linkages to the glass substrate should be considered. 

Commercial SAv-coated BLI biosensors are also based on a glass substrate and patents from 

ForteBio company suggest that these sensors are functionalized either with biotin-conjugated 

silane or lipid molecules[493,494]. Since the non-specific binding of BMP2 detected on BLI 

biosensors is extremely low, both functionalization strategies could have potential for the 

design of novel biomimetic SAv platforms on glass substrates.  

Previously, biomimetic SAv platforms have been constructed on a lipid bilayer to form an SAv 

monolayer[461]. Nevertheless, there were reasonable concerns regarding the platform stability 

and whether the lipid bilayer could withstand the mechanical forces exerted by adhering cells. 

The most common functionalization approach for glass substrate is the silanization of glass 

surfaces, which is generally achieved via oxysilane precursors, providing a covalent linkage. 

Previous investigations in the team using this strategy however faced high levels of BSA non-

specific adsorption in comparison to gold platforms, which later oriented our choice towards 

PLLgPEG linkers. However, the good antifouling performance of SAv-coated BLI biosensors 

suggests that alternative silane molecules could be used to optimize the functionalization of 

SAv platforms. The stable covalent bond could provide better support for long-term cultures, 

provided that biotin-SAv linkages are sufficiently stable to withstand cell adhesion[495]. 

Alternatively, an option that we have not yet explored is the recently developed graft copolymer 

PAcrAmTM-g-PEG presenting a polyacrylamide backbone, a silane group for covalent binding 

with the silicon oxide, an amine group for electrostatic binding to the surface, and an N3 group 
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to allow functionalization of bio-functional groups such as biotin. This copolymer has been 

shown to confer resistance to protein adsorption and was suitable for cellular studies with the 

functionalization of RGD peptides[467]. 

Finally, the platform construction could also be inspired by polyelectrolyte multilayers. 

Boulmedais and coworkers prepared films made of PLL/poly(l-glutamic acid) (PLL/PGA) 

multilayers, ending with several PLL/PGA-g-PEG bilayers that provide protein and bacterial 

adhesion resistance[496]. A similar design with biotin-conjugated PEG chains (PLL/PGA-g-

PEG-biotin or PLLgPEG-biotin/PGA bilayers) could be an interesting strategy for building 

SAv platforms. However, some concerns about the SAv molecular organization can be raised 

due to the uncontrolled conformation of the adsorbed polyelectrolytes.  

Overall, it is uncertain if a single design of biomimetic SAv platforms could be adapted to all 

desired applications (optical transparency, long-term culture, antifouling properties, etc…) and 

the development of several design alternatives could provide a panel of different biomaterial 

constructions each more adapted for specific purposes. 

The role of GAGs in BMP signaling 

The role of GAGs in BMP signaling appears to be dependent on several factors, which will be 

discussed here. Of significant importance, GAGs or PGs may exhibit distinct regulatory 

functions on BMP signaling depending on their localization. This aspect is not fully understood 

since it is practically complex to distinguish the role of cell-surface GAGs from the one of 

extracellular GAGs.  

The role of cell-surface GAGs 

Our BLI experiments revealed that CS and DS have a much lower affinity for BMP2 than HS, 

with a slower association and a faster dissociation of BMP2. These findings indicate a transient 

nature of CS-BMP2 interactions, which could explain the positive role of cell-surface CS on 

SMAD1/5/9 phosphorylation that we observed with soluble BMP2. We speculate that the 

transient nature of these interactions facilitates the binding of BMP2 to its receptors, potentially 

by attracting BMP2 close to the cell surface where it dissociates quickly from CS to interact 

with BMP receptors. In contrast, the role of cell-surface HS is not entirely clear in our results 

but it is more in favor of an inhibitory effect of HS on SMAD1/5/9 phosphorylation, such as 

previously observed in the literature[6,304]. In this study, we assume that the extracellular GAGs 

synthesized by cells have only a minor effect and that the observed differences are mainly due 

to the cell-surface GAGs, due to the short experiment time and the simultaneous incubation of 
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CHO cells with sBMP2. It is worth noting that our experiments were performed with a relatively 

high concentration of soluble BMP2 (0.1 µg/mL) and were focused on early BMP signaling 

with the SMAD1/5/9 phosphorylation after 90 minutes of culture. Future studies could 

investigate whether these findings are reproducible at different concentrations or different 

stages of BMP signaling, up to several days of culture, since GAGs may temporally alter BMP 

signaling.  

The role of extracellular GAGs 

In contrast to cell-surface HS, our findings suggest that extracellular HS would promote 

SMAD1/5/9 phosphorylation by binding and delivering BMP2 to the cells. The SMAD1/5/9 

phosphorylation being an early readout of BMP signaling, the effect of HS in later steps of 

BMP signaling could be different. However, several studies highlight the role of extracellular 

HS in sustaining the BMP signaling longer than without GAGs[264,283], and many in vivo studies 

reported that BMP-delivery biomaterials achieve better bone regeneration when incorporating 

HS or Hep[315,316,344,347,497]. These studies also indicate that HS/Hep modulate the release of 

BMP2 with a reduced initial burst and a more sustained delivery. Overall, our results and most 

findings in the literature (Table 3) suggest that extracellular HS in the presence of exogenous 

BMP positively influences the signaling by binding BMP2 and sustaining its delivery to the 

cells.  

In contrast, our results did not demonstrate a significant role of extracellular CS, DS, or HA in 

mediating BMP2 signaling. This finding probably reflects the lower BMP2 binding capacity of 

these GAGs, with probably more protein washed away from the platforms during the incubation 

of rinsing steps of the functionalization, as suggested by our results from BLI and QCM-D. In 

vivo, CS hydrogels were demonstrated to be as performant as collagen sponges to trigger 

BMP2-induced bone formation in a critical-size femoral defect in rats[419]. However, it is now 

well established that collagen sponges have low affinity for BMP2 which triggers an initial 

burst release, and retaining only 5% of the protein after 14 days[498]. In another study, CS was 

unable to increase the ALP activity induced by BMP4 in C2C12 cells despite the very high 

concentrations tested (from 2 to 2800 µg/mL)[499], which is consistent with our data on the role 

of CS. 

The effect of the GAG density 

In the aforementioned study, Hep strongly enhanced the ALP activity, in contrast to CS. 

Interestingly this effect was modulated by its concentration. Indeed, low concentration (2 
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µg/mL) enhanced slightly the ALP activity, intermediate concentrations (5-50 µg/mL) 

increased it strongly, while it gradually decreased with concentrations above 50 µg/mL until 

abolishing completely the BMP4-induced ALP activity (700-2800 µg/mL). These data nicely 

illustrate a model where extracellular Hep/HS promotes BMP signaling at low concentrations 

by protecting it from degradation and the action of inhibitors, while it inhibits BMP signaling 

at high concentrations because of hampered BMP interaction with cell receptors due to 

rebinding on Hep/HS. Wang and Yang compared the incorporation of methacrylated HS and 

CS at different densities in hydrogels to induce chondrogenic differentiation of human MSCs. 

The GAG concentration was tuned between 20 mg/mL and 100 mg/mL and they observed that 

the highest amount of collagen types I and II and sulfated GAG neocartilage deposition was 

obtained for intermediate CS density (50 mg/mL). These findings indicate that GAG density 

has to be well regulated in tissues to induce a specific cellular response. Furthermore, the latter 

study was performed without additional BMP, suggesting that CS can induce chondrogenic 

differentiation in a BMP-independent manner. From a molecular point of view, increased 

densities of GAGs may trigger stronger BMP2 binding as previously shown by the cross-linking 

of HS chains[264]. 

Overall, the above-mentioned effects of GAG concentration on the regulation of signaling 

suggest that the density of GAGs is an important parameter, as indicated in our review published 

in Advanced Materials (Annex). 

To address the role of GAG density in BMP signaling, the SAv biomimetic platforms could be 

quite easily adapted to present different GAG densities on the SAv monolayer. After the 

functionalization of RGD on the platforms, the density of GAGs can be controlled by incubating 

biotinylated GAGs combined with other inert biotinylated molecules (biotin, biotin-PEG, or 

else) at well-controlled ratios. Since GAG chains would be more spaced with increased amounts 

of inert biotinylated molecules, we expect reduced cross-linking effects of BMP2 and a 

decreased binding capacity. The effect of adsorbed BMP2 on GAGs would be likely negatively 

correlated with the GAG density. However, the effect of soluble BMP2 may be more complex 

since it would provide insights into the BMP2 binding competition with BMP receptors and 

extracellular GAGs at different densities.  

The role of distinct GAGs 

This modulatory role of HS appears to be crucial in vivo for ensuring bone tissue homeostasis 

via regulating BMP signaling, as observed with the increased BMP signaling and the formation 
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of exostoses in mice models upon ablation of EXT1 glycosyltransferase. Interestingly, it was 

reported in primary mice chondrocyte cultures that both a reduced HS synthesis and an altered 

HS sulfation lead to increased levels of CS, potentially linked to the increased aggrecan 

expression observed[11]. These findings suggest a compensation mechanism where cells sense 

the HS deficiency and balance it by an increased CS production.  

While altered expression of CS sulfation enzymes has been associated with skeletal disorders 

(C4st1: mice chondrodysplasia; C6ST-1: Spondyloepiphyseal dysplasia), the link of CS with 

BMP signaling is less clear. So far, only the observed reduction of SMAD1/5/9 phosphorylation 

upon CS alteration in a few studies, including ours, indicate a role of CS in BMP 

signaling[11,314]. The role of CS in skeletal disorders may be attributed as well to the deregulation 

of other growth factor signaling pathways involved in cartilage and bone homeostasis, such as 

iHh (indian hedgehog), Wnt, or others[439,500–502].  

In our studies, HA did not trigger significant BMP2 signaling, which was consistent with the 

fact that BMP2 did not bind HA. However, previous findings highlighted that BMP7 signaling 

could be potentiated by HA in a way dependent on the CD44 cell-surface HA receptor[503]. 

Although the role of KS has not been explored during this thesis, fibromodulin and mimecan 

KS PGs have been reported to be involved in bone development. Fibromodulin is expressed 

during fetal endochondral and intramembranous ossification and fibromodulin-deficient mice 

develop ectopic bone in tendon[504]. The binding of mimecan to BMP2 and BMP3 was shown 

to induce osteoinductive activity[39]. Therefore, future studies could explore whether KS plays 

a key role in BMP signaling. 

Spatial regulation of BMP signaling mediated by GAGs 

It is now well established that GAGs play a significant role in the PG-mediated formation of 

BMP gradients. Studies in drosophila illustrate nicely this effect, which has also been observed 

in other species such as zebrafish and xenopus. In drosophila, sulfation of HS chains appeared 

essential for the establishment of these gradients, as shown by the alteration of pMAD signaling 

gradients across sfl (NDST enzyme encoding gene) mutant cells. It has been shown that cell-

surface PGs (Dally, Dly) contribute to the gradient formation but the role of extracellular PGs 

is unclear. To our knowledge, the aggrecan hybrid KS/CS PG is the only extracellular PG that 

has been reported to contribute to the BMP gradient distribution[301]. 

Lin and coworkers underscored in a review that the role of HSPGs in establishing BMP 

gradients appears to be tissue-dependent. This effect was highlighted in drosophila where the 
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embryonic dorsoventral patterning controlled by Dpp signaling was not defective in sfl, ttv, sotv 

and botv HSPG mutant cells, in contrast to the wing disc tissue where HSPGs are essential. 

They suggested that HSPGs would not be essential in tissues where BMP is abundant.  

To explore this, the biomimetic SAv platforms could be employed with different sBMP2 

concentrations to investigate whether extracellular GAGs modulate BMP signaling in a 

concentration-dependent manner. Furthermore, it could be interesting to perform a similar study 

with CHO mutants for GAG biosynthesis enzymes to explore if the effect of cell-surface GAGs 

is also dependent on the BMP2 concentration. At low soluble BMP2 concentrations, csHS 

might improve the signaling by attracting BMP2 near cell receptors while at high 

concentrations, csHS might inhibit signaling by slowing down the interaction of BMPs with 

receptors. To investigate the formation of gradients by GAG chains, ongoing developments to 

construct the biomimetic SAv platforms into microfluidic chips could provide a technical 

solution. After the functionalization of GAG chains in a compartment of the chip, we could 

investigate the restricted diffusion of BMP2 from its injection channel via a specific antibody 

or fluorescently labelled BMP2 (not affected in the HS-binding site). Furthermore, the signaling 

single-cell analysis of cells seeded onto this SAv platform could be correlated with the observed 

BMP2 gradient. 

The variable expression of HS in tissues appears to control BMP signaling locally. This was 

observed in the perichondrium cells of mice long bones, which highly express HS, and where 

Ext1 ablation led to increased BMP signaling and ectopic bone formation[6,304]. In this context, 

HS was suggested to exert a boundary role along the chondro-perichondrial border, where it 

would prevent excessive and ectopic BMP signaling.  

Since the spatial distribution of morphogens such as BMP must be tightly controlled during 

embryonic development, one could wonder whether the variable expression of GAG 

modification enzymes (epimerase, sulfotransferases, sulfatases) in cells contributes to the finely 

controlled BMP gradients. So far, the visualization of sulfation patterns in tissues remains very 

complex, but the development of techniques such as MALDI-FT-ICR mass spectrometry 

(described in the review article in Annex) may provide a solution. 

HS sulfation patterns for BMP2 binding and bioactivity 

This thesis explored whether BMP2 responds particularly to specific sulfation patterns as 

shown for other growth factors (AT III, FGF). Such features would be of utmost importance 

for the bioactivity of BMP2. Previous findings indicated that sulfation motifs exhibit distinct 
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importance for binding and bioactivity of BMP2, with a main role of N- and 6O-sulfates in 

comparison to 2O-sulfates. Using a library of oligosaccharides, we observed that high-affinity 

binding of BMP2 on HS-dp6 was achievable through locally high sulfated domains such as 

(IdoA(2S)-GlcNS(6S)). A few additional structural features of oligosaccharides were suggested 

to modulate as well the BMP2 binding. Molecular modeling will be performed by collaborators 

to correlate these experimental data with structural insights.  

Furthermore, we intended to investigate the effects of the prepared HS-oligosaccharides in 

cellular studies with the biomimetic platforms. Unfortunately, preliminary results with the 

oligosaccharides were affected by the non-specific binding of BMP2 to some extent, even after 

optimization of the conditions to reduce the background. Our data suggests that the 

oligosaccharides were able to induce SMAD1/5/9 phosphorylation but within a close range to 

the non-specific signal. Therefore, we preferred to conserve these valuable HS-oligosaccharide 

materials for further studies, when the background signal will be sufficiently reduced. It will be 

particularly interesting to analyze how the cellular response induced by BMP2 on these 

oligosaccharides relates to our molecular interaction data.  

In summary, many aspects regarding the involvement of GAGs in BMP signaling hold 

mysteries that could constitute the foundation of future research. The presented PhD work 

contributes to the comprehensive understanding of these intricate interactions by providing 

several novel insights. These achievements, among others of this thesis, are detailed in the 

following conclusion chapter. 
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Chapter VIII. Conclusion 
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GAGs are known to modulate the BMP cell signaling in vivo and in vitro and their 

absence leads to skeletal defects, highlighting their role in the regulation of bone development. 

However, the precise role of GAGs in the regulation of BMP signaling remains unclear, even 

for HS and Hep, which have been extensively studied. The role of other GAGs in BMP 

signaling has been practically unexplored, leaving open questions about their role in this 

context. The interplay between GAGs and BMP holds significant importance for the design of 

BMP-delivering GAG-based biomaterials, and therefore, the effect of these interactions at the 

cellular level should be better understood to enable their safe use in clinics. All these different 

elements have been well explained in the introduction chapter of this thesis. Noteworthy, some 

sections of a review I have written about GAG-based biomaterials (Annex information, 

published in Advanced Materials) were integrated into this introduction.  

The main objective of this thesis was precisely to decipher the effects of the interplay 

between BMP2 and various GAGs, aiming to provide fundamental knowledge for future 

applications. 

We hypothesized that different GAGs may be involved in the regulation of BMP 

signaling, potentially in different manners. Therefore, we sought to compare the modulation of 

BMP2 signaling exerted by different GAGs, such as DS, HA and in particular, HS and CS. 

Additionally, we speculated that GAGs might elicit different signaling mechanisms when 

located at the cell surface or in the extracellular matrix, thereby contributing to the observed 

discrepancies in the literature. Specific sulfation motifs of Hep have been demonstrated to have 

different roles for the binding of BMP2 and its signaling, with N- and 6O- sulfates appearing 

to be the two most important motifs[324,327]. However, it remains unclear whether BMP2 

interaction with HS is influenced by specific HS sequences characterized by key sulfation 

patterns. One approach for exploring that is to study the interactions of BMP2 with various 

oligosaccharides exhibiting specific sulfation patterns. To address that, I aimed to prepare a 

library of structurally defined HS-oligosaccharides.  

Automated fabrication of biomimetic streptavidin platforms 

One main objective of my PhD project was to study the effect of GAGs and various 

oligosaccharides from this library in BMP signaling, performing cellular assays with 

biomimetic SAv platforms developed in the team. Due to the elevated number of conditions to 

test, we first aimed to automate and parallelize the fabrication of biomimetic SAv platforms. 

The developments achieved in this context have been the subject of a publication to ACS 
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Applied Materials & Interfaces, which I signed as second author. In particular, a novel 

construction of the platform on glass substrate using a PLLgPEG(biotin50%) allowed their 

fabrication in commercial 96-well plates, increasing as intended the throughput of our 

experimental setup. This approach circumvented the need to prepare gold-sputtered surfaces, a 

costly and time-consuming process. Simultaneously, the glass allowed high-resolution imaging, 

quantification of the molecular distribution homogeneity and the SAv layer molecular surface 

density. To automate their fabrication, I developed a new software (i.e. graphical user interface 

for parameters input) that enabled a fully automated and versatile workflow to functionalize up 

to three multiple-well plates in parallel (96-well, 48-well, 24-well, 12-wells, with glass or gold 

substrates). Administrative procedures are currently carried out for protecting the intellectual 

property of this process. Each well of the plate can correspond to a unique condition defined by 

the user with a graphical interface, involving up to 48 different solutions. In combination with 

a high-content imaging acquisition and analysis, the versatility of this setup provides a good 

tool to investigate a wide number of conditions with GAG compounds, peptides and growth 

factors. 

Reduction of BMP2 non-specific adsorption 

We next intended to use this automated experimental setup for studying the effects of 

different GAGs in BMP signaling. Achieving this objective was rapidly hampered upon the 

discovery of the strong influence of moderate non-specific BMP2 adsorption on BMP signaling. 

A big amount of work was achieved to understand this non-specific adsorption and to reduce 

it. We determined that Tween-20, added to the running buffer, prevented BMP2 aggregation at 

neutral pH. We established the partly electrostatic nature of the BMP2 non-specific adsorption 

to the substrate, and we found that a combination of BSA and trehalose prevented it sufficiently 

to allow analysis of specifically GAG-bound BMP2 on the signaling. The efficacy of this 

blockage was improved when using SAv platforms built on gold compared to glass. This work 

was described in a manuscript that we intend to publish in an open archive (such as bioRxiv). 

Furthermore, I identified during this work an anti-BMP2 antibody with good specificity that 

was particularly useful for quantifying BMP2 amounts and investigating conditions to reduce 

BMP2 non-specific adsorption. This work has several implications for future studies with the 

SAv platforms. In particular, the control of non-specific signaling will be systematically tested 

and the blocking with BSA and trehalose will constitute a new step of the functionalization 

protocol.  
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Role of GAGs in BMP2 signaling 

This last part of my work signaling will constitute an article that provides novel insights 

about the role of GAGs in BMP2 signaling. With BLI technique, I succeeded in characterizing 

the molecular interactions between BMP2 and distinct GAGs. Among them, HS had a 

significantly higher affinity for BMP2 compared to CS, DS, and HA which did not bind to it. 

As expected, distinct types of CS (-A, -D, -E) bound differently to BMP2, with CS-D exhibiting 

a strong binding and CS-A a very weak binding. We highlighted that GAGs appear to have 

distinct roles when presented at the cell surface or in the ECM. The BSA-trehalose condition 

determined to reduce non-specific BMP2 adsorption have been employed to distinguish 

different effects of extracellular GAGs in BMP signaling. When BMP2 was presented to cells 

by extracellular GAGs using biomimetic SAv platforms, only HS was able to induce a 

significant signaling response. By employing CHO cell mutants for GAG biosynthesis 

enzymes, we could explore the effect of cell-surface GAGs. When located at the cell surface, 

we highlighted that HS appears to have rather a negative regulatory role on BMP signaling, 

while CS promotes short-term BMP signaling (pSMAD1/5/9). Finally, we explored the role of 

HS sulfation patterns in the binding of BMP2 by investigating with BLI the molecular 

interactions between BMP2 and a home-made library of 39 HS-tetrasaccharides and 28 HS-

hexasaccharides that were prepared with a high level of purity and structurally characterized. 

We identified that a central trisulfated disaccharide motif (IdoA(2S)-GlcNS(6S)) within HS 

hexasaccharides improves BMP2 binding affinity, although BMP2 seemed to display a certain 

plasticity for different HS sulfation types and sequences. Due to the remaining level of non-

specific BMP2 signaling on the SAv platforms, we could not perform cellular assays with the 

HS-oligosaccharides library. Nevertheless, this library constitute rare and valuable samples that 

could be used for future studies.  

Part of the work for this article has been communicated in several conferences or meetings 

(Poster at GDR BIOMIM, October 2020; Prize of best graphical abstract EDCSV PhD day, 

June 2021; Poster at Proteoglycans Gordon Research Conference and Seminar, July 2022; 

Presentation at Glyco@Alps kickoff meeting, November 2022). We intend to publish this 

original article in a peer-reviewed journal with interests in the biology of the extracellular 

matrix or more specifically in the biological functions of carbohydrates.  
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Annex 

 

Figure 40. Characterization of the oligosaccharide library 

A. Amounts (µg) produced of each oligosaccharide within the library. B. Sulfate groups number for each 

oligosaccharide, classified by their position (NS, 2OS and 6OS). C. Composition of the oligosaccharides depicted 

by their disaccharides constituents: 

NAc: ∆UA–GlcNAc

  

 

NS: ∆UA–GlcNS 

6S: ∆UA– GlcNAc6S 

2S: ∆UA2S – GlcNAc 

NS6S: ∆UA – GlcNS6S  

NS2S: ∆UA,2S – GlcNS  

2S6S: ∆UA,2S– GlcNAc,6S 

NS6S2S: ∆UA2S – GlcNS6

For mixed compounds, each disaccharide detected is not necessary an integer. 

 

 

 

 

 

 



REVIEW
www.advmat.de

Sweet but Challenging: Tackling the Complexity of GAGs
with Engineered Tailor-Made Biomaterials

Jean Le Pennec, Catherine Picart,* Romain R. Vivès,* and Elisa Migliorini*

Glycosaminoglycans (GAGs) play a crucial role in tissue homeostasis by regu-
lating the activity and diffusion of bioactive molecules. Incorporating GAGs into
biomaterials has emerged as a widely adopted strategy in medical applications,
owing to their biocompatibility and ability to control the release of bioactive
molecules. Nevertheless, immobilized GAGs on biomaterials can elicit distinct
cellular responses compared to their soluble forms, underscoring the need to
understand the interactions between GAG and bioactive molecules within engi-
neered functional biomaterials. By controlling critical parameters such as GAG
type, density, and sulfation, it becomes possible to precisely delineate GAG
functions within a biomaterial context and to better mimic specific tissue prop-
erties, enabling tailored design of GAG-based biomaterials for specific medical
applications. However, this requires access to pure and well-characterized
GAG compounds, which remains challenging. This review focuses on different
strategies for producing well-defined GAGs and explores high-throughput ap-
proaches employed to investigate GAG–growth factor interactions and to quan-
tify cellular responses on GAG-based biomaterials. These automated methods
hold considerable promise for improving the understanding of the diverse
functions of GAGs. In perspective, the scientific community is encouraged
to adopt a rational approach in designing GAG-based biomaterials, taking into
account the in vivo properties of the targeted tissue for medical applications.

1. Introduction

Glycosaminoglycans (GAGs) are linear polysaccharides that
are major components of the extracellular matrix. Through
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electrostatic interaction depending on
sulfation patterns along their chain, GAGs
can bind a myriad of proteins, includ-
ing growth factors (GF), cytokines, and
chemokines. Consequently, GAGs can
regulate the bioactivity of proteins and
their delivery to the surrounding cells,
thereby exerting key regulatory roles
in many biological processes.[1–4] It is
well-known that GAG content and fine
structural composition vary across tissues
and are developmentally regulated.[5–9]

For these reasons, the use of GAGs in
biomaterials for delivery of GFs in tis-
sue engineering is becoming a common
approach.[10–17] Over the last decades, a
large variety of GAG-based biomaterials has
been developed including scaffolds, coat-
ings, microparticles, hydrogels, cryogels,
coacervates, or liposomes.[17,18] As previ-
ously reviewed, the primary applications of
GAG-based biomaterials relate to bone, car-
tilage or tendon regeneration, and wound
healing.[19,20] Depending on the targeted
application, the selection of the bioma-
terial type must be adapted to the de-
sired properties, including dimensionality

(2D/3D material), mechanical and chemical properties, as well
as implantation or injection strategies. The fabrication of GAG-
based biomaterials can be achieved through various function-
alization approaches to control their shape, viscoelastic proper-
ties, cell adhesion properties, degradation properties, and the
spatiotemporal release of bioactive molecules such as GFs.The
use of GAG-based biomaterials for regenerative medicine ap-
plications in combination (or not) with GFs has been exhaus-
tively reviewed.[17,20,21] Hachim and co-workers provided a de-
tailed examination of optimal combinations between GFs and
GAGs, along with a comprehensive overview of all delivery
systems for each type of GF and GAG.[17] Strategies for the
fabrication of GAG-based hydrogels have been reviewed by
Freudenberg and co-workers,[22] and those for GAG-based cryo-
gels by Wartenberg and co-workers.[23] It is worth noting that
several biomaterials featuring identical GAG types have been
used for engineering different tissues and exhibited distinct
properties. Generally, such property variabilities result from
the combination of GAGs and GFs used, which may elicit
specific functions related to the targeted tissue, such as ves-
sel or neurite growth, bone formation, or anti-inflammatory
effects.[17]
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Figure 1. Schematic representation of the main topics of the review organized in four chapters to describe GAGs and their use in GAG-based biomaterials,
the important parameters that can be tuned when designing a GAG-based biomaterial, the techniques to obtain pure oligosaccharides with defined
sulfation, and finally the high-throughput methods available to compare different properties of GAGs for molecular and cellular studies.

Cytotoxicity and the ability to deliver GFs are the most fre-
quently studied parameters of GAG-based biomaterials.[24–27]

However, the molecular interactions between GAGs and GFs
as well as their consequences on cellular responses remain
poorly understood. In particular, the biological properties of
the GF may depend upon its delivery mode, either in solu-
tion as conventionally studied,[28–32] or when physically bound
to the GAG-based biomaterial. Indeed, the presentation of GFs
in a bound form may better mimic the natural conditions,
as in the extracellular matrix (ECM) or in the pericellular
coat.

A significant challenge for the generation of GAG-based bio-
materials is the structural variability of GAGs, which depends on
the source, and the requirement for sufficient quantities of well-
defined GAGs. Therefore, when designing biomimetic materials
for medical applications or to studying the effects of GAGs on
cellular responses, it is crucial to consider the structural discrep-
ancies between commercially available GAGs and those found in
vivo. Novel methods for producing controlled oligosaccharides in
sufficient quantities are therefore needed and are currently under
development.

Here, we will focus on immobilized GAGs, which exhibit a
greater degree of physiological relevance compared to their solu-
ble counterparts. Improving our understanding of the molecular
interactions between GAGs and proteins or GFs is a prerequi-
site for engineering biomaterials with more advanced function-
alities. In this manuscript, we highlight several aspects pivotal
for the design of GAG-based biomaterials and their investiga-
tion at high content (Figure 1). In particular, the type, density,
and sulfation of GAGs are highly variable parameters in vivo that
depend on the tissue, pathology, or age, and should be consid-
ered in the design of biomaterials. To address this, two major is-
sues must be considered: first, the need of methodologies for the
synthesis/preparation of well-defined GAG structures, includ-
ing highly pure, structurally defined oligosaccharides in substan-
tial quantities; second, the implementation of high-throughput
techniques to analyze the interactions between GAGs and other
biomolecules such as GFs, and to evaluate their impact on cellu-
lar responses in vitro. Automated strategies for biomaterial fabri-
cation and cell behavior analysis have recently emerged.[33,34] We
anticipate that novel high-content methodologies for the study of
GAG–GF interactions and the role of GAGs mediated presenta-
tion of GFs on cellular responses will emerge and will be further
developed.

2. GAGs: Structure, Biological Functions, and
Biomaterial Applications

2.1. The GAG Family

GAGs constitute a family of complex polysaccharides, encom-
passing heparin (Hep), heparan sulfate (HS), chondroitin sulfate
(CS), dermatan sulfate (DS), keratan sulfate (KS), and hyaluronic
acid (HA). GAG chains are constituted by the repetition of a
disaccharide unit, composed of an amino sugar (either glu-
cosamine or galactosamine) and a hexuronic acid (glucuronic
or iduronic acid). The nature of the saccharide constituents de-
fines each GAG type and has been previously reviewed.[17] With
the exception of HA, these chains are covalently bound to a pro-
tein core, forming a proteoglycan (PG) in a well-defined man-
ner. Depending on their protein core, PGs can carry between
one to more than a hundred GAG chains of one or different
GAG types,[35] and can be found in various locations, includ-
ing the ECM, cell surfaces, the circulation, or even intracellular
vesicles.[36] GAGs are synthesized directly in the Golgi, starting
with the addition of a tetrasaccharide linker to a serine residue
(alternatively, threonine or asparagine for KS) of the protein core.
Next, they are further elongated and modified by many biosynthe-
sis enzymes.[9,37–41] The most crucial modifications involve the
transfer of sulfate groups to specific positions of the disaccha-
ride units, which are catalyzed by various sulfotransferase en-
zymes. By controlling precisely the positions of sulfate groups
along the GAG chain, these sulfation enzymes generate a wide
array of sulfated saccharide sequences, resulting in tremendous
structural diversity. These various combinations of highly nega-
tively charged sulfate groups mediate interactions with a multi-
tude of proteins. A recent extensive literature review unveiled the
existence of more than 3400 distinct GAG-binding proteins.[42]

Through these interactions, GAGs regulate protein activity, struc-
tural conformation, interaction with cell receptors, and spatial
localization.[43,44] Consequently, GAGs govern a large number
of biological functions in the organism.[8] Mutations of the
genes associated to GAG biosynthesis often lead to phenotypi-
cal defects.[9] This suggests that GAG biosynthesis is highly reg-
ulated with evidence indicating the existence of compensatory
effects between different GAGs. Notably, alterations of both
HS length and sulfation in chondrocytes have been correlated
with a strong increase in CS content.[45,46] Furthermore, GAGs
play pivotal roles in ECM architecture, cohesion, and hydration,
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conferring unique mechanical properties of tissues, such as skin,
cartilage, synovial fluids, or vitreous humor.[47]

2.2. Tissue Prevalence, Biological Function of GAGs, and Their
Biomaterial Applications

Altogether, the remarkable physical and biological functions
of GAGs make them excellent candidates for biomaterial
applications, particularly in the field of tissue regeneration
(Table 1).[17–20,22,23,48–50]

Structurally, GAGs are categorized according to the nature of
their saccharide backbone and sulfation patterns. HA, Hep, HS,
and KS belong to the glucosaminoglycan subfamily, character-
ized by a glucosamine-containing disaccharide unit while CS and
DS belong to the galactosaminoglycans family since their dis-
accharide units contain a galactosamine. HA is the structurally
simplest GAG, as it is not sulfated and never linked to a PG but
synthesized at the cell surface.

As reported in Table 1, except HS which is produced ubiqui-
tously in the body at the cell surface of virtually all cell types,
and is present in the ECM of all tissues, the other GAGs are
tissue-specific. In particular, Hep has been first extracted from
the liver but is also present in the intracellular granules of mast
cells, lung arteries, skin, and in the bipotential glial progen-
itor cells. CS is found attached to aggrecan in cartilage.[41,51]

KS is predominantly found in the cornea, central and periph-
eral nervous systems, cartilage, and bone. DS is also widely
distributed, notably in skin, blood vessels, heart valves, cornea,
tendons, and lungs. HA is abundantly found in soft tissues
such as synovial fluid, articular cartilage, skin, vitreous hu-
mor, ECM of loose connective tissues and in the umbilical
cord.

The functions of GAGs are really vast and summarized in
Table 1. Several GAGs (HA, CS, DS, and KS) share the common
role of ECM formation, hydration, preservation, and resilience
to compression. HA also regulates cell adhesion and motility
through interactions with its cell-surface receptors CD44 and
RHAMM.[52,53] Many studies have reported that HA biological
functions vary depending on its molecular weight,[54] high molec-
ular weight HA being generally associated with tissue home-
ostasis and exhibits anti-inflammatory, anti-proliferative, anti-
angiogenic, and anti-metastatic activities. Conversely, low molec-
ular weight HA is often considered as an alarm signal related to
inflammation, angiogenesis, and metastasis.[54] In cartilage, CS
is mostly found attached to aggrecan, and confers its elasticity
and anti-inflammatory properties to the tissue.[41,51] In the ner-
vous system, CS chains serve as cues for guiding neural devel-
opment and regeneration.[19,55] CS, particularly CS-E, plays also
a role in angiogenesis.[56] DS is involved in various biological
functions including wound repair, ECM assembly with collagen
fibers, inflammation, anti-coagulation, neural guidance and de-
velopment, cell proliferation, invasion, and metastasis.[6,57] KS
contributes to neural guidance, development, and regeneration,
notably playing a role in promoting neuron–glial cell interac-
tions, myelination, and axonal repair.[58] Hep, beyond its antico-
agulant properties, can also inhibit cell proliferation, inflamma-
tion, and tumor metastasis.[59] HS participates in a wide range
of functions, including cell differentiation, tissue morphogene-

sis, cell interactions and proliferation, and interaction with GFs,
cytokines, and cell adhesion molecules.[2,4,60–67]

Each GAG can exert various biological functions, which are
often dictated by their interactions with specific proteins, as de-
scribed elsewhere.[68]

Hep and HA are the most advanced GAGs for biomaterial
applications. Indeed, due to its large binding properties, many
Hep-based biomaterials have been developed for biomedical ap-
plications, particularly in tissue engineering. Medical devices in-
corporating Hep for its anticoagulant properties have been suc-
cessfully validated in clinical trials and are now commercially
available.[69] HA is prevalent in a wide range of cosmetics and
is in clinical trials for wound repair using different biomateri-
als like HA-based sponges,[70] or HA-based dermal substitute
membranes.[71,72] HA-based scaffolds have also been tested in
clinics for cartilage repair.[73–80]

Various CS-based biomaterials have been developed for a
broad range of applications. Notably, a membrane made of bovine
tendon collagen and CS-C successfully completed clinical tri-
als and is now commercially available for skin repair of burn
victims.[81,82] For cartilage repair, CS has already been used in
clinical trials and is commercially available, though not as a bio-
material but as an intra-articular injectable solution.[83] Along-
side, CS-based biomaterials such as hydrogels are currently be-
ing developed to repair damaged cartilage.[77–80,84,85] There are
no HS-based biomaterial under clinical trial, maybe due tothe
structural diversity of HS and its interaction with numerous pro-
teins, or to the fact that it was rather considered as a secondary
product during heparin purification. However, in vitro and in
vivo studies have investigated HS-based biomaterials as listed in
Table 1. Application of DS in biomaterials is progressing slowly
compared to the other GAGs and Table 1 illustrates emerging
developments, Surprisingly, to our knowledge, no KS-based bio-
material has been developed.

3. GAGs In Vivo: Importance of Tuning GAG
Density, Type, and Sulfation

In tissues, the type, density, length, and sulfation of GAGs are
precisely modulated. These parameters directly affect the interac-
tions with bioactive molecules and consequently modify cellular
responses. Examples of the variation of these parameters in tis-
sues are shown in Figure 2. Panel A illustrates differences in the
distribution of GAG types, as exemplified by distinct localizations
of HS and CS in mice eye sections during embryonic develop-
ment. Panel B depicts variations in the concentration of sulfated
GAGs, as in mice growth plate exhibiting well-defined areas with
high (dark blue) or low (white) concentrations. Panel C highlights
differences of GAG sulfation in tissues. This panel shows glycan
fragments detected by MALDI-FT-ICR mass spectrometry in pa-
tients with gastric cancer. Some of the glycans detected can be
attributed to GAG structures. It is possible to identify a separa-
tion between regions containing sulfated or nonsulfated glycans.

3.1. Importance of GAG type and Density In Vivo

As seen in Table 1, GAG prevalence varies across tissues
and fluids. In animal tissues, the density and distribution of
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GAGs is varying depending on tissue type but also throughout
lifetime.[177,178] The spatiotemporal distribution of GAGs within
tissues is a highly dynamic process, tightly regulated during de-
velopment, homeostasis, and in response to various physiologi-
cal and pathological stimuli. It relies on the fine balance between
GAG biosynthesis and metabolism, exerting significant influ-
ence on tissue-specific mechanical properties, cell signaling, and
overall tissue functions. As such, GAGs are intricately involved in
tissue patterning, organogenesis, and formation of morphogen
gradients (hedgehogs, TGF-𝛽, Wnt), which are particularly im-
portant in early development.[61,179–182]. Sulfated GAGs distribu-
tion also plays a crucial role in wound healing, where they or-
chestrate cell migration, proliferation, and differentiation. Addi-
tionally, production of HA at the wound site enables the forma-
tion of a provisional matrix supporting tissue repair.[183] In con-
trast, alterations in the spatiotemporal distribution of GAGs have
been frequently associated with various pathological conditions.
For example, in osteoarthritis, an imbalance in the synthesis and
degradation of CS leads to the degradation of cartilage ECM, re-
sulting in joint degeneration.[184] Similarly, altered HS biosynthe-
sis and/or catabolism have been associated with tumor growth,
angiogenesis, and metastasis.[185–187]

3.2. Importance of Sulfation in GAG-Proteins Interactions

GAGs bind to a multitude of proteins, including growth fac-
tors, cytokines, and chemokines.[43,44,60] Upon binding, GAGs
can trigger different mechanisms regulating protein activity,
such as protection from degradation, induction of conforma-
tional changes activating the protein function, or formation of
complexes with cellular receptors. Protein/GAG interactions are
mainly, though not exclusively, of electrostatic nature, involving
negatively charged carboxyl and sulfate groups of the polysaccha-
rides and clusters of basic amino acids at the surface of the pro-
teins. Consequently, the binding properties of GAGs are tightly
linked to their sulfate density and distribution.[44,188] The degree
of GAG sulfation varies among GAGs.

Hep is the most sulfated among GAGs, with ≈1.6 to 3.0 sul-
fates per disaccharide unit.[189,190] HS is less sulfated than Hep
(between 0.4 and 2.0 sulfates/disaccharide) and features a dis-
tinctive molecular organization, in which non or low sulfated
and modified (NAc domains) regions alternate with highly sul-
fated domains (NS domains).[38] CS and DS galactosaminogly-
cans can be variably sulfated, with different sulfation combina-
tions classified by letters as specific units (A, B, C, D, E, etc., see
Figure 3).[191,192] CS and DS can be distinguished by the nature of
their disaccharide unit hexuronic acid, which is glucuronic acid
for CS, and iduronic acid for DS.[9,190] Of note, DS was first been
referred to as CS-B, before the classification changed. Finally, KS
structure is atypical (a galactose residue replaces the hexuronic
acid in the disaccharide unit), for an overall sulfation degree com-
prised between 0.9 and 1.8 sulfates/disaccharide.[190]

However and despite tremendous interest, the vast structural
heterogeneity of GAGs and the lack of dedicated tools have
constituted severe limitations in the structural and functional
characterization of GAGs and GAG/protein interactions.[200] The
most documented example illustrating the impact of specific
GAG motifs on proteins is the role of Hep, which activates
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Figure 2. Schematic representation of different GAG parameters that naturally vary in animal tissues or cell cultures. A) Immunocytochemical staining of
HS and CS in mice eye sections at embryonic days 9.5, 10.5, 11.5 and 14.5. Scale bars are 25 μm. Adapted with permission.[174] Copyright 2023, MDPI.
B) Toluidine Blue staining representing the density variation of sulfated GAGs in the growth plate of wild-type mice. Adapted with permission.[175]

Copyright 2017, Elsevier. C) Ion map of N-acetylhexosamine sulfate, hexose sulfate, and hexuronic acid N-acetylhexosamine glycan fragments detected
by MALDI-FT-ICR mass spectrometry in whole tissue sections from a gastric cancer patient shows a separation between areas with sulfated glycans (red
and blue) and without nonsulfated area (green). Adapted with permission.[176] Copyright 2017, Oncotarget.

Antithrombin III (AT III) by inducing a conformational change
of the protein.[201] Significant efforts have been dedicated to iden-
tifying the precise structure within Hep responsible for medi-
ating this process, and established that AT III bioactivation is
highly specific to Hep pentasaccharide sequences featuring a cen-
tral 3-O sulfated glucosamine.[202–204] Compounds exhibiting this
sulfation motif are therefore of particular interest for their anti-
coagulation properties.

Interactions of HS with members of the fibroblast growth
factor (FGF) family, notably FGF1 and FGF2, have also been
extensively studied. In 1991, two independent research groups
demonstrated that cell-surface HS is a coreceptor of FGF2 and
is required for the growth factor biological activity.[1,205] Sub-
sequent studies highlighted distinct structural features for the
binding to these growth factors. The interaction between FGFs
and HS requires saccharide motifs of similar size (5–6 sugar

units) and saccharide content (involving N-sulfated and 2-O-
sulfated IdoA residues).[206,207] Interestingly, 6-O-sulfates were
found essential for binding to FGF1, but not to FGF2.[208,209]

FGF2 activity required the presence of 6-O-sulfates and longer
saccharide fragments (10-12 sugar units).[210] These observations
therefore highlighted different structural requirements associ-
ated to FGF1 versus FGF2-induced biological responses, pro-
viding the first evidence of an uncoupling between HS binding
properties and ligand-promoting activities. Structural imaging of
the FGF/FGFR/HS complex structure by X-ray crystallography
showed that 6-O-sulfates contributed to the stabilization of the
ternary complex by establishing contact with the FGFR.[211] Over-
all, a wealth of studies also demonstrated the importance of sulfa-
tion degree and specific sulfation motifs governing protein/GAG
interactions in various biological contexts. These include regu-
lation of the bioactivity of many signaling proteins, including

Figure 3. Sulfate combinations in CS/DS chains described with the O-,A-,B-,C-,D-,E- main units and the more rare K-,[193,194] L-,[193] M-,[193,195] R-,[196]

S-,[197] T-,[198] U-,[199] and V-[199] units. The star symbol * indicates a unit that was synthesized but not identified nor extracted from natural source.
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Figure 4. Various materials modulating specific GAG parameters to optimize their use for biomedical applications. A) Modulation of GAG type in
collagen-GAG scaffolds induces distinct differentiation pathways. Adapted with permission.[214] Copyright 2021, Elsevier. B) Modulation of GAG density
in hydrogels induces a stronger chondrogenic response for intermediate concentrations of CS, with a more important deposition of collagen II. Scale bar
is 200 μm. Adapted with permission.[216] Copyright 2017, Springer Nature. C) Modulation of GAG sulfation degree/pattern in microparticles with BMP2
induces sulfation-dependent alkaline phosphatase (ALP) expression. Adapted with permission.[219] Copyright 2015, The Royal Society of Chemistry.

cytokines and chemokines, members of the FGF family,[212] hep-
atocyte growth factor (HGF), VEGF, IGFs, and cell membrane
receptors and coreceptors.[8,201]

In a study by Gama et al., CS-A, C, E, and R (an unnatu-
ral GAG, which exhibits the same degree of sulfation as CS-
E, but at different positions) tetrasaccharides were compared
for their binding affinity to brain-derived neurotrophic factor
(BDNF), midkine and FGF1.[196] Authors showed that CS-E ex-
hibited the highest affinity with BDNF and midkine, while mid-
kine and BDNF did not bind to CS-R and FGF1 did not bind
to any CS. This demonstrates that the binding is not just re-
lated to nonspecific charge interactions, but requires specific sul-
fation patterns. These results therefore support the concept of
a “sulfation code” wherein GAGs encode functional informa-
tion in a sequence-specific manner, akin to DNA, RNA, and
proteins.

4. Modulation of GAGs Parameters for
Biomaterials Design

Given the inherent variability in GAG type, density, and sulfa-
tion profiles, a rational design of biomaterials in relation to the
specific in vivo attributes of the targeted tissue is critical for
biomedical applications. Thus, biomaterial scientists are consid-
ering these parameters when engineering GAG-based biomate-
rials (Figure 4).

4.1. Modulation of GAG Type in Biomaterials

Incorporating GAGs into biomaterials can directly influence
stem cell fate by activating some specific cell response, or indi-
rectly by modulating the binding and activity of GFs. Given the
distinct structural and functional properties of GAGs, along with
their interactions with specific partners at varying affinities, it
is expected that each GAG may differently modulate cellular re-
sponses.

When considering a biomaterial application, the choice of
which GAG to incorporate should be made judiciously to elicit
the desired effects (Table 1). Surprisingly, only a limited num-
ber of studies have addressed the effect of different GAGs on
specific cellular processes. Dewey et al. investigated the effect of
various GAGs incorporated into collagen scaffolds on osteogenic
differentiation.[213] They found that ALP level and BMP2 gene
expression, two markers of bone formation, were enhanced on
Hep and CS-C scaffolds compared to CS-A scaffolds. Interest-
ingly, CS-C notably increased the expression of SOX9, a marker
of chondrogenic differentiation, while Hep markedly enhanced
the expression of Osterix, a bone marker. These results therefore
indicate that different GAGs may promote the formation of dis-
tinct tissues. In another study, Dewey et al. assessed the impact
of different GAG types incorporated into collagen scaffolds on
endothelial tube formation. They showed that CS-C induced the
most robust endothelial tube formation compared to Hep and
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CS-A, which was correlated with higher VEGF expression.[214]

(Figure 4A). All GAGs exhibited anti-inflammatory activities, but
CS-C scaffolds led to the most pronounced reduction in IL6 lev-
els, as well as the strongest transition of macrophages from M1
to M2 phenotype. In the same study, Hep showed the best po-
tential to inhibit osteoclastogenesis. In another study, chitosan
membranes grafted with various GAGs (HS, Hep, DS, CS-A,
CS-C, and HA) were used to investigate their effects on hM-
SCs adhesion and on osteogenic, adipogenic, and chondrogenic
differentiation induced by TGF-𝛽.[215] Results showed that hM-
SCs adhered more effectively on HS and HA compared to other
GAGs. Furthermore, adipogenic differentiation was predomi-
nantly enhanced by HA-chitosan membranes, albeit only at the
lowest GAG density. The addition of TGF-𝛽 to the different GAG-
modified chitosan membranes revealed that Hep and HA pri-
marily induced chondrogenic differentiation of MSCs, compared
to CS-A. With the aim of developing a biomaterial for tendon
tissue engineering, Hortensius et al. engineered collagen-GAG
scaffolds via freeze drying with either HA, CS, or Hep.[168] They
analyzed the cell proliferation and the expression of phenotypic
markers in tenocytes cultured In these scaffolds containing IGF-
1 growth factor. The authors observed an increase of COL1A2
proliferation marker associated with a decrease in tenascin-C ten-
don phenotypic marker with Hep, in contrast to HA-scaffolds.
Due to the limited amount of studies that compared the role of
GAGs on cellular responses, it is, so far, complicated to drive con-
clusions and to recommend a specific GAG for a specific bioma-
terial application.

4.2. Modulation of GAG Density in Biomaterials

As previously shown, GAG density is an important parameter for
GAG function in vivo. Thus, for designing biomaterials, it is cru-
cial to consider the GAG density of the targeted tissue, since it
may impact cells behavior and biological responses, ultimately
impacting the tissue regeneration properties of the biomaterial.
The control of the GAG density in a biomaterial is complicated
since it depends on the way of immobilization of the GAG. In a
study by Wang and Yang, methacrylated HS and CS at different
densities were incorporated in hydrogels of different stiffness to
assess effects on the induction of hMSC chondrogenic differenti-
ation (Figure 4B).[216] They observed that chondrogenesis was en-
hanced with CS compared to HS, particularly in softer hydrogels.
The highest neocartilage deposition of collagen types I and II and
sulfated GAGs was achieved using intermediate CS concentra-
tions, thus highlighting the importance of precisely regulating
GAG density in tissues to induce specific and optimized cellular
responses. In another study, collagen-GAG scaffolds were gener-
ated via freeze-drying and osteoblasts were cultured on them for
seven days.[217] Both collagen and GAG concentrations were ad-
justed to produce different scaffolds, on which cell number and
metabolic activity were analyzed. Results showed that the highest
metabolic activity and cell number were attained with the high-
est GAG concentration scaffolds. Another interesting study used
PG-mimetic graft copolymers with tunable GAG density.[218]

Both CS- and Hep-containing graft copolymers successfully de-
livered FGF-2 to cells, with the Hep low-density copolymer
outperforming higher-density counterparts. Such biomaterials

could be of great interest for future investigations into the role of
GAG density directly on PG’ core protein. Nevertheless, further
investigations on GAG density in biomaterials are greatly needed
for achieving a more accurate replication of tissue structure and
functions.

4.3. Modulation of GAG Sulfation in Biomaterials

Given the importance of GAG sulfation in vivo (see Section 3),
the control of sulfation degree and patterns of GAGs in bioma-
terials is of paramount importance for defining their biological
properties (Figure 4C). Cellular studies using CS tetrasaccharide
coatings showed that CS-E enhanced neurite outgrowth of dif-
ferent types of neurons including dopaminergic, DRG, and hip-
pocampal neurons.[196] This is explained by the ability of CS-E
sulfation sequence to recruit specific growth factors to the cell
surface, thereby activating downstream signaling pathways. In
another study Tellier et al. coated microparticles with either Hep,
N- or N,6-O-desulfated Hep or fully desulfated Hep to assess
how Hep sulfation pattern regulates BMP2-induced ALP expres-
sion in C2C12 cells (Figure 4C).[219] The microparticles coated
with the most sulfated compounds (Hep and N-desulfated Hep),
combined with BMP2, elicited enhanced ALP expression com-
pared to soluble BMP2. Conversely, microparticles carrying N,6-
O-desulfated Hep or fully desulfated Hep failed to promote ALP
expression with BMP2. This suggests that N-sulfation may not be
crucial for efficient Hep-mediated BMP2 bioactivity. However, it
is worth noting that another study did not support these findings,
showing that N-sulfation of HS plays a significant role in both the
binding and bioactivity of BMP2.[220] In this latter study, oligosac-
charides of different sizes were used to define the minimum HS
oligosaccharide length required for BMP2 binding. SPR compet-
itive binding experiments were then performed to assess the abil-
ity of selectively desulfated Hep to compete with surface-bound
Hep for binding to BMP2. Results showed that N-sulfation is crit-
ical for BMP2 binding, followed by 6-O and 2-O sulfations. C2C12
cells were exposed to BMP2 that had been previously bound to
soluble oligosaccharides, and BMP2 bioactivity was assessed by
measuring osteogenic gene transcription, ALP activity at 5 days,
and mineralization at 12 days. Results further supported the im-
portance of N-sulfation. It is worth noting that in this study, the
oligosaccharides were presented in solution for in vitro assays,
and on a polycaprolactone tube combined with a collagen sponge
for in vivo assays. Since GAGs are normally presented via the pro-
tein core of PGs, these different presentation modes of the GAG
oligosaccharides may influence their interactions with BMP2.
Likewise, in the study of Tellier et al., the Hep was neither in
the ideal biomimetic conformation, since it was not grafted by
its reducing end but was interacting with the microparticles via
the multiple thiolation of Hep derivatives. The same group de-
veloped a cell coating with layers of biotin and avidin function-
alized directly on MSC aggregates, onto which biotinylated Hep
were attached, to bind TGF-𝛽1 or FGF2 growth factors.[221] In this
study, the authors observed that FGF2 loaded on highly sulfated
Hep triggered greater proliferation compared to FGF2 loaded
on desulfated Hep. With TGF-𝛽1, they observed a significant in-
crease of chondrogenic differentiation, with strong upregulation
of collagen II and collagen X gene expression. Interestingly, this
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Table 2. Comparison of the different methods for the production of defined GAG compounds based on various criteria: simplicity to establish the
technique in a laboratory, time-saving characteristics, purity of the produced materials, and control over the structural features of the GAG materials
produced, in terms of sulfation and length. The methods are also compared upon a “versatility” criterion that represents their potential applicability
in various experimental contexts, such as cell-based assays, whole PG synthesis, or in vivo assays. The two methods in light brown font correspond
to straightforward chemical approaches typically used for sulfation modification of large GAG chains. The cell-based biosynthesis method, as the only
genetics-based method, is shown with a blue font. The three methods in purple are particularly adapted for the synthesis of GAG-oligosaccharides.
Commercial libraries, in black font, have emerged from the development of these other methods.

Simplicity Time saving Purity Control of GAG structure Versatility

++ ++ - - -

++ ++ - - -

- - - + ++

- - +++ +++ +

- - +++ +++ +

+/- +/- + ++ +/-

Chemical desulfation 

Chemical sulfation

Cell-based biosynthesis 

Chemical synthesis 

Chemo-enzymatic synthesis 

Purification

Commercial libraries +++ +++ +++ + -

effect was more pronounced with the low-sulfated Hep than with
the high-sulfated one, providing further evidence of the crucial
role of sulfation. Another study demonstrated that porcine aor-
tic endothelial cell proliferation was more effectively stimulated
by collagen hydrogels containing sulfated-HA compared to HA
hydrogels, independently of the presence of VEGF165.[222] Atal-
lah et al. developed injectable hydrogels displaying Hep chains
with variable sulfation patterns and observed the proliferation
and migration of hMSCs.[223] Depending on the Hep sulfation
pattern, distinct gradient distributions of platelet-derived growth
factor-BB (PDGF-BB) were established, due to different interac-
tion dynamics with the GF. They subsequently observed a slight
increase in MSC proliferation and migration for the Hep hydro-
gels compared to the control, and a significant increase in pro-
liferation and migration for the hydrogels with N,6-O-desulfated
Hep that correlated well with the time-dependent difference in
the PDGF-BB gradient formed in the various hydrogels. In a
study of Feng et al., the chondrogenic differentiation of hMSCs
encapsulated in methacrylated HA-hydrogels was investigated
based on the sulfation degree of chemically modified HA.[224]

After 14 and 28 days of culture in chondrogenic medium with
TGF-𝛽1, the expression of aggrecan and collagen II chondro-
genic genes was increased in correlation with HA sulfation de-
gree. A similar study compared the chondrogenic differentia-
tion of MSCs encapsulated in PEG-based hydrogels containing
CS or its nonsulfated form chondroitin. Surprisingly, they ob-
tained opposite results in relation to GAG sulfation. MSCs in
chondroitin hydrogels exhibited significantly greater gene ex-
pression of collagen II and aggrecan compared to CS hydro-
gels after 21 days of culture in chondrogenic medium containing
TGF-𝛽1. They even observed a greater early expression of SOX9
on day 7, suggesting that nonsulfated chondroitin materials may
promote chondrogenic differentiation more efficiently than CS
materials.[225] Therefore, the choice of GAG sulfation degree or
pattern for biomaterial applications should be carefully consid-
ered, depending on the specific tissue targeted for engineering
applications. The sulfation pattern of GAGs has been consis-
tently studied for a significant number of growth factors. The
development of novel methods for synthesizing defined sulfated
GAGs and oligosaccharide structures has made these advances
possible.

5. Synthesis of Defined Sulfated GAGs and
Oligosaccharides

A major challenge for studying GAGs and their mechanisms lies
in the preparation of pure and well-characterized GAG materi-
als, with defined length or sulfation patterns. To address this,
various strategies can be adopted (Figure 5). We have listed and
assessed these strategies (Table 2) based on several key parame-
ters. These include the simplicity and efficiency of their imple-
mentation, the degree of purity achieved, and the control of the
obtained GAG structures in terms of length, sequence, and sul-
fation. We have also evaluated them on a “versatility” criterion,
by assessing their potential for translation in other research ap-
plications, such as cell-based assays, complete proteoglycan syn-
thesis, or in vivo assays necessitating substantial quantities of
material.

5.1. Specific Desulfation

Methods for specific desulfation of sulfated carbohydrates can
use different chemical strategies, including acid-catalyzed desul-
fation, solvolytic desulfation, alkali-catalyzed desulfation, and
desulfation mediated by silylating reagents.[86,226–228]

For Hep and HS, chemical treatments have been devel-
oped to achieve specific 2-O, 6-O, or N-desulfation and are
now commonly used.[223,229–234] N-desulfation is typically car-
ried out through solvolytic desulfation with dimethyl sulfoxide
(DMSO) containing methanol, without depolymerization of HS
chains and minimal O-desulfation.[235] Specific 2-O desulfation
is generally achieved using sodium hydroxide treatment.[231] Al-
though this treatment does not alter other sulfation motifs, it
leads to chain depolymerization, resulting in a ≈25% reduction
of Hep chain molecular weight.[231] The 6-O specific desulfa-
tion is generally performed using N-methyl-N-(trimethylsilyl)-
trifluoro acetamide (MTSTFA) silylating reagent, enabling con-
trol of the desulfation degree through temperature and reaction
time.[236,237] Complete 6-O desulfation of Hep results in a loss of
≈20% of 2-O sulfate groups, without any other structural alter-
ation or depolymerization.[238] In contrast, the specific removal
of 3-O sulfate groups cannot be achieved without affecting other
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Figure 5. Schematic representation of the various methods for the preparation of GAG compounds with defined length, type of sulfation, and sulfation
pattern. The two beige-background approaches are commonly used chemical methods for modifying GAG sulfation, using natural sources of polysaccha-
ride. Chemical desulfation consists in using regioselective solvent-based reactions to selectively remove sulfate groups at specific positions. Conversely,
chemical sulfation uses SO3

− complexes to add sulfate groups at specific locations on the GAG disaccharide unit. An alternative strategy is the recently
reported cell-based biosynthesis approach (shown with a blue background), which involves manipulating CHO cells through knock-in or knock-out of
various GAG-biosynthesis genes, to produce cell-surface GAGs with tailored sulfation patterns. The three light purple-background methods are par-
ticularly adapted for the synthesis of GAG oligosaccharides. The “purification” approach consists in using a natural source of GAGs. GAG chains are
depolymerized with digestion enzymes, and the generated oligosaccharides are purified according to size or charge using chromatography techniques.
The chemo-enzymatic synthesis approach is based on the use of recombinant polymerase enzymes with sugar donors to generate oligosaccharide
chains or sulfotransferases with 3′-phosphoadenosine-5′-phosphosulfate (PAPS) sulfate donor to introduce sulfate groups at specific positions of the
disaccharide motif. Alternatively, full chemical synthesis methods use combinations of monosaccharide or disaccharide building blocks to generate
structurally defined oligosaccharides.

sulfation sites. Lyophilization of Hep under extreme alkaline con-
ditions induces selective loss of 2-O and 3-O sulfates, while leav-
ing intact 6-O and N-sulfation.[239] These strategies are suitable
for examining the overall importance of one type of sulfation,
but do not allow the study of precise sulfation sequences. An-
other strategy for the selective desulfation of HS involves diges-
tion of HS or Hep by sulfatase enzymes.[240] Human Sulf1 and
Sulf2 (hSulf1 and hSulf2) are the only known extracellular post-
synthetic HS modifying enzyme, with a substrate specificity for
6-O sulfation motifs. More precisely, hSulf2 essentially targets
HexA(2S)-GlcNS(6S) trisulfated disaccharides, which are then
converted into HexA(2S)-GlcNS disaccharides. hSulf2 has been
shown to reduce dramatically the FGF1/FGF2-induced prolifer-
ation of FGFR1-IIIc-transfected BaF32 cells.[241] This result sup-
ports further the previously reported requirement of HS 6-O sul-
fation for promoting the bioactivity of these growth factors.[210,242]

In addition, the authors showed that hSulf2 differentially regu-
lated FGF1 and FGF2, thereby highlighting the involvement of
specific 6-O sulfation pattern in these mechanisms.[241] However,
this enzymatic desulfation approach is limited by the lack of sul-
fatases with alternative substrate specificities. The identification
of new enzymes may pave the way for the development of novel
strategies for preparation of GAG compounds.

Chondroitin, the nonsulfated version of CS can be obtained
from the reaction of CS with acidic methanol,[225,243] or in DMSO
with a small amount of methanol.[244] These desulfation meth-
ods can also be applied to other GAGs, such as DS or KS.[232] For
CS, regioselective methods for 4-O and 6-O desulfation have been
established.[245] The 6-O desulfated CS can be obtained with MT-
STFA agent without any depolymerization. A DMSO/methanol-
based method was recently reported as an efficient regioselec-
tive method for the preparation of 4-O desulfated CS, albeit with
some depolymerization. Surprisingly, the conditions used are
very similar to the method of Nagasawa et al. for the prepara-
tion of chondroitin via global 4-O and 6-O desulfation of CS,[244]

suggesting that minor protocol modifications may affect the re-
action.

5.2. Specific Sulfation

An alternative strategy for studying sulfation of GAGs involves
the chemical sulfation of nonsulfated precursors such as HA,
heparosan (nonsulfated HS), or chondroitin (nonsulfated CS).

For CS, the regioselective sulfation at the C-6 hydroxyl of the
GalNAc with limited sulfation at the C-2 hydroxyl of the GlcA can
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be achieved using SO3
−-pyridine complex in dimethylformamide

(DMF) at 0 °C.[246,247]

For HS, chemically sulfated chains can be obtained from the
sulfation of heparosan. Effective O-sulfation requires prior N-
sulfation of the heparosan chain. First, heparosan must undergo
N-deacetylation with NaOH, followed by N-sulfation in Na2CO3
at 40–50 °C with SO3

−-pyridine complex or SO3
−-trimethylamine

complex. The resulting N-sulfated HS can then be regioselec-
tively O-sulfated at the C-6 hydroxyl of the GlcNS, with residual
sulfation at the C-2 or C-3 hydroxyls of the GlcA.[226] This ap-
proach has been used in other studies for sulfation of HA with
similar regioselectivity of the C-6 hydroxyl of the GlcNAc, fol-
lowed by sulfation at the C-4 of the GlcNAc and at the C-2 and
C-3 of the GlcA.[224,248,249]

5.3. Cell-Based Biosynthesis

Due to the complexity of GAG structures, recent research has
turned towards producing GAGs using genetically modified cells
to avoid complex chemistry or chemoenzymatic steps. Dr. Jef-
frey Esko’s pioneering work in the 1980s in genetically modifying
CHO-K1 cells laid the foundation for the establishment of a com-
prehensive cell library with specific knock-in (KI) and knock-out
(KO) of GAG biosynthesis enzymes. Such a library referred to as
the GAGOme, has been recently developed by Chen et al. and
comprises various cell lines with distinct CS/DS and HS biosyn-
thetic capabilities.[250] In total, 28 different genes of biosynthe-
sis enzymes have been targeted to generate cell lines displaying
unique GAG structural features. However, while the recovery of
GAGs from the cell lysates is feasible, the purity of the samples
obtained remains an issue and could be affected by the presence
of undesired components. Additionally, GAG-biosynthesis en-
zymes may not catalyze structural modifications on all available
substrates, yielding intravariation in GAG chains with enzyme-
processed and -unprocessed domains. Nevertheless, this genetic
approach is highly versatile (Table 2) and holds huge potential
as it allows for direct cell-based assays, or to synthesize entire
PGs and xyloside-primed GAG chains, which can subsequently
be used in microarray applications (see Section 6).

5.4. Preparation of Well-Defined GAG Oligosaccharides

5.4.1. Purification

While natural GAGs from extractions offer a wide range of
structural diversity and physiological relevance, they also ex-
hibit significant structural heterogeneity. Alternatively, libraries
of oligosaccharides with defined size and charges can be gen-
erated using a combination of different depolymerization and
purification strategies. For this, GAG chains are first depolymer-
ized into smaller fragments through enzymatic digestion. Differ-
ent enzymes can be used, yielding different fragment structures.
For example, heparinase III enzyme primarily cleaves HS/Hep in
the low-sulfated NAc regions, releasing highly sulfated fragments
from the NS domains. GAG samples are then purified by size-
exclusion chromatography to separate them by their polymeriza-
tion degree (dp2, dp4, etc.). The generated oligosaccharides can

be further separated according to charge by various chromatog-
raphy techniques, such as anion-exchange chromatography or
reverse-phase ion-pair liquid chromatography, to isolate fractions
with distinct sulfation patterns (see reviews).[251–253] However,
due to the inherent charge heterogeneity of related oligosac-
charides, it is likely to collect fractions comprising coeluting
compounds. To improve separation resolution, columns modi-
fied with cetyltrimethylammonium salts (CTA-SAX) were used
in combination with volatile ammonium bicarbonate salt and
enabled distinction of Hep hexasaccharide isomeric structures,
which could not be achieved using conventional methods.[254]

Another advantage of the strategy is the straightforward removal
of the volatile ammonium salt through evaporation rather than by
dialysis, reducing considerably sample loss and enabling direct
coupling to mass spectrometry analysis. Polyacrylamide Gel Elec-
trophoresis (PAGE) has also demonstrated interesting separating
properties, achieving resolution of oligosaccharide species that
could not be differentiated with conventional chromatography
methods. Consequently, oligosaccharide coeluting species ob-
tained by strong-anion exchange high-performance liquid chro-
matography could be further resolved by PAGE, yielding pure
compounds.[255] The preparation of oligosaccharide libraries us-
ing these purification strategies requires both time and expertise,
but is more straightforward and accessible compared to oligosac-
charide synthesis approaches (Table 2). However, access to spe-
cific oligosaccharide structures is limited to those present in
naturally occurring GAGs, by the resolution limits of the avail-
able separation techniques, especially for closely related struc-
tures and large oligosaccharides. Furthermore, the quantities of
oligosaccharides that can be produced remain limited by the
scale-up capacities of preparative chromatographies.[256] Another
general constraint is that selective depolymerization enzymes are
available for HS but not for CS. Consequently, libraries of CS
oligosaccharides with defined structures still remain very chal-
lenging to produce.

5.4.2. Chemo-Enzymatic Synthesis

Chemo-enzymatic synthesis combines chemical reactions with
the use of natural GAG-biosynthesis enzymes for oligosaccha-
ride chain elongation and sulfate transfer. Thanks to the unique
properties of these enzymes, this approach circumvents the tech-
nical challenges of chemical synthesis (see next section) such as
regio- and stereo-selectivity, and avoids the need for numerous
steps of group protection and deprotection for the transfer of sul-
fate groups at specific positions.

The activity and functional specificities of a large number of
GAG biosynthesis enzymes are well characterized and have fa-
cilitated their use for the production of defined oligosaccharides.
Elongation enzymes catalyze the transfer of monosaccharide
compounds with the adequate glycosidic linkage. These enzymes
rely on the presence of uridine diphosphate (UDP) sugar donors
such as UDP-GlcNAc, UDP-GlcA, UDP-Glc, UDP-Gal, or UDP-
GalNAc. Sulfation enzymes transfer sulfate groups at specific po-
sitions using 3′-phosphoadenosine-5′-phosphosulfate (PAPS) as
sulfate donor. The order of execution of successive reactions must
be carefully designed to be compatible with the enzyme sub-
strate specificities and to improve reaction yields. Various reviews
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provide more in-depth information about chemo-enzymatic syn-
thesis and the different aspects of the approach.[257–260] While
highly effective, the chemo-enzymatic strategy is complex and re-
quires strong expertise in the production of recombinant biosyn-
thesis enzymes, their roles and substrate specificities. Further-
more, the preparation of defined oligosaccharides requires the
availability of a wide range of enzymes, sugars and sulfate donors,
representing a considerable initial investment. Although com-
plex and time-consuming, this method yields oligosaccharides
with exceptional purity and controlled structure. Quantities pro-
duced with this approach are suitable for in vivo assays, therefore
accounting for its versatility potential in Table 2. The enzymatic
approach may also be used for sulfation of large GAG polysac-
charide chains starting from nonsulfated heparosan or chon-
droitin, or to increase specific sulfation types in natural GAG
samples.[261,262]

5.4.3. Chemical Synthesis

The chemical synthesis of GAG oligosaccharides is based on the
use of monosaccharides or disaccharides building blocks with
protection groups in well-defined positions. Chain elongation is
achieved by assembling these building blocks while controlling
the stereochemistry of the glycosidic bonds formation and sul-
fation of specific positions is achieved following de-protection of
the targeted groups. The introduction of hexuronic acid moieties
is however an additional challenge due to their low reactivity.
Chemical synthesis can be carried out either in solution-phase
or on-resin (automated solid-phase synthesis) to facilitate the re-
moval of side products after each reaction. More details of the
different strategies of chemical GAG oligosaccharide synthesis
have been reviewed elsewhere.[263–265] The control of the various
steps of the process is highly challenging and requires strong ex-
pertise in chemistry to properly design the successive reactions.
Only a few research groups worldwide have the equipment and
skills to achieve the chemical synthesis of large oligosaccharide
libraries. However, the purity and the structural control of the
chemically synthesized oligosaccharides are excellent.[266] Simi-
lar to chemo-enzymatic synthesis, quantities obtained are sub-
stantial and therefore compatible with in vivo assays.

5.4.4. Commercial GAG-Oligosaccharide Libraries

Thanks to the development of the above-mentioned techniques,
a wide range of GAG compounds and oligosaccharides with de-
fined length and sulfation pattern are readily accessible through
commercial sources (Biosynth, Creative Biolabs, Glycan Thera-
peutics, Iduron, etc.). Since most of these commercially available
compounds are produced using chemical, chemo-enzymatic and
to a lesser extent purification approaches, commercial libraries
facilitate access to defined oligosaccharide structures with high
purity. Although the structural diversity is limited to the available
compounds, the repertoire of structures is expanding rapidly and
some companies offer custom synthesis service, which may pro-
vide a solution to address specific structural requirements. Fur-
thermore, the cost of oligosaccharide compounds is relatively low
compared to the time and effort required for the preparation of
oligosaccharide libraries.

6. Characterization and Quantification of GAGs:
From Molecular to Cellular Interactions with
GAG-Based Biomaterials Using High Content
Tools

As discussed earlier, the extensive functional repertoire of GAGs
is intricately linked to their structure and sulfation patterns. This
underscores the necessity for precise structural information on
naturally occurring GAGs, for tailoring GAG structures in bio-
materials to achieve specific biological properties. However, be-
cause of their natural diversity and complexity, quantifying and
characterizing sulfated GAGs from tissues remains a formidable
challenge, greatly impeding the development of new biomaterial
applications.

As described above, various biomaterials have been developed
to study different parameters of GAG presentation and structure,
but only a few studies combine molecular information with cellu-
lar responses. Both approaches are time-consuming and compli-
cated to achieve within the same experiment. Compared to genet-
ics and proteomics, the field of glycobiology needs new tools and
innovative biomaterials to accelerate and enhance the through-
put for both molecular and cellular studies.

In this section, we review the state-of-the-art techniques used
for the identification and characterization of GAGs, their sulfa-
tion pattern, and GAG-protein interactions, including their bind-
ing dynamics. We then present the recent developments using
automation to study GAG-growth factor interactions and to quan-
tify cellular responses to GAG-based biomaterials

6.1. Quantification of GAGs in Tissues

Quantification of GAGs in tissues can be complex. Determining
GAG concentrations in body fluids such as urine plasma and
serum is relatively straightforward and can be performed with
ultra-high-performance liquid chromatography (UHPLC), cou-
pled with mass spectrometry or fluorescent derivatization detec-
tion techniques.[175,267,268] In soft and solid tissues, however, as-
sessing GAG content is more complex, and only a few quanti-
tative values of tissue-specific GAG density are available in the
literature, especially for human tissues. Various colorimetric as-
says such as Azure A, toluidine blue, and 1,9-dimethyl-methylene
blue (DMMB) enable the quantitative measurement of sulfated
GAG content. It is however worth noting that these assays may
be biased by other nonsulfated poly-anions such as DNA, RNA, or
HA, as well as variations in sulfation degree between GAG sam-
ples and standards.[269,270] Alternatively, the chemical carbazole
assay allows for the recognition of all GAGs except KS, with-
out interference from GAG sulfation.[270] All these assays re-
quire predigestion of tissue samples and generally a purification
step to reduce possible artifacts of the assays caused by chloride
ions, or other poly-anions. In clinics, several relatively noninva-
sive techniques based on MRI or computed tomography (CT)
have been developed for the estimation of GAG concentration
in cartilage.[271–274]

For structural analysis, specific monoclonal GAG-antibodies
can be employed on explant tissues to qualitatively evaluate
GAG composition, spatial distribution, and sulfation. However,
the heterogeneity of GAGs and the unclear epitope recognition
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specificities of anti-GAG antibodies limit their use for quantita-
tive measurements.[55,275,276] The current gold standard for natu-
rally occurring GAG structural studies is the disaccharide com-
position analysis, which has been successfully applied to GAGs
purified from tissues, requiring only limited material quantities.
This is achieved by exhaustive enzymatic GAG chain depolymer-
ization, and analysis of the generated GAG disaccharides us-
ing various standard separation techniques (SAX-HPLC, RPIP-
HPLC, HILIC, or capillary electrophoresis, etc.) coupled to MS
or fluorescent derivatization approaches.[178,253,277–283] However,
compositional analysis only provides partial structural informa-
tion. Recent developments in analytical approaches are now offer-
ing new solutions to address this issue, enabling detailed struc-
tural characterization, up to GAG chain sequencing (for review,
see Pérez et al., 2023).[200] However, to date, there have been very
few reported applications on tissue samples using these emerg-
ing technologies.

6.2. Immobilization of GAGs on a Support

Advanced screening applications, such as microarrays (see Sec-
tion 6.4), biosensors, and biomaterials, require immobilization
of GAGs on a support, which can be a 2D surface or a 3D scaf-
fold. For this, site-specific conjugation should be preferred over
the physio-adsorption of GAGs on a support, since this strategy
preserves GAG native structure and therefore its bioactivity and
ability to interact with proteins.[284] As reviewed by Köwitsch et
al. and Gemma et al., GAGs feature multiple reactive groups that
can be used for functionalization, such as the saccharide reduc-
ing and nonreducing ends.[285,286] For biomaterials applications,
functionalization through their reducing end is the most effec-
tive and straightforward strategy to achieve end-on (single point)
attachment of GAGs. This method of immobilization is the most
recommended, as it mimics the natural orientation of GAGs
on proteoglycans. In the past, hydrazone ligation was a popular
method for conjugating the reducing end of GAGs.[287–289] How-
ever, it was found to be inefficient for long GAG chains and unsta-
ble in aqueous solution.[290] Functionalization of GAG reducing
end through oxime ligation is now favored, as it shows both im-
proved yields and stability.[291] Interestingly, a range of oxiamine
functionalizing agents are commercially available, including ox-
iamine biotin linkers.

In contrast, functionalizing the nonreducing end of GAGs re-
mains challenging with only a few methods available.[286,292]

6.3. Techniques to Characterize Molecular Interactions

Numerous techniques are available for characterizing molecular
interactions. While specific interactions of GAGs with proteins,
such as AT III and FGF2, have been demonstrated and exten-
sively studied, the majority of GAG-binding proteins have only
been identified by simple screening without a deeper investiga-
tion of the interaction dynamics.

Techniques, such as ELISA,[293,294] fluorescence binding as-
says or fluorescence polarization assays, [295–297] have been fre-
quently used for studying GAG/protein interactions. However,
techniques based on optical biosensors are currently consid-
ered most effective.[298] Surface plasmon resonance (SPR) is the

reference for measuring kinetics constants, including the as-
sociation rate constant (ka or kon), the dissociation rate con-
stant (kd or koff), and the dissociation equilibrium constant (KD

= kd

ka
). BioLayer Interferometry (BLI) was developed more re-

cently and provides higher throughput capacity. SPR is a flow-
operated technique, while BLI operates with analytes in solution
in a 96-well plate, agitated at high speed to circumvent mass-
transport limitations. SPR has been widely used for the analysis
of GAG/protein interactions, revealing complex binding mech-
anisms, such as positive cooperative interaction of chemokine
RANTES to Hep.[299] In contrast, there are still relatively few re-
ported studies of GAG/protein interactions using the more re-
cent BLI technique.[300] It should be noted that these techniques
are not inherently specific to GAGs and their application to GAG-
protein interaction studies may necessitate additional precau-
tions. Because of GAG sequence heterogeneity and possible dis-
play of multiple protein binding sites on the same polysaccharide
chain, GAG-protein interactions rarely correspond to simple in-
teraction models. However, fitting models adapted to this type
of interactions are not currently available, and the use of com-
plex fitting models is generally not recommended. Consequently,
simple 1:1 interaction models are typically used, which urges for
careful consideration of the kinetic parameters obtained.

Quartz-crystal microbalance with dissipation monitoring
(QCM-D) technique enables characterization of molecular inter-
actions at surfaces in situ.[301–304] However, due to mass transport
limitations, QCM-D cannot be generalized for measuring ka and
kd rates. QCM-D can be used to study the crosslinking of GAG
chains upon binding to different proteins,[305] the conformational
change of molecules,[306] and the effect of GAG density on molec-
ular interactions.[307]

To identify the GAG binding sites on proteins, a technique
based on GAG-coated beads has been developed. GAGs are ac-
tivated with EDC/NHS to form covalent complexes with the pro-
tein, which are subsequently proteolyzed. The fragments bound
to the GAGs are then analyzed by N-terminal sequencing per-
formed directly on the beads.[308]

Several other techniques provide additional information about
GAG/protein molecular interactions. The stoichiometry of GAG-
protein complexes can be determined using laser light scattering,
while Ion Mobility Mass Spectrometry (IMMS) can be used to
study complexes shapes. To further investigate the structure of
GAG-protein complexes and potential conformational changes,
techniques such as X-ray crystallography, NMR, and cryo-EM are
the gold standard but are highly challenging. In the literature,
only a few structures of GAG-protein complexes have been de-
termined, due to the difficulty of obtaining pure GAG species in
large quantities, and propensity of the polysaccharide to induce
protein aggregation at high concentrations. In this respect, re-
cent developments in cryo-EM may provide new insights into the
structure of GAG-protein complexes.[309]

6.4. Parallelization of GAG-Protein Molecular Interaction Assays

The last decades have been marked by the development of mi-
croarrays to study molecular interactions. Microarrays are par-
ticularly adapted for screening interactions between GAGs and
growth factors. They can be fabricated on various substrates
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including glass, silicon, or plastic. A large number of test sites can
be generated by spotting ligands on the microarray surface at spe-
cific positions. Chips can include up to several thousand spots.
The most common spotting methods are pin-based fluid trans-
fer systems and piezo-based inkjet dispenser systems.[310–312] Al-
though originally developed in the 1990s for nucleic acid re-
search, microarrays have been rapidly adapted to the study of
other molecules, such as peptides and polysaccharides. The first
carbohydrate microarrays were reported in 2002,[313–316] and the
first GAG-oligosaccharide microarray in 2006.[317] GAG com-
pounds are generally spotted on the substrate in an oriented man-
ner by chemical conjugation. The most standard immobiliza-
tion procedure involves using an NHS-coated substrate to cova-
lently attach amine-tagged oligosaccharides,[317–322] though other
chemistries including noncovalent attachments have also been
used.[323–325] The protein or growth factor of interest is then incu-
bated on top of the GAG array, and the interaction can be mon-
itored through fluorescence readout using a microarray scan-
ner, SPR imaging, or mass spectrometry (MS) (Figure 6). The
fluorescent detection approach generally requires the use of an-
tibodies or fluorophore/tag (His tag or biotin)-labeled protein,
which may in some cases interfere with the protein/GAG inter-
action. An alternative strategy involves using label-free proteins
and assessing binding by SPR imaging. Notably, the Biacore Flex-
chip SPR imaging instrument enables measurement of protein
binding to biotinylated GAGs spotted onto neutravidin-coated
gold chips, or to pyrrole−oligosaccharide electrocopolymerized
on gold chips.[326–330] MS is another label-free detection method
that can be used to analyze various GAGs simultaneously. In-
terestingly, MS has also been used in combination with glycan
arrays to study the functional specificities of glycosyltransferase
enzymes for the assembly of oligosaccharides.[331,332]

One major advantage of microarrays is the moderate amount
of protein required for performing incubation with coverslips or
incubation chambers, and screening simultaneously the binding
to numerous GAG compounds.[319,320] Only a few picomoles of
proteins are needed to screen GAG-protein interactions. Further-
more, recent robotic arrayers require only femtomolar quantities
of GAG for each spot.[264] Applications of high-throughput ca-
pacity microarrays for GAGs include the study of pathogen or
protein interaction networks. For instance, comprehensive in-
vestigations have been conducted on the interaction networks of
Leishmania pathogens and of endostatin with host ECM com-
ponents, including GAGs. This led to the discovery of new en-
dostatin GAG binding partners, namely CS and DS.[327,328] An-
other notable application of GAG microarrays is the study of
biomolecule interactions with various GAG compounds, varying
in type, length, and sulfation, to determine the structural features
required for binding. In this context, microarrays have been used
to analyze the binding of different proteins, including stromal
cell-derived factor-1𝛼 (SDF-1𝛼), interferon-𝛾 (IFN-𝛾), with differ-
ent GAGs.[330] SDF-1𝛼 exhibited strong binding to Hep, while
binding weakly to CS and DS. IFN-𝛾 bound to all GAGs, with
a preference for Hep, followed by DS and then CS.

Limited access to compounds with defined structures
has hindered the development of microarrays featuring
sulfation-defined GAG oligosaccharides, but progress in GAG-
oligosaccharide synthesis is steadily expanding the repertoire
of available compounds. In 2006, the first GAG-oligosaccharide

Figure 6. Different high-throughput detection methods adapted for mi-
croarrays. A) Microarrays can be used for fluorescent detection with a fluo-
rescent protein probe or specific antibodies. Adapted with permission.[333]

Copyright 2018, Elsevier. B) SPR imaging has also been coupled to mi-
croarrays, enabling measurement of binding curves and potential deter-
mination of kinetics parameters. Adapted with permission.[330] Copyright
2008, American Chemical Society. C) Microarrays coupled with mass spec-
trometry detection enable analysis of various GAG samples, notably for
assessing their sulfation degree. Adapted with permission.[334] Copyright
2021, Springer Nature.

microarray featured only 5 different compounds screened for
FGF1 binding.[317] This number rapidly increased to 12, used
for screening the binding of FGF1, FGF2, and FGF4.[320] In
2014, Nonaka and coworkers used 14 synthetic oligosaccharides
and identified a non-naturally occurring monosaccharide, 2,4-
O-disulfated iduronic acid, as a potential inhibitor of CCL20-HS
interaction.[335] In 2017, Yang et al. used 14 oligosaccharides
from their 21 compounds library in a microarray to probe the
binding of 3-O-sulfotransferase isoform 1 and AT III.[321] During
the same year, Zong et al. screened the binding of FGF-2 and
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Figure 7. High-throughput strategies for studying the in vitro role of GAGs on cells. A) Immobilization of Hep oligosaccharides on a microarray as
a support for cell culture. The levels of ERK and pERK were assessed by immunofluorescence after FGF2 stimulation. Adapted with permission.[340]

Copyright 2016, MDPI. B) Fabrication of GAG-based biomimetic platforms in 96-well plate with liquid-handling robot to study the signaling pathway
induced by GAG-bound BMPs. The nuclear pSMAD1/5/9 intensity was measured by immunofluorescence staining with a high-content microscope.
A dose-response curve of nuclear pSMAD1/5/9 was established for all BMPs bound to HS. Adapted with permission.[34] Copyright 2022, American
Chemical Society.

chemokines CCL2, CCL5, CCL7, CCL13, CXCL8, and CXCL10
to 47 synthesized tetrasaccharides.[322] More recently in 2021,
Chopra et al. characterized the binding of 11 proteins (AT III,
HC-II, FGF2,7,9, BMP-2, FGFR-1, RAGE, Stab-2, Nrp-1, HSV-1
gD) to 27 rare 3-O-sulfated hexasaccharides.[318] The largest
microarray featuring 95 HS structures (94 oligos + Hep) was
used by Horton et al. to screen the binding to ATIII, FGF2,
IL2 and platelet factor 4.[319] Remarkably, they determined the
binding affinities (KD constants) of AT III with 7 compounds
and of FGF2 with 29 compounds.

In another context, microarrays were used to study the
crosslinking of lectins to mucin glycans spotted at various sur-
face densities.[336] The authors found that lectins such as SBA,
WFL, and VVA exhibited valency-dependent binding, while the
HPA lectin showed strong avidities regardless of the glycan lig-
and density. However, the range of densities tested was restricted,
due to detection limits of the experimental setup.

Finally, it is worth noting that this technique requires highly
specialized equipment, potentially impeding its widespread
adoption in research laboratories.

High-throughput alternatives, including microsphere
arrays,[337] or fluorescent polarization technique,[338] have
also been used and reviewed.[264] Currently, both SPR and BLI
systems are undergoing technological developments towards
increasing their high-throughput capabilities. Such advances
could revolutionize the field, by enabling the analysis of a
large number of interactions in a single run, while providing
quantitative kinetic information (kon, koff, KD). These may lead
to the generation of large volumes of data, which will require

standardization and new conventions for efficient processing.
For instance, the extended Lawrence code for GAGs may be a
useful tool for coding and representing disaccharide units and
their sulfation.[8]

6.5. Cellular Studies at High Throughput Using GAG-Based
Biomaterials

Given the multitude of parameters (e.g., GAG type, density, and
sulfation), automated methods have started to emerge for studies
on GAG-based biomaterials. High-throughput readouts are also
needed to investigate how GAGs impact cell signaling (Figure 7).

A GAG microarray was used as a platform for a cellular
study investigating the binding of chicken hepatocytes to dif-
ferent GAGs.[339] This approach identified GlcNAc residues as
specific receptors for hepatocyte cell adhesion, independently
of the linkage or orientation, while hepatocytes did not bind
to galactose or N-acetylgalactosamine residues. As reviewed by
Puvirajesinghe and Turnbull in 2016, microarrays can also be
used to study cellular responses to GAGs.[340] For instance, a
microarray slide functionalized with different Hep oligosaccha-
rides was incubated in a cell culture dish with HS-deficient 3T3
cells, and the response of these cells to FGF2 was assessed by im-
munofluorescence staining of total and phosphorylated ERK1/2
markers.[341] Results showed the pERK1/2 signal increased with
the size of the Hep oligosaccharide printed on the microar-
ray. A 18-mer Hep yielded the strongest pERK1/2 signal com-
pared to 12-mer Hep (Figure 7A). The 2-mer Hep did not elicit
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significant signal compared to the negative control. In another
study, a cell-based microarray platform was developed to inves-
tigate GAG-induced FGF-FGFR signaling.[342] For all the FGFs
studied, highly sulfated GAGs, especially those containing IdoA
like Hep, 2-O desulfated Hep, and DS, were the most effective in
inducing FGF-mediated cell proliferation.

More recently, the automation of the fabrication of self-
assembled materials in the form of streptavidin-based materi-
als has been developed.[34] Such materials deposited in 96-well
cell culture microplates can be used for high-content studies
of cellular responses. Notably, cells can be cultured on GAG-
based biomaterials deposited directly at the bottom of the mi-
croplate, and can be stimulated by growth factors adsorbed onto
the GAGs (Figure 7B). These materials being built with a basal
layer of streptavidin, any type of biotinylated compounds, includ-
ing GAGs and adhesion peptides, can be subsequently adsorbed.
As a proof of concept, these biomaterials were cofunctionalized
with HS and an adhesion peptide (RGD). Several proteins from
the BMP family were adsorbed on HS at increasing concentra-
tions and their effect on cell differentiation to bone was assessed
by following phosphorylated SMAD1/5/9 signaling, using a high
content microscope.[343] C2C12 cell response to increasing doses
of either soluble or adsorbed BMPs on HS allowed determination
of EC50 values. C2C12 cells were found to be more responsive
to HS-bound BMP2 compared to other HS-bound BMPs. Such
biomaterials may be used in the future to study the cellular re-
sponse to different growth factors, by modulating the experimen-
tal conditions: GF presented via different GAGs, modulation of
GAG density, and GAG oligosaccharides with distinct sulfation
patterns.

7. Conclusions and Perspectives

Thanks to their vast biological functions, GAGs are promising
candidates for biomedical applications. The design of GAG-based
biomaterials is a growing field, with applications in tissue engi-
neering, regenerative medicine, and drug delivery. In this review,
we point out the relevance of modulating parameters such as
GAGs type, density, and sulfation pattern to engineer tailor-made
biomaterials eliciting the desired cellular response and tissue re-
generation properties. Given the considerable variability of these
parameters amongst tissues and developmental stages, we also
encourage the scientific community to correlate these parame-
ters to the in vivo conditions of the targeted tissue engineering
application, whenever possible. Developments of new strategies
for producing structurally defined GAGs have significantly pro-
gressed during the past years. However, it is worth noting that
efforts have mostly focused on HS and Hep, while other GAGs
such as KS have been neglected. Technical limitations pose chal-
lenges in various areas of glycobiology, including GAG sample
analysis and tissue analysis. However, the emergence of inno-
vative techniques, such as molecular nanopore sequencing and
MALDI-FT-ICR mass spectrometry imaging holds the potential
to unveil new exciting opportunities in these domains.

Regarding molecular interactions, the development of mi-
croarrays has drastically enhanced our ability to identify GAG
structures specifically interacting with defined GFs. The devel-
opment of technologies providing kinetics information (such as
SPR or BLI) at high throughput could revolutionize our practices

and understanding of GAGs. Recent addition of automation in
the design of GAG-based biomaterials and in the measurement
of GAG-GFs or GAG-cell interactions opens new opportunities
for conducting parallel tests on different GAGs and experimen-
tal conditions.

Altogether, recent developments in the field open new per-
spectives. First, the use of GAG-based biomaterials presenting
GFs bound to the biomimetic matrix may unveil novel cellular
processes, in comparison to the soluble delivery of GAGs. Here,
in-depth studies of GAG-proteins molecular interactions will be
complemented by studies of the effect of GAG-GFs at the cellu-
lar level in a biomaterial context. Second, there is a growing need
for wider access to methods for producing purified oligosaccha-
rides, within the scientific community. In addition, these meth-
ods must be optimized to yield sufficient quantities of material.
Third, the complexity and diversity of GAGs, as well as poten-
tial modulation of these parameters, will necessitate testing a
wide range of conditions within an experiment. However, new
developments, including the use of well-defined GAGs, auto-
mated fabrication of biomaterials, and automated quantification
of molecular and cellular interactions, will significantly facilitate
the systematic study of GAG-GF-mediated cellular processes un-
der similar experimental conditions. Therefore, these develop-
ments should provide novel insights into the impact of GAG
structural features, such as GAG type, density, and sulfation de-
gree, in a given biological function.

Therefore, high content tools will enable to study the complex-
ity and diversity of GAGs, and to gain knowledge on molecu-
lar mechanisms, which is currently limited to specific GFs, like
AT III or FGF2. We expect that novel methods will be devel-
oped in the future to improve the automation of GAG immobi-
lization, the high-throughput quantification of molecular inter-
actions, and the high-content study of cellular readouts.

Regarding their effect on cellular response, only a limited
number of high content biomaterials and systems have been de-
veloped for such studies. Currently, most systems are using high
content microarrays or versatile biomaterials that are compatible
with high-throughput immunofluorescence analysis of nuclear
translocation of markers. Additionally, the development of high
content readouts will be required for analyzing other non-nuclear
signaling markers, such as western blot and qPCR equivalent
techniques.

Given the large volume of data that will be collected in the fu-
ture, standardization and conventions will be necessary, as well
as the assistance of bioinformaticians for analyzing batches of
data.

In summary, GAG-based biomaterials represent a rapidly
growing field. We foresee the development of GAG-based bioma-
terials incorporating well-controlled oligosaccharides and GFs for
specific medical applications in the future.
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