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Abstract 

The scientific community is gathering an ever-growing collection of 

insights into how cell fate is finely tuned in vivo by a complex interplay of 

topographical, mechanical and chemical stimuli provided through the 

extracellular matrix (ECM). This triggers the wish to master and replicate 

these cell-influencing factors. Indeed, being able to understand and control 

the complex mechanisms of morphogenesis, cell proliferation and 

differentiation found in Nature, would greatly advance technologies such as 

cell therapy, tissue engineering and regenerative medicine. Successful 

outcomes of these strategies based on the regulation and modification of cell 

processes are intimately linked to our capacity to develop artificial cell-

educative interfaces mimicking the Nature’s golden standard which is ECM. 

As a contribution to this challenge, we have synthesized original interfaces 

composed of intersected nanotubes whose structure and surface chemistry 

mimic that of the ECM. These ECM-like biointerfaces were synthesized via 

hard templating of biopolymers in combination with synthetic polymers or 

ceramic nanoparticles and subsequent dissolution of the supporting 

template. Whereas some of the produced biointerfaces are still lacking 

adequate mechanical properties for cell-based biomedical applications, 

other designs effectively bridge the gap between two often antagonistic 

factors: bioactivity and mechanical stability. In particular, matrices of 

intersected polypyrrole (PPy) nanotubes functionalized with a biomimetic 

(Collagen/Hyaluronic acid) multilayer were seeded with murine pre-

osteoblast cells and observed to be cell-adhesive and to positively impact the 

expression of an early osteogenic marker. In addition to the projected 

applications as cell-influencing biomaterials, these nanostructured matrices 

being highly tunable and displaying a high surface area, could be useful for 

drug-delivery applications, biosensing or nanocatalysis.  
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Chapter 1 

Research context 

In the contemporary context where a wide range of infectious diseases, 

that once used to threaten the lives of millions of individuals, have been 

brought under control, scientists and clinicians are left to face bigger 

challenges in the form of multifactorial diseases, such as genetic disorders 

and degenerative and chronic diseases which are prone to occur in a 

population with rising life expectancy. Solving such complex multifactorial 

issues will likely require multidisciplinary approaches and innovative 

technologies. The replacement of malfunctioning organs with artificial 

tissue-engineered constructs is likely to be part of the solution, as well as the 

design of new alternatives to orient and regulate the behavior of cells in the 

body. 

Innovations of the last decades already have brought their share of 

advances in the supplementation of some deficient tissue functions through 

engineering of biomaterials and medical devices. Among those are insulin 

pumps, intraocular lenses, pacemakers, joint prostheses, etc. However, the 

treatment of more complex pathologies will probably be only attainable 

through the repair or replacement of dysfunctioning organs, a field of study 

known as tissue engineering, TE.  

The successful development of functioning artificial tissues and organs 

requires that we, as scientists, work in multidisciplinary teams to first 

elucidate and then recapitulate the mechanisms elaborated by Nature 

whereby cells are taught to organize into functional tissues in vivo. Beyond 

the basic understanding of the physiological functioning of an organ, there is 

indeed a need to identify the key events which lead an undifferentiated mass 

of competent cells (i.e., multipotent stem cells1) to organize themselves and 

differentiate selectively into specialized tissues (i.e., the processes of 

morphogenesis and organogenesis whereby an organism and its 

constituting organs acquire their shape and function in vivo). This 

fundamental step which basically consists in observing, describing, 

                                                           
1 Stem cells are cells able to both self-renew and differentiate into a range of 
specialized phenotypes. Multipotent cells are stem cells found in specific tissues of 
adult organisms and which can differentiate only in a few cell types360. 
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understanding and modelling the mechanisms whereby the extracellular 

microenvironment (i.e, the extracellular matrix, ECM) regulates cell 

functions, greatly benefits from the knowledge accumulated in the fields of 

molecular biology, biochemistry, cellular biology and genetic engineering. 

Once clearly segregated, the essential parameters guiding cell fate in 

vivo need to be recapitulated in the design of cell-instructive materials able 

to sustain basic cell processes (i.e., adhesion and proliferation) while at the 

same time guiding and controlling the differentiation of these cells towards 

the desired phenotype. The successful design of such cell-influencing 

biomaterials is clearly dependent on the joint progress of nanotechnology, 

organic chemistry, polymer and material sciences, as well as surface 

functionalization techniques. Provided that they are biocompatible and can 

encapsulate cells, such cell-instructive materials can be implanted into an 

organism to fulfil their mission as tissue repair or replacement, and thus play 

the role of scaffolds for tissue engineering applications.  

In a pattern similar to most technological breakthroughs, the advent of 

cell-educative materials thus requires scientists to first discover and observe 

natural phenomena, understand them and ultimately mimic them to the 

benefit of mankind. The design and characterization of various cell-

influencing material prototypes, to which this research project is a 

contribution, is thus likely to benefit the emerging field of TE and 

regenerative medicine. This contextual chapter will first cover the main 

discoveries that were made regarding the prominent influence of the 

immediate extracellular environment, the extracellular matrix, on cell fate in 

vivo. The principal characteristics and functions of this extracellular medium 

will be reviewed as well as those of two of its major components: collagen 

and hyaluronic acid. In a second time, various parameters regulating cell 

behaviour, which were isolated from the ECM will be discussed and 

illustrated with examples extracted from relevant studies.  
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1.1 Extracellular matrix: structure, compositions and 

functions 

1.1.1 General structure and composition of the extracellular matrix 

Figure 1.1 Schematic representation of the extracellular matrix (ECM), from 

the microscopic to the nanoscopic scale. [Inspired from1]. 



Chapter 1 

26 
 

The extracellular matrix (ECM) constitutes the native environment 

sheltering the cells in the body. In addition to this elemental role as 

mechanical support, the ECM plays a key role in collecting and transmitting 

a wide range of signals from and to the cells. As the platform mediating 

biophysical and biochemical cross-talks between the cells and their 

extracellular environment, the ECM plays a crucial role in tissue and organ 

formation and homeostasis.2–4 Major cellular activities, including 

proliferation, differentiation, migration and apoptosis are actually triggered 

as a response to the molecular interactions with ECM effectors.3 

The general structure of the ECM is that of an intricate 3-dimensional 

(3D) meshwork of fibrillar proteins interwoven within a gel of proteoglycans 

and glycosaminoglycans (GAGs) (see Figure 1.1 & 1.2). The precise 

composition of ECM is, however, tissue- and time-dependent as it is the 

combination of the cells and the ECM they are embedded in which defines 

the physiological properties of the tissue. For example, while the ECM of 

cartilage is enriched in large proteoglycans and thus highly hydrated, that of 

bone is highly mineralized, conferring the mechanical properties 

characteristic of each tissue.2,4 The plural form extracellular matrices would 

therefore be better suited to reflect the diversity of existing extracellular 

media, though the singular ECM is most often used for the sake of simplicity. 

Figure 1.2 SEM images showing the fibrillar morphology of the native ECM 

produced by murine bone marrow cells, before and after the removal of cells. 

Left panels: low magnification. Right panels: high magnification.5 
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Among the fibrillar proteins of the ECM are collagens (Cols) and elastin, 

which are members of the structural protein family as they are mainly 

responsible for providing tensile strength and elasticity to tissues. Other 

ECM-derived proteins, such as fibronectin and laminin are specialized in the 

anchoring of the cells to their hosting ECM and are therefore called adhesion 

proteins. GAGs (among which are chondroitin sulfate, heparin, hyaluronic 

acid, etc.), on the other hand, are long unbranched carbohydrate polymers 

consisting of repeating disaccharide units which mainly impart gel-like 

properties to the ECM thanks to their highly hydrophilic nature and present 

sequestered biomolecules to the hosted cells. These biomolecules are 

soluble biochemical effectors (growth factors, chemokines and cytokines) 

which are bound, stored and released by the ECM to stimulate the cells and 

modulate their gene expression profile.2,6 

The nature of the external stimuli transmitted to the cells via the ECM is 

highly diverse: shear stresses, tensile forces, surface topography, soluble 

bioactive molecules, etc. These signals are transduced to the cytoskeleton 
and nucleus of the cell through various specific transmembrane receptors 

including heterodimeric integrins, receptor tyrosine kinases and 

phosphatases, immunoglobulin superfamily receptors, dystroglycan, and 

cell-surface proteoglycans.4 Once specific binding occurs between the 

signalling cues and cell-surface receptors, the conveyed information is 

internalized by the cell through induction of complex intracellular signalling 

cascades which converge to regulate gene expression and ultimately 

establish cell phenotype and direct tissue formation, homeostasis and 

regeneration.3,4 

Furthermore, ECM is not a static but rather a highly dynamic medium 

which is constantly degraded, remodelled and secreted by the hosted cells. 

The local degradation of the protein and proteoglycan components of the 

ECM is, for example, mediated by cell-secreted proteases, including matrix 

metalloproteinases (MMPs), serine proteases and hyaluronidase in order to 

release bioactive components and ease cell migration.7 The flow of 

information between the embedded cells and their ECM is thus bidirectional, 

as cell behaviour is controlled by the ECM which is itself secreted and 

remodelled by hosted cells.3 
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1.1.2 Roles of the extracellular matrix in vivo 

a) ECM guides cell organization during morpho- and organogenesis 

The pivotal role played by the ECM during morphogenesis (i.e., the 

process controlling the structural organization of cells into functional tissues 

and organs) was mainly revealed by studies which established a clear link 

between mutations of genes encoding ECM macromolecules and some 

genetic disorders occurring both in knockout mouse models and humans (see 

Figure 1.3). For example, mice that lack the gene encoding laminin γ1 chain, 

the first ECM molecule to be synthesized during foetal development to serve 

as a matrix organizer, were found to be unable to organize a basement 

membrane matrix and to die before birth.4,8 The inability to synthesize Col 

type I, a major component of the elastic fibers in vessel walls, was linked to 

the presence of lethal vascular defects in mice, leading to embryonic death 

following blood vessel rupture.8,9 Similarly, the occurrence of the Ehlers-

Danlos type IV syndrome in humans, causing lethal blood vessel or intestinal 

rupture, is associated to mutations of the gene coding for Col type III.8 

Impairment of Col type I and II synthesis respectively results in osteogenesis 

imperfecta (commonly called brittle bone disease) and severe 

chondrodysplasia, in both humans and mice.8,10 

Figure 1.3 Examples of genetic disorders induced in knockout mouse models 

via selective mutation of some genes encoding ECM macromolecules.4 
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b) ECM dictates the fate of multipotent cells: proliferation versus 

differentiation 

In addition to controlling the organization of pluripotent embryonic 

stem cells during early developmental stages, the ECM controls the fate of 

multipotent stem (i.e., cells with unlimited self-renewal and capable of 

differentiating into multiple phenotypes), progenitor (i.e., cells with limited 

self-renewal and committed to differentiate into one specific phenotype) 

and mature cells (i.e., fully differentiated cells) in fully developed adult 

organisms. The ECM maintains a balance between self-renewal and 

differentiation of stem cells and depending on local and temporal factors, 

can tilt the balance in favour of one or the other.  

The bone marrow ECM is particularly important for the maintenance 

within the organism of a pool of self-renewing and non-differentiated cells 

able to differentiate into multiple phenotypes (i.e., multipotent 

mesenchymal stem cells, MSCs) whenever the need to remodel or repair a 

tissue arises. Chen et al. indeed demonstrated that it was possible, when 

culturing MSCs in vitro, to make them proliferate and to preserve their ability 

to differentiate into multiple cell types (i.e., their multipotentiality), simply 

by seeding them on a decellularized (i.e., cell-free) ECM extracted from the 

marrow of donor mice.5 Depending on the bioactive agents added to the 

culture medium, MSCs grown on the marrow ECM could be directed to 

differentiate into osteoblasts (i.e., bone-forming cells) or adipocytes (i.e., fat-

storing cells). Conversely, keeping these cells in culture on conventional 

tissue culture plastics resulted in the loss of their stem cell properties as they 

proliferated less quickly and “spontaneously” committed to the osteoblastic 

lineage.5  

On the differentiation side of the balance, incubating multipotent cells 

isolated from a given tissue on a cell-free ECM obtained via decellularization 

of a similar type of tissue harvested from the same animal species orients the 

differentiation of the stem cells towards the phenotype of that tissue. For 

instance, rat MSCs harvested from bone marrow and cultured on titanium 

(Ti) discs covered with an MSC-derived ECM showed a much higher 

propensity to differentiation into osteoblasts than cells seeded onto plain Ti, 

even in the absence of any osteogenic chemical supplementation.11 Another 

interesting study proved that it was possible to ‘reprogram’ (i.e., 

redifferentiate) human metastatic cancer cells (melanoma and breast 
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carcinoma) back to a benign phenotype simply by plating them on the 

microenvironment (i.e., the ECM) produced by human embryonic stem cells 

(hESCs).12,13 This reprogramming of malignant tumor cells is actually possible 

because they share some similarities with multipotent stem cells, notably 

their ability to self-renew and generate a diverse progeny, and are therefore 

receptive to the signals present in their ECM. 

1.1.3 The extracellular matrix as an ideal cell-instructive material 

The instructive role of the ECM as a guide for the differentiation of 

multipotent cells into specific phenotypes has further been proven by the 

observation that natural organs which underwent a decellularization 

process, leaving only an intact underlying ECM, could successfully induce the 

differentiation of stem cells of allogeneic (i.e., cells isolated from another 

individual of the same species as the source of ECM) or xenogeneic (i.e., cells 

isolated from another species than the source of ECM) origin. As an 

outstanding proof of concept, Ott et al. managed to decellularize whole rat 

hearts and keep an intact ECM with 3D geometry and vasculature (Figure 

1.4)14. Following repopulation of the construct with neonatal cardiac and 

aortic endothelial cells, they obtained functional contracting and drug-

responsive hearts after 8 days of culture under simulated physiological 

conditions. 

Figure 1.4 Sequential decellularization process of a whole rat heart, leaving 

an intact ECM. The inset shows that no intact cells or nuclei are present after 

the process and that vasculature conduits were preserved (asterisks).14 

 

The discovery of the prominent role played by the ECM in dictating and 

regulating cell fate in vivo has led to the commercialization of ECM-derived 

products to be used both in therapeutic applications or in in vitro studies. 

The most famous example of commercially-available ECM-derived product is 

Matrigel®(BD Biosciences, USA) which is a gelatinous and sterile extract of 
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basement membrane (i.e., a type of ECM) proteins derived from the EHS 

(Engelbreth-Holm-Swarm) mouse tumour and developed as early as 1983 as 

a substrate for cell differentiation and morphogenesis.15 This ECM-derived 

substrate was shown to promote the differentiation of many different cell 

types as well as the outgrowth of differentiated cells from tissue explants, 

yielding 3D structures similar to those in the tissue of origin. Selected 
examples include the formation of cartilaginous nodules15,16 and capillary-

like structures15,17,18 by chondrocytes and endothelial cells, respectively. 

This further prompted the use of the ECM derived from decellularized 

organs as a biological scaffold for regenerative medicine applications, both 

in preclinical animal studies and in human clinical applications (Figure 

1.5).2,19,20 An example of such an ECM-derived bioscaffold having successfully 

reached the stage of implantation within humans is AlloDerm®, an acellular 

dermal matrix processed from the skin of human cadavers and used as 

treatment for burn injuries. This allograft (i.e., a graft material derived from 

another individual of the same species as the one implanted) enhances host 

cells infiltration and neovascularization as opposed to the formation of scar 

tissue by fibroblasts in the absence of an established dermal matrix.21,22 

Human demineralized bone matrix (DBM) is obtained after demineralization 

of human bone and is another example of a clinically-relevant ECM. It can be 

prepared from the bones of cadavers and seeded with autologous 

osteoprogenitor cells (i.e., cells destined to produce bone tissue and isolated 

from the bone marrow of the patient whose osseous defect is to be repaired) 

before being implanted into a patient where it will promote the 

differentiation of the hosted cells into functional osteoblasts.23–27 

The use of xenogeneic ECM (i.e., ECM derived from the tissues of an 

animal species different than the one implanted) has also been investigated 

for the reconstruction of many different tissue types. Popular sources of 

xenogeneic ECM include the porcine-derived small intestine submucosa (SIS) 

which was successfully used as a vascular graft20,28,29 and Achille’s tendon 

repair20,30 in the dog and as bladder wall20,31 and dural20,32 substitute in the 

rat, among others. Decellularized pig urinary bladder submucosa (UBS) has 

similarly been used for urethral reconstruction in a rabbit model.20,33 Such 

ECM of animal origin have seemingly found their way into the clinic as 

Badylak stated in 2002 that “more than 100,000 human patients have now 

been implanted with xenogeneic ECM scaffold derived from the porcine 

small intestinal submucosa for a variety of applications”.34 
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Figure 1.5 Commercially available ECM-derived products.20 
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1.1.4 Integrins: main mediators of the communication between the 

intra- and extracellular compartments 

a) Integrins: structure and properties 

Integrins are the principal receptors of animal cells mediating the 

exchange of information between the extracellular environment (where the 

stimuli and stresses arise) and the intracellular compartment (where the 

genetic material and thereby the ability to respond and adapt to these stimuli 

reside). As such, they are key players in the regulation of cell processes such 

as adhesion, migration, proliferation, differentiation and apoptosis. Integrins 

are transmembrane heterodimeric proteins formed by the non-covalent 

association of one α and one β subunit. In mammals, 19 α and 8 β subunits 

exist, which combine to form 25 different receptor molecules.35,36 Each 

subunit is composed of a large extracellular domain, a transmembrane 

segment and a short intracellular tail (Figure 1.6).37 

 
Figure 1.6 Schematic representation of integrins in inactive and active 

conformation. [Adapted from Alberts et al.38]  
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b) Integrins mediate cell adhesion 

Integrins mechanically link the ECM with the cytoskeleton (i.e., the cell’s 

skeleton consisting in a dynamic network of interlinking protein filaments 

involved in all cellular events requiring motility: cell shape conservation, 

resistance to mechanical deformation, migration, division, intracellular 

transport, etc.). The extracellular domain of these transmembrane proteins 

constitutes the binding site for the cell-adhesive peptide motifs of ECM 

adhesive macromolecules (e.g., the Gxx’GEx’’ sequence of some fibrillar 

collagens or the RGD motif of fibronectin and vitronectin, etc.), while the 

cytoplasmic tails interact directly or indirectly, via adapter molecules, with 

the actin cytoskeleton.39 

Upon binding of an extracellular ligand, integrins switch to an activated 

state and translocate in the plane of the cell membrane to form clusters 

(Figure 1.6). In the cytoplasm, the clustering of integrins triggers the 

recruitment of a large number of various intracellular proteins to the 

activation site, which form multiprotein complexes (up to 156 distinct 

components can be involved)40, ultimately anchoring the actin fibers of the 

cytoskeleton to the membrane receptors (Figure 1.6). Two categories are 

commonly distinguished among the recruited linker proteins: the proteins 

that directly associate with integrins (the best known being talin, α-actinin 

and filamin) and those that bind indirectly (the most famous being 

vinculin).41,42 These transmembrane clusters of proteins are called focal 

complexes (small integrin clusters of 0.5-1 µm in diameter) and can either be 

transient or evolve into mature focal adhesions (large integrin aggregates of 

3-10 µm in diameter) which mediate strong adhesion to the substrate (Figure 

1.7).42,43  
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Figure 1.7 Schematic model of focal adhesion molecular architecture.44 
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c) Integrins play a role in the regulation of gene expression 

In addition to these structural proteins mediating the coupling between 

integrin receptors and the cytoskeleton, adhesion to ECM proteins also 

mobilizes cytoplasmic enzymes (e.g., tyrosine kinases such as FAK [Focal 

Adhesion Kinase]45 and serine/threonine kinases such as those involved in 

the MAPK cascade [Mitogen-Activated Protein Kinase]46) having signalling 

properties. Activation of these enzymes in turn initiates complex signalling 

pathways ultimately regulating cell proliferation and gene expression (e.g., 

MAP-kinase and Jun kinase pathways) as well as locomotion (i.e., Rho-family 

GTPases mainly including Rho, Rac and Cdc42) (Figure 1.8).35,47–50  

Figure 1.8 Schematic representation of some of the intracellular signaling 

cascades which are locally initiated when integrins bind to an extracellular 

ligand. (a) Integrin-dependent cytoskeletal rearrangement. (b) Integrin-

dependent mediation of gene expression and cell proliferation. [Adapted 

from Giliberti et al.51]. 

Beside this direct implication of integrins in the activation of signalling 

pathways, integrins are also involved in “collaborative signalling” as their 

activation by ECM ligands is required for the transduction of signals initiated 

by other cellular receptors such as growth factor receptors and ion channels. 

For instance, integrin activation is often necessary in order for the 

biochemical signals perceived by growth factor and cytokine receptors to be 

efficiently transduced to the nucleus and influence gene expression.47,52,53 

  

(a) (b) 
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d) Integrins play a role in the regulation of cell survival and death 

(apoptosis) 

Integrins thus exert a real control over the cell cycle and most cells 

require appropriate anchorage to ECM macromolecules in order to 

proliferate and differentiate.47 As such, integrin-matrix interactions are 

critical for the survival of many cell types (e.g., epithelial, endothelial and 

muscle cells, etc.) which can undergo a special type of apoptosis (i.e., 

programmed cell death where cells trigger they self-destruction), named 

anoikis, when losing their contact with ECM.54,55 This mechanism appears to 

be an important safeguard for the organism as it prevents cells detached 

from their native environment from reattaching to new matrices and 

colonizing other tissues. Alteration of this mechanism can lead to anoikis 

resistance and anchorage-independent growth, which is characteristic of 

metastatic tumour cells.56,57 

e) Integrins as mechanosensors 

Apart from simply mediating the adhesion of the cell to its external 

environment, integrins work as mechanosensors able to probe the rigidity of 

the extracellular environment and transmit mechanical stresses 

bidirectionally to either side of the cell membrane. Indeed, when an external 

mechanical tension is applied to the cell, the formation of focal adhesions 

can be enhanced and those can be reinforced with increased actin 

polymerization into larger stress fibers. Contractile microfilaments can also 

be synthesized via incorporation of myosin II. These reinforcement 

mechanisms allow the cell to withstand greater external forces as well as to 

pull harder on its surrounding substrate in order to counter the tensile force 

applied to it and adapt to its environment (a phenomenon termed 

‘mechanotransduction’).35,42,47,58,59 

1.1.5 Collagens: major proteins of the ECM 

a) The Collagen superfamily35,37,60–65 

Collagens are the most abundant structural components of the ECMs. 

Although their primary sequence (i.e., the sequence of amino acids in the 

polypeptide chain) varies, collagens share a common backbone which 

consists in three polypeptide α chains which can either be identical 

(homotrimeric form) or different (heterotrimeric form). These 3 α chains are 
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supercoiled around a central axis in a right-handed manner to form a triple 

helix of 1.5 nm diameter. To date, 42 different genes coding for more than 

28 different types of collagens have been identified in the superfamily of 

vertebrate collagens. The amino acid sequence of each α chain variant is 

encoded by a distinct gene, yet all subunits share a common (glycine, Gly)-X-

Y repetitive motif which can be repeated any number of times along the 

polypeptide backbone. This repetitive sequence contains a glycine residue in 

every third position and about 20% proline and hydroxyproline residues in 

position X and Y. The Gly residues of all three α chains constituting the 

collagen molecule are positioned in the centre of the triple helix, while all 

bulky amino acid residue side chains are exposed to the surface of the triple 

helix and enable the interaction with other matrix components and the self-

assembly with other collagen molecules (in the case of fibril-forming 

collagens). The stability of the triple helix structure is maintained thanks to 

hydrogen bridges formed between the OH-groups of 4-hydroxyproline and 

the OH-, NH- or carbonyl groups of adjacent residues. 

Collagens are classified into fibril-forming collagens (i.e., collagen type I, 

II, III, V and XI, accounting for 90% of all collagens) and non-fibrillar collagens. 

The synthesis of fibril-forming collagens begins with the production inside 

the cells of procollagens which contain large globular propeptides at each 

end of the triple helix. After secretion into the extracellular space, the 

terminal propeptides are enzymatically cleaved, resulting in mature collagen 

molecules with a characteristic 300-nm-long triple helical rod-like shape. The 

formation of collagen fibrils then follows as collagen molecules self-assemble 

longitudinally head-to-tail and aggregate laterally in a quarter-staggered 

manner, giving rise to fibrils exhibiting a characteristic striation with a 67-nm 

periodicity (Figure 1.9 (a)). Upon crosslinking, collagen fibrils are finally 

assembled into fibres.  
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Figure 1.9 (a) Schematic representation of the processing and assembly of 

fibril-forming collagens into fibrils. Within the fibril, the collagen molecules 

are staggered N to C which gives rise to the characteristic D-periodic repeat 

(~ 67 nm). The electron micrograph of a collagen fibril from tendon is 

presented at the bottom of the panel. The negatively stained fibril displays 

the characteristic alternating light/dark pattern representing the gap (dark) 

and overlap (light) regions of the fibril.66 (b) Model of a collagen I-containing 

fibre.37 

b) Collagen type I  

The collagen molecule used in this study, type I collagen (Col), is the 

longest known and most intensely studied collagen type as it is the main 

structural backbone of mammalian connective tissues including bone, skin, 

tendon, etc. Col is a heterotrimer of two α1 and one α2 polypeptide chains, 

each forming a left-handed α-helix. These 3 α-chains assemble together to 

give the characteristic right-handed triple helix structure. Col being a fibril-

forming collagen, it self-assembles into fibres. However, it is noteworthy to 
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mention that Col-containing fibres are never composed solely of collagen 

type I in vivo, as they contain up to 25% of type III and V collagens depending 

on the tissue and their external surface is decorated with fibril-associated 

collagens with interrupted triple helix (FACIT collagens, Figure 1.9 (b)).  

Besides its importance as a structural protein, Col is also endowed with 

a cell adhesive activity as it contains small sequences responsible for binding 

to cell transmembrane receptors, mainly integrins as discussed in section 

1.1.4. The main amino acid sequence mediating the adhesion of collagen 

types I, II and III to cell integrins is the Gxx’GEx’’ motif (where G = glycine, x 

is a hydrophobic residue (often phenylalanine), x’ is usually O 

(hydroxyproline) and x’’ is often R (arginine)) which is located in the triple 

helical domain of the molecules.67–70 Preservation of the triple helical 

conformation appears to be important for the recognition of the Gxx’GEx’’ 

sequence by the integrins α1β1 and α2β1.
35,37 It is important to mention that, 

although Col do contain many RGD (arginine-glycine-aspartic acid) peptide 

sequences, well-known for mediating the binding of cell integrins to most 

adhesive matrix glyproteins (e.g., fibronectin, vitronectin, etc.), these 

epitopes are not involved in the cell-adhesive properties of native Col.35,37 It 

is only upon unfolding of the triple helix conformation (such as in heat-

denaturated Col or gelatin, for example) that some of the RGD motifs 

substitute for the inactivated Gxx’GEx’’ sequences and start to interact with 

the RGD-specific integrins αVβ1, αVβ3 and αIIbβ3. 

Col is ubiquitous across animal and plant kingdoms and has maintained 

a highly conserved amino acid sequence through the course of evolution.34,60 

This observation justifies the use of allogeneic and xenogeneic sources of Col 

as tissue repair material with low antigenic potential. As such, Col extracted 

from animal tissues accounts for more than 90% of the mass of Col used in 

biomedical applications such as dressings and sponges for wound repair, as 

catgut in surgery, or as 3D scaffolds and surface coatings in tissue 

engineering.35,63,71 

1.1.6 Hyaluronic acid: a polysaccharide of the ECM  

a) HA: structure and properties 

Hyaluronic acid (HA, also termed hyaluronan or sodium hyaluronate in 

its salt form) is a linear natural polysaccharide composed of a repeating 

disaccharide unit based on alternated β 1-4-D-glucuronic acid and β 1-3-N-
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acetyl-D-glucosamine residues (Figure 1.10).72,73 This relatively simple 

structure is conserved throughout all mammals73,74, which results in HA being 

non-antigenic and non-immunogenic. Commercial sources of HA thus mainly 

involve its extraction from animal tissues, including bovine vitreous humour, 

rooster combs, umbilical cords or its production by bacteria such as 

Streptococcus zooepidermicus.72 In the body, HA is produced by specific 

enzymes, HA synthases, localized in the plasma membrane of cells and is 

concomitantly extruded into the ECM and can sometimes be tethered to the 

cell surface by retention in the synthase.75 Under normal homeostatic 

conditions, the molar mass of this polysaccharide can be as high as ~ 4 million 

Da and it is packed under a highly hydrated random coil conformation (with 

a hydrodynamic radius ~200 nm72,76, while its fully extended length could 

reach ~10 µm77) stabilized via hydrogen bonding between the hydroxyl 

groups along the chain. HA is a member of the group of glycosaminoglycans 

(GAGs, polysaccharides also including chondroitin sulfate, dermatan sulfate, 

keratin sulfate, heparan sulfate and heparin) and has the most simple 

chemical structure of them all.72 Contrary to more complex GAGs, HA is not 

sulphated and is never covalently linked to a protein core in the form of a 

proteoglycan. Due to the presence of a carboxyl group on each glucuronic 

acid unit, HA shows a polyanionic character at physiological pH78,79 (pKa of 

the polymer estimated to be 2.978,80). HA is a major component of soft 

connective tissues (e.g., joint synovial fluid, vitreous humor of the eye, skin, 

umbilical cord, etc) where its physicochemical roles are mainly the control of 

tissue hydration, joint lubrication and shock absorbance.81 Indeed, due to its 

high molecular weight and anionic polyelectrolyte behaviour79, it is highly 

hydrophilic and shows high osmotic pressure and viscosity.  

Figure 1.10 Chemical structure of native HA.75 
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b) Main applications of HA 

The viscoelastic properties of HA, coupled to its biocompatibility and 

non-immunogenicity led to the use of HA in a number of pre-clinical and 

clinical applications (Figure 1.11). Notable amongst those are the 

supplementation of joint fluid in arthritis via intra-articular injections77,82,83, 

ophthalmologic surgery77, scaffolding material for wound-healing 

applications (HYAFF® scaffold consisting of a benzyl ester-derivative of HA, 

developed by Fidia (Abano Terme, Italy))84–87, moisturizer in cosmetics, and 

drug-delivery agents.88–90 Due to its high hydrophilicity, HA also displays 

antifouling properties and has proven to be well suited to applications 

requiring minimal cell adhesion. Hence, HA was used to coat endovascular 

stents and efficiently reduced platelet adhesion, preventing thrombus 

formation.91,92 

Figure 1.11 Table displaying a selection of FDA-approved HA products.75 

c) Bioactivity of HA 

In addition to these structural properties associated with the 

physicochemical characteristics of HA, this polysaccharide is also endowed 

with biological activity. Quite similarly to the adhesion proteins extensively 

described previously, HA was indeed found to bind to specific cell surface 

receptors and modulate cell motility, adhesion, proliferation and gene 

expression. The most documented HA-binding proteins, named 

hyaladherins, are the cell surface receptors CD44 and RHAMM (Receptor for 

HA-Mediated Motility).93 CD44 is a transmembrane glycoprotein which is 

expressed in most mammalian cell types. Upon specific binding with HA 

macromolecules present in the ECM, it activates cytoplasmic signalling 

proteins (e.g., Rho GTPases such as RhoA and Rac1 proteins for example) 
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which ultimately leads to the reorganization of the cell cytoskeleton and the 

promotion of lamellipodial protrusions (Figure 1.12).94,95 This receptor is also 

involved in the intracellular uptake and degradation of HA.96 On the other 

hand, RHAMM is a HA-binding protein which is ubiquitously distributed into 

cell compartments including the cell surface, cytoplasm, mitochondria and 

nucleus.95 Its specific interaction with HA stimulates the phosphorylation of 

several cytoplasmic proteins, including key components of focal adhesions 

(e.g., focal adhesion kinase, FAK) and, as such, regulates the focal adhesion 

turnover and promotes cell locomotion.96–98 Overexpression of CD44 and 

RHAMM has been linked to the development of tumour cells and their 
metastatic proliferation, migration and invasion.95,96,98,99  

Figure 1.12 Schematic representation of some signaling pathways initiated 

by the binding of HA to the CD44 receptor. The binding of HA to CD44 results 

in signaling cascades which can affect: a) the organization of cytoskeletal 

proteins, leading to changes in cell migration, and b) the activation of gene 

transcription, leading to changes in cell proliferation.75,99 

In view of this, the biological functions of HA can be ascribed to a 

combination of both its physicochemical properties (i.e., its strong 

hygroscopic character which provides expanded, hydrated matrices 

promoting cell migration and mitosis) and its ability to specifically interact 

with cells.93 As a promoter of cell migration, HA plays a significant role in 

morphogenesis, normal regenerative processes (i.e., wound healing and 

tissue regeneration and remodelling) as well as in malignant diseases (i.e., 



Chapter 1 

44 
 

tumour cell invasion and metastasis) and its concentration is correspondingly 

elevated in the ECM of embryos, wound beds and tumours.100,101 HA was also 

discovered to have size-dependent effects.102 Indeed, although HA is 

originally synthesized as large 100-1000 kDa unbranched chains, it can be 

degraded in the matrix by specific enzymes called hyaluronidases, to give rise 

to small oligosaccharides (4-25 disaccharide units). These low molar mass HA 

oligosaccharides have been shown to be angiogenic in several experimental 

models103–106, while angiogenesis inhibition is in contrast shown to occur with 

high molar mass HA.103,105  

In summary, the ECM is the source of many parameters influencing cell 

behavior and the mediator of all signals which need to be transmitted to 

cells to regulate their processes (i.e., from adhesion to differentiation). 

Most of these cross-talks between cells and their ECM are mediated via the 

coupling of the cell cytoskeleton and ECM proteins through integrin 

receptors. The design of systems mimicking the instructive role of native 

ECM is thus particularly relevant for the advent of successful TE and 

regenerative medicine applications. Although the use of natural 

decellularized ECMs of allogeneic or xenogeneic origin has already proven 

useful for therapeutic applications or in vitro studies, issues might arise 

regarding the risk of pathogen transmission. Furthermore, even though 

immunogenicity is not a concern with these biological scaffolds as most of 

their constituting molecules are conserved across species, the need for a 

thorough sterilization often has detrimental effects on their mechanical 

properties. Hence, isolating the specific contribution of each of the 

numerous cell-influencing cues present in the ECM in order to subsequently 

recapitulate them in the design of cell-instructive biomaterials with tailored 

properties probably is the best option for TE and regenerative medicine 

applications. This has been the focus of many research works, as will be 

highlighted in the next section. 
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1.2 Cell-influencing cues 

1.2.1 Influence of surface chemistry 

As discussed in section 1.1.4, the adhesion of cells to their extracellular 

environment is mediated by specific integrin-ligand interactions and hence, 

is conditioned upon the presence of such ligands on the surface to be 

explored. Whenever cells encounter a surface, be it in vivo or in vitro, their 

ability to successfully adhere to it will thus initially depend on the presence 

of adhesive proteins under the appropriate conformation recognized by 

integrins. When implanting a biomaterial in the body, the proteins 

interacting with its surface will mainly be the ones circulating in the 

bloodstream (e.g., human serum albumin, fibronectin, vitronectin, etc.) or 

naturally present within the tissue of implantation (e.g. collagens, 

fibronectin, etc.). When dealing with mammalian cell culture experiments in 

vitro, it is common practice to supplement the culture medium with fetal 

bovine serum (FBS), so that the proteins it contains will be the ones (i.e., 

mostly FN present in a concentration as high as 300 µg/mL in the plasma35) 

interfacing the culture substrate. The nature of the proteins which will 

effectively interact with the culture substrate/implanted biomaterial surface 

and adhere to it, itself depends on the physicochemical properties of the 

surface: surface charge and chemistry107, wettability108–110, and 

topography/roughness.111–114 Hence, the physicochemical properties of the 

surface will ultimately govern the processes of cell adhesion and spreading. 

 

Bearing in mind the prime importance of this initial protein-material 

interaction, it is thus possible to engineer a material’s surface accordingly 

with a view to control the adsorption of proteins and ultimately regulate cell 

adhesion and spreading. As such, it is common practice to functionalize a 

biomaterial surface with cell-adhesive biomacromolecules or peptide 

sequences derived therefrom, to render the material more cytophilic. 

However, one has to keep in mind that once brought in contact with serum 

proteins (either in vitro or in vivo), the surface composition will likely change 

along with the adsorption of exogeneous proteins and the surface properties 

might consequently be affected. 
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Slightly hydrophilic surfaces (45°≤ water contact angle ≤ 75°) are 

generally described as being more conducive to protein adsorption and 

hence, to cell adhesion (Figure 1.13).115,116 In contrast, hydrophobic surfaces 

with a water contact angle higher higher than 80° favour the adsorption of 

non-adhesive proteins which restricts the access of the surface to adhesive 

proteins and limits cell adhesion. This is the reasoning behind the use of 

hydrophilic plasticware as cell culture consumables, their original 

polystyrene (PS) surface being plasma-treated to become more hydrophilic 

and thus more cytophilic (i.e., the widespread tissue culture PS, TCPS). 

Moreover, it has been documented that proteins adsorbing on hydrophobic 

surfaces tend to do so by changing their conformation so as to expose their 

hydrophobic core towards the substrate and maximize hydrophobic 

interactions.110 This can lead to the denaturation of the protein and/or hiding 

of the adhesive epitopes, resulting in the inability to bind to integrins and to 

interact with cells. For instance, the adsorption of FN on a hydrophobic 

surface (i.e., substrate functionalized with a monolayer of self-assembled 

CH3-terminated alkanethiols), was shown to affect its cell-adhesivity due to 

denaturation of its integrin-binding motif.107 Conversely, cell adhesion was 

the highest when FN was adsorbed on highly hydrophilic OH-terminated 

alkanethiols and slightly reduced on less hydrophilic COOH- and NH2-

terminated substrates.  

Figure 1.13 Cell adhesion as a function of surface wettability.115 

 

This observation was corroborated by Lin and coworkers who 

demonstrated that the cell-binding domains of FN were more accessible 

when the protein was adsorbed on highly hydrophilic OH-terminated SAMs 
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compared to NH2- and CH3-terminated SAMs.117 The success of initial cell 

adhesion on a material can thus be predicted with fair accuracy from its 

hydrophilic character. However, other factors come into play to determine 

how tightly cells anchor to their substrate and spread at later culture stages. 

Indeed, the same authors evidenced that, after 12 h of seeding, the factor 

which determined the extent of FAs formation (i.e., late cell-adhesion 

events) in adhered cells was the adhesion force between FN and its 

underlying substrate. Adhered cells were actually found to generate traction 

forces on their substrate and, correspondingly, anchored better (i.e., formed 

more numerous and larger FAs) to surfaces to which FN was more tightly 

linked (i.e., NH2-terminated SAMs where FN was stabilized via electrostatic 

interactions). 

 

In an early study by Schakenraad et al., the relationship between surface 

free energy, protein adsorption and cell spreading was clearly established.118 

In the absence of serum supplementation, the relationship between the 

relative spreading of cells (i.e., spreading of human fibroblasts with the 

spreading area on TCPS used as reference) and the surface free energy of the 

substrate follows a sigmoidal trend (Figure 1.14 (a)). The most hydrophilic 

substrates tested (i.e., glass, TCPS and poly(methyl methacrylate), PMMA) 

were also the ones with the highest surface free energies and showed the 

highest relative cell spreading in the absence of any interfacial protein layer 

(i.e., no added serum). At the opposite end of the spectrum, hydrophobic 

polymers (e.g., fluoroethylenepropylene copolymer and 

poly(tetrafluoroethylene)) had the lowest surface free energies and 

correspondingly, the lowest relative cell spreading values. Upon addition of 

serum in the culture medium, the absolute values of cell spreading were 

increased on all substrates, highlighting the fact that adhesive proteins are 

naturally present in serum and positively impact cell adhesion. However, the 

presence of serum proteins in the culture medium did not change the 

minimal level of surface free energy required to reach effective cell 

spreading. Indeed, most polymers tested in the presence of serum induced a 

similar cell spreading which was much lower than that obtained on TCPS 

(Figure 1.14 (b)). Only glass and polycarbonate (PC) displayed spreading 

values very close to or 50% that of TCPS, respectively. Altogether, these 

results indicate that the incubation with serum proteins does not drastically 

improve the cell-adhesivity of low surface energy polymers, either because 

the amount of proteins which adsorb on these substrates is low or because 
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they adsorb under a denatured conformation which inactivates their 

integrin-binding motifs.  

Figure 1.14 Relative cell spreading (reference = 13: TCPS) as a function of the 

substratum surface free energy, a) without serum and b) with serum. Selected 

examples include: 1: fluoroethylenepropylene copolymers, 3: 

polytetrafluoroethylene, 4: silicon rubber, 7: PC, 12: PMMA, 14: Glass. 
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1.2.2 Influence of soluble (bio)chemical effectors 

Beyond the effect of surface chemistry on cell adhesion and spreading, 

soluble (bio)chemical effectors are known to direct the differentiation of 

multipotent cells cultured in vitro to particular lineages. Hence, it is common 

practice to add a ‘cocktail’ of differentiation factors (i.e., growth factors, 

cytokines or even non-natural chemical products) to the culture medium of 

multipotent cells in order to guide their fate towards differentiation into a 

specific phenotype. For instance, Pittenger et al. proved that multipotent 

hMSCs present in adult bone marrow can be induced to selectively 

differentiate into, for example, adipocytes (i.e., fat-storing cells), 

chondrocytes (i.e., cartilage cells) or osteoblasts (i.e., bone-forming cells), 

depending on the nature of the chemical effectors added to the culture 

medium.119 

1.2.3 Influence of geometric cues 

a) Control of cell viability and growth 

Controlling the extent to which cells are able to spread on a surface 

appears to be one of the prime mechanism to control their viability and 

switch their fate between the two extremes which are apoptosis and growth. 

Patterning a surface with islands of cell-adhesive ligands has thus been 

widely explored as a way to influence cell behaviour. 

In a founding study, Chen et al. varied the extent of cell spreading while 

maintaining a constant total cell-matrix contact area and evidenced that the 

level of DNA synthesis (i.e., a direct indicator of cell activity) measured in 

adherent cells was directly proportional to their projected area (Figure 

1.15).120 In other words, cells which spread across multiple small adhesive 

FN-coated islands and hence displayed a stretched morphology were more 

active than rounded cells which were adhering to a single adhesive island of 

larger size. Furthermore, the proportion of cells undergoing apoptosis was 

much higher in rounded cells than in well-spread cells, independently of the 

total area of cell-matrix contact. Cell viability and activity was thus shown to 

be dependent on the projected cell area (i.e., the spreading of cell bodies) 

rather than on the total cell-adhesive contact area.  

 

Arnold et al. further refined the maximum spacing between adhesive 

ligands to maintain effective cell spreading.121 They patterned a non-
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adhesive substrate with cell-adhesive gold nanodots (< 8 nm diameter) 

coated with a cyclic RGD peptide sequence and uniformly spaced by a 

distance of 28, 58, 73 or 85 nm. Each Au dot allowed the anchoring of a single 

cellular integrin since the average diameter of integrins embedded in the cell 

membrane is between 8-12 nm. For distances ≥ 73 nm between the adhesive 

sequences, cell adhesion was limited and the formation of FAs and actin 

stress fibres greatly reduced and attributed to the inability to cluster 

integrins. The maximum spacing between adhesive ligands enabling integrin 

clustering and thus FA formation and effective cell spreading was therefore 

determined to be between 58 and 73 nm for a variety of cell types: 

mouseMC3T3-E1 osteoblasts, 3T3-fibroblasts, B16-melanocytes and rat 

REF52-fibroblasts.121,122 

Figure 1.15 Cell-ECM contact area versus cell spreading as a regulator of cell 

fate. (a) Diagram of substrates used to vary cell shape independently of the 

cell-ECM contact area. Substrates were patterned with small, closely spaced 

circular FN-coated islands. (b) Phase-contrast micrographs of cells spread on 

single 20- or 50-µm-diameter circles or multiple 5-µm circles patterned as 

shown in (a). (c) Plot of projected cell area (black bars) and total ECM contact 

area (grey bars) per cell (top), growth index (middle), and apoptotic index 

(bottom) when cells are cultured on single 20-µm circles or on multiple circles 

5 or 3 µm in diameter separated by 40, 10, and 6 µm, respectively.[Adapted 

from Chen et al.120]. 
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b) Control of cell differentiation 

Kilian et al. published a striking study where the fate of human 

mesenchymal stem cells (hMSCs) could be directed towards either the 

osteogenic or adipogenic lineages simply by varying the area and shape of a 

pattern of adhesive ECM protein (i.e., FN) designed to contain a single cell.123 

While maintaining a constant chemical composition of the culture medium 

(supplementation with a 1:1 mixture of adipogenesis and osteogenesis-

promoting growth factors), hMSCs plated on small adhesive islands (1,000 

µm2) showed a higher tendency to differentiate into adipocytes whereas the 

osteogenic lineage was favored on large adhesive islands (5,000 µm2) (Figure 

1.16 (a)). When selecting an adhesive area of intermediate size (2,500 µm2), 

a mixed population of differentiated cells was initially obtained and could be 

further selectively oriented towards one of the two phenotypes by simply 

dictating cell shape while keeping the adhesive surface area constant. Using 

pentagonal shaped patterns of adhesive protein, individual hMSCs were 

forced into the shape of either a flower (i.e., pentagon with convex edges), a 

common pentagon (i.e., straight edges) or a star (i.e., concave edges). The 

proportion of osteoblastic phenotypes was shown to increase from the 

flower shape (~ 40% osteoblasts) to the pentagon shape (~ 50% osteoblasts) 

and towards the star shape (~ 60% osteoblasts) (Figure 1.16 (b)). This trend 

was demonstrated to be in line with the increase in cytoskeleton contractility 

within the cells, the cells in star shapes showing larger FAs and stress fibres 

than those in flower shapes (Figure 1.16 (c-d)). Geometric feature were thus 

proven to influence the way cells organize their cytoskeleton and shapes that 

increase actomyosin contractility triggered the promotion of 

osteogenesis.124,125 
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Figure 1.16 (a) Percentage of cells captured on adhesive FN rectangles of 

varying aspect ratio differentiating to adipocyte or osteoblast lineage. (b) 

Percentage of cells differentiating to either lineage when captured on 

adhesive FN surfaces with fivefold symmetric shapes. (c) Cell in a circle shape 

showing low contractility by F-actin (green) and vinculin (red) with nuclei in 

blue compared to a holly leaf shape yielding large stress fibres along the 

concave long edge of the cell [top panel]. Myosin IIa immunofluorescent 

staining [bottom panel]. (d) Corresponding differentiation of cells in both 

shapes.[Adapted from Kilian et al.124] 

 

1.2.4 Influence of topographical cues 

Research conducted in recent years has highlighted that 

nanotopographical features are often superior to plain surfaces in terms of 

their ability to positively impact cell behaviour. 

a) Nanopits 

The use of vertically oriented and close-packed titania (i.e., TiO2) NTs as 

culture substrate has been a popular way to investigate the effect of tube 

diameter on cell behaviour. When it comes to favoring cell adhesion and 
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spreading, it has been documented that tube diameters below 30 nm score 

better than larger NTs and flat surfaces. Park et al. varied the diameter of 

anodized TiO2 NTs between 15 and 100 nm and evidenced that the adhesion, 

spreading and proliferation of rat MSCs were all highest on the 15-nm 

diameter NTs and were declining with increasing tube diameter (Figure 

1.17).126 Interestingly, the cellular activity (i.e., adhesion, proliferation and 

migration) was higher on the 15-nm diameter NTs as compared to plain TiO2 

surfaces. On the contrary, adhesion and spreading of cells were severely 

impaired when plated on NTs with a diameter > 50 nm, leading to a drastic 

increase in cell death (i.e., anoikis). In line with the conclusions drawn from 

the geometric patterning of flat substrates, the decrease in cell activity with 

increasing tube diameter was related to the inability of cells to cluster 

integrins anchored more than 30 nm apart (though a maximum distance 

between 58-73 nm was found on flat substrates) to form stable FAs and 

efficiently activate intracellular signalling cascades. Similarly, Oh and 

coworkers reported the initial density of adherent cells to be inversely 

proportional to the diameter of TiO2 NTs (the tube diameter being varied 

between 30, 50, 70 and 100 nm).127 This observation was linked to the 

adsorption of serum proteins in higher amounts on low diameter NTs. The 

group of Popat reached similar conclusions using human adipose-derived 

stem cells (ADSCs), the best adhesion and proliferation results being 

obtained for the lower diameters tested (i.e., 70 and 110-nm diameter 

tubes).128 Brammer et al. found primary bovine chondrocytes to be most 

active in the secretion of de novo ECM when seeded on 70-nm TiO2 NTs as 

compared to flat Ti substrates and NTs of a different diameter (in the range 

30-100 nm).129 

Using yet another sample preparation technique (i.e., polymer 

demixing) and another cell line (i.e., human foetal osteoblastic (hFOB) cells), 

Lim and coworkers synthesized thin films with nanoscale pits of 

homogeneous depth of 14, 29 or 45 nm.130 The surface chemistry being 

identical to pure PLLA in all substrates and the total surface area being almost 

constant (difference < 1%), the nanotextured films allowed to study the 

effect of topography on cells, independently of surface chemistry effects. 

hFOB cells cultured on the 14- and 29-nm deep pits adhered more, spread 

better and synthesized more FA proteins compared with the surface with 45-

nm deep pits and flat PLLA substrates.  
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Figure 1.17 (a) SEM images of self-assembled layers of vertically-oriented 

TiO2 NTs with varying diameter generated by anodization of titanium sheets. 

(b) Hypothetical model showing how the lateral spacing of focal contacts on 

NTs of different diameters might direct cell fate. A spacing of 15 nm seems 

optimal for integrin clustering into focal contacts, thus inducing assembly of 

actin filaments and signalling to the nucleus. NTs larger than 70 nm diameter 

do not support focal contact formation and cell signalling, thus leading to 

apoptosis (anoikis).[Adapted from Park et al.126]  

Observations regarding the impact of NT diameter on cell differentiation 

are yet divergent, although a consensus can be reached as to the positive 

effect of nanotopography compared to plain surfaces. Park et al. showed that 

the osteogenic differentiation of rat MSCs was promoted on lower diameter 

NTs (i.e., 15-nm diameter NTs) in the presence of biochemical inducers.126 

After biochemical induction of the osteogenic pathway, Popat et al. showed 

a similar increase in osteoblastic phenotypes when hADSCs were cultured on 

nanotubular substrates compared to flat Ti and a decreasing trend with the 

increase in tube diameter.128 Oh et al. evidenced the opposite trend in the 

absence of any biochemical inducer, as hMSCs showed a higher propensity 

to differentiate into osteoblasts when seeded on larger tube diameters (i.e., 

100 nm) (Figure 1.18).127 The conclusion drawn by the latter authors was that 

the lower density of serum proteins adsorbed on larger diameter NTs force  
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Figure 1.18 (a) SEM micrographs of hMSCs on flat Ti and 30-, 50-, 70-, and 

100-nm diameter TiO2 NT surfaces after 24 h of culture. Extraordinary cell 

elongation is induced on NTs with diameters of 70 and 100 nm (see red 

arrows). Cells are more elongated on the bigger TiO2 NTs. (b) Quantitative 

PCR analysis for alkaline phosphatase (ALP, early marker of osteogenic 

differentiation), osteocalcin and osteopontin (OCN and OPN, respectively, 

late markers of osteogenic differentiation). Plastic cell culture plate with 

osteogenic inducing media was used as positive control of osteogenic 

differentiation. *, significant differences between Ti, 30-, and 50-nm NTs vs. 

70- and 100-nm NTs for ALP, OCN and OPN gene expressions (p < 0.01). 

[Adapted from Oh et al.127]. 

the cells to stretch to find anchoring points and the higher cytoskeletal 

tension generated inside stretched cells in turn favours their differentiation 

towards the osteogenic lineage. In another study, Popat et al. used 

nanoporous (average pore diameter ~ 72 nm) alumina surfaces as culture 

substrates for mouse MSCs and concluded that the well-defined 

nanoporosity enhanced cell adhesion and proliferation compared with plain 

alumina surfaces (both conditions in presence of serum).131 Upon 

administration of osteogenic differentiation medium, MSCs seeded on the 
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nanostructured interfaces showed a higher tendency to differentiate into 

osteoblasts than the cells seeded on flat substrates. Both the synthesis of ALP 

and the de novo production of mineralized ECM were indeed upregulated. A 

clear link between a spread morphology, increased cytoskeleton contractility 

and differentiation towards the osteogenic lineage seems to emerge from 

cells forced to stretch across nanopits. Zouani et al. synthesized RGD-

functionalized PET substrates with a controlled nanotopography (i.e., 10-nm 

or 100-nm deep nanopits) and highlighted the correlation between the 

higher projected area of cells having to stretch along the depth of deeper 

pits, their cytoskeleton organization and their increased tendency to 

selectively differentiate into osteoblasts.132 After 2 h of culture, the projected 

area of hMSCs was the highest on the deeper pits (i.e., 100-nm deep pits) in 

comparison with shallower pits and flat PET surfaces. This increase in cell 

spreading on 100-nm deep pits later associated with organization of mature 

FAs (after 6 h incubation) and upregulation of osteogenic genes (after 12 days 

of incubation) even in the absence of osteogenic medium. Osteoblastic 

differentiation was later proven to be related to the increased cytoskeletal 

tension generated on deeper nanopits as disruption of actin polymerization 

(using cytocholasin D) fully inhibited the differentiation of hMSCs.  

b) Micro- and nanogrooved substrates 

Microgrooved substrates produced from titanium or various polymers 

(e.g., PLA and PS) have been explored in terms of their effect on cell 

processes. Adherent cells such as osteoblasts, fibroblasts, epithelial and 

endothelial cells have all been documented to align with the microfabricated 

grooves and to spread and migrate along the axis of these grooves (a 

phenomenon termed ‘contact or topographic guidance’).133–136 In addition to 

regulate cell orientation and migration, microgrooved patterns were shown 

to influence the differentiation of some cell types. Matsusaka et al. 

demonstrated that rat bone marrow (RBM) cells cultured on microtextured 

surfaces of PS or PLA (displaying grooves with a depth of 0.5, 1.0, or 1.5 µm 

and a width of 1, 2, 5, or 10 µm) aligned along the micro-channels after 8 

days of culture.137 After 16 days of culture within osteogenic medium, the 

osteogenic differentiation of cells grown on micropatterned substrates was 

significantly enhanced (as proven by the higher ALP activity) compared with 

that of cells seeded on smooth surfaces. In particular, PLA surfaces with 1.0 

µm-deep grooves and 1 or 2-µm wide grooves had the highest level of ALP 

activity and of mineralized matrix secretion. 
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Lee et al. demonstrated that human embryonic stem cells (hESCs) 

seeded on nanogrooved patterns (ridges of 500 nm height and 350 nm width) 

elongated along the direction of the grooves and differentiated into neuronal 

lineages after only 5 days of incubation in the absence of any biochemical 

inducer of differentiation (Figure 1.19).138 To explain this observation, the 

authors proposed that the change in morphology of cells guided by the 

grooved patterns results in a transfer of tensional force to the nucleus, which 

in turn influences gene expression. 

 

Figure 1.19 Cellorientation (primary myoblast cells) influenced by surface 

topography, as shown by immunostaining of sarcomeric myosin (green) and 

nuclei (red). Histograms show the distribution of cell alignment angles. Cells 

orient randomly on smooth substrates and parallel to 10-µm wide 

grooves.[Adapted from Charest et al.136] 
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c) Nanopillars 

As a general observation, seeding of cells on substrates consisting of 

spaced and rigid nanopillars seems to disturb the normal organization of the 

cells cytoskeleton as they attempt to endocytose the protruding 

nanotopographies which they find on their path. 

Human fibroblasts seeded on cylindrical PMMA nanocolumns (160-nm 

high, 100-nm diameter and 230-nm centre-centre spacing) were discovered 

to produce many filopodia to interact with the columns and to attempt to 

internalize them via endocytosis (Figure 1.20 (a)).139 Cells which adhered on 

the nanopillars had poorly organized actin cytoskeleton and smaller FAs as 

compared to flat substrates of identical chemistry. Quite similarly, Kim et al. 

plated mammalian cells (i.e., mouse embryonic stem cells and human 

embryonic kidney cells) on silicon substrates with vertically aligned Si 

nanowires (SiNWs) of varying diameter (Ø = 30-400 nm, length = 3-6 µm) 

(Figure 1.20 (b)).140 NWs were reported to penetrate through the cell 

membrane within the first hours after seeding and the longevity of the 

resulting pierced cells was found to be dependent on the diameter of the 

NWs: cell death occurred within a day when the culture was carried out on 

large diameter SiNWs (Ø ~ 400 nm), whereas cells grown on smaller diameter 

NWs (Ø ~ 30 nm) were viable for more than 5 days. Interestingly, 

functionalization of the NWs with electrostatically-bound DNA enabled the 

successful delivery of exogenous DNA inside the pierced cells. 

Figure 1.20 (a) SEM image of human fibroblast filopodia interacting with 

nanocolumns (arrowheads) (scale bar = 1 µm). [Adapted from Dalby et al.139] 

(b) SEM image of individual mouse embryonic stem cell penetrated with 

silicon NWs. The diameter and the length of the NWs are ~ 90 nm and ~ 6 µm, 

respectively.[Adapted from Kim et al.140].  
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d) Nanofibrils 

A simple and robust way to synthesize fibrous scaffolds mimicking the 

protein meshwork of native ECM is through electrospinning of polymers (of 

either synthetic or natural origin or a composite thereof). Hence, this 

technique has been widely investigated with a view to synthesize ECM-like 

scaffolds able to host cells and influence their behaviour. For instance, 

seeding mouse MC3T3-E1 osteoprogenitor cells on electrospun PMMA fibers 

(1.153±0.310 µm diameter) was shown to facilitate their osteogenic 

differentiation as compared to cells cultured on flat PMMA surfaces (a 2-fold 

increase in ALP activity was measured for cells grown on fibres).141 This 

enhanced osteoblastic differentiation was associated with an increase (1.5-

fold increase) in the elastic modulus of the cells cultured on fibres compared 

to plain substrates. Stretching of the cells to anchor across distinct fibres of 

the fibrous substrates thus generates an increased intracellular tension 

which in turn promotes the osteoblastic phenotype. 

1.2.5 Influence of mechanical cues 

As developed in section 1.1.4, cells can sense the stiffness of their 

microenvironment as their intracellular cytoskeleton is coupled to the ECM 

through anchorage points (i.e., FAs and other types of adhesion structures). 

The cells are usually documented to exert traction forces on their 

extracellular environment to probe its resistance and to organize their 

cytoskeleton accordingly in order to withstand the level of mechanical stress 

present in the extracellular medium. This mechanism of stress 

accommodation further initiates signalling cascades which ultimately result 

in changes in gene expression and modification of cell behaviour. 

a) Influence of substrate stiffness on cell adhesion and spreading 

When it comes to adhesion and spreading, a general rule seems to be 

that, all other parameters being held constant (e.g., density of cell-adhesive 

ligands), most cells spread more and display more organized FAs and actin 

stress fibres on stiffer substrates, a phenomenon termed ‘durotaxis’. 142–144 

Pelham and Wang evidenced that cells (rat kidney epithelial cells and 3T3 

fibroblasts in this case) tended to organize more stable FAs and spread better 

on stiffer substrates.142 In contrast, cells grown on softer substrates displayed 

more dynamic FAs and correspondingly lower projected area and higher 

motility. Engler et al. later demonstrated that the projected area of smooth 
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muscle cells (SMCs, derived from rat aorta) followed a saturable hyperbolic 

trend with the increase in the elastic modulus of the substrate, the saturation 

being reached for cells grown on glass (Figure 1.21).143,145 Yeung et al. clearly 

highlighted a shift in the morphology of adherent fibroblast (mouse NIH-3T3) 

and endothelial (from bovine aorta) cells when increasing the substrate’s 

modulus above 2,000 Pa, with cells developing a spread morphology and 

visible actin stress fibres only above this level.146 Moving away from 

polyacrylamide gels, Picart and colleagues designed biocompatible 

multilayer films made of poly(L-lysine) and HA, which were chemically cross-

linked to modulate the Young’s modulus of the film from ~ 3 kPa (native 

films), ~ 100 kPa (weakly cross-linked films) and up to ~ 400 kPa (highly cross-

linked films).147 Mouse C2C212 myoblast cells were found to adhere better, 

form more numerous and larger FAs and proliferate better with increasing 

stiffness of the underlying multilayer. Upon incubation with differentiation 

medium, cells seeded on stiffer substrates differentiated into larger and 

more mature myotubes (i.e., precursors of contractile skeletal muscle cells) 

but this morphological change was not associated with an overexpression of 

muscle-specific proteins.  

Degand et al. synthesized substrates with mechanical 

nanoheterogeneities by depositing silica colloids (Ø 500 nm, E ~ 70 GPa) on 

glass slides and subsequently spin-coating them with a PDMS gel of tunable 

elasticity (soft, Esoft ~ 1 kPa versus stiff, Estiff ~ 1 MPa PDMS gels).148 MC3T3-

E1 preosteoblasts cultured on substrates with mechanical heterogeneities 

formed more developed FAs, cytoskeleton and proliferated better after 3 

days of incubation than cells seeded on homogeneous PDMS films and that, 

irrespective of the stiffness of the PDMS gels. Moreover, the characteristics 

of the cells grown on substrates with subcellular mechanical heterogeneities 

made of silica were similar to those of cells seeded on homogeneously stiff 

glass slides. 
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Figure 1.21 (a) Projected area of SMCs as a function of the elastic modulus of 

the substrate 4 h after plating them on polyacrylamide gels with a varying 

Young’s modulus (open squares) or on glass (black square).143 (b) Projected 

area of SMCs seeded on either native or cross-linked (PLL/HA)20 multilayer 

films or on glass, as a function of the substrate’s elastic modulus.145 

As often argued in the present dissertation for other kinds of cues, the 

response to materials stiffness appears to be quite logically cell-type 

dependent as highly motile, non anchorage-dependent cells such as human 

neutrophils, for instance, seem to be insensitive to matrix stiffness.  

b) Influence of substrate stiffness on cell differentiation 

Besides influencing the spreading and cytoskeletal organization of cells, 

mechanical cues appear to be potent inducers of differentiation in 

multipotent cells.  

A general rule seems to be that exposing multipotent cells to mechanical 

properties similar to those naturally present in vivo in a selected tissue 

greatly contributes to selectively orient their differentiation into the 

phenotype of the selected tissue. For instance, Altman and coworkers 

demonstrated that bovine bone marrow cells could be induced to selectively 

differentiate into ligament fibroblast cells when seeded in a Col gel submitted 

to a combination of forces mimicking the mechanical strains to which 

ligament is naturally exposed in vivo.149 This selective differentiation could 

be achieved in the absence of any biochemical effector and was clearly 

evidenced by a distinct alignment of the cells in the direction of mechanical 

loading and the upregulation of specific ligament fibroblast markers.   
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Figure 1.22 (a) Soft tissue elasticity scale ranging from soft brain, fat, and 

striated muscle, to stiff cartilage and precalcified bone.150 (b) Differentiation 

of naive hMSCs as a function of the elastic modulus of polyacrylamide gel 

substrates. Naive hMSCs are initially small and round but develop 

increasingly branched, spindle, or polygonal shapes when grown on matrices 

respectively in the range typical of Ebrain (~ 0.1-1 kPa), Emuscle (8-17 kPa) or stiff 

cross-linked matrices (E ~ 25-40 kPa). Scale bar is 20 µm.151 (c) Adhesions 

grow and cytoskeletal organization increases with substrate stiffness. (c1) 

Paxillin-labeled adhesions grow from undetectable diffuse “contacts” on 

neurogenic soft gels (1 kPa) to punctate adhesions on stiffer, myogenic gels 

(11 kPa). On the stiffest, osteogenic gels (34 kPa), the adhesions are long and 

thin and slightly more peripheral than they appear on glass. (c2) F-actin 

organization shows a similar trend, from diffuse on soft gels to progressively 

organized on stiffer substrates (as stress fibers). Scale bar is 20 µm.151  
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In a remarkable study, Engler and coworkers proved that matrix stiffness 

could drive the lineage commitment of naïve MSCs, without requiring any 

soluble inducer (i.e., other than serum supplementation) (Figure 1.22).151 

MSCs seeded onto soft polyacrylamide gels with a stiffness mimicking that of 

brain tissue (Ebrain ~ 0.1-1 kPa) showed both a morphology and a 

transcriptional profile similar to those of neurons, whereas plating these 

multipotent cells on harder substrates approaching the elasticity of striated 

muscle (Emuscle ~ 8-17 kPa) and osteoids (Ebone ~ 25-40 kPa) resulted in cells 

with a shape and gene transcript profile close to that of myoblasts and 

osteoblasts, respectively. 

Chen et al. designed arrays of PDMS microposts whose height was 

varied in order to modulate their spring constant and hence the rigidity 

sensed by the cells seeded on top of them.152 Micropost rigidity clearly 

impacted the cultured hMSCs, with rigid posts favouring the emergence of 

well-spread cells with highly organized actin stress fibers and large FAs 

whereas soft pillars gave rise to a rounded cell morphology, disorganized 

actin filaments and small adhesion complexes (Figure 1.23 (a)). In the 

absence of biochemical inducers, substrate rigidity alone was not potent in 

modulating cell fate. However, after a 2-week period incubation in a 

bipotential differentiation medium (i.e., mixture of both osteogenic and 

adipogenic effectors), micropost rigidity could tilt the balance of hMSCs 

differentiation: arrays of stiff microposts favored the osteogenic lineage 

while soft substrates enhanced adipogenic differentiation (Figure 1.23 (b1-

2)). Moreover, a striking conclusion was that the commitment of single 

hMSCs could be predicted at early stages (between 1-3 days after 

differentiation medium addition) simply based on the level of traction forces 

exerted by individual cells. Indeed, hMSCs that underwent osteogenic 

differentiation displayed higher traction forces that non-differentiating cells 

while cells that committed to the adipogenic lineage displayed lower 

contractility that undifferentiated cells. 
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Figure 1.23 (a) SEM micrographs of hMSCs plated on PDMS micropost arrays 

of the indicated heights. Images at the bottom are magnifications of the 

boxed regions in the top images. Scale bars : 100 µm (top) and, from bottom 

left to right, 50, 30 and 10 µm. (b) Mean percentages of hMSCs osteogenesis 

(b1) and adipogenesis (b2) as a function of micropost rigidity. Glass served as 

a control. Error bars, standard error of the mean (n ≥ 3). NS, not significant (p 

> 0.05), *p < 0.05; Student’s t-test. [Adapted from Fu et al.152]. 

c) Stiffness in 2D versus 3D microenvironments  

Most of the observations linking substrate mechanics to cell fate have 

been collected from 2D tissue culture models but seem to hold also, at least 

in part, for more physiologically-relevant 3D microenvironments. When 

encapsulating naive mouse MSCs (mMSCs) into 3D alginate hydrogels (i.e., 

ionically cross-linked gels) modified to present RGD peptide epitopes and a 

tunable elastic modulus (varied between 2.5 and 110 kPa), Huebsch et al. 

observed a predominant osteogenic commitment of mMSCs after 1 week 

inside matrices with intermediate stiffness (E ~ 1-30 kPa).153 Softer gels (E ~ 

2.5-5 kPa), on the contrary, promoted the adipogenic lineage. However, in 

striking contrast with studies on 2D models, the difference in stiffness was 
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not associated with a significant change in cell morphology as cells remained 

grossly spherical under all conditions. 

Baker et al. unveiled a previously unrecognized mechanism which cells 

seem to use to transduce matrix stiffness in fibrous 3D microenvironments: 

fibre recruitment.154 These authors engineered fibrous environments 

recapitulating the architecture of native ECM via electrospinning of dextran 

methacrylate fibers, consecutive photocrosslinking to tune their stiffness 

(varied between 450 Pa and 45 kPa) and incorporation of RGD sequences to 

enable cell attachment (Figure 1.24). The response of hMSCs seeded inside 

these 3D fibrillar meshworks was inverted compared to that on commonly 

investigated 2D hydrogels, as cells formed more numerous FAs of higher size 

on softer fibre networks, where they were able to pull and deform the 

architecture so as to recruit nearby fibres and form dense clusters. This led 

to a local increase in adhesive ligand density, enhanced adhesive signalling 

and proliferation. Conversely, cells were unable to pull on and remodel 

networks of stiffer fibres, resulting in downregulated adhesion and 

proliferation. 

Figure 1.24 Cell-adhesive networks of dextran methacrylate fibres with 

tunable mechanical and architectural features. Scale bars, 100 µm.154 

d) Influence of viscoelastic properties  

In line with these recent observations, Chaudhuri et al. confirmed that 

cells not only sense and react to the stiffness of the substrate but also to its 

viscoelastic properties and stress relaxation profile.155 Indeed, most 

conclusions regarding the way cells sense the elasticity of their environment 

by exerting traction forces have been achieved on purely elastic substrates 

(e.g., covalently cross-linked gels), whereas the physiological ECM is 

viscoelastic. On the contrary to purely elastic materials (i.e., displaying a 

constant resistance to traction forces over time), the viscoelastic ECM 
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exhibits stress relaxation over time, meaning that the resistance to the 

traction forces exerted by the cells decreases over time as some of the 

energy imparted by the cells is consumed to generate a remodelling (i.e., 

plastic deformation) of the matrix. In parallel to stiffness, plastic deformation 

of the substrate allows integrin clustering and thus similarly activates 

intracellular signalling processes. Evidences indeed highlighted that 

increased stress relaxation could compensate for matrices with a lower 

stiffness, as the spreading and proliferation of cells (human osteosarcoma 

U2OS cell line) were increased on substrates with stress relaxation (i.e., 

ionically cross-linked alginate hydrogels) compared to elastic substrates (i.e., 

covalently cross-linked alginate hydrogels) with the same initial elastic 

modulus.  

In summary, chemical, topographical/geometrical and mechanical 

signals are the main parameters which are presented to the cells through 

the ECM and which regulate their behaviour. Most of these cues are 

transmitted to the cells via the cytoskeleton/ECM coupling through the 

integrins and are thus actually subordinated to the successful anchoring of 

the integrins to adhesion proteins present in the extracellular medium. The 

design and characterization of cell-instructive biomaterials mimicking both 

the structure and functions of the ECM and thus recapitulating most of the 

documented cell-influencing cues is likely to be beneficial for TE and 

regenerative medicine applications.  
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Following discoveries on how ECM influences cell fate, a new paradigm 

emerged among scientists which consists in engineering artificial ECM 

analogs combining as many cell-influencing cues as possible and using 

them as scaffolds for tissue engineering and repair. 

1.3 Artificial ECM analogs 

As an alternative to the biological scaffolds (described in section 1.1.3) 

derived from the top-down processing (i.e., decellularization) of native tissue 

ECM, artificial ECM-like materials can be built from a bottom-up approach, 

using synthetic or biological building blocks156. The development of 

bioinspired artificial matrices has become one of the most important 

paradigms in tissue engineering research nowadays. Compared to acellular 

tissues of natural sources, artificial matrices enable to circumvent concerns 

over pathogen transmission, immune rejection, batch-to-batch consistency 

and their design allows for more control over the composition, mechanical 

properties and biodegradability so as to orient cell processes in a specific 

manner. Such engineered matrices should chemically and structurally mimic 

the native ECM and its characteristic cell-influencing cues (described in 

section 1.2) so as to induce particular types of cells to function in their native 

manner and ultimately restore, maintain or improve damaged tissues and 

organs. Synthetic mimics of the natural ECM have mainly been produced in 

the form of hydrogels, micro- and macro-porous polymeric foams and 

nanofiber mats. 

1.3.1 Hydrogels 

Hydrogels are formed via cross-linking of polymers into an insoluble 

network which can adsorb high amounts of water without dissolving. By 

appropriately tailoring the polymer chemistry and cross-linking density, the 

physical properties of the hydrogel, such as its water content, mechanical 

strength and elasticity, and its biodegradability can be manipulated to 

resemble those of particular natural tissues. Furthermore, biological cues 

such as bioactive peptides, proteins and proteoglycans can be integrated into 

hydrogels through either covalent linkages or non-covalent interactions. 

Hydrogels can serve as 2-D substrates for cell culture or as 3-D micro-

environments, with cells being seeded on top or encapsulated during the 

cross-linking process.156 Being intrinsically permeable to oxygen, nutrients 

and other water-soluble compounds and enabling angiogenesis and 

osteoconductivity, hydrogels are attractive materials for tissue 
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engineering.157,158 Hydrogels have been developed from synthetic polymers 

such as poly(ethylene glycol) (PEG)159,160 and from natural polymers such as 

agarose161,162, alginate163–165, HA82,166,167 and Col168,169. Composite hydrogels, 

combining synthetic and natural polymers and/or ceramic particles were 

developed to compensate for the uncontrolled degradation of biopolymers 

and to allow better control over mechanical properties.170,171 Bioinert 

hydrogels (e.g., alginate, PEG) have usually been covalently functionalized 

with adhesive RGD peptides to facilitate cell adhesion and spreading.159,163 

Growth factors167, drugs157 and ceramic particles170 have also been 

encapsulated within hydrogels to increase their bioactivity. MacDonald et al. 

incorporated single-walled carbon nanotubes (SWCNTs) into a Col hydrogel 

in order to take advantage of their high aspect ratio and outstanding 

mechanical and electrical properties.172 Main advantages of hydrogels 

include their tunable mechanical properties as well as the fact that they can 

easily be loaded with cells and drugs and injected into the body in a minimally 

invasive manner.157,173–176 More recently, the 3D printing technology has 

enabled the use of hydrogels as a bioink and opened the possibility of their 

patterning into complex 3-D shapes mimicking tissue macro- and 

microarchitectures.157,158,165,177 The main drawback of hydrogel biomaterials 

is their low mechanical strength which limits their use in load-bearing 

applications (e.g., bone tissue engineering).157,173 Moreover, the micro- and 

nano-architectures of gel biomaterials cannot be easily tailored which 

restricts the possibility to present encapsulated cells with topographical 

cues. 

1.3.2 Microporous polymeric scaffolds 

The production of microporous polymeric membranes/scaffolds mainly 

involves the introduction of a porogen into a polymer solution or melt; 

casting of the mixture into a mould of the desired shape, hardening of the 

polymer around the porogen and subsequent dissolution of the porogen to 

leave pores in the polymer matrix.157,173 Traditionally used porogens include 

water (i.e., freeze-drying), CO2 (i.e., gaz foaming), organic solvents (i.e., phase 

separation) or water-soluble salt particles (i.e., solvent casting and 

particulate leaching).157,173 Many research groups focussed on the processing 

of ECM-derived biopolymers into microporous ECM analogs via freeze-drying 

and explored their potential as scaffolds for tissue engineering178. Col 

scaffolds with pores of a hundred microns were obtained via carbodiimide 

cross-linking (i.e., use of EDC, 1-ethyl-3-(3-dimethylaminopropyl)-
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carbodiimide) of native collagen followed by freeze-drying and were seeded 

with fibroblasts.179 Composite Col/HA180,181, Col/Chondroitin-6-sulfate 

(CS)182,183 and Col/elastin184 sponges were produced in a similar manner and 

investigated as skin or blood vessels substitutes. Synthetic bioresorbable and 

FDA-approved polymers such as aliphatic polyesters, including poly(glycolic 

acid) (PGA), poly(L-lactid acid) (PLLA), poly(Ɛ-caprolactone) and their 

copolymers, have been widely used for the preparation of microporous 

scaffolds.185–187 

In order to impart microporous scaffolds with electrical conductivity and 

offer the possibility to electrically stimulate the hosted cells, composite 

biomaterials including conducting polymers were produced. Sajesh et al. 

synthesized a conducting scaffold via freeze-drying and chemical cross-

linking of a mixture containing a polypyrrole (PPy, a conducting polymer)-

alginate blend dispersed in a chitosan solution.188 Baniasadi et al. prepared a 

highly conductive chitosan/gelatin porous scaffold (with a pore size in the 

range 100-300 µm) loaded with PPy/graphene nanocomposite particles and 

highlighted promising results for nerve regeneration applications.189  

Natural bone tissue being a biocomposite in which inorganic apatite 

(i.e., calcium phosphate mainly in the form of hydroxyapatite, HyAp, 

chemical formula Ca10(PO4)6(OH)2) crystals are nucleated on Col fibers, a 

great deal of research has explored the production of organic/inorganic 

composite scaffolds for bone tissue engineering. The bioceramic particles 

can be added as a filler during the manufacture of the scaffold, in the form 

of a commercial powder190,191 or a precipitate192 or, alternatively, can be 

nucleated in situ, after completion of the scaffold processing, via an alternate 

soaking process193 or through incubation in a simulated body fluid (SBF)194. 

The group of Kaplan prepared a silk fibroin/polyaspartic acid scaffold (pore 

size ~750±20 µm) via a solvent casting/particulate leaching method and 

subsequently mineralized it with calcium phosphate using an alternate 

soaking process (i.e., cyclic exposure to CaCl2 and Na2HPO4 solutions).193 Liao 

et al. mineralized Col fibril via precipitation of HyAp nanocrystals in a Col 

solution, freeze-dried the mixture and suspended the resulting powder in a 

PLLA/dioxane solution which was casted and freeze-dried to produce a 

porous PLLA matrix (pore size 100-400 µm) uniformly filled with Col/HyAp 

nanocomposites.192 Polymer/carbon nanotube (CNT) composite scaffolds 

were also produced, either from natural195–198 or synthetic199,200 polymers, 

with a view to taking advantage of the high mechanical strength and high 
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specific surface area developed by the nanostructured CNT. In addition to 

providing nanotopographical cues reminiscent of the structure of native ECM 

proteins, CNT showed strong protein adsorption which favoured cell 

adhesion, proliferation and differentiation.195–200 In order to enhance the cell-

material interactions, the surface of scaffolds derived from synthetic 

polymers can be modified with bioactive polymers either via covalent 

bonding201 or through the layer-by-layer (LbL) assembly technique 

(developed in section…) based on weak interactions. For instance, Gong et 

al. functionalized the surface of a microporous aminolyzed PLLA scaffold with 

a LbL-assembled CS/Col multilayer and evidenced improved adhesion and 

proliferation of chondrocytes.202 Although polymeric microporous scaffolds 

offer the possibility to physically support cell growth in a 3-D micro-

environment and present them with various bioactive cues, these systems 

lack adequate mechanical properties for load-bearing applications and the 

nanoscale topography in contact with cells cannot be easily manipulated. 

1.3.3 Nanofibrous polymeric mats 

Nanofiber mats have attracted considerable attention as their structure 

recapitulates the nanofibrillar topography of native ECM (e.g., collagen fiber 

bundles with diameter in the range 50-500 nm).203,204 Their large surface area 

advantageously increases the amount of adsorbed proteins and biochemical 

effectors which can be presented to the cells in a fashion much similar to in 

vivo conditions, leading to enhanced cellular responses. Moreover, the 

microporosity inbetween fibers enables the mass transport of nutrients and 

waste products.204,205Biomaterials which mimic the architecture of structural 

proteins within ECM have mostly been produced using electrospinning, 

phase separation and self-assembly.204,206,207 The electrospinning technique 

entails application of a high voltage to a polymer solution or melt in order to 

form a charged jet which is collected onto a grounded substrate and 

solidified into continuous fibers with a diameter ranging from several 

microns down to 50 nm. This technology has been used extensively to 

synthesize nanofibers out of natural and synthetic polymers or even 

composites and to organize them into randomly- or preferentially-oriented 

fiber mats.204,208  

Electrospun Col fibers of various diameters (from 50 to 1000 nm), either 

chemically cross-linked via EDC209 or not210, were produced by different 

groups starting from a Col solution in HFP (1,1,1,3,3,3 hexafluoro-2-

propanol) and showed promising results for the growth of hMSCs and their 
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osteogenic differentiation. Venugopal et al. synthesized biomimetic 

nanofibers much similar to the bone ECM via co-precipitation of a 

chitosan/HyAp nanocomposite, redispersion in an aqueous acetic 

acid/dimethyl sulfoxide (DMSO) system and subsequent co-electrospinning 

of the solution with a poly(ethylene oxide) additive.211 The use of nanofiber 

mats, endowed with electrical conductivity through functionalization with a 

conducting polymer shell, was investigated for neural tissue engineering. 

Thunberg et al. synthesized a matrix of electrospun cellulose nanofibers 

which were functionalized via in situ chemical polymerization of pyrrole 

monomers. Human neuroblastoma cells (SH-SY5Y) showed increased 

adhesion on the PPy-modified mats and adopted a neuron-like 

morphology.212 Martin’s group used an electrospun mat of PLLA nanofibers, 

supported on a neural microelectrode, as template for the electrochemical 

deposition of poly(3,4-ethylenedioxythiophene) (PEDOT) or PPy. After 

dissolution of the PLLA core, the matrix of conducting-polymer NTs was used 

for the culture of primary neurons.213 In another study, Martin et al. prepared 

poly(L, D-lactic acid) (PLDLA) nanofibers loaded with an anti-inflammatory 

drug (dexamethasone), supported on a microelectrode, and subsequently 

functionalized with a PEDOT shell and encapsulated within an alginate 

hydrogel.214  

In order to combine the better stability of synthetic polymers with the 

bioactivity of natural ones, a wide range of composite nanofibrous scaffolds 

were developed. For this purpose, biopolymers were introduced in the 

system either via co-electrospinning215,216 or by adsorption217, covalent 

binding or LbL assembly205,218 on the surface of the processed matrix. In 

recent years, electrospun systems of increasing complexity have been 

created with a view to better emulate the structure, composition and 

functions of native ECM. These complex fibrous matrices most often 

combine a synthetic polymer core (providing mechanical stability and 

delayed degradability), biopolymer (providing cell-adhesive cues) and 

conducting polymer (enabling electro-stimulation of seeded cells) coatings 

and growth factors (stimulating the growth and differentiation of cells) 

and/or bioceramic (imparting osteoinductivity as well as a composition and 

mechanical properties close to bone tissue) functionalisations. Such systems 

were mainly investigated for bone and nerve tissues regeneration. 

Meaningful examples include the synthesis of synthetic polymer nanofibers, 

polymerization of a conducting polymer shell and subsequent adsorption of 

a cell-adhesive biopolymer such as Col.219–221 
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Zeng et al. prepared an electrospun PLLA matrix which was further 

coated with a poly(glutamic acid) and sodium dodecyl sulfate (SDS) co-doped 

PPy shell and covalently functionalized first with poly(L-lysine) (PLL) and then 

with nerve growth factor (NGF) via EDC chemistry.222 Zhang et al. produced 

core-shell nanofibers through co-axial electrospinning of a lysine-doped 

solution containing NGF as the core and a PLLA/silk protein as the shell. This 

system was evaluated as a guide for nerve regeneration in a rat model.223 

HyAp NPs were also introduced in nanofibrous matrices either via dispersion 

in a polymer solution and co-electrospinning224 or by nucleation (i.e., 

alternate soaking process in CaCl2 and Na2HPO4)225 on the fiber surface. Wang 

et al. demonstrated the possibility to stack sheets of electrospun 

PCL/Col/HyAp composite nanofibers seeded with mouse BMSCs (stacking of 

20 sheets, leading to a thickness of ~200 µm) to produce a biomimetic tissue-

engineered periosteum. The resulting flexible tissue membrane was 

wrapped around a structural bone allograft and shown to improve the 

healing of a bone defect in the mouse femur.226  

Despite its versatility in tailoring nanoscaled fibers of tunable 

compositions and diameters mimicking those of the native ECM 

environment, electrospinning has the disadvantage of being hardly scalable 

for the production of complex 3-D shapes. Indeed, most electrospun 

nanofibrous mats have a thickness in the range of 30 to 50 µm, which 

positions them rather as cell-influencing membranes than as implantable 3D 

scaffolds. Moreover, the electrospinning process requires organic solvents 

which could potentially cause deleterious effects on the bioactivity of any 

protein compound added in the electrospun mixture.  

1.4 Layer-by-layer (LbL) assembly 

As already evidenced in the previous section, the LbL self-assembly is an 

easy and versatile method to functionalize the surface of materials with 

nanostructured films imparting interesting properties such as cell-adhesivity, 

catalytic activity, drug loading and delivery, etc. Since its introduction by 

Decher and co-workers in 1991227,228, the LbL assembly has become the 

prevalent method to functionalize surfaces, especially those of biomaterials. 

The LbL process indeed offers many advantages: it is a simple and 

inexpensive technique, it is highly versatile as it allows a wide variety of 

materials to be incorporated within the multilayer, it generates stable 

multilayered films whose layering sequence and nanometer thickness can be 
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finely tuned and it can be efficiently used to functionalize substrates with 

complex structures and irregular topographies.229–232 Moreover, the LbL 

assembly can be achieved under soft aqueous conditions in a manner similar 

to the natural physiological processes through which individual molecules 

spontaneously self-assemble into complex architectures in the body (e.g., 

nucleic acid and protein assembly). In view of this, the LbL technique has 

supplanted earlier surface functionalization techniques such as Langmuir-

Blodgett (LB) deposition233–235 and self-assembled monolayers (SAMs)236,237 

which suffer from various flaws. Among the drawbacks of the LB deposition 

are the need for expensive instrumentation and long fabrication periods, the 

limited range of molecules that can be assembled as the technique is 

restricted to the use of amphiphilic components, and the rather low stability 

of the resulting film. Surface functionalization with SAMs, on the other hand, 

is limited to the construction of a monolayer of thiolated or silanized 

compounds on noble metals or silica surfaces, respectively, which further 

limits the loading capacity of biomolecules within the film and offers low 

stability under physiological conditions.229–232 

The LbL assembly has preponderantly been conducted relying on 

electrostatic interactions between oppositely-charged polymers, alternately 

adsorbed on a substrate, to produce multilayered thin films of controlled 

nanometer thickness. The driving force for such assemblies based on 

electroattractive interactions is the excess adsorption of each charged 

compound during each layer deposition and the charge overcompensation 

and charge reversal which result from it.230,238 Since the original introduction 

of the LbL method based on electrostatic interactions, many other types of 

intermolecular interactions were investigated, including covalent bond239–242, 

hydrogen bonding243–247, charge transfer248, host-guest249–252, coordination 

bond253–258, hydrophobic259,260 and specific biological interactions (i.e., avidin-

biotin261–263, antibody-antigen264,265, lectin-polysaccharides266,267 and 

fibronectin (FN)-ECM proteins and glycosaminoglycans268–272). Moreover, 

researchers have extended the LbL technique to assemble not only 

conventional water-soluble synthetic polymers238,273–276 but also viruses277, 

proteins278–280, silica colloids281–283, metal NPs284, dyes285,286, metal 

oxides287,288, clays289,290, PS nanospheres291,292 and living cells268–272. 
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1.4.1 Template-assisted LbL assembly 

The LbL process being achievable on any charged surface, it can be 

carried out on micro- or nano-structured substrates in order to organize the 

assembling molecules into complex supramolecular micro- or 

nanostructures. As such, assembling polymers in a LbL fashion onto the 

surface of colloidal particles used as hard templates is a widely used method 

to produce hollow capsules after dissolution of the colloidal core.282,293 These 

hollow capsules were mainly used for the encapsulation and controlled 

release of guest substances.294–301 Similarly, conducting the LbL assembly 

within a membrane with cylindrical nanopores (i.e., the template synthesis 

method reported by Martin et al302,303), enables the production of NTs.304–308 

Many research groups achieved the synthesis of protein-based NTs via 

this template-assisted LbL method carried out either within the nanopores 

of anodic aluminium oxide (AAO) or track-etched PC membranes. Martin and 

co-workers produced glucose oxidase (Gox) and hemoglobin (Hb) NTs 

through alternate filtration of protein solution and glutaraldehyde (GA) 

cross-linker. Gox- and Hb-based NTs were shown to retain their catalytic 

activity and electroactivity, respectively.305 Li and co-workers synthesized 

cytochrome-C NTs via covalent binding using GA or electrostatic interactions 

with the strong PE poly(styrene sulfonate) (PSS).309 The same group designed 

single-component human serum albumin (HSA) NTs and phospholipid/HSA 

NTs through electrostatic interactions.310 The group of Liang produced single-

component avidin and bovine serum albumin (BSA) NTs through electrostatic 

assembly.311,312 The group of Komatsu focussed on the engineering of HSA-

based NTs electrostatically-assembled in combination with various synthetic 

polycations such as poly(allylamine hydrochloride) (PAH), poly(L-arginine) 

(PLA), poly(L-lysine hydrobromide) (PLL), poly(ethylene imine) (PEI).313–316 

They further demonstrated the opportunity to functionalize the inner 

surface of the protein NTs with an enzyme317, antibody280, or avidin318 layer 

or with gold319 or Pt320 NPs. PLA/ferritin314,321,322 and PLA/myoglobin314 NTs 

were also produced. Sadeghi et al. synthesized poly(D-lysine)/BSA NTs.323 

Jiao et al. produced PEI/BSA NTs which were shown to entrap DNA with high 

affinity.324 The group of Demoustier-Champagne and Jonas evidenced the 

production of enzymatically-active PEI/Gox NTs325 and PLA or 

PAH/ovalbumin NTs326 which were successfully internalized by dendritic 

cells. Maldonado and Kokini elaborated edible BSA/alginate NTs.327 
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Recently, ion track-etched polymer templates of increasing complexity 

were developed, displaying a 3-D network of interconnected nanochannels 

whose dimensions can be tuned.328,329 Combining the LbL assembly process 

with such templates displaying a nanostructured porosity of complex and 

tunable architecture, could potentially lead to the organization of biological 

molecules into complex 3-D networks offering the combined advantages of 

macroscaled dimensions and the display of cell-influencing cues at the 

nanoscale. 

1.4.2 LbL assembly of biopolymers for cell-contacting applications 

Owing to its versatility and its ability to be carried out under soft 

biomimetic conditions, the LbL technique has been widely employed to 

synthetize polymeric coatings, membranes and NTs out of natural 

macromolecules, with a view to target cell-contacting applications. 

Many researchers developed Col-containing thin films built via LbL 

assembly in order to improve the cell-adhesion properties of various 

substrates. Col/HA coatings were assembled on titanium330,331 and silica 

substrates332 and evidenced to positively impact the adhesion and 

proliferation of hMSCs and mouse preosteoblasts. Grant et al. built Col/PSS 

thin films on the bottom of Petri dishes and investigated their biological 

properties using C2C12 myoblast and PC12 pheochromocytoma 

cells.333Mhanna et al. functionalized PDMS substrates with Col/chondroitin 

sulfate and Col/heparin films and used these systems for the culture of 

bovine chondrocytes.334 Col was LbL-assembled in combination with alginate 

on the surface of glass slides and PLA electrospun scaffolds by Li et al. The 

biocompatible coating was evidenced to improve the adhesion and 

proliferation of human periodontal ligament cells.335 Chaubaroux et al. 

similarly produced Col/alginate coatings but chemically cross-linked the 

multilayer using a natural agent, genipin, and evaluated their cell 

compatibility with human umbilical vein endothelial cells.336 Lin et al. coated 

the surface of a stainless steel stent with a Col/heparin multilayer which was 

cross-linked with glutaraldehyde and further functionalized with an anti-

CD34 antibody. The authors evidenced that the anti-CD34-functionalized 

Col/heparin coating could selectively promote the attachment and growth of 

vascular endothelial cells (bearing CD34 antigen on their surface), at the 

expense of smooth muscle cells, therefore reducing the risks of in-stent 

restenosis.337 Gao et al. functionalized the surface of a poly(ethylene 

terephthalate) (PET) vascular graft with a Col/chondroitin sulfate multilayer 
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and showed that the attachment, growth and viability of endothelial cells on 

the graft was enhanced.338 

Picart and co-workers produced an abundant literature on the 

development of polysaccharide-based multilayers, the modification of their 

mechanical properties via chemical EDC/s-NHS cross-linking and the 

corresponding influence on the behaviour of seeded cells.339–341 The group 

mainly investigated the buildup of PLL/HA342–350, chitosan/HA345,348,351, 

HA/Col352, PLL/chondroitin sulfate and PLL/heparin multilayered films350. In a 

recent paper, the group engineered free-standing (thickness ~ 50 µm) 

membranes based on the electrostatic LbL assembly of two polysaccharides, 

alginate and chitosan, which were further chemically cross-linked and loaded 

with the osteoinductive growth factor bone morphogenetic protein 2 (BMP-

2). The more cross-linked membranes showed myoconductive and 

osteoinductive capacities both in vitro when seeded with murine C2C12 

skeletal myoblasts and in vivo when implanted in a mouse ectopic model.353 

Fujie et al. synthesized a free-standing Col/HA thin film (i.e., denoted as ECM-

nanosheet; ~ 62 nm thick) by initiating the LbL assembly of Col and HA on a 

SiO2 substrate covered with a water-soluble poly(vinyl alcohol) supporting 

film. Incubation of the ECM-nanosheets under physiological conditions (i.e., 

PBS buffer at 37°C) led to partial dissociation of HA and reorganization of the 

remaining HA-depleted Col layers into microfibrils, which further increased 

the spreading of the seeded NIH-3T3 cells.354  

The group of Matsusaki recreated a nanostructured ECM-like meshwork 

on the surface of living cells (e.g., mouse L929 fibroblast, human umbilical 

vein endothelial, human hepatocellular carcinoma cells, etc.) using the LbL 

assembly of FN/gelatin or FN/dextran sulfate based on specific interactions 

between FN and the FN-binding domain found in many ECM molecules.268,272 

By stacking several layers of FN/gelatin-functionalized cells, they further 

managed to build complex 3-D cellular multilayers mimicking natural tissue 

constructs within incubation times as low as 1 day.270–272 

The group of Dupont-Gillain and Demoustier-Champagne elaborated 

Col/PSS NTs displaying Col in their outermost layer355–357 which were further 

collected on a glass substrate by electrophoretic deposition and seeded with 

mouse MC3T3-E1 preosteoblasts. The cells were observed to specifically 

interact with Col-based NTs through filopodia.358,359 
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Chapter 2 

Aim of the thesis 

The scientific community is gathering an ever-growing collection of 

insights into how cell fate is finely tuned in vivo by a complex interplay of 

topographical, mechanical and chemical stimuli provided through the 

extracellular matrix (ECM). This triggers the wish to master and replicate 

these cell-influencing factors. Indeed, being able to understand and control 

the complex mechanisms of morphogenesis, cell proliferation and 

differentiation found in Nature, would greatly advance technologies such as 

cell therapy, tissue engineering and regenerative medicine; which are 

currently still in their infancy. Successful outcomes of these strategies based 

on the regulation and modification of cell processes are intimately linked to 

our capacity to develop artificial cell-educative interfaces mimicking the 

Nature’s golden standard which is ECM. 

In addition to hosting the cells and providing them with mechanical 

support, such an ideal biointerface should be free of any harmful effect on 

human health. It should also present the cells with all the physical stimuli and 

biochemical epitopes able to trigger their adhesion on the materials surface, 

sustain their proliferation and guide their differentiation towards a selected 

phenotype. Hence, along with being biocompatible, the engineered ECM 

mimic should also be bioactive. All the featured signals should also be 

implemented at an appropriate length scale for the cells to be able to sense 

them and react accordingly. The cell-material cross-talks occur via 

internalisation of small molecules by the cells or the membrane-based 

recognition of molecular sequences of a few nanometers in length. The 

appropriate length scale will thus be the nanoscale. The best available option 

to combine biocompatibility and bioactivity remains to select building blocks 

directly in the pool of molecules invented by Nature and having successfully 

passed through the filter of evolution. Native ECM proteins and 

polysaccharides however have the drawback of lacking the adequate 

mechanical properties required to handle them and organize them into 

complex supra-molecular architectures ex vivo. Special care must therefore 

be taken when designing biomimetic interfaces to elaborate strategies which 

can compensate for the weak mechanical properties of biomacromolecules. 
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The aim of this thesis is to propose a contribution to the challenge of 

producing a cell-influencing interface inspired from nature’s ECM. The 

synthesized biointerfaces will be designed to accommodate as many cell-

influencing factors natively found in ECM as possible. Biopolymers 

originating from the ECM will be used as building blocks and driven to self-

assemble into fibrous nanostructures, similar to the organization naturally 

taken by a large part of ECM proteins in vivo. The use of natural polymers will 

ensure biocompatibility as well as bioactivity of the resulting nanostructures. 

The mechanical properties of the designed architectures will also be tailored, 

in a way to ensure easy handling of the structures as well as to offer an 

additional possibility to regulate cell behaviour. 

As a contribution to the development of multi-functional cell-

influencing platforms, the produced biointerfaces could lead to future 

applications in the field of tissue engineering and regenerative medicine. 

More readily achievable, direct applications would be to use the synthesized 

biomimetic interfaces as model substrates for studying the effect of a set of 

finely-tuned physicochemical parameters on cell behaviour. 

The successive objectives of this thesis will thus be: 

1) The synthesis and characterization of ECM-like biointerfaces 

combining biocompatibility, bioactivity and mechanical integrity. 

 

2) The investigation of the ability of the synthesized biointerfaces to 

sustain cell adhesion, proliferation and differentiation. 

 

The research strategy elaborated to reach these goals will be developed in 

the next section. 
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Chapter 3 

Research strategy 

The prerequisite to work with natural compounds leads us to consider 

only bottom-up techniques able to organize the biological matter under soft, 

non-denaturing conditions so as to preserve the bioactivity of the natural 

polymers. Putting the biopolymers in a position to self-assemble into supra-

molecular structures, similarly to what is occurring in vivo, appears to be the 

most natural way of organizing them. It was therefore decided to rely on the 

layer-by-layer (LbL) self-assembly of the chosen biopolymers to build ECM-

like biointerfaces. The focus was put on Col as it is ubiquitously present as a 

structural protein in the ECM.1,2 Type I Col, in particular, is well-known for 

featuring peptide sequences (i.e., GFOGER3,4 and DGEA5,6 motifs, etc.) 

responsible for triggering integrin-mediated cell adhesion.7,8 It was also 

demonstrated to play a role in cell differentiation, especially towards the 

osteoblastic lineage.5,9 In order to benefit from these bioactive properties, 

Col was selected as the main protein of interest and the requirement to 

incorporate Col in the cell-contacting outermost layer of our biointerfaces 

was implemented in their design. HA, a linear glycosaminoglycan copolymer 

of D-glucuronic acid and N-acetyl-D-glucosamide also abundantly present in 

native ECM10 was more recently discovered to be granted with numerous 

biological functions. HA is indeed involved in cell signalling, including 

proliferation11, migration12 and adhesion.13,14 HA was therefore selected as 

second partner for the LbL assembly of the biomimetic multilayer, in 

combination with Col.  

Guidance of the biopolymers assembly into nanostructured 

arrangements was made possible thanks to the use of a mold (or template) 

with a peculiar structure designed at the nanoscale. Polycarbonate (PC) 

templates were selected due to the high versatility of their characteristics 

(i.e., thickness, pore density and average pore diameter) as well as to their 

ease of dissolution within organic solvents (in contrast with alumina 

templates, for instance, which require alkaline pH and high temperature 

conditions to be dissolved, incompatible with the use of biomolecules). 

Moreover, a high degree of knowledge and experience was accumulated in 

the design and use of these PC templates by researchers working in the 

laboratory and its partner company, it4ip. While templates with cylindrical 
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nanopores are classically produced and used to synthesize nanotubes (NTs), 

the templates used throughout this study were custom-designed to present 

a network of intersected nanopores (figure 3.1.a). Such nanoporous 

membranes are traditionally prepared via a track-etching process which, in 

this case, involved sequential rather than a single irradiation of a PC film 

using heavy energetic ions propelled at various incident angles, so as to 

create intersecting damaged tracks along the PC matrix. The created tracks 

along which the polymer has been degraded are then chemically etched to 

reveal intersecting pores which follow the infiltration path of heavy ions. 

The resulting interconnected porosity of the template works as a 

negative of the desired structure, which is replicated thanks to the LbL 

deposition of the biopolymers along the pore walls and sacrificed in a final 

step to reveal the architecture of interest (figure 3.1.b). As a direct 

consequence of the high tunability of the PC templates (i.e., thickness, pore 

density and average pore diameter), nanostructures with highly versatile 

characteristics can be designed. A structure made of intersecting 

nanocylinders was chosen for our engineered matrices due to the set of 

advantages it presents: 

 The high aspect ratio and high specific surface area developed 

by the NTs are likely to emulate those developed by the protein 

nanofibers present in native ECM (i.e., collagen, fibronectin, 

etc.). 

 

 The inner and outer linings of the multilayered NTs can be 

separately and selectively functionalized. 

 

 The existence of a hollow compartment inside the cylindrical 

building blocks entails the possibility of further filling them with 

a bioactive drug in a post-production fashion. 

 

 Macroscopic interfaces composed of a high number of nano-

sized units combine mechanical integrity and ease of handling 

at the macro-scale with a nano-scale precision in the 

distribution of cell-influencing cues. 
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 The high level of interconnected porosity of the resulting matrix 

allows the circulation of nutrients and waste products which will 

be respectively consumed and produced by the hosted cells. 

 

 Cell-influencing factors are presented in a three-dimensional 

(3D) environment at the cellular level; similarly to in vivo design 

rules. 

 

Compared to more conventional ECM substitutes (i.e., hydrogels, 

nanofiber mats, microporous polymeric foams, etc.), the designed process 

(i.e., template-assisted LbL assembly within custom-made templates 

displaying a complex and tunable network of nanostructured pores) should 

offer the possibility to guide the assembly of biomolecules into complex 

supramolecular architectures while still conserving a nano-scale precision in 

the distribution of cell-influencing cues. 

 

It is noteworthy to mention that the projected biointerfaces do not 

constitute scaffolding materials as the dimensions of their interconnected 

porosity (defined by the intertubular space) is in the nanometer range (i.e., 

from a few nanometers to a few hundreds of nanometers) and hence, too 

low to allow the penetration of cells within the structure. A pore size greater 

than the diameter of a mammalian cell in suspension (i.e., 10-15 µm) would 

indeed be the required minimum for cells to be able to infiltrate the 

matrices.15 However, we could expect that, in cases where the biointerfaces 

would be biodegradable, cells could progressively degrade the material and 

progressively embed themselves within the engineered matrices as they 

synthesize their own ECM at the same time.16 
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Figure 3.1 Schematic illustration of the general research strategy. (a) Design 
and synthesis of nanostructured PC templates displaying a network of 
intersected nanopores via a track-etching process [partnership with it4ip]. (b) 
Use of the produced templates to guide the LbL self-assembly of two ECM-
derived biomacromolecules: Col and HA. (c) Evaluation of the performances 
of the as-synthesized nanostructured biointerfaces as cytocompatible and 
cell-influencing surfaces 
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Despite the great interest of Col and HA as bioactive ECM-derived 

polymers, reports focussing on their LbL assembly remain scarce in the 

literature17–20, probably due to the complexity of the selection of adequate 

assembly conditions. In the frame of this thesis, the work developed in 

Chapter 4. LbL self-assembly of ECM-like thin films, NTs and biointerfaces 

was thus dedicated to the identification of adequate conditions for triggering 

the Col/HA self-assembly. 

First attempts at templating the optimized Col/HA assembly within 

nanoporous membranes so as to organize the biomacromolecules into a 

matrix of intersected NTs led to collapsed structures with evidently low 

mechanical properties (Figure 3.4). The need for easy-to-handle self-

supported biointerfaces, prompted us to consider two different approaches 

to impart mechanical stability to the designed nanostructures while at the 

same time preserving their biocompatibility and bioactivity. 

The first proposed approach, developed in Chapter 5, focusses on the 

production of composite biomaterials, combining the bioactivity of ECM-

derived polymers with the mechanical stiffness of ceramic nanoparticles 

(NPs). This was achieved thanks to the incorporation of silica NPs during the 

LbL assembly of Col/HA multilayers, giving rise to composite NTs and artificial 

matrices made thereof (Figure 3.2). 

The second approach, reported in Chapter 6, is based on the 

polymerization of a stiff polymer, PPy, inside the nanostructured template so 

as to firstly synthesize a rigid framework of intersected PPy NTs which is then, 

in a consecutive step, functionalized with a self-assembled Col/HA multilayer 

(Figure 3.3). 

Following the successful synthesis of self-supported biointerfaces in 

Chapter 6, their ability to favour cell adhesion was investigated using murine 

osteoprogenitor cells (MC3T3-E1 cell line). Furthermore, their ability to 

trigger and influence the early differentiation phase of MC3T3-E1 cells 

towards their committed phenotype (i.e., osteoblasts) was assessed. 

The outline of the present thesis is summarized in Figures 3.4 & 3.5 
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Figure 3.2 Schematic representation of the first approach to synthesize 
biointerfaces combining increased mechanical properties with bioactivity, 
relying on the production of nanocomposite interfaces. The stiffness of the 
nanotubular Col/HA multilayers is improved via incorporation of ceramic NPs, 
leading to nanocomposite ECM-like biointerfaces 
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Figure 3.3 Schematic representation of the second approach used for the 
production of biointerfaces with increased mechanical stability. A self-
supported framework of intersected PPy NTs is first polymerized before being 
functionalized with a Col/HA ECM-like multilayer. 
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Figure 3.4 Thesis outline (Part A) 
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Figure 3.5 Thesis outline (Part B) 
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Chapter 4 

LbL self-assembly of ECM-like thin films, 

NTs and biointerfaces 

 

Abstract 

The assembly of two ECM-derived biopolymers, Col and HA, into supra-

molecular architectures, be it in the form of planar thin films, capsules or 

nanotubes, would hold many promises for the advancement of implantable 

technologies. Reports focussing on this matter remain however scarce in the 

literature. This lack of background can, at least partly, be explained by the 

inherent complexity which exists in pinpointing the optimal conditions able 

to trigger successful interactions between biomacromolecules of large 

dimensions, non-homogeneous charge density and limited stability. In this 

regard, the parameters leading to the assembly of multilayered (Col/HA)x 

thin films and NTs are identified. The isoelectric point (iep) of Col is 

experimentally determined to be in the range ]5;6[ in UPW and ]4;5[ in 0.15 

M NaCl aqueous solution, while the iep of HA is below 3 in both cases. 

Adapting the pH of the biopolymer aqueous solutions to a value of 4.0 

imparts them with a global charge of opposite polarity, the ζ-potential of Col 

being +14.4 mV in UPW (+2.8 mV in 0.15 M NaCl) and that of HA -31.1 mV (-

13.1 mV in NaCl 0.15 M). A sustainable LbL growth is observed for a 

(Col/HA)2.5 film built under such pH 4.0 condition (either in UPW or 0.15 M 
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NaCl aqueous solution). The optimal conditions leading to (Col/HA) self-

assembly are found to be substrate-dependent. While low I (UPW, I = 10-4 M) 

favours the deposition of thicker layers on planar substrates, no nanotube 

could be obtained when transposing the assembly inside nanoporous 

templates under these conditions. The synthesis of biomimetic NTs is thus 

favoured under higher I conditions (I = 0.15 M), on the contrary to what is 

observed on flat surfaces. ECM-inspired biointerfaces of intersected NTs 

issuing from the (Col/HA) assembly inside custom-made templates are 

produced but show a collapsed morphology due to a lack of mechanical 

stability. Introduction of an internal core made of common synthetic 

polymers, PAH and PSS, inside the biomimetic NTs did not further succeed in 

improving the mechanical integrity of the interfaces. The discovery that 

interfaces built entirely out of synthetic polymers (with either 6 or 10 

(PAH/PSS) bilayers) were equally collapsed leads to the conclusion that 

stacking a high number of polymer layers, be it synthetic or natural, would 

not be sufficient to drastically enhance the mechanical properties of the 

architectures. Hence, the development of new strategies to compensate for 

the low mechanical properties of (bio)polymers and reach the requirement 

of a self-supported biomaterial will be the focus of further research. 
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4.1 Strategy 

To synthesize the aimed ECM-inspired biointerfaces, biopolymers need 

to be organized under mild conditions. For that purpose, the LbL assembly 

technique was selected as it is a versatile, solvent-free process relying on 

attractive forces which naturally exist between molecules (hydrogen bonds, 

electrostatic interactions, hydrophobic forces, specific recognition, etc.). In 

the case of this study, it was decided to capitalize on electroattractive forces 

occurring between two oppositely-charged biomolecules to assemble supra-

molecular architectures. The first stage in this process is to clearly identify 

the surface charge borne by the Col and HA biomolecules as well as to 

monitor its evolution as a function of pH and ionic strength (I) conditions. 

This will allow to solubilize the polymers under conditions in which they will 

both be imparted with a stable electrical charge of opposite polarity (Figure 

4.1.a). Surface charge of colloidal particles dispersed in liquid phase can be 

deduced from the velocity they achieve once brought in an electric field 

(electrophoretic mobility determination; EPM), as developed in Theoretical 

appendix 4.I. After selecting the optimal conditions to ensure stable charges 

of opposite polarity for both Col and HA macromolecules, their ability to self-

assemble into multilayered thin films is assessed in situ using quartz crystal 

microbalance (QCM; Theoretical appendix 4.II) (Figure 4.1.b). The possibility 

to carry out this LbL assembly inside a nanoporous template so as to yield 

individual ECM-like nanotubes is then evaluated (Figure 4.1.c). 
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(a) 

(b) 

(c) 

Figure 4.1 Schematic illustration of the successive steps of the process used 
for the successful production of LbL-assembled ECM-like thin films and NTs. 
The aqueous conditions leading to a stable charge of opposite polarity for 
both biopolymers are first determined using EPM (a). The opportunity to use 
the as-charged biopolymers to build multilayered thin films via LbL assembly 
is then evaluated using QCM-D (b) before finally investigating the feasibility 
of building biopolymer NTs thanks to the completion of the LbL assembly 
inside a template with parallel nanopores (c). 
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4.2 Results and discussion 

4.2.1 LbL self-assembly of ECM-like thin films and NTs  

a) Optimal pH selection 

Screening of the set of appropriate parameters able to elicit the self-
assembly of Col and HA molecules in a LbL fashion was first initiated with the 
monitoring of their electrophoretic mobility (UE) as a function of the pH and 
I of the solution.  

As seen in Figure 4.2, Col biopolymer, whether native (Col) or 
denaturated (d-Col) seems to follow the same mobility pattern in function of 
pH. As expected, the presence of salt in the solution dampens the migration 
velocity of the molecules as the increased charge-screening capacity of the 
electrolyte solution leads to an attenuation of their ζ-potential. As such, 
while the isoelectric point2 (iep) of Col is experimentally determined to be 
comprised between ]5;6[ in ultrapure water, it falls to ]4;5[ in 0.15 M NaCl 

                                                           
2 pH value for which the charges carried by a molecule equilibrate, leading to a net 
charge of 0 

Figure 4.2 Evolution of the electrophoretic mobility of biomacromolecules in 
function of pH and ionic strength (ultrapure water, I = 10-5 M, red color or 
0.15 M NaCl aqueous solution, I = 0.15 M, blue color): native (Col, circle) or 
denaturated (d-Col, cross) collagen and HA (square). 
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solution. Although keeping the same evolution trend as Col, d-Col shows a 
slightly lower magnitude of mobility, depicting a lower density of surface 
charges. The iep of d-Col is thus found between ]4;5[ in ultrapure water and 
lowers to ~ 4 in the presence of salt. HA is always negatively charged under 
all studied conditions, its charge being slightly reduced in higher ionic 
strength environments. In order to promote the electrostatic interactions 
between the Col (or d-Col) and HA partners, assumed to be the driving force 
for their LbL assembly, the pH of the construction medium was set at 4, in 
such a way that Col (or d-Col) are globally positively charged and can interact 
interact with negatively-charged HA. Both low (I = 10-4 M) and physiological 
(I = 0.15 M) ionic strength conditions were assessed relative to their 
efficiency in yielding stable/fruitful self-assemblies. Computing the ζ-
potential of the biopolymers of interest from their electrophoretic mobility 
at pH 4 yields: +14.4 mV for Col in UPW (I = 10-4 M) compared to +2.8 mV in 
0.15 M NaCl, +5.7 mV for d-Col in UPW compared to +0.035 mV in 0.15 M 
NaCl and -31.1 mV for HA compared to -13.1 mV in NaCl 0.15 M (all values 
obtained using equation 4.8, assuming validity of the Smoluchowski 
approximation, see Theroretical appendix 4.I).  

To further evidence the utter importance of fixing the pH of the 
construction medium at an appropriate value for which a sustainable LbL 
growth occurs between Col and HA molecules, QCM-D monitoring of the 
assembly process was carried out with or without preliminarily fixing the pH 
of the macromolecule solutions at 4.0 (Figures 4.3 & 4.4). Figure 4.3.(a) 
corresponds to the adsorption kinetics obtained from solutions of Col and HA 
where the polymers were simply solubilized in a 0.15 M NaCl aqueous 
solution, without any further pH adjustment; whereas Figure 4.4 (a) shows 
the adsorption profile recorded from polymer solutions whose pH was 
adjusted to 4.0 after dissolution of the corresponding biomacromolecule. 
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The lack of a net evolution of the frequency signal in profile (a) (Figure 
4.3.a) despite the alternate circulation of Col and HA solutions clearly 
indicates that no LbL growth is taking place on the crystal surface in absence 
of any pH adjustment. Only the first Col injection gives rise to a significant 
frequency drop, with the signal falling to -449 Hz in about 15 min, indicating 
a quick saturation of the quartz surface with a Col monolayer. The 
concomitant increase of the dissipation signal, as sudden as the frequency 
shift, illustrates the adsorption of Col as a highly hydrated, viscous layer 
which seems to swell even more through the rinsing step (joint increase in 
∆D and decrease in ∆f; Figure 4.3.b step I). Injection of the first HA solution 
leads to a further decrease of the frequency which quickly stabilizes after less 
than 10 min, implying the fast saturation of the previously-adsorbed Col 
molecules with a monolayer of HA (Figure 4.3.b step II). The multilayer 
growth seems to stop after the deposition of this Col/HA bilayer as the 

Figure 4.3 (a) Real time QCM-D monitoring of the frequency (∆f5/5, left axis) 
and dissipation (∆D5, right axis) shifts for the assembly of a (Col/HA)3 film built 
with polymers dissolved in a 0.15 M NaCl aqueous solution without further 
pH adjustment. (b) Schematic interpretation of the adsorption sequence 
occurring at the crystal-liquid interface.  

NaCl 0.15 M, no pH adjustment 
I II III IV V VI 

I Col II Col/HA III-VI 

Col/HA/Col/… 

(a) 

(b) 



 
Chapter 4 

142 
 

system reaches a dynamic equilibrium with the ∆f signal oscillating around a 
more or less constant value. Indeed, an increase in ∆f is recorded whenever 
Col is injected, exceeding the downward shift reported during the previous 
HA adsorption step, likely hinting towards the formation of soluble Col-HA 
complexes, peeling off some previously adsorbed molecules from the crystal 
surface. The frequency signal then stabilizes back to its original value while 
rinsing, only to slightly decrease upon injection of HA, before quickly 
reverting back to equilibrium after rinsing and starting a new oscillation when 
Col is introduced. This dynamic equilibrium supports the hypothesis of the 
formation of soluble Col-HA complexes (Figure 4.3.b steps III to VI), as the 
introduction of Col would trigger a partial removal of the previously-
adsorbed HA monolayer, leading to a simultaneous increase in ∆f and 
decrease in ∆D (as observed in Figure 4.3.a), followed by a replenishment of 
the lost mass via adsorption of hydrated HA molecules during the next step 
(characterized by a drop in ∆f and an increase in ∆D). Without pH adjustment, 
the Col solution (1 mg/mL in 0.15 M NaCl aqueous solution) features a pH of 
~2.56 while the pH of the HA solution (1 mg/mL in 0.15 M NaCl aqueous 
solution) is equal to ~4.54. The formation of complexes might be favoured by 
the increased difference in surface charge of the two partners as compared 
to the situation which prevails when they are both adjusted at pH 4.0. The 
absolute value of the difference between the surface potential of the two 
LbL partners, |∆𝜁|, is indeed much higher at pH 2.5 (pH condition 
corresponding to Col injection) than it is at pH 4.0 (Figure 4.2).  
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On the contrary, profile 4.4.a shows a net decrease in frequency 
following the alternate injection of Col and HA, indicative of a sustainable LbL 
growth under fixed pH (pH = 4.0) conditions. The frequency signal 
equilibrates to ~ - 158 Hz after 35 min of Col circulation; the saturation of the 
crystal surface is thus slower and less pronounced than when Col is adsorbed 
from a pH 2.5 solution (stabilization at ~ -449 Hz in 15 min, Figure 4.3.a). This 
probably results from the lower charge density carried by Col at pH 4.0 than 

(b) 

NaCl 0.15 M, pH adjusted at 4.0 

I Col II Col/HA III Col/HA/Col  

IV  

Col/HA/Col/HA 

V 

Idem III 

Figure 4.4 (a) Real time QCM-D monitoring of the frequency (∆f5/5, left axis) 
and dissipation (∆D5, right axis) shifts for the assembly of a (Col/HA)2.5 film 
built with polymers dissolved in a 0.15 M NaCl aqueous solution consecutively 
adjusted at pH 4.0. (b) Schematic interpretation of the adsorption sequence 
occurring at the crystal-liquid interface. 

(a) 

I II III IV V 
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at pH 2.5. Rinsing further increases the drop in frequency and dissipation 
shift as water molecules are incorporated in the viscous, gel-like Col film, 
identically to the observations made in the absence of pH adjustment (Figure 
4.3.a). Again similarly to case 4.3, the injection of HA produces an appreciable 
shift in both frequency and dissipation, testifying the adsorption of HA 
molecules over the Col layer (Figure 4.4.b steps I-II). After these two first 
adsorption events, introduction of Col is marked by an increase of the 
frequency signal, as previously observed in Figure 4.3.a, but the rinsing step 
yields a negative frequency shift which fully outperforms the initial increase, 
contrarily to what was previously observed in absence of pH adaptation. This 
leads to a net decrease in frequency and hence a net increase in deposited 
mass compared to situation 4.3. Similarly, injection of HA produces a 
substantial frequency shift which is not reverted upon rinsing. Surprisingly 
enough, the dissipation factor equilibrates at a value twice lower than in the 
case without pH adjustment and does not evolve much after the first Col/HA 
bilayer adsorption or even shows a slightly decreasing trend, suggesting a 
compaction of the multilayer. The increase in deposited mass cannot thus be 
solely explained by an accumulation of water within the film. Moreover, 
circulation of HEPES buffer at pH 7.4 does not seem to disturb the 
construction, as only a slightly positive frequency shift is recorded, 
evidencing the stability of the Col/HA self-assembly even in the absence of 
any cross-linking step. 

b) Optimal ionic strength selection 

In order to determine whether the biomimetic Col/HA self-assembly is 
favoured under conditions where the biopolymers have a higher ζ-potential 
(in UPW, I = 10-4 M) or rather in physiological conditions (in 0.15 M NaCl, I = 
0.15 M) where the ζ-potential is lower, QCM-D monitoring was carried out 
and compared under both conditions while keeping the pH fixed at 4.0 
(Figure 4.4 & 4.5). 
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The first addition of Col produces a drop in the frequency signal in both 

cases, although of lower magnitude in the absence of salt (Figure 4.5). The 
value obtained for the dissipation shift is equally lower (~3.4 x 10-5 in UPW 
pH 4.0 compared to ~7.7 x 10-5 in 0.15 M NaCl pH 4.0). Both observations 
suggest that the Col molecules adsorb on the quartz surface in a flat 
conformation in the absence of salt, increasing the number of interaction 
sites with the crystal and hence giving rise to a thinner film containing a lower 
density of well-extended Col polymers, occupying a larger area of the crystal 
surface per molecule, and a lower amount of physisorbed water (as 
highlighted by the lower recorded dissipation factor). The flat, worm-like 

Figure 4.5 (a) Real time QCM-D monitoring of the frequency (∆f5/5, left axis) 
and dissipation (∆D5, right axis) shifts for the assembly of a (Col/HA)2.5 film 
built with polymers dissolved in UPW adapted at pH 4.0. (b) Schematic 
interpretation of the adsorption sequence occurring at the crystal-liquid 
interface. 

UPW pH 4.0 

I II IIIa 

IIIb 

IV 
Va 

Vb 

IIIa Col/HA/Col I Col II Col/HA 

IIIb 

Col/HA/Col/HA 

IV-Va,b 

Idem II-IIIa,b 

(a) 

(b) 
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conformation adopted by Col under low ionic strength conditions is indeed 
justified by the lower charge-screening capacity of UPW as compared to 
saline solutions, leading to a higher intramolecular repulsion between 
identically-charged moieties and thus increasing the hydrodynamic radius of 
the protein. Adsorption plateau could not reach full equilibrium even after 1 
h of circulation of Col in the absence of salt, on the contrary to what is 
observed under physiological conditions. This probably points to a 
progressive saturation of the crystal surface as Col molecules first adsorb 
rapidly as the whole quartz surface is initially available until a second, slower 
kinetics is reached where the adsorption of Col molecules in a rod-shaped 
conformation is hindered by the fact that only small portions of the surface 
are left available for interaction, between the pre-adsorbed protein chains. 
The adsorption of Col as a thin monolayer of extended, worm-like molecules 
in water, is further evidenced by the fact that rinsing evacuates weakly 
adsorbed molecules and excess water (concomitant increase in ∆f and 
decrease in ∆D, Figure 4.5). In contrast, the rinsing step simply increases the 
swelling of the layer when Col is adsorbed under physiological conditions 
(simultaneous decrease in ∆f and increase in ∆D, Figure 4.4), which points 
towards the fact that the biopolymers probably adsorb under a loopier, 
water-swellable conformation in this case. 

 
The first injection of HA under low I conditions is marked by an increase 

of the frequency (i.e. loss of adsorbed mass) and a decrease of the dissipation 
factor. This can be explained by a displacement of the water molecules 
adsorbed to the quartz surface or to Col chains upon HA adsorption as well 
as by the detachment of loosely attached Col molecules from the substrate 
following the formation of soluble Col-HA complexes. The kinetics of Col 
adsorption is then radically different under the two chosen I conditions. 
While the injection of Col is followed by a decrease of adsorbed mass (i.e., 
increase in ∆f) in 0.15 M NaCl, the opposite is true in UPW. The duality of the 
Col adsorption pattern then becomes more evident than during the first step: 
Col molecules first adsorb very quickly on the surface in a highly hydrated 
conformation, producing a sudden and sharp drop in ∆f and peak in ∆D, 
before some kind of rearrangement/relaxation occurs where the system 
drastically loses water (as shown by the sudden and simultaneous increase 
of the frequency and decrease of the dissipation). We can potentially 
attribute this relaxation process to the fact that Col biopolymers first adsorb 
rapidly in a highly hydrated end-on conformation on top of the preceding 
layer (Figure 4.5.b, step IIIa) before creating more interaction sites with the 
surface and anchoring tightly to it, leading to the collapse of the brush 
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structure and the release of water (Figure 4.5.b, step IIIb). The colloidal 
charge being increasingly screened with the distance under saline conditions 
(Figure 4.2), the Col molecules of identical polarity can probably adsorb more 
easily on each other, which explains the slow but continuous increase in 
adsorbed mass (i.e., decrease in ∆f) recorded until rinsing almost fully washes 
away these weakly interacting molecules. 

 
The total change in frequency measured at the end of the self-assembly 

is twice larger in the absence of salt than it is under physiological conditions. 
This leads to a doubling of the deposited mass under low I. We hypothesize 
that this difference is due to the adsorption of Col molecules as worm-like 
threads at low electrolyte concentration, giving rise to thin monolayers of 
tightly adsorbed molecules, potentially more favourable to a sustainable 
stepwise LbL deposition than the adsorption of polymer chains in a more 
flexible and hydrated conformation as is the case for Col under saline 
conditions. 

c) Relevance of a homogeneously charged anchoring layer 

All other parameters being held constant (assembly in 0.15 M NaCl 
aqueous solution with pH fixed at 4.0), the relevance of functionalizing the 
quartz surface with an homogeneously charged layer to improve the 
sustainability of the Col/HA assembly was evaluated by pre-adsorbing 
positively-charged PEI on the substrate before initiating the LbL deposition 
(Figure 4.6). Injection of PEI is marked by the absence of equilibrium, even 
after 1 hour of circulation. Two adsorption regimes seem to occur 
consecutively as PEI first adsorbs very slowly, inducing a simultaneous slow 
increase of dissipation before a much faster adsorption rate is initiated, 
triggering an equally high and sudden increase in ∆D. It can be hypothesized 
that this is explained by the adsorption of branched PEI first under a flat 
conformation, leading to a low density of polymer chains tightly bound to the 
surface (Figure 4.6.b, step I) until a critical density of adsorbed chains is 
achieved where the chains reorganize themselves, extend towards the 
solution and give rise to a highly hydrated polymer brush (Figure 4.6.b, step 
II). Consecutive adsorption of HA saturates in about 50 min and shows a slight 
compaction of the film (decrease in ∆D). Similarly to previous assemblies, the 
first injection of Col is characterized by a fast increase in adsorbed mass 
(decrease in ∆f) which is however difficult to stabilize, on the contrary to 
what was observed for previous assemblies under NaCl 0.15 M pH 4.0 (Figure 
4.4). This might be due to the specificity of the film morphology, with PEI 
forming a brush and thus developing a high surface area available to 
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adsorption. Rinsing shows an increase in mass uptake of the Col monolayer, 
although surprisingly not correlated to an increase in dissipation. The 
frequency change reached after deposition of the PEI/HA/Col multilayer, ~ -
267 Hz, is surprisingly similar to the frequency drop recorded for the 
Col/HA/Col film built at pH 4.0 whether in UPW (~ -216 Hz) or 0.15 M NaCl (~ 
-215 Hz), although PEI (Mw = 600,000-1,000,000 g mol-1) is a much larger 
molecule than both Col and HA. Hence, pre-adsorbing PEI over the surface 
that is to be functionalized does not really give rise to thicker Col/HA LbL 
assemblies. Further adsorption of HA yields a fast but small frequency drop 
while the second circulation of Col leads first to a decrease in deposited mass 
(increase in ∆f) which is overcompensated during the rinsing step, similarly 
to what was previously observed under saline conditions (Figure 4.4). This 
can potentially again be attributed to the formation of soluble Col-HA 
complexes, first depleting the surface in previously-adsorbed HA and water 
molecules before compensating the lost mass by adsorption of Col chains 
which become progressively swollen with water.   
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(a) 

Figure 4.6 (a) Real time QCM-D monitoring of the frequency (∆f5/5, left axis) 
and dissipation (∆D5, right axis) shifts for the assembly of a PEI/(Col/HA)2 
film built with polymers dissolved in a 0.15 M NaCl aqueous solution 
adapted at pH 4.0. (b) Schematic interpretation of the adsorption sequence 
occurring at the crystal-liquid interface. 

NaCl 0.15 M pH 4.0 + PEI anchoring layer 

Ia 
Ib 

II 

III IV V 

IV 

PEI/HA/Col/HA 

III PEI/HA/Col 

Ia PEI Ib PEI II PEI/HA 

V 

PEI/HA/Col/HA/Col 

(b) 
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d) Overview of the assembly conditions 

The calculated thickness of each adsorbed layer, computed using the 
Sauerbrey’s equation (see Theoretical appendix 4.II), under all probed 
conditions is summarized in Table 4.1. 

 
Table 4.1 Thickness (in nm) for each polymer layer adsorbed on the QCM-D 
crystal as a function of the LbL conditions. Numerical thickness values were 
obtained by converting the QCM-D frequency shift data into adsorbed mass 

using the Sauerbrey’s equation. 

a. The final rinsing step in HEPES buffer pH 7.4 being taken into account in the determination 
of the total thickness; this total value does not necessarily equate to the sum of each individual 
layer thickness. 

 

The thickest assembly is obtained under 0.15 M saline conditions without 

any pH adaptation step; although this thickness is to be almost solely 

attributed to the adsorption of the primal Col layer as a highly hydrated gel, 

as depicted in Figure 4.3.b. The assembly being discontinued after this first 

Col layer, the discussed conditions do not fulfil the need for a sustainable LbL 

process able to give rise to stable tubular or planar multilayers.  

The second thickest assembly is obtained with the lowest ionic strength (I 

= 10-4 M) and a pH value set at 4.0. The assembly process seems to be 

continuous and progressive in this case, except for the small discrepancy of 

the first HA layer, attributed to the formation of soluble Col-HA complexes. 

It is, however, rather surprising and counter-intuitive that the thickness of 

each individual polymer layer is greater in absence of salt than it is under 

0.15 M NaCl. Indeed, the screening of the charges carried along the polymer 

backbones under saline conditions should favour their adsorption as more 

flexible chains, and hence thicker assemblies. This observation could be 

linked to a higher tendency to form Col-HA complexes under physiological 

conditions. Activation of the surface with a homogeneously positively-
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charged PEI layer does not result in a thicker nor a more sustainable 

assembly, judging by the continuous decrease of the adsorbed mass per layer 

and the total thickness reached which are both similar in the presence or 

absence of PEI. That along with the potential cytotoxicity of PEI decided us 

to exclude PEI from further developments. Hence, the assembly of Col/HA 

multilayers under low (UPW, I = 10-4 M) or physiological (NaCl 0.15 M, I = 0.15 

M) ionic strength and a pH of 4.0 were the only conditions which were 

deemed satisfactory for the synthesis of stable biomimetic NTs and which 

were thus subjected to further exploration. 

e) Assembly of NTs under optimal conditions 

The selected conditions were further compared while carrying out the LbL 

self-assembly of Col/HA biomolecules inside templates with cylindrical 

nanopores, subsequently dissolved in order to yield NTs (Figure 4.7). 

 

 

 

 

 

 

 

 

Under low I conditions, no NT could be produced even after deposition 

of 8 bilayers of Col/HA molecules. The assembly process seems to give rise 

to polymer microsheets with no tubular morphology (Figure 4.7.a). On the 

contrary, conducting the same assembly under saline conditions (NaCl 0.15 

M) yielded tubular nanostructures whose dimensions were in good 

agreement with the ones of their original template (length ~21 µm, diameter 

~500 nm; Figure 4.7.b). Although QCM-D results (Table 4.1) seemed to point 

out that low I conditions would result in NTs with thicker multilayered walls, 

no tubular multilayer could be produced whatsoever. We hypothesize that 

this absence of any valid NT construction is to be related to the extended, 

(b) (a) 

Figure 4.7 SEM pictures of (Col/HA)8 NTs built via templated LbL self-
assembly of biopolymers solubilized in (a) UPW with pH adjustment at 4.0 
and (b) NaCl 0.15 M aqueous solution with pH adjustment at 4.0.  
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worm-like shape adopted by polymers under low ionic strength. The fully-

extended length of collagen molecules being 300 nm, their diffusion along 

nanopores of 500 nm diameter might be drastically hindered (Figure 4.8). 

The very low amount of slowly diffusing molecules reaching the inside of the 

pores at each step of the LbL process might, in turn, considerably affect the 

synthesis of proper tubular walls, leading to the kind of objects observed in 

Figure 4.8 Scheme comparing the influence of ionic strength on the LbL self-
assembly technique whether conducted over flat substrates or within 
nanoporous templates. Inside confined nano-environments, diffusion of 
polymers is limited by their hydrodynamic radius (Rh), which is itself 
influenced by the ionic strength.  
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figure 4.7.a. Optimal conditions for triggering the self-assembly of Col & HA 

biopolymers might thus differ depending on the substrate to be 

functionalized: low I conditions might be preferable when assembling the 

biomacromolecules over a flat substrate while high I would be required to 

enable the diffusion-limited assembly of polymers inside confined nano-

environments (e.g., tubular nanopores). 

QCM-D data showed that Col/HA assemblies built either in UPW or 0.15 

M NaCl pH 4.0 were stable under physiological conditions (10 mM HEPES 

buffer, pH 7.4, NaCl 0.15 M) in the absence of any post-LbL cross-linking 

(Figure 4.4.a & 4.5.a). However, morphological analyses of resulting NTs 

highlighted that only EDC/S-NHS cross-linked NTs remained stable after 

dissolution of the PC template (Figure 4.9.a). Non cross-linked NTs (Figure 

4.9.b) have the tendency to aggregate and are more tortuous than their 

covalently cross-linked counterparts. Dichloromethane used to selectively 

dissolve the PC template is probably responsible for damaging the NTs 

morphology. As a consequence, chemical cross-linking is proven useful to 

improve the cohesion of the polymer multilayers constitutive of the NT walls 

and hence will be routinely applied.  

(b) (a) 

Figure 4.9 SEM pictures of (Col/HA)8 NTs built via LbL self-assembly of 
biopolymers in NaCl 0.15 M aqueous solution pH 4.0 and subsequently 
chemically cross-linked (a) or not (b). 
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4.2.2 LbL assembly of nanostructured (bio)polymer interfaces  

With a view to synthesize nanostructured biomimetic interfaces, the 

self-assembly of (Col/HA) multilayers was carried out within PC templates 

displaying intersected nanopores (detailed results regarding the design of 

such PC templates will be discussed in section 6.2.1). 

a) Biopolymer-based biointerfaces 

Building on the consecutive successes of the synthesis of fully 
biomimetic (Col/HA) NTs (Figure 4.9.a) and the design of a PC template (see 
section 6.2.1 ) with an optimal porous network, the self-assembly of the two 
biomacromolecules was initiated inside this optimized template (Figure 
4.10). 

 
Unfortunately, once released from its supporting template, the 

synthesized structure is observed to be completely collapsed. Even though 

tubular heads can be spotted (Figure 4.10.b-c), indicating that the structure 

is indeed composed of intersected NTs, the system as a whole shows a 

morphology similar to the one of a homogeneously flat polymer thin film 

rather than the expected self-supported porous nanostructure. It is 

hypothesized that this flat film results from the collapse of the nanotubular 

building blocks, as they fail to withstand the atmospheric pressure once 

released from their supporting template. It is further assumed that the 

collapse is ultimately the consequence of the low mechanical properties of 

the biopolymer partners involved in the assembly.  
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Figure 4.10 SEM pictures of a (Col/HA)8 biointerface made of intersected NTs 
themselves fully composed of LbL-assembled Col and HA biopolymers. A 
flattened , collapsed polymer mat is obtained upon release from the template 
(white spots in figures (b) & (c) correspond to flattened NT heads). 

(a) (b) 

(c) 
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b) Hybrid biointerfaces: synthetic core and biomimetic shell 

To test this hypothesis, a hybrid interface combining the biopolymers 
with stiffer PEs of synthetic origin (PAH and PSS) was produced (Figure 4.11). 
The synthesized hybrid system is composed of intersected NTs whose 
innermost layers are assembled from synthetic PEs (i.e., synthetic core: 
(PAH/PSS)6) while their outermost layers still contain Col and HA (i.e., 
biopolymer shell: (Col/HA)3). 

 
The morphology of the resulting hybrid interface is quite similar to that 

of the system fully composed of biopolymers. Indeed, collapsed NTs are 
again observed (Figure 4.11.b) and seem to have merged into a relatively 
homogeneous polymer film with no visible porosity (Figure 4.11.c). 
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Figure 4.11 SEM pictures of a hybrid (Col/HA)3(PAH/PSS)6 interface made of 
intersected NTs themselves composed of a synthetic (PAH/PSS)6 core and a 
biomimetic (Col/HA)3 shell. 

(a) (b) 

(c) 
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c) Synthetic PE-based interfaces 

Control systems entirely made of synthetic PEs (i.e., obtained through 
deposition of 6 PAH/PSS or 10 PAH-FITC/PSS bilayers) showed no better 
results (Figures 4.12 and 4.13, respectively), clearly establishing that the 

Figure 4.12 SEM pictures of a (PAH/PSS)6 interface made of intersected NTs 
themselves fully composed of synthetic PEs 

(a) (b) 

(c) 
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ECM-derived polymers are not the only ones to be blamed for the poor 
mechanical properties of the structures, as synthetic PEs also seem to be 
lacking the adequate mechanical stiffness.  
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Figure 4.13 SEM pictures of a (PAH-FITC/PSS)10 interface made of intersected 
NTs themselves fully composed of synthetic PEs 

(a) (b) 

(c) 
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4.3 Conclusions  

Optimal conditions leading to the self-assembly of two ECM 

biomacromolecules, Col and HA, were identified. The assembly of a 

(Col/HA)2.5 thin film is shown to proceed in a sustainable LbL fashion when 

conducted at pH 4.0, either in UPW or NaCl 0.15 M aqueous solution. The 

two-fold increase of the film thickness when built under low I (i.e., in UPW) 

in comparison with the medium I conditions (i.e., 0.15 M NaCl aqueous 

solution) is attributed to the adsorption of Col molecules under a flat, 

extended conformation in the absence of salt, leading to a high number of 

anchoring points to the substrate and a lesser tendency to form soluble 

complexes with HA molecules, which ultimately results in more 

homogeneous adsorbed layers. Col adopting a more flexible conformation in 

solutions of higher charge-screening capacities (i.e., medium to high I), the 

interactions it creates with the substrate are probably less numerous and 

strong, leading to a favoured tendency to create stronger interactions with 

diffusing HA molecules and leaving the interface, ultimately resulting in a 

depleted total adsorbed mass. The optimal conditions guiding the self-

assembly of the two biopolymers are, however, evidenced to be substrate-

dependent. While low I favours the adsorption of thicker or more 

homogeneous assemblies on flat substrates, it does not support the 

synthesis of tubular-shaped multilayers once the assembly is performed 

within nanoporous templates. On the contrary, medium to high I conditions 

seem to be favourable to the production of NTs, most probably due to the 

reduced hydrodynamic radius of the more flexible biopolymers under these 

conditions, which increases their diffusion rate down the nanopores. The 

biomimetic thin films are demonstrated to be stable under physiological 

conditions (HEPES buffer 10 mM pH 7.4, NaCl 0.15 M) without the need to 

resort to a cross-linking step. Such a cross-linking process, converting part of 

the electrostatic interactions between the LbL partners into strong covalent 

bonds, becomes however mandatory to guarantee the stability of the tubular 

multilayers upon dissolution of their supporting template. The pre-

adsorption of an anchoring layer of PEI, a strong positively-charged PE, did 

not give rise to a thicker nor more sustained assembly and was thus 

discarded, knowing the potential cytotoxicity of PEI. Conducting the 

optimized assembly of the two biomolecules inside a custom-made PC 
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template displaying a network of intersected nanopores gives rise to fully 

biomimetic interfaces which are, however, lacking mechanical integrity and 

show a collapsed morphology once freed from their supporting template. 

This instability is to be attributed to the low stiffness intrinsic to the 

biopolymers and other commonly used PEs. Indeed, attempts at 

strengthening the construct via incorporation of a core of LbL-assembled 

synthetic (PAH/PSS) PEs in addition to the preliminary (Col/HA) multilayer did 

not succeed in considerably improving the mechanical stability of the 

construct. Other strategies, based on the inclusion of polymers of higher 

mechanical properties or on the addition of another phase in the engineered 

matrices will therefore be the focus of further research, with the goal to fulfil 

the requirement of a self-supported biomaterial opening the way to 

applications in the field of implantable technologies. 

Despite their poor mechanical properties, the successful organization of two 

ECM compounds into supra-molecular architectures constitutes in itself a 

valuable innovation. It can be fairly assumed that the artificial matrices being 

entirely made of natural polymers having undergone little to no modification 

(the chemical cross-linking excepted), the intrinsic biocompatibility and 

bioactivity of the two macromolecules are preserved. Putative applications 

of the produced ECM-inspired interfaces could thus involve their use as a 

biomimetic coating of existing implants (e.g., to help the tissue integration of 

prostheses and other tissue-contacting devices) or lining of skin-contacting 

patches (e.g., artificial skin, wound dressings, wound repair solutions, etc.). 
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4.4 Experimental section 

Materials: Poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-

FITC, MW ~ 15 kDa, monomer to dye ratio (PAH:FITC) of 50:1) and 

poly(allylamine hydrochloride) (PAH, MW ~ 15 kDa) were purchased from 

Sigma-Aldrich. Poly(sodium-p-styrenesulfonate) (PSS, MW ~ 70 kDa) was 

purchased from Acros. Dried sodium hyaluronate (HA, MW ~ 151-300 kDa) 

was purchased from Lifecore Biomedical. Type I collagen G from bovine calf 

skin (Col, 0.4% solution in 15 mmol L-1 HCl, 4 mg.mL-1) was purchased from 

Merck-Millipore. Individual NTs were synthesized within ion track-etched PC 

membranes with a thickness of 21 µm, displaying density of parallel pore 

equal to 4x107 pores.cm-2, and an average pore diameter of 500 nm. 

Interfaces of intersected NTs were synthesized through LbL assembly within 

PC templates with a thickness of 25 µm, showing a network of 300 nm 

diameter nanopores intersecting at a controlled angle of ~90°, with a density 

of 2.8x108 pores.cm-2. Nanoporous PC templates were kindly supplied by 

it4ip. Cross-linking agents, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC, 98+%) and N-hydroxysulfosuccinimide sodium salt (s-

NHS, ≥98%) were purchased from Acros and Sigma-Aldrich, respectively. 

Sodium chloride (NaCl, ACS reagent, ≥99%) and hydrochloric acid solution 

(HCl, 0.1 N in aqueous solution) were purchased from Sigma-Aldrich. PET 

membranes, used for filtration purposes and as substrate for microscopical 

analysis, were supplied by it4ip and had an average pore diameter of 200 nm, 

a thickness of 23 µm and a pore density of 5.8x108 pores.cm-2.  

 

Monitoring of the electrophoretic mobility (EPM) of (bio)polymers: EPM 

measurements were carried out at 22 °C using a Malvern Zetasizer nanoZS 

(DTS1061, Malvern Instruments Ltd, UK). The results are presented as the 

mean and standard deviation of three to five replicates. The biopolymers HA 

and Col and PEI were solubilized either in ultrapure water or a 0.15 M NaCl 

aqueous solution, to reach a final concentration of 1 mg.mL-1. The pH of the 

solutions and dispersion was subsequently adjusted using HCl 0.1 N or NaOH 

0.1 N. The performance of the instrument was systematically verified (every 

six samples) using a zeta potential standard solution (Malvern, DTS1232). 
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In-situ monitoring of the LbL assembly: The capacity of the chosen 

biopolymers to interact with each other and self-assemble was monitored on 

reference substrates using quartz crystal microbalance with dissipation 

monitoring (QCM-D). The LbL construction was carried out on gold-coated 

quartz crystals [AT-cut 5MHz crystals coated with 100 nm Au, Q-Sense, 

Gothenburg (Sweden)]. Crystals were first cleaned in a piranha solution [H2O2 

30% (Prolabo, VWR, Leuven, Belgium)/H2SO4 95% (Prolabo; VWR, Leuven, 

Belgium), 1:2 v/v] for 20 min, before being thoroughly rinsed with ultrapure 

water and dried under nitrogen flow. All measurements were performed in 

a Q-Sense E4 system (Gothenburg, Sweden) following the same protocol: 

resonance frequencies of the crystals were obtained under buffer for the 

different overtones, and the shifts of frequency (Δf) and of dissipation (ΔD) 

were both monitored as a function of time upon stepwise injection of each 

biopolymer and colloidal partner. The flow was set at 30 µL.min-1 using a 

peristaltic pump, while the temperature was set at 25 °C. The solutions of 

either Col or HA were alternately injected in the system and allowed to 

adsorb on the crystals surface during 1 h. Each adsorption step was then 

followed by a rinsing step, conducted in the corresponding pH-adjusted 

solution for at least 30 min. Dissipation and frequency shifts recorded for the 

5th overtone are displayed in this dissertation. 

Synthesis of biomimetic nanotubes: Col solutions were prepared at a final 

concentration of 1 mg.mL-1 by diluting the stock solution in a 0.15 M NaCl 

aqueous solution or in UPW. When necessary, the pH of the resulting 

solution, initially measured to be around 2.56, was further adjusted (using 

NaOH 0.1 N). HA solutions were prepared at a final concentration of 1 mg.mL-

1 by dissolving the appropriate amount of weighed HA powder into a 0.15 M 

NaCl aqueous solution or UPW. When necessary, initial pH of the solution, 

measured at ~ 4.54 was further adjusted (using HCl 0.1 N). All solutions were 

freshly prepared and gently stirred for at least 20 min right before initiating 

the LbL assembly. The cross-linking solution was prepared, right before use, 

by adding EDC and s-NHS at a final concentration of 100 mg.mL-1 and 11 

mg.mL-1 respectively, to a 0.15 M aqueous solution adjusted at pH 4.0. In 

order to trigger the self-assembly of biomimetic NTs, PC templates with 

parallel nanopores were successively dipped in a solution of Col for 2 h, then 

rinsed for 10 min in the construction medium (0.15 M NaCl aqueous solution 

adjusted at pH 4.0), prior to being immersed in a solution of HA for 30 min. 
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After the deposition of each polymer layer, the systems were decrusted by 

gently rubbing on both faces of the template a cell scraper wetter by the 

construction medium After the deposition of each biopolymer layer, both 

faces of the PC template were gently rubbed with a cell scraper wetted by 

the construction medium, so as to avoid the formation of a polymer crust 

which might clog the pores. This process of alternate dipping of the 

nanoporous template in solutions of Col and HA was most commonly cycled 

8 times, so as to produce 8 bilayers of the Col/HA pair. The LbL deposition 

was carried out at 4 °C. Chemical cross-linking of selected samples was 

initiated right after completion of the LbL construction. For that purpose, 

multilayer-filled templates were immersed in the cross-linking solution [EDC 

100 mg.mL-1 & s-NHS 11 mg.mL-1 in 0.15 M NaCl pH 4.0] and stored at 4 °C 

for at least 48 h, following an adaptation of the protocol of Picart et al.1 

Samples were then transferred into the construction medium (NaCl 0.15 M 

pH 4.0) and stored at 4 °C until further characterization. 

Templated LbL assembly of (PAH-(FITC)/PSS)n multilayers: PAH or PAH-FITC 

and PSS solutions were prepared by dissolving an appropriate amount of 

polymer into a 0.15 M NaCl aqueous solution to reach a final concentration 

of 1 mg/mL. The pH of the solutions was further adapted to 4.0 (pH similar 

to that of the Col and HA solutions) using HCl or NaOH 0.1 N. All solutions 

were prepared right before use and gently mixed for at least 20 minutes prior 

to being used. 

(PAH-FITC/PSS)n or (PAH/PSS)n multilayers (where n represents a tunable 

number of bilayers) were deposited inside PC templates with intersected 

nanopores, using the LbL deposition by dipping process. The dipping time in 

all the polymer solutions (PAH-FITC or PAH and PSS) was fixed at 30 min, 

which is a convenient time for the diffusion of PEs and their adsorption in the 

form of a monolayer. After deposition of each polymer layer, the systems 

were decrusted by rubbing on both faces of the templates a cell scraper 

wetted by a NaCl 0.15 M pH 4.0 solution. The samples were then left to rinse 

in NaCl 0.15 M pH 4.0 for 5 minutes before initiating the construction of the 

next layer. 

Release of individual NTs. Individual nanotubes were first released from 

their PC template by dissolution of the templating membrane in 

dichloromethane (CH2Cl2, 99.8+% for analysis, stabilized with amylene, Acros 



LbL self-assembly of ECM-like thin films, NTs and biointerfaces 

167 
 

Organics). In practice, small cut-outs (~ 2-3 mm2) in the PC membrane 

containing the self-assembled NTs were immersed in a test tube containing 

5 mL of dichloromethane and left aside for 10 min, ensuring complete 

dissolution of PC. Prior to SEM analysis, the dispersion of NTs in CH2Cl2 was 

subsequently filtered over hydrophilic PET filters (200 nm pore size, pore 

density 5x108 pores.cm-2, thickness 23 µm, it4ip) prealably metallized, using 

a sputter coater (Cressington 208HR), with a chromium anchoring layer (3 

nm) followed by a gold layer (20 nm). Metallized filters were introduced in 

the sample holder of a 5 mL syringe while the dispersion of NTs in 

dichloromethane was poured in the syringe and filtered. 5 mL of fresh 

dichloromethane were subsequently used to rinse the test tube and filtered 

through the device to maximize the NTs collection. The resulting NTs 

supported on metallized filters were left to dry overnight at room 

temperature before any further characterization. 

Release of polymer interfaces. PET membranes were metallized with a 

supporting layer of chromium (3 nm) further coated by a gold layer (20 nm). 

PC templates in which the LbL assembly of nanostructured interfaces was 

conducted were deposited over metallized PET membranes. Large amounts 

of fresh dichloromethane (vol. ~ 30 mL) were then poured dropwise over the 

template until complete dissolution of PC was achieved. The released 

polymer interfaces supported over PET membranes were finally air-dried at 

room temperature for about 1h prior to microscopy analysis.  

SEM Observations. The dimensions and morphology of the synthesized NTs 

were studied by scanning electron microscopy (SEM). SEM pictures were 

obtained using a thermal field emission scanning electron microscope (JSM-

7600F, Jeol) operated at an acceleration voltage of 15 kV under SEM mode 

(maximum resolution of 1.0 nm using a secondary electron imaging 

detector). 
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Theoretical appendix 4.I 

Electrophoretic mobility determination2–7 

Electrophoretic mobility 

The electrophoretic mobility of colloidal systems, that is to say their 
velocity in an electric field, is obtained by performing an electrophoresis 
experiment. The electrophoresis process consists in initiating the movement 
of charged particles through a liquid phase via application of an electric field 
and measuring their velocity using Laser Doppler Velocimetry (LDV). Briefly, 
a laser is used to illuminate the charged colloids dispersed in an electrolyte 
contained in a micro-electrophoresis cell across which an electric field is 
applied. While moving towards the electrode of charge opposite to the one 
of their surface, particles enter the laser beam and therefore cause a shift in 
the frequency of the scattered light. This frequency shift (∆f) is proportional 
to the particle speed, following the equation: 

Δf = 2v
sin(

𝜃

2
)

𝜆
  [Hz]     (4.1) 

where v is the particle velocity, λ is the laser wavelength and θ the scattering 
angle.  

Once the velocity distribution of colloids is known, their electrophoretic 
mobility (UE) can be easily computed as it is defined as the particle velocity 
under an applied electric field E per unit of electric field strength: 

UE =
v

E
   [m2.V-1.s-1]    (4.2) 

If we consider a particle of charge q, dispersed in a liquid phase of 
viscosity η and subjected to an electric field E, the electric force Fe which 
applies to the particle and triggers its motion towards the oppositely-charged 
electrode is: F𝑒 = q.E. [N] As the particle migrates through the liquid and 
towards the electrode, a frictional force Ff appears which tends to counter 
the particle displacement (Figure 4.2):  
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F𝑓 = 6𝜋𝜂rv  [N]     (4.3) 

where η is the viscosity of the medium, r is the hydrodynamic radius of the 
particle and vstat its speed. The particle thus accelerates until equilibrium is 
reached between these two opposing forces and a constant velocity is 
achieved, the expression of which is: 

𝐹𝑒 = 𝑞. 𝐸 = 𝐹𝑓 = 6𝜋𝜂r𝑣𝑠𝑡𝑎𝑡  [N]   (4.4) 

𝑣𝑠𝑡𝑎𝑡 = (
q

6𝜋𝜂r
) .E = UE.E     [m.s-1]   (4.5) 

where UE =
v

E
  is the electrophoretic mobility of the particle expressed in 

[m2V-1s-1]. 

Figure 4.2 Schematic representation of a micro-electrophoresis cell showing 
the forces which apply to charged colloids upon introduction of an electric 
field. The application of an electric field triggers the emergence of an electric 

force (𝐹𝑒⃗⃗  ⃗) which is applied on the charged particles and directed towards the 
electrode of opposite polarity. As a result, particles move towards this 
oppositely-charged electrode and their displacement is characterized by the 
velocity vector v . While the particles migrate through the liquid, a frictional 

force( 𝐹𝑓
⃗⃗  ⃗) is applied by the liquid on the particles, which tends to oppose their 

displacement.[Inspired from8]. 
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Electrical double-layer and ζ-potential 

The net charge of a particle surface directly affects the distribution of 
ions in the electrolyte medium it is surrounded with, as counter ions (ions of 
opposite charge to that of the particle) tend to accumulate in direct vicinity 
of the particle surface (Figure 4.3). This ionic reorganization leads to the 
emergence of an electrical double layer around each particle. The inner part 
of this layer surrounding the particle is called the Stern layer and consists in 
ions which are strongly bound to the particle surface. The outer layer 
comprises ions which are less firmly attached to the particle surface and is 
therefore referred to as the diffuse layer. When a particle moves through an 
electrolyte, both the ions of the Stern layer and part of the ions of the diffuse 
layer follow the movement. As such, the presence of a cloud of counterions 
tightly linked to the particle surface makes it difficult or even impossible to 
experimentally probe the electrical potential which exists at the particle 
surface (ψs). The notional boundary between ions that form a stable entity 
with the particle and thus travel with it and the ones which do not follow the 
particle displacement is located in the diffuse layer, nearby the external limit 
of the Stern layer, and is called the hydrodynamic shear or slipping plane. 
The zeta potential (ζ-potential) is defined as the electric potential which 
exists at this boundary.  

As it takes into account the formation of a counter-ion cloud around a 
particle in solution, the ζ-potential and its evolution with the pH of the 
dispersion is of prime importance for interface and colloid science. Unlike the 
surface potential of the particle (ψs), the ζ-potential is easily accessible 
experimentally and is thus the parameter of choice to characterize the 
polarity and magnitude of the superficial charge of the wetted colloid (i.e., 
the colloid-bound ions entity). The ζ-potential thus enables the prediction of 
the electrostatically-driven interactions which might occur between particles 
in liquid dispersion. Indeed, if all particles in solution have a large ζ-potential 
of same polarity, they will tend to repel each other. On the contrary, colloids 
having a weak ζ-potential or higher ζ-potentials of opposite charge will gather 
together and aggregate.   
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Figure 4.3 Schematic representation of the organization of ions around a 
charged particle dispersed in an electolyte, giving rise to an electrical double 
layer, along with the evolution of the electrical potential as a function of the 
distance from the particle surface. [Inspired from8]. 

Link between ζ-potential and electrophoretic mobility 

The ζ-potential of a colloid can be computed from its electrophoretic 
mobility (UE), using Henry equation: 

 

UE =
2𝜀𝜀0𝜁f(κa)

3𝜂
  [m2.V-1.s-1]    (4.6) 

where Ɛ is the relative dielectric constant of the medium, Ɛ0 is the dielectric 
constant of the vacuum, ζ is the ζ-potential, η is the dynamic viscosity of the 
medium and f(κa) is Henry’s function. The coefficient f(κa), where the 
dimensionless product 𝜅a describes the ratio of the particle radius (a) to the 
thickness of the electrical double layer which surrounds it (the Debye length, 
i.e. κ-1), is often approximated by two values, corresponding to two limiting 
cases: f(κa) = 1.5 (Helmholz-Smoluchowski approximation) or f(κa) = 1.0 
(Hückel approximation). The Smoluchowski model considers the case of 
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particles whose diameter is larger than the electrical double layer thickness 
(𝜅a  >> 1) and therefore only applies to fairly large particles (a > 0.2 µm) 
dispersed in an electrolyte containing more than 10-3 M salt. The 
Smoluchowski expression is thus widely used for colloidal suspensions in 
aqueous medium. On the other hand, the Hückel approximation is more 
useful for non-aqueous applications, where nanosized particles (a << 100 
nm) are immersed in a low dielectric constant medium. In this situation, the 
particles are assumed to be much smaller than the electrical double layer 
extent (𝜅.a << 1). When using the Smoluchowski approximation, the 
expression of UE becomes: 

UE =
2𝜀𝜀0𝜁1.5

3𝜂
=

𝜀𝜀0𝜁

𝜂
  [m2.V-1.s-1]   (4.7) 

from which we can extract the expression of the ζ-potential as a function of 
the electrophoretic mobility (UE): 

𝜁 =
𝑈𝐸𝜂

𝜀𝜀0
   [V]     (4.8) 

Strategic choices and assumptions 

Under experimental circumstances, where particles of colloidal size are 
dispersed in solutions of moderate I, 𝜅.a often takes intermediate values and 
neither the Smoluchowski nor Hückel approximation is valid. As a corollary 
to this, the extraction of ζ-potentials from the experimental UE values 
becomes marked with considerable uncertainties. Attention is thus paid 
throughout this report to express electrophoretic data as mobilities, which 
are unambiguous experimental quantities. 

In order to take into account, when appropriate, the presence of salt in 
the aqueous environment and the related evolution of its dielectric constant, 
the following expression was used9: 

Ɛ = 𝜀w + 2𝛿̅C       (4.9) 

where Ɛ and ƐW are the relative dielectric constant of the medium (containing 
salt) and of water, respectively. C is the concentration of salt in moles per 

liter and 𝛿̅ =
(𝛿++𝛿−)

2
, where δ+ and δ- represent the contributions of the two 



LbL self-assembly of ECM-like thin films, NTs and biointerfaces 

173 
 

univalent ions constitutive of the salt. In the case of NaCl, estimation of these 
parameters gives9,10 :  

𝛿𝑁𝑎+
+ = −8 ± 1  and  𝛿𝐶𝑙−

− = −3 ± 1    (4.10) 

using equations (4.9) and (4.10), the relative dielectric constant of the 0.15 
M NaCl aqueous solution, as frequently used throughout our experiments, is 
found to be equal to 78.35. 

The evolution of the dynamic viscosity η of the medium as a function of the 
salt concentration is given by11,12: 

𝜂

𝜂0
= 1 + A√C + BC + 𝐷C2      (4.11) 

where η0 = 8.90 x 10-4 Pa.s is the dynamic viscosity of water at 25°C while A, 
B, and D are constants. The constant A (equal to 0.0062 M-1/2 for NaCl) 
originates from the Debye-Hückel theory12 and was extracted from11 ,while 
B (0.0614 M-1 for NaCl) and D (0.0211 M-2 for NaCl) are experimental values 
obtained from11 .Injecting these constants into equation (4.11) leads to a 
dynamic viscosity of 9.0076.10-4 Pa.s for a 0.15 M NaCl aqueous solution. 

Debye length and ionic strength 

The electrical potential decays almost exponentially as the distance 
from the surface of a charged particle increases towards the bulk of the 
liquid, which is embodied by the relation5: 

𝜓(x) = 𝜓𝑑𝑒(‐κx)      (4.12) 

where ψ(x) represents the electrical potential at a distance x from the 
particle surface, ψd is the value of the electrical potential at the onset of the 
diffuse layer and 𝜅the Debye-Hückel parameter (i.e., reciprocal of the Debye 
length 𝜅−1). 𝜅−1, the Debye length is defined by2,5 : 

𝜅−1 = √
𝜀𝜀0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
   [m]    (4.13) 

with Ɛ being the relative dielectric constant of the medium, Ɛ0 the dielectric 
constant of the vacuum, NA Avogadro’s number, T the absolute temperature, 
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e the elementary charge, kB the Boltzmann’s constant, and I the ionic 
strength defined as: 

𝐼 =
1

2
∑ 𝑧𝑖

2
𝑖 𝑐𝑖   [M]     (4.14) 

where zi is the valence, and ci the molar concentration of ion i. 

The Debye length (𝜅−1) is a measure of how far the electrostatic effect 
of a charge carrier persists in a solution. With each Debye length, charges of 
the carrier are increasingly electrically screened. Indeed, if we inject x = 𝜅−1 

in equation (4.12), it yields: 𝜓(𝜅−1) =
𝜓𝑑

𝑒
. Hence, at a distance 𝜅−1 from the 

particle surface, the potential has fallen to a value 1/e (~ 1/2.72) of potential 
close to the particle surface, at the external limit of the Stern layer. For this 
reason, the distance 𝜅−1 is referred to as the thickness of the electrical 
double layer, although the region of varying potential extends to a distance 
of about 3𝜅−1 before the potential has decayed to about 2% of its value at 

the surface4 . 𝜅−1 being inversely proportional to √𝐼 (equation 4.13), 
increasing the ionic strength (I) causes a decrease in 𝜅−1 as a result of which 
the potential falls off more rapidly with distance. The electrostatic charges 
are thus screened within a shorter distance with increasing electrolyte 
concentration. 
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Theoretical appendix 4.II 

In situ QCM-D monitoring of LbL self-assembly13–21 

General principle 

Quartz crystal microbalance (QCM or QCM-D) is a widely popular 
technique to monitor in situ changes in mass and viscosity of solvated 
interfaces. The working principle of QCM-D is based on the inverse 
piezoelectric effect, occurring in crystalline materials having certain 
symmetry properties, characterized by the generation of a mechanical 
deformation of the material upon application of a voltage (Figure 4.4). During 
QCM-D measurements, a quartz crystal is subjected to an oscillatory motion, 
triggered by alternating the voltage applied to the crystal. The frequency of 
the voltage alternation is chosen so as to match the resonance frequency of 
the crystal (or multiples of it, called overtones), in order to generate a 
standing wave inside the crystal. The AT-cut quartz crystals used in QCM 
vibrate in the so-called thickness-shear mode, where the two surfaces of the 
crystal move in an antiparallel fashion.  
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Figure 4.4 Principle of QCM-D. (A) Side view of an AT-cut quartz crystal. 
Application of an oscillatory voltage results in a cyclical deformation, where 
top and bottom surfaces of the crystal move tangentially in an antiparallel 
fashion. The fundamental frequency (n = 1, black waves at the edges of the 
crystal) and the third overtone (n = 3, blue wave in the middle) are depicted. 
The driving voltage is intermittently switched off so as to record the decay of 
the oscillation with time, allowing the extraction of the resonance frequency 
f and the energy dissipation D. (B) The adsorption of a substance on the 
crystal surface leads to a decrease of its oscillation frequency while the 
energy dissipation factor D is proportional to the decay rate of the oscillation. 
(C) Monitoring the change in resonance frequency and dissipation upon 
adsorption of a compound on the quartz surface enables the characterization 
of the mass and the viscoelastic properties of the adlayer, 
respectively.[Inspired from14]. 

(a) 

(b) 

(c) 
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Relationship between changes in resonance frequency and adsorbed mass: 
derivation of Sauerbrey’s equation 

The condition for resonance to emerge in the AT-cut quartz crystal is 
that the induced standing wave has its anti-nodes located at the two 
opposite surfaces of the quartz crystal (i.e., maximum of the oscillation at the 
bottom face of the crystal and minimum at the top surface, or vice-versa; 
Figure 4.4.a), which translates into20: 

𝜆𝑛 =
2𝑑𝑞

𝑛
  [m]     (4.15) 

where 𝜆𝑛 is the wavelength of the standing wave of overtone n (odd 
number), and dq is the crystal thickness. The resonance frequency can then 
be stated as: 

𝑓𝑛 =
𝑣𝑞

𝜆𝑛
= 𝑛

𝑣𝑞

2𝑑𝑞
= 𝑛𝑓0  [Hz]    (4.16) 

where 𝑓𝑛 is the resonance frequency for overtone n (odd number), 𝑣𝑞 is the 

velocity of acoustic waves in quartz plate and 𝑓0 is the fundamental 

resonance frequency (𝑓0 =
𝑣𝑞

2𝑑𝑞
). 

Sauerbrey was the first to formulate, in 1959, a relationship between 
the resonance frequency of the oscillating quartz crystal and changes in mass 
adsorbed on its surface, paving the way for the use of QCM-D as a 
microgravimetric device13 .When homogeneously distributed over the whole 
volume, the mass per unit surface of an object can be expressed as the 
product of its density and thickness. When considering a quartz crystal, it 
thus comes:  

𝑀𝑞

𝐴𝑞
= 𝑚𝑞 = 𝜌𝑞 . 𝑑𝑞  [kg.m-2]    (4.17) 

and 𝑑𝑞 =
𝑚𝑞

𝜌𝑞
  [m]     (4.18) 

where 𝑀𝑞 is the total mass of the quartz crystal [kg], 𝐴𝑞 its active area [m2], 

𝑚𝑞 its areal mass [kg.m-2], 𝑑𝑞 its thickness [m] and 𝜌𝑞 is the density of quartz 
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[kg.m-3]. By replacing the expression of 𝑑𝑞 obtained in equation 4.18 into 

equation 4.16, the relationship between mass variation and frequency 
change, as discovered by Sauerbrey, appears: 

𝑓𝑛 = 𝑛
𝑣𝑞

2𝑑𝑞
= 𝑛

𝑣𝑞𝜌𝑞

2𝑚𝑞
  [Hz]    (4.19) 

and, by differentiating the expression, it becomes: 

d𝑓𝑛 = −𝑛.
𝑣𝑞𝜌𝑞

2𝑚𝑞
2 .d𝑚𝑞 = −

𝑓𝑛

𝑚𝑞
.d𝑚𝑞  [Hz]  (4.20) 

The change in mass of the quartz crystal is thus linearly related to the 
change in its resonance frequency. Although initially developed and 
exclusively used for monitoring the thickness of thin and dense metal 
coatings deposited under vacuum or gas phase, equation 4.20 was further 
extended to the adsorption of any material (provided that certain conditions 
are satisfied) and to the liquid phase. In order to determine the mass of any 
compound adsorbed over the crystal, the Sauerbrey model (equation 4.20) 
is thus commonly used with the assumption that d𝑚𝑞= d𝑚 , which means 

that the change in added mass dm on the crystal originating from the 
adsorption of some material is treated as a direct variation of the mass of the 
quartz crystal itself dmq. Measuring a variation of resonance frequency upon 
adsorption of a compound on the crystal surface can thus be directly related 
to the mass of the adsorbate, provided that the added material shares 
similarities with quartz and can be treated as an extension of the oscillating 
crystal itself. This assumption limits the applicability of the Sauerbrey 
equation to cases where the added mass is: 

(i) small compared to the mass of the crystal (
Δ𝑓𝑛

𝑓𝑛
≪ 1) 

(ii) rigidly adsorbed on the crystal surface, with no slip or 
deformation imposed by the oscillating surface 

(iii) evenly distributed over the crystal surface 

It is generally accepted that these conditions are met and that the 
deposited film can be approximated as rigid and its areal mass extracted 

using the Sauerbrey equation when the ratio 
∆𝐷𝑛

(
−∆𝑓𝑛

𝑛
)
 is much lower than 4 ×

10−7 Hz‐1 for a 5 MHz crystal and if the variation in 
∆𝑓𝑛

𝑛
 as a function of 𝑛 
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(overtone dispersion) is low20 .On the contrary, if the deposited layer is soft, 
thick or not coupled to the surface, viscous and elastic contributions will be 
involved in the frequency change and Sauerbrey’s assumption of a rigidly 
adsorbed mass will be violated. In particular, when dealing with the 
adsorption of highly hydrated films, behaving like viscous liquids or gels, the 
oscillatory motion of the crystal triggers the deformation of the film. As a 
result, frictional and viscous energy losses are induced due to the slipping of 
the film over the electrode and the oscillatory motion of the liquid and 
molecules trapped within the film, respectively. These energy dissipative 
phenomena are particularly important when the water content of the 
adsorbed film and its surface roughness (reinforcing the coupling with the 
bulk liquid at the film/liquid interface) are high. The dissipation factor D 
becomes prominent and data cannot be interpreted using the Sauerbrey 
equation anymore but, instead, a viscoelastic model such as the one 
developed by Voinova et al. should be used19. 

By allowing d → ∆, using Sauerbrey’s approximation d𝑚𝑞= d𝑚 and 

replacing 𝑚𝑞 by its expression in equation 4.17, equation 4.20 becomes: 

d𝑓 = ∆𝑓 = −
𝑓

𝑚𝑞
∆𝑚 = −

𝑓

𝑑𝑞𝜌𝑞
∆𝑚 = −𝑛

𝑓0
𝑑𝑞𝜌𝑞

∆𝑚 

since 𝑓0 =
𝑣𝑞

2𝑑𝑞
, it comes 𝑑𝑞 =

𝑣𝑞

2𝑓0
 

and ∆𝑓 = −𝑛
𝑓0

𝑣𝑞𝜌𝑞
. 2𝑓0. ∆𝑚 = −𝑛

2𝑓0
2

𝑣𝑞𝜌𝑞
∆𝑚  [Hz] (4.21) 

The final expression of the Sauerbrey equation is then obtained after 

introduction of the Sauerbrey constant 𝐶 =
𝑣𝑞𝜌𝑞

2𝑓0
2  [kg.s.m-2], which depends 

only on the fundamental resonance frequency 𝑓0 and the material properties 
of the quartz crystal, into equation 4.21: 

∆𝑓 = −𝑛
1

𝐶
∆𝑚 or ∆𝑚 = −𝐶

∆𝑓

𝑛
  [kg.m-2]   (4.22) 

for an AT-cut quartz crystal with a fundamental resonance frequency 𝑓0 of 5 
MHz, calculation of 𝐶 yields: 
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𝐶 =
𝑣𝑞𝜌𝑞

2𝑓0
2 =

3340 × 2650

2 × (5. 106)2
= 1.7702 × 10−7 [kg.m‐2.Hz‐1]

= 17.702 [ng.cm‐2.Hz‐1] 

where 𝑣𝑞 = 3340 m.s‐1 is the speed of an acoustic wave through a quartz 

plate, 𝜌𝑞 = 2650 kg.m‐3 is the density of an AT-cut quartz crystal. 

Energy dissipation factor (D)  

The introduction by Rodahl et al. of the so-called “ring-down” method 
where the external driving voltage is intermittently switched off so as to 
allow the crystal oscillations to freely decay, enabled the quantification of 
the energy dissipation factor D and gave birth to QCM-D (quartz crystal 
microbalance with dissipation monitoring; Figure 4.4.a).14 Indeed, given the 
piezoelectric property of quartz, the decaying mechanical oscillations give 
rise to a voltage which is recorded by two gold electrodes wrapping the 
quartz surface. The voltage over the crystal, U, decays as an exponentially 
damped sinusoidal (Figure 4.4.b): 

𝑈(𝑡) = 𝑈0𝑒
−

𝑡

𝜏 sin(2𝜋𝑓𝑡 + 𝜙)    (4.23) 

where τ is the decay time constant and 𝜙 is the phase. The damping of the 
crystal oscillation, i.e., the dissipation factor D is given by: 

 𝐷 =
1

𝜋𝑓𝜏
=

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
 , where 𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑  is the energy dissipated during one 

period of oscillation and 𝐸𝑠𝑡𝑜𝑟𝑒𝑑  is the energy stored in the oscillating system. 
Soft (viscous) films will dissipate more energy than solid (elastic) films and, 
as a consequence, the oscillation of the crystal will decay faster when 
functionalized with a soft film, leading to higher dissipation D values. 
Recording D yields valuable information regarding the viscoelastic properties 
of the adlayer. The advent of QCM-D thus enabled the measurement of two 
parameters per overtone: the resonance frequency fn and the dissipation Dn 

(Figure 4.4.c).  

Adsorbed mass estimate and assumptions 

To help unravel the building mechanism of the diverse studied 
assemblies studied, changes in the resonance frequency recorded via QCM-
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D were routinely translated into increments of adsorbed mass using the 
Sauerbrey equation, after careful evaluation of its applicability. Acceptance 
criteria include the fulfilment of the rigid and homogeneous adsorbed film 

condition, 
∆𝐷𝑛

(
−∆𝑓𝑛

𝑛
)
 << 4 x 10-7 Hz-1 and 

∆𝑓𝑛

𝑛
 ~ constant for all n (overtones), as 

well as the low thickness/mass status compared to the quartz crystal, 
Δ𝑓𝑛

𝑓𝑛
≪

1.20 All these conditions were fulfilled for most biofilms studied in this report. 
Moreover, even in borderline cases where the use of a viscoelastic model 
should be considered (such as the adsorption of highly hydrated proteins), it 
is common practise to use Sauerbrey’s equation as first approximation as 
failure of the Sauerbrey model was quantified to be responsible for less than 
10% of variation in the final results.21 

The mass of each adsorbed compound per square centimetre of quartz 
surface is thus extracted using equation 4.22 and considering the fifth 
overtone (n = 5):  

∆𝑚 = −𝐶
∆𝑓

5
   [ng.cm-2]  

where 𝐶 = 17.702 [ng.cm‐2.Hz‐1] for a 5 MHz quartz crystal. Assuming that 
the adsorbed mass is evenly distributed over the crystal surface, as should 
be the case when using Sauerbrey’s approximation, the thickness of the 
adlayer x (dx) is given by: 

𝑑𝑥 =
∆𝑚𝑥

𝜌𝑥
  [m]  (4.24) 

where 𝜌𝑥 is the density of the adlayer x. It is noteworthy to mention that the 

adsorbed mass obtained via QCM-D contains contributions from both the 

mass of molecules of compound x adsorbed on the surface and the mass of 

water molecules coupled to them. The mass determined through QCM-D is 

thus a wet mass and the polymers used in this study being highly hydrated, 

it is reasonable to use the density of water as an approximation in the 

computation of the adlayer thickness, so as to yield an average 

hydrodynamic thickness.  
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Chapter 5 

Nanocomposite biointerfaces 

Abstract 

With the goal to synthesize a nanostructured biointerface, artificially 

recreating the ECM and its numerous roles as mechanical support and 

physicochemical guide for sustained cellular proliferation and differentiation 

as faithfully as possible, biomimetic matrices constituted of intersected 

nanotubes were built. In order to mimic the chemical composition and 

bioactive properties of the original ECM, collagen and hyaluronic acid were 

chosen as main components of the nanotubular building blocks. The self-

assembly of the two biomacromolecules was successfully initiated and 

guided into intersected tubular-shaped nanoobjects relying on the template-

assisted LbL deposition method. In an attempt to make up for the low 

Figure 5.1 Schematic illustration of the nanocomposite biointerfaces 
synthesized as ECM mimics in the frame of this thesis. The nanostructured 
matrices are constituted of intersecting composite nanotubes, themselves 
composed of a multilayer of ECM-derived biopolymers and inorganic (i.e., 
silica) nanoparticles incorporated as strengthening phase. 
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mechanical properties associated to biopolymers and improve the 

mechanical stiffness of the resulting construct, inorganic nanoparticles (ie., 

silica nanoparticles) were integrated in the multilayered nanotubes, yielding 

mechanically-stable composite biointerfaces. Mechanical stability of the 

nanocomposite tubes, blending in the biocompatibility of the (Col/HA) 

multilayer with the higher Young’s modulus of the silica phase, was indeed 

shown to be increased compared to control unstiffened (Col/HA) nanotubes. 

AFM nanoindentation tests evidenced that the elastic modulus of the 

nanocomposite tubes was, on average, 38% higher than that of full 

biopolymer tubes, which translated into composite biointerfaces of higher 

mechanical integrity as compared to the collapsed morphology displayed by 

the unstiffened biopolymer interfaces. We envision these engineered 

nanocomposite matrices, sharing structural, compositional and mechanical 

similarities with the ECM of mineralized tissues (e.g., bone, tooth, etc.) to be 

useful as cell-educative biomaterials for tissue engineering and regenerative 

medicine strategies, although their fragility and the current impossibility to 

easily handle them manually and transfer them from one substrate to 

another might yet delay their actual applicability. Moreover, the composite 

matrices offering a high specific surface area developed both at the micro- 

(i.e., area of the tubular blocks) and nanoscale (i.e., area of the silica 

nanospheres) could be used as multifunctionalizable platforms for drug 

delivery, nanocatalysis or biosensing applications. 
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5.1 Strategy 

The first strategy which was imagined to combine the requirements for 

bioactivity and mechanical integrity within the design of ECM-inspired 

biointerfaces relies on the synthesis of composite biomaterials. It was 

decided to produce such composite biomaterials via incorporation of a 

strengthening agent, in the form of silica (SiO2) NPs, inside multilayered NTs 

composed of biopolymers. The parameters leading to the successful 

integration of silica NPs during the LbL assembly of polymers into 

nanoporous templates thus needed to be optimized.  

Selection of these optimal parameters was the subject of an exploratory 

phase where the incorporation of silica colloids was conducted at various 

stages along the LbL assembly of NTs made of well-known synthetic 

polyelectrolytes (PEs) (Figure 5.2). Completion of this step was achieved 

using a trial-and-error process where the assembly of two oppositely-

charged PEs, poly(allylamine hydrochloride) (PAH) or its fluorescent-tagged 

counterpart, PAH-FITC, and poly(acrylic acid) (PAA) was initiated inside 

nanoporous PC templates before incorporating silica NPs, under different 

circumstances, along the growing multilayer. Among the tested parameters 

are the concentration of the colloidal dispersion to be diffused through the 

NTs, their means of incorporation (passive diffusion or filtration), the 

location of their infiltration (inner versus outer layers of the NTs) and the 

number of incorporation steps to be carried out. The influence of these 

parameters on the successful production of mechanically-stable composite 

NTs was evaluated by assessing the morphology of the resulting NTs via 

scanning electron microscopy (section S.I.5.1). 

In a second phase, the optimized parameters found for the 

incorporation of inorganic particles in synthetic NTs are extended to the case 

of biopolymer NTs, so as to yield nanocomposite biomimetic tubes (Figure 

5.3.b) and biointerfaces made thereof (Figure 5.3.a).  
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The synthesized nanocomposite biointerfaces are imaged by SEM and 

their total content in protein (Col) is further quantified using the µBCA 

colorimetric assay (see Theoretical appendix 5.V) in a way to determine the 

mass of Col incorporated per step of the LbL assembly. Mechanical 

properties of the elementary building blocks of the structures, that is to say 

the composite biomimetic NTs, are further evaluated by determining their 

elastic modulus via AFM nanoindentation tests (see Theoretical appendix 

5.VI.A) and by extracting morphology-based indexes from their microscopic 

observation (see Theoretical appendix 5.VI.B). 

  

Figure 5.2 Schematic illustration of the first step of the strategy aiming at the 
production of nanocomposite biointerfaces: the parameters relevant to the 
incorporation of silica NPs inside a growing multilayer are first optimized in 
the case of individual NTs made of synthetic PEs. 
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Figure 5.3 Schematic illustration of the second step of the strategy 
aiming at the production of nanocomposite biointerfaces along 
with the ensuing characterization techniques. 

(a) (b) 
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5.2 Results and discussion 

5.2.1 LbL assembly of nanocomposite biointerfaces  

After careful optimization of the assembly conditions leading to 

mechanically-stable NTs blending stiff inorganic NPs and highly flexible 

polymers of synthetic nature (the detailed results of this exploratory phase 

is presented in section S.I.5.1), the incorporation of silica NPs within 

biopolymer-based NTs was investigated.  

The electrophoretic mobility of colloidal silica as a function of pH was 

monitored for two different ionic strengths: ultrapure water (I = 10-7 M) 

versus a 150 mM NaCl aqueous solution (I = 0.15 M) (Figure 5.4). As expected, 

the superficial oxide layer of SiO2 particles entails a negatively-charged 

surface under all probed pH conditions. When brought in contact with Col 

molecules, globally positively-charged at pH 4 (Figure 4.2), the negatively-

charged colloids are expected to electrostatically interact with the 

biomacromolecule and therefore be incorporated in the (Col/HA) self-

assembly as a counterpart to Col.  

Figure 5.4 Evolution of the electrophoretic mobility of silica NPs as a function 
of pH and ionic strength: silica colloids dispersed in ultrapure water (I = 10-7 

M, cross) or in 0.15 M NaCl aqueous solution (I = 0.15 M, triangle). 
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The introduction of NaCl in the medium is responsible for a drop in 

mobility and the ζ-potential of the particles. The higher I of the salt solution 

imparts a higher charge-screening efficiency to the medium, as depicted by 

the drastic reduction of the Debye length from ~ 972.6 nm in ultrapure water 

to ~ 0.8 nm in the 0.15 M NaCl solution (equation 4.13, Th.A.4.I). As a 

consequence, the ζ-potential of the silicon dioxide NPs drops from -16.3 mV 

in water to -3.2 mV in 0.15 M NaCl. In order to maximize the electrostatic 

interactions between SiO2 and the positively-charged Col macromolecules as 

well as avoid flocculation of the colloids, care has been taken to disperse 

silica particles in UPW with no added salt for all assemblies. 

The ability of Col, HA and SiO2 NPs to self-assemble into stable 

multilayers was further evaluated in situ using QCM-D. The frequency ∆f and 

dissipation ∆D shifts recorded for the fifth overtone as a function of time, 

characterizing the adsorption kinetics of the assembly partners, are 

presented in Figure 5.5.a. The extracted parameters -∆f5/5, proportional to 

the wet mass adsorbed on the crystal surface (as explained in Th.A.4.2) and 

∆D5/(-∆f5/5), related to the viscoelastic properties of the film, are displayed 

in Figure 5.5.b and 5.5.c. Circulation of the first Col solution within the QCM 

system is characterized by an increase of -∆f/n and a sharp rise in the 

dissipation level, suggesting that Col molecules do adsorb on the crystal 

surface in a highly hydrated fashion, giving rise to a soft and viscous adlayer, 

dissipating a high amount of energy. An adsorption plateau is reached after 

less than 20 min, indicating that the crystal surface has probably been 

saturated with a Col monolayer. In contrast, the dissipation continues to 

slightly increase until rinsing, suggesting that the protein monolayer swells 

with water.  

The change in -∆f5/5 upon Col adsorption is 181.4 Hz, which translates 

into an areal adsorbed mass of 3211 ng.cm-2 using the Sauerbrey equation 

(4.22, Th.A.4.II) and a wet thickness of ~32.1 nm (equation 4.24, Th.A.4.II). 

The fibrillar morphology of Col can be approximated, in its fully extended 

state, as a cylinder of 300 nm length and 1.5 nm diameter. Hence we can 

fairly assume that the 32 nm thickness is due to Col adsorbing on the gold-

metallized quartz crystal under a flexible end-on conformation, with part of 

its peptide backbone protruding away in the solution (Figure 6.20.I). The  
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introduction of colloidal silica over the pre-adsorbed Col layer is 

characterized by a fast and huge drop in both frequency and dissipation 

Figure 5.5 (a) Real time QCM-D monitoring of the frequency (∆f5/5, left axis) 
and dissipation (∆D5, right axis) shifts for the assembly of a 
(Col/SiO2)1(Col/HA)1.5 film in a NaCl 0.15 M aqueous solution pH 4.0 (except 
for SiO2 NPs which were kept in suspension in UPW pH 4.0). Cumulated (b) -
∆f5/5 (proportional to the adsorbed wet mass) and (c) ∆D5/(-∆f5/5) extracted 
from the construction kinetics of the (Col/SiO2)1(Col/HA)1.5 film. 

(a) 

(b) (c) 
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factors, attesting to the adsorption of the NPs as a rigid layer compacting the 

protein film and expelling water (Figure 5.6.II). The adsorption of SiO2 colloids 

is responsible for a frequency shift (-∆f5/5) of 827.7 Hz, yielding an adsorbed 

mass as high as 14652 ng.cm-2. Injecting the density of silica (2.334 g.cm-3) in 

equation 4.24 (Th.A.4.II) results in a thickness of ~ 62.8 nm, which is 

equivalent to about a double and a half layer of silica NPs (Ø ~ 25 nm). 

 

The sedimentation rate of the silica colloids in the QCM-D chamber is 

determined to be ~4.55 10-10 m.s-1 by modelling the system as spheres free 

falling down a column of stationary liquid and using the Stoke’s law (see 

Theoretical appendix 5.I). The corresponding sedimentation time of 25 nm 

diameter silica NPs is computed to be 1.83 103 h to fall down a distance as 

small as 3 mm. The flow speed through the QCM tubing, 𝑣𝑓𝑙𝑜𝑤, assumed to 

be equal to the horizontal speed at which the particles cross the crystal 

surface is computed to be 6.37 10-4 m.s-1. The horizontal velocity of the 

colloids being much higher than their vertical sedimentation speed, the 

Figure 5.6 Schematic interpretation of the QCM-D data recorded in Figure 
5.5. A) Col molecules first adsorb in an extended conformation, trapping a 
high amount of water as evidenced by the concomitant increase in -∆f and 
dissipation parameters. II) The adsorption of silicon dioxide colloids expels a 
lot of water from the interface and leads to a compaction of the film, as 
evidence by simultaneous increase in -∆f and decrease in ∆D. III) Col adsorbs  
in large quantities as the interfacial area available to adsorption has 
increased following deposition of silica colloids (IIIa). A certain reorganization 
of the film occurs after Col adsorption as the drop in ∆D suggests a 
compaction of the film (IIIb). IV) The absence of any significant variation of -
∆f after injection of HA, combined with the slow but steady dissipation 
decrease makes it difficult to conclude whether HA tightly adsorbs to Col 
molecules on the silica NPs surface and displaces water molecules or rather 
form soluble complexes with Col molecules which are released towards the 
bulk liquid. 
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majority of the NPs should be expelled from the QCM chamber before 

passively reaching its bottom surface. This leads to the conclusion that the 

huge frequency drop associated with SiO2 NPs adsorption in less than 20 min 

time cannot be explained by the simple passive sedimentation of particles 

but instead is the result of an active phenomenon, such as the 

electroattractive forces exerted by the positively-charged Col molecules. 

What is true for a 25 nm particle with a much higher density than water is 

even more so for light biomacromolecules (𝜌𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠~ 1350 kg.m3) whose 

larger dimension is below 300 nm. Hence, it is to be excluded that the large 

and fast frequency drops are due to passive sedimentation of the assembly 

partners. 

The second circulation of the Col solution is marked by a much deeper 

frequency shift than the first adsorption step (-∆f5/5 = 282.2 Hz for the 

second Col adsorption step compared to 181.4 Hz for the first one), 

translating into a higher adsorbed mass using equation 4.22 (Th.A.4.II) (4996 

ng.cm-2 as compared to 3211 ng.cm-2 for the first Col monolayer) and higher 

thickness of 50.0 nm (~ 32.1 nm for the first layer) using equation 4.24 

(Th.A.4.II). The higher Col mass adsorbed is most probably due to the prior 

adsorption of silica colloids covering the crystal surface and offering a much 

higher surface area for the adsorption of Col. It is thus likely that the density 

of adsorbed Col molecules (number of Col molecules adsorbed per square 

centimeter) does not change but, instead, the surface available to Col 

adsorption does increase a lot after deposition of colloidal particles, leading 

to a higher total amount of Col present at the interface (Figure 5.6.IIIa). 

Hence, the hydrodynamic thickness measured in this case does not have 

much relevance given that it is computed assuming a constant interfacial 

area (i.e., the area of the quartz crystal surface) available for adsorption, 

which clearly is not the case after adsorption of SiO2 colloids. Assuming a 

packing density of 1 and considering that only half of the total surface 

developed by each particle (i.e., the face of the particle exposed to the bulk 

liquid phase) is available to the adsorption of species in solution, one can 

compute the effective area developed by a monolayer of close-packed 25 nm 

diameter silica nanospheres to be 1.57 cm2 per cm2 of quartz substrate (see 

Th.A.5.II). If we divide the areal mass of Col adsorbed after deposition of the 

silica NPs, 4996 ng.cm-2, by this corrective factor of 1.57 allowing for the 
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increase of surface area upon SiO2 adsorption to be taken into account, it 

yields:  

4996 ng.cm-2

1.57
= 3182 ng.cm2. This value being very close to the areal mass of 

Col adsorbed before silica deposition (3211 ng.cm-2), it further evidences that 

the increase in deposited Col mass is to be fully attributed to the sudden rise 

in available surface area. 

The adsorption of Col molecules saturates after less than 20 minutes 

(indicating that the surface of SiO2 particles is fully covered) but the ∆f signal 

then steadily increases until rinsing, just like the ∆D peaks rapidly before 

decreasing steadily after rinsing and reaching a value similar to the one 

obtained after SiO2 adsorption. This sequence of events can be interpreted 

as the adsorption of Col first as a highly hydrated layer (Figure 5.6.IIIa) which 

then reorganizes, probably by interacting with more adsorption sites on the 

silica colloids and adsorbing in a more extended conformation (Figure 

5.6.IIIb), perhaps bridging NPs together and hence expelling water from the 

film.  

After these three first adsorption steps, the system does not evolve 

much: -∆f5/5 stays almost constant or slightly decreases after introduction of 

HA, whereas ∆D first decreases after injection of HA, increases again when a 

Col solution is circulated but then stabilizes back to its initial value when 

rinsing occurs. It is difficult to determine whether the absence of variation in 

the resonance frequency is due to a saturation of the system after adsorption 

of the first three layers or to a massive loss of water from the film, 

compensated by the adsorption of biopolymers. The fact that the dissipation 

parameter keeps on evolving after introduction of each specie leads us to the 

statement that the equilibrium reached is dynamic. Indeed, when HA is 

injected in the system, ∆D decreases which might be either the sign of the 

incorporation of HA in the Col/SiO2 film as a replacement for water 

molecules, triggering the compaction and rigidification of the film or rather 

the sign of the formation of soluble Col/HA complexes leaving the interface 

(Figure 5.6.IV), as highlighted previously for d-Col/PSS1 and d-Col/Fn2 

assemblies. More unsettling is the gain in ∆D decoupled from any significant 

variation in ∆f after addition of the third and last Col solution, which seems 

to point towards the deposition of Col as a hydrated adlayer which the 

saturating balance fails to detect. 
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Although it is blatant that the assembly proceeds gradually, in a layer-

by-layer fashion from the first Col monolayer to the second one, both 

sandwiching a colloidal interlayer, it is impossible to clearly state at this point 

whether HA takes part in this LbL assembly or not and whether the assembly 

stops in its early stages or keeps on progressing sustainably while being 

unnoticed due to saturation of the device. A comprehensive summary of the 

adsorption events recorded by QCM-D is provided in Table 5.1. 

Templating this composite assembly within PC membranes with parallel 

nanopores enabled the production of individual composite NTs (Figure 5.7.c-

f). Compared to the fully biomimetic (Col/HA) NTs (Figure 5.7.a-b) which 

present a flattened and winding conformation, the tubes with filtered 

colloids (Figure 5.7. c-f) show a more homogeneous morphology and a 

greater thickness and thus appear to be less affected by the template 

dissolution and NTs collection processes. Adding inorganic colloids to the 

polymer multilayer thus seems to have a beneficial effect on the mechanical 

stability of the NTs. The successful incorporation of silica particles inside the 

tubular multilayer can be visually demonstrated when observing the NTs at 

high magnification as they clearly appear to be filled with nanosized colloids 

(Figure 5.7.d,f).  

The analysis of the chemical composition of individual composite NTs 

via TEM-EDX further corroborates the presence of silica colloids within the 

NTs, as the characteristic X-ray of the Si element appears as the predominant 

signal of the spectrum (Figure 5.8). The presence of carbon, oxygen and 

nitrogen is attributed to the Col and HA biomolecules which are the major 

organic constituents of the NTs while the Cu and Zn elements come from the 

Table 5.1 Summary of the frequency shifts (-∆f5/5) recorded during the QCM-
D monitoring of the (Col/SiO2)1(Col/HA)1.5 buildup and the corresponding 
adsorbed areal mass and wet thickness values, computed using Sauerbrey’s 
equation 
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copper grid (presenting some zinc impurities) used as substrate for TEM 

analysis. Similarly to what was previously undertaken on NTs of synthetic 

polymers (section S.I.5.1), nanocomposite tubes with silica colloids 

incorporated either in one of their outermost (Figure 5.7.c-d) or one of their 

innermost (Figure 5.8.e-f) bilayers were produced. Both systems 

(c) 

(a) (b) 

(d) 

(f) (e) 

Figure 5.7 SEM (a,c-f) and STEM (b) pictures of individual biomimetic NTs 
composed of: (a-b) an ECM-like (Col/HA)8 multilayer with no added SiO2 NPs, 
(c-d) a composite (Col/SiO2)1(Col/HA)7 multilayer displaying SiO2 NPs in their 
outermost bilayer and (e-f) a composite (Col/HA)6(Col/SiO2)1(Col/HA)1 
multilayer displaying SiO2 NPs in one of their innermost bilayers. 
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reproducibly yielded NTs with preserved integrity and no distinction could be 

made visually between them in terms of mechanical stability.  
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(a) 

(b) (c) 

(d) 

Figure 5.8 EDX analysis of (Col/SiO2)1(Col/HA)7 individual NTs: (a)-(c): TEM 
pictures showing the analysed composite NTs at increasing magnification 
from (a) to (c). (d) EDX spectrum recorded over a portion of a composite NT. 
All identified peaks correspond to Kα X-rays of the elements entering in the 
composition of the NT, except for the peaks at ~0.95 and ~8.05 KeV which 
relate to the Lα and Kα X-rays of Cu and the Kα X-ray at ~8.64 KeV attributed 
to Zn; both of these elements being the constituents of the TEM grid. 
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Once templated inside the custom-made PC membrane with 

intersected nanopores, the Col/HA assembly strengthened with inorganic 

colloids gives rise to 3D matrices with a well-ordered structure down to the 

nanoscale, as the nanotubular elements intersect in a controlled pattern 

(Figures 5.9 & 5.10). Intersections between NTs occurring at a fixed angle, 

they generate a grid-like pattern clearly visible when observing the structure 

from above (Figure 5.10.b) or sideways (Figures 6.9.b, 6.10.c). The successful 

incorporation of silica NPs in the outermost layer of the tubular building 

blocks is clearly visible when zooming in on the edges of the network, as they 

feature a characteristically rough surface (Figure 5.9.d).  

In sharp contrast to the “collapsed film” morphology of the systems 

made solely of (bio)polymer materials (Figures 4.10-4.13), the composite 

structures clearly show a third dimension of appreciable size as the sides of 

the artificial matrix do show a well-organized palisade of self-supported NTs 

with a height close to that of the templating membrane (i.e., ~25 µm) 

(Figures 5.9.c & 5.10.c). Hence, the infiltration of SiO2 colloids clearly 

reinforces the mechanical properties of the highly flexible polymer materials 

and improves the capability of the multilayered NTs to support their own 

weight and withstand the atmospheric pressure, leading to the creation of 

nanostructured composite biointerfaces with structural integrity. 

In order to elucidate whether the LbL assembly of the composite 

multilayers stops after the deposition of the second layer of Col as hinted at 

by the QCM-D results (Figure 5.5) or keeps on evolving, the LbL process was 

alternatively stopped after the construction of either 2 (Figure 5.9) or 7 

(Figure 5.10) (Col/HA) bilayers, besides the first (Col/SiO2) one.   
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Figure 5.9 SEM pictures of a nanocomposite biointerface made of intersected 
NTs themselves composed of a composite (Col/SiO2)1(Col/HA)2 multilayer 
combining the bioactivity of the ECM-derived biopolymers Col & HA with the 
mechanical stiffness of SiO2 NPs used as strengthening agent. (a) Low 
magnification view of one side of the biointerface; (b) medium magnification 
view of one side of the biointerface, clearly showing intersected NTs of ~25 
µm length; (c) high magnification view of a portion of the top surface of the 
biointerface, showing tubular heads and (d) high magnification view of the 
side of the biointerface, showing the rough surface of intersected NTs. 

(c) 

(a) (b) 

(d) 
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Figure 5.10 SEM pictures of a nanocomposite biointerface made of 
intersected NTs themselves composed of a composite (Col/SiO2)1(Col/HA)7 
multilayer combining the bioactivity of the ECM-derived biopolymers Col & 
HA with the mechanical stiffness of SiO2 NPs used as strengthening agent and 
incorporated inside the outermost bilayer. (a) Low magnification view of one 
side of the biointerface; (b) medium magnification view of one portion of the 
top surface of the biointerface; (c) medium magnification view of one side of 
the biointerface and (d) high magnification view of one side of the 
biointerface. 

(a) (b) 

(c) (d) 
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No clear distinction could be made visually between the two systems in 

terms of morphology, which adds further weight to the idea that the layer 

build-up runs out after the preliminary Col/SiO2/Col steps. 

In order to examine this question in a more quantitative way, the total 

protein content (i.e., the total amount of Col) present in the composite 

biointerfaces as a function of the number of assembled (Col/HA) bilayers was 

determined using the µBCA assay (see Theoretical appendix 5.V for details 

on the method) (Figure 5.11). As can be seen from Figure 5.11, the amount 

of Col effectively incorporated in the biointerface containing 7 bilayers is 

unambiguously greater than the Col content found in the 3-bilayer system 

and even more than that of the one-bilayer structure. These findings suggest 

that the diffusion of Col macromolecules down the nanopores and their 

incorporation inside the growing tubular multilayer is actually effective up 

to, at least, the 7th dipping cycle. Hence, the LbL assembly of (Col/HA) bilayers 

doubtlessly continue to grow past the second deposited layer of Col. A 

corollary to this is that, although no technique could be successfully 

undertaken to selectively detect and quantify the amount of HA present in 

the NTs, HA necessarily takes part in the assembly as the multilayer would 

not be able to grow past the preliminary Col/SiO2/Col layers without the 

incorporation of a negatively-charged counterpart to Col. However, although 

the assembly of the Col and HA partners is effective up to at least 7 bilayers, 

the ensuing intersected nanostructures do not seem to benefit much from 

the deposition of a high number of (Col/HA) bilayers, as highlighted by the 

similarity of Figures 5.9 and 5.10. Indeed, the morphology and mechanical 

stability of the structures do not seem to evolve past the second (Col/HA) 

bilayer. Consequently, the mechanical properties of the resulting 

nanostructures are rather independent of the number of biopolymer layers 

built but are, on the other hand, drastically enhanced by the incorporation 

of inorganic colloids.  
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A comparison between the mass of Col incorporated in flat thin films 

(derived from QCM-D measurements) and that integrated in 3D 

nanostructures (quantified via µBCA assay) can be drawn, provided that the 

µBCA data are first converted into areal mass by dividing the mass of Col 

adsorbed by the superficial area developed by the 3D interface. The total 

surface area of the produced biointerfaces can be obtained from the 

computation of the lateral area developed by the porous network of the 

template from which they issue, equal to 0.0103 m2 (see Th.A.5.III).  

Figure 5.11 Dry mass of Col (µg) contained, as determined via µBCA assay, 
within the nanocomposite biointerfaces as a function of the number of 
(Col/HA) bilayers deposited. The solid line connecting individual data points 
is added as a guide to the eye. The black dashed line represents the upper 
limit of quantification of the test, as experimentally determined (maximum 
concentration: 100 µg/mL, equivalent to a total mass of 200 µg protein in a 
2 mL sample). Error bars represent standard deviation (n=3). Bars topped 
with different Greek letters indicate significant difference (p-value < 0.05 as 
computed via consecutive Welch’s ANOVA and Games-Howell post hoc tests).  
Limit of detection, LOD, was experimentally determined to be 24.1 µg. Upper 
limit of quantification was experimentally determined to be 200 µg. 
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Dividing the values obtained from the µBCA test plotted in Figure 5.11 by the 

superficial area of the custom-made biointerface (0.0103 m2) enables the 

comparison between the mass of Col incorporated in flat multilayered thin 

films (QCM-D data) and inside nanotubular thin films (µBCA data) (Table 5.2). 

 

It is striking to observe that the amount of Col adsorbed per square 

centimeter of 3D biointerface is much lower than the amount of Col 

adsorbed per square centimeter of quartz crystal. Considering that the 

superficial area developed by the intersected NTs constituting the 

biointerface (~103 cm2) is much higher than that of a quartz crystal (~1 cm2), 

this difference might be explained by the fact that the conformation adopted 

by the biomolecules upon their adsorption might differ in the two cases. 

Under a regime of high molecular concentration (1 mg/mL) combined with a 

low surface area available to adsorption and in the absence of any major 

diffusion limitation other than the previously-adsorbed molecules such as is 

the case for a quartz crystal in a QCM-D chamber, the macromolecules 

probably adsorb in a highly flexible conformation, favouring the adsorption 

of a higher number of molecules per unit space and hence the formation of 

thicker layers. On the contrary, when adsorbing along the pore walls of a 

nanostructured template and even though the molecular concentration is 

equally high (1 mg/mL), the biomolecules have to face both a diffusion 

barrier (i.e., the bottleneck that the nanopore represents) and an extremely 

high surface area available to adsorption. Under these circumstances, the 

biomacromolecules might adsorb under an extended conformation, 

maximizing the number of interaction sites with the surface and thus leading 

to the adsorption of fewer molecules per unit surface and to flatter layers. 

Additionally, it is noteworthy to mention that while the QCM-D technique is 

Table 5.2 Comparison between the cumulated areal mass and cumulated 
thickness of the Col layer(s) incorporated in flat multilayered thin films (QCM-
D data) or inside nanocomposite biointerfaces (µBCA data). 
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non-specific and reports the wet mass (i.e., protein layers + the water they 

contain) adsorbed on the crystal surface, the µBCA assay is specific to 

proteins and therefore reports their total dry mass, which should be one of 

the reasons why the computed values are lower than those measured via 

QCM-D. In this regard, determining the dry thickness of composite thin films 

built on flat substrates via ellipsometry and comparing the values to the wet 

thicknesses derived from QCM-D would be helpful to estimate the water 

content of the films. However, attempts at determining the dry thickness of 

thin films built on silicon wafers were not successful, as the ellipsometry 

measurements undertaken were found to be poorly reproducible. Indeed, 

no model could satisfactorily fit the data. This might be due to the composite 

nature of the film leading to a drastic change of the refractive index over a 

few nm distance, as well as to a high roughness and/or low homogeneity of 

the film. Besides the estimation of a hydration degree, the dry thickness is of 

limited relevance in the framework of this thesis as the engineered 

biointerfaces will eventually be brought in contact with cells under 

physiological conditions (i.e., aqueous environment), a situation where the 

thickness of the ECM-derived multilayer will better be reflected by the QCM-

D measurements as these are carried out under wet conditions. 
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5.2.2 Mechanical properties of composite NTs 

The mechanical properties of the biopolymer and biopolymer/silica 

composite NTs were experimentally evaluated and compared so as to assess 

objectively whether silica colloids effectively improve the stiffness of the 

multilayered NTs.  

The first criteria used to evaluate the mechanical properties of individual 

NTs are the so-called “morphological indices”, referred to as such given that 

they enable numerical estimates to be derived from the microscopic 

observations of the tubes (see section Th.A.VI.B). The first of these 

parameters, the rigidity index, 
𝑅𝐸𝐸

2

𝐿2  is an estimate of how tortuous a tube is, 

as it compares its end-to-end distance (REE, measured as the shortest 

segment connecting the two extremities of a NT) with its contour length (L, 

taken as the sum of the lengths of n segments, with n tending to infinity, 

drawn along the middle of a NT, perpendicular to its main axis, from one end 

to the other) (Figure 5.12).  

Stiff NTs being made out of rigid materials are expected to form less 

meanders, their contour length will consequently be similar to their end-to-

end distance and they will thus exhibit a rigidity index close to 1. On the other 

end, highly flexible, low stiffness NTs will adopt a more winding morphology 

Figure 5.12 Schematic illustration of the end-to-end distance, REE, and 
contour length, L, along with the method used to measure them  
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and their contour length, following each of their curves, will therefore be 

much greater than their end-to-end distance, leaving a rigidity index strictly 

inferior to 1. The rigidity index being, above all, a measure of the tortuosity 

of NTs can thus be further apprehended as an estimate of the stiffness or 

rigidity of a NT. Figure 5.13 shows the distribution of the rigidity indices 

measured for 3 populations of NTs: fully biomimetic (Col/HA)8 NTs and 

composite NTs containing silica NPs either in their outermost bilayer, 

(Col/SiO2)1(Col/HA)7 or inside one of their innermost bilayers, 

(Col/HA)6(Col/SiO2)1/(Col/HA)1. No difference of statistical significance can be 

found between the median index of the NTs with SiO2 in their external bilayer 

and that of NTs containing no particles. The median rigidity index of NTs with 

internal particles is, on the contrary, much closer to 1 (median = 0.98) and 

significantly different from that of native (Col/HA)8 tubes. 
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When looking at the full set of data, one can distinguish that the median 

value (represented by the red line) substantially increases towards 1 when 

silica NPs are incorporated in the tubes and, more importantly, the 

dispersion of data is reduced. Outliers (symbolized by green ‘+’ signs) are 

indeed less numerous and the length of whiskers (depicting the 1.5 x IQR 

length) is decreased. The absence of any overlap in the boxplot notches 

between the native biopolymer NTs and those incorporating silica in their 

internal layers indicate with 95% confidence that the medians of these two 

populations differ. The broad spread of data around the mean and median 

Figure 5.13 Notched boxplot presenting the full distribution of the rigidity indices, 
𝑅𝐸𝐸

2

𝐿2 , computed for different populations of individual NTs based on microscopy 

images: (Col/HA)8 NTs containing no silica NPs, (Col/SiO2)1(Col/HA)7 NTs containing 
silica NPs in their outermost bilayer and (Col/HA)6(Col/SiO2)1(Col/HA)1 NTs with silica 
NPs in one of their innermost bilayers. The red line displays the median of each 
population (N=25), the length of the whiskers represent 1.5 x interquartile range 
(IQR), the width of the notches represent the 95% confidence interval on the median 
while outliers are represented by the green ‘+’ signs. Bars topped with different Greek 
letters indicate significant difference of the mean (p-value < 0.05 as computed via 
consecutive Welch’s ANOVA and Games-Howell post hoc test). 
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values of ECM-like (Col/HA)8 NTs can be ascribed to the fact that these tubes 

being composed only of highly flexible materials, the conformation they 

adopt upon collection on a substrate is totally random. Some might 

immobilize in a straight shape and some might present countless meanders, 

the probability of adopting any particular shape being equal. The successful 

incorporation of inorganic colloids in the NTs might thus be reflected in a less 

random distribution of their shape, as clearly evidenced by the reduced 

scatter of the rigidity index values upon addition of SiO2 particles. Conducting 

the Levene’s test for equality of variances on the data further demonstrates 

that the variances of the three NT populations differ. It is thus reasonable to 

state that the incorporation of silica NPs inside biopolymer-based NTs leads 

to both an homogenization and a raise of the stiffness modulus of the NTs.  

The second morphological index, the flattening index 
𝐷𝑁𝑇

𝐷𝑃𝑜𝑟𝑒
, is obtained 

by taking the ratio between the average diameter of the NTs measured after 

filtration and the average diameter of the template nanopores in which the 

tubes were synthesized (𝐷𝑃𝑜𝑟𝑒 = 521.4 ± 66.8 𝑛𝑚, N = 190). The definition 

of this parameter is based on the observation that NTs tend to flatten once 

they are freed from their supporting template and collected over a substrate 

by filtration. NTs made of stiff, rigid materials will tend to deform less upon 

application of a pressure and show a lesser tendency to flatten compared to 

NTs composed of soft, flexible materials. Consequently, the diameter of stiff 

NTs will be less impacted by the filtration process and its value will be close 

to that of the template nanopores, leading to a flattening index close to ~ 1. 

On the contrary, the diameter of soft NTs will be greatly affected by the 

collection process and will tend to show increased values (compared to that 

of the template pores), which will result in a flattening index higher than 1. 

The flattening index might thus be used as an estimate of the stiffness of a 

population of NTs. The full distribution of the flattening index data recorded 

for the three nanotubular samples are summarized in Figure 5.14. The same 

observations can be made regarding this flattening index as those which 

were made about the rigidity index. Although no statistically significant 

difference can be highlighted between the  medians of the three groups, 

their data dispersion is indeed different and tends to narrow down in the 

presence of colloids. Moreover, the same trend of a narrower distribution 

centered around a value close to 1 is found for both indices in the case of the 

composite tubes containing silica particles in their internal structure. Hence, 
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the straightest tubes are also the less flattened after filtration and probably 

the stiffest ones. 

AFM and, more specifically, its PFT-QNM mode provides a more direct 

approach to undisputably determine the intrinsic mechanical stiffness of the 

synthesized NTs in a quantitative manner (see Th.A.5.VI.A). The nanometer-

sized tip of the AFM cantilever can indeed enter in direct contact with the 

NTs surface and indent it to record its ability to elastically relax against the 

applied force. The compilation of these tip-sample interactions along the 

Figure 5.14. Notched boxplot presenting the full distribution of the flattening 

indices, 
𝐷𝑇𝑢𝑏𝑒

𝐷𝑃𝑜𝑟𝑒
, computed for different populations of individual NTs based on 

microscopy images: (Col/HA)8 NTs containing no silica NPs, (Col/SiO2)1(Col/HA)7 NTs 
containing silica NPs in their outermost bilayer and (Col/HA)6(Col/SiO2)1(Col/HA)1 NTs 
with silica NPs in one of their innermost bilayers. The red line displays the median of 
each population (N=25), the length of the whiskers represent 1.5 x interquartile range 
(IQR), the width of the notches represent the 95% confidence interval on the median 
while outliers are represented by the green ‘+’ signs. Bars topped with different Greek 
letters indicate significant difference of the mean (p-value < 0.05 as computed via 
consecutive Welch’s ANOVA and Games-Howell post hoc test). 
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complete indentation-withdrawal cycle of the AFM probe generates force 

versus distance curves whose collection along the whole NTs length can in 

turn provide a comprehensive overview of the NTs elastic properties at the 

nanoscale. The NTs whose mechanical properties are explored in the frame 

of this thesis being supported over a PET filter, a relative elasticity modulus 

is reported which takes into account the potential influence of the underlying 

substrate on the stiffness values measured along the NTs. The Young’s 

modulus of the PET foil used by it4ip to produce the filtration membranes 

being 4 GPa (as announced by the manufacturer’s product datasheets), this 

value was used as an internal standard. During the offline treatment of the 

collected force/distance curves to extract the mechanical properties of 

interest, the value of the tip radius of curvature (R) was indeed tuned so as 

to find an average Young’s modulus of ~4 GPa on the PET phase of each 

sample. The R value obtained for the PET phase was then kept constant when 

extracting the moduli of the NT phase, in a way to limit the systematic error. 

The distribution of the relative modulus, 
𝐸𝑁𝑇

𝐸𝑃𝐸𝑇
, of the three types of NTs 

synthesized, extracted from the nanoindentation tests is presented in Figure 

5.15. Representative pictures of the NTs as recorded by the topography 

channel of AFM are displayed in S.I. (see S.I.5.2). Conduction of consecutive 

Welch’s ANOVA and Games-Howell post hoc statistical analyses 

demonstrates that both the mean and median of the relative modulus of 

silica-strengthened NTs do differ from those of the native (Col/HA) NTs. By 

contrast, no difference can be highlighted between the two composite 

systems. Therefore, it can be fairly concluded that the addition of inorganic 

colloids within the assembly of NTs based on ECM-derived biopolymers do 

significantly increase the stiffness of the resulting NTs, although the location 

of these NPs (i.e., within the most external or internal layers) do not further 

influence their mechanical properties. Assuming an average Young’s 

modulus of 4 GPa for the supporting PET substrate (as announced by the 

manufacturer), a numerical value of ~4.5 and ~6.2 can be estimated for the 

Young’s modulus of the biopolymer-based and composite NTs, respectively. 

One has to keep in mind that these numerical values should only be 

considered with caution given that the influence of the underlying PET 

substrate on the modulus measured on the NTs cannot be totally ruled out, 

even if all the values were averaged by the modulus found for the PET phase. 

Only the relative modulus is thus deemed accurate. 
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Comparing the data distribution of the AFM indentation tests (Figure 

5.15) with that of the morphological indices (Figure 5.13 & 5.14), one can 

argue that an inverse trend is observed: while the dispersion of the data set 

is reduced upon infiltration of ceramic particles in the case of morphological 

indices, it increases in the case of AFM experiments. Although this might 

appear surprising at first, this observation might be accounted for by the fact 

that while morphological indices gauge the complete NT at the microscale, 

the AFM probes the NT properties at the nanoscale. Hence, larger 

discrepancies are observed when testing composite NTs via AFM because the 

measured modulus will drastically vary depending on whether the probe 

lands on a ceramic-rich zone or a biopolymer-rich zone of the same NT. 
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Figure 5.15 Notched boxplot presenting the full distribution of the relative modulus, 
ENT

EPET
, computed for different populations of individual NTs based on AFM force-distance 

curves: (Col/HA)8 NTs containing no silica NPs, (Col/SiO2)1(Col/HA)7 NTs containing 
silica NPs in their outermost bilayer and (Col/HA)6(Col/SiO2)1(Col/HA)1 NTs with silica 
NPs in one of their innermost bilayers. The red line displays the median of each 
population (N=50)., the length of the whiskers represent 1.5 x interquartile range (IQR), 
the width of the notches represent the 95% confidence interval on the median while 
outliers are represented by the green ‘+’ signs. Bars topped with different Greek letters 
indicate significant difference of the mean (p-value < 0.05 as computed via consecutive 
Welch’s ANOVA and Games-Howell post hoc test). 

 



Nanocomposite biointerfaces 

217 
 

 

5.2.3 Towards biomineralized ECM-like interfaces 

The nanocomposite biointerfaces synthesized in this work share many 
similarities with the native ECM of bone as bone is itself a natural 
biocomposite material3,4, composed of a soft organic phase (mainly Col) 
mineralized with hard inorganic crystals (i.e., carbonated hydroxyapatite 
nanocrystals, of chemical formula Ca10(PO4)6(OH)2).4,5 Hydroxyapatite (HyAp) 
crystals thus play the role of stiffening agent in the bone matrix, in a manner 
similar to how colloidal silica particles stiffen the biomimetic multilayers in 
our systems. In order to further increase the bio-mimicry of the synthesized 
matrices, it would be highly advantageous to substitute the bioinert SiO2 NPs 
with bioactive HyAp crystals. In addition to its role of mechanical support, 
HyAp has indeed been documented to be osteoinductive (i.e., meaning that 
it has the ability to promote the differentiation of osteogenic progenitor cells 
into mature bone-forming cells).6,7 In vitro, the synthesis of HyAp crystals is 
mainly achieved through the co-precipitation of calcium ions with inorganic 
phosphate ions under alkaline conditions.8–11 Another approach involves the 
maturation of the substrate to be functionalized with HyAp within simulated 
body fluid (SBF; solution whose ionic composition is close to that of human 
blood plasma, with the purpose to mimic the native bone-forming 
environment).12–14 A biomimetic method of interest, yet only scarcely 
reported in the literature, consists in taking advantage of enzymes whose 
natural purpose is to produce inorganic phosphate. Alkaline phosphatase 
(ALP) is one of these enzymes and is present in different tissues (e.g., bone, 
liver, kidney, intestinal mucosa, etc.) where it is embedded in the external 
face of the cell membrane.15–17 ALP is actually the main enzyme responsible 
for the mineralization of the Col phase in bone tissue. It catalyzes 
dephosphorylation reactions under alkaline conditions and generates an 
alcohol and an inorganic phosphate, according to the following chemical 
equation18,19: 

R-PO4
2- + H2O  R-OH + HPO4

2- 

The produced phosphate ions can further precipitate with calcium ions to 
yield HyAp crystals.  
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a) Functionalization of nanostructured interfaces via chemical 

precipitation of calcium phosphate (CaP) particles 

According to a protocol reported by Ngiam et al., HyAp nanocrystals can 
be nucleated on a chosen interface by alternately dipping it into a solution of 
calcium ions (0.5 M CaCl2, pH 7.2) and of phosphate ions (0.3 M Na2HPO4, pH 
8.96).20,21 The authors thoroughly analysed the mineral phase obtained 
through this alternate dipping process and concluded that it consisted in 
bone-like apatite. Given the strong alkaline conditions required for the 
synthesis of HyAp under this approach, attempts to use it to nucleate HyAp 
within (HA/Col) during their LbL assembly were unsuccessful. Indeed, the 
synthesized HyAp was found to largely dissolve once brought under 
conditions compatible with the LbL assembly of (HA/Col) (i.e., pH 4) whereas 
attempts at conducting the LbL assembly of (HA/Col) under alkaline 
conditions equally failed (data not shown). Replacing the silica particles in 
their role as strengthening agent was thus impossible using this strategy. 
However, it was possible to use this alternate dipping approach to 
functionalize the surface of chemically cross-linked systems, such as the 
composite biointerfaces produced in this chapter or biofunctionalized PPy 
frameworks (Figure 5.16). Figure 5.17 displays an example of such a PPy 
framework functionalized with chemically precipitated HyAp crystals. 

  

Figure 5.16 Schematic illustration of the alternate soaking process used to precipitate 
HyAp particles on the surface of biointerfaces. 
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Figure 5.17 (a) SEM pictures showing the surface of a PPy framework 
functionalized with HyAp crystals following the alternate dipping method. (b) 
Image showing an aggregate of HyAp particles with a characteristic platelet 
morphology. (c) EDX mapping of an HyAp aggregate showing the signal of 
(c1) calcium, (c2) phosphore and (c3) oxygen. 

(a) (b) 

(c1) (c2) 

(c3) 
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b) Biomineralized ECM-like nanocomposite interfaces 

Within the frame of her thesis, E. Colaço et al.22 evidenced that the 

isoelectric point of ALP being around 5, it was possible to immobilize it into 

multilayered assemblies in combination with a polycation under alkaline 

conditions, while preserving its activity. Once provided with an adequate 

substrate (such as α-glycerophosphate), a source of calcium ions and brought 

under conditions favoring its optimum activity (i.e., alkaline pH in the range 

7-9 and physiological temperature), ALP can nucleate HyAp crystals in situ 

and thus mineralize the supramolecular architecture, in a process much 

similar to that occurring naturally in vivo (in bone tissue, for instance). 

Templating the ALP/PAH assembly inside PC templates with intersected 

nanopores , gave rise to highly mineralized nanocomposite interfaces, clearly 

displaying HyAp nanocrystals with a platelet morphology (Figures 5.18 & 

5.19).  

 

Figure 5.18 Schematic illustration of the biomineralization process used to nucleate HyAp 
nanocrystals within a templated polymeric multilayer. The ALP enzyme is first introduced as a  
component of the LbL assembly. The resulting templated multilayer is then incubated in a 
mineralization solution at 37°C for 48 h. The template is finally dissolved using 
dichloromethane, revealing a biomimetic HyAp/(bio)polymer interface. 
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In order to further increase the biomimicry of these biomineralized 

systems, we managed to self-assemble Col and ALP, alternating the 

deposition pH between 4 (when depositing Col) and 9 (when depositing ALP), 

which resulted in fully biomimetic composite interfaces (Figure 5.20). Due to 

their high content in ceramic, both systems displayed in Figures 5.19 & 5.20 

are, however, highly brittle. 

 

Figure 5.19 Biomineralized network of intersected (PAH/ALP)5 NTs: (a) 
schematic illustration. (b, c, d) SEM images at increasing magnification of the 
template-freed biomineralized interfaces: lateral view of the network, 
showing numerous intersections between NTs (b); medium magnification 
picture of the network edge (c); high magnification picture of the HyAp/CaP 
platelets constituting the NTs (d). 

(c) 

(a) 

(d) 

(b) 
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5.3 Conclusions  

Silica nanocolloids are evidenced to be incorporated in LbL assemblies 

as a negatively-charged counterpart to Col molecules via electrostatically-

enhanced sedimentation. The resulting (Col/SiO2)1 (Col/HA)x composite 

assembly is demonstrated to proceed gradually until, at least, the 7th 

(Col/HA) bilayer and can be alternatively templated within PC membranes 

with parallel or intersected nanopores to produce composite NTs or 

biointerfaces, respectively. 

The filtration of silica NPs within biopolymer-based NTs clearly 

compensates for the weak mechanical properties of the highly flexible 

polymer materials and creates composite NTs and biointerfaces made 

thereof which are less impacted by the template dissolution and collection 

processes, therefore yielding nanostructures of improved mechanical 

stability. This is confirmed both by the visual observation of more robust 

composite tubes and interfaces as compared to the unorganized 

entanglement of polymer threads imaged in the absence of the silica phase 

and by the homogenization of the tubes morphology after SiO2 incorporation 

as gathered by the narrowing spread of the data obtained for both 

morphological indices. Furthermore, the elasticity modulus of composite 

NTs, as measured via AFM nanoindentation, is unambiguously 38% higher 

than that of native ECM-derived (Col/HA)8 NTs.  

(a) (b) (a) (b) 

Figure 5.20 SEM pictures of fully biomimetic (Col/ALP)5 nanocomposite 
interfaces 
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Well-ordered nanocomposite biointerfaces of ~25 µm height could be 

reproducibly produced. The number of biopolymer (Col/HA) layers built past 

the preliminary (Col/SiO2)1/(Col/HA)2 multilayer has little to no effect on the 

mechanical properties of the resulting NTs, as highlighted by the similarity 

between the (Col/SiO2)1(Col/HA)2 and (Col/SiO2)1(Col/HA)7 biointerfaces. 

Hence, the stacking of a high number of polymer layers is not sufficient to 

impart enhanced mechanical stability to the NTs and the resulting effect, if 

any, is by no means comparable to the beneficial effect of adding a silica 

phase. Similarly, microscopic observations and mechanical properties 

estimates evidenced that the location of the colloids within the ECM-derived 

NTs, inside either the innermost or outermost layers, does not influence the 

stiffness of the resulting nanostructures. 

Although the engineered nanocomposite biointerfaces do share 

similarities with the ECM of mineralized tissues, such as bone and tooth, and 

feature as well a wide range of potentially tunable properties whose effect 

on cellular behaviour would be thrilling to investigate, the nanostructures are 

yet too fragile to be easily detached from the supporting substrate upon 

which they are laid once freed from the PC template. Among the set of 

tunable cues displayed by the synthesized artificial matrices and most likely 

to influence cell fate, we can cite: the mechanical properties which could 

potentially be varied by fine-tuning the concentration and number of layers 

of SiO2 NPs incorporated; the chemical composition of the nanotubular 

blocks as another pair of ECM-derived biopolymers could be used as starting 

materials; the average diameter of the intersected NTs, leading to a variation 

of the nanotopography presented to the hosted cells and, finally, the nature 

of the valuable cargo (e.g., growth factors, cytokines, etc.) which could 

potentially be incorporated within the NTs either via passive diffusion or 

filtration through the NTs internal cavity or via preliminary incubation with 

silica colloids and adsorption on their surface. 

The composite structures are not self-supported and, consequently, the 

influence of the underlying substrate could not be totally ruled out in the 

event of cellular tests. Moreover, if the engineered matrices would have to 

be detached from their substrate only to be laid over another support better 

suited for cellular assays, the integrity and homogeneity of the nanotube 

arrays could not be guaranteed which would further negatively impact the 

conclusions of the cellular investigations. Given that they do not fulfil the 

requirement of an easy to handle, self-supported biomaterial, the ability of 
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the composite ECM-like matrices to sustain cellular adhesion, proliferation 

and differentiation was not investigated further in this thesis. 

Even though the foreseen applications in tissue engineering and 

regenerative medicine might be out of reach at this point, the engineered 

artificial matrices still offer outstanding opportunities as 

multifunctionalizable nanostructured platforms bridging the gap between 

mechanical stability and preservation of the bioactivity of native 

biomacromolecules. The tremendously high specific surface area of these 

matrices, developed both at the microscale by the well-ordered array of 

intersected NTs they are made of and at the nanoscale, by the high amount 

of silica colloids contained in each tubular building block, could be taken 

advantage of in the following applications: 

- Provided that SiO2 NPs are proven biocompatible, they could be pre-

incubated with valuable drugs, so as to create complexes, before 

being integrated in the LbL assembly of the nanotube arrays which 

could then be used as implantable or skin-contacting drug-delivery 

platforms with a high exchange surface area. 

- Similarly, functionalizing the colloids with proteins known to bind a 

specific ligand with high affinity (i.e., enzymes, antibodies, etc.) and 

finding a way to translate the binding event into a detectable signal 

(e.g., an electrical signal) could lead to opportunities of using the 

synthesized frameworks as biosensing devices with high sensitivity. 

Such interfaces could also be used in vitro as highly sensitive 

membranes for immunoassays (e.g., ELISA, etc.). 

- Usage of the composite nanostructures as nanocatalytic platforms 

enabling the high-throughput transformation of pollutants or the 

synthesis of products of high added value could also be considered, 

provided that the colloidal inorganic phase is adequately 

functionalized. 
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5.4 Experimental section 

Materials: ion track-etched PC membranes with a thickness of 21 µm, a pore 

density of 4x107 pores.cm-2, and an average pore diameter of 500 nm were 

used as template for the fabrication of individual NTs. Interfaces of 

intersected NTs were synthesized through LbL assembly within PC templates 

with a thickness of 25 µm, showing a network of 300 nm diameter nanopores 

intersecting at a controlled angle of ~90°, with a density of 2.8x108 pores.cm-

2. Nanoporous PC templates were kindly supplied by it4ip. Dried sodium 

hyaluronate (HA, MW ~ 151-300 kDa) was purchased from Lifecore 

Biomedical. Type I collagen G from bovine calf skin (Col, 0.4% solution in 15 

mmol L-1 HCl, 4 mg.mL-1) was purchased from Merck-Millipore. Cross-linking 

agents, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 

98+%) and N-hydroxysulfosuccinimide sodium salt (s-NHS, ≥98%) were 

purchased from Acros and Sigma-Aldrich, respectively. Sodium chloride 

(NaCl, ACS reagent, ≥99%) and hydrochloric acid solution (HCl, 0.1 N in 

aqueous solution) were purchased from Sigma-Aldrich, while sodium 

hydroxide solution (NaOH, 0.1 N in aqueous solution) was bought from VWR. 

Poly(allylamine hydrochloride) (PAH, MW ~ 15 kDa), α-Glycerol phosphate 

magnesium salt hydrate (~ 85%) and alkaline phosphatase from bovine 

intestinal mucosa (ALP, ≥ 10 U/mg) were bought from Sigma-Aldrich. Sodium 

phosphate, dibasic (Na2HPO4) (~98%) was purchased from Acros. Spherical 

silica colloids (SiO2 NPs, LUDOX® TM-50 colloidal silica 50 wt.% suspension in 

H2O, average diameter ~ 25 nm) were bought from Sigma-Aldrich. PET 

membranes, used for filtration purposes and as substrate for microscopical 

analysis, were supplied by it4ip and had an average pore diameter of 200 nm, 

a thickness of 23 µm and a pore density of 5.8x108 pores.cm-2.  

Monitoring of the electrophoretic mobility (EPM) of (bio)polymers and 

colloids: EPM measurements were carried out at 22 °C using a Malvern 

Zetasizer nanoZS (DTS1061, Malvern Instruments Ltd, UK). The results are 

presented as the mean and standard deviation of three to five replicates. The 

biopolymers HA and Col and the SiO2 NPs were respectively solubilized and 

dispersed in ultrapure water or a 0.15 M NaCl aqueous solution, to reach a 

final concentration of 1 mg.mL-1 (for the biopolymers) and 1 wt% (for the 
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NPs). The pH of the solutions and dispersion was subsequently adjusted using 

HCl 0.1 N or NaOH 0.1 N. The performance of the instrument was 

systematically verified (every six samples) using a zeta potential standard 

solution (Malvern, DTS1232). 

In-situ monitoring of the nanocomposite LbL assembly: The capacity of the 

chosen biopolymers and colloids to interact with each other and self-

assemble was monitored on reference substrates using quartz crystal 

microbalance with dissipation monitoring (QCM-D). The LbL construction 

was carried out on gold-coated quartz crystals [AT-cut 5MHz crystals coated 

with 100 nm Au, Q-Sense, Gothenburg (Sweden)]. Crystals were first cleaned 

in a piranha solution [H2O2 30% (Prolabo, VWR, Leuven, Belgium)/H2SO4 95% 

(Prolabo; VWR, Leuven, Belgium), 1:2 v/v] for 20 min, before being 

thoroughly rinsed with ultrapure water and dried under nitrogen flow. All 

measurements were performed in a Q-Sense E4 system (Gothenburg, 

Sweden) following the same protocol: resonance frequencies of the crystals 

were obtained under buffer for the different overtones, and the shifts of 

frequency (Δf) and of dissipation (ΔD) were both monitored as a function of 

time upon stepwise injection of each biopolymer and colloidal partner. The 

flow was set at 30 µL.min-1 using a peristaltic pump, while the temperature 

was set at 25 °C. The solutions of either Col, HA, or the colloidal dispersion of 

SiO2 were alternately injected in the system and allowed to adsorb on the 

crystals surface during 1 h. Each adsorption step was then followed by a 

rinsing step, conducted in the corresponding pH-adjusted solution for at least 

30 min. Dissipation and frequency shifts recorded for the 5th overtone are 

displayed in this dissertation. 

Synthesis of biomimetic nanocomposite interfaces: Col solutions were 

prepared at a final concentration of 1 mg.mL-1 by diluting the stock solution 

in a 0.15 M NaCl aqueous solution. The pH of the resulting solution, initially 

measured to be around 2.56, was further adjusted at 4.0 (using NaOH 0.1 N). 

HA solutions were prepared by dissolving the appropriate amount of 

weighed HA powder into a 0.15 M NaCl aqueous solution. Initial pH of the 

solution, measured at ~ 4.54 was further adjusted at 4.0 (using HCl 0.1 N). 

Colloidal silica dispersion, initially 50 wt% in pH 9 buffer, was diluted to 1 wt% 

by simple mixing of 1 mL of stock dispersion (50 wt%) with an appropriate 

mass of ultrapure water and further adjusted at pH 4.0. All solutions were 

freshly prepared and gently stirred for at least 20 min right before initiating 

the LbL assembly. The cross-linking solution was prepared, right before use, 
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by adding EDC and s-NHS at a final concentration of 100 mg.mL-1 and 11 

mg.mL-1 respectively, to a 0.15 M aqueous solution adjusted at pH 4.0. In 

order to trigger the self-assembly of composite NTs, PC templates with either 

parallel or intersected nanopores were successively dipped in a solution of 

Col for 2 h, then rinsed for 10 min in the construction medium (0.15 M NaCl 

aqueous solution adjusted at pH 4.0), prior to being immersed in a solution 

of HA for 30 min. This process of alternate dipping of the nanoporous 

template in solutions of Col and HA was most commonly cycled 7 times, so 

as to produce 7 bilayers of the Col/HA pair. Incorporation of silica NPs in 

various locations of the tubular multilayer, either as one of the innermost or 

as one of the outermost layers, was accomplished by manual filtration of a 

small volume (most commonly 5 mL) of silica dispersion through the 

templated multilayer, using a glass syringe. Filtration of silica colloids was 

always carried out as counterpart to a previously-adsorbed Col layer, as the 

superficial negatively-charged oxide layer of silicon dioxide NPs was expected 

to electrostatically interact with collagen molecules, positively-charged 

under the studied conditions. The LbL deposition was carried out at 4 °C. 

Right after completion of the LbL construction, multilayer-filled templates 

were immersed in the cross-linking solution [EDC 100 mg.mL-1 & s-NHS 11 

mg.mL-1 in 0.15 M NaCl pH 4.0] and stored at 4 °C for at least 48 h, following 

an adaptation of the protocol of Picart et al.23-28 Samples were then 

transferred into the construction medium (NaCl 0.15 M pH 4.0) and stored 

at 4 °C until further characterization. 

Synthesis of intersected (PAH/ALP) interfaces and mineralization. PAH 

solutions were prepared at a final concentration of 1 mg.mL-1 in UPW and 

further adapted to pH 7.4 or 9. ALP solutions were prepared at a final 

concentration of 0.1 mg.mL-1 in UPW and further adjusted at pH 7.4 or 9. The 

mineralization solution was prepared by dissolving CaCl2 and α-

glycerophosphate into UPW to reach a respective final concentration of 11.4 

mM and 6.8 mM. The pH of the mineralization solution was further adapted 

at 7.4 or 9. All solutions were freshly prepared and gently stirred for at least 

20 min right before initiating the LbL assembly. The LbL assembly was carried 

out by alternately dipping the PC template into a solution of PAH for 30 min, 

rinsing twice for 2 min each in UPW pH 7.4 or 9, and then dipping the PC 

template into the ALP solution for 30 min. This process of alternate dipping 

was cycled five times so as to create 5 (PAH/ALP) bilayers. After each step of 
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incubation within a polymer solution, both faces of the template were gently 

rubbed with a cell scraper wetted by the construction medium, so as to 

prevent the formation of a polymer crust plugging the nanopores. The 

mineralization phase was initiated by immersion of the template containing 

the LbL-assembled NTs into the mineralization solution heated at 37°C. The 

mineralization reaction was left to proceed for 48 h under mild agitation in a 

water bath at 37°C. After completion of the mineralization phase, both faces 

of the samples were thoroughly decrusted and rinsed with UPW pH 7.4 or 9. 

Synthesis of intersected (Col/ALP) biointerfaces and mineralization. Col 

solutions were prepared at a final concentration of 1 mg.mL-1 in 0.15 M NaCl 

aqueous solutions and further adapted to pH 4. ALP solutions were prepared 

at a final concentration of 0.1 mg.mL-1 in UPW and further adjusted at pH  9. 

The mineralization solution was prepared by dissolving CaCl2 and α-

glycerophosphate into UPW to reach a respective final concentration of 11.4 

mM and 6.8 mM. The pH of the mineralization solution was further adapted 

at 9. All solutions were freshly prepared and gently stirred for at least 20 min 

right before initiating the LbL assembly. The LbL assembly was carried out by 

alternately dipping the PC template into a solution of Col for 2 hours, rinsing 

twice for 2 min each in UPW pH 4, and then dipping the PC template into the 

ALP solution for 30 min. This process of alternate dipping was cycled five 

times so as to create 5 (Col/ALP) bilayers. After each step of incubation within 

a polymer solution, both faces of the template were gently rubbed with a cell 

scraper wetted by the construction medium, so as to prevent the formation 

of a polymer crust plugging the nanopores. Chemical cross-linking of the 

multilayers was initiated right after completion of the LbL construction. For 

that purpose, multilayer-filled templates were immersed in the cross-linking 

solution [EDC 100 mg.mL-1 & s-NHS 11 mg.mL-1 in 0.15 M NaCl pH 4.0] and 

stored at 4°C for at least 48 h, following an adaptation of the protocol of 

Picart et al.23Samples were abundantly rinsed in UPW before initiating the 

mineralization reaction.The mineralization phase was initiated by immersion 

of the template containing the LbL-assembled NTs into the mineralization 

solution heated at 37°C. The mineralization reaction was left to proceed for 

48 h under mild agitation in a water bath at 37°C. After completion of the 

mineralization phase, both faces of the samples were thoroughly decrusted 

and rinsed with UPW pH 9. 

Sample preparation for structural analyses: Individual composite nanotubes 

were first released from their PC template by dissolution of the templating 
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membrane in dichloromethane (CH2Cl2, 99.8+% for analysis, stabilized with 

amylene, Acros Organics). In practice, small cut-outs (~ 2-3 mm2) in the PC 

membrane containing the self-assembled NTs were immersed in a test tube 

containing 5 mL of dichloromethane and left aside for 10 min, ensuring 

complete dissolution of PC.  

Prior to SEM analysis, the dispersion of NTs in CH2Cl2 was subsequently 

filtered over hydrophilic PET filters (200 nm pore size, pore density 5x108 

pores.cm-2, thickness 23 µm, it4ip) prealably metallized, using a sputter 

coater (Cressington 208HR), with a chromium anchoring layer (3 nm) 

followed by a gold layer (20 nm). Metallized filters were introduced in the 

sample holder of a 5 mL syringe while the dispersion of NTs in 

dichloromethane was poured in the syringe and filtered. 5 mL of fresh 

dichloromethane were subsequently used to rinse the test tube and filtered 

through the device to maximize the NTs collection. The resulting NTs 

supported on metallized filters were left to dry overnight at room 

temperature before any further characterization. 

Filtration of individual composite NTs prior to AFM analysis followed the 

same protocol, except that virgin PET membranes were used instead of 

metallized ones. 

In anticipation of STEM and TEM analysis, the suspension of NTs in 

dichloromethane collected upon template dissolution was gently dropped on 

TEM grids consisting of a carbon film supported on a copper mesh grid (Agar 

Scientific Ltd). 

Interfaces of intersected composite NTs were released from their template 

by placing the latter atop metallized PET filters before pouring large amounts 

of fresh dichloromethane (Vol. ~ 30 mL) dropwise over their surface until 

achieving complete dissolution of the PC. 

SEM and STEM observations: The dimensions and morphology of the 

synthesized NTs and biointerfaces were studied by scanning electron 

microscopy (SEM) and scanning transmission electron microscopy (STEM). 

STEM pictures were obtained using a thermal field emission scanning 

electron microscope (JSM-7600F, Jeol) operated at an acceleration voltage 
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of 30 kV under STEM mode (maximum resolution of 0.8 nm, making use of a 

TED detector). 

SEM pictures were obtained using the same microscope operated at an 

acceleration voltage of 15 kV under SEM mode (maximum resolution of 1.0 

nm using a secondary electron imaging detector). 

TEM observations and energy dispersive X-ray spectroscopy (EDX): TEM 

pictures were obtained using a LEO 922 transmission electron microscope 

(Carl Zeiss SMT Inc.) operating at 200 kV. EDX experiments were carried out 

with the LEO 922 TEM equipped with an INCA x-sight detector (Oxford 

Instruments). 

Adsorbed protein mass quantification: The total protein content of the 

nanocomposite interfaces was quantified using a Micro BCA™ Protein Assay 

Kit (Thermo Scientific). This kit allows dilute protein concentrations (0.5-20 

µg/mL) to be determined, relying on the colorimetric detection of cuprous 

ions (Cu+), produced through the reduction of Cu2+ ions by proteins under 

alkaline conditions. Briefly, the kit protocol was adapted as follows: the 

composite samples supported on virgin PET filters were first immersed in test 

tubes filled with 1 mL of pH 11.25 buffer (MA reagent of Micro BCA™ kit, 

Thermo Scientific. Probable composition [Ref.4.7.a]: aqueous solution of 8% 

Na2CO3.H2O, 1.6% NaOH, 1.6% Na2 tartrate and sufficient NaHCO3 to adjust 

the pH to 11.25) containing 1% v/v sodium dodecyl sulfate (SDS), thoroughly 

vortexed and incubated for 2 h at 60 °C in a water bath, so as to trigger the 

deconstruction of the Col/HA multilayer and the solubilisation of the Col 

protein. After solubilisation of the multilayer compounds, 1 mL of working 

reagent was added to each tube, which was consecutively vortexed and 

incubated 1 h at 60 °C. The working reagent itself was freshly prepared by 

mixing a bicinchoninic acid (BCA) solution (MB reagent of Micro BCA™ kit, 

Thermo Scientific. Probable composition [Ref.4.7.a]: 4% BCA-Na2 in 

deionized water) playing the role of detection reagent for Cu+1, with an 

alkaline buffer (reagent MA), a Cu2+ solution (MC reagent of Micro BCA™ kit, 

Thermo Scientific. Probable composition [Ref.4.7.a]: aqueous solution of 4% 

CuSO4.5H2O) and SDS in the proportions 50/47/2/1 % v/v. After 1 h of 

reaction, the tubes were cooled to room temperature, and thoroughly 

vortexed before 1 mL of each sample-specific tube was transferred to a 

cuvette whose absorbance was read at 562 nm using a UV/Vis. 

Spectrophotometer. Collagen standards with a concentration ranging from 
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3.125 µg/mL to 100 µg/mL were prepared by successive dilution of a Col 

stock solution (4 mg/mL) in a 1% v/v SDS solution in the kit pH 12 buffer. A 

standard curve, relating each standard absorption at 562 nm to its known Col 

content, was finally plotted and used to infer the Col content of the 

composite samples. The absorbance of a virgin PET membrane, containing 

no protein and incubated in the working reagent, was used as blank and 

substracted from the 562 nm reading of all other samples. All samples 

absorbance was measured within 10 min.  

Morphological indices computation: The rigidity 
𝑅𝐸𝐸

𝐿
, and flattening 

𝐷𝑁𝑇

𝐷𝑃𝑜𝑟𝑒
, 

indices were computed based on SEM pictures of, at least, 25 individual NTs 

(N = 25) for each type of sample ((Col/HA)8, (Col/SiO2)1(Col/HA)7 and 

(Col/HA)6(Col/SiO2)1(Col/HA)1 NTs). The rigidity index of each individual NT, 
𝑅𝐸𝐸

𝐿
 , is computed as the ratio between the end-to-end distance of the NT 

(𝑅𝐸𝐸, defined as the length of the shortest segment joining the two opposite 

ends of the NT) and the contour length of the NT (L, computed as the sum of 

the lengths of n individual segments, with n tending to infinity, drawn along 

the middle of a NT, perpendicular to its main axis, from one end to the other). 

The flattening index of each individual NT, 
𝐷𝑁𝑇

𝐷𝑃𝑜𝑟𝑒
, is itself computed as the 

ratio between the diameter of the NT (𝐷𝑁𝑇) and the diameter of the template 

pores in which they were grown (𝐷𝑃𝑜𝑟𝑒 = 521.4 ± 66.8 𝑛𝑚, N = 190). 

AFM force-distance spectroscopy and nanomechanical property mapping: 

Elastic modulus of composite NTs was estimated using the Peak Force 

Tapping Quantitative Nanomechanical Mapping (PFT-QNM) AFM mode 

equipped on a Bruker Dimension-Icon system. TESPA probes from Bruker 

were used for all measurements. The calibration process was carried out as 

follows: the spring constant (k) for each probe was determined via thermal 

tuning (25.9777 N/m). The deflection sensitivity (82.31 nm/V) was obtained 

by imaging a silicon wafer, while the Sync. Distance QNM (81 nm) and the 

PFT amplitude were calibrated on a sapphire reference sample, all reference 

samples being provided by Bruker. A relative calibration method was used to 

determine the radius of curvature (R) of the tip apex. In practice, the tip 

radius parameter was adapted so as to measure an elastic modulus ~ 2.7 GPa 

for a reference polystyrene (PS) sample, while the sample deformation was 

kept to a value of about 3-4 nm when indenting the PS reference. The 
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obtained tip radius can then be kept constant when imaging the samples of 

interest, provided the deformation of the sample is kept constant at ~ 3-4 

nm via adaptation of the PeakForce setpoint. The calibrated parameters 

were kept constant for further mapping along the samples surface. Force-

distance curves were systematically recorded on areas of interest along each 

sample, and later treated using the Nanoscope and Igor softwares to 

estimate the sample’s Young modulus. The Young’s modulus of the PET foil 

used by it4ip to synthesize the filtration membranes being announced at 4 

GPa (manufacturer’s datasheets, Lumirror 40.60 PET foil, Hirosugi-Keiki Co., 

Ltd), this reference was used as an internal standard in a way to further limit 

the systematic error. In practice, during the offline treatment of the force 

curves recorded along the NT samples, the value of the tip radius of curvature 

(R) which is a parameter calibrated using a relative method was varied so as 

to obtain an average Young’s modulus equal to ~4 GPa on the PET phase of 

each sample. The R value determined for the PET phase was then kept 

constant while treating the curves recorded along the NTs. 

Statistical analyses: The full distribution of both morphological indices and 

of the relative modulus is presented as a boxplot in Figures 5.13, 5.14 & 5.15. 

The central red line within the box corresponds to the median of the 

population, while the bottom and top edges of the box indicate the 25th (first 

quartile, Q1) and 75th (third quartile, Q3) percentile of the data, respectively. 

The length of the whiskers is defined as 1.5 x IQR (interquartile range, 

difference between the 75th and 25th percentiles, IQR = Q3 - Q1). The bottom 

whisker thus extends from the bottom edge of the box (Q1, 25th percentile) 

down to the Q1 - 1.5 x (Q3 - Q1) value, while the top whisker extends from the 

top edge of the box (Q3, 75th percentile) up to the Q3 + 1.5 x (Q3-Q1) value. 

Data points superior or inferior to these limits are displayed as outliers (green 

‘+’ signs). The notches around the median value illustrate the limits of the 

95% confidence interval around the median, computed as: 𝑚𝑒𝑑𝑖𝑎𝑛 ±

1.57 ×
(𝑄3−𝑄1)

√𝑁
, where N is the number of data points. The absence of any 

overlap between the notches of two boxes evidences a statistically significant 

difference between the medians of the two populations. 

Chemical precipitation of CaP particles via alternate dipping. A 0.5 M CaCl2 

aqueous solution was prepared and adapted at pH 7.2. A 0.3 M Na2HPO4 

aqueous solution was prepared and adapted at pH 8.96. Both solutions were 

thoroughly mixed and incubated at 37°C in a water bath. The interface to be 
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functionalized with CaP particles was alternately dipped in the 0.5 M CaCl2 

solution for 30 min, rinsed in UPW for 10 min and then immersed in the 0.3M 

Na2HPO4 solution for 30 min. This sequence constituted one cycle which was 

repeated 3 times for each sample. The whole process was carried out under 

mild agitation at 37°C. 
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Supporting information 5 

S.I.5.1 LbL assembly of polymer/ceramic composite NTs  

A set of identified key parameters were first screened regarding their 
influence on the successful production of mechanically strengthened NTs 
based on synthetic PEs and incorporating silica NPs as toughening agent. The 
morphology of synthetic NTs built with a varying concentration of SiO2 NPs, 
incorporated either via passive (i.e., dipping) or forced (i.e., filtration) 
diffusion, whether in the innermost or outermost layers of the tubular 
multilayer and subsequently chemically cross-linked or not, was investigated 
by SEM and STEM and visually compared. 

The basic system consisting of unstiffened NTs fully composed of 
synthetic PEs is shown in Figure S5.1 as a means of visual control. 

 

a) The importance of chemical cross-linking 

The insertion of a chemical cross-linking step at the end of the LbL self-
assembly was discovered to be of prime importance to guarantee the 
mechanical integrity of the composite NTs upon dissolution of their 
supporting template and subsequent filtration. The non cross-linked NTs 

Figure S5.1 STEM pictures of synthetic (PAH-FITC/PAA)6 NTs at low 
magnification (a), and high magnification (b). 

(a) (b) 
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(Figure S5.2.a-d) do not withstand the sum of forces applied to their surface 
after being collected from the template, among which are the positive 
pressure applied during the filtration step and the negative pressure exerted 
throughout imaging processes. As a result, the pictures captured show a 
ruptured morphology, with silica nanospheres ejected out of the broken 
tubular walls. On the contrary, cross-linked systems show walls with 
preserved integrity, efficiently retaining silica colloids within the assembly. 
Comparing native polymer NTs (Figure S5.1) with composite NTs (Figure 
S5.2), the successful incorporation of SiO2 particles in the outermost layer of 
the latter is visually demonstrated, as the NTs surface appears to be fully 
decorated with colloids, yielding a granular texture. The integration of 
inorganic colloids in the multilayer is visibly effective at enhancing the 
stiffness of the NTs, to the point where NTs become so rigid that they tend 
to be brittle. The observation of multiple pieces of broken-down NTs is a sign 
of that brittleness. An effect directly related to the concentration of 
toughening colloids incorporated within the multilayer, another key 
parameter which has to be finely tuned, as will be discussed later. All other 
variables (colloid concentration, incorporation method, location of colloids, 
etc.) being held constant, chemical cross-linking thus helps preserving the 
mechanical stability of composite NTs. Being a step in the right direction of 
strong, self-supported NTs, chemical cross-linking will be systematically 
carried out on all succeeding samples, unless otherwise stated. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure S5.2 STEM pictures of non cross-linked synthetic NTs : (SiO2
9.27%dipping-

PAH-FITC/PAA)3(PAH/PAA)3 (a, b), (PAH/PAA)3(SiO2
9.27%dipping-PAH-

FITC/PAA)2(PAH/PAA)1 (c, d) and cross-linked synthetic NTs: (SiO2
9.27%dipping-

PAH-FITC/PAA)3(PAH/PAA)3 (e, f). (left) low magnification, (right) high 
magnification. 
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b) Colloids incorporation method: passive versus forced diffusion 

Two different methods were investigated to efficiently infiltrate silica 
colloids and homogeneously distribute them within the growing multilayer. 
Passive diffusion consists in simply dipping the templated NTs in a colloidal 
suspension and allowing the NPs to slowly diffuse within the template 
nanopores owing to capillary forces, sedimentation and electrostatic 
interactions. On the other hand, filtration of the colloidal dispersion through 
the template pores was applied to some samples, as a way to speed up the 
diffusion process by applying a positive pressure. For a higher silica content, 
NTs obtained via passive diffusion show a much more tortuous morphology 
(Figure S5.3.a) than NTs containing a lower amount of filtered silica particles 
(Figure S5.3.c). When investigating the central lumen of NTs at high 
magnification, SiO2 nanospheres are found to be less evenly distributed along 
the tube diameter for NTs obtained via dipping (Figure S5.3.b). Vacancies 
containing no silica particles can be found in some parts of the tubes, leading 
to a lower stiffness and more twisted morphology. Moreover, a lower 
packing density of colloidal spheres is also visible for NTs obtained via the 
passive diffusion process, even though a higher concentration of silica was 
engaged (SiO2 2.76 wt% and 1 wt% for dipping and filtration NTs, 



Nanocomposite biointerfaces 

239 
 

respectively). The filtration process was therefore deemed more satisfactory 
and used throughout further developments, unless otherwise stated. 

c) Concentration of the colloidal dispersion 

While keeping other parameters constant, the concentration of the 
colloidal dispersion filtered within the multilayer was varied between 0.1, 1, 
1.25 and 2.76 wt%. When incorporating colloidal particles in the outermost 
layer of synthetic NTs, the silica content of the 0.1 wt% dispersion is clearly 
too low to ensure proper stiffening of the resulting composite tubes. Indeed, 
many of the produced tubes show a sinuous morphology (Figure S5.4.a) 
which is directly related to the low amount of SiO2 present within their 
structure. Only the endpoints of the tubes contain a homogeneous 
distribution of colloids and are consequently efficiently rigidified (Figure 
S5.4.b), while their central portion clearly displays fewer NPs and more 
widely scattered (Figure S5.4.c). NTs built via filtration of the 1 wt% silica 

Figure S5.3 STEM pictures of synthetic NTs stiffened by the addition of silica 
colloids, incorporated by dipping: (PAH-FITC/PAA)3.5/SiO2

2.76%dipping/(PAH-
FITC/PAA)2 (a, b), or by filtration: (PAH-FITC/PAA)3.5/SiO2

1%filtration/(PAH-
FITC/PAA)2 (c, d). (left) low magnification, (right) high magnification. 

(a) (b) 

(c) (d) 
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suspension, on the contrary, show a highly homogeneous distribution of NPs 
along their whole length (Figure S5.4.d-e). Consequently, the latter NTs are 
more efficiently stiffened and no curvy NT is observed. The higher stiffness 
of the NTs built from a 1wt% silica dispersion compared to the 0.1 wt% 
dispersion is equally noticeable when comparing composite NTs 
incorporating SiO2 colloids within a deeper layer (0.1wt%, Figure S5.5.a-b and 
1 wt%, Figure S5.5.c-d). The density of NPs incorporated within the tubes 
when using a 2.76 wt% colloid suspension is even higher, resulting in highly 
stiff but brittle NTs. Many small pieces of straight but broken NTs are indeed 
observed (Figure S5.4.f-g), demonstrating that the NTs are too rigid to 
withstand the collection process without breaking down into pieces. The 2.76 
wt% silica NPs concentration is thus deemed too extreme to yield 
mechanically stable NTs. On the other hand, the 0.1 wt% concentration is too 
low to ensure proper stiffening of the NTs and the 1 wt% concentration was 
therefore selected as optimal colloidal concentration for further 
experiments. 
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Figure S5.4 STEM pictures of composite NTs stiffened by the 
filtration of silica particles at a concentration of 0.1 wt%: 
(SiO2

0.1%filtration-PAH-FITC/PAA)1 (PAH/PAA)5 (a, b, c), 1 wt%: 
(SiO2

1%filtration-PAH-FITC/PAA)1(PAH/PAA)5 (d, e) or 2.76 wt%: 
(SiO2

2.76%filtration-PAH-FITC/PAA)1(PAH-FITC/PAA)5 (f, g). (left) low 
magnification, (right & center) high magnification. 

(a) (b) 

(c) 

(d) (e) 

(f) (g) 
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d) Location of the colloids within the polymer multilayer 

Depending on when the incorporation of silica nanospheres is carried 

out during the NTs synthesis process, they can be either integrated in the 

most superficial layer of the NTs or rather in one of their innermost layers. 

Two distinct morphologies arise from this possibility of choosing the colloids 

location within the tubes. When added to the outermost layer of the multi-

layered NTs, the surface of the latter shows a rough, granular texture (Figure 

S5.6.a-c). On the contrary, adding the particles to a deeper layer of the NTs 

gives rise to a smooth outer surface under which appear the particles (Figure 

S5.6. d-e). No major difference in the mechanical properties of the two 

different systems could be identified. Composite NTs incorporating silica NPs 

Figure S5.5 STEM pictures of composite NTs stiffened by the filtration of silica 
particles at a concentration of 0.1 wt%: (PAH-
FITC/PAA)3.5/SiO2

0.1%filtration/(PAH-FITC/PAA)2 (a, b) or 1 wt%: (PAH-
FITC/PAA)3.5/SIO2

1%filtration/(PAH-FITC/PAA)2 (c, d). (left) low magnification, 
(right) high magnification. 

(b) (a) 

(c) (d) 
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as strengthening agents either in their outermost or innermost layers could 

thus be alternatively produced. 

e) Number of colloid layers incorporated in the NTs 

The possibility of incorporating more than a single layer of inorganic 

particles in order to better improve the stiffness of the composite NTs was 

evaluated. One or three cycles of passive diffusion of silica NPs were 

therefore carried out (Figure S5.7.a-b and c-d, respectively). As can be seen 

from Figure S5.7, no difference is observed between the systems 

incorporating one or three SiO2 layers. Indeed, as both systems were 

produced by simple passive diffusion of NPs, resulting NTs equally show a 

low density of incorporated particles, especially in their central portion, no 

matter whether one or three cycles of silica diffusion took place. Filtration 

was excluded in order to avoid repeatedly applying a high pressure, which 

might have damaged previously adsorbed layers. 

Figure S5.6 STEM pictures of composite NTs stiffened by the incorporation of 
silica particles within their outermost layer : (SiO2

1%filtration-PAH-
FITC/PAA)1(PAH-FITC/PAA)5 (a), (SiO2

9.27%dipping-PAH-FITC/PAA)3(PAH/PAA)3 
(non cross-linked, b), (SiO2

9.27%dipping-PAH-FITC/PAA)3(PAH/PAA)3 (c) or into 
one of their innermost layers: (PAH-FITC/PAA)3.5/SiO2

1%filtration/(PAH-
FITC/PAA)2 (d), (PAH/PAA)3(SiO2

9.27%dipping-PAH-FITC/PAA)2(PAH/PAA)1 (e). 

(a) (b) (c) 

(d) (e) 
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The apparent independence of the NTs mechanical performances from 

the number of incorporated SiO2 layers might indicate that the adsorption of 

a single layer of NPs is sufficient to clog the template nanopores and prevent 

further diffusion of any other constituent. Such clogging of the pores might 

especially happen due to the fact that NPs tend to aggregate at the 

extremities of the NTs (Figure S5.7.b,d), which might result in the formation 

of a plug. At this point, it is therefore unknown whether polymers can still 

diffuse in the nanopores and adsorb on their surface after deposition of the 

SiO2 strengthening layer and whether it is thus useful or not to pursue the 

LbL assembly after the incorporation of NPs.  

Figure S5.7 STEM pictures of composite NTs stiffened either via a single cycle 
of silica NPs diffusion: (SiO2

1.25%dipping-PAH-FITC/PAA)1(PAH-FITC/PAA)5 (a, b) 
or via three cycles of silica NPs diffusion: (SiO2

1.25%dipping-PAH-FITC/PAA)3(PAH-
FITC/PAA)3. 

(a) (b) 

(c) (d) 
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f) Concluding remarks 

The set of optimal parameters for the successful production of NTs 

incorporating silica NPs as toughening agent, resulting from our exploratory 

study on synthetic PE-based NTs, are summarized in Table S5.1 and will be 

used for further developments. 

 

  

Table S5.1 Summary of optimized parameters (in bold) for the synthesis of 
composite NTs incorporating SiO2 NPs as strengthening agent. 
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g) Experimental section 

Materials: Poly(acrylic acid) (PAA, MW ~ 100 kDa, 35 wt.% in H2O), 

poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-FITC, MW ~ 

15 kDa, monomer to dye ratio (PAH:FITC) of 50:1) and poly(allylamine 

hydrochloride) (PAH, MW ~ 15 kDa) were purchased from Sigma-Aldrich. 

Poly(sodium-p-styrenesulfonate) (PSS, MW ~ 70 kDa) was purchased from 

Acros. Spherical silica colloids (SiO2 NPs, LUDOX® TM-50 colloidal silica 50 

wt.% suspension in H2O, average diameter ~ 25 nm) were bought from 

Sigma-Aldrich. Characteristics of the PC templates used to produce individual 

nanotubes were as follows: the average pore diameter was 500 nm, while 

the average porosity was 4.107 pores.cm-2 and the template thickness, 21 

µm. Nanoporous PC templates were kindly supplied by it4ip. Cross-linking 

agents, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 

98+%) and N-hydroxysulfosuccinimide sodium salt (s-NHS, ≥98%) were 

purchased from Acros and Sigma-Aldrich, respectively. Sodium chloride 

(NaCl, ACS reagent, ≥99%) and hydrochloric acid solution (HCl, 0.1 N in 

aqueous solution) were purchased from Sigma-Aldrich. PET membranes, 

used for filtration purposes and as substrate for microscopical analysis, were 

supplied by it4ip and had an average pore diameter of 200 nm, a thickness 

of 23 µm and a pore density of 5.8x108 pores.cm-2.  

 

Synthesis of composite nanotubes based on synthetic PEs: PAH-FITC and 

PAA solutions were prepared by dissolving an appropriate amount of 

polymer into MES buffer (100 mM, pH 5.5) to reach a final concentration of 

1 mg/mL. The same procedure was applied to prepare solutions of PSS and 

PAH. MES buffer (100 mM, pH 5.5) was preferred to acetate buffer in order 

to ensure a high density of charges on both polymer backbones, while 

avoiding at the same time the presence of free carboxylic acid groups in 

solution which might potentially interfere with the proper cross-linking of the 

NTs by playing the role of reactive sites for the EDC/s-NHS coupling. The 

commercial dispersion of colloidal silica was abundantly diluted in UPW until 

reaching the desired NPs mass fraction. The pH of the dispersion was further 

adapted from ~9 to 5.5 (pH similar to the MES buffer used to solubilize the 
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polymers) using HCl 0.1 N. All solutions were prepared right before use and 

gently mixed for at least 20 minutes prior to being used. 

(PAH-FITC/PAA)n or (PAH/PSS)n multilayers (where n represents a tunable 

number of bilayers) were deposited as starting materials inside PC templates 

featuring simple, parallel nanopores, using the LbL deposition by dipping 

process. The dipping time in all the polymer solutions (PAH-FITC and PAA or 

PAH and PSS) was fixed at 30 min, which is a convenient time for the diffusion 

of PEs and their adsorption in the form of a monolayer. After deposition of 

each polymer layer, the systems were decrusted by rubbing on both of their 

faces, a cell scraper wetted by MES buffer. The samples were then left to 

rinse in MES buffer for 5 minutes before initiating the construction of the 

next layer. 

In order to improve the mechanical properties of the constructed synthetic 

multilayers, silica NPs were incorporated inside these constructs in a location 

which could vary from a sample to another (i.e., NPs were integrated either 

in one of the outermost or one of the innermost layers). Whenever silica NPs 

had to be integrated after a polycation layer and therefore had to play the 

role of polyanion, we simply relied on the superficial oxide layer 

characteristic of silicon to ensure a proper density of negative charges. On 

the other hand, whenever silicon dioxide NPs had to be incorporated as a 

polycation, they were first pre-incubated in the presence of a polycation 

(either PAH-FITC or PAH), which is thought to adsorb on the particle surface 

thanks to electrostatic interactions with the superficial native oxide layer. In 

practice, an adequate amount of polycation (PAH-FITC or PAH) was dissolved 

in a corresponding volume of colloidal dispersion (prealably diluted to reach 

the targeted mass fraction in silica NPs) to reach a final concentration in 

polymer equal to 1 mg/mL. The resulting polycation-enriched dispersion was 

then gently mixed for at least 1 h in order to promote adsorption of the 

polycation on the particles surface.  

The stiffening agents which constitute silica NPs were integrated in the 

desired layer of the synthetic NTs relying either on simple or forced diffusion. 

For that purpose, the PC template filled with synthetic NTs was respectively 

simply dipped in the (un)modified colloidal silica dispersion (dipping time set 

a minimum 1 h) or the dispersion was filtered through the template (filtration 

volume: 1 to 3 mL). After filtration of the particles, the samples were left 

aside in MES buffer (100 mM pH 5.5) for at least 30 min to ensure proper 
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diffusion and repartition of the NPs along the length of the tubular 

multilayer. Both faces of each sample were then decrusted using a cell 

scraper wetted by MES buffer. In cases where silicon dioxide NPs had to be 

integrated in one of the outermost layers of the tubes, the LbL deposition 

was simply re-initiated as previously described, after completion of the 

ceramic particles incorporation step. 

When deemed necessary, chemical cross-linking of selected samples was 

initiated right after completion of the LbL construction. For that purpose, 

multilayer-filled templates were immersed in the cross-linking solution [EDC 

100 mg.mL-1 & s-NHS 11 mg.mL-1 in 0.15 M NaCl pH 4.0] and stored at 4 °C 

for at least 48 h, following an adaptation of the protocol of Picart et al.23-28 

Samples were then transferred into the construction medium (MES buffer) 

and stored at 4 °C until further characterization. 

Sample preparation for structural analyses: Individual nanotubes were first 

released from their PC template by dissolution of the templating membrane 

in dichloromethane (CH2Cl2, 99.8+% for analysis, stabilized with amylene, 

Acros Organics). In practice, small cut-outs (~ 2-3 mm2) in the PC membrane 

containing the self-assembled NTs were immersed in a test tube containing 

5 mL of dichloromethane and left aside for 10 min, ensuring complete 

dissolution of PC.  

Prior to SEM analysis, the dispersion of NTs in CH2Cl2 was subsequently 

filtered over hydrophilic PET filters (200 nm pore size, pore density 5x108 

pores.cm-2, thickness 23 µm, it4ip) prealably metallized, using a sputter 

coater (Cressington 208HR), with a chromium anchoring layer (3 nm) 

followed by a gold layer (20 nm). Metallized filters were introduced in the 

sample holder of a 5 mL syringe while the dispersion of NTs in 

dichloromethane was poured in the syringe and filtered. 5 mL of fresh 

dichloromethane were subsequently used to rinse the test tube and filtered 

through the device to maximize the NTs collection. The resulting NTs 

supported on metallized filters were left to dry overnight at room 

temperature before any further characterization. 

In anticipation of STEM and TEM analysis, the suspension of NTs in 

dichloromethane collected upon template dissolution was gently dropped on 
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TEM grids consisting of a carbon film supported on a copper mesh grid (Agar 

Scientific Ltd). 

SEM & STEM observations: The dimensions and morphology of the 

synthesized NTs were studied by scanning electron microscopy (SEM). 

SEM pictures were obtained using a thermal field emission scanning electron 

microscope (JSM-7600F, Jeol) operated at an acceleration voltage of 15 kV 

under SEM mode (maximum resolution of 1.0 nm using a secondary electron 

imaging detector). 

STEM pictures were obtained using the same microscope operated at an 

acceleration voltage of 30 kV under STEM mode (maximum resolution of 0.8 

nm, making use of a TED detector). 
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S.I.5.2 AFM topographical maps of biomimetic (Col/HA) 

NTs 

 

 

 

Figure S5.8 AFM pictures (topography channel) of (a) (Col/HA)8 NTs and (b) 
(Col/SiO2)1(Col/HA)7 NTs, supported over a PET filtration membrane. (c) High 
magnification view of (b). 
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Theoretical appendix 5.I 

Computation of the sedimentation rate, 𝒗𝒔, of a 25-nm 

diameter silica colloid in a QCM-D chamber 

A rapid overview of the forces which apply on a sedimenting 

particle in the vertical direction shows that its movement is governed 

by the balance between the gravitational force (weight of the particle, 

𝐹g)⃗⃗⃗⃗  ⃗ attracting the particle down the liquid column and the buoyant 

(𝐹B)⃗⃗⃗⃗⃗⃗  and frictional (drag force, 𝐹D
⃗⃗⃗⃗ ) forces which both tend to oppose 

this movement.  

The weight of the silica NP is given by: 

𝐹g⃗⃗⃗  = 𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 × 𝑔 = 𝜌𝑆𝑖𝑂2
× 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 × 𝑔   (5.1) 

Figure Th.A.5.I Schematic representation of the forces which 
apply along the vertical direction on a particle sedimenting 

down the QCM-D chamber. 𝑽F
⃗⃗⃗⃗  is the velocity of the flow 

through the QCM device, 𝑽S
⃗⃗⃗⃗  the sedimentation rate, 𝑭g

⃗⃗⃗⃗  is the 

weight of the particle, 𝑭B
⃗⃗ ⃗⃗  is the generated buoyant force and 

𝑭𝑫
⃗⃗⃗⃗  ⃗ the friction force. 
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where 𝑔 is the gravitational acceleration (9.81 m.s-2), 𝜌𝑆𝑖𝑂2
 the density 

of silica (2334 kg.m-3), 𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the mass of one SiO2 NP and 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 

its volume. 

The buoyant force is equivalent to the weight of water displaced by 

the particle: 

𝐹𝐵
⃗⃗⃗⃗ = 𝑚𝑤𝑎𝑡𝑒𝑟 × 𝑔 = 𝜌𝑤𝑎𝑡𝑒𝑟 × 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 × 𝑔    (5.2) 

where 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water (997 kg.m-3).  

The drag force exerted on a spherical object with a small Reynolds 

number (Re < 13) moving through a viscous fluid is given by Stokes’ 

law: 

𝐹𝐷
⃗⃗ ⃗⃗ = 6𝜋𝜂𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑣𝑠      (5.3) 

where 𝜂 is the dynamic viscosity of the fluid (10-3 Pa.S for water at 

20°C), 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the radius of the particle and 𝑣𝑠 is the flow velocity 

relative to the object (i.e., the sedimentation velocity of the particle in 

this case). The sedimentation rate (𝑣𝑠) becomes constant when an 

equilibrium is reached between these forces, i.e. when their sum 

equals to 0. Hence, it comes: 

 

𝐹g⃗⃗⃗  − 𝐹B
⃗⃗⃗⃗ − 𝐹D

⃗⃗⃗⃗ = 0      (5.4) 

 

Which gives: 

 

                                                           
3  The Reynolds number is computed as follows: 

𝑅𝑒 =
𝜌 × 𝑣𝑓𝑙𝑜𝑤 × ∅𝑁𝑃

𝜂
=

1000 × 7.07 × 10−5 × 25 × 10−9

10−3
= 1.77 × 10−6 
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𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑔 − 𝜌𝑤𝑎𝑡𝑒𝑟𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑔 − 6𝜋𝜂𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑣𝑠 = 0 

 

Or, equivalently: 

 

6𝜋𝜂𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑣𝑠 = (𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜌𝑤𝑎𝑡𝑒𝑟) × 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 × 𝑔 (5.5) 

 

and, the volume of a spherical particle being 
4

3
𝜋𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

3 , it yields: 

𝑣𝑠 =
(𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜌𝑤𝑎𝑡𝑒𝑟) × 2𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

2 × 𝑔

9𝜂

=
(2334 − 997) × 2 × (12.5 × 10−9)2 × 9.81

9 × 10−3

= 4.55 × 10−10 m.s−1 

The sedimentation rate of 25 nm diameter silica colloids is thus ~ 4.55 

10-10 m.s-1, resulting in a sedimentation time of 1.83 103 h to fall down 

a distance as small as 3 mm (𝑇𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =
3.10−3

𝑣𝑠
).  

Calculating the flow speed through the QCM tubing, which is 

assumed to be also the horizontal speed at which the particles cross 

the crystal surface, we get: 𝑣𝑓𝑙𝑜𝑤 =
𝑄

𝑆𝑡𝑢𝑏𝑒
=

30×10−6×10−3

𝜋𝑅𝑡𝑢𝑏𝑒
2 ×60

= 6.37 ×

10−4m.s−1, where 𝑄 is the flow rate (𝑄 = 30 µL.min-1) and 𝑆𝑡𝑢𝑏𝑒 is 

the tubing section (𝑆𝑡𝑢𝑏𝑒 = 𝜋𝑅𝑡𝑢𝑏𝑒
2 = 𝜋 × (0.5 × 10−3)2, assuming a 

QCM tubing of 1 mm diameter). 
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Theoretical appendix 5.II 

Computation of the active area developed by a close-

packed monolayer of 25-nm diameter silica colloids 

The maximum number of spheres of 25 nm diameter which can be 

aligned on a 1 cm segment is given by: 
1 × 107 [nm]

25 [nm]
= 400,000 NPs. 

Thus, the number of particles contained in a monolayer adsorbed on a 

1 cm2 surface unit of the quartz crystal is: (400,000)2 = 1.6 ×

1011 SiO2 NPs. If we consider that only half of the total surface 

developed by each particle (i.e., the face of the particle exposed to the 

liquid phase) is available to the adsorption of species in solution, the 

area available for adsorption phenomena per square centimeter of 

crystal after silica deposition is: 

surface area of 1 silica NP

2
×

Number of silica NP

cm2 of substrate
 

=
4×𝜋×(

25×10−9

2
)
2

2
× 1.6 × 1011 =

1.57×10−4 m2

cm2 of substrate
=

1.57 cm2

cm2 of substrate
. 

The area developed by silica NPs adsorbed on 1 cm2 of quartz crystal 

is thus equal to 1.57 cm2 
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Theoretical appendix 5.III 

Computation of the superficial area developed by a 14-mm 

diameter sample of PC template with intersected pores of 

300-nm diameter 

The lateral area of a 300-nm tube of 25 µm height is given by: 

2𝜋 × 𝑟𝑡𝑢𝑏𝑒 × ℎ𝑡𝑢𝑏𝑒 = 2𝜋 × (
300. 10−9

2
) × 25 × 10−6 

= 2.36 × 10−11 [m2]  

where rtube and htube are respectively the radius and height of the NT.  

The porosity of the template being 2.83 108 pores.cm-2 (= 2.83 1012 

pores.m-2), the total number of pores on a circular piece of template 

of 14 mm diameter (i.e., the piece of template used to produce the 

biointerfaces) is: 

𝑃𝑜𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
# 𝑝𝑜𝑟𝑒𝑠

𝑚2𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
] × 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 [𝑚2]

= 2.83 × 1012 × 𝜋 × (
14 × 10−3

2
)

2

 

= 4.3564 × 108  [
# 𝑝𝑜𝑟𝑒𝑠

𝑝𝑖𝑒𝑐𝑒 𝑜𝑓 14 𝑚𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
] 

The total superficial area developed by a biointerface issued from this 

Ø14 mm piece of template is thus: 

𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑜𝑛𝑒 𝑁𝑇 ×
# 𝑝𝑜𝑟𝑒𝑠

𝑝𝑖𝑒𝑐𝑒 𝑜𝑓 14 𝑚𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

= 2.36 × 10−11 × 4.36 × 108 = 0.0103 [𝑚2] 
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Theoretical appendix 5.IV 

Computation of the superficial area developed by a 14-

mm diameter sample of PC template with intersected 

pores of 40-nm diameter 

The lateral area of a 40-nm tube of 25 µm height is given by: 

2𝜋 × 𝑟𝑡𝑢𝑏𝑒 × ℎ𝑡𝑢𝑏𝑒 = 2𝜋 × (
40. 10−9

2
) × 25 × 10−6 

= 3.142 × 10−12 [m2]  

where rtube and htube are respectively the radius and height of the NT.  

The porosity of the template being 1.2 1010 pores.cm-2 (= 1.2 1014 

pores.m-2), the total number of pores on a circular piece of template 

of 14 mm diameter (i.e., the piece of template used to produce the 

biointerfaces) is: 

𝑃𝑜𝑟𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [
# 𝑝𝑜𝑟𝑒𝑠

𝑚2𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
] × 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 [𝑚2]

= 1.2 × 1014 × 𝜋 × (
14 × 10−3

2
)

2

 

= 1.847 × 1010  [
# 𝑝𝑜𝑟𝑒𝑠

𝑝𝑖𝑒𝑐𝑒 𝑜𝑓 14 𝑚𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒
] 

The total superficial area developed by a biointerface issued from this 

Ø14 mm piece of template is thus: 

𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑜𝑛𝑒 𝑁𝑇 ×
# 𝑝𝑜𝑟𝑒𝑠

𝑝𝑖𝑒𝑐𝑒 𝑜𝑓 14 𝑚𝑚 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

= 3.142 × 10−12 × 1.847 × 1010 = 0.0580 [𝑚2] 
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Theoretical appendix 5.V 

Quantification of total protein content: colorimetric BCA 

test24–27 

The bicinchoninic acid (BCA) test is a quantitative protein assay based 
on the chelation of cupric ions (Cu2+) by proteins in an alkaline environment 
(i.e., the biuret reaction) coupled to a colorimetric detection of the resulting 
cuprous (Cu1+) ions, in a similar process as the Lowry assay. Peptides 
containing at least three amino acid residues brought in an alkaline 
environment containing Cu2+ and sodium potassium tartrate react according 
to the “Biuret reaction”, whereby lone pairs of electrons from the nitrogen 
atoms involved in peptide bonds create coordination bonds with a cupric ion, 
resulting in a colored tri- or tetra-dentate coordination complex28,29 (Figure 
S5.10). In a secondary reaction, the cupric ion (Cu2+) is reduced to its cuprous 
form (Cu1+) and the peptide bond is oxidized. Both BCA and Lowry methods 
then involve the colorimetric detection of the resulting cuprous cation. The 
Lowry protein assay30,31 relies on the nonspecific transfer of electrons 
between Cu1+, which is oxidized back to Cu2+ in the process, and the Folin-
Ciocalteu reagent (mixture of phosphomolybdate and phosphotungstate) 
whose reduction produces the intense blue-colored Mo (IV) (Figure S5.10.c). 
The BCA assay, on the other hand, uses bicinchoninic acid sodium salt as 
chromophore which forms a highly specific 2:1 purple complex with Cu+ 

(Figure S5.10.b). This BCA/copper complex is water-soluble and exhibits a 
strong linear absorbance at 562 nm with increasing protein concentrations. 
Establishment of a calibration curve displaying the absorbance intensity at 
562 nm as a function of the concentration of the protein of interest thus 
enables the quantification of the protein content of unknown samples. 

Smith et al., who introduced the BCA method in 1985 postulated that 
the total color yield (i.e., Cu+ formation) is actually the result of, at least, two 
contributions: (i) the direct reduction of Cu2+ into Cu+ by the readily 
oxidizable amino acid residues tyrosine, cysteine/cystine and tryptophan. 
This first contributory mechanism is considered to be temperature 
independent and is responsible for slight protein-to-protein variations in the 
results, given that the proportion of these 3 amino acids differs from one 
protein to another and (ii) the reduction of copper by the peptide bonds 
present in the protein backbone following the biuret reaction, which is 
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temperature dependent and represents the major contribution to the color 
development of the BCA assay.  

Incubation of proteins with the BCA reagent is thus preferably 
conducted at 60°C, in order to reduce the protein-to-protein deviations. 
Although the BCA technique shows less dependence on the protein sequence 
compared to Bradford32 or Lowry assays, it is common practice to record an 
independent calibration curve for each protein of interest, so as to further 

(c) (b) (a) 

(d) 

Figure S5.10 Overview of most popular colorimetric protein quantification 
assays : (a) the biuret reaction yielding a peptide-Cu2+ complex [a biuret-Cu2+ 
complex is presented for the sake of simplicity but the reaction proceeds in 
the same way when peptide bonds of proteins are involved] is the working 
principle of copper-based protein assays such as the BCA assay (b) which 
detects the resulting Cu+ via formation of a colored complex with 2 BCA 
molecules and the Lowry method (c) which involves the reduction of the Folin-
Ciocalteu reagent, producing an intense blue color. (d) The dye-based 
Bradford assay relying on the binding of the Coomassie dye to the protein 
backbone, enabling direct detection of a blue-colored complex (adapted from 
29-32.). 
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limit this variation. An example of such a calibration curve, relating the 
protein content of a sample to its absorbance at 562 nm, obtained for the 
Col protein in the frame of this thesis is displayed in Figure S5.11 

The BCA assay has become the favoured method for colorimetric 
quantification of total protein amount due to its high sensitivity (detection 
of protein concentrations ranging from 5.10-4 to 2 mg/mL sample, as 
compared to 5.10-3-2 mg/mL sample for the Lowry method), the increased 
stability of its chromophore as well as its higher tolerance towards 
substances known to interfere with classical Lowry and Bradford protocols 
(such as non-ionic surfactants, compatible with BCA at concentrations up to 
5% and common buffer salts). The list of known interferents in the BCA 
protocol include glucose, mercaptoethanol and dithiothreitol which elicit a 
strong absorbance at 562 nm when combined with the BCA working reagent, 
as well as ammonium sulfate and certain ampholytes which, on the contrary, 
attenuate the color development and shift the wavelength of the response. 
Generally speaking, any substance reducing copper will produce color in the 
BCA assay and lead to an overestimation of the protein content, while any 
reagent able to chelate the copper will also interfere by disturbing the color 
development and lead to an underestimation of the protein amount. 
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Figure S5.11 Calibration curve (black dashed line) relating the absorbance 
recorded at 562 nm with the concentration (in µg/mL) in Col of various 
reference samples incubated with the µBCA assay. The calibration curve is 
obtained by quadratic least squares regression of the reference data points 
(black dots). The limit of detection (dashed red line) is computed as 3 times 
the standard deviation of the blank while the upper limit of quantification 
(dashed blue line) depicts the upper limit of the linear working range of the 
µBCA kit (100 µg/mL). 
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Theoretical appendix 5.VI 

Evaluation of the mechanical properties of composite NTs 

A) Atomic force microscopy (AFM) with Peak-force tapping and 

quantitative nanomechanical mapping (PFT-QNM).33–42 

AFM general principle 

The basic working principle of AFM entails the scanning of a surface with 
a micro-probe in order to gather information relative to the topography and 
other local surface properties of the sample at the nanoscale. As the sample 
surface is approached from the nanometric AFM tip thanks to a piezoelectric 
scanner, the tip is subjected to a set of attractive and repulsive inter-atomic 
forces which are exerted between its apex (radius of curvature ~10 nm) and 
the sample surface. These tip-sample interactions trigger the bending of the 
AFM cantilever on the extremity of which is integrated the sharp tip. The 
cantilever deflections are translated into an optical signal as a laser beam is 
reflected on top of the cantilever and directed towards a position-sensitive 
photodiode (Figure S5.11). Hence, any modification of the cantilever bending 
degree triggers a displacement of the reflected laser beam on the 
photodiode, which then converts the received optical signals into electrical 
ones. A built-in software then finally translates these signals into 
displacement values. 

Peak-force tapping (PFT) mode 

While for the most classical contact mode, the AFM probe is static and 
in constant contact with the sampled surface, more recent dynamic modes 
have been developed where the probe is made to oscillate at some distance 
away from the substrate without ever touching it (non-contact mode) or only 
periodically (intermittent-contact mode or TappingModeTM).The major 
advantage of such dynamic modes is the reduction of the lateral frictional 
forces which are generated in the contact mode, when the cantilever drags 
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over the surface. Hence, dynamic modes are favoured for the 
characterization of delicate polymeric and biological samples. 

The peak-force tapping mode (PFT) is an intermittent-contact AFM 
mode where the probe oscillates vertically at frequencies lower than its 
resonance frequency and the tip-sample distance is adapted so that the 

Figure S5.11 Schematic illustration of Atomic Force Microscopy (AFM) 
working principle. The sample of interest is fixed on a piezoelectric scanner 
and approached from the cantilever at the extremity of which is integrated a 
nanometric tip. The sample surface is scanned by this probing tip which is, as 
a result, subjected to a set of attractive and repulsive forces generating a 
deflection of the cantilever. Any deflection of the cantilever is tracked thanks 
to an optical detection system, based on the reflection of a laser beam on top 
of the cantilever surface and towards a position-sensitive photodiode. The 
movements of the cantilever are analyzed in real time by a computer which 
consequently adapts the scanner position so as to keep a setpoint parameter 
constant (feedback loop) [Adapted from38]. 
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maximum force applied when indenting the sample reaches a constant 
setpoint value during each tapping cycle (i.e., the maximum applied force is 
the feedback parameter used to adapt the z position of the piezoelectric 
table on which lies the sample) (Figure S5.12.a). The ability to control the 
applied force is at the core of the PFT mode and, in addition to preserving 
the native surface morphology, it enables the monitoring of load-dependent 
mechanical properties of the studied surface such as adhesion force, elastic 
modulus and energy dissipation. Indeed, as these mechanical parameters 
depend on the depth of indentation; fixing the applied force at a given 
setpoint ensures that the probed depth remains constant while scanning 
different locations of the sample surface and thus yields reliable 
measurements of the surface mechanical properties.  

Force versus separation curves 

The determination of these mechanical properties is based on the 
recording of a set of force versus time curves along each tapping cycle (Figure 
S5.12.b). Given that the tip-sample separation is recorded by the software 
for each position, the force versus time curses are converted to force versus 
tip-sample distance (f-d) curves (Figure S5.12.c). These f-d curves can be 
reasonably characterized by a restricted number of points of critical 
importance: as the tip approaches the surface starting from rest position 
(point A), the long-range (van der Waals) attractive forces start to act on the 
tip and once the intensity of the force dominates over the spring constant k 
of the cantilever, it snaps into contact (Fa,VdW, point B). Once the contact with 
the surface has been established, short-range repulsive forces (Pauli 
interactions or contact forces) come into play and cause the cantilever to 
deflect away from the surface. By increasing the force applied by the probe 
on the sample, it can be indented until reaching the maximum setpoint force 
(Fr,max or peak force, point C). Then, as the tip is being retracted from the 
surface, the cycle is reversed and once the force exerted by the cantilever 
surpass the adhesion force between the tip and the sample (Fa,max), it jumps 
out of contact (point D) before reaching back the equilibrium distance (point 
A). An example of such a force versus tip-sample separation curve (f-d curve), 
recorded on a composite NT in the frame of this thesis is displayed in Figure 
S5.13. 

In addition to the qualitative insights provided by the shape of the f-d 
curves, quantitative values for different surface mechanical properties like 
hardness and elastic modulus can be extracted in real time from the force 
curves by analysing them with suitable models of contact mechanics. The fast 
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recording of a large set of force curves in each point of the probed surface 
and their fitting with appropriate models enables the real time mapping of 
the surface mechanical properties. 
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Figure S5.12 (a) Trajectory of the tip in Peak-Force Tapping mode, showing 
the period of a tapping cycle (T), the indentation time (δT) when the probe 
digs into the sample surface and the maximum tip-sample distance (dmax). (b) 
Tip-sample interaction forces as applied to the tip during one tapping cycle 
(T): the van der Waals attraction force at contact (Fa,VdW), the maximum 
repulsive force (peak force) at maximum indentation depth (Fr,max) and the 
adhesion force (attractive for the tip) at pull-out (Fa,max). Knowing the tip-
sample position (as it equates to the addition of the Z position of the 
piezoelectric scanner to the cantilever deflection) at each point of the tapping 
cycle, the force versus time curve obtained in (b) is converted by the software 
in force versus tip-sample separation curve (c). This force vs. separation curve 
is used to extract in real time several mechanical parameters of the studied 
surface:  adhesion force, maximum indentation force, elastic modulus (by 
fitting the retract curve with an appropriate contact mechanics model), 
deformation and dissipation. [Adapted from39,41]. 
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Procedure for the determination of a relative elastic modulus 

Elastic modulus of composite and native biomimetic NTs was estimated 

using the Peak Force Tapping Quantitative Nanomechanical Mapping (PFT-

QNM) AFM mode equipped on a Bruker Dimension-Icon system. TESPA 

probes from Bruker were used for all measurements. The probes and their 

intrinsic spring constant (k) should be carefully chosen when mapping the 

nanomechanical properties of samples showing local heterogeneities in 

elastic modulus, such as composites. Indeed, if the spring constant of the 

probe is too low, the cantilever will deflect too easily at a given force without 

sufficiently indenting the sample surface. On the contrary, if a very hard 

probe is selected, it will barely deflect at equivalent forces and will end up 

damaging the sample. Standard TESPA probes having an axial spring constant 

in the range 20-50 N/m were thus selected for our applications, as they offer 

a good compromise between cantilever deflection and penetration depth, 

yielding a detectable signal and a good probe sensitivity.  

The calibration process was carried out as follows: the spring constant 

(k) for each probe was determined via thermal tuning (25.9777 N/m). The 

deflection sensitivity (82.31 nm/V) was obtained by imaging a silicon wafer, 

while the Sync. Distance QNM (81 nm) and the PFT amplitude were 

Figure S5.13 Example of a force versus tip-sample separation (f-d) curve 
recorded on a composite NT 
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calibrated on a sapphire reference sample, all reference samples being 

provided by Bruker. A relative calibration method was used to determine the 

radius of curvature (R) of the tip apex. In practice, the tip radius parameter 

was adapted so as to measure an elastic modulus ~ 2.7 GPa for a reference 

polystyrene (PS) sample, while the sample deformation was kept to a value 

of about 3-4 nm when indenting the PS reference. The obtained tip radius 

can then be kept constant when imaging the samples of interest, provided 

the deformation of the sample is kept constant at ~ 3-4 nm via adaptation of 

the PeakForce setpoint. The indentation depth was intentionally kept low 

and below 10 nm in order to avoid as much as possible plastic deformation 

of the sample, high contact stress and viscoelasticity phenomena which are 

not taken into account in common elastic contact models. The calibrated 

parameters were kept constant for further mapping along the samples 

surface.  

Given the complexity of the studied samples, consisting in fully 

polymeric or composite NTs randomly distributed over a PET filter, the 

favoured protocol consisted first in fast-scanning the sample surface until 

NTs were clearly spotted on the topographical channel. A set of 

representative f-d curves were then recorded independently on the PET 

zones of the sample and along the length of the NTs and subsequently 

treated offline with appropriate models to extract the relevant mechanical 

parameters. Real-time mapping of mechanical properties was indeed 

deemed poorly reliable due to inevitable discrepancies arising from the need 

for the AFM device to treat almost simultaneously zones with highly different 

properties. Raw force-distance curves were thus systematically recorded on 

areas of interest along each sample, and later treated using the Nanoscope 

and Igor softwares in order to estimate the sample’s Young modulus. In 

practice, the retraction part of the force versus distance curves 

corresponding to the part of the indentation cycle where the probed surface 

elastically relaxes, pushing back against the tip to regain the equilibrium tip-

sample distance, was fitted with the Derjaguin-Müller-Toporov (DMT) model 

to extract the reduced Young’s modulus (E*), given by: 

Ftip =
4

3
𝐸∗√𝑅𝑑3 + FAdh     (VI.1) 

where Ftip is the force applied on the tip, FAdh is the adhesion force, R is the tip 

apex radius and d is the tip-sample separation. Typically, only the region 

between 10% and 70% of the unload (retract) curve is included in the DMT 
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modulus fit. The resulting reduced modulus (E*) can be converted into the 

sample Young’s modulus (Es) using the sample’s Poisson’s ratio: 

𝐸∗ = [
1−𝜈𝑡

2

𝐸𝑡
+

1−𝜈𝑠
2

𝐸𝑠
]
−1

     (VI.2) 

where 𝜈𝑡 and 𝜈𝑠 are the Poisson’s ratio of the tip and the sample, 

respectively; and 𝐸𝑡 and 𝐸𝑠 are the Young’s modulus of the tip and sample, 

respectively. Assuming that the tip modulus is much larger than the sample’s 

modulus and can be approximated as infinite, we get: 

𝐸∗ =
𝐸𝑠

1−𝜈𝑠
2       (VI.3) 

Typical values for the Poisson’s ratio usually range between 0.2 and 0.5. 

However, given that this value is merely an assumption, many publications 

only report the reduced modulus so as to avoid a source of uncertainty.  

The described DMT model is widely used to characterize adhesive elastic 

contacts between a spherical indenter and a surface and considers only long-

range attractive forces which act outside the sample-indenter contact zone. 

As a consequence, the adhesion force is treated as a simple addition to the 

external force applied on the probe whose main effect is to increase the 

contact radius. Application of the DMT model is particularly recommended 

in the case of a low and constant adhesion force generated when indenting 

a surface at shallow depth (indentation depth ~2-5 nm) with a small tip (apex 

radius of curvature <10 nm); as was the case in this study. 

The methodology applied throughout this study consisted in using raw 

force curves recorded on the substrate phase (PET) or along the NTs of the 

same sample to independently determine the elastic modulus of the PET 

substrate and that of NTs. The average value obtained for the NTs modulus 

was then divided by that of the PET substrate, so as to yield a relative 

modulus. This procedure allows us to discard most uncertainties relative to 

the calibration process (notably the one associated with the relative 

calibration of the tip radius), to fully exclude any effect of the substrate on 

the determination of the modulus of the NTs it supports and, finally, renders 

useless the dubious conversion of the reduced modulus into Young’s 

modulus.  
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B) Evaluation of NTs rigidity based on morphological indices 

Rigidity index 
 𝑅𝐸𝐸

2

𝐿2  

The sequence of atoms constitutive of polymer macromolecules can be 
modelled as a chain with a varying degree of flexibility. Polymers with a fixed 
structure, such as the DNA double helix or macromolecules involving many 
aromatic rings can better be apprehended as stiff ropes while 
macromolecules with a much greater freedom of movement, such as 
polyethylene, would better be described as soft, highly folded ropes. 
Compliant polymer chains having a high degree of movement freedom will 
have the tendency to bend and form loops, giving rise to a multitude of 
probable conformations, collectively termed ‘random coil’ conformations. 
On the contrary, highly stiff polymers will rather tend to keep a defined 
conformation. Hence, the end-to-end distance (REE) of the polymer chain, 
defined as the square root of the mean square distance between the two 
ends of the chain, will be close to the fully-extended length (L) of the polymer 
in each case involving a rigid macromolecule (REE ~ L) while it will take on a 
high number of possible values in the case of a soft polymer (REE ≤ L). 

Polymer chains are commonly schematized using a freely-jointed chain 
model where the polymer is considered as an ideal chain divided into N 
independent segments of unit length b (referred to as “Kuhn length”) which 
can take any random orientation, independently of the directions taken by 
other segments. (Figure S5.14). The contour length, or fully-extended length 
(L) of the freely-jointed chain can be expressed as:  

𝐿 = 𝑁. 𝑏       (VI.4) 

 

The square of the end-to-end distance of the freely-jointed chain is given by:  

𝑅𝐸𝐸
2 = 𝑁. 𝑏2 = (𝑁. 𝑏). 𝑏 = 𝐿. 𝑏    (VI.5) 

In the case of flexible, wormlike polymer chains, 𝑏 = 2𝐿𝑝; where Lp is the 

persistence length of the chain, defined as the mean distance along the chain 
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over which a correlation in the directions taken by adjacent segments is 

conserved. Equation (VI.5) thus gives: 

𝑅𝐸𝐸
2 = 𝐿. 𝑏 = 𝐿. 2𝐿𝑝     (VI.6) 

Given that for soft polymers, the persistence length is much smaller than the 
full contour length (Lp << L), it finally comes: 

𝑅𝐸𝐸
2

𝐿2 =
𝐿.2𝐿𝑝

𝐿2 =
2𝐿𝑝

𝐿
< 1     (VI.7) 

On the contrary, for stiff, rod-shaped polymers, 𝑅𝐸𝐸
2~ 𝐿2, as explained in 

the first paragraph . Hence, it comes: 
𝑅𝐸𝐸

2

𝐿2 ~1. 

The 
𝑅𝐸𝐸

2

𝐿2  parameter thus takes on values comprised between ]0;1], with 

soft polymers showing a value strictly inferior to 1 while rigid ones oscillates 

around values very close to 1. Hence, the 
𝑅𝐸𝐸

2

𝐿2  ratio can be regarded as a 

quantitative indicator of a polymer degree of rigidity.  

Following the lead of Saghazadeh et al.43, this rigidity index initially 
defined for polymer chains can be extended to other anisotropic objects with 
varying degrees of flexibility, such as NTs. The rigidity index of the 
nanocomposite tubes synthesized during this thesis were thus routinely 
computed and compared as a first insight into their mechanical properties. 
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Flattening index  
𝐷𝑇𝑢𝑏𝑒

𝐷𝑃𝑜𝑟𝑒
 

Once individual NTs are freed from their template via selective 
dissolution of the latter in DCM and filtered over a PET membrane, they tend 
to flatten due to the positive pressure applied during the filtration process. 
When imaged under the high vacuum conditions of the SEM, NTs are 
submitted to a negative pressure and further deformed. The lower the 
mechanical properties of the NTs, the more they will be affected by the 
applied pressure and the more they will deform and flatten upon filtration. 
These considerations lead us to define another quantitative parameter able 
to characterize the rigidity of NTs: the flattening index. This parameter is 
taken as the ratio between the average diameter of filtered NTs (diameter of 
NTs after filtration, DTube,AF) and the average diameter of the PC nanopores 

(DPore) from which they issue: 
𝐷𝑇𝑢𝑏𝑒,𝐴𝐹.

𝐷𝑃𝑜𝑟𝑒
. The initial diameter of the synthesized 

NTs (diameter of NTs before filtration, DTube,BF) is very close to the one of the 
templating membrane in which they are LbL-assembled (DTube,BF ~ DPore), and 
should stay that way after filtration for mechanically-stiff NTs (Figure 

Figure S5.14 Schematic illustration of the rigidity index of soft and stiff 
polymers or NTs, defined as the ratio between the end-to-end distance and 
the contour length of the polymer or NT. 
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S5.15.a). On the contrary, the tube diameter can potentially evolve a lot upon 
filtration for very soft NTs (Figure S5.15.b). 

  

Figure S5.15 Schematic representation of the flattening index, defined as the 
ratio between the diameter of NTs measured after and before filtration for 
(a) stiff NTs and (b) soft NTs. 

(a) 

(b) 
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The maximum length (DTube,AFMax) which can be obtained when 
measuring the diameter of a flattened nanocylinder of original 
diameter DTube,BF, can be computed as follows:  

- If the NT is fully flattened, DTube,AFMax becomes equal to the 
perimeter of the half-circle of diameter DTube,BF ~ DPore: 

𝐷Tube,AFMax =
2𝜋rpore

2
= 𝜋rpore = 𝜋

DPore

2
 (Figure S5.15.b). The 

flattening index thus becomes : 
𝐷Tube,AF

DPore
=

𝜋
DPore

2

DPore
=

𝜋

2
. 

 

- If the NT is completely “broken down” and unrolled, DTube,AFMax 

becomes equal to the perimeter of the full circle of diameter 

DTube,BF ~ DPore  and it comes : 
𝐷Tube,AF

DPore
=

𝜋DPore

DPore
= 𝜋 (Figure 

S5.15.b). 

Hence, the measured flattening index will range from ~ 1 for very 

rigid NTs to a maximum value of 
𝜋

2
  or 𝜋 for very soft NTs.  
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Chapter 6 

Biofunctionalized and self-supported 

polypyrrole frameworks                                      

as nanostructured ECM-like 

biointerfaces 

 

Based on the publication : Lefèvre, D., Louvegny, J., Naudin, M., Ferain, E., Dupont-

Gillain, C. & Demoustier-Champagne, S. Biofunctionalized and self-supported 

polypyrrole frameworks as nanostructured ECM-like biointerfaces. RSC Advances 8, 

22932-22943 (2018). 

Abstract 

Hybrid nanobiointerfaces were designed as an original contribution to 

the challenge of synthesizing nanostructured biomaterials integrating a set 

of cell fate-determining cues, originally provided to cells by the extracellular 

matrix (ECM). The produced biointerfaces consist of a stiff framework of 

intersected polypyrrole (PPy) nanotubes supporting a soft multilayer 

composed of ECM-derived biomacromolecules: collagen (Col) and hyaluronic 

acid (HA). PPy frameworks with highly tunable characteristics were 
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synthesized through chemical oxidative polymerization of pyrrole 

monomers, templated within track-etched polycarbonate (PC) membranes 

featuring a network of intersected nanopores. PPy interfaces with a porosity 

of 80%, composed of nanotubes with an average diameter ranging from 40 

to 300 nm, intersecting at an angle of 90°, were shown to be self-supported. 

These rigid PPy nanostructured interfaces were functionalized with a self-

assembling (HA/Col) multilayer deposited via a layer-by-layer process. 

Biofunctionalized and unmodified PPy frameworks were both shown to 

promote sustained cell adhesion, therefore demonstrating the 

cytocompatibility of the engineered matrices. Such nanobiointerfaces, 

combining a mechanically-stable framework of tunable dimensions with a 

soft biopolymeric multilayer of highly versatile nature, pave the way towards 

cell-instructive biomaterials able to gather a wide range of cues guiding cell 

behavior. The developed self-supported structures could be used as a coating 

or as membranes bridging different tissues. 
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6.1 Introduction 

Designing tissue engineering and regenerative medicine strategies 

remains challenging in modern nanosciences, their successful outcome being 

largely dependent on the availability of suitable biointerfaces able to 

artificially recreate down to the nanoscale the conditions ultimately guiding 

cell fate in vivo.1–4 As the complex interplay of topographical, mechanical, 

biochemical and physicochemical stimuli controlling cell behaviour5–10 is 

originally provided in nature through the extracellular matrix (ECM), current 

trends in tissue engineering mainly focus on the development of biomaterials 

mimicking the native ECM.11–13 The complexity of the highly diverse cell-

instructive cues found in vivo is reflected in the wide variety of bioinspired 

materials found in the literature, which attempt at replicating the 3-

dimensional (3D) intricate network of fibrillary proteins, proteoglycans and 

glycoaminoglycans originally constituting the cell environment.14,15 In 

particular, in view of the variety of roles played by collagen in different 

tissues, research has focused on developing novel collagen-based 

biomaterials to mimic the architecture of native collagen-based ECM. Among 

the different methods reported up to now for producing fibers of dimensions 

close to those of native ECM (diameters ranging between 50 and 500 nm), 

electrospinning appears as an attractive and widely used method.16,17 This 

technique indeed allows to generate porous mats made of various synthetic 

and natural polymer fibers. However, due to the need of rather high electric 

fields and harsh solvents, electrospinning of collagen is still quite challenging 

when preservation of protein function is required.18 Another approach 

consists in combining ECM-derived biomacromolecules for the design of 

biomimetic multilayers,19–21 but their weak mechanical properties restrict 

their application to coatings of pre-existing biomaterials, as their in vivo 

transposition requires a supporting substrate. In an attempt to overcome the 

lack of mechanical integrity of biopolymers, different groups developed 

composite materials of collagen and multi-walled carbon nanotubes.22,23 

Even though these composites showed and appropriate macroporous 

architecture and were effective at enhancing cell proliferation, no clear 

control could be exerted over the nanoscale topography, which is a widely 

recognized cell-instructive agent.2425 These examples illustrate the 

complexity in meeting the requirements for a mechanically-stable 
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architecture, easy to handle at the macroscale, while at the same time 

featuring the wide diversity of cell-regulating nanoscale tags found in native 

ECM. 

Here, we report on an original contribution to this current challenge. 

Hybrid mechanically-stable and self-supported polymer networks made of 

core-shell nanotubes, combining the biocompatibility and bioactivity of 

naturally-derived biomacromolecules with the mechanical stability of a rigid 

polymer core were designed and synthesized through a versatile template-

based fabrication method (Figure 6.1). For that purpose, flexible nanoporous 

membranes featuring a peculiar network of intersected nanopores26,27 were 

prepared through sequential polycarbonate (PC) film irradiation with heavy 

energetic ions at different incident angles, followed by chemical etching of 

the ion tracks created within the polymer film (see Figure 6.1a). These 

membranes exhibit tunable properties such as membrane thickness (ranging 

from 5 to 25 µm), pore density (107 to 1010 pores.cm-2), average pore 

diameter (ranging from 30 to 400 nm) and angle of intersection between 

crossing ion tracks (random or set at a fixed value).Next, polypyrrole (PPy), a 

stiff28, electroactive and biocompatible29–32 polymer was synthesized within 

the pores of these PC membranes, used as templates, through a fast and easy 

chemical polymerization route33 (Figure 6.1b, step 1). After removal of the 

PC template, arrays of intersected PPy nanotubes (Figure 6.1b, step 2) with 

well-controlled architecture were obtained. A range of properties of the PC 

template were optimized to get freestanding nanofibrous interfaces. In a 

third step, engineered stiff PPy networks were functionalized with a self-

assembled multilayer based on the alternate adsorption of two ECM-derived 

biopolymers: hyaluronic acid (HA) and type I collagen (Col) (Figure 6.1b, Step 

3). Col is the most abundant protein in mammals and is ubiquitously present 

as a structural protein in the ECM.34,35 Type I Col, in particular, is well-known 

for featuring peptide sequences (i.e. GFOGER13,36 and DGEA37,38 motifs, etc.) 

responsible for triggering integrin-mediated cell adhesion39,40 and was also 

demonstrated to play a role in cellular differentiation, especially towards the 

osteoblastic lineage.37,41 In order to benefit from these bioactive properties, 

Col was thus specifically chosen to decorate the outermost layer of the 

biofunctionalized interfaces. HA, a linear glycosaminoglycan copolymer of D-

glucuronic acid and N-acetyl-D-glucosamide also abundantly present in 

native ECM42 was more recently discovered to be granted with numerous 
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biological functions. HA is indeed involved in cell signalling, including 

proliferation,43 migration44 and adhesion.45,46 HA was therefore selected as 

second partner for the layer-by-layer (LbL) assembly of the biomimetic 

multilayer, in combination with Col. Although the great interest of these two 

biomolecules has been clearly demonstrated, reports focusing on the LbL 

assembly of Col and HA remain scarce in the literature,47–50 probably due to 

the complexity of the selection of adequate assembling conditions. Using the 

optimal conditions described in chapter 4 to trigger the self-assembly of Col 

& HA, the construction of the biomimetic (HA/Col) multilayer was initiated 

on the rigid PPy nanotube networks to yield a core-shell structure. The 

osteogenic properties of Col in combination with the hybrid core-shell 

structure of the engineered biointerfaces encouraged us to evaluate their 

potential as bone matrix mimics.51 The cytocompatibility of these new 

nanostructured biointerfaces was thus assessed through preliminary cell 

adhesion tests with murine MC3T3-E1 pre-osteoblasts, chosen as typical 

model cells whose behaviour (adhesion, proliferation, differentiation) highly 

depends on bone matrix organization.   
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Figure 6.1 Schematic of (A) the track-etching process for the production of nanostructured 
polycarbonate membranes featuring a network of intersected nanochannels. (B) the 
elaboration of engineered nano-biointerfaces mimicking the structure of native ECM. The 
network of interconnected nanopores of the PC template is first replicated through oxidative 
polymerization of pyrrole monomers (step 1). After dissolution of the sacrificial template (step 
2), the resulting framework of intersected polypyrrole nanotubes is functionalized with a 
(HA/Col) multilayer via LbL deposition. The biopolymer shell is finally chemically cross-linked 
(step 3). The whole process yields biointerfaces with a core-shell structure. 
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6.2 Results and discussion 

6.2.1 Template synthesis of self-supported PPy frameworks 

In order to select the set of template characteristics most likely to yield 

mechanically-stable, self-supported frameworks of intersected PPy 

nanotubes, chemical polymerization of Py was performed inside the pores of 

various PC membranes (PCT1-5, see Table 6.1). To evaluate the morphology 

and mechanical integrity of the resulting PPy nanostructures, they were 

collected through selective dissolution of the PC template and imaged by 

SEM. Pictures from Fig.6.2 clearly demonstrate that architectures made of 

intersected PPy nanotubes were produced in all cases, with dimensions 

matching those of the used PC template. The first framework (Fig.6.2a), 

issued from template PCT1 with an average pore diameter of 400 nm and 

random angles of intersection between nanotubes, shows a microporous 

architecture (Fig.6.2.a1), as could be expected with a porosity as high as 90%. 

When zooming in (Fig.a2), we can clearly distinguish widely spaced yet 

interconnected sheets of nanotubes, responsible for the microporous 

lamellar structure of the whole interface. When observing the framework 

sideways (Fig.a3), the lamellar structure originating from these 

interconnected nanotube sheets is even more blatant. Although such an 

interface combining a microporous structure and nanotopographical cues 

could turn out to be particularly interesting to study and control cell 

behaviour, it does not fulfil the requirement for a self-supported 

architecture. The lack of mechanical stability is clearly a consequence of the 

too high porosity of the intersecting network, which is in turn the result of a 

too low pore density of the original templating PC membrane. When 

designing template PCT2, the density of nanopores was therefore increased 

while the average pore diameter was left unchanged. The resulting second 

network is slightly less porous than the first one: a highly homogeneous 

interface is obtained, both at the micro- and macroscale (Fig.b1). At higher 

magnification (Fig.b2), some intersections between nanotubes are clearly 

visible. However, images of the edge of the nanostructured framework 

(Fig.b3) reveal that the network is partially collapsing. The still high porosity 

(~86%) is again responsible for the low mechanical strength of the structure. 

So as to impart better mechanical stability, the overall porosity was further 
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decreased while the number of intersections between nanotubes was 

increased. For that purpose, a third PC template was designed with a lower 

pore diameter (Ø = 150 nm) coupled to a higher pore density (template PCT3 

of Table 6.1). A highly homogeneous framework, both at the macro- and 

microscale, resulted again from the polymerization of Py within this template 

(Fig.c1 and c2). Nonetheless, the sides of the PPy network were unstable 

(Fig.c3), as nanotubes were still collapsing. Further detailed observations 

evidenced that this instability can be attributed to a too low density of 

nanotube intersections, which is a side effect of the reduction of the average 

nanotube diameter. To conciliate these two conflicting requirements, a new 

parameter was adjusted, i.e. the angle at which nanotubes intersect (λ). A 

new PC template (template PCT4 of Table 6.1) was therefore designed to 

combine a level of porosity set at 80% with an intermediate pore diameter 

of 300 nm. The angle of intersection between tubes was set at 90°. This 

implies the PC film to be irradiated twice with an ion beam aligned at +45° 

and -45° with respect to the normal of the template surface. The resulting 

PPy framework shows a highly uniform and well-organized architecture, with 

PPy nanotubes intersecting at an angle of 90° (Fig.d1-d3). Furthermore, the 

intersected PPy network meets the requirements for a self-supported 

material (see inset in Figure d1) and is therefore optimal to pursue the 

targeted applications. Further exploiting the set of refined parameters (i.e., 

intersecting angle λ = 90°, average porosity ~ 80-85%), freestanding PPy 

networks composed of nanotubes with a diameter as low as 40 nm were 

successfully synthesized (Fig.e1-e3), strongly evidencing the possibility to 

finely tune the nanotopography presented by the nanostructured PPy 

platforms.  



Biofunctionalized & self-supported PPy frameworks 

289 
 

 

Table 6.1 Characteristics of the PC membranes used as template for the 

preparation of frameworks of intersected PPy NTs. Tunable key parameters 

of these PC templates with intersected nanopores include the average 

diameter of nanopores [Ø], the pore density [ρ], the thickness of the template 

[L], the angle at which the pores intersect [λ] and the average porosity [P] of 

the obtained framework, computed as follows: 

 P = (1-ρ × (
∅

2
)
2
× π) × 100 
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Figure 6.2 SEM images of (a-e) chemically polymerized frameworks of 

intersected PPy nanotubes with different intersection angles [λ], average 

nanotube diameter [Ø] and porosity [P]. (1) : global view, (2) : top view and 

(3) : side view of the synthesized frameworks. The inset in d1 shows the typical 

macroscale morphology of the self-supported PPy frameworks derived from 

PCT4. 
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6.2.2 Biofunctionalization of PPy frameworks 

a) Exploratory phase 

An exploratory phase was first conducted to evaluate the feasibility of 

functionalizing stiff PPy NTs with a soft polymer multilayer via a LbL process. 

Rather than using matrices of intersected NTs, this preliminary stage was 

carried out using individual PPy NTs (Ø 500nm, L 21 µm), derived from the 

polymerization of Py inside a PC template with parallel nanopores. Two 

distinct processes were considered in order to coat the rigid PPy core. The 

first method is a fully templated approach, referred to as “pre-

polymerization coating” process, as the polymer multilayer is first LbL-

assembled inside the template nanopores prior to initiating the 

polymerization of the PPy core. The second approach entails, first, the 

templated polymerization of PPy NTs, the consecutive dissolution of the PC 

template and collection of the NTs over a PET filter and, finally, dipping of 

the supported NTs into solutions of oppositely-charged polymers to 

assemble the soft polymer shell. Hence, this process is referred to as “post-

polymerization coating” approach. Following the unsuccessful outcome of 

the pre-polymerization coating process (see S.I.6.1), only the post-

polymerization approach was deemed satisfactory and further used 

throughout the present work. 

b) Main results 

In order to produce ECM-like biointerfaces, the alternate adsorption of 

HA and Col was initiated on the optimally designed self-supported PPy 

frameworks derived from template PCT4 (see Table 6.1). The biomimetic 

(HA/Col) shell was deposited on the NT network in a stepwise, LbL fashion 

carried out in UPW at pH 4.0. These conditions were favored over higher ionic 

strength conditions (i.e., I = 0.15 M), following the observation that the 

network of NTs was more homogeneously coated with the biopolymers 

when they were assembled in UPW as compared to 0.15 M NaCl conditions 

(see SI, Figure S6.3). The build-up of the (Col/HA) multilayer in UPW pH 4.0 

was further monitored on reference quartz substrates via QCM-D (Figure 

6.3). Figure 6.3 (a) displays the gradual evolution of the mass adsorbed at the 

crystal surface following the stepwise adsorption of HA and Col. The 

relatively linear increase in ∆f upon injection of each biopolymer confirms 
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the capacity of these molecules to interact together, in order to create 

complex multilayered architectures in a LbL fashion. The high dissipation 

increase (Figure 6.3 (b)) recorded after each Col injection step is 

characteristic of the adsorption of Col as a soft and viscoelastic layer, as 

previously described by Landoulsi et al.52. Circulation of HEPES buffer (10 

mM, NaCl 0.15 M, pH 7.4) on the self-assembled (Col/HA) multilayer leads to 

a swelling of the biopolymer multilayer, without causing any subsequent 

multilayer deconstruction. The (Col/HA) multilayer built in the chosen 

conditions is thus stable under physiological conditions, in contrast to the 

previous conclusions of Johansson et al.48. SEM images showing the PPy 

interface sideways, before (Fig.6.4 a-c) and after (Fig.6.4 d-f) LbL assembly of 

6 bilayers of the (HA/Col) system, clearly highlight the effective construction 

of a biopolymer shell surrounding the nanotubes (Fig.6.4 d-f). Furthermore, 

Figure 6.4 (c & f) confirms the tubular nature of the framework building 

blocks, as central open pores can be distinguished. Aerial views of the 

scaffolding PPy platforms further emphasize the presence of the polymer 

coating (Fig.S6.4 c and S6.4 d).  

The growth of the biomimetic (HA/Col) multilayer was further 

investigated by SEM, as the rigid PPy network was submitted to the 

deposition of an increasing number of (HA/Col) bilayers (starting from 3 up 

to 12 bilayers) (Fig.6.5-sideways and S6.5-aerial views). While the growth of 

(a) (b) 

Figure 6.3 Cumulated (a) -∆f5/5 (proportional to the adsorbed wet mass) and 
(b) ∆D5/(-∆f5/5) extracted from the real time QCM-D monitoring of the 
construction of the (Col/HA)2.5 film [Col & HA 1 mg.mL-1 in UPW pH 4.0]. 
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the (HA/Col)n system appears to be first limited, in the early stages of the 

deposition process, to a soft polymer adlayer directly covering the nanotubes 

surface (Fig.6.5 a & b), it rapidly expands towards the intertubular space, 

finally merging after deposition of 12 bilayers into a dense polymer gel 

completely masking the constituting tubules (Fig.6.5 d-sideways and Fig.S6.5 

d-aerial view). The fibrillar structure of the polymer crust can be attributed 

to the fibrillation of Col, a phenomenon commonly reported under the 

studied conditions.49,53 The progressive growth of the HA/Col multilayer 

further opens the opportunity to tune the thickness of the biomimetic shell 

functionalizing the rigid PPy interface. 

Figure 6.4 SEM images showing a side view of PPy framework (a-c) before 
biofunctionalization [increasing magnification from a to c] and (d-f) after 
LbL deposition of 6 bilayers of HA & Col. 
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The mass of Col effectively deposited on the PPy frameworks was 

further evaluated using a µBCA assay (Figure 6.6) and compared to that 

adsorbed on reference quartz substrates via QCM-D monitoring (Table 6.2). 

It is striking to observe that the mass of Col deposited on the PPy framework 

with 40-nm diameter NTs is much lower than that adsorbed on larger 300-

nm diameter NTs and remains below the detection limit of the assay 

whatever the number of assembled bilayers. While at first glance, this might 

be attributed to the lower superficial area available to Col adsorption on 

individual 40-nm diameter tubes as compared to 300-nm diameter ones, this 

argument does not hold when taking into account the total superficial area 

developed by each matrix. Indeed, the total superficial area developed by 

the PPy platforms with intersected NTs of 40-nm diameter was computed to 

be over 5 times greater than that of the matrices with 300-nm diameter NTs 

(103 versus 580 cm2 for the matrix with 300-nm and 40-nm tube diameter, 

respectively; see Th.A.5.III & 5.IV). The diffusion and adsorption of the Col 

Figure 6.5 SEM images showing a side view of PPy frameworks 
after deposition of an increasing number of (HA/Col) bilayers : 
(a) 3 bilayers, (b) 6 bilayers, (c) 9 bilayers and (d) 12 bilayers. 
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biomacromolecule within PPy frameworks displaying a lower density of 

larger diameter NTs must therefore be eased compared to the case of 

matrices with a higher density of smaller diameter tubes. The average size of 

the porosity is indeed visibly lower in the latter case (Figure 6.2 d3 versus e3), 

which might drastically impair the diffusion of the Col molecule being highly 

extended under low I conditions. Moreover, the diameter of the 40-nm 

diameter NTs might be too small compared to the dimensions of the 

extended Col molecule in UPW (~ 300 nm long) to allow proper adsorption 

of the biopolymer. 

  

Figure 6.6 Mass of Col (µg), as determined via µBCA assay, effectively 
deposited over PPy frameworks (average tube diameter of 40 nm, open 
circles, and 300 nm, black diamonds) as a function of the number of LbL-
assembled (HA/Col) bilayers. The solid line connecting individual data points 
is added as a guide to the eye. Error bars represent standard deviation (n=3). 
Bars topped with different greek letters indicate significant difference (p-
value < 0.05 as computed via consecutive Welch’s ANOVA and Games-Howell 
post hoc tests). Limit of detection, LOD, was experimentally determined to be 
22.64 µg. Upper limit of quantification was experimentally determined to be 
200 µg. 



 
Chapter 6 

296 
 

Dividing the values obtained from the µBCA test plotted in Figure 6.6 by the 

superficial area of the custom-made PPyØ300nm framework (0.0103 m2; 

Th.A.5.III) enables a comparison to be made between the mass of Col 

incorporated in flat multilayered thin films (derived from QCM-D data) and 

that deposited over nanostructured PPy interfaces (derived from µBCA data). 

In a similar fashion as the observations made in Chapter 5 for composite 

biointerfaces, the amount of Col adsorbed per square centimeter of 3D 

interface is much lower than the amount of Col adsorbed per square 

centimeter of quartz crystal. A hypothesis can be formulated to explain this 

observation : frameworks of intersected NTs most probably oppose a higher 

resistance to the diffusion of large Col & HA biomacromolecules in 

comparison with flat substrates. This higher diffusion barrier is coupled to a 

much higher surface area available to adsorption in the case of 3D interfaces 

(~ 100 cm2 for a PPy framework with 300-nm diameter intersected tubes 

versus ~ 1 cm2 for a quartz crystal). The combined effect of a low 

concentration of diffusing molecules reaching into a meshwork of 

tremendously high surface area might favor the adsorption of biopolymers 

under a low spatial density regime, the molecules adsorbing under an 

extended conformation so as to maximize the number of interaction sites 

with the surface and thus leading to thinner layers. The validity of this 

hypothesis is further reinforced by the evidence that the mass of protein 

adsorbed on the 40-nm NT interface, displaying both a porosity of lower size 

and a higher total surface area, is even lower than that on the 300-nm NT 

interface. In addition, one has to keep in mind that whereas QCM-D 

measures the total wet mass of molecules adsorbed over the crystal surface 

in a non-specific manner, the µBCA test specifically determines the dry mass 

of proteins. It therefore makes sense that the wet protein mass extracted 

from QCM-D data should be higher than the dry mass obtained through µBCA 

assay. 
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Information regarding the surface chemistry of (un)coated PPy 

biointerfaces was obtained using Fourier-transform infrared spectroscopy 

with an attenuated total reflection system (ATR-FTIR). FTIR spectra of 

uncoated and (HA/Col)6-biofunctionalized PPy frameworks are compared in 

Figure 6.7 (a & b, respectively). The native PPy interface displays the typical 

fingerprint of naked PPy, with characteristic absorbance peaks like the band 

centered around 1550 cm-1 representing the Py ring vibration, the C-N 

stretching vibration peak at ~1470 cm-1, the C-H vibration band at ~1040 cm-

1 and the absorbance peak at ~1320 cm-1 attributed to the C-C stretching 

vibration.54,55 The change in interfacial chemistry upon introduction of the 

biomimetic (HA/Col)6 multilayer is clearly visible in the FTIR spectrum and 

confirms the successful biofunctionalization of the PPy network. Indeed, 

whereas the peaks characteristic of PPy disappear, a set of absorbance bands 

highly characteristic of proteins and polysaccharides can be identified56,57: 

the amide I, II and III bands centered at ~1650 cm-1, ~1550 cm-1 and ~1320 

cm-1, respectively; the absorbance peak located around 1150 cm-1, attributed 

to the antisymmetric C-O-C stretching of glycosidic groups present in 

carbohydrate moieties; the vibration band of carboxylate groups at ~1410 

cm-1; as well as the broad and intense band located at ~3250 cm-1 which 

corresponds to N-H and O-H groups engaged in hydrogen bonds in both HA 

and Col. 

 

  

Table 6.2 Comparison between the cumulated areal mass and cumulated 
thickness of the Col layer(s) incorporated in flat multilayered thin films (QCM-
D date) or assembled over nanostructured PPy interfaces (µBCA data) 
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6.2.3 Mechanical properties of bare and biofunctionalized PPy 

frameworks 

In order to have an idea of the mechanical stiffness which cells will 

experience once seeded on the engineered ECM-like matrices, their reduced 

modulus was measured through nanoidentation using AFM. With the goal of 

extracting an elastic modulus as representative as possible of the cell-matrix 

interactions, the AFM cantilever was functionalized with a microcolloidal 

probe having a size (i.e., 5-µm diameter) in the same order of magnitude as 

that of the cell body. Such a spherical indenter of micrometer size allows to 

contact and thus take into account the contribution of many of the 

nanotubular heads constitutive of the substrate, hence yielding a modulus 

representative of the entire surface. The reduced modulus was determined 

instead of the Young’s modulus, given that the studied system is a hybrid 

between polymers of different mechanical properties for which the Poisson’s 

ratio is unknown. The moduli measured for the native and coated 

Figure 6.7 ATR-FTIR spectra of (a) native and (b) (HA/Col)6-coated PPy 
framework (PPyØ300 nm obtained from PCT4, Table 6.1). 
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frameworks were found to be clearly distinct, the reduced modulus of the 

biofunctionalized system being more than twice that of the native one 

(Figure 6.8 a).  

The assembly of the biomimetic (HA/Col) coating on the PPy platforms 

thus increases the stiffness of the system. It has to be noted that the value 

of the elastic modulus recorded for the native framework of PPy NTs (i.e., ~ 

66 MPa) is much smaller than the values commonly reported in the 

literature. Indeed, Cuenot et al. reported values in the range of 1.2 and 3.2 

GPa (at least 18 times greater than the values measured in this work) for PPy 

NTs with a diameter greater than 100 nm28, in line with the values previously 

recorded on flat PPy films.58,59 The moduli reported here are also lower than 

the values reported for the elastic modulus of individual Col fibers, their 

reduced modulus being in the range from 5 to 11.5 GPa in air.60 The data 

recorded in this work are, however, much closer to the values found in the 

literature for LbL-assembled thin films measured in water or highly hydrated 

NTs measured in air. Indeed, Cuenot et al. reported a Young’s modulus of 

about 115 MPa for LbL-assembled PE NTs in air61, while Picart et al. recorded 

values as low as 0.8 MPa for a chemically cross-linked PLL/HA multilayer in 

aqueous medium.62 In view of this, although the numerical values of the 

moduli recorded for our systems might be underestimated, it can be fairly 

assumed that the stiffness of the biofunctionalized PPy meshwork is 

significantly greater than the native one, which might further influence the 

behavior of the seeded cells. As for the measured adhesion force (Figure 6.8 

b), it is observed to be much more negative in the case of the 

biofunctionalized interface, which logically relates to the fact that the 

crosslinked biomimetic coating displays some elastomeric properties. The 

LbL-assembled and cross-linked multilayer is indeed likely to glue the 

colloidal probe and apply a tension force to it whenever it retracts away from 

the surface. 
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Figure 6.8 Notched boxplot presenting the full distribution (n = 300) of (a) the reduced 
modulus, E* (MPa) and (b) the adhesion force (nN), extracted from force-distance curves 
recorded during the AFM nanoindentation of both native and biofunctionalized PPy 
frameworks using a nanocolloidal probe (i.e., gold-coated SiO2 colloid of 5-µm diameter). The 
red line displays the median of each population, the length of the whiskers represent 1.5 x 
interquartile range (IQR), the width of the notches represent the 95% confidence interval on 
the median while the outliers are represented by the green ‘+’ signs. Bars topped with different 
greek letters indicate significant difference between the population means (p-value < 0.05 as 
computed via consecutive Welch’s ANOVA and Games-Howell post hoc test). 

(b) 

(a) 
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6.2.4 Preliminary study of cell adhesion, proliferation & osteogenic 

differentiation 

a) Adhesion and proliferation 

Murine MC3T3-E1 pre-osteoblasts, widely used as model cell line for 

bone tissue engineering applications,63,64 were selected to evaluate in vitro 

the potential of (un)modified PPy frameworks as cell-instructive 

biointerfaces. The number of (HA/Col) bilayers decorating the PPy core was 

set at 6 for all cellular tests, to avoid masking the underlying 

nanotopography. When seeded at a density of 60,000 cells per mL and after 

24 h of culture, cells were found to adhere to both uncoated and (HA/Col)6-

biofunctionalized nanostructured PPy frameworks (Fig.S6.6.C & D).  

Given the specificities of the engineered biointerfaces (opaque black 

color, high developed specific surface area, non-uniformly smooth surface, 

etc.), cell densities were difficult to assess based solely on microscopic 

analyses. Cells seeded on the PPy networks were indeed found to interact 

both with the tips of the constituting nanotubes as well as with their 

cylindrical body, as cells were adhering to the vertical edges of the 

biointerfaces (Figure 6.10 C2 and Figure 6.9 B3). In contrast, a 2D surface only 

was explored by cells on glass. Total DNA quantification was therefore 

selected as an objective parameter for the comparison of samples (Figure 

6.11). In the absence of serum supplementation, the produced biointerfaces 

were shown to promote cell adhesion to an extent similar to or higher than 

uncoated glass (i.e., the positive control), which is known for its cytophilic 

properties.65 In particular, the biomimetic (HA/Col)6 multilayer was 

evidenced to positively impact cell adhesion, as it was significantly increased 

compared to bare glass. No significant difference in terms of cell-adhesivity 

could be observed between the bare and the biofunctionalized PPy matrices 

but, nevertheless, both of these systems showed performances similar to 

that of the positive control. As a means of comparison, when seeding cells at 

a density of 100,000 cells.mL-1 on a negative control (i.e., highly hydrophobic 

poly(tetrafluoroethylene) (PTFE) membranes), no living cell could be 

detected on the substrate after 3 days of culture (Figure S6.8). In addition to 

demonstrating the cytocompatibility of the engineered biointerfaces, these 

results emphasize the ability of the biomimetic (HA/Col) coating to be an 
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efficient substitute (at least during the initial adhesion phase) for the 

undefined mixture of proteins found in serum while ensuring a similar cell 

adhesion level. Serum-supplemented cultures did not show any significant 

differences in cell adhesion and proliferation depending on sample type, all 

the samples eliciting a cell-adhesiveness as high as the one of glass. After 6 

days of culture, cells had proliferated on all substrates and were well-spread 

(Figure 6.10). The morphology of the seeded cells was found to be influenced 

by their supporting substrate. They adopted a polygonal shape, characteristic 

of the MC3T3-E1 cells50,66, when cultured on uncoated glass slides (Fig.S6.6 

A2 & A4), whereas they were found to adopt a more stellate shape both on 

(HA/Col)6-coated glass slides and (un)coated PPy frameworks (Fig.S6.6 B2, B4 

& C2, C4). In particular, cells formed many pseudopods in presence of the 

biomimetic (HA/Col)6 coating (fig.S6.6 B1, B4 & D1, D4), which might be due 

to the specific anchorage of cells to the integrin-binding cues located on 

collagen molecules, non-uniformly distributed on the substrate.64 On 

nanostructured interfaces, the formation of filopodia might be increased as 

adherent cells have to contact multiple nanotubular heads to anchor 

themselves on the surface. The heterogeneous distribution of cell-adhesive 

cues and nanotopography might be both at play in dictating the morphology 

of cells adhering to (HA/Col)6-functionalized nanobiointerfaces. SEM 

analyses (Fig.6.9) further highlight the presence of numerous cell 

protrusions, which wrap themselves around the tubules (Fig.6.9 B2 & B4). 

This observation opens perspectives for the use of the hollow cavity of the 

tubes, which is directly in contact with the cytoplasmic projections, to deliver 

bioactive agents. A dense fibrillar network is found on biofunctionalized 

systems, fully covering the samples (Fig.6.9 C2). It is attributed to a 

reorganization of the (HA/Col)6 multilayer upon dehydration rather than to a 

de novo synthesis of ECM macromolecules by the adherent cells (as 

demonstrated in Fig.S6.9). When increasing the seeded cell density to 

1,000,000 cells per mL, pre-osteoblast cells were found to fully colonize the 

surface of all (un)coated PPy interfaces after 6 days in culture, illustrating the 

cytocompatibility of the produced biointerfaces (Fig.6.10 B, C & D).  
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b) Osteogenic differentiation 

The engineered biointerfaces displaying a cytophilicity at least as good 

as that of the positive control (i.e., glass), their ability to further influence the 

differentiation of the seeded cells, i.e. osteogenic precursor cells, into 

mature osteoblasts was investigated. To this end, MC3T3-E1 pre-osteoblast 

cells were first seeded on the different substrates and cultured for 7 days 

under normal conditions until reaching ~ 90% confluence on all substrates 

(i.e., marking the end of the proliferation phase); after which the 

differentiation phase was initiated by adding chemical osteogenesis inducers 

(i.e., ascorbic acid and β-glycerophosphate ; osteogenic medium) to the 

medium of all samples. The activity of the ALP enzyme, an early marker of 

osteoblastic differentiation, was then measured after 7, 14 and 21 days of 

culture in the osteogenic medium. In parallel with the quantification of the 

ALP activity, the number of adherent cells on each sample was quantified and 

used to normalize the ALP data, so as to express the level of ALP activity per 

adherent cell. 

  

Figure 6.11 Number of MC3T3-E1 cells adhered on the studied systems after 
24 hours of culture in the presence (FBS, right) or absence (W/O FBS, left) of 
10% foetal bovine serum supplementation. Error bars represent standard 
deviation computed for triplicates. *p-value < 0.05 as computed via 
consecutive ANOVA and Tukey’s HSD post hoc tests.(+) indicates positive 
control (i.e., glass). 

(+) (+) 

(+) 
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Influence of the NT diameter on the osteogenic differentiation of MC3T3-E1 

cells 

The differentiation ability of seeded cells was first investigated for bare 

PPy frameworks displaying intersected NTs of either 40 or 300 nm diameter 

(Figure 6.12). No clear distinction could be made between the results 

obtained for time periods below 21 days, which is probably indicative of the 

fact that the onset of the differentiation phase is located somewhere in the 

period between 14 and 21 days. After 21 days of incubation within the 

osteogenic medium, significant differences were evidenced as the level of 

ALP activity remained close to 0 for the cells seeded on glass whereas the 

amount of active ALP present in the cells grown on both intersected PPy 

systems (either with 40-nm or 300-nm diameter tubes) was appreciably 

higher. Although no particular influence of the NT diameter on the 

differentiation of cells could be highlighted from the collected data, it is clear 

that the nanostructured interfaces favored the expression of ALP to a higher 

extend than did the glass substrate.  

Figure 6.12 Normalized ALP activity measured from cells cultured for 7, 14 
and 21 days on bare PPy frameworks (40-nm or 300-nm diameter NTs) or 
glass (positive control) and in the presence of osteogenic medium. Error bars 
represent the standard deviation (n=3). Considering each timepoint 
individually, bars topped with different Greek letters indicate statistical 
significance (p-value < 0.05, as computed via consecutive ANOVA and Tukey 
HSD post hoc test). 
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Influence of the biomimetic (HA/Col) multilayer on the osteogenic 

differentiation of MC3T3-E1 cells 

The influence of the biomimetic (HA/Col) multilayer on the differentiation 

ability of osteoprogenitor cells was next examined. Following conclusions 

drawn from the results discussed hereabove (Figure 6.12), the focus was 

placed on larger differentiation times (i.e., 14 and 21 days). After 14 days of 

incubation within the osteogenic medium, the ALP activity was found to be 

significantly increased in cells hosted on biofunctionalized PPy frameworks 

compared to those seeded on bare frameworks or either on bare and 

biofunctionalized glass slides (Figure 6.13). 21 days after introduction of the 

osteogenic inducers, the ALP activity on bare glass slightly increases and the 

difference with the nanostructured interface, highlighted at day 14, falls 

below the limit of statistical significance. The significant influence of bare PPy 

frameworks on the differentiation of cells, highlighted in Figure 6.12 at day 

21, could not be observed anymore from the results displayed in Figure 6.13. 

Quite surprisingly, functionalizing the glass substrate with a biopolymer 

multilayer did not result in an increase of the ALP activity for any of the 

probed timepoints. This observation seems to point towards the conclusion 

that the biomimetic coating alone has no influence on the differentiation 

ability of pre-osteoblast cells. However, the evidence of a synergistic effect 

played by the biomimetic coating combined with the nanoscaled topography 

of PPy frameworks seems to emerge as the coated biointerfaces were found 

to promote an early rise in ALP activity. Indeed, a significant rise in ALP 

activity was observed after only 14 days of culture on biofunctionalized PPy 

nanostructures (Figure 6.13) whereas a significant increase was only 

recorded after 21 days of culture for bare nanostructures (Figure 6.12). 
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Pooled results : influence of the NT diameter, the biomimetic multilayer and 

the presence of HyAp on the osteogenic differentiation of MC3T3-E1 cells 

In order to further segregate and more clearly evidence the potential 

effects, outlined in Figure 6.12 and 6.13, of the nanostructured architecture 

and the biomimetic multilayer on osteogenic differentiation, experiments 

were reiterated independently several times (up to a number of independent 

repetitions N = 3). To enable a comparison to be made between results 

extracted from independent experiments, the mean of the normalized ALP 

activity measured for each sample category was divided by the highest 

normalized activity measured on the positive control (i.e., bare glass after 14 

days of osteogenic supplementation), taken as reference. Pooled results are 

thus expressed as dimensionless “relative osteoblastic differentiation” 

values ; the mean value of the positive control (i.e., bare glass at day 14), 

taken as reference, being equal to 1 (Figure 6.14). Most of the engineered 

biointerfaces, whether functionalized or not with a (HA/Col) multilayer 

showed a higher tendency to promote osteogenic differentiation than bare  

Figure 6.13 Normalized ALP activity measured from cells cultured for 14 and 
21 days on bare and biofunctionalized PPy frameworks (300-nm diameter 
NTs) or glass (positive control) and in the presence of osteogenic medium. 
Error bars represent standard deviation of the mean (n=3). Considering each 
timepoint individually, bars topped with different Greek letters indicate 
statistical significance (p-value < 0.01, as computed via consecutive ANOVA 
and Tukey HSD post hoc test or consecutive Welch’s ANOVA and Games-
Howell post hoc test). 
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and biofunctionalized glass at all investigated timepoints. It is fair to assume 

that glass (bare or biofunctionalized) showed no particular ability to 

influence cell differentiation, as the ALP activity remained close to 0 

throughout the investigations. This statement is further reinforced when 

looking at the evolution of the number of cells adhered to each system 

throughout the differentiation period (Figure 6.15). Indeed, the number of 

cells remained quite steady for all samples (indicative of the fact that cells 

effectively exited the proliferation phase to enter the differentiation phase), 

except for glass where the number of adhered cells kept on growing 

throughout the 21 days which lasted the differentiation experiments. 

Similarly, the biomimetic (HA/Col) multilayer, when considered 

independently from other parameters, was unable to trigger the 

differentiation of cells; judging by the fact that coated glass showed similar 

or even lower enzymatic activities than bare glass. In contrast, our ECM-like 

matrices displayed values up to 8 times higher than the best value recorded 

on glass. 7 days after the first addition of osteogenic inducers, the mean 

relative differentiation measured on the biofunctionalized PPy frameworks 

with 300-nm diameter NTs is already 5 times that observed on the positive 

control (significant difference, p-value < 0.05). The biomimetic coating seems 

to have a positive impact on differentiation when assembled on the 

nanostructured interfaces, as : 

- The biofunctionalized PPy frameworks with 40-nm diameter NTs 

display better or similar values as bare PPy for all assayed periods 

(difference not statistically significant). 

 

- The biofunctonalized PPy frameworks with 300-nm diameter NTs 

display, in general, higher differentiation values than the 

frameworks with identically-sized NTs lacking the 

biofunctionalization (difference statistically significant at day 7, 

Figure 6.14). 

 

- The PPy frameworks (300-nm diameter NTs) functionalized with 

both the biomimetic multilayer and HyAp (CaP) crystals display 

similar values to the biofunctionalized frameworks lacking HyAp 

but; in general, higher values than the bare frameworks (difference 

statistically significant after 14 days under soft statistical treatment 
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(Figure S6.10) and after 21 days under hard statistical treatment 

(Figure 6.14)).  

A synergistic effect of the biomimetic coating combined to the 

nanostructured topography can thus be highlighted. No specific influence of 

the NT diameter could be unveiled as the differentiation ratios obtained on 

both biointerfaces with intersected 40-nm and 300-nm diameter NTs were 

statistically similar for all time periods. Furthermore, no particular effect of 

the addition of co-precipitated CaP minerals could be detected, as the 

frameworks presenting CaP on their surface showed similar results to those 

without CaP. 
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Figure 6.14 Relative osteoblastic differentiation (reference = bare glass at day 14) of cells 
cultured on the studied samples in the presence of osteogenic medium for (a) 7 days, (b) 14 
days, and (c) 21 days. Error bars represent standard deviation. Bars topped with different 
Greek letters indicate statistical significance (p-value < 0.05, as computed following 
consecutive Welch’s ANOVA and Games-Howell post hoc test). N indicates the number of 
independent iterations and n the number of replicates tested per iteration. The black dotted 
line represents the value of the reference (i.e., bare glass at day 14). 

(b) 

(a) 

(c) 
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6.3 Conclusions and future prospects 

Biofunctional rigid nanostructured PPy frameworks with highly tunable 

features were reproducibly fabricated using the simple and cost-effective 

hard-templating process combined with the versatile LbL technique. In 

particular, mechanically-stable frameworks made of intersected PPy NTs 

with a diameter of 40- or 300-nm and an angle of 90° between crossing tubes 

were successfully synthesized. These self-supported PPy architectures were 

further functionalized with a biomimetic coating, therefore combining two 

often antagonistic factors : mechanical stability and bioactivity. Such hybrid 

systems were shown to elicit good cell adhesion and cytocompatibility. 

Murine MC3T3-E1 pre-osteoblasts cells were indeed able to adhere and 

proliferate on both bare and (HA/Col)6-functionalized PPy nanostructures to 

an extent similar to the performances of highly cytophilic glass. These 

synthesized hybrid nanostructures hold many advantages, including : highly 

tunable geometry, nanotopography (values ranging from 40 to 300 nm were 

selected in this work, but the range of achievable nanotube diameters can 

be considerably extended), interconnected porosity and potentially electrical 

Figure 6.15 Number of MC3T3-E1 cells adhered on the studied systems after 
7 days of culture within proliferation medium followed by either 7, 14, or 21 
days of culture within differentiation (i.e., osteogenic) medium. Error bars 
represent standard deviation computed for triplicates. Considering each 
timepoint individually, bars topped with different Greek letters indicate 
statistical significance (p-value < 0.05 as computed via consecutive Welch’s 
ANOVA and Games-Howell post hoc test). 
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conductivity (which could be modulated by varying the tubular diameter), 

together with biocompatibility and high versatility of the LbL-deposited 

functional coating (HA and Col, ECM-derived biopolymers, were selected in 

the present work to be the components of the LbL-assembled multilayer, but 

many other polyelectrolyte combinations could be used). Such biointerfaces 

could provide further cell-signalling cues through the incorporation of 

bioactive molecules either inside the tubular PPy core or directly within the 

biomimetic shell. We thus foresee that this new type of nanobiointerfaces 

could be useful as cell-instructive materials.  

In addition to the demonstration of the cytophilicity of both 

biofunctionalized and bare PPy matrices, the preliminary differentiation 

assays which were carried out promisingly indicate that the synthesized 

ECM-like biointerfaces favored the osteogenic differentiation of osteoblast 

progenitor cells compared to bare and biofunctionalized glass which had no 

effect. The biointerfaces indeed seemed to push cells to exit the proliferative 

phase and enter the differentiation one, whereas cells seeded on glass (bare 

or biofunctionalized) seemed to be blocked in a proliferative activity. The 

overall positive impact highlighted for the biointerfaces is a general one, no 

clear effect could indeed be assigned to the diameter of the intersected 

tubes nor to the biomimetic coating or the presence of HyAp per se. Only a 

synergistic effect of the biomimetic coating combined with the 

nanostructure could be highlighted. It is particularly difficult to segregate the 

independent influence of parameters such as nanomechanical properties, 

nanotopography and surface chemistry which are intimately interlinked in 

the design of nanostructured interfaces. For instance, AFM nanoindentation 

tests revealed that the biofunctionalized frameworks are also the more rigid 

ones. More control substrates should therefore be assayed in parallel to 

enable to clearly identify the impact of each parameter. A non-exhaustive list 

of such interesting controls would be : biofunctionalized surfaces tailored to 

display an elastic modulus identical to that of bare interfaces, flat substrates 

having a similar modulus to nanostructured interfaces, commercially 

available ECM-derived matrices (e.g., Matrigel®), etc. Studying the ability of 

the biointerfaces to trigger the differentiation of cells in the absence of 

osteogenic inducers (i.e., L-ascorbic acid and β-glycerophosphate) would also 

be interesting to consider.  

Furthermore, it is important to emphasize that the differentiation 

experiments carried out in the framework of this thesis are only preliminary 
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tests, based on the detection of an early marker of osteogenic 

differentiation. The collected data should thus be further refined and 

corrected through comparisons with other markers, such as : osteocalcin, 

osteopontin, mineralization state of the de novo matrix produced by the 

seeded cells (i.e., calcium content), etc.67–69 Priority should be given to 

markers which do not require optical characterization as this is complicated 

by the opaque black character of the studied systems. Comparing the gene 

transcripts of seeded cells at various timepoints would also be 

recommended.  

The present study could also be extended to the use of multipotent stem 

cells. An interesting area of research indeed opens up to determine whether 

their differentiation could be oriented towards different tissues by 

appropriately tailoring the set of cues presented by the bioengineered 

interfaces, which could be used as a coating on biomaterials or as 

membranes bridging different tissues. Finally, an interesting parameter 

which was left unexplored in this work is the electrical conductivity of PPy, 

which could be further exploited to stimulate the hosted cells with electrical 

cues and investigate their resulting effects on cell differentiation (in 

particular using neuronal cell lines, for instance). 
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6.4 Experimental section 

6.4.1 Synthesis of nanostructured frameworks of intersected PPy NTs 

Materials. Ferric chloride [FeCl3], 2-(N-morpholino)ethanesulfonic acid 

monohydrate [MES], aluminium oxide [aluminium oxide, basic, for 

chromatography, 50-200 µm] and pyrrole monomer [Py, 99%, extra 

pure] were purchased from Acros. Alpha alumina powder (average 

diameter ~ 1 µm) was provided by CH instruments. Sodium hydroxide 

[NaOH, reagent grade, 97% powder] was bought from Sigma-Aldrich. 

Nanoporous PC templates as well as PET filtration membranes were 

kindly supplied by it4ip [Louvain-la-Neuve, Belgium, 

http://www.it4ip.be]. Frameworks of intersected PPy nanotubes were 

synthesized using polycarbonate (PC) templates featuring a network of 

intersected nanopores. The characteristics of all the PC templates used 

throughout this work are detailed in Table 1. PET membranes used for 

sample deposition had an average pore diameter of 200 nm, with a 

pore density of 5.108 pores.cm-2 and a thickness of 23 µm.  

 

Chemical oxidative polymerization of PPy nanostructures. A piece of PC 

template featuring a network of intersected cylindrical nanopores, was 

inserted between the two compartments of a diffusion cell. One 

compartment was first filled with a solution of Py monomers (Py 0.5 M 

in MES buffer, 100 mM pH 5.5) which was allowed to diffuse within the 

membrane pores for 20 min. The oxidizing solution of FeCl3 was then 

introduced in the second compartment and the polymerization 

reaction was carried out for 5 min. As these two solutions are allowed 

to diffuse towards each other through the template pores, Py 

monomers get oxidized by the initiator and start to polymerize along 

the pore walls70. The PC membrane filled with PPy nanotubes was 

finally recovered and abundantly rinsed with UPW. Polymerization of 

Py not only takes place inside the template pores, but also on the top 

and bottom surfaces of the template, resulting in undesired PPy crusts 

http://www.it4ip.be/
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clogging the nanopores. In order to remove these unwanted crusts, 

both faces of the template were gently rubbed on a polishing pad 

covered with alumina paste [alumina micropowder (average diameter 

~ 1 µm) mixed with UPW]. Both surfaces of the template were then 

abundantly rinsed with UPW and dried in air for a few minutes. 

 

Release of PPy intersected nanotubes frameworks. PET membranes were 

metallized with a supporting layer of chromium (3 nm) further coated 

by a gold layer (20 nm). PC templates in which nanostructured PPy 

frameworks were polymerized were deposited over metallized PET 

membranes. Large amounts of fresh dichloromethane (Vol. ~ 30 mL) 

were then poured dropwise over the template until complete 

dissolution of PC was achieved. The released PPy frameworks 

supported over PET membranes were finally air-dried at room 

temperature for about 1h prior to microscopy analysis. 

 

SEM and STEM Observations. Samples were observed with a field-

emission scanning electron microscope (JSM-7600F, JEOL) equipped 

with a transmission detector. Observations were performed at 15 keV. 

 

6.4.2 Biofunctionalization of PPy nanostructures 

Polymers & other material supplies. Dried sodium hyaluronate [HA, Mw 

~ 151-300 kDa] was purchased from Lifecore Biomedical. Type I 

Collagen G from bovine calf skin [Col, 0.4% solution in 15 mmol/L HCl, 

4 mg/mL] was purchased from Biochrom AG. Cross-linking agents, 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride [EDC, 98+%] 

and N-hydroxysulfosuccinimide sodium salt [s-NHS, ≥ 98%] were 

purchased from Acros and Sigma-Aldrich, respectively. Sodium chloride 

[NaCl, ACS reagent, ≥ 99%] and hydrochloric acid solution [HCl, 0.1 N in 

aqueous solution] were purchased from Sigma-Aldrich, while sodium 

hydroxide solution [NaOH, 0.1 N in aqueous solution] was bought from 

VWR.  
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Biomimetic LbL (Col/HA) coating of PPy nanostructures. Col solutions were 

prepared at a final concentration of 1 mg/mL by diluting the stock 

solution in UPW, and the pH of this solution was further adjusted at pH 

4 (using HCl 0.1 N). HA solutions were prepared at a concentration of 1 

mg/mL and pH was further adjusted at pH 4 (using NaOH 0.1 N). All 

solutions were freshly prepared and gently stirred for at least 20 min 

right before use. The cross-linking solution was prepared, right before 

use, by adding EDC and s-NHS at a final concentration of 100 mg/mL 

and 11 mg/mL respectively, to UPW adjusted at pH 4 (using HCl 0.1 N). 

After their release from PC templates, self-supported PPy frameworks 

were successively dipped in a solution of HA for 30 min, then rinsed for 

5 min in the construction medium (UPW adjusted at pH 4), prior to 

being immersed in a Col solution for 2 h. Dipping time in Col solution 

was set at 2 h, following recommendations from the previous work of 

Landoulsi et al.71 This process of alternate dipping of PPy 

nanostructures in solutions of HA and Col was cycled 3 to 18 times until 

the desired number of [Col/HA] bilayers was achieved (6 bilayers were 

most commonly deposited). The LbL deposition was carried out at 4 °C. 

Right after completion of the LbL construction, coated PPy 

nanostructures were immersed in the cross-linking solution [EDC 100 

mg/mL & s-NHS 11 mg/mL in UPW pH 4] and stored at 4 °C for at least 

48 h, following an adaptation of the protocol of Picart et al.72 After 

cross-linking, the coated samples were rinsed 4 times for 10 min each 

in UPW at pH 4 to avoid any harmful effect of unreacted EDC/s-NHS on 

cells. Samples were then transferred to the construction medium (UPW 

pH 4) and stored at 4 °C until further characterization. 

 

QCM-D monitoring of the biomimetic (Col/HA) LbL build-up. The self-

assembly of the chosen biomacromolecules on reference substrates 

was monitored step by step using quartz crystal microbalance with 

dissipation monitoring (QCM-D). The LbL construction was carried out 

on gold-coated quartz crystals [AT-cut 5 MHz crystals coated with 100 

nm Au, Q-Sense, Gothenburg (Sweden)]. Crystals were first cleaned in 

a piranha solution [H2O2 30% (Prolabo, VWR, Leuven, Belgium)/H2SO4 

95% (Prolabo, VWR, Leuven, Belgium), 1:2 v:v] for 20 min, before being 
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thoroughly rinsed with ultrapure water and dried under nitrogen flow. 

All measurements were performed in a Q- Sense E4 system 

[Gothenburg, Sweden] following the same protocol: resonance 

frequencies of the crystals were obtained under buffer for the different 

overtones, and the shifts of frequency (Δf) and of dissipation (ΔD) were 

both monitored as a function of time upon stepwise injection of each 

of the two biopolymers. 

 

Adsorbed protein mass quantification: The total mass of protein (i.e., Col) 

adsorbed the nanostructured PPy frameworks was quantified using a Micro 

BCATM Protein Assay Kit (Thermo Scientific). This kit allows dilute protein 

concentrations (0.5-20 µg/mL) to be determined, relying on the colorimetric 

detection of cuprous ions (Cu+), produced through the reduction of Cu2+ ions 

by proteins under alkaline conditions. Briefly, the kit protocol was adapted 

as follows: the PPy frameworks were first immersed in test tubes filled with 

1 mL of pH 11.25 buffer (MA reagent of Micro BCATM kit, Thermo Scientific. 

Probable composition [Ref.4.7.a]: aqueous solution of 8% Na2CO3.H2O, 1.6% 

NaOH, 1.6% Na2 tartrate and sufficient NaHCO3 to adjust the pH to 11.25) 

containing 1% v/v sodium dodecyl sulfate (SDS), thoroughly vortexed and 

incubated for 2 h at 60°C in a water bath, so as to trigger the deconstruction 

of the Col/HA multilayer and the solubilisation of the Col protein. After 

solubilisation of the multilayer compounds, 1 mL of working reagent was 

added to each tube, which was consecutively vortexed and incubated 1 h at 

60°C. The working reagent itself was freshly prepared by mixing a 

bicinchoninic acid (BCA) solution (MB reagent of Micro BCATM kit, Thermo 

Scientific. Probable composition [Ref.4.7.a]: aqueous solution of 4% 

CuSO4.5H2O) and SDS in the proportions 50/47/2/1% v/v. After 1 h of 

reaction, the tubes were cooled to room temperature, and thoroughly 

vortexed before 1 mL of each sample-specific tube was transferred to a 

cuvette whose absorbance was read at 562 nm using a UV/Vis. 

spectrophotometer. Collagen standards with a concentration ranging from 

3.13 µg/mL to 100 µg/mL were prepared by successive dilution of a Col stock 

solution (4 mg/mL) in a 1% v/v SDS solution within the kit pH 12 buffer. A 

standard curve, relating each standard absorption at 562 nm to its known Col 

content, was finally plotted and used to infer the Col content of the 

biointerfaces. The absorbance of a bare PPy framework, containing no 

protein and incubated in the working reagent, was used as blank and 
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substracted from the 562 nm reading of all other samples. All samples 

absorbance was measured within 10 minutes. 

Fourier Transform Infrared analysis. The in-situ Fourier transform 

infrared (FTIR) spectroscopy in attenuated total reflection (ATR) mode 

experiments were performed with a Nexus 870 FT-IR spectrometer 

(Nicolet, USA) coupled to a Continuum microscope (Thermo Spectra-

Tech, USA). Unmodified and biofunctionalized PPy frameworks were 

deposited on a Si crystal and ATR-FTIR spectra, averaged over 128 

scans, were recorded in the range of 400-4000 cm-1 with 8 cm-1 

resolution. The spectra were analysed using the software OMNIC. 

 

AFM colloidal probe nanoindentation tests. The reduced modulus and 

adhesion force of bare and biofunctionalized PPy frameworks was estimated 

using the Force-Volume mode equipped on a Bruker Dimension-Icon system. 

Micro -colloidal probes consisting in a silica sphere (5-µm diameter) mounted 

on a silicon cantilever was purchased from Novascan (PT.SiO2.SI.f) and used 

for all measurements. A triangular modulation of 1 Hz was applied to the 

piezoelectric scanner so as to bring the colloidal probe in contact with the 

sample surface, indent it and subsequently withdraw from the surface. The 

calibration process was carried out as follows: the spring constant (k) was 

determined via thermal tuning (3.66 N/M). The deflection sensitivity (89.09 

nm/v) was obtained by imaging a silicon wafer. All reference samples were 

provided by Bruker. The force setpoint was set at a value of 40 nN. The 

calibrated parameters were kept constant for further mapping along the 

sample surface. The bead functionalizing the probe having a diameter of 5 

µm, a force-distance curve was recorded forevery 5-µm square area within a 

50 x50 µm array of the sample surface. 300 force-curves were recorded for 

each sample category and later treated using the Nanoscope and Igor 

softwares to estimate the reduced modulus and adhesion force. 

 

6.4.3 Cell adhesion and proliferation tests 

In vitro cell culture of MC3T3-E1. Progenitor cells of the MC3T3-E1 

Subclone 14 pre-osteoblast cell line, derived from mouse calvaria 

(ATCC® CRL-2594TM) were used in this study. MC3T3-E1 cells were 



Biofunctionalized & self-supported PPy frameworks 

321 
 

routinely cultured in α-MEM medium supplemented with 10% (v/v) 

foetal bovine serum (FBS, Lonza) (excluded from FBS-free adhesion 

tests), 1% (v/v) sodium pyruvate (solution 100 mM, Sigma-Aldrich) and 

1% (v/v) pen-strep (10,000 U/mL penicillin & 10,000 µg/mL 

streptomycin, Gibco®) at 37 °C with 5% CO2. The supplemented culture 

medium was renewed every 3 days and confluent cells were 

subcultured through trypsinization (Trypsin EDTA, Lonza) until reaching 

passage 23, where the cells were seeded either on nanostructured PPy 

frameworks (uncoated or (HA/Col)6-coated) or control substrates 

(virgin or (HA/Col)6-coated circular glass slides, Ø 10 mm, Thermo 

Scientific). All samples were sterilized with 70% ethanol for 30 min 

followed by 4 times rinsing with sterile PBS prior to cell seeding. The 

samples were kept in a 24-well plate (Costar® Ultra-low attachment 24 

well plate from Corning), and 500,000 cells were seeded per well 

(volume of solution per well = 1 mL). 

 

Cell morphology observation. To observe cell attachment and spreading 

on PPy frameworks (both uncoated and (HA/Col)6-coated) and control 

substrates (both uncoated and (HA/Col)6-coated glass slides), MC3T3-

E1 cells were seeded on the samples and cultured for 24 h and 6 days. 

At both time points, cells were fixed with a 4% (w/v) paraformaldehyde 

solution in PBS for 20 min at room temperature. The samples were then 

washed 2 times with a 0.05% Tween-20 solution in PBS (rinsing buffer). 

The cells were permeabilized using a 0.1% (v/v) Triton X-100 solution in 

PBS for 5 min. The samples were then rinsed twice and incubated in 1% 

BSA (Sigma-Aldrich) solution in PBS (blocking buffer) for 30 min at room 

temperature, to prevent non-specific binding. Subsequently, 

immunostaining of cells was initiated: in order to label focal contacts, 

cells were incubated with a solution of mouse anti-vinculin antibody 

(1:175 in blocking buffer) (FAK100, Millipore) during 1 h at room 

temperature. Cells were then washed 3 times and reacted with (FITC)-

conjugated secondary antibody (1:150 in PBS) (AP124F, FITC-

conjugated goat anti-mouse IgG, Millipore) for 1 h at room 

temperature. To detect actin filaments simultaneously, (TRITC)-

conjugated phalloidin (1:100 in PBS) (FAK100, Millipore) was added in 

the secondary antibody solution. Finally, the substrates were washed 3 
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times before being mounted in Vectashield containing DAPI (Vector 

Laboratories, Peterborough, UK) to stain the nuclei. Immunolabeled 

cells were observed using an epifluorescence microscope (Olympus, 

IX71). In order to further analyse the cell-material interactions by SEM, 

cell-seeded samples were washed three times with PBS, gradually 

dehydrated in 20, 40, 60, 80 and 100% ethanol for 5 min each, covered 

with hexamethyldisilazane and left to dry overnight in a fumehood. The 

samples were finally sputter-coated with 10 nm gold prior to imaging. 

 

DNA quantification. The number of adherent cells on the substrates 

after 24 h of culture (initial seeding density: 500,000 cells/well) with or 

without 10% FBS (Lonza), was quantified using a CyQUANT® 

Proliferation Assay kit (Molecular Probes, USA).After 24 h of culture, 

adherent cells were rinsed twice with sterile PBS before being detached 

from their corresponding substrate using trypsin and collected in a 

cryotube. Cell suspensions were then centrifuged at 1500 RPM for 5 

min at 4 °C to recover cell pellets. After being washed with sterile PBS 

to remove all traces of phenol red (which might interfere with the 

CyQUANT® kit) and subsequently centrifuged, cells pellets were frozen 

at -80 °C. Before the start of the assay, the concentrated cell lysis buffer 

(CLB) provided with the CyQUANT® kit was diluted 20 times in ultrapure 

water. A reagent solution was then freshly prepared by diluting 80 

times the CyQUANT® DNA-labelling GR dye with the prepared CLB 

solution, and kept protected from light. Cell pellets were thawed and 

resuspended in 200 µL of the CLB/GR dye solution. The obtained cell 

suspensions were independently transferred to a 96-well microplate. 

One well containing only the CLB/GR dye solution (i.e., with no cell) was 

used as blank. The fluorescence intensity of each well was then 

measured with a Tecan Infinite M200-PRO microplate reader with an 

excitation and emission wavelength set at 480 nm and 520 nm, 

respectively. In order to build a calibration curve displaying the 

fluorescence intensity as a function of the cell number, reference 

pellets containing 500,000 MC3T3-E1 cells were resuspended in CLB 

and serially diluted (by a factor 2) in the wells of a 96-well microplate, 

so as to span cell numbers from 244 to 250,000 cells. CLB/GR dye 
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solution was then added to each well to reach a final volume of 200 µL, 

whose fluorescence intensity was measured. Three repetitions of the 

calibration curve were achieved per sample group (i.e., with or without 

addition of FBS). For each repetition, a well containing only the CLB/GR 

dye solution (i.e., with no cells) was used as blank. 

 

6.4.4 Cell differentiation tests 

Cell seeding, proliferation and induction of differentiation. MC3T3-E1 cells 

at passage 23 were seeded at a density of 500,000 cells/well on all samples 

on the same day for all tested durations (i.e., 7, 14 and 21 days) following the 

classical procedure described above. One specific 24-well plate (Costar® 

Ultra-low attachment 24 well plate from Corning) was used per incubation 

time (i.e., one specific plate for the 7-day period, another for the 14-day 

period and a last one for the 21-day period). Cells seeded on the samples 

were first allowed to proliferate within proliferation medium for 7 days 

before being switched to differentiation medium. The proliferation medium 

was the classical culture medium previously described (i.e., α-MEM 

supplemented with 10% (v/v) FBS, 1% (v/v) sodium pyruvate and 1% (v/v) 

pen-strep). During this 7-day proliferation phase, the culture medium was 

renewed every 2 to 3 days. At the end of the 7-day proliferation phase, 

differentiation of the cells was induced by replacing the proliferation 

medium with an osteogenic medium. The osteogenic medium was obtained 

by supplementing the proliferation medium with 400 µM L-ascorbic acid and 

10 mM β-glycerophosphate. Solutions of L-ascorbic acid and β-

glycerophosphate were prepared by solubilizing respectively L-ascorbic acid 

powder (Sigma) and β-glycerophosphate powder (Sigma) in Dulbecco’s 

Phosphate-buffered saline (DPBS, Gibco). Prior to their use, both solutions 

were autoclaved and sterile filtered. The three differentiation periods 

investigated (i.e., 7, 14 and 21 days) started on the same day, at the moment 

at which the osteogenic medium was added (day 0 of the differentiation test, 

7 days after initial cell seeding). The osteogenic medium was renewed every 

2 to 3 days. Throughout the proliferation and differentiation protocols, the 

cells were maintained in culture in an incubator at 37°C with 5% CO2 and 95% 

humidity. At the end of each differentiation period, cells and culture media 

from the corresponding plate were retrieved and frozen at -80°C.  
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ALP activity quantification. The level of intracellular ALP activity was 

quantified by a colorimetric assay using para-nitrophenylphosphate (p-NPP), 

a chromogenic substrate for phosphatase enzymes such as ALP. In basic 

conditions and in the presence of divalent cationic cofactors (e.g., Mg2+ or 

Zn2+), ALP catalyzes the hydrolysis of p-NPP wich liberates an inorganic 

phosphate and p-nitrophenol. Unlike p-NPP which is colorless, p-nitrophenol 

under alkaline conditions has a yellow color and a strong absorbance at 405 

nm. Therefore, the amount of p-nitrophenol produced from p-NPP can be 

extracted from absorbance measurements at 405 nm using an 

absorbance/p-nitrophenol calibration curve. ALP activity is thus defined as 

the quantity of p-nitrophenol produced per unit time [nmol.min-1]. Prior to 

starting the assay, the following solutions were freshly prepared. For the 

establishment of the absorbance/p-nitrophenol calibration curves, a solution 

of 20 mM p-nitrophenol (4-nitrophenol, spectrophotometric grade, Sigma) 

was prepared within the cell lysis buffer (CLB) provided in the CyQUANTTM 

proliferation assay kit (see DNA quantification). A CLB/GR-dye 5X solution 

was also prepared (see DNA quantification). The reagent solution containing 

10 mM p-NPP (4-nitrophenyl phosphate disodium salt hexahydrate for 

enzyme immunoassay, Sigma) and 10 mM MgSO4 (Magnesium sulfate hepta-

hydrate, ≥99% purity, Sigma-Aldrich) was prepared on a 

carbonate/bicarbonate buffer at pH 10.5. The carbonate/bicarbonate buffer 

was itself prepared by solubilizing sodium carbonate (Sodium carbonate 

decahydrate, ≥99% purity, Fluka) and sodium bicarbonate (Sodium 

bicarbonate, 99.7+%, for analysis ACS, Acros Organics) into UPW. The 

reagent solution was protected from light throughout the assay. A stop 

solution containing 0.1 M NaOH and 0.1 M ethylenediaminetetraacetic acid 

(EDTA, Titriplex III, Millipore) was prepared in UPW. The stop solution was 

used to disrupt the enzymatic reaction at the end of the allocated reaction 

time. Indeed, the high pH of the solution combined with the presence of 

EDTA chelating the divalent cofactor has the effect of disturbing the enzyme 

and stopping the reaction. In order to establish the absorbance/p-

nitrophenol calibration curve, serial dilutions (with factor 2) of the p-

nitrophenol solution were performed in the wells of a 96-well plate so as to 

span p-nitrophenol concentrations ranging from 0.007 to 18 mM. The stop 

solution was then added to bring the total volume to 200 µL. For each 

triplicate of the calibration curve, one well containing only the CLB and stop 

solution (i.e., without any p-nitrophenol) was used as a blank. In order to 
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quantify the intracellular ALP activity, cell pellets retrieved from each specific 

samples which were frozen at -80°C were thawed. Given that the number of 

cells present in each cell pellet needed to be quantified in parallel with the 

ALP activity (see DNA quantification, hereunder), the thawed cells were 

resuspended in the CLB/GR-dye solution. After thorough vortexing, 100 µL of 

each cell suspension were transferred into the wells of the 96-well 

microplate. 80 µL of the reagent solution were then sequentially added to 

each well. The enzymatic reaction was left to occur for 30 min at 37°C, after 

which 20 µL of stop solution were sequentially added to each well to disrupt 

the reaction. One well filled with a cell suspension to which the stop solution 

was added prior to the reagent solution in order to prevent any reaction, was 

used as a blank. Readout of the absorbance at 405 nm was then performed 

with a Tecan infinite M200-PRO plate reader. 

DNA quantification. In order to normalize the ALP activity measured for each 

sample by the respective number of cells adhering on that sample, a 

fluorometric DNA quantification assay was performed in parallel with the ALP 

assay. As for the cell adhesion tests, a CyQUANTTM Proliferation Assay kit 

(Molecular Probes) was used. What remained of each sample lysate after the 

ALP assay was diluted four times in CLB and 200 µL of the resulting diluted 

lysate were dispensed into the wells of a 96-well plate. The same protocol of 

DNA quantification as the one described for the cell adhesion tests (see DNA 

quantification in section 6.3.3 hereabove)was then applied. 

Normalized ALP activity computation. The ALP activity of each sample was 

computed from the absorbance/p-nitrophenol calibration curve whereas the 

number of cells adhered on each sample was determined from the 

fluorescence/cell number calibration curve. In order to normalize the ALP 

activity measured for each sample and enable their comparison, the ALP 

activity of each sample was divided by its respective cell number, resulting in 

a normalized ALP activity expressed in [nmol.min-1.cell-1]. 

Relative osteoblastic differentiation values computation. In order to enable 

a comparison to be drawn between normalized ALP activities measured from 

independent iterations, the normalized ALP activities measured at a given 

timepoint (i.e., 7, 14 or 21 days) were pooled as a function of the sample 

category and their mean was further divided by a reference value. This 

reference value was chosen as the highest mean normalized ALP activity 
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measured for a positive control (i.e., the normalized ALP activity of bare glass 

at day 14). 

Statistical analyses. All the results presented for the cellular tests (i.e., cell 

number, normalized ALP activity and relative osteoblastic differentiation) are 

expressed as mean ± standard deviation. Levene’s test was used to assess 

the equality of variances (homoscedasticity) between the compared groups. 

A difference between the variances of the populations was deemed 

significant for a p-value < 0.05. Whenever the homoscedasticity hypothesis 

had to be rejected, Welch’s ANOVA (exempt from any assumption regarding 

the equality of variances between the compared groups, on the contrary to 

the classical ANOVA) was used to detect a significant difference between the 

means of groups. A difference between the mean of groups was deemed 

significant for a p-value < 0.05. Welch’s ANOVA was followed by a Games-

Howell post hoc test (alternative to the Tukey-Kramer post hoc test on the 

equality of the means of two populations in the cases where the data violate 

the assumption of homogeneity of variances) for multiple pairwise 

comparisons of the means. Differences were considered significant 

whenever p-value < 0.05. Whenever the homoscedasticity hypothesis was 

respected, a classical one-way ANOVA was used to compare the means of 

groups. The classical ANOVA was followed by a Tukey’s Honestly Significant 

Difference procedure for multiple pairwise comparisons of the means. 

Differences were again considered significant for a p-value < 0.05. 
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Supporting information 6 

S.I.6.1 Pre- versus post-polymerization coating of PPy NTs 

Pre-polymerization coating process of individual PPy NTs. In order to 

functionalize the outermost surface of PPy NTs which will be polymerized 

during the second stage of the process, the first step entails the LbL assembly 

of a polymer multilayer inside PC templates with parallel nanopores. This LbL 

construction was achieved via sequential dipping of the template into 

solutions of oppositely-charged polymers. Polymers used consisted of 

fluorescent-tagged PEs, so as to easily track the soft polymer coating with 

epifluorescence microscopy. It is noteworthy to mention that, following 

evidences that PPy exerts a fluorescence-quenching effect (see section S.I.6.2 

and Fig.S6.2), a spacing interlayer consisting of non-fluorescent synthetic PEs 

(PAH and PSS) was intercalated between the PPy NT surface and the 

fluorescent multilayer to avoid direct energy transfer. Dissolution of the PC 

template after completion of the LbL assembly, collection of the tubular 

multilayers over a PET filter and epifluorescence imaging of the system 

clearly evidenced the synthesis of a high number of soft fluorescent NTs of ~ 

21 µm long (in accordance with the thickness of the PC template) (Figure S6.1 

B1). Reaching the second phase of the process, Py monomers were 

chemically polymerized inside the previously-assembled polymer multilayers 

embedded in their template. The resulting NTs were freed from their 

template, collected over a PET filter and imaged using epifluorescence 

microscopy (Fig. S6.1 B2). Two distinct populations of NTs could be observed 

: soft and fluorescent polymer NTs (corresponding to the soft LbL-assembled 

polymer shell) on the one hand, and dark rigid NTs (identified as the PPy core) 

on the other hand. Further imaging this system under SEM (Fig. S6.1 B3) and 

STEM (Fig. S6.1 B4) modes allowed us to formulate a hypothesis regarding 

these observations. Most NTs were observed to either consist in highly 

flexible, soft polymer NTs (i.e., the fluorescent multilayers observed under 

optical microscopy) with no trace of a stiffening PPy core or, on the opposite, 

in stiff PPy NTs (i.e., the dark and rigid NTs observed under optical 

microscopy) showing no trace of a soft polymer coating. A small minority of 

NTs, displayed in Figures S6.1 B3 & B4, were evidenced to display a hybrid 
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structure with a small portion of stiff PPy core embedded at the ends of a 

soft shell. The portion of stiff PPy core was observed to be strictly limited to 

the first few micrometers inside of the soft polymer shell. This lead to the 

hypothesis that polymerization of Py monomers inside the LbL multilayer 

was somehow impaired due to the very nature of the soft polymer 

multilayer. Indeed, under aqueous conditions such as the ones used 

throughout the Py polymerization process, the PEM initially covering the 

template nanopore walls is likely to swell and give rise to a highly hydrated 

gel, which might prevent the diffusion and adsorption of Py monomers along 

the functionalized pore walls. This assertion is further demonstrated by the 

observation, under STEM (Fig. S6.1 B4), of a clear demarcation line (i.e., 

corresponding to the diffusion front of the Py monomers inside the soft PEM) 

between the dark and opaque PPy and the rest of the soft PEM shell. It can 

therefore be concluded that the pre-polymerization coating approach is a 

failure because the swollen nature of the PEM in such a confined 

environment as a nanopore, prevents the further diffusion and 

polymerization of Py monomers. The presence of 3 distinct populations of 

NTs can thus be explained as follows. Most PEMs totally block the diffusion 

of Py monomers which results into soft and fluorescent NTs with no trace of 

PPy core. As a consequence, Py monomers are left to diffuse and polymerize 

mostly in nanopores where the self-assembly of PEs was unsuccessful or not 

fully complete, yielding rigid PPy NTs with no trace of LbL functionalization. 

Finally, a minority of hybrid structures are created whenever Py monomers 

manage to diffuse and polymerize a few micrometers into the PEM-

functionalized pores. 

Post-polymerization coating process of individual PPy NTs. The post-

polymerization coating process entails, first, the polymerization of Py 

monomers inside the PC template, subsequent dissolution of the template 

and collection of the resulting NTs over a PET filter which is then alternately 

dipped in solutions of oppositely-charged PEs. Epifluorescence imaging of the 

supported PPy NTs before (Fig. S6.1 C1) and after (Fig. S6.1 C2) LbL assembly 

clearly highlights the presence of the soft polymer coating functionalizing the 

PPy core, as the NTs become embedded in a fluorescent multilayer. 
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S.I.6.2 Fluorescence-quenching effect of PPy 

The fluorescence-quenching effect exerted by PPy was evidenced both 

on flat substrates and NTs. While adsorbing a fluorescent-labelled (PAA/PAH-

FITC)3 multilayer on a flat PC membrane in a LbL fashion gives rise to a 

homogeneously green-fluorescent coating (Figure S6.2 A1), polymerizing a 

crust of PPy over the PC template prior to initiating the LbL assembly of the 

fluorescent multilayer totally suppresses the fluorescent signal (Fig. S6.2 A2). 

This phenomenon is to be attributed to the dissipation of the energy which 

should have been released as fluorescence as resonance into the resonating 

aromatic rings of the PPy core (PPy being highly conductive to electron and 

energy transfer). Intercalating an insulating multilayer of non-fluorescent PEs 

having a thickness of only a few nanometers between the PPy and the 

fluorescent coating, allows to restore the fluorescent signal (Fig. S6.2 A3), 

further proving our point. The fluorescence emission is not homogeneous 

over the entire surface, as it is probably restricted to areas where the 

multilayered spacer homogeneously covers the PPy. The same phenomenon 

was observed when coating PPy NTs with a fluorescent multilayer. In absence 

of an interlayer able to insulate the PPy from the fluorescent shell, no 

fluorescent signal could be detected in the vicinity of the PPy NTs (Figure S6.2 

B2). In contrast, upon adsorption of an insulating multilayer, a clear 

fluorescence emission coming from the functionalized PPy NTs could be 

detected (Fig. S6.2 B3). 
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S.I.6.3 Optimal ionic strength conditions for the assembly 

of a (HA/Col) multilayer on nanostructured PPy 

frameworks 

In line with the conclusions drawn in Chapter 4 regarding the optimal 

conditions to trigger the self-assembly of Col and HA, their assembly on 

matrices of intersected PPy NTs was carried out at pH 4.0 either under low 

(i.e., UPW, I = 10-4 M) or physiological ionic strength (i.e., NaCl 0.15 M, I = 

0.15 M). When deposited at high I (Figure S6.3 a-b), the biomimetic 

multilayer was observed to coat the PPy NTs less homogeneously ; some 

parts of the network showing no visible presence of a soft polymer coating 

(Fig. S6.3 a), whereas other areas of the same sample displayed a granular 

adlayer gluing tubes together (Fig.S6.3 b). In contrast, coating the PPy 

matrices under low I required fewer deposited bilayers (6 versus 12 bilayers 

in a 0.15 M NaCl environment) to give rise to a microscopically detectable 

soft polymer shell, smoothly covering all the NTs (Figure S6.3 c). The higher 

reliability of the self-assembly conducted under low I contrasts with the 

previous observation that higher I was needed (I = 0.15 M) to drive the 

assembly of tubular multilayers inside porous templates displaying a nano-

confined environment (see Chapter 4). However, it is perfectly in line with 

the conclusions drawn from QCM-D experiments where the assembly of Col 

and HA on flat substrates was evidenced to yield a thicker multilayer in the 

absence of salt (see Table 4.1, Chapter 4). The diffusion of 

biomacromolecules through the highly porous network of PPy NTs is more 

than probably eased compared to the situation of template nanopores and, 

as a result, the interaction of Col and HA and their subsequent adsorption 

under a rod-shaped conformation is enhanced in an environment with low 

charge-screening capacity. Nanostructured PPy frameworks thus display a 

similar regime of biopolymer-coating as quartz microcrystals due to their 

high porosity which lowers the diffusion barrier to macromolecules even 

when in an elongated state. 
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(a) (b) 

(c) 

Figure S6.3 SEM images showing a side view of a PPy framework coated with 
(a & b) 12 bilayers of HA & Col assembled in 0.15 M NaCl pH 4.0 and (c) 6 
bilayers of HA & Col assembled in UPW pH 4.0. 
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S.I.6.4 Aerial views of bare and biofunctionalized PPy 

frameworks 

 

 

  

Figure S6.4 SEM images showing an aerial view of PPy frameworks (a & b) 
before biofunctionalization [a : low magnification and b : high magnification] 
and (c & d) after LbL deposition of 6 bilayers of HA & Col. 
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Figure S6.5 SEM images showing an aerial view of PPy frameworks after 
deposition of an increasing number of (HA/Col) bilayers : (a) after 3 bilayers, 
(b) 6 bilayers, (c) 9 bilayers, (d) 12 bilayers and (e) 18 bilayers. Different 
magnifications are purposely displayed to highlight the homogeneous 
coverage of the PPy NT networks with the biomimetic (HA/Col) multilayer. 
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S.I.6.5 Adhesion of MC3T3-E1 pre-osteoblast cells 
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Figure S6.7 SEM images of cell-seeded 
biointerfaces after 6 days of culture in vitro 
(initial seeding density 60,000 cells per mL): cells 
(asterisk) adhering on (A 1-2) bare glass slide 
[positive control]. 
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S.I.6.6 Negative control for cell adhesion tests : PTFE 

membranes 

 

Figure S6.8 Epifluorescence microscopy image of 
immunostained MC3T3-E1 cells cultured for 3 days on PTFE 
membrane (negative control) [initial seeding density 100,000 
cells.mL-1]. The image is a combination of red (actin, 
cytoskeleton), green (vinculin, FA) and blue (DNA, nucleus) 
channels. 
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S.I.6.7 Evidence of a structural change of the biomimetic 

coating undergoing dehydration 

Figure S6.9 evidences that the fibrillary network spotted on 

biofunctionalized samples has to be attributed to a structural change of the 

(HA/Col)6 coating upon dehydration [serial immersion in ethanol solutions 

and hexamethyldisilazane, see Experimental section] rather than to a de novo 

synthesis of ECM by the seeded cells. Indeed, this fibrillary network is 

observed both on interfaces which did and did not contact cells, but only 

provided that they are functionalized with a biomimetic (HA/Col) coating and 

underwent a dehydration process (Figure S6.9 C1-2 & D1-2). In contrast, no 

fibrillary network could be observed on unmodified samples (Figure S6.9 A1-

2) whereas (HA/Col)-coated systems which did not undergo the dehydration 

process displayed a biofunctionalizing multilayer with a typical highly 

hydrated, gel-like morphology (Fig. S6.9 B1-2). 
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S.I.6.8 Soft statistical treatment of osteogenic 

differentiation data 

(b) 

Figure S6.10 Relative osteoblastic differentiation (reference = bare glass at day 14) of 
cells cultured on the studied samples in the presence of osteogenic medium for (a) 7 
days, (b) 14 days, and (c) 21 days. Error bars represent standard deviation. Bars topped 
with different Greek letters indicate statistical significance when ignoring unequal 
variances (p-value < 0.05 computed via consecutive ANOVA and Tukey HSD post hoc 
test). The black dotted line represents the value of the reference (i.e., bare glass at day 
14). 

(c) 

(a) 
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Chapter 7 

Conclusions and future prospects 

This last chapter will summarize the main achievements obtained 

throughout this work as well as suggest new avenues of investigation. 

In the first result-oriented chapter, Chapter 4, optimal conditions 

leading to the successful LbL assembly of two biomacromolecules, Col & HA, 

were identified. Assembly was shown to occur at pH 4.0, whether under low 

(UPW) or high ionic strength (NaCl 0.15 M) conditions, owing to the opposite 

polarity of the global charge carried by the two molecules in these 

conditions. Evidences were further raised regarding the substrate-

dependence of the optimal conditions triggering this assembly. On flat 

substrates, a thicker film was obtained when assembling the biopolymers at 

low ionic strength whereas a higher ionic strength was required to initiate 

the construction within confined nano-environments (i.e., template 

nanopores). We hypothesized that the increased thickness deposited on flat 

substrates at low ionic strength is the result of a more sustainable LbL 

process under these conditions, the biomolecules interacting more strongly 

with each other and the substrate under low charge-screening conditions. 

Moreover, this increased interaction probably further reduces the tendency 

of the polymers to leave the surface in the form of soluble complexes. The 

need for higher charge-screening conditions to trigger the assembly within 

nanopores was attributed to the prevalence of the hydrodynamic radius as 

limiting factor for the diffusion of macromolecules along the nanopores. 

Based on this observation, biomimetic (Col/HA) NTs were reproducibly 

synthesized but were evidenced to lack the adequate mechanical properties 

to give rise to self-supported supramolecular architectures. 

In order to confirm the conclusions drawn from Chapter 4, monitoring 

the assembly of the macromolecules under a broader range of ionic strength 

values both on flat substrates and within templates with different pore sizes 

would be of great interest. 

Following the evident lack of mechanical stability of the matrices built 

using biopolymers, two strategies were developed with a view to impart 

increased mechanical properties while preserving bioactivity. 
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The first strategy, discussed in Chapter 5, consisted in adding ceramic 

nanoparticles to the LbL buildup so as to synthesize composite materials. 

After careful optimization of the assembly parameters (concentration of the 

colloidal phase, method of incorporation and location within the polymer 

multilayer), both individual and matrices of intersected composite NTs were 

successfully produced. Both mechanical (i.e., based on AFM nanoindentation 

tests) and morphological (i.e., based on visual observations) indices pointed 

out to the successful stiffening of the NTs, as the composite NTs were shown 

to display a less flexible morphology (evidenced by the lower data dispersion 

around the median value for morphological indices) and a significantly 

increased (~38 % higher) elastic modulus compared to native biopolymer 

NTs. Microscopic observations seem to indicate that a certain level of control 

is possible regarding the location of NPs incorporation within the polymer 

multilayer. Indeed, NTs with a soft outer layer were achieved when silica 

colloids were incorporated within the internal layers of the tubes whereas a 

rough external surface was evidenced when adding the particles to the 

external layers. However, no difference in the mechanical properties of the 

resulting constructs could be highlighted.  

Cell culture investigations and, all the more biomedical applications are 

conditional on the availability of a easy-to-handle material. The synthesized 

nanocomposite interfaces are still too fragile to fall in that category, which 

has impeded their biological characterization in this work. Any method which 

would further improve the mechanical properties of the structures by 

addressing their brittleness and tendency to delaminate would be of high 

interest. Starting from the premise that, on one hand, the natural ECM 

mostly consists of a meshwork of intertwined proteins embedded within a 

highly viscoelastic gel of polysaccharides and that, on the other hand, the 

interconnected porosity of our engineered matrices is dispensable given that 

its size is too low for cells to penetrate it; we could think of embedding the 

interfaces within a biodegradable gel in an attempt to overcome their 

brittleness. The production of this gel would have to be strictly controlled so 

as to make sure it is restricted to the inner porosity of the matrices and does 

not mask the topography (i.e., extremities of the NTs) which would be left 

sticking out of the gel to interact with cells. 

Even though the foreseen applications in tissue engineering and 

regenerative medicine might be out of reach at this point, the engineered 
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composite matrices still offer outstanding opportunities as 

multifunctionalizable nanostructured platforms bridging the gap between 

mechanical stability and preservation of the bioactivity of native 

biomacromolecules. The tremendously high specific surface area of these 

matrices, developed both at the microscale by the well-ordered array of 

intersected NTs they are made of and at the nanoscale, by the high amount 

of silica colloids contained in each tubular building block, could be taken 

advantage of in the following applications: 

(i) Provided that the SiO2 NPs are proven biocompatible, they could 

be pre-incubated with valuable drugs, so as to create 

complexes, before being integrated in the LbL assembly of the 

nanotube arrays which could then be used as implantable or 

skin-contacting drug-delivery platforms with a high exchange 

surface area. 

(ii) Similarly, functionalizing the colloids with proteins known to 

bind a specific ligand with high affinity (i.e., enzymes, 

antibodies, etc.) and finding a way to translate the binding event 

into a detectable signal (e.g., an electrical signal) could lead to 

opportunities of using the synthesized frameworks as 

biosensing devices with high sensitivity. Such interfaces could 

also be used in vitro as highly sensitive membranes for 

immunoassays (e.g., ELISA, etc.). 

(iii) The use of the composite nanostructures as nanocatalytic 

platforms enabling the high-throughput transformation of 

pollutants or the synthesis of products of high added value 

could also be considered, provided that the colloidal ceramic 

phase is adequately functionalized. 

The second approach developed with a view to improve the mechanical 

properties of artificial matrices of intersected NTs was discussed in Chapter 

6 and involved the polymerization of a rigid framework of intersected PPy 

NTs which were further biofunctionalized with a biomimetic (HA/Col) 

multilayer. This strategy resulted in self-supported matrices displaying 

tunable features (i.e., average tube diameter, porosity and thickness). Two 

very different tube diameters (i.e., 40 and 300 nm) were investigated and 

both yielded self-supported PPy architectures. These interfaces were robust 

enough to be used for cell culture assays and were thus biologically 

characterized. Both bare and biofunctionalized systems of either tube 
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diameter were evidenced to be as cytocompatible as glass (a common 

positive control for cell culture). A preliminary differentiation test assayed 

the ability of the synthesized biointerfaces to influence the early events (i.e., 

ALP expression) of differentiation in murine pre-osteoblast cells and 

evidenced a general positive impact of the biointerfaces on cell 

differentiation. Indeed, most artificial matrices triggered a higher relative 

osteodifferentiation than glass (although not always statistically significant). 

In particular, ECM-like matrices with 300-nm diameter NTs coated with a 

(HA/Col)6 biomimetic multilayer, those coated with a multilayer and further 

functionalized with HyAp and those with biofunctionalized 40-nm diameter 

NTs all significantly favored the advent of the early osteogenic differentiation 

phase in MC3T3-E1 cells (after a period of 7, 14 and 21 days, respectively). 

These results tend to highlight a synergistic effect of the biomimetic coating 

combined with the nanotopography, as all the best performing systems are 

actually coated and nanostructured. However, no distinctive effect of either 

the coating alone or the average diameter of the nanotopographical cues 

could be extracted. 

The differentiation test presented in this work is a preliminary assay as 

it only involved the quantification of a single osteogenic marker. Hence, the 

collected results should be further corrected and refined through 

quantification of other differentiation markers (e.g., osteocalcin, 

osteopontin, bone sialoprotein, etc.). Furthermore, in addition to the 

quantification of the protein marker in itself, the relative quantities of the 

messenger RNAs specific to each of these proteins could be compared. In 

order to segregate the specific effect of interlinked parameters such as 

surface chemistry, mechanical properties and nanotopography, a set of 

differentiation tests should be carried out in parallel on several controls (e.g., 

surfaces with various tailored nanotopographies and constant elastic 

modulus, substrates of constant stiffness but varying chemistry,etc.). As the 

ALP activity is known to peak at the beginning of the osteogenic 

differentiation, it would be interesting to probe differentiation periods 

shorter than 7 days. In addition, more biologically-relevant controls should 

be added to the tests as a way to compare the performances of the ECM-like 

matrices designed in this work with those of commercially available products 

(e.g., matrigel®, demineralized bone matrix, etc.). Up to know, the biological 

relevancy of the biointerfaces were only assessed using murine 



Conclusions & future prospects 

355 
 

osteoprogenitor cells. It would be highly interesting to carry out a similar 

study with related cell types issued from another organism (e.g., 

osteoprogenitor cells of human origin) and multipotent cells (i.e., stem cells 

of human and/or murine origin). 

Finally, even though tissue engineering applications of these ECM-like 

systems might still be years away from present day; more straightforward 

applications for such multifunctionalizable nanostructures of high surface 

area could be found in the fields of drug delivery, biosensing or nanocatalysis. 

 

 

 

 

 

 

 

 


