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The study of biomaterials for dental repair has attracted considerable attention in recent years, 

particularly in the context of the increasing regenerative capacity of stem cells from the dental 

pulp.1,2 This growing interest focuses largely on the repair of dentin, the bulk of the tooth, that 

surrounds the dental pulp. Damage to dentin caused by external factors such as deep caries, 

trauma, attritions, etc. can lead to dental hypersensitivity, dentinal sclerosis and even high risk 

of infection. In extreme cases, these events can lead to the exposure of the pulp, thus 

compromising its structural integrity.  

Various methods have been developed to address dental pulp injuries/wounds, including direct 

pulp capping, which involves placing a biologically active material directly on the exposed 

pulp.3,4 This material triggers a pulp response that promotes the formation of a reparative dentin 

bridge, thereby preserving the vitality of the dental pulp, essential for the long-term survival of 

the tooth.5 Pulp capping materials incorporating silicon have proved to be more effective in 

inducing such a pulp response than their silicon-free equivalents.6,7 In this respect, silicon, 

recognized as an essential trace element for bone tissue regeneration8–10, holds great promise 

for modulating the fate of stem cells from the dental pulp due to its osteogenic and angiogenic 

properties. However, the specific effects of silicon on pulp cells behavior remain relatively 

unexplored in the scientific literature. 

Dentin is composed of an apatite-like mineral phase and an organic phase rich in collagen.11 Its 

formation is initiated by pulp stem cells, which differentiate and synthesize an extracellular 

matrix (ECM) rich in type I collagen that subsequently mineralizes.12 Mimicking this 

collagenous ECM is therefore a foundational approach for studying the mineralization 

processes of dentin and even bone. Existing research indicates that collagen gels prepared by 

plastic compression can achieve a collagen fibrillar density comparable to that of the native 

dentin ECM and can be seeded with cells prior to gelation to produce cellularized gels.13–15 

However, the variability of protocols found in the literature - such as differences in the 

concentrations of acetic acid solutions used to solubilize collagen, the concentrations of sodium 

hydroxide used to adjust acidic collagen solutions, and the sufficient number of cells to induce 

mineralization - necessitated to develop an adapted formulation suitable for the pulp stem cells 

used in this study.14,16–18 In our first study, we optimized the formulation of collagen hydrogels 

to create 3D dense gels, and analyzed their physical and mechanical properties. Then, these gels 

were seeded with pulp stem cells derived from deciduous and adult teeth to assess their response 



 

3 

 

to the gel microenvironment. Ultimately, human dental pulp stem cells (hDPSCs) were chosen for 

further investigations. 

In the next steps, this research project attempts to fill the gaps existing in the understanding of the 

impact of silicon on hDPSCs. Literature provides sufficient evidence that silicon in its bioavailable 

form, silicic acid (Si(OH)4), has a beneficial effect on bone8,19,20, which shares similar 

characteristics to dentin.21 These beneficial effects are even more pronounced in osteoporotic 

patients, where an increase in bone volume has been observed following varying durations of oral 

ingestion and doses of  Si(OH)4.
22,23 The direct effect of silicon on bone cells has also been 

demonstrated in vitro, showing improved osteoblastic differentiation and mineralization in the 

presence of Si(OH)4.
24–26 However, the reported effective doses in the literature vary depending on 

the cells, and there is no consensus on the effective dose of Si(OH)4 to promote beneficial effect. In 

our second study, we assessed the impact of soluble silicon on hDPSCs within 3D dense collagen 

gels optimized in the first study. To achieve this, we evaluated the viability, cell differentiation, and 

mineralization in the presence of physiological (10 µM, similar to blood levels27) and 

supraphysiological (100 µM) concentrations of silicic acid. 

Most dental pulp capping materials contain silica particles (SiO2) often coupled with calcium oxides 

(CaO). 28–30 Understanding the role of silicon in these products also involves studying the effects 

of silica-based nanoparticles (NPs), as found in commercial products. Here, we set out to compare 

two forms of NPs: pure silica (SiO2) and bioglasses (SiO₂-CaO). Similar to silicic acid, these 

nanomaterials have shown beneficial effects in bone tissue mineralization. By integrating them into 

the collagen matrix, our goal was to elucidate their impact on the fate and function of dental pulp 

stem cells, which constituted our third and final study. For this purpose, characterization tests of 

the synthesized NPs were conducted, and when incorporated into collagen matrices, we studied the 

cell viability and resulting mineralization in vitro. 

This interdisciplinary project stems from the collaboration between two partners: (1) laboratory of 

condensed matter chemistry in Paris, specializing in material chemistry and characterization, and 

its MATBIO team, recognized for its expertise in collagen extraction coupled with collagen 

material preparation, and (2) the BRIO laboratory, focused on biology, pathologies, and 

malformations of the oro-cranio-facial sphere and mineralized tissues in particular. The latter has 

developed expertise in extracting stem cells from dental pulp and histological characterization of 

tissues in recent years. 
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The combination of this set of skills has enabled the development of a methodological and rigorous 

approach that provides insights into the role of silicon in the formation of dental tissues, particularly 

dentin, thus expanding the scope of knowledge in the field of dental tissue regeneration/reparation. 

This project focus on two main goals: (1) the optimization of the formulation of collagen gels and 

(2) the understanding of the complex interaction between silicon (soluble form and nanoparticles) 

and dental pulp stem cells in a collagenous hydrogel, designed to mimic the dentin native ECM. 

This thesis manuscript comprises four chapters: 

• Chapter 1: Literature review on dentin structure, composition, and formation, as well as 

the role of silica-based materials in dentin repair, and the existing knowledge on the 

relationship between silicon and bone, 

• Chapter 2: Study of the impact of fibrillogenesis conditions and cell density on the 

mineralization of plastically-compressed collagen hydrogels by human dental pulp stem 

cells (first study), 

• Chapter 3: Effects of soluble silicon on the mineralization of plastically-compressed 

collagen hydrogels by human dental pulp stem cells (second study), 

• Chapter 4: Effects of silicon-releasing nanoparticles on the mineralization of plastically-

compressed collagen hydrogels by human dental pulp stem cells (third study). 
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I.1. Dentin-pulp complex histophysiology 

Tooth is formed of three mineralized tissues, enamel, dentin and cementum, surrounding a non-

mineralized soft tissue, the dental pulp:1 Dentin, the bulk of the tooth, protects the pulp, which 

itself ensures the “vitality” of the dental organ.2 The interdependent development of dentin and 

pulp, their anatomical proximity, and their closely coupled/integrated function throughout the 

life of the tooth, account for the concept of the dentin-pulp complex.2–5 

 

Figure I.1: Structures of the tooth 6 

I.1.1. Dentin 

I.1.1.1.  Extracellular matrix composition 

Dentin is a complex, heterogenous, porous, and avascular biocomposite material with unique 

elastic properties (compressive elasticity modulus 18-24 GPa), providing essential support to 

the tooth.4,7 Physically and chemically, dentin bears as strong resemblance to bone. It is made 

up of 70 w-% (50 vol-%) inorganic matter and 20 w-% (30% vol-%) organic matrix, the 

remaining fraction being water. 2,5,8–10 

The inorganic (mineral) phase consists of nanometer-sized plate crystals of a carbonate-

substituted hydroxyapatite (Ca10(PO4)6-x(OH)2-y)(CO3)x+y, where 0 ≤x ≤6, 0 ≤y ≤2).5 The 

organic component is about 90% collagen (mainly type I), and 10% non-collagenous proteins 

(NCPs) including different proteoglycans, growth factors, enzymes, and phospholipids.8,9 
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Table I.1: Cells and extracellular matrix (ECM) components in dentin and pulp1,10,11 

 Dentin Pulp 

Cells Only odontoblats (cytoplasmic processes) Fibroblasts (pulpoplasts), Dental pulp 

stem/progenitor cells, vascular cells, 

pericytes, neural cells, histiocytes, 

macrophages, dendritic cells, 

lymphocytes, mast cells 

  

Collagens (90%) Type I (98%) 

(+Type III, V)  

Type I (56%) 

Type III (41%) associated with 

fibronectin 

(+Types V, VI) 

Fibrillin-containing microfibrils 

Form  Thin fibrils – 100nm periodicity 

Non-collagenous proteins (10%) 

Phosphorylated matrix 

proteins: the SIBLINGs 

family (Small Integrin-

Binding Ligand N-

linked Glycoproteins) 

 

Others 

Dentin sialophosphoprotein (DSPP) cleaved 

into Dentin sialoprotein (DSP) and Dentin 

phosphoprotein (DPP) 

Dentin matrix protein-1 (DMP-1) 

Bone sialoprotein (BSP) /integrin-binding 

sialoprotein (IBSP) 

Osteopontin (OPN) 

Matrix extracellular phosphoglycoprotein 

(MEPE)  

 

DSPP > DSP, DPP  

 

DMP-1 

BSP 

 

OPN 

MEPE 

 

Nestin 

Non phosphorylated 

matrix proteins  

Vitamin K-dependent glycoproteins : 

Osteocalcin (OCN), Matrix GLA protein MGP 

Secretory calcium-binding phosphoprotein 

(SCPP) family: Osteonectin (secreted protein, 

acidic and rich in cysteine-SPARC) 

OCN 

 

Osteonectin 

 

 

Tenascin 

Fibronectin 

   

Proteoglycans and 

glycoamino-glycans 

Sulfated GAGs: 

small leucine-rich proteoglycans (SLRP) 

family:  

Class I: Chondrotin sulfate/ dermatan sulfate 

(CS/DS) PGs - Decorin, biglycan 

Class II: Keratan sulfate (KS) PGs- lumican, 

fibromodulin, osteoadherin 

Large aggregating PGs: 

 

 

Non sulfated GAGs:  

-/- 

 

 

 

Class I: CS/DS PGs - Decorin, 

biglycan 

Class II: KSPGs - lumican, 

fibromodulin, osteoadherin 

Class III: CS/DS/KS PGs - epiphycan 

and mimecan: osteoglycin 

Versican 

 

Hyaluronic acid 

Also expressed in 

ameloblats 

Amelogenin 5-7kDa  
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Growth factors Transforming growth factor-beta (TGF-β) 

Bone morphogenetic Protein-2 (BMP-2) 

Fibroblast growth factor (FGF-2) 

Insulin-like growth factor (ILGF-I and -II) 

Vascular endothelial growth factor (VEGF) 

Platelet-dervied growth factor (PDGF) 

TGF-β1 

BMP-2 

FGF-2 

Tumor necrosis factor α (TNF- α) 

Hepatocyte growth factor (HGF) 

Lymphocyte enhancer-binding factor 1 

(LEF1) 

   

Matrix proteinases Enzymes:  

Alkaline phosphatase (ALP) 

Acid phosphatases 

Serine proteases 

Metalloproteinases (MMPs)  

Collagenases: MMP-1, -8, -13 

Gelatinases A: MMP-2, B: MMP-9 

Stromelysin 1: MMP-3  

Membrane-type MMPs: MT1-MMP 

Enamelysine: MMP-20 

ADAMs and ADAMTS Thrombospondin1 

Collagenase inhibitors:  

Tissue Inhibitors of MMPs (TIMP-1 to -3) 

 

ALP (nonspecific ALP, TNAP) 

Acid phosphatases 

 

 

 

Collagenases: MMP-1, -8, -13 

Disintegrin and MMP-28 (ADAM28) 

Cysteine cathepsin 

Dipeptidyl peptidase II 

PMN elastase 

 

 

TIMPs 

   

Serum proteins HS2-glycoprotein, albumin, lipoproteins  Fibronectin of serum origin 

   

Phospholipids Membrane and extracellular-mineral-

associated phospholipids 

Membrane and ECM 

phospholipids 

 

I.1.1.2.  Structure of dentin 

Structurally, dentin consists of three layers: the outer mantle dentin, adjacent to enamel; the 

inner circumpulpal dentin, predominantly composed of inter- and peri-tubular dentin, forming 

the bulk of the tooth; and predentin at the pulp interface. 

Mantle dentin is a 5 to 30 µm thick layer, with an organic matrix apparently devoid of 

phosphoproteins and less regular in the structure than the rest of the dentin.2,8,12,13 It also lacks 

large dentinal tubules; instead, there are multiple thin ramifications of tubules in their matrix. 

Unlike the rest of dentin, mantle organic matrix contains collagen fibrils type III (von Korff 

fibers) with a minor portion of type I.14 Mineralized globular structures, around 2 µm in 

diameter, isolated or in groups, are present within the mantle dentin network.2 

Dentin tubules and (inter- and peri-) tubular dentin. From the dentino-enamel junction 

(DEJ) cementum at the root to the predentin at the junction with the pulp chamber, dentin is 

traversed by canals or tubules (dentinal tubules) (Figure I.2 A) housing odontoblastic processes 
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for all or part of their course, and fluid, making it highly permeable.4,10,15–17 Tubular number 

density is approximatively 18 000 to 28 000 dentinal tubules per mm.2 18,19 They are more 

numerous and larger in the inner layer of dentin than in the outer layer.18 Each tubule is lined 

with a 0.5 to 1 µm cuff thick hypermineralized peritubular dentin (Figure I.2 B).7,17 Several 

studies have concluded that peritubular dentin mostly contains apatite crystals with little 

organic matrix (no collagen).17,20,21 The tubules are embedded and separated from each other in 

a mineralized type I collagen matrix (intertubular dentin), which constitutes the major part of 

dentin. Most of the collagen fibers in the intertubular dentin are arranged randomly in a plane 

perpendicular to the dentinal tubules and interweave in a mesh/lattice (Figure I.2 B).5 The 

number of odontoblasts corresponds to the number of dentinal tubules.5 Amounts of inter- and 

peritubular dentin vary considerably within the tooth. Whereas the volume of peritubular dentin 

volume increases from the DEJ towards the pulp, intertubular dentin volume decreases.4 

Nonetheless, peritubular dentin represents only a small proportion of the total dentin in human 

teeth, which contains mainly intertubular dentin.3 These changes within the tooth may explain 

the differences in hardness observed in dentine, since peritubular dentine is much harder than 

intertubular dentine.5 Dentin is harder in its center than near the pulp and at its periphery. 

 

 

 

 

Figure I.2: SEM images of dentin. (A) Longitudinal view showing dentinal tubules 7. (B) Cross section of dentin. 

Non fibrillar, spongy and porous peritubular (or intratubular) dentin around each tubule (large arrows). The internal 

surfaces (intertubular dentin) exposed by the fragmentation of the PTD are clearly collagen fibrils (thin arrows).17 

 

 

Intertubular dentin  

Peritubular dentin 
(PTD) 

(A) (B) 
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Predentin and mineralization front 2,5,9,22 

Predentin is a 10-30 µm unmineralized layer secreted by odontoblasts and located at the dentin 

pulp interface between odontoblast cell bodies and mineralized dentin. It consists principally 

of type I collagen, which acts as a scaffold for mineralization. Whereas predentin gradually 

mineralizes into intertubular dentin at the mineralization front under the control of non-

collagenous proteins (glycoproteins, proteoglycans, and enzymes), its thickness remains 

constant, as the calcified amount is balanced by the secretion of a new, unmineralized matrix. 

Peritubular dentin is absent from the predentin and starts at a certain distance from the 

mineralization front. The mineralization front is irregular and displays globular mineralized 

protuberances known as calcospherites. This protein-rich layer is present during dentinogenesis 

and throughout the lifetime of the tooth. 

I.1.1.3.  Cells : odontoblasts and odontoblastic processes 1,2,11,23 

Odontoblasts are highly specialized, polarised cells derived from the neural crest. They are post-

mitotic cells (i.e. lost the ability to divide) and their primary function is to secrete dentin during 

dentinogenesis. Functional odontoblasts are made up of two distinct parts: a cell body and its 

extension, the odontoblastic process. The cell bodies are in the pulp, outside the mineralized 

tissue whereas the odontoblastic processes pass through the predentin and rest inside the 

dentinal tubules. The process consists of one main trunk with numerous lateral branches along 

its length. These lateral branches lie inside the canaliculi and interconnect the tubules, enabling 

cell-cell and cell-matrix communication. The process begins at the collar of the cells, i.e. just 

above the apical junctional complex where the cell gradually begins to narrow as it enters 

predentin. This transition between the cell body and the process is also marked by cytological 

changes. The cytoskeleton of the processes lacks major organelles but is full of microtubules 

and filaments (actin, vimentin, tubulin, nestin) arranged in a linear pattern along their length. 

Secretory granules, coated vesicles and pits can also be seen in the processes, suggestive of 

pinocytotic activity along the cell membrane. Synthesis of the predentin/dentin components 

occurs in the cell bodies, whereas only secretion and reabsorption occur at the processes. 

I.1.2. Pulp 

The pulp tissue is a loose connective tissue that occupies the central part of the tooth, known as 

the pulp cavity. This cavity is divided into a coronal part, termed the pulp chamber, and a 
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radicular part, termed the root canal. The pulp extends longitudinally along the pulp cavity from 

the pulp chamber to the termination of the root canal at the apical foramen, where it 

connects/communicates with the periodontal ligament. Nerves, blood vessels, and lymphatic 

vessels enter and exit the tooth through the apical foramen. Additional connections between the 

pulp and the periodontal tissues may also be present via the lateral canals along the lateral 

surface of the root. These communications between the pulpal portion of the tooth and the 

periodontium tissue provide nutrition for the pulp but may also be routes for the extension of 

disease from one tissue to another. Like other connective tissues, the dental pulp consists of 

three main components: pulp cells, collagens fibers, and ground substance rich in proteoglycans 

and glycoproteins with large amounts of water.5,22 (Table I.1) 

I.1.2.1. Pulp ECM composition 1,5,11,24,25 

The pulp has a soft, gelatinous consistency, reflecting a high-water content (75% in weight and 

80% in volume) and the remainder being organic matter. Healthy pulp does not contain any 

mineral components. Both fibers and ground substance make up the ECM. The ground 

substance contains mainly chondroitin sulfates, hyaluronates and proteoglycans, and interstitial 

fluid. These proteoglycans contribute to high tissue pressure of the pulp and help in cell 

migration (hyaluronan) and cell adhesion (syndecan). Although also found in dentin, there are 

differences in the distribution of proteins in the two tissues. Fibronectin, for example, is more 

prevalent in the pulp (both pulp and serum origins) and has been visualised in abundance 

between the lateral aspects of the odontoblastic cell bodies, around the blood vessels and in the 

core of the pulp.26 When it comes to collagenous proteins, type I collagen and type III are 

prominent in the pulp, in contrast to the predominantly type I in dentin. The presence of type 

V, VI and fibrillin have also been reported. 

I.1.2.2. Cellular composition of the pulp 

An outer layer of odontoblasts lines the pulp cavity, followed by a cell-free layer and then a 

cell-rich zone comprising fibroblasts, progenitors (stem cells), as well as vascular, neuronal 

and immune system cells 1. (Figure I.3)   

Odontoblast cell bodies 1,11,24,25,27 

The odontoblastic layer, subjacent to predentin, consists of odontoblastic cell bodies grouped 

in four to five rows lining the peripheral wall of the pulp. Odontoblast cell bodies are columnar 



 

16 

 

(in the crown) and around 50 µm high, with large nuclei lying on the basement membrane. 

Immediately near to the nucleus basically, are well-developed rough endoplasmic reticulum 

(RER), mitochondria, and Golgi apparatus. The RER contributes to the ECM synthesis, and the 

golgi apparatus and multivesicular bodies (at the central part) to the terminal steps of ECM 

synthesis and in the control of degradation after the re-internalization of molecules cleaved by 

metalloproteases (MMPs). In the distal cell body, the RER is abruptly interrupted, and small 

mitochondria are present at the junction between the cell body and the process. Many cells 

display cilia that may play a role in the response of odontoblasts to external stimuli.28 The 

morphology of odontoblasts reflects their functional activity and ranges from an active 

synthetic phase (elongated, basal nucleus, dispersed chromatin, basophilic cytoplasm, 

prominent golgi zone) to a quiescent phase (stubby, apical and hematoxophilic nucleus, 

condensed chromatin, little cytoplasm). The odontoblast cell bodies are linked distally near the 

predentin by junctional complexes. As previously mentioned, the odontoblast layer acts as a 

protective barrier, restricting the passage of materials along the extracellular pathway. This is 

due the nature of junctions, mostly desmosomes and gap junctions, and a few occluding (tight) 

junctions. 
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Figure I.3: Zones of the pulp. (A) Histological cross-section of the pulp.  1-odontoblast zone, 2-cell-free zone, 3-

cell-rich zone, 4-pulp core, A-dentin, B-nerve, C-blood vessel.29 (B) Diagram of odontogenic zone illustrating 

odontoblast, cell-free, and cell-rich zones, with blood vessels and nonmyelinated nerves among odontoblasts.27 

Dental stem cells derived from the dental pulp are undifferentiated mesenchymal stem cells (MSCs) 

resident in the dental pulp. They are normally in close contact with blood vessels, and isolated 

populations of progenitor cells include dental pulp stem cells (DPSC) within permanent tooth pulp30 

and, when isolated from the pulp of temporary tooth, human exfoliated deciduous teeth stem cells 

(SHED).31 They display a fibroblast-like morphology, plastic adherence, and express MSC and 

embryonic cell markers such as Oct4, Nanog, Sox-2 and SSEA, without expressing hematopoietic 

surface markers (CD14, CD45, CD34).30,32–36 Like other MSCs, they can self-renew and differentiate 

into several lineages, including odontogenic, osteogenic, adipogenic, muscular and neuronal cells when 

given the proper signals.37–39 In addition, they have the advantage of being highly proliferative. 

However, it is important to note that, similar to other MSCs, dental progenitor cells are an heterogeneous 

population of cells featuring major differences in the expression of MSC-associated markers, 

proliferation rates, and differentiation potential.40–44 Thus, depending on their characteristics - 

multipotent or unipotent, with a high or low proliferation capacity - their contribution to cell-based 

therapies and regenerative approaches is likely to be quite different. 45,46 Stem cells sourced from dental 

pulp offer a simpler harvesting process compared to those from bone marrow, traditionally recognized 

(B) (A) 
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as the primary postnatal MSC source. This accessibility highlights dental pulp as a valuable reservoir of 

stem cells, holding significant scientific interest for various clinical applications.47 
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I.2. Dentin formation and mineralization process 

I.2.1. Dentin formation – dentinogenesis 

I.2.1.1. Initial dentin formation 

Dentin formation involves a complex interplay between the differentiation of odontoblasts and 

the biomineralization process. Odontoblasts, specialized cells located at the periphery of the 

pulp tissue, differentiate from dental papilla mesenchymal cells and migrate towards the dentin-

pulp interface during tooth development.48 As odontoblasts mature, they begin to synthesize 

and secrete extracellular matrix components, primarily type I collagen, which form the organic 

matrix of dentin. This process occurs in two main stages: (i) the secretion of predentin, a non-

mineralized matrix precursor, followed by (ii) the deposition of hydroxyapatite crystals onto 

the predentin matrix, leading to mineralization and the formation of mature dentin 2,10,11 (Figure 

I.4). Unlike other mineralized tissues like bone, cementum or mantle dentin where matrix 

vesicles (MVs) play a crucial role in mineral nucleation, odontoblasts do not release MVs for 

the biomineralization of circumpulpal predentin.49 Rather, they secrete phosphorylated 

proteins, lipids, and other factors necessary for appositional calcification at the mineralization 

front. It is worth noting that MVs have been implicated in the mineralization of reparative dentin 

under injury.50,51 

Pattern of mineralization. Histologically, there are two patterns of dentin mineralization - 

globular and linear calcification. Globular (or calcospheric) calcification involves crystal 

deposition in distinct areas of the matrix, forming globular masses that eventually merge into a 

single calcified mass. This pattern is prominent in mantle dentin, where MVs initiate 

mineralization foci that grow radially and fuse. In circumpulpal dentin, mineralization can occur 

in either globular or linear patterns. The size of the globules is related to the rate of dentin 

deposition, with faster deposition resulting in larger globules. Slower deposition leads to a more 

uniform mineralization front, characterized as linear. Despite some crystal growth as dentin 

matures, the final crystal size remains small, about 3 nm thick and 100 nm long. Apatite crystals 

in dentin resemble those in bone and cementum but are 300 times smaller than those found in 

enamel.5,27 
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Figure I.4: Biomineralization process: nucleation and growth of hydroxyapatite crystals within the collagen 

fibrils of the extracellular matrix. ACP=Amorphous calcium phosphate.52 

I.2.1.2. Functions of dentin matrix proteins in the mineralization process 

Dentin non-collagenous proteins (NCPs) mainly consist of phosphorylated proteins of the 

SIBLING (i.e. small integrin-binding ligand N-linked glycoproteins) family, including dentin 

sialoprotein (DSP), dentin phosphoprotein (DPP), bone sialoprotein (BSP), dentine matrix 

protein-1 (DMP-1), osteopontin (OPN), and matrix extracellular phosphoglycoprotein (MEPE). 

Their coding genes are located on human chromosome 4 and their Arg-Gly-Asp (RGD) motif 

functions in signalling and acts as a nucleation factor for the mineralization process by 

regulating the formation of hydroxyapatite (HAP) crystals.53–59 

DMP1 is expressed in differentiating odontoblasts and can influence the fate of stem cells, 

directing them towards dentin-producing cells. 60,61 It can bind to calcium ions and initiate HAP 

nucleation.53 DSPP (i.e. dentin sialophosphoprotein) is processed into DPP, DSP and DGP.5 

DPP is the most expressed NCP in dentin matrix.58,62 It is highly anionic and have a high affinity 

for calcium, transports it to the mineralization front and controls the growth of apatite 

crystals.63–65 It also possesses a signal transduction function and can initiate mesenchymal stem 

cell lineage-specific dental differentiation.66–68 DSP acts as a ligand in an RGD-independent 

manner and is involved in intracellular signalling via interaction with integrin β6. Moreover, 
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the DSP domain regulates DSPP expression and odontoblast homeostasis via a positive 

feedback loop.69 A study showed that DSP has limited effects on in vitro apatite formation and 

growth.70 Recent studies showed that BSP is not highly expressed in odontoblast or dentin in 

developing teeth, while it is highly expressed in osteoblast and cementoblast at early stage of 

differentiation.71,72 Instead, BSP is strongly expressed during reparative dentinogenesis.71,73 

OPN can bind calcium ions, cause HAP nucleation and promote matrix mineralization by 

controlling the shape and size of HAP crystals.74–78 Some data indicate that this molecule has 

an inhibitory effect on HAP formation and growth.79,80 MEPE expression is expressed in 

odontoblast during tooth formation 81 and has also been reported to have inhibitory effects on 

mineralization.82–84 Thus, SIBLING molecules probably interact to balance mineralization 

promotion and inhibition. 

Other ECM molecules found in dentin, such as osteocalcin (OC) and small leucine-rich 

proteoglycans (SLRP) like decorin and biglycan, play an important role in the regulation of 

mineralization.85 OC is the most NCP in bone 86 but has also been detected in smaller amounts 

in the cell bodies and processes of odontoblasts, reaching the dentino-enamel junction where it 

is believed to influence the maturation of adjacent enamel.87,88 SLRPs present in predentin are 

widely considered essential in collagen fibril formation and arrangement89,90 and play a role in 

mineralisation events via their ability to bind calcium.91,92 

I.2.2. Types of dentinogenesis 1,2,5,9,27 

There are many approaches in the literature to classify the different forms of dentinogenesis. 

Here, we propose the following: (i) based on time of formation - primary dentinogenesis and 

secondary dentinogenesis, and (ii) based on external stimulus - tertiary dentinogenesis. During 

the life of the tooth, physiological factors, aging and disease are likely to have an impact on the 

type of dentin formed.7,93 

I.2.2.1. Primary dentinogenesis 

Primary dentinogenesis takes place during tooth development. It leads to the formation of the 

very first physiological dentin and includes both mantle and circumpulpal dentins. The 

deposition rate of primary dentin is 4 µm/day. 
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I.2.2.2. Secondary dentinogenesis 

After primary dentinogenesis, i.e. once the root is complete for some, or the tooth appears in 

the dental arch for others, dentin formation continues in the form of secondary dentin. 

Secondary dentin secretion is four times slower than primary dentin, as the secreting 

odontoblast seems to have fallen into a semi-inactive, semi-active form. However, the chemical 

composition and structural organization of primary and secondary dentin are identical. The 

process occurs regularly all over the life of tooth, but not uniformly. More secondary dentin 

formation is seen on the roof and floor of the pulp chamber, causing progressive reduction in 

its size and asymmetric decrease in the root canal volume/space. It is physiologic and in no way 

pathologic. Secondary dentin also includes circumpulpal dentin. 

I.2.2.3. Tertiary dentinogenesis: pulp response to external agression 

The tertiary dentine is secreted in response to an aggression (caries, abrasion, erosion, 

restorative procedure…) to protect the underlying pulp. Such stimulation switches the cells 

from their inactive phase to an active phase. In contrast to physiological secondary dentin, 

tertiary dentin is deposited on the pulpal surface of dentin only in the affected area (Figure I.5). 

Reactionary dentin. In the case of low to moderate aggression (without destruction of 

odontoblasts), an innate defense mechanism is initiated by preexisting odontoblasts, i.e. 

odontoblasts that have originally differentiated during the development of the tooth germ, to 

secrete reactionary dentin. Its structure is more or less similar to the physiological dentin. 

Reparative dentin. When the damage is significant and the odontoblastic layer is altered, a 

reparative dentin is produced by newly odontoblast-like cells that have differentiated from a 

pool of dental mesenchymal pulp stem cells. The dentinal healing process starts by the 

migration of dental stem cells to the site of injury where they differentiate into odontoblasts. 

Dental stem cells differentiation is associated with the release of sequestered TGF-β following 

physical damage and activation of Wnt signalling.94–96 Thus, the presence of TGF-β in dentin 

tubules assists in the formation of reparative dentin. These signalling molecules not only 

contribute to the mineralization process but also promote the migration and pro-inflammatory 

activation of immune system cells.97 Reparative dentin is usually in the form of a thin dentinal 

bridge occluding the exposure site, or a bone-like structure (osteo-dentin) filling partially or 

totally the pulp. 
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Figure I.5: Two types of tertiary dentine formation. (a) reactionary dentinogenesis following moderate dentin 

injury if primary odontoblasts are present to secrete dentine, and (b) reparative dentinogenesis if odontoblasts have 

been damaged or destroyed and if the formation of tertiary dentine is performed after stem/progenitor cell 

recruitment by odontoblast-like cells.98 



 

24 

 

I.3. A therapeutic application of the regeneration potential 

of dentin pulp-complex: direct pulp capping 

Preserving the vitality of the dental pulp is a necessity for the long-term survival of the tooth in 

the oral cavity. Pulpless teeth lose their ability to perceive and respond to environmental stimuli, 

as well as their capacity to produce dentin. As a result, they are no longer able to detect the 

progression of caries and are more vulnerable to the forces of mastication.99–101 In cases of pulp 

exposure following trauma or injury, direct pulp capping is often recommended as the treatment 

of choice.99,102,103 This approach involves the placement of a bioactive material directly over 

the exposed (wounded) pulp to stimulate the dentinogenic potential of pulp stem cells so as to 

produce reparative dentin.102,104 A successful pulp capping material relies of its ability to 

promote the formation of a long-term sealed protective barrier and maintain pulp tissue 

vitality.102,104,105 This well-established technique has been the subject of extensive research, 

with early reports of mediocre success rates (using materials such as calcium hydroxide - 

Ca(OH)2) due to the failure to control bacterial contamination, thereby raising concerns about 

its clinical efficacy.106–109 However, recent investigations utilizing biocompatible products with 

superior sealing capabilities, such as mineral trioxide aggregate (MTA), Biodentine, and other 

calcium silicate cements, have been associated with significantly higher success rates in the 

management of both traumatic and cariously exposed teeth.110–112 

I.3.1. Calcium silicates materials used for dental pulp capping 

 I.3.1.1. 1st generation: MTA  

ProRoot MTA White, launched in the 1990’s by Dentsply Sirona (York, PA, USA), comprises 

tri- and di- calcium silicates, tricalcium aluminate, bismuth oxide and gypsum. Other variations 

like ProRoot MTA Gray, MTA Angelus (Angelus, Londrina, Brazil), Grey MTA Plus (Avalon 

Biomed, Bradenton, FL, USA), EndoCem MTA (Maruchi, Gangwon-do, Korea) and Ortho 

MTA (BioMTA, Daejeon, Korea), among others, are available, with MTA White being the 

most prevalent.105 Bismuth oxide and calcium sulfate serve as the radiopacifier and setting 

modifier, respectively. Its advantages include sealing ability, biocompatibility, bioactivity and 

dentin bridge formation with little inflammation and necrosis of the pulp.113–115 However, its 

antibacterial effect is debated.116 MTA showed an antibacterial effect on some of the facultative 
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bacteria but no effect on any of the strictly anaerobic bacteria.117 Drawbacks include long 

setting times, poor handling, and potential tooth discoloration.115,118,119 Reported initial setting 

times vary from 50 and 70 min.119,120 Handling properties are influenced by the particles size 

(1 to 40 μm), their wide distribution, and low to middle circularity.121 Tooth discoloration is 

linked to both gray and white MTA, possibly influenced by factors like blood contamination 

and exposure to light and oxygen.122,123 However, animal and human studies generally favour 

MTA over Ca(OH)2 for pulp healing, attributing its success to the formation of a quality hard-

tissue barrier subjacent to MTA.107,110,111,124 

  I.3.1.2. 2nd generation: Biodentine 

Biodentine, introduced in 2009 by Septodont (Saint-Maur-des-Fossés, France), comprises tri-

and di- calcium silicates, calcium carbonate and oxide, iron oxide and zirconium oxide (as a 

radiopacifier) in its powder.105 Unlike traditional mixing with water, it is mixed with a calcium 

chloride solution containing modified polycarboxylates. This unique combination reduces 

initial setting time to 10-12 minutes. Calcium chloride speeds up hydration, while 

polycarboxylates maintain proper consistency, easing handling. Calcium carbonate acts as a 

nucleation site, enhancing hydration for faster setting. Biodentine's finer particles, with a 

specific surface area about 2.8 times larger than MTA Angelus White, further expedite 

setting.125 Studies indicate that its efficacy is comparable to that of MTA in the direct capping 

of exposed molar pulps, with a favourable pulp response and the formation of a complete 

dentine bridge.126,127 

Table I.2: Properties of two pulp capping agents, adapted from128 

 MTA (ProRooT MTA White) Biodentine 

Composition Powder: Portland cement (tricalcium silicate, 

dicalcium silicate, tricalcium aluminate) 75%, 

bismuth oxide 20%, calcium sulfate dihydrate 

(gypsum) 5% 

Liquid: water 

Powder: tricalcium silicate, dicalcium 

silicate, calcium oxide, calcium 

carbonate, zirconium oxide, iron oxide  

 

Liquid: calcium chloride, water-soluble 

polymer, water 

Setting reaction MTA + water → calcium hydroxide + calcium 

silicate hydrate 

2[3CaO.SiO2]+6H2O→3CaO.2SiO2.3H2O+3Ca(OH)2 

2[2CaO.SiO2]+4H2O→3CaO.2SiO2.3H2O+Ca(OH)2 

Biodentine + water → hydrated 

calcium silicate gel + calcium 

hydroxide 

2[3CaO.SiO2]+6H2O→3CaO.2SiO2.3H

2O + 3Ca(OH)2  

Final Setting time 

(min) 

261 ± 21 129  

228.33 ± 2.88 130 

45.0 131  

85.66 ± 6.03 130 
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Consistency Granular, « sandy » mixture Uniform, putty-like 

Handling + ++ 

Bond strength to 

dentin  

(After 7/14 days) 

0.85 ± 1.42 / 4.96 ± 4.54 132 9.75 ± 2.19 / 9.34 ± 1.01 132 

Solubility at 24h (%) 1.28 ± 0.02 120 ; 10.89 ± 0.48 133 11.83 ± 0.52 133 

Initial/Endpoint pH 12.48/11.56 134 ; 10.99/7.20 133 11.98/11.16 135 ; 11.63/9.21 133 

Ca release (ppm) 15.7 – 27.4 133 18.0 – 95.3 133 

Tooth discoloration + - 

Seal to dentin Chemical and/or micromechanical adhesion, penetration in dentinal tubules 

 

I.3.2. Healing potential after pulp exposure 

 I.3.2.1. Inflammatory response 

Upon exposure/damage of the dental pulp, an inflammatory reaction is initiated in the remaining 

healthy pulp tissue. This reaction is characterized by an accumulation of inflammatory cells, 

which release host pro-inflammatory cytokines, such as IL-6-8-1α, and tumor necrosis factor-

alpha (TNF-α).47,97,136 These proinflammatory mediators can have both detrimental and 

beneficial effects on pulp tissue, depending on their concentrations.137 High levels of cytokines 

such as TNF-α can lead to pulp tissue degradation events to the point of causing pulp cell death 

and impaired stem cell differentiation.138 On the other hand, pro-inflammatory cytokine TNF-

α and reactive oxygen species (ROS) can also stimulate pro-regenerative/reparative signalling, 

notably via activation of p38 MAPK pathway, leading to odontoblast-like differentiation of 

pulp stem cells with increased dentin phosphoprotein (DPP) and dentin sialoprotein (DSP) 

expression and tertiary dentinogenesis.139 Other studies have also shown the beneficial impact 

of the immune system on reparative processes, highlighting how cytokines release from 

immunocompetent cells like macrophages and dendritic cells can promote odontoblast 

differentiation.140,141 Such molecular switching highlights the potential interplay between 

inflammatory and regenerative events. Thus, if conditions are conducive to repair, i.e. with low 

levels of pro-inflammatory cytokines, the pulp's response to injury results in increased synthetic 

and secretory activities of differentiated pulp stem cells along with dentin deposition.137,142 
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Figure I.6: (A) Initial steps of pulp inflammation following a carious/traumatic pulp lesion. secretion of pro-

inflammatory cytokines by pulp fibroblasts, 2-adhesion of circulating inflammatory cells on the activated vascular 

endothelium, 3-migration to the injured site, 4- activation as macrophage-like cells. (B) Initial steps of dentin-pulp 

regeneration following a carious/traumatic pulp lesion. 1-secretion growth factors by dental pulp cells, 2-creation 

of a gradient by growth factors leading to stem cell proliferation, 3-migration of stem cells to the injured site and, 

4-differentiation of stem cells into odontoblasts-like cells and secretion of mineralized matrix. 142 

I.3.2.2. Impact of dental pulp capping on inflammation 

Given that severe pulp inflammation is detrimental to clinical outcome, pulp capping materials 

that reduce the inflammatory process are of particular interest.142 Application of calcium 

silicates materials on injured pulp contribute to attenuate tissue inflammation during the repair 

phase.110,143–145 For instance, Kang et al144 found that ProRoot®MTA and Ortho®MTA led to 

a complete calcific dentin barrier formation after 8 weeks of direct pulp capping, while 

Endocem®MTA produced a partially discontinuous dentin calcific barrier presenting tunnel 

defects. The latter was associated with a greater inflammatory reaction than the other two MTA. 

In another study, the dentinal bridges in teeth that were capped with Biodentine were thicker 

and more continuous with less pulpal inflammation in comparison to Ca(OH)2 within 45 days 

of treatment.145 Similarly, other investigations suggest that a chronic inflammatory response of 

mild to moderate intensity may prevent the deposition of hard tissue bridges.106,107 

  

(A) (B) 
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Several in vitro studies have shed light on the underlying processes by which pulp capping 

materials shift the balance from inflammation towards regeneration. For example, the pro-

inflammatory cytokine TNF-α has been demonstrated to trigger the expression of Transient 

Receptor Potential Ankyrin 1 (TRPA1), which is involved in nociception and neurogenic 

inflammation. Interestingly, Biodentine can reduce TNF-α-induced TRPA1 expression and 

functional activity.143 In line with the inflammation-reducing effect, Biodentine and MTA 

promote regenerative processes by increasing TGF-1 and FGF-2 secretion by fibroblasts in the 

injured pulp.146,147 TGF-1 growth factor is known to promote odontoblastic differentiation 

contributing as such to dentin-bridge formation.73,95 

I.3.3. Mechanisms of action of dental pulp capping materials 

The setting reaction of calcium silicate involves hydration, during which by-products are 

formed or released (Figure I.7). Most calcium silicates materials result in the formation of 

Ca(OH)2 and the leaching of hydroxyl (OH−) and calcium ions (Ca2+), as demonstrated in MTA 

and Biodentine.125,148 The released OH− and Ca2+ raise the pH in the surrounding tissue, causing 

tissue irritation and cellular necrosis, thus creating a thin necrotic layer between the remaining 

vital tissue and the pulp capping agent.107,142 The alkaline pH may also have an anti-

inflammatory effect through the denaturation of proinflammatory cytokines and activation of 

the anti-inflammatory cytokine IL-10.149,150 This attenuation of tissue inflammation provides a 

conducive environment for the formation of reparative dentin. The necrotic zone protects the 

underlying vital pulp cells from the material's alkaline pH, enabling them to perform healing 

and regeneration functions151, while also providing antimicrobial activity.117 Subsequent 

calcification of this superficial necrotic layer, together with the formation of tertiary dentin from 

stimulated and differentiated dental pulp stem cells, lead to the formation of a protective dentin 

bridge.142 Ca2+ ions contribute to this process by promoting DPSC differentiation and increasing 

the formation of mineralized matrix nodules.152,153 In addition, a "bioactive" surface is formed 

due to the nucleation of calcium phosphates and subsequent apatite formation, in a moist 

environment. This apatite layer is thought to stimulate cell differentiation and tissue repair.154 

Silicon species, most likely silicic acid Si(OH)4 in such conditions, may also contribute to 

dentin-bridge formation, as their release has been shown to stimulate the formation of young 

bone by activating osteoblasts.155 However, very little is known about their effect on pulp stem 

cells. 
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Figure I.7:  Diagram illustrating the setting and biological effects of the hydration reaction of silicate-based 

material (C2S: dicalcium silicate, C3S: tricalcium silicates) materials. This reaction release OH−, Ca2+, and soluble 

silicon, improperly labelled “Si4+”.142 
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I.4. Importance of silicon in the mineralization process: 

the case of bone 

Silicon (Si) is suggested to be essential for normal bone development and repair.156–158 Although 

the bone and dentin have obvious differences (such as the absence of remodelling in dentin), 

they also share some common features like similarities in the composition of the ECM secreted 

by osteoblasts (for bone) and odontoblasts (for dentin).2,159 In the cranial and oral spheres, both 

cells initially derive from cranial neural crest mesenchymal cells, with mature cells active 

throughout life and able to differentiate from precursors when required.48,160 Several genetic 

disorders affecting bone mineralization can also manifest during dentin mineralization, 

including hypophosphatemic rickets and osteogenesis imperfecta, among others.161 These 

parallels imply that a review of Si effects on bone cells may provide a first insight into its 

interactions with dental cells. 

I.4.1. Silicon chemistry 

Silicon, the second most abundant element in the earth's crust with an atomic weight of 28, 

generally exists as silica and silicates due to its strong affinity for oxygen.162 In nature, silica 

(silicon dioxide, SiO₂), exists in both crystalline (such as quartz) and amorphous (such as 

phytoliths) phases. The water soluble forms of silicon, (ortho)silicic acid (Si(OH)₄) and 

polysilicic acids, are present in sea and running waters and exhibit high bioavailability.  

However silicic acid readily polymerizes at moderate concentrations (>2 mM, pH< 9), forming 

less bioavailable larger silica species (colloids, gels).163–165 The human body contains 1-2 grams 

of Si, making it the third most abundant trace element.156,162 Si is in the form of Si(OH)₄ in 

serum, with concentrations ranging from 0.11 to 0.31 mg.L-1, influenced by age, sex and other 

factors.166 Human exposure to Si occurs through diet and seems to offer potential health 

benefits, with Si(OH)4 being the only bioavailable dietary form.162,167 The main dietary sources 

of Si are beverages (water, coffee, beer), dietary grains (cereals, oats, barley, wheat flour, pasta, 

pastries, rice), and vegetables.162,167 
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I.4.2. Soluble silica role on bone formation 

I.4.2.1. Animal studies 

Early studies demonstrated that basal diets deficient in Si reduce overall growth in chicks and 

rats and produce more porous, less mineralized bone.168,169 Similarly, supplementation of the 

mice diet with soluble Si (10 ppm of sodium metasilicate) and administration of Si via 

desalinated deep-sea water (containing 1.8 ppm of Si) resulted in increased femoral weight, 

bone calcium and phosphorus content, and alkaline phosphatase (ALP, bone formation marker) 

activity compared to the administration of desalinated surface sea water (containing 0.006 ppm 

of Si) or tap water.170 In ovariectomised rats (standard model for postmenopausal bone loss), 

supplementation with silicon or choline-stabilized orthosilicic acid (ch-OSA) reduced bone 

resorption and bone loss while increasing bone formation and bone mineral density (BMD).171–

174 Results in horses also showed that Si supplementation increased BMD and mechanical 

strength, thereby reducing bone-related injuries.175 

I.4.2.2. Human studies 

Human studies also support the beneficial effects of Si intake on bone health. There is evidence 

that Si affects the increase of bone density and decrease of bone loss. In osteoporotic patients, 

supplementation with Si increased collagen synthesis, trabecular bone volume and femoral 

BMD.176–178 Another study showed that treatment with Si is more effective in inducing a 

significant increase in femoral BMD than treatment with fluoride, etidronate (a 

bisphosphonate), and magnesium in osteoporotic women.176 A potential beneficial effect on 

bone turnover and femoral BMD compared to using only calcium and vitamin D was observed 

in women supplemented with ch-OSA.178,179 Compelling evidence demonstrates that dietary 

silicon can strengthen bones and, as a result, reduce the risk of osteoporosis.180 Although 

available scientific evidence is not considered sufficiently valid to establish an adequate level 

of Si intake, it has been suggested that an intake of around 25 mg Si/day may be appropriate to 

promote positive effects on bones.158 

I.4.2.3. Silicon and bone formation: mechanism overview 

Although Si may play a role in bone formation, the precise/exact mechanism remains unclear. 

In vitro studies indicated that Si enhance osteoblast differentiation, extracellular matrix 
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synthesis, and bone mineralization.181–183 It also increases the gene expression of osteocalcin 

(OCN), alkaline phosphatase (ALP) and osteopontin (OPN) in osteoblasts and MSCs181,183–185, 

and it boosts their metabolic activity and proliferation.181,186 

Interestingly, Si inhibits macrophage and osteoclast activity.187,188 A study showed that Si(OH)4 

promotes osteogenesis by inhibiting the activity of nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB), a factor known to hinder osteoblastic bone formation and 

stimulate osteoclastic resorption.189 Similarly, Si nanoparticles have shown inhibitory effects 

on osteoclasts and stimulatory effects on osteoblasts by increasing the serum levels of OCN 

both in vitro and in vivo.190–192 A gene expression study found that treating osteoblasts with 

Bioglass 45S5 leachate increased the messenger RNA levels for several genes related to 

osteogenic differentiation and mineralization.193 

Studies revealed that Si is concentrated in active bone growth areas, co-localizing with Ca in 

areas of greatest osteoblastic activity 194,195. Si concentrations in osteoid are 25 times greater 

than in surrounding areas and the Si content gradually declines as calcification occurs, 

indicating that Si is probably involved in the development of organic matrix and the initiation 

of calcification. Researchers proposed that Si plays a structural role in stabilizing collagen and 

glycosaminoglycans networks in the ECM.196,197 This may provide a low solubility matrix that 

attracts and contains other ions, such as Ca2+, at the organic-inorganic interface.198 

Studies in rats have demonstrated that Si at physiological levels improves Ca2+ incorporation 

in bone when compared to rats that are deficient in Si.199,200 In contrast, other experimental 

studies reported small reductions in bone strength when excessively high and prolonged levels 

of dietary Si were added to the diet, thus illustrating antagonist effects of Si.174,201 

I.4.3. Silicon in bone repair materials 

I.4.3.1. Silica nanoparticles 

In addition to the positive effects of soluble Si on bone health, it has also been demonstrated 

that Si-based nanoparticles can be used for bone regeneration and repair of bone defects. Silica 

nanoparticles (SiNPs) are inorganic materials possessing adaptable physical characteristics 

such as shape, size, charge, and surface chemistry.202,203 These properties may vary according 

to the synthesis method. The sol-gel method (Stöber method) is one of the most widely used 

due to its simplicity, reproducibility and effectiveness.204–206 This method is based on the 
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hydrolysis of tetraethyl orthosilicate (TEOS), followed by condensation in ethanol in the 

presence of ammonia (as catalyst) (Figure I.8). It produces spherical, monodisperse silica 

particles that are highly dispersible in various media (alcohol, water, PBS).192 

Silica is generally considered to have low toxicity, with size- and dose-dependent cytotoxic 

effects, particularly above a concentration of 25 µg.mL-1.207 Studies reported that silica particles 

can be internalized, dissolved intracellularly and/or excreted.192,208,209 When studying the 

effects of particle size on bioactivity, it was found that small spherical SiNPs (50-150 nm) most 

strongly stimulate osteoblast differentiation and mineralization, while being efficiently taken 

up by the cells.190,208,209 However, the small particles may be more harmful for the cells.209 

Larger SiNPs can resist lysosomal degradation, releasing less Si (OH)4, which may explain why 

they are less harmful to cells. In contrast, 100 nm hexagonal SiNPs have no effect on 

osteoblastic differentiation of mesenchymal stem cells (MSCs)210, demonstrating how subtle 

physical changes in particles have a direct impact on cellular responses.211 

Besides all inorganic materials, efforts have been directed towards developing biohybrid or 

bionanocomposite materials integrating silica with biological systems, including functional 

biomolecules, structural biopolymers, or living cells.212–214 A number of studies focused on the 

combination of collagen-based materials with SiNPs demonstrated their efficacy for bone repair 

applications.215–217 Noticeably, silica does not exhibit bioactivity, i.e. bone induction property, 

per se. However, when mixed with collagen, it does induce hydroxyapatite in vitro.218 
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Figure I.8: General synthesis of silica nanoparticles. (A) silica precursor and catalyst are added in an alcoholic 

solution, if R is an ethyl group, the precursor is TEOS. (B) The precursor is then hydrolysed by a hydroxyl ion 

(hydrolysis, B1) and the activated precursor is condensed with another activated precursor or precursor 

(condensation, B2). (C) As a result of hydrolysis and condensation, silica nanoparticles are generated. 219 

I.4.3.2. Bioactive glasses 

Bioactive glasses (BG) are amorphous materials whose main component is SiO2. The best-

known BG in the biomedical field is 45S5 Bioglass, which features a bioactive, biodegradable 

silicate composition (46,1% SiO2 – 24,4% Na2O – 26,9% CaO – 2,6% P2O5).
220 Since their first 

discovery 40 years ago, numerous BGs and glass-ceramics (fusion-derived or sol-gel) have 

been introduced for bone repair and grafting.221–224 These glasses have the unique ability to 

form a bone-like apatite layer on their surface upon contact with physiological body fluid, 

which enables them to bond firmly with living bone and tissue.225 The sequence of reactions on 

the surface of BG is illustrated in Figure I.9. Additionally, the dissolved Si(OH)4 from BGs 

have been found to stimulate osteoblasts, regulating the expression of several genes, including 

key osteoblastic markers and extracellular matrix proteins.193 



 

35 

 

Although bioglasses are mostly used as microparticles, their elaboration at the nanoscale has 

also been achieved.226 Composite materials associating Bioglass particles with collagen have 

been widely described.227 Besides improvement of the mechanical properties of the collagen 

network, bioglasses confer bioactivity to the materials. 

 

 

Figure I.9: The 12 stages of bone bonding by bioglass. Reaction of silica in the glass with the surrounding body 

fluid, forming Si(OH)4 (1), diffusion of Ca2+, PO-
4 and CO-

3 into the interface (2), polycondensation of Si(OH)4 

into larger polysilicic acids (3), precipitation of polysilicic acids  onto the Bioglass surface forming a silica layer 

(4) acting as nucleation bed for apatite formation (5). Adsorption of proteins from the surrounding tissue fluid (6) 

assists in the recruitment of macrophages (7) and osteoblasts (8), that attach to the silica and apatite substrate. 

Osteoblasts proliferate (9) and produce osteoid (10), which becomes mineralized (11), finally encasing the cells in 

bone which prompts their differentiation into osteocytes or apoptosis (12).222 

 I.4.3.3. Silicon-containing cements 

Silicon-containing cements have also been described.228 The cements can be either mainly 

composed of calcium silicates, hence similar to pulp capping materials previously described, or 

contain only a minor fraction of a silicon-containing phase. Besides calcium silicates similar to 

pulp caping materials described in the previous section, silicon-doped calcium phosphate 

cements have been widely described. The presence of the silicon component can be beneficial 

to several chemical/physical properties of the cement such as improved injectability, slower 
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setting time and better mechanical property.229 Moreover, the presence of silicon can improve 

the bone repair process.230 

I.4.4. Silicon: from bone to tooth 

Altogether, evidence has been accumulated of the beneficial effect of silicon on health, although 

the precise biological processes at stake remain largely unknown. On this basis, several kinds 

of biomaterials incorporating silicon have been developed that were found efficient in bone 

repair. However, although some dental materials, and in particular pulp capping cements, also 

contain and release silicon species, the response of dental tissues, or even of cells, to silicon has 

been only studied twice.231,232 This finding was at the origin of this PhD project. 
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I.5. Collagen-based materials: a model for hard tissue 

repair 

The in vitro study of cells’ response to a given stimuli, being chemical, physical or biological, 

should preferably be performed in an environment which reproduces as much as possible their 

“natural” environment. However, facing the intrinsic complexity of biological tissues, it is 

necessary to define, a minima, features or properties of the model. In the case of hard tissues, 

collagen-based structures can be used as tissue-mimicking constructs, providing physiological 

and biomimetic environment in which cellular function can be studied.233,234 

I.5.1. Collagen-based hydrogels: from highly hydrated to plastically 

compressed dense collagen hydrogels 

Collagen-based scaffolds, made from acid-solubilized type I collagen, have been extensively 

utilized as three-dimensional (3D) constructs/models for cell culture and tissue engineering.235–

237 These hydrogel scaffolds exhibit good biocompatibility, biodegradability, and low 

antigenicity, creating an environment conducive to cell attachment, proliferation, and 

differentiation 233,238. Indeed, when adjusted to physiological pH and temperature, acid-

solubilized collagen molecules spontaneously self-assemble to form fibrillar collagen 

hydrogels.239,240 Typically, these hydrogels are prepared with collagen solutions ranging from 

2 to 10 mg.mL-1, yielding highly hydrated hydrogels (>95% w/v fluid) that display a loose 

fibrillar network (collagen fibrillar density < 1%) and lack the structural organization and 

mechanical properties of native ECM of predentin/osteoid.234 However, it is possible to rapidly 

and effectively increase collagen fibrillar density using a simple plastic compression 

technique.241 This process generates dense collagen gel scaffolds (with collagen fibrillar density 

> 10%) resembling native predentin/osteoid matrix, with a defined meso-structure and 

enhanced biomechanical properties.242,243 Another key advantage of plastic compression is that 

cell seeding can be integrated into the fabrication process without compromising cell viability, 

so that cells can grow and differentiate within the 3D scaffold.241,244,245 
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Figure I.9: Engineering 3D material model for tissue engineering by plastic compression. AA=Acetic acid, 

CFD=collagen fibrillar density. 

I.5.2. Odontoblasts vs dental pulp stem cells 

Odontoblasts are highly specialized cells that produce collagenous and non-collagenous 

proteins to build the dentin extracellular matrix.1,58 Due to their postmitotic phenotype, i.e. their 

inability to divide and form a new secretory cell, they are difficult to culture.23,246 Thus, in vitro 

studies assessing their fate once in contact with dental materials are lacking. Upon odontoblast 

death or removal due to severe tooth damage, another form of substitution process occurs 

(following the placement of a pulp capping material on the injured pulp), with new 

"odontoblast-like" cells differentiating from stem cells from the dental pulp to form a reparative 

dentin bridge.47,247 Consequently, most studies on dental regeneration and repair are carried out 

using undifferentiated mesenchymal stem cells from the pulp.248–250 

I.5.3. DPSC in combination with collagen hydrogels 

The scientific literature has consistently highlighted the accessibility and plasticity of dental 

pulp stem cells (DPSCs) as a promising source of stem cells for regenerative medicine.30,251–253 

Their ability to expand in vitro and their potential to differentiate into odontogenic cells have 

positioned them as attractive candidates for the regeneration of the dentin-pulp complex.248–

250,254 However, as with other stem cell types, positive results depend on the precise regulation 

of their proliferation and differentiation in an environment that mimics in vivo conditions. 
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In this context, dense plastically compressed (PC) collagen gels have been repeatedly used by 

the BRIO laboratory as hosts for dental pulp stem cells (DPSCs). In a first study, they 

demonstrated that DPSCs immobilized in PC collagen hydrogels maintained high survival rate 

and mineralization ability.245 Later on, they used these dense hydrogels to study the 

mineralization ability of hDPSCs from patients suffering from X-linked hypophosphatemia.255 

In parallel, the team demonstrated the efficacy of these constructs to promote bone formation 

in critical-size calvaria defect, highlighting the contribution of the hDPSCs to the repair 

process.256–259 Noticeably, it was also demonstrated that addition of bioglass microparticles to 

the collagen hydrogels was an efficient strategy to promote bone repair without the need for 

cell addition.260 In fact, in this case, the presence of DPSCs was detrimental to bone formation.  
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I.6. Objectives of the study 

The present chapter exploring the current status of the topic highlights the vital role of silicon 

in the development and regeneration of bone tissue. This element is believed to be crucial for 

both bone and dentin, as they share similarities in terms of their extracellular matrix 

composition and the process of bone formation. In early stages of the formation of these 

mineralized tissues, specialized odonto/osteogenic cells produce a collagenous extracellular 

matrix, guiding mineralization.Therefore, it is crucial to replicate this three-dimensional (3D) 

extracellular matrix in order to study cell-mediated mineralization. On this basis, we decided to 

use the plastic compression method to fabricate dense collagen matrices incorporating human 

DPSCs that could be used as models to study the effect of silicon on dentin-pulp complex. 

The main objective of this project is to gain an understanding of the role of silicon in dentin 

formation. In order to achieve this, we have divided our objective into three sub-goals: 

(1) Investigate the impact of various formulations and cell culture conditions, using stem cells 

from dental pulp, on the preparation of plastically-compressed collagen hydrogels (Chapter 2),  

(2) Study the effects of soluble silicon (silicic acid) on the viability, differentiation, and 

mineralization of dental pulp stem cells within collagen hydrogels (Chapter 3), 

 (3) Prepare collagen-based nanocomposite hydrogels containing different silicon-releasing 

phases (silica and bioactive glasses) and examine the behaviour of dental pulp stem cells within 

these nanocomposite hydrogels (Chapter 4). 
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II.1. Introduction 

At the beginning of our project, we decided to use plastically-compressed collagen hydrogels 

seeded by dental pulp stem cells as models of the pulp tissue. The first reason for this choice is 

that the plastic compression process is one of the few available approaches allowing to 

encapsulate cells in concentrated collagen hydrogels. Indeed, a major challenge in tissue 

engineering is to immobilize cells in 3D environments whose density and organization resemble 

somehow the structure of living tissues.1,2 Two main strategies can be followed: colonization 

of pre-formed scaffolds or encapsulation where the matrix is formed in the presence of cells.3 

The major advantage of colonization is that the scaffold can be prepared by a variety of 

processes that may not be cytocompatible. However, achieving homogeneous cellularization of 

the scaffold can be challenging and time-consuming. In contrast, encapsulation allows cells to 

fill the scaffold from the very beginning of the culture period. However, this approach faces 

many challenges, including the cytocompatibility of the starting solutions, reagents and 

processing conditions.4 

In the case of type I collagen, host matrices most often consist of hydrogels obtained by 

neutralization of an acidic solution (pH 2-4).5–7 Therefore, in encapsulation approaches, the pH 

of the collagen solution must first be raised near neutral pH before cells suspended in an 

adequate buffer are included.8 While this is feasible for collagen concentration up to ca. 5 

mg.mL-1 9, higher concentrations lead to highly viscous, fast gelling solutions making adequate 

cell incorporation difficult.10 More than 15 years ago, Brown and coll. disclosed an original 

protocol where cells were initially entrapped in a collagen hydrogel at low concentration (ca. 2 

mg.mL-1) followed by densification of this hydrogel, by at least a factor of 10, under plastic 

compression (PC).11 Therefore, this process allows for immobilizing cells in dense 3D scaffolds 

without requiring concentrated collagen solutions. 

Initially, the effect of parameters such as loading force and time on the mechanical and 

morphological properties of the hydrogels, as well as their suitability to host human fibroblasts 

have been studied.11 Further on, additional compression steps12, and different geometries 13–15 

have been investigated. Finally, composite and mixed gels were described16–18 and the range of 

immobilized cells was extended.19–23  

A feature of the PC process is its unique ability to create osteoid-like environments in a simple 

manner that makes it an interesting alternative to additive manufacturing techniques.24 It has 
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therefore attracted a large attention to design bone repair materials, either by chemical 

mineralization of the collagen hydrogels or by immobilization of mineralizing cells.25 In 

particular, the team of C. Chaussain showed that PC hydrogels were suitable hosts for 

encapsulation of stem cells derived from human dental pulp, promoting their osteo/odontogenic 

differentiation and leading to matrix mineralization in vitro.26 Later on, they also demonstrated 

that such constructs could efficiently improve bone repair in vivo when implanted in critical 

defects of calvaria in rodents.27–29 Noticeably, using fluorescent murine Dental Pulp Stem Cells 

(mDPSCs), it was shown that seeded cells could directly take part in neo-osteogenesis.30  

On this basis, the PC protocol appeared very-well suited for our objective. However, we 

realized that, over the years, changes had occurred in the protocol used in the team, especially 

in terms of buffering conditions.26,27 The type (i.e. Stem cells from Human Exfoliated 

Deciduous teeth (SHEDs) or human Dental Pulp Stem Cells (hDPSCs)31) and density of the 

cells were also varied.26,27 Yet, how such modifications could impact the structural and 

biological properties of the gels has not been studied. More generally, detailed studies of the 

influence of PC physico-chemical conditions have been scarcely reported.32,33 In contrast, it has 

been repeatedly demonstrated that type I collagen fibrillogenesis is highly dependent on pH, 

ionic strength and salt type.7,34–38 SHEDs and hDPSCs also demonstrated different 

mineralization capabilities in various environments but were never compared within PC 

collagen hydrogels.39–41  

On this basis, we decided to study how physico-chemical and cellular conditions could impact 

the mineralization of PC dense hydrogels by DPSCs. The purpose was two-fold: (1) understand 

better the role of different parameters on the structure of the gel and on the cellular response 

(2) identify an optimal protocol for the rest of our study. In particular, we had observed that 

gels obtained after compression using already-described protocols were very fragile and often 

crushed during manipulation and we wanted to improve their handling.  
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II.2. Materials and methods 

II.2.1. Materials and cells 

Type I collagen was extracted and purified from young rat tail tendon.36 Young rat tails 

employed in this investigation were sourced as post-surgical discards from the animal facilities 

of UR2496 (Université Paris Cité), allowing for the utilization of otherwise discarded biological 

material in accordance with ethical and responsible laboratory practices. Dental pulps were 

obtained from exfoliated deciduous teeth of children aged 6–7 years old to isolate SHEDs or 

from human third molars of young adults (aged 15-20 years) to isolate hDPSCs. Teeth utilized 

in this study were obtained in the dental department of the AH-HP Bretonneau Hospital under 

an opt-out consent model, where patients undergoing surgical procedures were informed of the 

research use of excised tissues, and consent was presumed unless patients explicitly 

communicated their objection to such usage, in accordance with the ethical guidelines 

established by the French law on bioethics (agreement IRB 00006477 and n° DC-2009-927, 

Cellule Bioéthique DGRI/A5). The SHEDs and hDPSCs were isolated and expanded following 

an established protocol.31 For all experiments, pulp cells were used at passage 4. 

II.2.2. Plastically-compressed collagen hydrogel preparation 

In a typical experiment, 2 mL of a solution of type I collagen (4 mg.mL-1) in acetic acid (20 

mM or 500 mM) was mixed with 0.5, 1 or 1.5 mL of DMEM of concentration varying between 

1X and 10 X in a falcon tube. Then, an aqueous solution of NaOH of concentration varying 

between 0.1 M and 5 M was added until pH 7.4, as monitored by a pH-meter. Finally, DMEM 

1X was added so as to obtain a total 5 mL volume and the solution was placed into 24-well 

plates (2.5 mL/well) and incubated at 37°C under 5% CO2 atmosphere for 30 min or 24 h. 

Recovered collagen gels were deposited on a stack of blotting paper, nylon and stainless-steel 

mesh and compressed/loaded with an unconfined compressive stress of 1 kPa using a calibrated 

glass plate for 5 min, as previously described (Figure II.1).11,26  
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Figure II.1: Schematic overview of the here-studied multi-step preparation of plastically-compressed collagen 

hydrogels 

II.2.3. Cell culture conditions 

As previously described, after neutralization of the collagen mixture, two types of dental pulp 

stem cells at different cell densities were seeded in the collagen mixture prior to incubation: 

SHEDs: 160,000 cells.mL-1 26, hDPSCs : 0.8 M cell.mL-1 and 2 M cells.mL-1. 27 Gelling was 

followed by the plastic compression procedure described above. 

For differentiation/mineralization studies, all cell-laden (with SHEDs or hDPSCs) plastically-

compressed dense collagen hydrogels were cultured in an osteo/odontogenic medium made of 

300 µM L-ascorbic acid sodium salt, 10 nM dexamethasone, 10 mM β-glycerophosphate, 10% 

fetal bovine serum, and 1% penicillin/streptomycin for 25 days. Cell-free gels grown in this 

mineralizing medium were used as negative controls. 

II.2.4. Structural and chemical characterizations 

II.2.4.1. Scanning electron microscopy (SEM)/Energy-dispersive X-ray (EDX) 

spectroscopy 

Gels were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and 

rinsed with a 0.1 M cacodylate/0.6 M sucrose buffer. They were dehydrated in aqueous 
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solutions of increasing ethanol content and dried using supercritical CO2. Dried samples were 

sputter-coated with a 15 nm gold layer for SEM images and a 20 nm carbon layer for EDX 

analysis. SEM images were taken at several sites on each sample using a Hitachi S-3400 N 

microscope operating at 10 kV, while chemical characterization by EDX was performed at 60 

kV. 

II.2.4.2. Rheological studies 

Rheological analysis of collagen hydrogels was carried out using a rheometer (Anton Paar) 

equipped with parallel, roughened 25 mm diameter stainless steel plate and base. Storage 

moduli G' and loss moduli G’’ were obtained by amplitude sweep with a logarithmic increase 

in shear strain from 0.01% to 100%. 25 measurement points were recorded for each sample, at 

a constant angular frequency of 10 rad.s-1 and at 20°C. Before each test, a preload of 0.2 N was 

applied to the gels. All measurements were reproduced three times (n=3). 

II.2.4.3. Fourier Transform Infra-Red Spectroscopy (FTIR) 

FTIR spectroscopy analysis of acellular and cellularized gels after 25 days of culture was 

performed on a spectrum 400 spectrometer (PerkinElmer). Freeze-dried samples were 

deposited on an attenuated total reflectance (ATR) crystal and transmittance spectra were 

collected with 32 scans at a resolution of 2 cm-1.  All the spectra were normalized to type I 

collagen amide I at 1653 cm-1. 

II.2.3. Biological studies 

II.2.3.1. Cell viability  

Cell viability in cell-seeded dense collagen gels was assessed using a live/dead® assay 

(Thermofisher, Waltham, MA, USA) on day 24 post-culture. After rinsing twice with PBS, 

samples were stained with a 2 µM calcein-AM and 4 µM ethidium homodimer-1 solution and 

incubated at 37˚C for 30 minutes. Then, the gels were rinsed three times with PBS to stop the 

reaction before imaging. Live cells were viewed by green fluorescence and dead cells by red 

fluorescence using a fluorescent microscope (Axio Imager D.1, Zeiss, Jena, Germany) or a 

Leica SP5 upright confocal microscope (Leica DMI6000 Upright TCS SP5) under 10x and 20x 

magnification, respectively. Three image fields were taken for each scaffold and processed with 

Image J. 
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II.2.3.2. Metabolic activity 

Cell metabolic activity was assessed using AlamarBlue® Assay (Sigma-Aldrich, St. Louis, 

MO, USA). Briefly, a 10% FBS supplemented basal medium (without phenol red), 1% (v/v) 

penicillin–streptomycin and 1% glutamax containing 10% rezazurin was used to replace the 

culture medium. Samples were incubated at 37° C for 3 h. Media were collected and replaced 

with fresh medium to prolong the culture.  The reduction percentage of Alamar Blue was 

calculated from the absorbance values at 570 nm and 600 nm of the collected media following 

the manufacturer instructions.   

II.2.3.3. Histological studies 

After 24 days of culture, the gels were fixed overnight at room temperature in a 4% PFA 

solution in PBS, followed by a series of graded dehydrations with ethanol. Dehydrated 

constructs were then embedded in paraffin and cut into 7 µm thick sections using a manual 

microtome (Stiassnie, France). Sections were deparaffinized with Toluene, rehydrated in 

successive baths of increasing water content and stained with Masson’s Trichrome (for the 

presence of cells and collagen), Alizarin red (calcium revelation) and Von Kossa (phosphate 

revelation). Images were acquired using a light microscope (DMLB, Leica). 

II.2.4. Statistical analyses 

All quantitative characterizations were performed in triplicate. Data were compared with one-

way statistical analysis of variance (ANOVA) tests. P-value < 0.05 was considered statistically 

significant. Data are expressed as mean ± standard deviation (SD). 
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II.3 Results 

II.3.1. Influence of neutralization conditions 

In a first step, we qualitatively evaluated the effect of ionic strength and pH of the initial and 

neutralizing solutions on the structural stability of the hydrogels, before and after PC (Figure 

II.1). For this purpose, the concentration in acetic acid of the starting collagen I solution, the 

concentration and amount of the Dulbecco's Modified Eagle Medium (DMEM) solution used 

before neutralization and the concentration of the NaOH solutions used for neutralization were 

varied. The starting collagen solution volume was kept constant at 2 mL and final DMEM 1X 

addition was adjusted to reach a total volume of 5 mL. The loading stress and loading time were 

fixed to 1 kPa and 5 min, respectively, according to the literature.26 

After 30 min of incubation at 37°C, either no gel was formed, or a weak gel that spread and 

leached was obtained (Figure II.2(a)) or a stable gel was achieved that maintained his shape 

under its weight (Figure II.2(b)). The gel either did not sustain the compression process or led 

to very thin (Figure II.2(c)) or thin gels (Figure II.2(d)) that were stable or broke when 

handled.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.2: Macroscopic images of (a) a weak gel before compression; (b) stable gel before compression; (c) very 

thin gel after compression and (d) thin gel after compression. 

(a) (b) 

(c) (d) 



 

75 

 

 

 

Starting from collagen in 20 mM acetic acid at pH 4 and using NaOH 0.1 M, adding 0.5 mL or 

1.5 mL of DMEM at 1 X or 2.5 X led to weak gels before compression (Table II.1). For a 0.5 

mL addition, increasing DMEM concentration up to 10 X led to stable gels before compression 

but resulting in very thin gels after PC. Addition of 1.5 mL of these concentrated DMEM 

solutions always yielded weak gels. In contrast, when 1 mL DMEM was added, the gel stability 

before and after compression increased when DMEM concentration increased from 1 X to 5 X. 

However, when 1 mL DMEM 10 X was added, no gel was formed.  

 

Table II.1: Influence of DMEM and NaOH volume and concentration on the macroscopic properties of gels before 

and after compression using 2 mL of an initial collagen solution 4 mg.mL-1 in 20 mM acetic acid. 

VDMEM 

(mL) 

[DMEM] pH [NaOH] 

(M) 

VNaOH 

(L) 

Final 

[DMEM] 

Gel before 

compression 

Gel after compression 

0.5 1X 4.5-5 0.1 350 0.5 X spread and leak crush 

0.5 2.5 X 4 0.1 450 0.7 X spread and leak very thin and fragile 

0.5 5 X 3.5 0.1 600 0.9 X stable very thin and stable 

0.5 10 X 3 0.1 700 1.4 X stable very thin and stable 

1.0 1 X 6-7 0.1 0 0.6 X spread and leak very thin and fragile 

1.0 2.5 X 3.5 0.1 600 0.8 X stable very thin and stable 

1.0 5 X 3 0.1 700 1.3 X stable thin and stable (H) 

1.0 10 X < 3 0.1 > 1000 - - - 

1.5 1 X 6-7 0.1 0 0.6 X spread and leak crush 

1.5 2.5 X 3.5 0.1 700 0.9 X spread and leak very thin and fragile 

1.5 5 X 3 0.1 800 1.6 X spread and leak crush 

 

Table II.2: Influence of DMEM and NaOH volume and concentration on the macroscopic properties of gels before 

and after compression using 2 mL of an initial collagen solution 4 mg.mL-1 in 500 mM acetic acid. 

VDMEM 

(mL) 

[DMEM] pH [NaOH] 

(M) 

VNaOH 

(L) 

Final 

[DMEM] 

Gel before 

compression 

Gel after compression 

1.0 1 X 3.5-4 5 

0.1 

200 

1000 

0.3 X spread and leak very thin and stable 

1.0 2.5 X 3 5 

0.1 

205 

640 

0.7 X stable thin and stable 

1.0 5 X 2-3 5 

0.1 

210 

700 

1.2 X spread and leak very thin and fragile 

1.0 10 X 2 5 

0.1 

215 

450 

2.3 X no gel formed - 

1.0 1 X 3.5-4 5 

1 

200 

30 

0.5 X spread and leak very thin and stable 

1.0 2.5 X 3 5 

1 

205 

40 

0.8 X stable thin and stable (I) 

1.0 5 X 2-3 5 

1 

210 

60 

1.2 X spread and leak very thin and stable 
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Starting from collagen in 500 mM acetic acid and keeping DMEM volume constant (1 mL), it 

was found necessary to perform the neutralization step by the successive addition of NaOH 5 

M and NaOH 0.1 M (Table II.2.). In such conditions, only DMEM 2.5 X yielded to stable gels 

before and after compression. Again, in optimal conditions, increasing secondary NaOH 

concentration to 1 M also led to stable gels. 

In summary, among all explored conditions, only three led to thin hydrogels that did not break 

after PC. Condition H involve low initial acetic acid concentration (20 mM), intermediate 

DMEM concentration (5 X) and volume (1 mL) (Table II.1). In condition I, a higher initial 

acetic acid concentration (500 mM) and a lower DMEM (2.5 X) concentration were used and 

both 5 M and 1M NaOH solutions were required to reach neutral pH (Table II.2). Note that the 

use of 0.1 M NaOH as a secondary neutralizing solution was also successful (second condition 

in Table II.2). However, it implies the addition of a large volume of this solution and therefore 

a low volume of DMEM in the final step, which would require a highly concentrated cell 

suspension. This condition was therefore not considered further. Altogether, conditions H and 

I were the only ones producing hydrogels that could be easily handled without cracking and 

that were compatible with cell encapsulation. 

II.3.2. Influence of gel ageing conditions 

In a second stage, the influence of gel ageing before compression was studied for H and I 

conditions. Scanning electron microscopy (SEM) imaging of the hydrogels aged for 30 min 

showed that H consist of a porous network of highly intertwined thin fibrils, less than 100 nm 

in diameter, sometimes assembled as fibrous bundles up to 500 nm in diameter (Figure II.3(a)). 

For sample I, a lower occurrence of thin fibrils could be observed and the largest fibers could 

be up to 1 m in diameter (Figure II.3(b)). No clear modification could be observed for gels 

aged for 24 h, whatever the condition (Figure II.3(c,d)). After compression, a top view image 

of the gels aged for 30 min showed a decrease of the network porosity (Figure II.3(e,f)). The 

largest bundles seemed partially unraveled, as particularly visible in the condition I (Figure 

II.3(f)). These observations were similar for gels aged for 30 min and 24 h (Figure II.3(g,h)). 
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Figure II.3: SEM images of hydrogels prepared in conditions H (top row) and I (bottom row), aged 30 min (1st 

column), aged 24 h (2nd column), aged 30 min and compressed (3rd column) and aged 24 h and compressed (4th 

column). Scale bar: 2 m. 

Compressed gels were also studied by rheology under shear stress. As seen on Figure II.4(a), 

gels compressed after 30 min or 24 h of ageing exhibited a similar behavior at fixed frequency 

(10 Hz) and increasing strain, with an initial quasi constant storage modulus G’ value up to 1 

% deformation and then a continuous drop. When G’ values at a 0.1 % deformation were 

compared, the storage modulus was comparable for conditions H and I (Figure II.4(b)). 

Noticeably, there was no significant difference between gels aged for 30 min and 24 h, so the 

former condition was selected for the rest of the work. 

 

Figure II.4: Rheological properties of hydrogels prepared in conditions H and I and compressed after 30 min or 

24 h ageing. (a) Evolution of storage modulus G’ as a function of applied shear deformation at fixed frequency 

(10 Hz). (b) Influence of preparation condition and ageing time on storage modulus G’ at 0.1 % shear deformation. 
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II.3.3. Influence of cell density 

In a first experiment, SHEDs were encapsulated at a 160,000 cells.mL-1 density and the gel was 

compressed after 30 min. After 25 days of culture, a significant shrinkage of both hydrogels 

was noticed and, upon recovery, the hydrogel obtained in condition I broke into fragments. 

Study of cell metabolic activity using the Alamar blue test indicated that, in conditions H, cell 

activity remained constant over 25 days of culture (Figure II.5(a)). In contrast, in condition I, 

the measured cell activity was small 1 day after compression and rise over the next three weeks 

to reach the value in H. Fluorescence imaging using the live/dead kit after 25 days in culture 

showed relatively few dead cells in gels obtained in condition H (Figure II.5(b)) but a higher 

proportion of these were imaged in condition I (Figure II.5(c)). 

 

Figure II.5: (a) Evolution of Alamar Blue reduction over 25 days of culture for the two conditions, (b,c) Live/Dead 

images of SHEDs cells after 25 days of culture. Green and red color are for alive and dead cells, respectively. 

Scale bar: 30 µm. 

Masson’s trichrome, that stains both collagen and cells, indicated that H consisted of a porous 

network with few scattered cells (Figure II.6(a)). In condition I, large cavities were observed, 

which correlates with the observation of gel breaking into pieces (Figure II.6(b)). Finally, 

staining with Alizarin Red (Figure II.6(c,d)) and Von Kossa staining (Figure II.6(e,f)) showed 

no evidence of mineralization in any of the gels. 
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Figure II.6: (a,b) Masson’s Trichrome, (c,d) Alizarin Red and (e,f) Von Kossa staining of SHEDs-cellularized 

hydrogels after 25 days of culture. Scale bar: 100 m. 

Based on this result, condition H was selected for the rest of the study as it offers an initial G’ 

value comparable to I but formed a stable gel after 25 days of culture. Based on the literature41, 

hDPSCs were used instead of SHEDs to favor mineralization. We also hypothesized that 

increasing cell density would increase their mineralization potential 42, so that higher densities 

of 800,000 cells.mL-1 and 2,000,000 cells.mL-1 were used. 

For both initial cell densities, the Alamar Blue test showed a continuous decrease of cell activity 

over time (Figure II.7(a)). After 25 days, many DPSCs cells could be observed with few dead 

cells, with no clear effect of the initial cell density (Figure II.7(b,c)).  

 

Figure II.7: (a) Evolution of Alamar Blue reduction over 25 days of culture for cell densities, (b,c) Live/Dead 

images of hDPSCs cells after 25 days of culture. Green and red color are for alive and dead cells, respectively. 

Scale bar:  100 µm. 
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For an initial 0.8 M.mL-1 content, Masson’s Trichrome staining revealed a dense gel with a 

higher cell density than in the previous conditions, as expected, but, except on the hydrogel 

edges, cells remained isolated (Figure II.8(a)). In contrast, in the initial 2 M.mL-1 cell density 

condition, numerous cell-cell contacts could be evidenced within the dense collagen network 

(Figure II.8(b)). In terms of mineralization, for the lowest cell density, neither Alizarin Red 

(Figure II.8(c)) nor Von Kossa (Figure II.8(e)) staining showed significant mineralization. In 

contrast, with the highest cell content, an important mineral deposit was observed in both 

stainings (Figure II.8(d,f)) 

 

 

Figure II.8: (a,b) Masson’s Trichrome, (c,d) Alizarin Red and (e,f) Von Kossa staining of hDPSCs-cellularized 

hydrogels after 25 days of culture. Scale bar: (a-b)100 m; (d-f) 500 m 

Accordingly, at the lowest initial cell density, no mineral deposit could be evidenced on SEM 

images while Energy-dispersive X-ray (EDX) spectroscopy did not allow for the detection of 

Calcium (Ca) or Phosphorus (P) (Figure II.9(a)). In contrast, a mineral deposit could be 

observed on SEM images for samples prepared at the highest initial cell density and EDX 

analyses confirmed that these particles contain Ca and P, with a Ca/P atomic ratio of ca. 1.5, 

thus close to the expected value for biological hydroxyapatite (Figure II.9(b)). The presence 

of a well-defined vibration band at ca. 1100 cm-1 signing for the phosphate group in the 

hydroxyapatite structure on the Fourier Transform Infra-Red Spectroscopy (FTIR) spectrum of 

the latter sample only was consistent with our previous observations (Figure II.9(c)). 
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Figure II.9: (a,b) SEM imaging and EDX analysis after 25 days of culture, (c) FTIR spectra of hydrogels after 25 

days in culture conditions in the absence of cells and for 0.8 M.mL-1 or 2 M.mL-1 initial cell density  
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II.4. Discussion 

The aim of this study was to understand how chemical processing conditions and origin/initial 

density of pulp stem cells could influence the mineralization of plastically-compressed collagen 

hydrogels.27 In a first step, some key parameters of the PC process whose influence on final 

hydrogel structure and properties has not been studied in details so far were selected and varied 

while keeping collagen initial and final concentrations and total volume constant. 

In the pre-compression steps (Figure II.1), the initial acetic acid concentration of the collagen 

solution not only dictates the pH and buffering capacity of the starting solution but it also 

controls its initial ionic strength. The aim of the first DMEM addition is mainly to provide an 

adequate inorganic and organic composition favorable to cell survival. However, DMEM also 

influences the ionic strength and pH of the solution. Further addition of NaOH is required to 

obtain a precise pH value (7.4) common to all experiments. The last addition of DMEM allows 

for reaching a final sample volume identical for all conditions, and hence a similar collagen 

concentration, and also allows for the incorporation of the cell suspension when necessary. 

Therefore, the concentrations of acetic acid and DMEM are key factors determining the 

physico-chemical conditions of fibrillogenesis. In the case of the NaOH solution, its 

concentration determines the volume needed to achieve neutralization, which in turn dictates 

the volume of DMEM/cell suspension added at the last step, being therefore relevant for both 

physico-chemical and cellular conditions. 

In the PC process, the collagen concentration before compression was fixed to 1.6 mg.mL-1, 

which correspond to the conditions initially described to prepare cellularized soft hydrogels.11 

The starting collagen solution is usually 2 - 2.1 mg.mL-1, meaning that only small DMEM and 

NaOH volumes can be added. Here, a 4 mg.mL-1 starting concentration was selected so as to 

explore a large range of processing conditions. In terms of acetic acid, earlier reports used 20-

100 mM concentration.11,27 Here, to explore in more details the role of ionic strength, a low (20 

mM) and a high (500 mM) acetic acid concentration were selected. 

Qualitative evaluation of the influence of initial acetic acid concentration, DMEM volume and 

concentration, and neutralization step on gel formation and compression showed that for 20 

mM acetic acid, low DMEM concentration or high DMEM volume led to weak gels. These 

conditions correspond to the highest pHs before neutralization (Table II.1). It has been reported 

that increasing pH favors fibrillogenesis up to ca. pH 9, corresponding to the isoelectric point 
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of type I collagen.37 In acidic conditions, collagen triple helices are highly positively charged 

and cannot assemble due to electrostatic repulsion. As the pH increases, the positive charge 

decreases and assembly can proceed. The smaller the charge, the faster triple helices assemble 

which, according to the nucleation/growth model, results in the formation of numerous small 

fibrils.43 The stability of the network is determined by inter-fibrillar interactions and the contact 

area between two fibrils decreases with the fibril size.44 Thus, it can be suggested that, in these 

situations where the pH is already high before the addition of NaOH, small collagen fibrils are 

rapidly formed, leading to loose networks. In contrast, all gels that were found stable before 

compression are formed for a pre-neutralization pH of 3 (Table II.1 and Table II.2), i.e. when 

collagen triple helices do not self-assemble.45 It is important to note that the pH of DMEM 

solution decreases with increasing concentration, i.e DMEM 1X has a pH of 8 whereas DMEM 

10 X has a pH of 2. This explains why addition of DMEM before neutralization can lead to 

solutions that are more acidic than the initial collagen solution.  

In addition, for similar pHs before neutralization, there seems to be an optimal initial DMEM 

concentration and volume. For instance, for 20 mM acetic acid, conditions (0.5 mL; 10X) and 

(1.0 mL; 5X) lead to similar pH (3), same required NaOH volume addition (700 L) and close 

final DMEM concentration (1.3-1.4 X) but only the latter yields to thin and stable gels after 

compression. Thus, the ionic content of these solutions before neutralization also impacts the 

fibrillogenesis occurring upon NaOH addition, in agreement with the literature.38 This is 

because the presence of salts leads to the screening of the positive charges of collagen triple 

helices, favoring their assembly. When considering 500 mM acetic acid, an optimal initial 

DMEM concentration (2.5 X) at fixed added volume (1 mL) was found. Importantly, this 

condition corresponds to a pH value of 3 before neutralization, emphasizing again the key 

importance of this value, and more globally, of the first addition step. It can be noticed that, 

although some of the conditions explored here would probably not be suitable for cell survival, 

the three optimal conditions lead to final DMEM concentration close to 1X, i.e. usual 

concentration for SHEDs and DPSCs culture.31 

More detailed investigations of samples H (prepared from 20 mM acetic acid) and I (prepared 

from 500 mM acetic acid) provide additional information about the impact of preparation 

conditions on gel properties. From a structural point of view, the difference between H and I in 

terms of fibrillar organization, i.e. thin fibrils with small bundles for the former compared to 

larger fibers for the latter, points initial acetic acid concentration as a key parameter in the 
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fibrillogenesis course. This is consistent with previous reports showing that high ionic strength 

favors collagen fibrils aggregation, by decreasing their repulsive electrostatic interactions via 

charge screening.36,37,44 It is important to note that the collagen concentration before final 

DMEM addition was very close in the two conditions (2.4 mg.mL-1 for H compared to 2.2 

mg.mL-1 for I) so that the observed structural difference is unlikely to be related to this 

parameter. Interestingly, these larger fibers appeared significantly disturbed by the compression 

process, which confirm that they are weak physical aggregates. However, such a structural 

difference had little impact on the rheological properties of the hydrogels as there was no 

significant difference in G’ values found for H and I samples. Finally, it can be emphasized 

that neither SEM nor rheology did suggest any modification of interfibrillar interactions when 

increasing gel ageing before compression. This indicates that a stable structure is already 

obtained after 30 min in the investigated conditions. 

Stem cells isolated from the dental pulp have attracted a large interest in the field of tissue 

engineering, especially because of their easy access.46 The difference between SHEDs and 

hDPSCs originates from the maturity of pulp tissue they are isolated from, i.e.  deciduous and 

permanent teeth, respectively.31 As a consequence, SHEDs show a higher proliferation capacity 

whereas DPSCs demonstrate a higher osteogenic/odontogenic differentiation potential.41 Our 

initial conditions for mineralization experiments were based on the literature that used the initial 

PC protocol with SHEDs at a cell density of 150, 000 cells per mL.26 In this former work, cell 

activity was not studied and cell viability was reported up to day 16 only, showing a limited 

number of dead cells via the Live/Dead staining kit. However, high levels of alkaline 

phosphatase and mineralizing proteins were detected, while the formation of hydroxyapatite 

was confirmed by FTIR. In our experiments, no significant mineralization could be observed 

by Von Kossa and Alizarin staining. In condition H, we observed that the cell activity was 

slightly increasing over time while very few dead cells were observed, indicating a slow 

proliferation of the cells. It is worth pointing out that the matrix average pore size, as estimated 

from SEM images of the acellular scaffold is below 5 m. This indicates that cells cannot 

simply migrate through the porous network but first need to degrade the matrix, explaining the 

low proliferation rate. In contrast, in condition I, the initial cell activity was very low but, with 

time, a large increase in cell activity was observed, indicating fast proliferation of the SHEDs. 

Considering that Live/Dead imaging showed a high proportion of dead cells within the gel and 

that the corresponding gel tends to break into pieces, it can be suggested that such high 

proliferation correspond to un-encapsulated cells proliferating on plastic walls of the wells 
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whereas very few survived inside the gels. In other words, in condition H, cells remain within 

the gel and slowly proliferate. The low ratio of dead/live cells suggest that they are undergoing 

a differentiation stage. In contrast, in condition I, the gel breaks and some cells can move to the 

culture plate. In this situation, cells within the gel pieces die (high dead/live cell ratio) while 

those outside can freely proliferate (high metabolic activity).  

The structural evolution of the gels over the culture period can be related to the cell-mediated 

remodeling activity, which involves contraction, degradation and extracellular matrix 

deposition.47 These processes are highly dependent on the hydrogel composition, structure and 

mechanical properties, that can also impact stem cells differentiation. In particular, the 

mechanical properties of the hydrogel are usually considered as a key factor.48 However, H and 

I have similar G’ values but evolved very differently: H became denser, as expected under 

contraction, whereas I broke into pieces. One possible explanation may be related to the 

difference in structural homogeneity of the starting gels (Figure II.3). If the original network 

is homogenous, contraction will occur similarly within the whole gel, leading to a uniformly-

dense network, as observed in H. In contrast, if the network is initially heterogeneous, as in I, 

contraction may occur preferentially in some area, creating zones of high and low density, that 

can lead to local porosity and, ultimately, gel cracking.  

On this basis, condition H was considered as the most suitable and, in order to achieve 

mineralization, both cell type and cell density were modified. As pointed out above, hDPSCs 

were reported to have a lower proliferative but a higher osteogenic differentiation, and hence 

mineralization, potential compared to SHEDs.41 The former point is confirmed by our cell 

activity measurement showing a continuous decrease with culture time whereas few dead cells 

could be observed by live/dead staining. However, a 0.8 M.mL-1 cell density did not allow 

detection of mineral deposition. In contrast, when cell density was increased to 2 M.mL-1, 

histochemical staining, SEM/EDX and FTIR evidenced mineralization within the gel. At the 

same time, such an increase in cell density also allowed for cell-cell contact in the gel, that is 

known to favor differentiation and mineralization.49 Influence of cell density on mineralization 

within PC collagen hydrogels has already been studied using a human osteosarcoma cell line 

(MG63).50 This work highlighted that cell density influences proliferation, differentiation as 

well as hydrogel remodeling. Noticeably, the best cell density found here is comparable to the 

one used when DPSCs-seeded PC collagen hydrogels were found to efficiently promote the 

repair of calvaria bone critical defects in rodents.27 
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II.5. Conclusions 

Here we have demonstrated that the properties of plastically-compressed collagen hydrogels, 

including their suitability as cellular hosts, are highly sensitive to small modifications of the 

preparation protocol, especially in the acetic acid concentration of the collagen solution and the 

amount/concentration of cell culture medium. In addition, we highlighted that cell type and 

density were critical to achieve mineralization of these dense collagen hydrogels by pulp stem 

cells in vitro.  

Coming back to our project, these results indicate that modifications of the protocol should have 

significantly impacted the collagen structure. For instance, in their initial study, Coyac et al. 

used 100 mM acetic acid collagen solution, DMEM 10X for pre-neutralization, and dropwise 

addition of 5 M NaOH for neutralization.26 Chamieh et al. used a similar protocol but with 20 

mM acetic acid.27 Novais et al. performed pre-neutralization using both DMEM10X and an 

hydrogenocarbonate buffer and used 0.1 M NaOH solution for neutralization.28 In all cases, 

gels that sustained the compression process were reported. This can come as a surprise 

considering our results demonstrating high sensitivity of the gel stability on experimental 

conditions.  

In fact, discussion with our colleagues indicated that hydrogels obtained with some of the other 

protocols were sometimes very fragile. Moreover, as our objective was to obtain more easily-

handled gels, our criteria for selecting acceptable conditions was probably more demanding. 

Moreover, with the same purpose, we have worked with larger gels (2.5 mL vs 0.9 mL) which 

can also impact their mechanical behavior.  It is important to note that such modification of 

hydrogel volume may also have impacted the cell response, especially after contraction when 

the densification of the network may lead to limitations in oxygen diffusion. 

Altogether, this first part of the project has allowed to identify conditions to obtain stable gels 

allowing hDPSCs survival and efficient mineralization. These systems will now be used to 

study the effect of silicon on hDPSCs biological behavior. 
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III.1. Introduction 

First studies on pulp reactions to silicate-based filling materials date back to the 1940s, 

suggesting marked degenerative changes in pulp tissue.1,2 Over the last decades, different 

calcium silicate (CS) materials exhibiting low toxicity, high biocompatibility and the ability to 

trigger the formation of mineralized tissue have been developed and launched on the market.3,4 

Their use as pulp-capping materials has become very common in dental clinical practice, as 

they are able to support dentin repair by promoting differentiation of dental pulp stem cells 

(DPSCs) into odontoblasts-like cells, as well as mineralization.5 However, only a limited 

number of studies have attempted to define the molecular mechanisms mediating the response 

of DPSCs to these CS materials to form reparative dentin.6 

Emerging evidence supports that Ca2+ ions released by CS biomaterials are mobilized by 

DPSCs, leading to intracellular transcriptional changes in DPSCs during odontogenic 

differentiation, with increased mineralization.7,8 However, studies demonstrated that the 

viability, proliferation and differentiation of DPSCs were enhanced in CS materials when 

compared with calcium hydroxide.9,10 In a clinical study, the success rate of calcium hydroxide 

was 59% at 2-3 years follow-up; in contrast, calcium silicates showed a success rate of 81-

86%.11 This suggests that the superior effect of calcium silicates over calcium hydroxide might 

be attributed to the soluble silicon (Si(OH)4, silicic acid) released by CS. When studying the 

effects of soluble silicon on DPSCs in vitro, supernatants obtained from the immersion of CS 

in the physiological medium were used as a source of silicon (Si).10,12–14 These solutions 

stimulated DPSCs proliferation and differentiation more than CH supernatant, suggesting that 

soluble Si released from CS positively influenced cells. However, CS extracts contain both 

Si(OH)4 and Ca2+ ions, and thus the specific role of soluble Si on DPSC is still not established.  

Unlike its role in dentin formation, Si influence on bone formation is well documented, although 

yet not fully understood.15–17 It has been advocated that Si promotes bone formation and gene 

expression involved in cell osteoblastic differentiation, mineralization and type I collagen 

synthesis.18–21 The concentration-response is still debated and may vary according to the cell 

type.22 For example, increased calcium deposition and type 1 collagen gene expression by 

human osteosarcoma MG-63 was observed at a supra-physiological concentration of 4 mM 

Si.21 Using the same cell line, the largest production of collagen was obtained with the addition 

of the physiological concentration of 10-20 µM Si in the culture medium, but the researchers 
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did not find any change in type I collagen RNA level.18 Similar study with osteoblasts revealed 

upregulated type I collagen gene expression with 50 µM Si.19 Using mesenchymal stem cells, 

Si at a concentration of 625 µM significantly enhanced the proliferation, mineralization nodule 

formation, bone/tooth-related gene expression (osteocalcin, osteopontin and alkaline 

phosphatase) and synthesis of mineralization-related proteins (alkaline phosphatase and 

osteopontin).23 Such heterogeneity in the cellular response suggests that additional parameters 

beyond silicic acid concentration play a key role in Si ability to promote mineralization. 

Conventionally, the cellular response to soluble silicon has been investigated in vitro in 2D cell 

culture. Although 2D culture research models offer a simple and cost-effective approach to 

maintaining cell culture, failure to mimic native tissue environment, changes in cell 

morphology and division, and disruption of interactions between the cells and the extracellular 

matrix raise the question of their physiological relevance.24 3D in vitro models have opened up 

new possibilities for modelling tissue interactions in vivo, enabling scientists to explore the 

biochemical cues underlying tissue formation. Cell-seeded dense, plastically-compressed 

collagen scaffolds have been validated as 3D cell culture models relevant to dental and bone 

biology, as they mimic the precursor matrices of tooth and bone mineralization, predentin and 

osteoid respectively.25–27 Furthermore, they have the potential to guide DPSC 

odonto/osteoblastic differentiation and DPSC-mediated matrix mineralization both in vitro and 

in vivo.28–30  

Therefore, a biomimetic 3D dense collagen gel model was used in this study to investigate the 

effects of soluble silicon on the viability, odonto/osteogenic differentiation, mineralization and 

matrix remodelling activity of human DPSCs in vitro. Physiological (10 µM) and 

supraphysiological (100 µM) silicic acid concentrations were studied.31 Results gathered from 

multiphoton imaging, electron microscopy, viability/metabolic tests, histology and gene 

expression studies suggest that, in our conditions, hDPSCs may not be influenced by the 

presence of silicon itself but via silicic acid interactions with the collagen matrix, which in turn 

modifies the hDPSC-collagen interface. These data also call for a more systematic assessment 

of possible Si-matrix interactions in studies of silicon-induced biological mineralization 

together with the design of more biomimetic tissue models. 

 



 

96 

 

III.2. Materials and Methods 

III.2.1. Cell source 

Human DPSCs were isolated from healthy teeth extracted from patients aged 15-20 years for 

orthodontic reasons at the AH-HP Bretonneau Hospital Dental Department. Teeth were 

collected according to the ethical guidelines established by French bioethics law (IRB 

agreement 00006477 and n° DC-2009-927, Cellule Bioéthique DGRI/A5), under an opt-out 

consent model. Primary DPSC were obtained following the extraction protocol established by 

Gronthos et al.32 Cells at passage 4 were used in this study. 

III.2.2. Preparation of dense collagen hydrogels 

Type I collagen was extracted from young rat tail tendons33 to prepare dense 3D collagen gels 

using plastic compression, as previously described 28,34. Briefly, type I collagen (4 mg.mL-1) 

solubilised in a 20 mM acetic acid solution was mixed with DMEM 5X (Dulbecco’s Modified 

Eagle Medium) and adjusted to the physiological pH with 0.1 M NaOH. After neutralization, 

hDPSCs suspended in a complete medium (DMEM media supplemented with 10% fetal bovine 

serum and 1% penicillin/streptomycin) were added to the collagen solution to obtain a pre-

compression concentration of 2 × 106 cells.mL-1.30 The mixture with a final collagen 

concentration of 1.6 mg.mL-1 was then placed into a 24-well plate and incubated at 37°C/5% 

CO2 for 30 minutes. The resulting highly hydrated collagen gels were transferred to a stack of 

blotting paper, nylon and stainless-steel mesh and loaded with a compressive stress of 1 kPa for 

5 min, yielding dense collagen gel scaffolds (> 10% w/v fibrillar collagen density).34 

III.2.3. Cell culture conditions 

The hDPSCs encapsulated in plastically compressed dense collagen hydrogels were grown in 

a mineralizing induction medium (MIM) made of 300 µM L-ascorbic acid sodium salt, 10 nM 

dexamethasone, 10 mM β-glycerophosphate, 10% fetal bovine serum, and 1% 

penicillin/streptomycin, without or with Si(OH)4 at concentrations of 10 µM (Si10) or 100 µM 

(Si100). Stock solutions of concentrated silicic acid (x100) were previously prepared from a 

commercial standard solution (Silicon Standard for ICP, 1002  2 mg.L-1 in NaOH, Sigma 

Aldrich) and adjusted to physiological pH with HCl before being diluted in the mineralizing 
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medium. Cell-laden collagen gels were cultured in 6-well plates using 5 mL of culture medium 

per well. Acellular gels cultured in MIM alone or supplemented with Si (10-100) were 

established as controls. Gels were incubated for 24 days, with differentiation media being 

renewed at 2- or 3-day intervals.  

III.2.4. Cell viability, distribution and metabolic activity 

Cell viability and distribution within the dense collagen gels were analysed by means of a Leica 

SP5 upright confocal (Leica DMI6000 Upright TCS SP5) coupled with a multiphoton laser 

scanning microscopy (Mai Tai multiphoton laser), which enabled the simultaneous acquisition 

of fluorescence and second-harmonic generation (SHG) signal.35 Prior to imaging, seeded cells 

were stained on day 24 post-culture following the live/dead® viability-cytotoxicity assay 

instructions (Thermofisher, Waltham, MA, USA). Constructs were washed in phosphate 

buffered saline (PBS) and stained with 2 µM calcein-AM and 4 µM ethidium homodimer-1 

solution. Live cells were stained in green and dead cells in red. A hybrid collector with a 

wavelength of 438 ± 24 nm (initial excitation of 880 nm) was used to detect the SHG signal of 

the corresponding collagen fibers and a 25x/0.95 water objective with a working distance of 

2.5 mm was used to acquire the z-stacks for each sample. Image series were acquired with the 

Leica Application Suite X software. Live/dead cells volumes and collagen signals were 

analysed using ImageJ. 

Cell metabolic activity in dense collagen gels was analysed by alamarBlue® assay (Sigma-

Aldrich, St. Louis, MO, USA) up to day 21 of culture. The cell-laden gels were incubated in a 

complete culture media containing 10 µg.mL-1 resazurin at 37°C/5% CO2 for 3 hours. 

Absorbances were read at wavelength of 570/600nm with a UV/Vis Uvikon spectrophotometer. 

The reduction percentage of AlamarBlue was calculated according to the manufacturer's 

instructions. 

III.2.5. Cell-Mediated Gel Contractility Assay 

Collagen gel contraction was quantified by measuring gel diameter on days 1, 3, 7, 10 and 14 

of culture. The gel size was compared with the initial gel diameter. 4 gels were measured per 

condition. 
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III.2.6. Scanning electron microscopy (SEM) / Energy-dispersive x-ray 

spectroscopy (EDS) 

First, gels were fixed with 4% paraformaldehyde (PFA) and washed with 0.1M sodium 

cacodylate/0.6M sucrose buffer, before being dehydrated in a series of alcohol solutions and 

dried with supercritical CO2. Dried samples were mounted on metallic holders and sputter-

coated with gold (15 nm layer) for SEM analysis and carbon (20 nm layer) for EDS. Samples 

were analysed under a Hitachi S-3400 N microscope at accelerating voltage of 10kV for SEM 

and 70 kV for EDS. Several pictures at different magnifications (1500-10,000x) were taken to 

examine microstructural features and chemical content. 

III.2.7. Histological and Immunohistochemistry staining 

After 24 days in culture, gels were fixed in a 4% PFA solution, dehydrated, embedded in 

paraffin and cut into 7 µm thick sections. Prior to staining, sections were deparaffinized with 

toluene and rehydrated in ethanol solutions of decreasing concentrations, finishing with water. 

Cell distribution within the collagen matrix was assessed using Masson's trichrome staining. 

Calcium and phosphate deposits were detected by alizarin red and Von Kossa, respectively. 

Micrographs were acquired under a light microscope (DMLB, Leica). 

For immunochemistry, sections were rehydrated and permeabilized with 0.05 % Tween 20 

(diluted in ethylenediaminetetraacetic acid buffer) at 95 °C for 20 min and blocked with 5 % 

bovine serum albumin (BSA, ThermoFisher Scientific) in PBS (PBS 1X - BSA 5 %) for 1 h at 

room temperature. Sections were incubated overnight at 4◦ C with the following primary 

antibodies: Nestin (1:200 dilution, 19483-1-AP, Proteintech, USA) and Osteopontin (1:50 

dilution, sc-21742, Santa Cruz, USA). The following day, sections were incubated for 1 h with 

Rhodamine RedTM - X goat anti-mouse IgG secondary antibody (1:200, R6393, Invitrogen, 

Canada) for OPN and Rhodamine RedTM-X goat anti-rabbit IgG secondary antibody (1:200, 

R6394, Invitrogen, Canada) for Nestin. Nuclei were then counterstained with DAPI (1:1000, 

Thermo Fisher Scientific) and the multi-exposure images were acquired using bandpass filters 

appropriate for the red dye and blue DAPI. 
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III.2.8. qRT-PCR analyses  

On days 0, 7, 14, and 21, cell-laden dense collagen gels were digested by collagenase, 

homogenized using Trizol® (Invitrogen, USA) and stored at -80°C prior to utilization. Total 

RNA content was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. For quantitative PCR, single-stranded RNA was 

transformed into complementary double-stranded DNA (cDNA) by reverse transcription. 1μL 

of random primers (200uM) (Invitrogen) and 1 μL deoxyribonucleosides triphosphates(10mM) 

(Invitrogen) were added to 10 µl RNA aliquots (around 300-500 ng). Following denaturation 

of secondary structure at 65°C and primers binding, 5X reaction buffer, dithiothreitol (0.2 M) 

and Moloney murine leukemia virus (M-MLV) (Invitrogen) were added. After 60 min at 37°C, 

the reaction was stopped by heating at 70°C for 10 min. The resulting cDNAs were stored at -

20°C until further use. 

 

Table III.1: Primers for real-time PCR (supplied by Roche Diagnostics, GmbH, Germany) 

 

Primer Sequence (Forward 5’- 3’) Sequence (Reverse 5’- 3’) 

BGLAP CAAAGGTGCAGCCTTTGTGTC TCACAGTCCGGATTGAGCTCA 

Col1A1 CCAGTCAGAGTGGCACATCTTGA GCTCACGATGGTGCCGCTACTA 

MMP13 GCCGGTGTAGGTGTAGATAGGAAA GGAGATGCCCATTTTGATGATGA 

IBSP AACGAACAAGGCATAAACGGCACCA CTTGCCCTGCCTTCCGGTCT 

ALP GCAGCTTGACCTCCTCGGAAGACACT TCACCGCCCACCACCTTGTAGCC 

GAPDH TTGATTTTGGAGGGATCTCG GAGTCAACGGATTTGGTCGT 

18S rRNA TTACAGGGCCTCGAAAGAGT TGAGAAACGGCTACCACATC 

 

Real-time fluorescence analysis using SYBR Green Master Mix (Roche Diagnostics GmbH, 

Germany) was used to quantify the expression level of specific genes relative to GAPDH or 

18S rRNA housekeeping genes. The primers used in qRT-PCR are listed in the table above 

(Table III.1). The reaction involved a succession of 40 cycles, each cycle including 

denaturation (95°C, 30 s), annealing (60°C, 30 s) and elongation with Taq polymerase (72°C, 

30 s). Target gene quantities were normalized to GAPDH/18S rRNA using the Pfaffl method 

to determine variations in expression of each target gene under different mineralization 

conditions. The condition MIM at day 7 was used as calibrator point. Three samples were 

analysed per group. 
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III.2.9. Statistical analysis 

Statistical analysis was performed on OriginPro 9.4 (OriginLab, Northampton, MA, USA). 

Data were compared statistically by one-way analysis of variance (ANOVA) tests. Statistical 

difference was considered at p < 0.05. Data are presented as mean ± standard deviation of mean 

(SD). 
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III.3 Results 

The impact of Si-containing medium on hDPSCs was assessed in cell-seeded plastically 

compressed 3D dense collagen hydrogels, in terms of cell viability and differentiation, mineral 

deposition and matrix remodelling. Three mineralization conditions were tested: MIM without 

silicic acid (control), with 10 µM silicic acid (physiological) and 100 µM silicic acid 

(supraphysiological). 

III.3.1. Influence of silicic acid on hDPSCs viability and metabolic activity 

Viability of hDPSCs seeded in collagen hydrogels was assessed using calcein-AM and 

Ethidium homodimer-1 to stain live and dead cells respectively. Control and silicic acid-treated 

groups (10 and 100 µM) showed similar high cell viability, with a limited number of dead cells 

on day 24 of culture (Figure III.1(a)). Analysis of the virtual volume occupied by cells in the 

gels showed a significantly greater volume of living cells than dead cells in each group (Figure 

III.1(b)). In the presence or absence of Si, live/viable cell volumes were not significantly 

different.  

To evaluate the metabolic activity of the cells, the AlamarBlue® test was carried out over 21 

days of culture. The hDPSCs showed a similar trend under the three conditions, with a 

progressive decrease in resazurin reduction over time (Figure III.1(c)). Cell metabolic activity 

was not influenced by silicic acid addition over 2 weeks and was slightly higher in Si10-treated 

cells after 21 days compared to the two other conditions.  
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Figure III.1: Viability and metabolic activity of hDPSC seeded in 3D dense collagen gels under mineralizing 

induction medium (MIM) without or with silicic acid at 10 µM and 100 µM. (a) Confocal images of live/dead 

stained cells at day 24. Scale bar 100 µm. (b) Quantification of cell volume occupied by live and dead cells in the 

gels at day 24. (c) Metabolic activity of seeded cells at day 1, 7, 10 and 21 in culture. *p<0.05.  

 

III.3.2. Influence of silicic acid on hDPSCs clustering  

The impact of Si on hDPSCs distribution in dense collagen hydrogels was further analysed by 

SHG and confocal microscopy. On day 24 of differentiation, cells spread out evenly within the 

collagen matrix cultured in mineralizing medium alone (Figure III.2(a)). In contrast, Si10- 

treated matrix exhibited zones of cell clustering, leaving some hydrogel regions without cells 

(Figure III.2(b)). This trend was even more marked at Si 100 M where a large cell cluster 

was observed (Figure III.2(c)). Such cell-free areas could be further visualized on hydrogel 

cross-sections stained with Masson trichrome (Figures III.2(d-f)). 

C 
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Figure III.2: Cells distribution within the gels on day 24 of growth in absence or presence of Si (10 µM, 100 µM) 

in Mineralizing Induction Medium (MIM). (a-c) 3D rendering Confocal coupled with SHG images 

(collagen=purple, live cells=magenta; dead cells=red) and (d-f) Masson’s Trichrome staining of scaffolds. 

Observation of regions without cells (asterisks). 

 

III. 3.3. Influence of silicic acid on hDPSCs proliferation 

hDPSC proliferation in dense collagen hydrogels was assessed by analysing RNA content over 

a 21 days culture in mineralizing media with or without silicic acid. Cell proliferation increased 

from day 1 to day 7, then decreased in the three groups independently of the presence of Si 

(Figure III.3(a)). A significant difference in RNA content was measured between the Si-100 

treated hydrogel and the Si-free group on day 1. 
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Figure III.3: Influence of Si on hDPSC proliferation and differentiation after culturing dense cells-laden collagen 

gels in mineralizing media for 1, 7, 14 and 21 days in the absence or presence of Si (10 µM, 100 µM). (a) RNA 

content/cell proliferation. Gene expression of ALP (b), BSP (c), BGLAP (d) by qRT-PCR analysis. *p<0.05. 

III.3.4. Influence of silicic acid on hDPSCs differentiation 

Expression of bone- or tooth-related genes, i.e. ALP, BSP and BGLAP (osteocalcin), were 

investigated by qRT-PCR in the hDPSCs cell-laden gels grown for 1, 7, 14 and 21 days in MIM 

in the absence or presence of Si (10 and 100µM). All these genes were expressed in both Si- 

and non-Si-treated groups at all the different time points (Figures III.3(b-d)). 

ALP gene expression (Figure III.3(b)) followed a similar trend in the control and Si groups, 

with a progressive increase over time. Comparable low levels of BSP expression were detected 

in the absence or in the presence or Si from day 1 to day 14, even though on day 1, BSP 

expression in MIM (without Si) was highly expressed without significant difference versus the 

Si groups (Figure III.3(c)). BGLAP expression level (Figure III.3(d)) gradually increased in 

all the groups from day 1 to day 7, when it reached its highest level, and then decreased 
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dramatically. On day 1, BGLAP was at its lowest level in the Si10 group, and significantly 

lower compared to the MIM group. Nevertheless, on day 7, BGLAP expression increased up to 

2.4-fold in the Si10 group, reaching the same level of expression as in the MIM group. 

Increasing silicon content (Si100) resulted in a 1.5-fold lower level of BGLAP expression at 

day 7, albeit no statistically significant difference was observed between the groups. 

Complementary immunostaining showed that, at day 24 post-seeding, Nestin, a neural crest 

mesenchymal stem cells marker 36, was uniformly present throughout the whole width and 

height of the gels in the three conditions (Figure III.4(a-c)). There was a trend of decreasing 

Nestin-staining intensity with increasing silicon content, but without statistical difference 

between the three groups (Figure III.4(g)) 

 

Figure III.4: Immunohistochemically stained sections of hDPSC-seeded scaffolds grown in mineralizing 

conditions without or with Si (10 µM, 100 µM) for 24 days. (a-c) Nestin/DAPI, (d-f) Osteopontin/DAPI, and 

quantifications of Nestin (g) and Osteopontin (h) fluorescence at day 24. 
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In parallel, stronger osteopontin immunolabeling was observed in cell-laden gels grown without 

Si (Figure III.4(d)) and with Si10 (Figure III.4(e)), vs. gels grown with Si100 (Figure 

III.4(f)). Accordingly, the Si100 group exhibited a significant reduction in the fluorescence 

intensity of osteopontin (Figure III.4(h)). 

 

III.3.5. Mineralization analyses 

III.3.5.1. Alizarin red S staining 

To determine whether the presence of Si in the hydrogels impacted the extent of mineralization, 

sections of cellularized hydrogels cultured for 24 days were stained with alizarin red.  A 

comparable calcium red staining was observed in MIM alone (Figure III.5(a)) and Si10 

conditions (Figure III.5(b)), while a fainter and localized staining was observed in Si100 group 

(Figure III.5(c)). Noteworthy, the mineral deposits in the Si10-scaffolds were organized in 

clusters in some areas of the gel (Figure III.5(b)), in line with the cell organization in clusters 

already observed in the SHG images (Figure III.2(b)). In contrast, cross-sectional images of 

gels grown in MIM alone displayed a uniform distribution of the mineral deposition (Figure 

III.5(a)). The presence of phosphate within the same regions was confirmed by Von Kossa 

staining (Figure III.5(d-f)). 
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Figure III.5: Histologically stained sections of hDPSC-seeded scaffolds grown in mineralizing conditions without 

or with Si (10 µM, 100 µM) for 24 days. (a-c) Alizarin Red, (d-f) Von Kossa. 

III.3.5.2. SEM imaging and EDS analyses 

Cell-mediated matrix mineralization deposition was further analyzed by SEM and EDS, 24 days 

post-seeding. SEM images clearly indicated that minerals were present along the collagen 

matrix, and external to the cells, in all the three groups (Figure III.6(a-c)). In contrast, 

similarly-treated acellular collagen gels displayed a fibrillar collagen network with no evidence 

of mineral deposition (Figure III.6(d-f)).  

EDS analysis of mineralized regions in the 3 culture conditions revealed the presence of both 

calcium and phosphorus in addition to oxygen and carbon (Figure III.6(a-c)), while only 

oxygen and carbon were identified in acellular gels (Figure III.6(d-f)). The average measured 

Calcium:Phosphorus ratio was 1.44 ± 0.14 in all samples, confirming the presence of a 

physiological apatite mineral phase. 
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Figure III.6: Mineral formation of dense collagen hydrogels under mineralizing induction medium containing Si 

(10 µM, 100 µM) or not. (a-c) SEM micrographs and corresponding energy-dispersive x-ray spectra for h-DPSCs 

seeded hydrogels, (d-f) SEM micrographs and corresponding energy-dispersive x-ray spectra acellular hydrogels 

III.3.6. Collagen matrix remodelling 

III.3.6.1. Influence of silicic acid on hDPSCs matrix remodelling activity 

Expression matrix remodelling-related genes, i.e. MMP13 and Col1, were investigated by RT-

qPCR in the hDPSCs cell-laden gels grown for 1, 7, 14 and 21 days in MIM in the absence or 

presence of Si (10 and 100 µM). Treatment with Si at both concentrations resulted in a time-

dependent collagen expression increase from day 7 to day 21, while Col1 levels remained 

constant between days 14 and 21 in the absence of Si (Figure III.7(a)). In parallel, MMP 13 

expression was low on days 1 and 7 for all groups, with or without Si, and significantly lower 

for Si10 compared to MIM on day 7 (Figure III.7(b)). On day 14, Si10 group showed a higher 

level of MMP13 gene expression compared to the group with Si100, this difference being 

significant (p<0.05). At day 21, MMP13 gene expression continued to increase only for the 

Si100 condition, reaching values comparable to the other groups. 
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Figure III.7: Influence of Si on hDPSC remodeling activity after culturing dense cells-laden collagen gels in 

mineralizing media for 1, 7, 14 and 21 days in the absence (in red) or presence of Si (10 µM (in blue), 100 µM (in 

yellow)). Gene expression of COL1 (a), MMP13(b) by RT-qPCR analysis. *p<0.05. 

III.3.6.2. Gel contraction 

Relative extents of remodelling activity of collagen hydrogels by hDPSC were assessed by 

quantifying gel diameter over 14 days of culture and performing SHG microscopy on day 24. 

hDPSC-seeded gels grown in media without or with Si (10, 100 µM) showed equivalent 

decreases in diameter/contraction at the same time points (Figure III.8(a)). A reduction in gel 

diameter of 50% from its original size was measured on day 1, and then contraction remained 

relatively constant throughout the 14 days of culture (Figure III.8(b)). The contraction was 

completely absent in acellular gels, regardless of the presence or absence of Si (Figure III.8(c)). 
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Figure III.8: Contraction of collagen gels by hDPSC in a mineralizing culture medium supplemented with silicon 

or not. (a) Representative images of collagen gel contraction at day 14, (b) Average collagen gel diameter over 14 

days of culture, (c) Representative images of acellular collagen gels at day 14. 

III.3.6.3. Collagen network structure  

SHG imaging at day 24 of the cell-laden hydrogels grown under the 3 mineralizing conditions 

(MIM, MIM+Si10, MIM+Si100) highlighted the presence of collagen fibrils, with considerable 

differences from one condition to the others (Figure III.9(a)).  

In MIM alone, individual fibrils were difficult to distinguish and seemed to be assembled in 

dense ball-like aggregates. In the Si10 condition, some individual fibrils, several tens of 

micrometers in length, can be visualized. At Si100, such fibrils formed most of the matrix, and 

seemed to exhibit some local orientation.  Noticeably, control gels without cells left for 24 days 

in MIM displayed much thicker and elongated fibers (Figure III.9(c)).  

Quantitative analysis of collagen fibrils orientation and distribution from SHG images 

confirmed a more pronounced fiber alignment with increasing Si concentration (Figure 

III.9(d)). SEM images also suggested a significant variation in fiber alignment recorded at the 

vicinity of the cells in the different conditions. (Figure III.9(b)). 
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Figure III.9: Matrix structure of hDPSC-seeded dense collagen scaffolds under mineralizing conditions (without 

and with Si at 10 µM or 100 µM) at 24 days of culture. (a) Second harmonic generation images (individual fibers 

are highlighted by yellow arrows), (b) SEM micrographs (Fiber alignment is highlighted by yellow arrows) and 

(c) Quantitative analysis of collagen fiber orientation from SHG. (d) SHG image of a cell-free dense collagen 

scaffold cultured in MIM alone at day 24 and its analysis of fiber orientation (inset). 
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II.4. Discussion 

The aim of this work was to identify the possible influence of silicic acid on the behavior of 

human dental pulp stem cells and, in particular, on their mineralization ability. In fact, whereas 

similar studies have already been performed using other mineralizing cells in a bone repair 

context, such as Bone Marrow Stem Cells (BMSCs) and osteoblasts, very little attention has 

been paid to dental stem cells.22 In addition, most of these investigations were performed in 2D 

culture conditions. Here, we hypothesized that providing a tissue-like 3D environment to the 

cells would offer a more representative model of the in vivo situation. Specifically, type I 

collagen-based dense hydrogels appear particularly promising to produce dentin pulp 

complexes-like environments.28 For this study, we selected two silicic acid concentrations, 10 

M (0.28 ppm) which is comparable to the physiological Si(OH)4 concentration 15, and 100 M 

(2.8 ppm) to check for possible influence of supraphysiological Si content. Importantly, these 

concentrations remain well-below the solubility of amorphous silica (ca. 2 mM) to prevent the 

occurrence of silica condensation 31, and are also in the lower concentration range used in 

comparable studies.22 

Studying the evolution of the metabolic activity of the cells over 3 weeks and evaluating cell 

viability at the end of the culture time revealed that silicic acid has no toxic effect towards 

hDPSCs at these concentrations and may even be favorable to cell activity (Figure III.1(a)). 

Total RNA content was similar in all conditions and Nestin, a marker of neural crest stem cells 

which is present both in undifferentiated DPSCs and in the early stages of their osteogenic 

differentiation 37, was equally present in all samples. This is consistent with previous studies 

for other cell types showing that, in such a concentration range, Si usually has no effect on cell 

metabolic activity.23 

Considering gene expression of key mineralization-related proteins, there was no significant 

difference for alp and bsp at all concentration and time points. Bglap expression was slightly 

down regulated at day 1 for 10 M Si but was then similar to all other samples in all conditions. 

This would suggest that Si has only a minor influence on the odonto/osteogenic differentiation 

of hDPSCs. In the meantime, SEM/EDS indicates that the deposited inorganic phase has a Ca/P 

ratio similar to the expected value for dentin mineral in all conditions, suggesting that Si has no 

strong effect on the chemistry of hydroxyapatite formation. However, histological analyses 

revealed a difference in the mineralization extent as shown by an Alizarin red staining much 



 

113 

 

weaker for the 100 M Si condition compared to the two others. This suggests that despite 

comparable expression of mineralization-related proteins (ALP, BSP and Osteocalcin), and 

thus a similar differentiation stage of cells towards an osteogenic phenotype, the mineralization 

process is somehow inhibited in the presence of a non-physiological, albeit relatively low, Si 

concentration.  

One key difference between the various samples is the state of cell dispersion within the 

collagen matrix. Indeed, the presence of Si favors the grouping of cells in clusters while, in its 

absence, hDPSCs are homogeneously distributed within the gels.  In parallel, Si appears to 

favor an organization where the collagen fibrils are more aligned than in its absence. 

Importantly, the contraction occurring during the first week was equivalent in all the conditions, 

suggesting that Si has no impact on this initial stage of collagen reorganization. During the 

course of differentiation, Col1 expression level dropped in all conditions between days 1 and 

7, and then increased to reach its largest value in the absence of Si at day 14, while it continued 

to increase up to day 21 in the presence of Si. Noteworthy, the increase in Col1 expression 

parallels that of MMP13, one of the main enzymes involved in collagen degradation. Taken 

together, these data suggest that the presence of silicic acid in the mineralization medium delays 

matrix remodeling by hDPSCs.  

The sequence of 3D matrix remodeling involves the local degradation of the environment, cell 

migration and deposition of a new matrix.38 Cell clustering can therefore reflect restricted 

mobility, due to hindered matrix degradation, poor adhesion and/or limited collagen 

deposition.39 This is consistent with the observed delayed MMP13 and Col 1 expression. 

Moreover, OPN has a key role in cell signaling and migration.40 Thus, low OPN presence in Si 

100 M conditions may also correlate with limited cell migration. However, understanding the 

low mineralization yield in this condition is not straightforward. Noticeably, it has been shown 

that DPSCs from MMP13-knockout mice exhibit reduced mineralization potential.41 Therefore, 

low mineralization could correlate with delayed MMP13 expression. Alternatively, it has been 

recently shown that, although cell aggregation favors mineralization in 2D cultures42, 3D 

clustering may orient osteoblast precursor cells differentiation towards osteocyte-like cells with 

a lower mineralization activity.43  

The next question is to know if this impaired remodeling is due to Si interactions with cells or 

to a change in the matrix properties leading to unfavorable cell-matrix interactions. Considering 

the first possibility, it was reported several times that Si promotes the expression of Col1 and 
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mineralizing proteins in osteogenic cells18, which is in contradiction with our present 

observations on hDPSCs. However, it has also been previously shown that silica nanoparticles 

at a 1 mM concentration decreased the expression of proteins involved in cell adhesion 

(fibronectin, FAK) in normal human dermal fibroblasts, which hinders cell migration and could 

delay remodeling.44 The second possibility is that silicic acid establishes some chemical 

interactions with the collagen molecules and/or fibrils. In this perspective, it was shown that 

sodium silicate at ca. 150 M could influence type I collagen fibrillogenesis.45 Here, silicon 

was not added at the stage of gel formation so that it was not expected to impact the initial 

scaffold structure. However, interactions of Si(OH)4 with collagen may occur during 

remodeling where new collagen molecules are synthesized by the cells and undergo 

fibrillogenesis.  The ability of silicic acid solutions to decrease cell adhesion and/or modify the 

contraction-induced collagen fiber morphology were also reported several times, albeit at 

higher silicon concentration.31 At this stage, it is not possible to know which of these 

mechanisms, which are not exclusive, is responsible for our observations. 

Very few similar studies were performed at such low silicon contents, mostly in 2D 

environments and, to our knowledge, only once with hDPSCs. This study of Miyano et al. tested 

the effects of 5 µM, 50 µM and 500 µM Si supplementation to culture media on hDPSCs.46 The 

largest ALP expression was observed on day 14 of culture for all groups, with highest 

expression at 5 µM Si, but no difference in ALP activity was found between groups. 

Meanwhile, alizarin red staining was greater with 5 µM and 500 µM Si compared to 50 µM Si 

on day 28. The latter result is in line with ours, where mineral deposition was more pronounced 

for the lowest concentration of 10 µM Si than for the supraphysiological Si dose (100 M). 

Another study investigating the effects of high Si concentrations on hDPSCs showed that 

odontoblastic activity, as monitored by ALP activity, DSP expression and alizarin red staining, 

was improved by 50 ppm Si (2 mM) treatment.47 However, at this concentration, Si effects can 

be attributed not only to the bioavailable form of Si (soluble), but also to polymeric forms of 

Si. In parallel, no difference in hDPSC mineralization was found between cells grown in 

odontogenic induction medium (OIM) alone and OIM supplemented with 25 ppm Si (1mM). 

These data, combined to ours, highlight again the high sensitivity of the hDPSCs response to 

the silicic acid concentration.  
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II.5. Conclusions 

The aim of this work was to study the effect of silicic acid on hDPSCs immobilized in a dense 

collagen hydrogel mimicking the pulp matrix. Whereas previous studies devoted to silicic acid 

interactions with osteogenic cells generally reported either no influence or a beneficial one 

considering mineralization, our results show no clear effect on mineralization at the gene 

expression level.  

Importantly, and contrary to bone, there is, so far, no evidence of a possible physiological role 

of silicon on dental tissue formation or repair. This can explain why our study reveals little 

impact of a physiological silicic acid concentration on DPSCs. In contrast, a supraphysiological 

concentration may result from the dissolution of biomaterials, such as calcium silicates, at the 

vicinity of the pulp tissue and have a negative impact on reactive dentine formation. Our 

findings suggest that the released silicic acid would primarily interact with the extracellular 

matrix rather than with the cells. So far, the contribution of such interactions to the global cell 

response to silicon at low concentration (i.e. below silica solubility) has never been addressed 

and constitutes, to our point of view, an important area for further research. 

In this context, it is important to point out that collagens (mainly type I and type III) constitute 

only about one third of the pulp matrix composition.48 Glycosaminoglycans and proteoglycans 

are present in major amounts and non-collagenous proteins, especially fibronectin, also play a 

key role in the organization and mechanical properties of the tissue and in cell-matrix 

interactions. This calls for the development of more physiological pulp-like 3D environments 

to improve our understanding of DPSCs response to silicon.49 More globally, such biomimetic 

platforms could constitute a useful animal-free alternative to current in vivo procedures for 

testing dental biomaterials.50 
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Chapter IV 

  

  

  

  

Effect of silicon-releasing nanoparticles on the mineralization of plastically-

compressed collagen hydrogels by human dental pulp stem cells  
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IV.1. Introduction 

Building on the foundations laid in previous chapters, which relied on the optimization of 

collagen hydrogel formulation and the effects of exogenous silicic acid supplementation on 

human dental pulp stem cells (hDPSCs) encapsulated in the collagenous hydrogel, this chapter 

addresses the effects of silicon-delivering materials incorporated into cellularized collagen 

hydrogels on the behaviour of DPSCs. In the clinical situation, the pulp capping materials are 

in direct contact with the tissues and release silicic acid in a progressive rather than continuous 

manner, both of which could impact the cell response. To model this situation, we have used 

silica-based nanoparticles that were incorporated within the collagen gels in the presence of 

hDPSCs. Such an approach is motivated by the prevalence of silica-based nanoparticles in 

dental materials, thus necessitating a comprehensive examination of their direct impact on 

DPSC behavior within a biomimetic scaffold.1,2 In addition, silicon-based nanoparticles offer 

an alternative means of delivering silicon in a localized, controlled, and long-term/sustainable 

manner.3–5 

The two distinct nanoparticle types were investigated: silica and bioglass nanoparticles. Silica 

nanoparticles, with their high surface area and tunable physicochemical properties, are a 

common component of various dental formulations.1,6 Bioglass nanoparticles, characterized by 

their bioactive properties and ability to promote mineralization, offer an alternative route for 

silicon delivery, with potential implications for improving tissue regeneration.5,7 This dual 

approach allows for a comprehensive evaluation of the influence of nanoparticle concentration 

and composition on cellular behavior and mineralization dynamics within the collagen hydrogel 

matrix. Hereafter, we will describe cell viability assessments, matrix characterization and 

mineral deposition studies, as a first step towards the elucidation of the complex mechanisms 

underlying the bioactivity of silicon-loaded collagen hydrogel nanocomposites. 
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IV.2. Materials and Methods 

IV.2.1. Synthesis of nanoparticles 

IV.2.1.1. Silica nanoparticles 

Silica nanoparticles (NPs) were synthesized by hydrolysis of tetraethylorthosilicate (TEOS 

98%, Sigma-Aldrich) in an alcoholic medium, in the presence of water and ammonia, according 

to a methodology previously established.8 In the standard synthesis protocol, 0.5 mL TEOS was 

rapidly mixed with 2 mL ethanol. Next, this TEOS/ethanol mixture was introduced into a 

solution comprising 100 mL ethanol and 20 mL NH4OH (28±30%, Merck), and stirred for 2 h 

at room temperature. The resulting NPs were collected by centrifugation, dispersed by 

ultrasonication and alternately centrifuged three times with ethanol and deionized water to 

remove any unreacted precursors. Then, silica NPs (Si) were dried in a freeze-dryer for 24 

hours. 

IV.2.1.2. Bioglasses 

The synthesis of bioactive glass nanoparticles (BGs) was conducted via a modified Stöber route, 

adapted from a previously established methodology.9 Initially, two distinct solutions were 

prepared at ambient temperature. Solution 1 was formulated by swiftly adding 2.34 mL of 

tetraethyl orthosilicate (TEOS) to 20 mL of absolute ethanol, while solution 2 was composed 

of 11.7 mL of deionized water, 17.5 mL of absolute ethanol, and 1.7 mL of ammonium 

hydroxide. Following 30 minutes of mechanical stirring, solution 1 was introduced into solution 

2 and allowed to amalgamate for 2 hours. Subsequently, a 5 g of calcium nitrate, 

((Ca(NO3)2).4H2O) was incorporated into the resulting turbid mixture and subjected to stirring 

for the duration of 22 hours. The resultant white suspension was centrifuged and subjected to 

sequential washing steps involving ethanol and water to eliminate residual reagents. The 

resulting white solid was then subjected to overnight drying at 60°C, followed by a heat 

treatment at 650°C for 3 hours. 

IV.2.1.3. Nanoparticles characterization 

Nanoparticle size was measured by Dynamic Light Scattering on a Zetasizer nano-ZS90 and 

morphology were studied by SEM using a Hitachi S-3400 N microscope operating at 60 kV.  
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The particles were deposited on a carbon film and observed without being metallized. Particle 

size distribution was determined by measuring the diameter of more than 50 particles from 

SEM micrographs using ImageJ processing software. Chemical composition was determined 

using an ATR-FTIR spectrometer. Wavelength-dispersive X-ray fluorescence (WDXRF) was 

used to determine the % silicon and calcium atoms in the BGs. 

Nanoparticle synthesis and part of the characterizations were performed by Anthony Avril 

during his M2 internship.  

IV.2.2. Formation of hydrogels composite gels 

Dense collagen gels (DC) encapsulating silica nanoparticles have been synthesized, as hybrid 

gels with or without hDPSCs. The protocol of gel preparation was the same as in the previous 

chapters, with the addition of nanoparticles after neutralization. Gels containing three 

concentrations of nanoparticles were prepared: 10, 100 et 1000 μM (of silicon). Cellularization 

and growth conditions were similar to those described in the previous chapter. 

IV.2.3. Study of nanoparticle dissolution in collagen gels 

Culture media from cellularized nanocomposite gel environments were collected and analyzed 

at days 3, 7, 14 and 21 to measure the released silicon concentration in solution. Samples of 

growth media from cellularized gels (without NPs) were used as controls. Analysis was 

performed by inductively coupled plasma atomic emission spectrometry (ICP-AES) at the 

Institut de Physique du Globe de Paris. 

ICP-AES was performed by Pierre Burckel at the Institute de Physique du Globe de Paris.  

Viability, metabolic activity and mineralization of the hDPSC in the gels were assessed using 

the same techniques described in the previous sections. 
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IV.3 Results 

IV.3.1. Morphology, composition, and dissolution of nanoparticles 

The sol-gel synthesis used here produces spherical particles.8 Electron microscopy confirmed 

the spherical shape of the particles and allowed to determine their size (Figure IV.1(a)). Silica 

particles were 170 ± 50 nm in diameter, and bioglasses 140 ± 55 nm. Homogeneous particles 

were observed on the SEM images in both types of nanoparticles. The FTIR spectra of silica 

showed the presence of a band around 1600 cm-1 corresponding to the vibration of the OH 

bonds of the adosrbed water, an intense band around 1100 cm-1 which corresponds to the 

stretching vibrations of the Si-O-Si bonds in the SiO4 tetrahedron, a band around 950 cm-1 

which corresponds to the Si-O bond of the silanols and a band around 800 cm-1 which 

corresponds to inter-tetrahedral Si-O-Si bending vibration mode. For the bioglass particles, the 

band at 950 cm-1 has almost disappeared, as a result of the heating treatment yielding to the 

condensation of the silicate network (Figure IV.1(b)). WDXRF indicated that the bioglass 

particles displayed a Ca:Si atomic ratio of 0.05. 

Once the particles have been characterized, the next step was to examine their dissolution in 

the conditions of the biological experiments, i.e. within hDPSCs-seeded collagen hydrogels 

(DC). Three concentrations of silica (Si) and bioglass (BG) nanoparticles in the collagen gels 

were studied: 10, 100, and 1000 μM. As expected, the gels containing the highest concentrations 

of nanoparticles exhibited the highest release of silicon, with different kinetic behaviour 

between silica and bioglass particles (Figure IV.1(c)). The release of silicon was the highest 

on day 3 in all the conditions, with mean release of concentrations of 100, 40, 10 and 10 μM in 

culture medium for DC-Si 1000, DC-BG 1000, DC-Si 100 and DC-BG 100, respectively, far 

below the toxic level (1mM).10 The dissolution curves for 10 and 100 μM showed similar trends 

over time, with a steady release of 10 μM silicon throughout cell culture. This observation 

suggests that at very low nanoparticle concentrations (10 μM) in the gels, dissolved silicon 

concentrations are very low and below the detection limits of the technique. Therefore, only 

gels containing concentrations of 100 and 1000 μM were studied in the rest of the project. 
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Figure IV.1: Morphology, composition and dissolution of synthetised silica and bioglasses nanoparticles. (a) SEM 

images of nanoparticles. Scale bar 500 nm. (b) ATR-FTIR of dried powder. (c) Follow up of the release of silicon 

in culture media from cellularized collagen gels with initial concentration of 10 µM, 100 µM and 1000 µM of 

nanoparticles at days 3, 7, 14 and 21 in culture. 

IV.3.2. Viability, metabolic activity of hDPSCs in hybrid gels 

To validate the cellular response to and odontogenic potential of the DC-Si and DC-BG 

hydrogels, seeded hDPSCs were cultured in the scaffolds for up to 28 days in mineralizing 

media. Live/Dead staining of hDPSCs seeded within plastically compressed collagen hydrogels 

was performed after incubation for 28 days in mineralizing medium. As shown in Figure 

IV.2(a), most hDPSCs were viable in the presence of low (100 μM) and high (1000 μM) 

concentrations of silica or bioglass nanoparticles, indicating the cytocompatibility of these 

silica-based nanocomposite collagen scaffolds. The metabolic activity of hDPSCs seeded in 

DC, DC-Si and DC-BG decreased with culture time (Figure IV.2(b)). However, cells in DC-

BG (100 and 1000) displayed significantly higher metabolic activity than cells in DC alone and 

DC-Si (100 and 1000). 
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Figure IV.2: Viability and metabolic activity of hDPSCs within collagen gels without nanoparticles and 

containing 100 µM and 1000 µM silica or bioglases nanoparticles, grown in mineralizing medium. (a) Live/dead 

confocal images on day 28 of growth with cells in green and dead cells in red, and (b) Metabolic activity assessed 

with alamarblue reduction test up to day 21 of culture. 

IV. 3.3. Distribution of hDPSCs in hybrid gels 

Cell distribution within the collagen scaffolds was evaluated through Masson's trichrome 

histological staining of gels cross-sections and SHG imaging coupled with confocal microscopy 

on day 28 of culture. Masson’s trichrome staining revealed distinct patterns of cell distribution 

within the gels (Figure IV.3(a)). In DC and DC-BG 100 gels, clusters of cells were observed 

both inside and outside the gel, while they were predominantly located at the edges of DC-Si 

100 and DC-Si1000 gels. Conversely, uniform distribution of cells was observed throughout 

the DC-BG 1000 gel. The SHG/confocal 3D images in the xy- and xz-directions further 

illustrate this uniform distribution of cells within the nano-composite gel loaded with 1000 µM 

bioglasses nanoparticles (Figure IV.3(b)). 
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Figure IV.3: Distribution of hDPSC cells in the plastically compressed collagen hydrogels, without or with 100 

and 1000 µM silica or bioglass nanoparticles. (a) Masson’s trichrome histological staining of cross-sections of the 

gels after 28 days of culture, scale bar=200 µm. (b) SHG images coupled with confocal live-cells imaging on day 

28 of culture, illustrating the specific areas indicated in the inset in (a). 

IV.3.4. Collagen network organization 

Collagen fibers organization was observed using Second-harmonic generation (SHG) 

microscopy. On day 28 of culture, the matrix showed collagen fibers organized in globules in 

all the 5 types of gel. No qualitative differences were observed between images (Figure IV.4). 
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Figure IV.4: SHG imaging of dense collagenous matrix loaded with hDPSC without and with 100 and 1000 µM 

silica or bioglass nanoparticles after 28 days in culture. 

IV.3.5. Mineralization analyses 

IV.3.5.1. Von Kossa staining 

Von Kossa staining was used to detect calcium deposits in the gel sections, evidenced by dark 

coloration. All five types of cell-laden gels, with and without nanoparticles, were positive to 

Von Kossa staining after 28 days of culture, indicating successful mineralization. However, the 

distribution of mineral deposits varied between gels. Like the distribution of cells revealed by 

Masson's trichrome staining (Figure IV.3(a)), mineral deposits occurred in clusters, 

corresponding to areas of cell aggregation, particularly evident with clustered minerals within 

DC gels and at the periphery of DC-Si 100 and DC-Si 1000 gels (Figure IV.5). Interestingly, 

the mineral deposit was slightly more uniform in the presence of 100 µM bioglasses and even 

more uniform in the presence of 1000 µM. 
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Figure IV.5: Histological von kossa staining of cross-sections of scaffolds seeded with hDPSCs grown in 

mineralizing medium for 28 days. Scale bar = 100 µm. 

IV.3.5.1. Nestin immunostaining 

Nestin expression was studied in hDPSCs cultured in collagen hydrogels for 28 days to assess 

the impact of nanoparticle incorporation into the gel on neural crest-related features of hDPSCs. 

As shown in Figure IV.6, the presence of bioglass nanoparticles did not affect nestin expression 

or localization, with comparable expression in DC and DC-BG gels. However, nestin 

expression was less pronounced in the presence of silica particles (DC-Si). 
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Figure IV.6: Immunofluorescence analysis of the nestin expression (red) in hDPSC-laden dense collagen gels on 

day 28 of culture without or with silica or bioglasses nanoparticles. 

IV.3.5.2. SEM and EDS imaging analyses 

SEM images of gels with and without particles revealed a similar, dense, and random collagen 

fibril network, suggesting that nanoparticle presence (at the studied concentrations) does not 

disrupt fibril formation (Figure IV.7). Bioactivity of acellular hybrid DC-Si and DC-BG gels 

was assessed on day 21, with only DC-BG gels exhibiting mineral formation, evidenced by 

mineral deposits along collagen fibrils (Figure IV.7). EDS analysis of deposited particles 

identified the presence of both calcium and phosphorus, indicating hydroxyapatite-like minerals 

(Figure IV.8).  
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Figure IV.7: SEM images of dense collagen gels with and without silica or bioglass nanoparticles immediately 

after gel preparation (1st line), acellular dense collagen hydrogels with and without silica or bioglass nanoparticles 

on day 21 of culture in mineralizing medium (2nd line), and cellular dense collagen hydrogels with and without 

silica or bioglass nanoparticles on day 28 of culture (3rd line). 

 

 

 

 

 

 

 

 

Figure IV.8: SEM micrographs of acellular DC-Si (left) and DC-BG (right) gels placed in mineralizing medium 

for 21 days and corresponding EDS analysis in inset. 

 

Qualitative SEM evaluation of cellularized gels on day 28 showed matrix mineralization across 

all gel types, with mineral deposition observed in front of cells and along collagen fibrils, 

indicative of cell-mediated mineralization (Figure IV.7). However, mineral deposition in cell-

seeded gels appeared qualitatively less pronounced compared to non-cell-seeded gels. 
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IV.3.5.3. ATR-FTIR 

ATR-FTIR spectra of as-made DC scaffolds exhibited characteristic collagen triple helix 

signals via amide I, II, and III bands at 1643, 1550, and 1243 cm−1, respectively. While the 

inclusion of 1000 µM bioactive glass in the gels showed slight indications of Si-O-Si groups 

on the spectra, other nanoparticle-containing conditions did not, likely due to their low 

concentrations in the gels (below the detection limit). On day 21, only spectra of acellular gels 

DC-BG (100 and 1000) revealed phosphate bands (between 1100 and 900 cm−1), confirming 

mineral phase formation as observed by SEM. On the other hand, all cell-seeded gels, regardless 

of the presence of nanoparticles (silica or bioglass) in the gels, exhibited phosphate bands 

(between 1100 and 900 cm−1) after 28 days of culture, albeit at lower intensity compared to 

acellular DC-BG on day 21. No noticeable difference in cell-mediated matrix mineralization 

was observed among the five groups, as the extent of phosphate band intensity was the same. 
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Figure IV.9: ATR-FTIR spectroscopy of dense collagen gels with and without silica or bioglass nanoparticles 

directly after gel preparation (left panel), acellular dense collagen gels with and without silica or bioglass 

nanoparticles after 21 days in mineralizing medium (middle), and cellularized dense collagen gels with and without 

silica or bioglass nanoparticles directly after 28 days in mineralizing medium (right). 
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IV.4. Discussion 

In dentistry, silicon-based materials have shown great potential for dentin repair, although the 

specific impact of silicon on the stem cells of the dental pulp is still poorly understood. In the 

previous chapter, we had studied how the continuous addition of silicon at constant 

concentration could influence the viability and mineralization of human dental pulp stem cells 

(hDPSCs) within compressed 3D dense collagen hydrogels. However, in the clinical situation, 

silicon is released as the result of the dissolution of the applied biomaterial, which is in contact 

with the dental tissue. To mimic this situation, we have incorporated silicon-releasing particles 

within the collagen hydrogels. Two types of nanoparticles, silica and bioglass, were studied at 

concentrations of 100 and 1000 µM in the collagen gels. 

Collagen self-assembly follows a nucleation/growth mechanism.11 The nucleation or “lag” 

phase involves conformational changes in the protein and/or the formation of microfibrils from 

the initial triple helices, while the growth phase sees the assembly of collagen microfibrils and 

helices into fibrils. The subsequent association of these fibrils can lead to gel formation. This 

process is sensitive to pH, ionic strength, and additives. In the present study, silica-based NPs 

were added to the collagenous solution before gelation. However, the presence of nanoparticles 

had no clear impact on the collagen network, and fibers morphology was identical in all gel 

compositions, indicating that fibrillogenesis proceeded without hindrance. Indeed, NPs were 

introduced post-neutralization of the acidic collagen solution, i.e after the nucleation phase, and 

at very low concentrations. Previous research revealed that silica NPs can disrupt or even inhibit 

fibrillogenesis at higher concentrations (>1mM) if added before nucleation phase.12 However, 

when added after nucleation, as in this study, no fibrillogenesis inhibition was observed, 

indicating that NPs can interact with triple helices but not with assembled fibrils. Similar 

findings were noted in the interaction between silica particles and another self-assembling 

protein, fibrin.13 

The sol-gel method was employed for the preparation of silica and bioglass NPs, as this 

technique offers several advantages like their simplicity, reproducibility and effectiveness.8,14,15 

However, sol-gel derived particles are known to exhibit a rapid release of ions products upon 

exposure to liquid environments.7,16 Such a release can lead to a sudden increase in pH levels 

in the surrounding area, potentially resulting in cell and tissue death. Here, the maximal silicon 

concentration of 100 µM was released by particles, which is considerably below a possible 
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toxic level (1mM).10 Our findings showed that both types of NPs in the gels are cytocompatible 

towards hDPSCs within the dense collagen gels. Cells cultured in the presence of bioglass NPs 

exhibited a superior metabolic activity compared to pure silica, likely due to their bioactive 

properties that create a favorable microenvironment for cell attachment and proliferation.5,7,17 

On the other hand, it has been shown that silica NPs can be taken up by cells and, depending 

on their size, influence cellular functions.18–20 For example, a study showed that 80 nm SiO2 

nanoparticles internalized by cells induced a significant loss of mitochondrial membrane 

integrity and a decrease in mitochondrial dehydrogenase activity compared to 500 nm 

nanoparticles.21 Considering the central role of mitochondria in regulating cellular 

metabolism22,23, these dysfunctions could be linked to the reduction in cellular metabolic 

activity observed in the early stages of our study. 

The differences observed in cell distribution within the collagen matrix, as revealed by 

Masson's trichrome staining and SHG imaging coupled with confocal microscopy, provide 

valuable insights into the impact of nanoparticles on cellular behavior. First, cells clusters 

appeared both inside and outside DC while cells were mainly located at the edges of DC-Si 100 

and DC-Si1000 gels. This suggests that silica nanoparticles may influence cell migration and 

distribution within collagen scaffolds, consistent with previous research showing that 

nanoparticles uptake by fibroblasts could impair their adhesion and migration.21 Cell adhesion 

is well-known to regulate many cellular functions such as growth, migration, differentiation, 

survival and tissue organization, and its alteration can therefore have a negative impact on these 

functions.24,25 The second hypothesis is that silicic acid released by the silica NPs chemically 

interacted with the collagen molecules during matrix remodelling, as proposed in the previous 

chapter. This interaction could have modified the matrix at certain points, thereby affecting cell 

adhesion to the gels. Interestingly, these results on cell distribution within collagen gels 

incorporating silica NPs and locally releasing silicic are in line with the previous chapter’s 

findings using exogenous silicic acid supplementation. In the case of BG NPs, the cell 

distribution was dependent on their concentration, with DC-BG100 being similar to DC 

whereas DC-BG1000 showed a more homogeneous cell dispersion over the whole gel volume. 

Remembering that bioglasses release both silicic acid and calcium ions, one possible 

explanation is that the cell behavior results from the combination of the opposite effects of these 

two species: while silicic acid would hinder cell adhesion and favor cell clustering, the presence 

of calcium ions can promote hDPSCs proliferation and mineralization activity. 
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Regarding mineral deposition, the addition of bioglass in the acellular collagen gels led to the 

formation of hydroxyapatite. A fundamental characteristic of bioactive glasses is their ability 

to dissolve and re-precipitate in contact with physiological aqueous media. The presence of 

network-modifying oxides, such as alkali and alkaline-earth oxides, generates non-bridging 

oxygens that facilitate glass degradation in aqueous environments. This alters the chemical 

composition and pH, creating favorable conditions for the nucleation of calcium phosphates on 

the glass surface.5,17,26 This unique characteristic of bioglass explains why, in the absence of 

cells, only hybrid gels containing BG underwent mineralization, regardless of their 

concentration in the gels. 

In the presence of hDPSC, all gel groups were mineralized by the end of the culture time. 

Despite the bioactive nature of bioglass compared to silica, the extent of mineralization was 

similar across all groups. However, the distribution of mineral deposits matched/mirrored the 

observed distribution of cells in the gels. Mineral deposits were mainly located at the periphery 

of nanocomposite gels containing pure silica, while a more homogeneous distribution was 

observed in hybrid gels containing bioglass. This demonstrates that in hDPSC-seeded collagen 

gels, hybrid or not, mineralization is cell-mediated. 

In contrast to this study, several studies in literature support the superior odonto/osteogenic 

potential of silica and bioglass NPs in various cell types and tissue engineering applications.2,7 

For instance, a study by Di Tinco et al. reported increased cell proliferation and 

odonto/osteogenic differentiation of hDPSC cells when cultured with BGs nanoparticles.27 

Some studies attributed these effects to the degradation of NPs, which release species such as 

Si(OH)4 and Ca2+, inducing a positive cellular response depending on ion concentration.28–30 A 

systematic study31 quantitatively compared the in vitro responses of cells to soluble BGs 

dissolution products, focusing on the concentration of Si and its effects on cellular outcomes 

such as metabolic activity, angiogenesis, and osteogenesis. The results indicated no significant 

differences in odontoblast/osteoblast differentiation markers (osteocalcin and ALP activity), 

biomineralization (using alizarin red) and VEGF production across varying Si levels. Similarly, 

there was no effect of Si on stem cell differentiation into osteogenic or angiogenic lineages. 

While all cellularized gels showed similar levels of mineral deposition, ATR-FTIR analysis 

revealed a higher phosphate band peak in acellular DC-BG gels, suggesting that cell-free 

constructs may outperform cell-seeded ones in dental/bone mineralization. The same findings 

were observed in the study of Park et al.32, where the acellular DC-BG collagen gel implanted 
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in critical-sized murine calvarial defect resulted in a greater bone volume than the cellular DC-

BG collagen gel. This suggests that the bioactive properties of bioglass may be sufficient to 

promote mineralization, or that cells could interfere with the mineralization process facilitated 

by bioglass. Thus, it may not always be necessary to add cells to bioglass-containing scaffolds, 

as bioglass are intrinsically bioactive and can promote tissue regeneration. 
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IV.5. Conclusions 

In summary, the impact of silica and bioglass nanoparticles on hDPSCs was investigated in this 

study. The results showed that both types of nanoparticles were not toxic and did not disrupt 

the metabolic activity of hDPSCs in dense collagen hydrogels at the studied concentrations. In 

the previous chapter, our results showed that silicic acid impacts collagen matrix remodeling. 

Here collagen organization did not change between conditions and we found no clear difference 

in cell-mediated matrix mineralization in the presence of silicon. But, similarly to the previous 

studies, we found that the cell organization within the gels was highly impacted by the presence 

of the nanoparticles. Strikingly, silica nanoparticles seemed to favor cell clustering at the 

surface of the gels, which would fit with our previous hypothesis that released silicic acid has 

a negative impact on the cell-matrix interactions. Noticeably, despite the low amount of calcium 

present in the bioglass particles, homogeneous cell dispersion could be obtained in their 

presence, suggesting that they are able to overcome the negative effect of silicic acid. To further 

understand these results, it is necessary to study the expression of genes related to 

mineralization and collagen matrix remodeling. PCR experiments are in due course to address 

this point.  

This study highlights that the physical and chemical form from which silicon is released have 

a huge impact on its biological effect. Here, while concentrations of Si(OH)4 present in the 

medium upon dissolution was comparable to the ones used in the previous chapter, the results 

we have gathered are clearly different. Therefore, whereas we have previously mentioned that 

more “biomimetic” gels must be used to better reproduce the in vivo processes, this chapter also 

suggest that using “real” biomaterials used by dentists as source of silicon, such as Biodentine, 

would also be interesting to study. In fact, during this PhD work, some preliminary attempts 

were made to prepare Biodentine/collagen composites but these could not be investigated 

further due to the lack of time. However, using more chemically-complex systems would make 

difficult to identify the specific role of Si. This is clearly illustrated here as the influence of 

calcium, even in small amounts, in the bioglass particles appears to prevail over the effect of 

silicon.  
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Understanding the biological role of silicon in dentin repair materials, particularly pulp capping 

materials, is essential for improving dental repair and/or regenerative treatments and optimising 

the biomaterials used to maintain pulp vitality and promote the formation of reparative dentin. 

As demonstrated in the first chapter devoted to the state of the art on the subject, silicon is 

suggested to be essential for the formation and repair of bone tissue, which is known to have 

similarities with dentin, particularly in terms of the composition of the extracellular matrix and 

the bone formation process. The initial steps in the development/formation of these mineralized 

tissue involve the synthesis of a fibrillar collagenous extracellular matrix by differentiated 

odonto/osteogenic cells, infiltrated with non-collagenous proteins and additional proteoglycans, 

thus providing a molecular environment to guide the mineralisation process. Reproducing such 

a three-dimensional (3D) extracellular matrix is therefore essential for studying cell 

differentiation in relation to matrix mineralisation, and plastic compression technique provides 

a valuable means of achieving this goal. In this context, using such cell culture models was 

appropriate for our project. Our objectives were multiple, starting with the preparation of a 

three-dimensional (3D) plastically-compressed collagen matrix and then examining the effects 

of silicon on dental pulp stem cells in this environment. 

To achieve this, we focused on using physicochemical characterisation, molecular biology and 

histology techniques to study the fate of pulp stem cells in collagen matrices in the presence of 

silicon. This approach, which combines materials chemistry, biology and tissue engineering, 

has led to a better understanding of: 

(1) The effects of different formulations of collagen hydrogels on their structure, fibrillar 

organisation and rheological properties, 

(2) The viability, differentiation and mineralisation of pulp stem cells in the presence of silicon, 

and the factors governing them, 

(3) Interactions of the collagen matrix with silicon in the presence or absence of cells. 

In our first study, we tested different gel formulations to obtain stable gels suitable for plastic 

compression. Our results highlighted the sensitivity of collagen hydrogels to the small 

modifications of the preparation protocol, especially the initial acetic acid concentration of the 

collagen solution that not only dictates the pH and buffering capacity of the starting solution 

but also controls its initial ionic strength. The hydrogels produced using collagen molecules in 

a 500 mM acetic acid buffer demonstrated a lower degree of uniformity compared to those 

prepared at with a concentration of 20 mM, leading to their degradation during cell culture time. 

In addition, our findings demonstrate that the mineralizing potential of hDPSCs is influenced 
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by their initial density within the gel. Particularly, we observed a lack of mineral deposition at 

a cell density of 0.8 M.mL-1, while a higher density of 2 M.mL-1 resulted in successful 

mineralization. From a wider perspective, these results indicate that both collagen hydrogel 

preparation protocols and cell culture conditions dictate gel properties as well as mineralization 

success. 

The next phase of our study focused on investigating the impact of silicon on dental pulp stem 

cells immobilized in dense collagen hydrogels. First, this was achieved by enriching the culture 

medium in which the cellularized gels were cultured with exogenous silicic acid. While 

previous research on the interactions between silicic acid and bone cells has shown either no or 

positive impact in terms osteoblastic differentiation, our findings indicate that there is no 

distinct effect on odontoblast differentiation at the genetic expression level. However, it is 

important to note that in this study, the presence of silicic acid at physiological levels did not 

affect the deposition minerals in the gels, in contrast to supraphysiological concentrations that 

hindered mineral deposition. Furthermore, when mineralization occurred in the presence of 

silicic acid, the mineral deposits were typically aggregated, similar to what was observed in the 

cellular organization within the collagen matrix. This brings forth significant inquiries 

regarding the biological function of silicon in hDPSCs, indicating that silicon may possibly 

interact with the extracellular matrix rather than the cells themselves. This interaction could 

potentially impede/impair the process of mineralization, with higher concentrations of silicon 

resulting in decreased mineralization. 

The final aspect of this investigation focused on the impact of silicon-based particles, silica 

(SiO2) and bioglass (SiO2-CaO), on dental pulp stem cells when incorporated into a collagen 

matrix. Despite their similar sizes, these nanoparticles (NPs) were found to release varying 

concentrations of silicon into the culture medium. Notably, the behaviour of the cells in the gels 

was more influenced by the type of NPs rather than the amounts of particles in the gels or the 

concentrations of silicon released. The findings of this study demonstrate that the incorporation 

of SiO2 in collagen gels resulted in cell clustering along the periphery of the gel. Furthermore, 

this clustering also coincided with a preferential deposition of minerals in these regions. As in 

the previous study, this suggests a potential interaction between silicon and the collagen matrix 

that may hinder matrix mineralization. In contrast, when bioglass NP were present in collagen 

gels, the distribution of both cells and mineral deposits was more uniform throughout the 

matrix. This may be attributed to the presence of calcium in the bioglass, which potentially 
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counteracted the adverse effects of silicon in the cellularized collagen gels, albeit at a low 

atomic mass percentage of 3%.  

Regarding acellular gels, only the ones containing bioglasss exhibited mineralization, thus 

confirming their inherent bioactive nature. Conversely, there was no significant difference in 

mineralization between the different types of cellularized gels, irrespective of the presence of 

nanoparticles in the gels. All this suggests that mineralization in cellularized gels is mediated 

by the cells. The enhanced mineralization of acellular gels containing bioglass compared to 

their cellularized equivalents observed here raises the question of the value of adding cells to 

bioglass-containing constructs for the regeneration of mineralized tissue. Further investigation 

into the necessity of incorporating cells into such constructs could provide valuable insight into 

the most effective approach in both dental and bone tissue engineering. 

In summary, this project successfully demonstrates the utility of utilizing plastically 

compressed collagen hydrogels, which replicate the 3D characteristics of the native dentin 

extracellular matrix, for investigating the effects of silicon on dental pulp stem cells within 

these matrices. This approach offers physiological relevance as it closely resembles the in vivo 

environment, compared to conventional 2D models frequently used in literature. However, our 

findings highlight that soluble silica supplied in its free form or released by silica-based 

nanoparticles primarily affects the extracellular matrix rather than the cellular functions, 

indicating that silicon may have minimal impact on these cells. This calls for the development 

of new matrices whose biochemical and cellular composition would be even closer to the native 

tissue. 

Another important outcome of our work is that the additional presence of calcium, even at very 

low concentration, has a huge impact on the cell response to the presence of silicon when 

released from nanoparticles. In particular, it seems to mitigate the potential detrimental effects 

of silicic acid. The question is raised whether this is due to the combination of the effects of the 

two elements acting independently or if some interactions between calcium ions and silicic acid 

occur. More globally, these findings highlight the crucial role played by the physical and 

chemical properties of silicon in conjunction with other chemical elements/molecules in 

determining its biological effects. Thus, further investigations into clinically-used biomaterials 

such as Biodentine, typically employed for pulp capping, are warranted to gain a deeper 

understanding of the specific contributions of silicon to the process of dental tissue 

regeneration. 
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Finally, it is important to remember that this project was based on the reported enhanced repair 

ability of calcium silicates pulp capping materials compared to calcium salts. This led us to 

hypothesize that silicon could play a role and/or influence dental tissue mineralization, all the 

more as it was repeatedly shown to do so in bone mineralization. Our first results could question 

this hypothesis, or at least suggest that there is not direct interaction between silicon and dental 

stem cells. However, the effect of silicon on bone-derived stem cells has never been studied in 

dense collagen hydrogels. Therefore, it would be important to perform a series of systematic 

studies where both bone and dental pulp stem cells are exposed to silicon in the same conditions 

and, especially, matrices to address this intriguing question. 
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Abbreviations 
 

ALP Alkaline phosphatase 

ANOVA Analysis of variance 

ATR -FTIR Attenuated total reflectance- fourier transform infra-red spectroscopy 

BG Bioglass 

BGLAP Bone gamma-carboxyglutamate protein 

BMD Bone mineral density 

BMP Bone morphogenetic Protein 

BSP Bone sialoprotein 

DEJ Dentino-enamel junction 

CFD Collagen fibrillar density 

Col1 Collagen type 1 

CS Calcium silicate 

DC Dense collagen 

DMEM Dulbecco's modified eagle medium 

DMP1 Dentin matrix protein-1 

DSPP Dentin sialophosphoprotein 

DSP Dentin sialoprotein 

ECM Extracellular matrix 

EDX Energy-dispersive X-ray 

FAK Focal adhesion kinase 

FGF Fibroblast growth factor 

ICP-AES Inductively coupled plasma atomic emission spectrometry 

GAG Glycosaminoglycans 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

HAP Hydroxyapatite 

DPSC Dental pulp stem cells 

MEPE Matrix extracellular phosphoglycoprotein 

MIM Mineralizing induction medium 

MMP Metalloproteinases 

MSC Mesenchymal stem cells 

MTA Mineral trioxide aggregate 

NCPs Non-collagenous proteins 
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NP Nanoparticles 

OCN Osteocalcin 

OPN Osteopontin 

PBS Phosphate-buffered saline 

PC Plastic compression 

qRT-PCR Quantitative real time -polymerase chain reaction 

RNA Ribonucleid acid 

PFA Paraformaldehyde 

SD Standard deviation 

SEM Scanning electron microscopy 

SHG Second-harmonic generation 

SiNP Silica nanoparticle 

SLRP Small leucine-rich proteoglycans 

SHED Human exfoliated deciduous teeth stem cells 

TEOS Tetraethyl orthosilicate 

TGF-β Transforming growth factor-beta 

TNF-α Tumor necrosis factor-alpha 

WDXRF Wavelength-dispersive X-ray fluorescence 

2D Two dimensional 

3D Three dimensional 
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Résumé en français 
 

 

 

Biomatériaux cellularisés pour l'étude de l'effet du silicium sur la 

régénération dentaire  

 

I. Introduction 

Le silicium est le deuxième élément le plus abondant sur terre après l’oxygène, et le troisième 

oligo-élément le plus abondant dans le corps humain. Plusieurs études ont démontré que le 

silicium est un oligo-élément essentiel pour les processus métaboliques associés au 

développement des os. Dès lors, le Si a été intégré dans la conception de nombreux 

biomatériaux pour la réparation/régénération des os. À cette fin, les bioverres sont l'un des 

matériaux les plus efficaces.  Il a été démontré que le silicium contenu dans ces composés est 

bioactif et favorise la formation spontanée d'une couche biologiquement active de type apatite 

à leur surface.  Des composés à base de silicium sont également fréquemment utilisés en 

odontologie pour la réparation dentaire. Ceux-ci sont principalement utilisés comme matériaux 

d’obturation dentaire, pour le traitement des caries et/ou comme matériau endodontique. La 

bioactivité de ces matériaux dentaires à base de silice ou de silicate de calcium est attribuée à 

leur capacité à libérer l'ion calcium pour former des précipités cristallins de type apatite au 

contact des fluides physiologiques contenant du phosphate. A ce jour, le silicium dans ces 

composés est considéré comme bio inerte dans le processus de minéralisation. Aucune étude 

n'a montré que le silicium pouvait avoir un impact sur la formation des tissus dentaires, en 

particulier l'émail et la dentine. Le rôle du silicium dans la formation des os ayant été identifié, 

la question est de savoir quel est son rôle dans la formation de la dentine. 

Dans ce contexte, ce projet visait à préparer de nouveaux matériaux, combinant le collagène, la 

principale protéine de la pulpe et de la dentine, et des cellules souches de la pulpe dentaire, afin 

d’étudier le rôle du silicium sur la réparation des tissus dentaires. 
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II. Impact des conditions de fibrillogenèse et de la densité cellulaire sur la minéralisation 

des hydrogels de collagène plastiquement comprimés par les cellules souches de la pulpe 

dentaire humaine 

Dans cette première partie, nous avons décidé d'étudier comment les conditions physico-

chimiques et cellulaires pourraient impacter la minéralisation d’hydrogels denses obtenus par 

compression plastique (PC) par les cellules souches de la pulpe dentaire. L'objectif était double: 

(1) mieux comprendre le rôle des différents paramètres sur la structure du gel et sur la réponse 

cellulaire (2) identifier un protocole optimal pour la suite de notre étude.  

 

 

Figure 1. Protocole de préparation d’hydrogels denses de collagène par compression plastique 

 

Dans un premier temps, certains paramètres clés du procédé PC (Figure 1) ont été sélectionnés 

et variés tout en maintenant les concentrations initiales et finales de collagène et le volume total 

constants. L'évaluation qualitative de l'influence de la concentration initiale d'acide acétique, 

du volume et de la concentration de DMEM, ainsi que de l'étape de neutralisation sur la 

formation et la compression du gel, a montré qu’une faible concentration de DMEM ou un 

volume de DMEM élevé conduisaient à des gels faibles. Ces conditions correspondent aux pH 

les plus élevés avant neutralisation. On peut suggérer que, dans ces situations où le pH est déjà 

élevé avant l’ajout de NaOH, de petites fibrilles de collagène se forment rapidement, conduisant 

à des réseaux lâches. En revanche, tous les gels jugés stables avant compression se forment 

pour un pH de pré-neutralisation de 3, c'est-à-dire lorsque les triples hélices de collagène ne 

s'auto-assemblent pas. Des analyses plus détaillées (SEM, rhéologie) des échantillons 

fournissent des informations supplémentaires (Figure 2). D'un point de vue structurel, les 
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différences en termes d’organisation fibrillaire fait ressortir la concentration initiale d'acide 

acétique comme un paramètre clé dans l'évolution de la fibrillogenèse. Cependant, une telle 

différence structurelle a eu peu d’impact sur les propriétés rhéologiques des hydrogels. 

 

 

Figure 2. Etude par MEB et rhéologie de gels préparés à partir d’une solution d’acide acétique à 20 mM (H) et 

500 mM (I). 

 

Dans un deuxième temps, des cellules souches de la pulpe dentaire humaines, SHEDs et 

hDPSCs, ont été encapsulées dans les hydrogels. Nos conditions initiales étaient basées sur la 

littérature qui utilisait des SHED à une densité cellulaire de 150 000 cellules par mL. Dans nos 

expériences, aucune minéralisation significative n'a pu être observée. Afin d’obtenir la 

minéralisation, le type cellulaire et la densité cellulaire ont été modifiés. La présence de DPSCs 

à 0.8 M cellules.mL-1 n’a pas permis la détection de dépôts minéraux. En revanche, à 2 M 

cellules.mL-1, la coloration histochimique, SEM/EDX et FTIR ont mis en évidence une 

minéralisation dans le gel (Figure 3). Dans le même temps, une telle augmentation de la densité 

cellulaire a également permis le contact cellule-cellule dans le gel, connu pour favoriser la 

différenciation et la minéralisation. Il est à noter que la densité cellulaire trouvée ici est 

comparable à celle utilisée lorsque les hydrogels de collagène PC ensemencés par DPSC 

favorisent efficacement la réparation des défauts critiques des os de la calvaria chez les 

rongeurs. 
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Figure 3. Effet de la densité cellulaire sur la minéralisation, étudiée par histologie et spectroscopie infra-rouge 

 

Nous avons donc démontré que les propriétés des hydrogels de collagène densifiés par 

compression plastiques, y compris leur pertinence en tant qu'hôtes cellulaires, sont très 

sensibles à de petites modifications du protocole de préparation, notamment en termes de 

concentration en acide acétique de la solution de collagène et de quantité/concentration de 

milieu de culture cellulaire. De plus, nous avons souligné que le type et la densité cellulaires 

étaient essentiels pour parvenir à la minéralisation par les cellules souches pulpaires in vitro. 

Au total, cette première partie du projet a permis d'identifier les conditions pour obtenir des 

gels stables permettant la survie des hDPSC et une minéralisation efficace. Ces systèmes ont 

ensuite été utilisés pour étudier l'effet du silicium sur le comportement biologique des hDPSCs. 

 

III. Effet du silicium soluble sur la minéralisation des hydrogels de collagène 

plastiquement comprimés par les cellules souches de la pulpe dentaire humaine 

 

Le but de cette partie était d'identifier l'influence possible de l'acide silicique sur le 

comportement des cellules souches de la pulpe dentaire humaine et, en particulier, sur leur 

capacité de minéralisation en environnement de collagène dense 3D. Pour cette étude, nous 

avons sélectionné deux concentrations d'acide silicique, 10 M (0,28 ppm), comparable à la 

concentration physiologique de Si(OH)4 , et 100 M (2,8 ppm) pour vérifier l'influence possible 

du Si supraphysiologique.  

L'étude de l'évolution de l'activité métabolique des cellules sur 3 semaines et l'évaluation de la 

viabilité cellulaire à la fin du temps de culture ont révélé que l'acide silicique n'a aucun effet 

toxique envers les hDPSC à ces concentrations et peut même être favorable à l'activité cellulaire 
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(Figure 4). Ceci est cohérent avec des études antérieures sur d’autres types de cellules montrant 

que, dans une telle plage de concentrations, le Si n’a généralement aucun effet sur l’activité 

métabolique cellulaire. 

 

Figure 4. Influence de l’acide silicique à 10 et 100 mm sur la viabilité et l’activité cellulaire des hDPSCs  

 

En ce qui concerne l’expression génique des protéines liées à la minéralisation, il n’y avait 

aucune différence significative à toutes les concentrations et à tous les moments. Cela suggère 

que le Si n’a qu’une influence mineure sur la différenciation odonto/ostéogénique des hDPSCs. 

Le SEM/EDS indique que la phase inorganique déposée a un rapport Ca/P similaire à la valeur 

attendue pour la dentine dans toutes les conditions, ce qui suggère que le Si n'a pas d'effet 

important sur la chimie de la formation d'hydroxyapatite. Cependant, les analyses histologiques 

ont révélé une différence dans l’étendue de la minéralisation, beaucoup plus faible pour la 

condition 100 M Si par rapport aux deux autres (Figure 5). Ceci suggère que malgré une 

expression comparable de protéines liées à la minéralisation, et donc un stade de différenciation 

cellulaire similaire vers un phénotype ostéogénique, le processus de minéralisation est inhibé 

en présence d'une concentration non physiologique, bien que relativement faible, de Si. 
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Figure 5. Influence de l’acide silicique à 10 et 100 mm sur la minéralisation d’hydrogels de collagène par les 

hDPSCs  

 

L’une des principales différences entre les différents échantillons réside dans l’état de 

dispersion cellulaire au sein de la matrice de collagène (Figure 6). En effet, la présence de Si 

favorise le regroupement des cellules en clusters alors qu'en son absence, les hDPSC sont 

réparties de manière homogène au sein des gels. Parallèlement, le Si semble favoriser une 

organisation où les fibrilles de collagène sont plus alignées qu'en son absence. En outre, au 

cours de la différenciation, le niveau d'expression de Col1 a chuté dans toutes les conditions 

entre les jours 1 et 7, puis a augmenté pour atteindre sa valeur la plus élevée en l'absence de Si 

au jour 14, alors qu'il a continué à augmenter jusqu'au jour 21 en présence de Si. Il convient de 

noter que l’augmentation de l’expression de Col1 est parallèle à celle de MMP13, l’une des 

principales enzymes impliquées dans la dégradation du collagène. Prises ensemble, ces données 

suggèrent que la présence d'acide silicique dans le milieu de minéralisation retarde le 

remodelage matriciel par les hDPSC. 

MIM MIM + Si10 MIM + Si100

500 µm
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Figure 6. Effet de l’acide silicique sur la répartition des hDPSCs dans des matrices de collagène 

 

Le regroupement cellulaire peut refléter une mobilité restreinte, due à une dégradation entravée 

de la matrice, une mauvaise adhésion et/ou un dépôt limité de collagène. Ceci est cohérent avec 

l’expression retardée observée de MMP13 et Col 1. Une faible minéralisation pourrait être en 

corrélation avec une expression retardée de MMP13. Alternativement, il a été récemment 

montré que le regroupement 3D peut orienter la différenciation des cellules précurseurs des 

ostéoblastes vers des cellules de type ostéocyte avec une activité de minéralisation plus faible. 

La question suivante est de savoir si ce remodelage altéré est dû à des interactions du Si avec 

les cellules ou à une modification des propriétés de la matrice conduisant à des interactions 

cellule-matrice défavorables. Il a été rapporté à plusieurs reprises que Si favorisait l’expression 

de Col1 et des protéines minéralisantes dans les cellules ostéogéniques, ce qui est en 

contradiction avec nos observations. Il a également été démontré que les nanoparticules de silice 

diminuaient l’expression de protéines impliquées dans l’adhésion cellulaire. La deuxième 

possibilité est que l’acide silicique établisse des interactions chimiques avec les molécules de 

collagène et/ou les fibrilles. Des interactions de Si(OH)4 avec le collagène pourraient se 

produire lors du remodelage.  

Très peu d’études similaires ont été réalisées avec des teneurs en silicium aussi faibles, 

principalement dans des environnements 2D et, à notre connaissance, une seule fois avec des 

hDPSC. Cette étude de Miyano et ses collègues a testé les effets d'une supplémentation en Si 

de 5 µM, 50 µM et 500 µM dans les milieux de culture sur les hDPSC. L'expression la plus 

M
a
s

s
o

n
's

 t
ri

c
h

ro
m

e
L

iv
e
/d

e
a
d

/S
H

G

600 µm

600 µm

600 µm

MIM MIM+Si10 MIM+Si100

A B C

D E F

*

*

*
*

* *

*

600 µm



 

158 

 

importante de l'ALP a été observée au jour 14 de la culture pour tous les groupes, avec 

l'expression la plus élevée à 5 µM de Si, mais aucune différence dans l'activité de l'ALP n'a été 

trouvée entre les groupes. Pendant ce temps, la coloration au rouge d'alizarine était plus 

importante avec 5 µM et 500 µM de Si qu'avec 50 µM de Si au jour 28. Ce dernier résultat est 

conforme au nôtre, où le dépôt minéral était plus prononcé pour la concentration la plus faible 

de 10 µM de Si que pour la concentration supraphysiologique. Si dose (100 M). 

Il est important de noter que, contrairement aux os, il n’existe jusqu’à présent aucune preuve 

d’un éventuel rôle physiologique du silicium dans la formation ou la réparation des tissus 

dentaires. Cela peut expliquer pourquoi notre étude révèle peu d'impact d'une concentration 

physiologique d'acide silicique sur les DPSC. En revanche, une concentration 

supraphysiologique peut résulter de la dissolution de biomatériaux, tels que les silicates de 

calcium, à proximité du tissu pulpaire et avoir un impact négatif sur la formation de dentine 

réactive. Nos résultats suggèrent que l’acide silicique libéré interagirait principalement avec la 

matrice extracellulaire plutôt qu’avec les cellules. 

 

IV. Effet de nanomatériaux libérant de l’acide silicique sur la minéralisation des 

hydrogels de collagène plastiquement comprimés par les cellules souches de la pulpe 

dentaire humaine 

 

Dans cette dernière partie, nous avons cherché à nous rapprocher de la situation thérapeutique 

dans laquelle le matériau délivrant de l’acide silicique est en contact avec les tissus. Pour cela 

nous avons élaboré des nanoparticules de silice et de bioverre que nous avons encapsulées dans 

les hydrogels de collagène à des concentrations de 100 mM et 1 mM. L’étude de leur 

solubilisation a montré un relargage de l’acide silicique sur 2 semaines, avec une concentration 

maximale de 100 mM au bout de 3 jours et une valeur seuil de 10 mm, en bon accord avec les 

expériences précédentes (Figure 7). 
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Figure 7. Cinétique de relargage du silicium par des nanoparticules de silice et de bioverres au sein d’hydrogels 

de collagène 

 

Les études d’activité métaboliques ont montré l’absence de toxicité et même une amélioration 

en présence des particules de bioverre. L’analyse de la répartition des cellules a montré une 

grande hétérogénéité en présence des particules, avec la formation d’amas cellulaires locaux.  

L’analyse de la minéralisation par histologie a montré le rôle favorable des bioverres. Dans le 

cas des particules de silice, une minéralisation importante a été notée mais elle semble 

concentrée à la surface des hydrogels. 

 

Figure 8. Minéralisation d’hydrogels de collagène par les DPSCs, sans, avec 1 mM de bioverre et 1 mM de 

silice 

 

L’étude par MEB indique qu’en absence de cellules les nanoparticules de bioverres conduisent 

à la précipitation d’une nouvelle phase minérale. En présence de cellules, toutes les conditions 

permettent d’observer des dépôts minéraux. L’étude par FTIR confirme ce résultat et indique 
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qu’en absence de cellules, c’est principalement de la silice qui précipite alors qu’en présence 

de cellules, il y a formation de phosphates de calcium. 

Ces premiers résultats suggèrent que la présence de nanoparticules, indépendamment de leur 

composition chimique, a un effet important sur le comportement cellulaire. Elle pourrait en 

particulier favoriser l’agrégation locale des hDPSCs. En outre, les deux types de particules 

mènent à une quantité de minéral déposé équivalente. Cependant, nous n’avons pas observé 

d’effet spécifique attribuable au silicium alors qu’une faible incorporation de calcium a un effet 

notable. Des études par RT-PCR devraient nous permettre de mieux comprendre ces 

observations. 

 

V. Conclusions et perspectives 

 

L’objectif de ce projet était d’évaluer l’effet du silicium, tel qu’il peut être relargué de matériaux 

comme les ciments utilisés pour le coiffage pulpaire, sur la minéralisation par les cellules 

souches de la pulpe dentaire. Nous avons d’abord cherché à mieux comprendre les paramètres 

importants pour obtenir des hydrogels de collagène denses qui pouvaient servir d’hôtes à ces 

cellules souches et favoriser leur minéralisation. Ces matériaux ont ensuite permis de tester 

l’effet du silicium soluble, l’acide silicique, sur les cellules souches. Nos résultats suggèrent 

que l’acide silicique, dans ces conditions, n’interagit pas directement avec les cellules mais 

plutôt avec la matrice qui, en retour, influence l’activité cellulaire. Enfin, en élaborant des 

nanocomposites capables de délivrer localement l’acide silicique, nous avons pu observer une 

forte hétérogénéité dans la répartition et la réponse des cellules, qui suggère à nouveau 

l’influence majeur de la structure du matériau sur le comportement cellulaire. 

Cette forte dépendance de la réponse cellulaire à son environnement n’est pas inattendue mais 

n’a jamais été discutée dans le contexte de l’étude du rôle du silicium sur des cellules 

minéralisantes. Elle explique probablement que les effets rapportés dans la littérature divergent 

souvent en termes de dose réponse. Elle souligne aussi la nécessité d’améliorer le caractère 

« biomimétique » des modèles d’étude, et en particulier de la matrice de collagène. Cela inclus 

par exemple l’augmentation de la concentration ainsi que l’incorporation d’autres éléments de 

la matrice extracellulaire, qu’ils soient moléculaires (fibronectine, GAGs,..) ou cellulaires 

(fibroblastes, cellules endothéliales,...). 

 



 

 

 

ABSTRACT 

Silicon is present in low but non-negligible amounts in biological fluids and has been shown to be 

beneficial for bone formation. In parallel, many silica-based materials are used in bone repair. In sharp 

contrast, although silica-based materials are used in dentistry as pulp capping materials for dentin repair, 

very few studies to date have demonstrated that silicon can have an impact on dentin formation. In this 

context, the present project aims at preparing materials that allow for studying the role of silicon on 

dentin tissue formation. These materials combined collagen, the main protein in dentin, and human 

dental pulp stem cells. 

In a first step, dense collagen hydrogels were prepared using plastic compression method, and fully 

characterized in terms of structure and mechanical properties. Then they were used as hosts for dental 

pulp stem cells to study the behaviour of the cells within the matrix. Results showed that this method 

was sensitive to small differences in protocol preparation and cell culture conditions. Successful 

mineralization was achieved with a cell density of 2 M.mL-1 within the gels. In a second step, we 

analyzed the effects of soluble silicon (silicic acid) on dental pulp stem cells in the collagenous matrix. 

Our results revealed that silicic acid at supraphysiological doses (100 µM), although subtoxic (< 1mM), 

reduce mineral formation.  

Finally, nanocomposites hydrogels combining collagen and silicon-releasing nanoparticles (silica and 

bioglasses) were prepared. As in the 2nd step, the impact these silica-based nanoparticles on the dental 

pulp stem cells was assessed. Our findings showed that the extent of mineral deposition was comparable 

in all gels. While cell distribution and mineral deposition in the matrix with silica nanoparticles were 

not uniform, gels containing bioglasses showed homogeneous cell distribution and mineralization. A 

proposed mechanism is that silicon interacts with collagenous matrix, rather than cells themselves, and 

this may be detrimental to the cell mineralization function. These results offer valuable insight into the 

biological importance of silicon in dental applications and may contribute to the improvement of these 

materials as part of mineralized tissue engineering strategies. 

Keywords: silicon, collagen hydrogels, human dental pulp stem cells, dentin repair/regeneration 

  

  

  

 

 

 



 

 

 

RESUME 

Le silicium est présent en quantités faibles mais non négligeables dans les fluides biologiques et il a été 

démontré qu’il était bénéfique pour la formation des os. Parallèlement, de nombreux matériaux à base 

de silice sont utilisés dans la réparation osseuse. En revanche, bien que les matériaux à base de silice 

soient utilisés en dentisterie comme matériaux de coiffage pulpaire pour la réparation de la dentine, très 

peu d’études ont démontré jusqu’à présent que le silicium peut avoir un impact sur la formation de la 

dentine. Dans ce contexte, le présent projet vise à préparer des matériaux qui permettent d’étudier le 

rôle du silicium sur la formation de la dentine. Ces matériaux combinent le collagène, la principale 

protéine de la dentine, et les cellules souches de la pulpe dentaire humaine.  

Dans un premier temps, des hydrogels de collagène denses ont été préparés par compression plastique 

et entièrement caractérisés en termes de structure et de propriétés mécaniques. Ils ont ensuite été utilisés 

comme hôtes pour les cellules souches de la pulpe dentaire afin d’ étudier le comportement des cellules 

dans la matrice. Les résultats ont montré que cette méthode était sensible à de petites variations du 

protocole de préparation et des conditions de culture cellulaire. Une minéralisation effective a été 

obtenue avec une densité cellulaire de 2 M.mL-1 dans les gels.  Dans un deuxième temps, nous avons 

analysé les effets du silicium soluble (acide silicique) sur les cellules souches de la pulpe dentaire dans 

la matrice collagénique. Nos résultats ont révélé que l’acide silicique à des doses supraphysiologiques 

(100 µM), bien que subtoxiques (< 1mM), réduit la formation minérale.  

Enfin, des hydrogels nanocomposites associant collagène et nanoparticules (silice et 

bioverres) relarguant du silicium ont été préparés. Comme dans l’étape 2, l’impact de ces 

nanoparticules sur les cellules souches de la pulpe dentaire a été évalué. Nos résultats ont montré un 

dépôt minéral comparable dans tous les gels. Alors que la distribution des cellules et le dépôt minéral 

dans la matrice contenant des nanoparticules de silice n’étaient pas uniformes, les gels contenant des 

bioverres présentaient une distribution cellulaire et une minéralisation homogènes. L’un des 

mécanismes proposés est que le silicium interagit avec la matrice de collagène, plutôt qu’avec les 

cellules, ce qui peut entraver la fonction minéralisatrice des cellules. Ces résultats offrent un aperçu 

précieux de la place biologique du silicium dans les applications dentaires et peuvent contribuer à l’ 

amélioration de ces matériaux dans le cadre de l’ingénierie des tissus minéralisés. 

Mots clés: silicium, hydrogels de collagène, cellules souches de la pulpe dentaire humaine, 

réparation/régénération de la dentine 

 


