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A B S T R A C T   

Objectives: Silicon-releasing biomaterials are widely used in the field of dentistry. However, unlike bone, very 
little is known about the role of silicon on dental tissue formation and repair. This study investigates the in
fluence of silicic acid on the survival, differentiation and mineralizing ability of human dental pulp stem cells 
(hDPSCs) in 3D pulp-like environments 
Methods: Dense type I collagen hydrogels seeded with hDPSCs were cultured over 4 weeks in the presence of 
silicic acid at physiological (10 μM) and supraphysiological (100 μM) concentrations. Cell viability and prolif
eration were studied by Alamar Blue and live/dead staining. The collagen network was investigated using second 
harmonic generation imaging. Mineral deposition was monitored by histology and scanning electron microscopy. 
Gene expression of mineralization- and matrix remodeling-associated proteins was studied by qPCR. 
Results: Presence of silicic acid did not show any significant influence on cell survival, metabolic activity and 
gene expression of key mineralization-related proteins (ALP, OCN, BSP). However, it induced enhanced cell 
clustering and delayed expression of matrix remodeling-associated proteins (MMP13, Col I). OPN expression and 
mineral deposition were inhibited at 100 μM. It could be inferred that silicic acid has no direct cellular effect but 
rather interacts with the collagen network, leading to a modification of the cell-matrix interface. 
Significance: Our results offer advanced insights on the possible role of silicic acid, as released by pulp capping 
calcium silicates biomaterials, in reparative dentine formation. More globally, these results interrogate the 
possible role of Si in pulp pathophysiology.   

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) ma
terials 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 bio
materials are mobilized by DPSCs, leading to intracellular transcrip
tional 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 
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than CH supernatant, suggesting that soluble Si released from CS posi
tively 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 os
teosarcoma MG-63 was observed at a supra-physiological concentration 
of 4 mM Si [19]. Using the same cell line, the largest production of 
collagen was obtained with the addition of the physiological concen
tration of 10–20 µM Si in the culture medium, but the researchers 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 [20]. Using mesenchymal stem cells, Si at a concentration of 
625 µM significantly enhanced the proliferation, mineralization nodule 
formation, bone/tooth-related gene expression (osteocalcin, osteo
pontin and alkaline phosphatase) and synthesis of 
mineralization-related proteins (alkaline phosphatase and osteopontin) 
[23]. Such heterogeneity in the cellular response suggests that addi
tional 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 physiolog
ical 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]. 

In this context, the aim of this study was to investigate the effects of 
soluble silicon on reparative dentin formation using an in vitro model 
built from human DPSCs seeded in biomimetic 3D dense collagen 
hydrogels. Based on previous results obtained in a bone repair context 
[22], we hypothesized that the viability, odonto/osteogenic differenti
ation as well as mineralization and matrix remodelling activity of 
hDPSCs could be impacted by the presence of silicon. Moreover, we 
anticipated that the cellular response would vary with silicic acid con
centration, especially depending on whether it was at physiological (10 
µM) or supraphysiological (100 µM) level [31]. 

2. Materials and methods 

2.1. Cell source 

Human DPSCs were isolated from healthy teeth extracted from pa
tients aged 15–20 years for orthodontic reasons at the AH-HP Bre
tonneau Hospital Dental Department. Teeth were collected according to 
the ethical guidelines established by French bioethics law (IRB agree
ment 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. 

2.2. Preparation of dense collagen hydrogels 

Type I collagen was extracted from young rat tail tendons [33] 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 min. 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]. 

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 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. 

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 micro
scopy (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 in
structions (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 ala
marBlue® 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 h. Absorbances 
were read at wavelength of 570/600 nm with a UV/Vis Uvikon spec
trophotometer. The reduction percentage of AlamarBlue was calculated 
according to the manufacturer’s instructions. 

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 
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initial gel diameter. 4 gels were measured per condition. 

2.6. Scanning electron microscopy (SEM) / Energy-dispersive x-ray 
spectroscopy (EDS) 

First, gels were fixed with 4 % paraformaldehyde (PFA) and washed 
with 0.1 M sodium cacodylate/0.6 M 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 mi
croscope at accelerating voltage of 10 kV for SEM and 70 kV for EDS. 
Several pictures at different magnifications (1500–10,000x) were taken 
to examine microstructural features and chemical content. 

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 Rhoda
mine Red™ - X goat anti-mouse IgG secondary antibody (1:200, R6393, 
Invitrogen, Canada) for OPN and Rhodamine Red™-X goat anti-rabbit 
IgG secondary antibody (1:200, R6394, Invitrogen, Canada) for Nes
tin. 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. 

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. 1 μL of random primers (200uM) 
(Invitrogen) and 1 μL deoxyribonucleosides triphosphates(10 mM) 
(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. 
Real-time fluorescence analysis using SYBR Green Master Mix 

(Roche Diagnostics GmbH, Germany) was used to quantify the expres
sion level of specific genes relative to GAPDH or 18 S rRNA house
keeping genes. The primers used in RT-qPCR are listed in the table below 
(Table 1). The reaction involved a succession of 40 cycles, each cycle 
including denaturation (95 ◦C, 30 s), annealing (60 ◦C, 30 s) and elon
gation with Taq polymerase (72 ◦C, 30 s). Target gene quantities were 
normalized to GAPDH/18 S rRNA using the Pfaffl method to determine 
variations in expression of each target gene under different minerali
zation conditions. The condition MIM at day 7 was used as calibrator 
point. Three samples were analysed per group. 

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 consid
ered at p < 0.05. Data are presented as mean ± standard deviation of 
mean (SD). 

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). 

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 (Fig. 1A). 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 (Fig. 1B). 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 resa
zurin reduction over time (Fig. 1C). 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. 

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 (Fig. 2A). In contrast, Si10- 
treated matrix exhibited zones of cell clustering, leaving some hydrogel 
regions without cells (Fig. 2B). This trend was even more marked at Si 

Table 1 
Primers for real-time PCR.  

Primer Sequence (Forward 5’- 3’) Sequence (Reverse 5’- 3’) Supplier 

BGLAP CAAAGGTGCAGCCTTTGTGTC TCACAGTCCGGATTGAGCTCA Roche Diagnostics GmbH, Germany 
Col1A1 CCAGTCAGAGTGGCACATCTTGA GCTCACGATGGTGCCGCTACTA 
MMP13 GCCGGTGTAGGTGTAGATAGGAAA GGAGATGCCCATTTTGATGATGA 
IBSP AACGAACAAGGCATAAACGGCACCA CTTGCCCTGCCTTCCGGTCT 
ALP GCAGCTTGACCTCCTCGGAAGACACT TCACCGCCCACCACCTTGTAGCC 
GAPDH TTGATTTTGGAGGGATCTCG GAGTCAACGGATTTGGTCGT 
18 S rRNA TTACAGGGCCTCGAAAGAGT TGAGAAACGGCTACCACATC  
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100 μM where a large cell cluster was observed (Fig. 2C). Such cell-free 
areas could be further visualized on hydrogel cross-sections stained with 
Masson trichrome (Fig. 2E-F). 

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 (Fig. 3A). A significant difference in RNA content was measured 
between the Si-100 treated hydrogel and the Si-free group on day 1. 

Fig. 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. 

Fig. 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). 
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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 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). All these genes were expressed in both Si- and 
non-Si-treated groups at all the different time points (Fig. 3B-D). 

ALP gene expression (Fig. 3B) 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 (Fig. 3C). BGLAP expression level (Fig. 3D) gradually 
increased in all the groups from day 1 to day 7, when it reached its 
highest level, and then decreased 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 signifi
cant 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 (Fig. 4 A-C). There was a trend of decreasing 
Nestin-staining intensity with increasing silicon content, but without 
statistical difference between the three groups (Fig. 4J). In parallel, 
stronger osteopontin immunolabeling was observed in cell-laden gels 
grown without Si (Fig. 4D) and with Si10 (Fig. 4E), vs. gels grown with 
Si100 (Fig. 4F). Accordingly, the Si100 group exhibited a significant 
reduction in the fluorescence intensity of osteopontin (Fig. 4J). 

3.5. Mineralization products 

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 (Fig. 4G) and Si10 conditions 
(Fig. 4H), while a fainter and localized staining was observed in Si100 
group (Fig. 4I). Noteworthy, the mineral deposits in the Si10-scaffolds 
were organized in clusters in some areas of the gel (Fig. 4H), in line 
with the cell organization in clusters already observed in the SHG images 
(Fig. 2B). In contrast, cross-sectional images of gels grown in MIM alone 
displayed a uniform distribution of the mineral deposition (Fig. 4G). The 
presence of phosphate within the same regions was confirmed by Von 
Kossa staining (Figure SI-1). 

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 (Fig. 5). In contrast, similarly-treated 
acellular collagen gels displayed a fibrillar collagen network with no 
evidence of mineral deposition (Figure SI-2). 

EDS analysis of mineralized regions in the 3 culture conditions 
revealed the presence of both calcium and phosphorus in addition to 
oxygen and carbon (Fig. 5), while only oxygen and carbon were iden
tified in acellular gels (SI-2). The average measured Calcium:Phos
phorus ratio was 1.44 ± 0.14 in all samples, confirming the presence of 
a physiological apatite mineral phase. 

3.6. Collagen matrix remodelling 

3.6.1. Influence of silicic acid on hDPSCs matrix remodelling activity 
Expression matrix remodelling-related genes, i.e. MMP13 and Col1, 

Fig. 3. Influence of Si on hDPSC proliferation, differentiation and matrix remodelling activity 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), COL1A1 
(E), MMP13 (F) by RT-qPCR analysis. * p < 0.05. 
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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 (Fig. 3E). 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 (Fig. 3F). 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 

Fig. 4. Histological and immunohistochemical 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, (G-I) Alizarin red staining and (J) quantifications of Nestin (left) and Osteopontin (right) fluorescence at 
day 24. 
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expression continued to increase only for the Si100 condition, reaching 
values comparable to the other groups. 

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 (Fig. 6A-B). 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 (Fig. 6B). The contractile activity was completely absent in 
acellular gels, regardless of the presence or absence of Si (Figure SI-3). 

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 

Fig. 5. 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 in in the lower panel. 

Fig. 6. Contraction of collagen gels by hDPSC in a mineralizing culture medium supplemented with silicon or not. (A) Representative images of type 1 collagen gel 
contraction at day 14. (B) Average collagen diameter over 14 days of culture. 
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condition to the others (Fig. 7A). 
In MIM alone, individual fibrils were difficult to distinguish and 

seemed to be assembled in dense ball-like aggregates. In the Si10 con
dition, 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 elon
gated fibers (Figure SI-4). 

Quantitative analysis of collagen fibrils orientation and distribution 
from SHG images confirmed a more pronounced fiber alignment with 
increasing Si concentration (Fig. 7C). SEM images also suggested a sig
nificant variation in fiber alignment recorded at the vicinity of the cells 
in the different conditions. (Fig. 7B). 

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 [26]. 
For this study, we selected two silicic acid concentrations, 10 μM 
(0.28 ppm) which is comparable to the physiological Si(OH)4 concen
tration [15], and 100 μM (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 con
centration 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 (Fig. 1C). 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 [22]. 

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 μM 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 

Fig. 7. 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.M. Akoa et al.                                                                                                                                                                                                                                



Dental Materials xxx (xxxx) xxx

9

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 mineraliza
tion extent as shown by an Alizarin red staining much weaker for the 
100 μM 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 some
how 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 ho
mogeneously 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 dif
ferentiation, 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 degrada
tion 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 μM 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 mineral
ization could correlate with delayed MMP13 expression. Alternatively, it 
has been recently shown that, although cell aggregation favors miner
alization in 2D cultures [42], 3D clustering may orient osteoblast pre
cursor 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 
mineralizing proteins in osteogenic cells [18], 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 (fibro
nectin, 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 μM 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, in
teractions 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 and colleagues 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 μM). 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 sup
plemented with 25 ppm Si (1 mM). 

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 in
teractions to the global cell response to silicon at low concentration (i.e. 
below silica solubility) has never been addressed. 

In addition, 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 under
standing of DPSCs response to silicon [49]. More globally, such bio
mimetic platforms could constitute a useful animal-free alternative to 
current in vivo procedures for testing dental biomaterials [50]. However, 
despite the simplicity of our current model, our study shows that soluble 
silicon can influence the remineralization potential of dental pulp stem 
cells, and hence the reparative dentine formation process, through its 
interactions with the extracellular matrix. 
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