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TOOTHMIMIC: Enzyme-assisted mineralization for the design of biomimetic enamel 

Calcium orthophosphates (CaP) are the main mineral constituents in hard tissues of vertebrates, 
typically bones and teeth. The latter are, in fact, biocomposites made of soft organic materials, 
mostly type I collagen and hard inorganic material, hydroxyapatite, organized in a structural 
hierarchy of several levels (1). This results in a multiscale architecture which is at the origin of their 
outstanding mechanical properties, particularly to sustain compressive loads, to resist to wear, etc.  
Enamel is the hardest mineralized tissue in vertebrates. Its hierarchical structure results from precise 
controlled nucleation and growth processes, yielding assembled fluorapatite crystals with prismatic 
orientation. However, mature enamel is acellular; it is thus not self-repaired when subjected to 
damage, making caries among the most prevalent chronic humans' diseases worldwide (2). This issue 
has strongly motivated researches to enhance enamel remineralization but no applicable repair for 
clinical development has been achieved up to date. This is mainly due to the complexity of the 
hierarchical structure of enamel which is difficult to replicate at large scale.  
In vivo, the biogenic CaP crystallization involves several physicochemical and biochemical processes 
that lead to the formation of apatite mineral located in the extracellular matrix. The precise 
mechanisms of nucleation and growth of the mineral phase remain largely unexplained, particularly 
at early stages, but the involvement of extracellular matrix vesicles through an enzyme-assisted 
process is now well established (3). Particularly, the non-specific alkaline phosphatase (ALP, 
EC.3.1.3.1) is involved to generate a CaP precursor, namely orthophosphate ions as follows:               
R-PO4

2- +  H2O        R-OH  +  HPO4
2-    

The concept of enzyme-assisted mineralization has thus emerged, recently, for the design of CaP-
based materials, resulting in remarkable mechanical performances (4), but the control of their 
crystallinity remains challenging. 
Following a biomimetic bottom-up approach, we propose in this project an innovative strategy to 
design three-dimensional biomaterials with an enamel-like structure, while tuning their chemical 
composition and crystal phase. For this purpose, we explore the process by which organisms direct 
CaP crystallization, amelogenesis, through key factors (i) an appropriate chemical environment, 
mimicking macromolecules from the ECM, and (ii) in situ controlled generation of CaP precursor via 
an enzyme-assisted process, to control the mineralization kinetics.  

In this collaborative project between the teams “Caractérisation et Modélisation personnalisée du 
Système MUsculo-SqueleTtique” (C2MUST) and “Cellules Biomatériaux Bioréacteurs” (CBB) team of 
the BMBI lab (UTC) and “Laboratoire de Réactivité de Surface (LRS, Sorbonne Université), we aim to 
design a macroscopic three-dimensional biomaterial for dental restoration. Our project includes 3 
WPs. 

WP1. Enzyme-assisted mineralization: a powerful way to direct CaP crystallization (Dr Jessem 
Landoulsi). This WP will be dedicated to the synthesis and physicochemical characterization of the 
three-dimensional macroscopic material. For this purpose, the enzyme-assisted mineralization 
process will be used following the strategy depicted in Figure 1A. First, enzymes (ALP) will be co-
immobilized with type I collagen and other natural polyelectrolytes (e.g. hyaluronic acid) using the 
layer-by-layer (LbL) assembly. Indeed, we broadly used this technique for the assembly of various 
entities with biological interests, such as collagen, enzymes, biomembrane fractions, hydroxyapatite 
particles, etc (5). Second, the mineralization will be initiated enzymatically in the presence of Ca2+ 
and F- ions in acidic pH, and the growth mechanism of CaP crystals as well as their morphologies will 
be modulated by a variety of experimental parameters which have been studied in a previous PhD 
work (E. Colaço, 2019), conducted in the context of bone mineralization. After the growth of the 
mineral layer, a new LbL film, including enzymes, will be deposited, and mineralization initiated 
again. This procedure will be repeated until the fabrication of a macroscopic material is achieved. 
The main challenge to overcome consists in the control of an epitaxial overgrowth of crystals (6) 
between successive mineralized layers. Key considerations are related to two main factors: 
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(i) the mechanism of crystal growth, which is influenced by the enzymatic activity, as demonstrated 
in our recent work (7), leading to the formation of peculiar CaP intermediates (e.g. amorphous core-
shell structure, see Figure 1B), 
(ii) the composition of the LbL film which mediates the nucleation and growth of CaP compounds at 
the solid/liquid interface. Particularly, type I collagen is expected to play a pivotal role in the 
mineralization process, and may help for the growth of aligned crystalline nanostructures, as 
observed in preliminary experiments (see Figure 2C). 
Besides its crucial role in the enzyme-assisted mineralization process, the LbL film will play a major 
role to ensure the adhesion to gingival (see WP2). For this purpose, natural polyelectrolytes 
promoting adhesion will be used.  
All these nanostructures will be fully characterized by a combination of in situ and ex situ 
physiochemical techniques, including visible light and X-ray scattering techniques, infra-red, Raman, 
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron 
microscopy (TEM), will be also used to probe the composition of the CaP compounds and their 
crystallinity. Dr Clément Guibert (LRS) et Prof Claude Jolivalt (LRS) will be fully associated to the 
project.  

 
Figure 1. Strategy for the design of three-dimensional macroscopic biomaterial with enamel-like structure. (A) 
Sequential build-up of (i) multilayered film, containing enzymes (alkaline phosphatase), type I collagen and 
natural polyelectrolytes, and (ii) mineralized layer made of oriented fluoro-apatite crystals, yielding multiple 
hybrid layers. (B, C) TEM micrographs recorded on (B) core-shell CaP compounds and (C) regular nanowires 
made of hydroxyapatite, obtained through the enzyme-assisted mineralization in homogenous and 
heterogenous phase, respectively. (D, E) Cells and gingival equivalent adhesion on titanium implant.  

WP2. Biological evaluation. When it comes to dental reparation, the biomaterial developed faces a 
major challenge. Indeed, the surface and biological requirements in dental implantology are: 
(i) No cell adhesion or proliferation on the crown surface to ease cleaning. 
(ii) Cell adhesion and proliferation around the aesthetic abutment to tight junction (implant collar). 
(ii) Strong cell adhesion under the epithelio-conjonctive junction to preserve dental implant from 
buccal bacteria for long time. 
In order to have the best overall view of the potential applications for this technique and to figure 
out if it could be a way to modify dental structures to target specific areas of the repaired tooth or 
the dental implant, we will realize the following sub-aims: 
1. Adhesion, viability and non-cytotoxicity tests 
For this part we will follow the guidelines edited by the ISO 10993 standard (necessary before any 
placing on the market of biomaterials). The biocompatibility of the mineralized structures (obtained 
in WP1) will be studied indirectly (without contact with the cells) and later on directly. This first 
screening of the potential biomaterials will be carried out on mouse fibroblasts (L929 or 3T3, 
recommended by the ISO standard). In both cases, an MTT live cell count test will provide a 
qualitative measure of cell viability. For the direct tests, cells will be cultured onto the mineralized 
structures to evaluate possible cellular morphological modifications. 
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Later on, we will also measure inflammation markers (IL-1, IL-6 and TNF-alpha) in the culture medium 
as an increase in these markers could alert us at a very early stage to potential problems of in vivo 
inflammation of mucous membranes in proximity with these materials 
2. Application-targeted 2D and 3D cell culture tests with human gingival cells 
In order to assess if the mineralized structures could be a surface modification to modulate the 
adhesion of gingival tissues on dental implants we will then turn to cultures of human gingival cells. 
First, culture gingival cells will be performed on dental ceramics with or without LbL surface 
modifications. The viability of these cells will be studied by measuring apoptotic cells, and their 
morphology using phalloïdin staining in order to detect and see potential modifications in focal 
adhesion points. If these first results are positive, we will move on tri-dimensional cultures of human 
gingival equivalents. This technique, developed at the lab (a know-how has been protected by SATT 
Lutech) allow the in vitro reconstruction of adhesive areas on dental implants and the measurements 
on full tissue adhesion on modified surfaces.  
This WP will be carried out under the supervision of Prof. Christophe Egles (CBB team, BMBI, UTC). 

WP3. Multiscale structural and mechanical properties (Prof. Karim El Kirat). The extent of 
enzymatically controlled mineralization will be assessed at the different scales with a multitechnique 
approach. The mechanical properties will be measured on the LbL assemblies before and after 
mineralization. First, at the nanometer scale, the materials will be characterized with AFM 
indentation as done routinely on bone in our team (C2MUST). For this purpose, the samples will be 
prepared and characterized with protocols preserving their native properties and under buffered 
saline conditions. Time-lapse AFM imaging and indentation will also be useful to access the early 
stages of enzyme-assisted mineral formation within the organic assembly. The samples will also be 
indented at the micrometer scale with a spherical indentation tip of 1 to 5 µm diameter under 
aqueous conditions to measure the micromechanical properties sensed at the cellular scale. Finally, 
the macro-scale mechanical properties will also be assessed on centimeter-size samples with 
compression of the hydrated samples and microhardness evaluation to compare them with the 
properties of natural teeth enamel. Besides these mechanical measurements, and physicochemical 
characterizations (WP1), the morphology of the samples will be studied on the different scales: 
nanostructures with AFM, TEM and SEM imaging, microscale with SEM imaging and the general 
morphology, color and transparency (as a macro-indicator of mineralization) with optical microscopy. 

This project perfectly articulates in the BMBI-LRS collaboration, particularly with studies dealing with 
inorganic materials (synthesis, characterization, structure-property relationship, reactivity, 
bioactivity, biomechanics, etc). It represents, however, a new research axis completely different from 
the current projects. We believe that the present project will lead to the emergence of a new 
methodology to unravel cell-material interaction and provide guidelines for the in-demand design of 
macroscopic 3D materials. The approach proposed here is particularly relevant in terms of 
methodological development, fundamental understanding and biomedical applications. The project 
may interest, in the future, chemists, physicists and biologists from “Sorbonne Alliance” who are 
working on the area of biomineralization and related phenomena, biomaterials science, and 
biomechanics. 

Profile of the PhD candidate: the successful candidate should hold a master degree or equivalent in 
(bio)chemistry or materials science with solid skills in experimental practice and critical scientific-
thinking. 
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