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Summary of the topic 
Scientific context 
Biomineralisation is the capability developed by some living organisms to produce hard (often 
crystallized) tissues to answer their fundamental needs, such as e.g., protection, light capture, space 
orientation, or buoyancy. Remarkably, those hierarchically structured crystals (Figure 1a-d) are formed 
under non-conventional physico-chemical conditions [1] involving a high level of biological control 
through the mediation of specific organic molecules produced by the animal. This process, which is only 
partly understood (Figure 1e), would open exciting perspectives in many application domains, such as 
CO2 capture, 3D printing, chirurgical implant or dental prosthesis, to cite only a few [1]. Among 
biominerals, calcium carbonate attracts a lot of attention for its spread in various animal species like 
mollusc shells, sea urchins, or corals. A general biomineralisation mechanism is proposed, involving the 
production of amorphous calcium carbonate, which further crystallizes in calcite or aragonite.  Major 
questions to be addressed are: what is the structural and chemical nature of the amorphous 
precursor(s)? What mechanisms govern the amorphous to crystalline transition? What are the role and 
nature of the organic molecules involved along the mineralization cycle? 

 
Figure 1: (a-d) Polarized light microscopy pictures of various crystallized biominerals (a, b: two mollusc shells, c: 
coral growth edge, d: sea-urchin spicule cross section). The colour contrast is the signature of the crystalline nature 
of the biomineral hard tissue. (e) Different crystallisation pathways are proposed based on in vitro synthesis under 
organic mediation (adapted from [1]). (f) Distribution of crystalline (blue) and amorphous (red) CaCO3, resulting 
from coherent Raman analysis of a mollusc shell (from [2]). 
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At Fresnel Institute, we are addressing these questions by developing novel optical and x-ray 
approaches, uniquely applied to the biomineralisation question. They respectively allow us to provide 
structural physical (x-ray diffraction) and chemical (optical coherent Raman, Figure 1f and 2) information, 
at a high resolution and high sensitivity level. Furthermore, we exploit the capability of these instruments 
to image well-defined regions, representative of the early stage of biomineralisation, i.e., where the 
temporal imprint of the biomineral formation and growth is clearly visible (Figure 2a-e). This M2 project 
aims at focusing on the development of coherent Raman microscopy to be further applied on coral 
species samples. 
 

 
Figure 2: (a-e) Coherent Raman microscopy images performed at the growing edge of a mollusc shell, 
acquired as a function of the wavenumber value, in the vicinity of the CaCO3 amorphous and crystalline 
vibrations. (f) Two spectra acquired in different regions of the growth edge. Although a shift of the signal 
maximum is observed, indicating the presence of amorphous phase in the red circle, a detailed 
quantification remains difficult. (g) Raman and coherent Raman spectra performed on a synthetic calcite 
crystal. The broadening of the Coherent Raman peak is evidenced. The Master thesis project aims at 
improving the spectral resolution of the Coherent Raman set-up.  
 
 
Coherent Raman microscopy 
Amorphous calcium carbonate precursors present vibrational signatures, which are significantly different 
from their crystalline counterparts. They also vary as a function of their exact chemical composition, 
making them invaluable tools to progress on some of the major biomineralisation questions listed above. 
In order to image the amorphous to crystalline transition, Raman coherent microscopy is used at Institut 
Fresnel, based on an in-house developed set-up. It is based on a 4-waves mixing, in which two photons 
interact with the vibration of the targeted molecules. This imaging modality is fast, efficient and highly-
spatially resolved, making it compatible with in vivo studies. However, the need to produce short laser 
pulses to activate the non-linear process results in a spectral broadening, limiting the spectral resolution. 
It makes the fine identification and characterization of the amorphous and crystalline phases difficult and 
limited. 
 
 
Master Thesis objectives 
During this Master Thesis project, the student will build an optical line allowing the increase of the 
spectral resolution. The approach is base on « spectral focusing » [3]: two laser pulses will be temporally 
stretched thanks to optical gratings and temporally recombined at the sample. This high-spectral 
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resolution microscope will be tested and quantified on well-known samples before being applied to coral 
samples, in collaboration with the Monaco Scientific Center.  
Continuation of the project as a PhD thesis is possible. Part of the PhD grant is already secured. 
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