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 Biomineralization is the ability of living organisms to produce minerals (e.g. calcium carbonates or 
phosphates) at room temperature and in fully aqueous conditions. This natural phenomenon leads to 
biomineralized tissues (such as bone or seashells) with highly-controlled hierarchical architectures and 
exceptional mechanical properties that material chemists are not able to duplicate in vitro. The main reason is 
because molecular-level mechanisms of biomineralization are still poorly understood. 
 There is emerging evidence that the onset of biomineral precipitation and crystallization occurs via 
“non-classical” pathways of nucleation (Fig. A) [1]. In opposition to the classical theory of nucleation (where the 
precipitation starts through the nucleation of critical size nuclei that grows through sequential 
monomer-by-monomer attachment), “non-classical” pathways predict the nucleation and assembly of transient 
nanometric species of various nature (amorphous, poorly crystallized or droplets) as precursors of the final 
crystalline phase. In that frame, one recent breakthrough has shed light on the critical early stages prior to the 
nucleation step: the existence liquid-liquid phase separation (LLPS) of proteins regulating biomineralization 
induced by mineral ions (Ca2+, Mg2+). As an example, such mechanism has been observed for the main 
protein regulating biomineralization of the stomatopod dactyl club (CMP-1) [2] (Fig. B), a formidable biological 
hammer of the mantis shrimp that has emerged in recent years as an ideal model system to study hard tissue 
calcification. 
 The key hypothesis of this project is that liquid-like protein nanodroplets formed during LLPS regulate, 
stabilize, and/or gather mineral ions (Ca2+, CO32-, PO43-) and are critical transient phases in the 
crystallization pathway of biominerals. For this project, in addition to CMP-1, we will study polyaspartate 
(polyAsp), a polyelectrolyte mimicking acidic proteins involved in biologically controlled mineralisation [3].
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The main objective of this project is to unveil the organo-mineral interaction, both on the dynamic and the 
structural point-of-view, occurring during LLPS up to the nucleation of the mineral phase using Cryo stopped 
flow NMR (Fig. C), a unique cutting-edge technique available at LCMCP (SU). 
 The Cryo stopped-flow equipment is a cryo-freeze device connected downstream to a stopped-flow system. It 
has been developed by our group in collaboration with Biologic Company to host NMR rotors (4 and 3.2 mm) 
and allows the quenching at low temperature of aqueous solutions at specific time points in order to record 
solid-state NMR (ssNMR) spectra of vitrified samples (see description and video at 
https://www.biologic.net/products/freeze-quench/). Quenching the highly dynamic behavior of aqueous solutions 
leads to the reintroduction of dipolar couplings and the use of advanced ssNMR sequences (e.g. 1H-31P 
HetCor and 13C-31P REDOR experiments) to extract structural information such as the quantification of the 
different species, the protonation/hydration level of LLPS nano-droplets, and the protein/mineral interactions at 
atomic level (binding mode). Thus, quenching mineral precipitation at various time points allows the description 
at the molecular-level of the successive chemical events from LLPS formation to mineral nucleation. 
 Solid state NMR experiments will be performed at the Sorbonne University NMR platform that hosts 3 
solid-state NMR spectrometers (300, 500 and 700 MHz). Alternatively, in order to enhanced ssNMR sensitivity, 
dynamic nuclear polarization ssNMR (MAS DNP) will be performed at LBM (ENS, Paris, IR-RMN network). 
Finally, dynamical behavior will also be explored through a collaboration with D. Kurzbach’s group (Vienna 
University) to determine the dynamical parameters of soluble LLPS precursors using a recently established joint 
expertise that includes dissolution DNP [4,5]. 
 The successful candidate will also work in close collaboration with Ali Miserez’s group (NTU, Singapour) on 
LLPS of identified mineralizing proteins (CMP-1) [2,6]. The study of organo-mineral interplay during mineral 
formation will be addressed by coupling high spatial- and time-resolution techniques namely Liquid-Phase TEM 
(LP-TEM at NTU) and Cryo stopped flow NMR (at SU). A stay at NTU to carry out LP-TEM observations is 
envisaged during the PhD.  

Figure A. Scheme of various non-classical pathways of 
nucleation [1]. B. observation of LLPS through LP-TEM [2]. C. 
Description of the Cryo stopped flow NMR approach.


