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Chirality is ubiquitous in biology, including in biomineralization, where it is found in many hardened 

structures of invertebrate marine and terrestrial organisms (e.g. spiraling gastropod shells), and  pathologic 

rounded otoconia (associated with vertigo) of the vestibular apparatus in the inner ear1, 2.  In spite of the 

importance of these structures, establishing connections between chirality at the molecular and macro scales 

has proven elusive. Here, firstly, we show that chiral, hierarchically organized architectures for calcium 

carbonate (vaterite) can be controlled simply by adding chiral acidic amino acids (Asp and Glu): L-

enantiomers of Asp and Glu induce  vaterite toroidal suprastructures having a “right-handed 

(counterclockwise)” spiraling morphology, whereas “left-handed (clockwise)” spiraling is induced by the 

D-enantiomers, with both showing layered and oriented crystalline vaterite platelets formed by subunit 

(nanoparticle) growth to generate the larger chiral toroids. Moreover, switching between amino acid 

enantiomers caused a switch in respective chirality of vaterite toroids.  

 

Chiral switching is found in many calcium carbonate biomineral structures in Nature, notably at both the 

micro-level (coccolith skeletons) and macro-level (helical gastropod shells).  At the molecular level, it 

seems reasonable to consider that the handedness of helical suprastructures of biomineral might result from 

chiral molecules; we have shown that enantiomeric pairs of L- and D-molecules can induce chiral 

enantiomeric calcium carbonate mineral suprastructures having opposite orientations as shown in Figure 11 

(next page).  However, this cannot be the case in Nature, where biologic homochirality exists with 

exclusively L-amino acids and only L-biomolecules3.  Indeed, until now, the mechanism by which only 

chiral L-biomolecules can generate the ubiquitous phenomena of different chiralities (and even switches of 

this chirality within a single species) has remained a mystery.  To address this intriguing issue of how the 

switching of chirality might be achieved in the presence of only L-enantiomer (homochirality), we 

performed a detailed sequential and mechanistic study of large toroids grown over time that switched 

chirality in the presence of a single enantiomer of Asp (Figure 2, next page).  Within a single growth 

experiment using only L-Asp, we observed and explain the co-existence of vaterite toroid enantiomorphs 

that to some degree resemble various enantiomorphs of biominerals in Nature. It was found that the 

evolutionary growth process of the chiral vaterite toroids was controlled by an imperfect (not aligned) 

attachment growth mechanism, that could be separated into two stages: i) an initial tilting stage, where 

nanoparticle (nanohexagon) tilting induced by bound chiral amino acid caused the chirality effect by 

guiding the formation of curved-edge flat mineral platelets, which themselves progressively stacked and 

tilted towards the achiral vertical orientation, and ii) a consequential rotation stage where layer-by-layer 

addition of vertical platelet layers each rotated by 22.5 degrees relative to one another resulted in 

successional chiral switching events at the surface of the vaterite toroids (Figure 3).   
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These findings advance our understanding of why, despite a lack of D-enantiomer amino acids in biology 

− the “Achilles Heel” of understanding the origin of enantiomeric pairs of biomineralized structures − 

various enantiomorphs of biomineral may indeed be formed when only homochiral L-biomolecules are 

present3.  These results also describe a new, hierarchical organizational function involving mineral crystal-

biomolecule interactions over different length/size scales, with potentially major implications for 

nanotechnology and materials innovation.  Importantly, the findings also allowed us to build a growth 

model to explain pathologic human inner ear otoconia abnormally containing chiral vaterite (normally they 

are rhombic calcite), and which additionally predicts that other pathologic forms (as yet to be discovered) 

could well be present.  Such an understanding of 

these growth mechanisms may one day allow for 

targeted therapeutic interventions2.   

 

Figure 1. Hierarchically organized, vaterite toroid 

suprastructures showing chiral orientations as 

induced by chiral acidic amino acids (Asp and Glu) 

viewed by scanning electron microscopy (SEM).  

 

 

 

 

 

Figure 2. Loss of initial chirality, and chiral switching of vaterite toroid suprastructures with time and size 

induced by a single chiral enantiomer (L-Asp), as viewed by SEM.  

 

 
 

Figure 3. Proposed imperfect attachment growth mechanisms in tilting and rotation growth stages resulting 

in chiral evolution of vaterite toroids grown in chiral amino acid (L-Asp). 
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