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Structural biominerals are inorganic/organic composites that exhibit remarkable mechanical 

properties. However, the structure-property relationships of even the simplest building unit - 

mineral single crystals containing embedded macromolecules - remain poorly understood. Here, 

by means of a model biomineral made from calcite single crystals containing glycine (0-7 mol%) 

or aspartic acid (0-4 mol%), we elucidate the origin of the superior hardness of biogenic calcite. 

We analyzed lattice distortions in these model crystals by using x-ray diffraction and molecular 

dynamics simulations, and by means of solid-state nuclear magnetic resonance show that the 

amino acids are incorporated as individual molecules. We also demonstrate that nanoindentation 

hardness increased with amino acid content, reaching values equivalent to their biogenic 

counterparts. A dislocation pinning model reveals that the enhanced hardness is determined by 

the force required to cut covalent bonds in the molecules. 
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Biominerals such as bones, teeth and seashells are characterized by properties optimized for their 

functions.  Despite being formed from brittle minerals and flexible polymers, nature 

demonstrates that it is possible to generate materials with strengths and toughnesses appropriate 

for structural applications1.  At one level, the mechanical properties of these hierarchically 

structured materials are modelled as classical composites consisting of a mineral phase 

embedded in an organic matrix2. However, the single crystal mineral building blocks of 

biominerals are also composites3, containing both aggregates of biomacromolecules as large as 

20 nm4,5 and inorganic impurities6,7.  While it should be entirely possible to employ this simple 

biogenic strategy in materials synthesis8,9, the strengthening and toughening mechanisms that 

result from these inclusions are still poorly understood10,11.  This work addresses this challenge 

by analyzing hardening mechanisms in a simple model biomineral system: calcite single crystals 

containing known amounts of amino acids.  We report synthetic calcite crystals with hardnesses 

equivalent to those of their biogenic counterparts, and offer a detailed explanation for the 

observed hardening. 

Since plastic deformation in single crystals occurs by the motion of dislocations, hardness 

is enhanced by features that inhibit dislocation motion. The mechanisms by which guest species 

may harden ionic single crystals generally fall into two categories.  Second phase particles 

directly block dislocation motion, requiring a dislocation to either cut through (shear) a particle 

or bypass it by a diffusive process to keep going12. Solutes (point defects) do not directly block 

dislocation motion, but the stress fields of the dislocations interact with those associated with 

misfitting solutes, retarding dislocation motion12.  Biominerals, notably calcite, often deform 

plastically by twinning11, but since twins grow by motion of “twinning dislocations”13
, these 

concepts also broadly apply to twin formation.  To fully understand the hardening mechanisms 

of single crystal biominerals, one must determine the relationship between the hardness and the 
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concentrations of the different types of guest species.  For example, the effect of Mg2+ 

substitutions was shown to be consistent with solute strengthening14. Determination of the 

hardening mechanism of occluded organic additives has proven far more challenging.  While 

species ranging from small molecules15,16 to peptides17, proteins18,19, nanoparticles9,20,21 and 

fibers22,23, have been incorporated in calcite, the effect of these inclusions on mechanical 

properties is not yet known.  Occlusion of 200 nm latex particles within calcite single crystals 

was shown to reduce their hardness8, while the incorporation of polymeric micelles having sizes 

comparable to those of the protein occlusions in biominerals was shown to increase hardness9.  

However, due to an inability to control the number of micelles occluded, it was not possible to 

quantitatively characterize their hardening effect.  

The present study describes a model system – created by the incorporation of the amino 

acids aspartic acid (Asp) and glycine (Gly) within calcite – in which we can precisely tune the 

compositions of our single crystal composites over a wide range, and thus finally determine the 

origin of the hardening effects of small organic molecules.  By application of x-ray diffraction 

and molecular dynamics simulations to characterize the local and global distortions of the crystal 

lattice, ssNMR to demonstrate that the amino acids are present as individual species within the 

crystal, nano-indentation to determine the hardness, and a dislocation pinning model, we show 

that the enhanced hardness is determined by the force required to cut a single covalent bond.  

This analysis provides strong evidence that the occluded molecules function more like second-

phase particles than as point defects.   

 

Incorporation of Asp and Gly in calcite single crystals 

Calcite was precipitated in the presence of Asp or Gly using the ammonium diffusion 

method24, and the crystals were characterized using SEM and optical microscopy (Fig. 1 and 
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Supplementary Figs. 1-3).  Crystals were 20-50 µm in size and for both additives took the form 

of perfect rhombohedra at low additive concentrations, and at higher concentrations became 

elongated particles with highly roughened sides, which were capped at each apex with three, 

smooth {104} faces25.  Aspartic acid has a stronger effect on calcite morphologies than glycine, 

as expected based on its charge under the crystallization conditions, such that equivalent 

morphologies are observed at much higher solution concentrations of Gly than Asp (eg. 100 -200 

mM Gly as compared with 10-20 mM Asp).  

The amounts of amino acids occluded within these crystals were determined using 

reverse-phase high-pressure liquid chromatography (rp-HPLC) after dissolution of the crystals.  

All samples were bleached before dissolution to remove surface-bound amino acids26,27. The 

relationship between the initial concentration of amino acids (AA) in the reaction solution 

([AA] Sol) and the mole fraction of amino acids incorporated ([AA]Inc) was determined by holding 

[Ca2+] = 10 mM whilst varying the amino acid concentration (Fig. 2a).  Looking first at Asp, 

there is a roughly linear relationship between [Asp]Sol and [Asp]Inc until [Asp]Sol = 50 mM and 

[Asp]Inc = 3.9 mol%, after which point [Asp]Inc reduces.  This reduction in incorporation reflects 

a change in the particle structure from single crystal to polycrystalline, such that polycrystalline 

particles were excluded from further investigations.  The incorporation of Gly shows a similar 

strong correlation with [Gly]Sol, but is less efficient, with lower occlusion levels observed for 

equivalent values of [AA]Sol ([Gly] Inc = 1.1 mol% at 50 mM Gly).  However, while Asp 

occlusion reaches a maximum at ≈ 3.9 mol%, Gly occlusion continues to increase, reaching 

values as high as 6.9 mol% at 400 mM Gly.  These values are far higher than those obtained in a 

previous study of amino acid incorporation in calcite15, highlighting the importance of the 

growth conditions in achieving occlusion.  Higher Gly concentrations were not examined due to 

strong growth inhibition under those conditions. 
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A measure of the efficiency of amino acid occlusion was also obtained from the 

distribution coefficient, D = [AA]inc/[AA] sol, where the high values of D at low solution 

concentrations of Asp emphasize the far more efficient occlusion of Asp than Gly (Fig. 2b).  This 

trend can be attributed to the charge on the Asp molecule, and its greater hydrophilicity28,29.  The 

effect of the growth rate on amino acid occlusion was also investigated for Asp by precipitating 

calcite at [Ca2+] = 2–100 mM at a fixed initial [Asp]Sol = 10 mM (Figs. 2c and 2d and 

Supplementary Fig. 2).  Incorporation was strongly dependent on the growth rate, increasing 

from 0.4 mol% at [Ca2+] = 2 mM to 1.9 mol% at [Ca2+] = 50 mM (Fig. 2c).  This effect is 

additionally seen in the increase of D with crystal growth rate and [Ca2+] (Fig. 2d).   

This observed increase in incorporation with increasing supersaturation is fully consistent 

with current understanding of additive interactions with growing crystals.  AFM studies have 

clearly shown that small molecules (including Asp)28 and ions including Mg2+ and SO4
2– can 

selectively bind to either acute or obtuse step edges of calcite, 6,30-33 where this interaction then 

translates into their incorporation within the crystal lattice.  This analysis is supported by a recent 

study which used in situ AFM to directly study the incorporation of 20 nm block copolymer 

micelles within calcite crystals following their binding to step edges.34  The increase in density of 

step edges and kink sites that occurs with increasing supersaturation30,34  therefore gives rise to 

higher additive occlusion levels.  

 

Effects of incorporated amino acids on the lattice structure 

Previous studies utilizing synchrotron high-resolution powder diffraction (PXRD) have 

shown that occlusion of organic molecules in both biogenic and synthetic calcium carbonates 

give rise to lattice distortions3,15.  In the present study, the effects of the occluded amino acid on 

the crystal lattice were studied using synchrotron PXRD and the diffraction patterns were 
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modelled using full pattern analysis by Rietveld refinement as well as by line profile analysis.  

Occlusion of both Asp and Gly resulted in anisotropic lattice expansion, where the lattice 

distortions were about an order of magnitude greater along the c-axis than the a-axis (Figs. 3a 

and 3b).  Both amino acids caused similar degrees of distortion along the c-axis at low 

incorporation levels, while the lattice distortions in Gly are higher than those in Asp at values of 

[AA] Inc exceeding 1 mol%, reaching 0.3 % at [Asp]inc = 3.9 mol% and 0.5 % at [Gly]inc = 6.9 

mol%.  Gly again caused somewhat more distortion along the a-axis at higher levels of 

occlusion. 

Analysis of the peak broadening of the full spectra and individual PXRD peaks showed 

that the domain sizes fall in the ranges 200 to >1000 nm (Asp/calcite) and 500 to >1000 nm 

(Gly/calcite) (Supplementary Fig. 4).  The degree of broadening (FWHM and/or integral 

breadth) varied across the different lattice planes, being greatest for the (006) planes, and in 

common with the lattice distortions, Gly had a greater effect than Asp at equivalent values of 

[AA] Inc (Figs. 3c and 3d).  The broadening generally increased with increasing [Asp]Inc, before 

levelling-off above 1 mol% occlusion, while for many of the lattice planes [Gly]Inc reached a 

maximum at ≈ 2-4 mol%, before decreasing again. (Figs. 3c and 3d, and Supplementary Fig. 5)  

This trend was particularly clear for the (006) planes.  The consequence of this behaviour is that 

all of the diffraction peaks from the crystals occluding 6.9 mol% Gly have comparable 

broadening levels (Fig. 3d).  It is also notable that the greatest peak broadening occurs at the 

same value of [Gly]inc at which the lattice distortions begin to saturate.   

Occlusion of individual amino acids within calcite gives rise to inhomogeneous strains 

throughout the lattice, which increase the average lattice parameters.  This observation is 

consistent with a model in which, as [AA]inc increases, the strain fields around the molecules 

begin to overlap, and the strain inhomogeneity decreases as the lattice distortions continue to 
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increase (Figs. 3e and 3f).  Our data raise the possibility that the Gly molecules may be 

sufficiently close to each other at the higher occlusion levels that the local strain fields around 

them begin to overlap.   

 

Solid state NMR (ssNMR) analysis of calcite crystals incorporating Asp 

ssNMR was employed to determine whether the amino acids are isolated, or clustered 

within the calcite lattice.  Looking first at the Asp/calcite system, crystals were precipitated in 

the presence of 25 mM of both 1,4-13C2 Asp and 3-13C Asp at highest levels of incorporation (3.9 

mol%), and were analyzed using proton driven spin diffusion (PDSD) (Fig. 4).  The figures show 

conventional contour plots from the 2D PDSD experiment (in black), overlaid by a row (red) 

extracted from the dataset at the chemical shift of the Asp 3-C signal (Fig. 4a) and the 

overlapped Asp 1-C and Asp 4-C signals (Fig. 4b).  The extracted rows reveal whether there is 

any spin diffusion between the two isotopomeric amino acids, which would indicate proximities 

of ≈ 0.5 nm between the Asp 3-C and the Asp 1-C and Asp 4-C.  These would manifest as peak 

intensity in each of the extracted rows at the frequency corresponding to that of the “off 

diagonal” signal; the relevant frequencies are indicated by vertical red dashed lines in both 

figures.  There is no intensity at either frequency, and thus no evidence of any intermolecular 

Asp-Asp association.  Identical analyses were also performed for calcite precipitated in the 

presence of 1-13C Gly and 2-13C Gly, and the data again showed that the Gly molecules are 

individually dispersed in the lattice (Supplementary Fig. 6). 

 

Simulations of the incorporation of Asp and Gly in calcite 

Molecular dynamics simulations were performed to gain an understanding of the 

atomistic interactions between the mineral and amino acids.  The calcite model consisted of a 
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block of calcite (34x44x34 Å3) with 864 CaCO3 formula units and two charge states of each 

amino acid (Asp2-, Asp1-, Gly1- and Gly0) were considered as the pKa values of the amino acids 

were close to experimental pH values (Supplementary Fig. 7).  The amino acids were inserted by 

first removing Ca2+ and CO3
2- ions, and then placing the amino acids within the resulting defect.  

Charge matching and minimum strains were achieved when each Gly0 replaced one CaCO3 

formula unit, each Asp2- replaced one CaCO3 unit and a CO3
2- ion, two Gly1- replaced one 

CaCO3 unit and a CO3
2- ion, and two Asp1- replaced two CaCO3 units and a CO3

2- ion.   

The configurations of the Asp2- and Gly0 molecules in the calcite lattice are shown in Fig. 

5a.  The Asp molecules are occluded such that the carboxylic acid groups on Asp replace CO3
2- 

groups on adjacent carbonate planes with a very good fit.  A less favourable fit is obtained with 

Gly0.  This effect is also seen in the radial distribution data of the Ca-Ca distances in pure calcite 

and those for calcite occluding Asp2- and Gly0, which show that Gly0 is more disruptive of the 

calcite lattice than Asp2- (Fig. 5b).  These distortions may well account for the reduced efficiency 

of incorporation of Gly than Asp.  The binding configuration of the molecules is dominated by 

the requirements of the electrostatics of the lattice, where the carbonyl groups must replace the 

carbonate ions at the relevant lattice sites.  Any contribution from hydrogen bonding is minor 

and does not affect the incorporation behaviour of these amino acids in calcite.   

Simulations were also performed to model the lattice distortions arising from occlusion of 

amino acid molecules, where these data provide a bridge between our model of amino acid 

incorporation in the lattice and the experimental PXRD data.  This model was implemented by 

expanding the crystal axes independently.  The calculated configurational energies rose much 

faster when the crystal was strained along the a-axis than the c-axis (Fig. 5c), as is consistent 

with the elastic anisotropy of calcite35.   For crystals containing 2.3 mol% Asp2- and 2.8 mol% 

Gly0 (to correspond to samples characterized by PXRD) the minimum energies are found at 
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lattice distortions that are in excellent agreement with the experimental values.  The total 

inclusion energy also steadily increases with the amount of occluded amino acid (Fig. 5d), as 

would be expected based on a certain misfit per molecule.   

Interestingly, the total inclusion energies (reported per mole of CaCO3) were similar for 

both Asp2- and Gly0.  Back-of the-envelope calculations of the misfits of Gly0 and Asp2- in the 

calcite lattice give values of 8.1 % for Gly0 and 3.9 % for Asp2- (see Supplementary note 1 for 

calculation), where these misfits result in large tensile strains in the calcite lattice in the 

neighbourhood of each AA molecule that drop off rapidly with distance from the molecule36.  

Although each occluded Gly is associated with larger strains than Asp, Gly is also significantly 

smaller than Asp, such that each molecule affects a smaller volume of the calcite lattice.  Our 

data suggest that these contrasting effects are of similar magnitude here, giving rise to the similar 

inclusion energies. 

 

Determination of the mechanical properties 

Finally, the mechanical properties of the amino acid-containing calcite crystals were 

measured using nanoindentation. Indentations approximately 200 nm deep and 1.4 µm wide 

were made using a Berkovich (triangular pyramid) indenter, and the load-displacement data from 

each indentation were analyzed to determine hardness, H, and indentation modulus, EIT
37.  Loads 

applied were sufficiently small (10 mN) that cracking was suppressed and indentations were 

formed by plastic deformation (Fig. 6a inset).  In performing these experiments, it is noted that 

twin formation can occur during nanoindentation of single crystal calcite provided that 

indentation is executed along orientations where twinning is geometrically favorable10,38, or if 

internal interfaces that can accommodate the enormous strains associated with twinning are 

present11 or created by fracture10,11.  None of our indentations were made in twin-compatible 
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orientations and no evidence of cracking or twin formation in either the load-displacement data 

or the surface topography was obtained.  A more extensive discussion of twinning is provided in 

Supplementary note 5. 

The hardness of the calcite crystals significantly increased with occluded amino acid 

content, starting at 2.5 GPa—equivalent to Iceland spar, a pure and highly perfect geologic form 

of calcite10—and reaching values of 4.1 ± 0.3 GPa for occlusion of 2.2 mol% Asp, and 4.1 ± 0.3 

GPa for occlusion of 6.9 mol% Gly (Fig. 6a).  Crystals with higher mol% of Asp inclusion were 

not tested due to the small sizes and irregular morphologies of these samples (Supplementary 

Fig. 1).  These values are comparable to biogenic calcite (values of 3.4–4.2 GPa have been 

reported on the {001} face of the mollusc Atrina rigida)10, and exceed the hardnesses of other 

synthetic calcite systems with occluded species reported to date, including calcite grown with 

occluded polymer micelles (Hmax ≈ 3.0 GPa)9, and with Mg substitutions for Ca (Hmax ≈ 3.4 

GPa)14.  In contrast, the indentation modulus was insensitive to [AA]inc, as expected based on a 

rule of mixtures model for a material containing a small volume fraction of a different phase.  

 

Origin of hardening effect of occluded amino acids 

Precipitation of CaCO3 in the presence of Asp and Gly provides a system in which we 

can precisely tune the amounts of these small molecules within calcite single crystals across a 

broad composition range, allowing us to study in detail the relationship between the quantities of 

molecules occluded, their effects on the lattice distortions, and ultimately on the hardness.  Since 

the calcite deformed plastically without cracking in these small-scale experiments (Fig. 6a inset), 

the origin of the hardening effect can be determined by considering the slip systems in the 

material (including both glide and twin systems) and the stresses needed to activate them with 

respect to the amount of amino acid occluded (see Supplementary note 2 for full derivations).  
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As hardness provides a measure of the resistance to motion of dislocations on these slip planes, 

the increase in hardness with increasing AA content demonstrates that the AA molecules provide 

effective impediments to dislocation motion. 

The AA molecules can impede dislocations when either the stress fields around the 

molecules interact with the stress fields of the dislocations (like solutes), and/or when 

dislocations are blocked by the molecules themselves (like second phase particles).  However, 

while the peak width (inhomogeneous strains) level off or decrease above [AA]inc ≈ 1 mol%, 

hardness continues to increase with [AA] inc occlusion (compare Figs. 3c and 3d with Fig. 6a, and 

see Supplementary note 3 for detailed explanations).   Furthermore, the hardness is the same for 

both amino acids at the same [AA]inc, despite the fact that the distortions are very different.  

These observations suggest that direct blocking by the molecules is the dominant hardening 

mechanism.  To test this idea, we consider a dislocation interacting with a random array of AA 

molecules (Fig. 6b).  The molecules impede the dislocation’s motion, causing it to bow out39. 

Since lattice diffusion is not observed in calcite at room temperature, the dislocation can 

continue to move only by shearing the molecules.  At each molecule, the dislocation line tension 

Τ is balanced by the resisting force of the molecule (Fig. 6c).  When a critical force, known as 

the “cutting force” Fc, is reached, the dislocation cuts the molecule and moves on.  Thus, if 

blocking by AA molecules dominates the increase in hardness, then Fc corresponds to the force 

required to cut a molecule. 

If we assume that Τ  > Fc, and that the hardness of the crystal is just the sum of its 

intrinsic resistance to dislocation motion—i.e. the hardness of pure calcite—and the additional 

hardening due to AA molecules, we can write (see Supplementary note 2 for derivation): 

 
TFbLFHH cc 2)/(8.40 +=

                             (1)  
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Where Ho is the hardness of pure calcite, b the Burgers vector magnitude, and L the spacing 

between molecules.  Since we know Ho, can estimate T and b, and have measured H as a 

function of [AA]inc, if we can determine L from [AA] inc, then we can determine the actual cutting 

force for the molecules.  To estimate L, we consider the AA molecules to be uniformly 

distributed throughout the crystal, which is consistent with the ssNMR data, and approximate the 

configuration of the molecules as a square array.  This analysis gives L = (Cv,AAt)-0.5 where Cv,AA 

is the number of AA molecules/volume and t is the thickness of a thin slice, which is set equal to 

the diameter of the AA molecule (see Supplementary note 4 for derivation).  We can now use 

Equation (1) to find the cutting force, Fc, for each experimentally measured H, where we obtain 

values around 1 nN (Fig. 6d).  This value lies just below reported strengths of single covalent 

bonds (1.5 to 4 nN)40-42 and well above a typical ionic bond strength of 0.1 nN43.  Since the 

hardness represents an average of all of the events that inhibit dislocation motion, this result 

strongly suggests that the hardening effect of these occluded molecules comes from the force 

required to shear them.   

Further support for this model comes from the functional form of the variation of 

hardness with [AA]inc.  For a constant obstacle strength (Fc in this case), H should vary linearly 

with the inverse of the obstacle spacing, L-1 (Equation (1)).  Since L = (Cv,AAt)-0.5, H is expected 

to vary linearly with (Cv,AAt)0.5.  A power law fit to the H vs. Cv,AAt data returns an exponent of 

0.52, so H indeed varies linearly with (Cv,AAt)0.5 (Fig. 6e).  Despite the different sizes of the 

molecules, when intermolecular spacings are taken into account, the hardness depends on the 

bond strengths in the individual molecules, which are essentially the same for Asp and Gly. 

 

Outlook 
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This work provides new insights into the mechanical properties of inorganic/ organic 

nanocomposites.  By creating a system that is at first sight very simple – the occlusion of amino 

acids within calcite single crystals – we are finally able to quantitatively correlate the 

composition of the resultant composite crystals to the hardness.  At the heart of our strategy is 

the ability to achieve extremely high levels of occlusion of up to 3.9 mol% Asp and 6.9 mol% 

Gly, while retaining calcite single crystals.  Analysis of the changes in hardness and lattice 

distortions with respect to the composition shows that the hardening effect derives primarily 

from dislocations cutting the amino acids, as indicated by the fact that the estimated dislocation 

obstacle cutting force is in good agreement with the strength of the covalent bonds in the amino 

acid backbones.  With the ability to tune the composition and hardness of calcite crystals, our 

nanocomposite system also opens the door to in-depth characterization of deformation 

mechanisms using transmission electron microscopy (TEM), which would provide further 

understanding of the possible role of twinning during deformation.  These results are of 

particular significance to the mechanical properties of single crystal biominerals, and open up the 

possibility of using this strategy to tailor the mechanical properties of a wide range of materials. 
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Figure 1. Crystal morphologies.  Representative SEM images showing calcite crystals 

precipitated with different conditions of [AA]sol and initial [Ca]sol = 10 mM.  (a to c) [Asp]sol = 

(a) 5 mM (b) 20 mM (c) 50 mM.  (d to f) [Gly]sol  = (d) 10 mM (e) 100 mM (f) 200 mM.   
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Figure 2. Occlusion of aspartic acid and glycine in calcite.  (a) The amount of amino acid 

occluded within the CaCO3 crystals, [AA]inc, as a function of the initial concentration of amino 

acid in solution, [AA]sol, for Asp and Gly at [Ca2+]sol = 10 mM.  (b) The distribution coefficients 

for Asp and Gly in calcite as a function of the initial [AA]sol at [Ca2+] = 10 mM.  The insets show 

sub-section of the respective graphs.  (c) The amount of Asp occluded as a function of [Ca2+]sol at 

an initial [Asp]sol = 10 mM.  (d) The distribution coefficient of Asp in calcite at and initial 

[Asp]Sol = 10 mM.  The error bars shown are defined as s.d. for 3-5 measurements, and those for 

the Gly/calcite system were too small to show. 
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Figure 3. High resolution PXRD analysis. (a and b) Lattice distortions arising from the 

incorporation of Asp and Gly in calcite, (a) along the c-axis and (b) the a-axis.  (c and d) XRD 

peak broadening (FWHM) due to inhomogeneous strains induced by (c) Asp and (d) Gly 

incorporation.  The inhomogeneous strains show a maximum with (e) Asp (f) Gly while the 

lattice distortion continues to increase, as is consistent with overlapping of the strain fields 

associated with the individual molecules as the spacings between the molecules become smaller. 
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Figure 4. Solid state NMR analysis. Contour plots of a proton driven spin diffusion (PDSD) 

analysis of calcite precipitated in the presence of [1,4-13C2 Asp] = [3-13C Asp] = 25 mM.  The 

red traces are rows extracted from the 2D dataset at the frequency of the (a) 3-13C signal and (b) 

the overlapped 1,4-13C  signals.  Proximity between the 3-13C and the 1,4-13C labelled Asp would 

manifest as a peak (in the red trace) at the frequency of the (a) 1,4-13C and (b) 3-13C, as indicated 

by the dashed vertical red line. 



 23 

 

 

 

Figure 5. Molecular dynamics simulations.  (a) Schematics showing Asp2- and Gly0 occluded 

in the calcite crystal. (b) Radial distribution function of Ca-Ca distances in pure calcite and 

calcite with occluded Asp2- and Gly0.  (c) Configurational energies of calcite with occluded Asp2- 

and Glyo, calculated on expansion of the calcite crystal along the c-axis and a-axis.  The energy 

minima are found at 〉c/c values of 0.002 and 0.003 for the incorporation of 2.3 mol% Asp2- and 

2.8 mol% Gly0 respectively.  Red ‘x’ denotes the energy minimum of pure calcite, where the 

arrow shows the distortion from the pure calcite sample to the experimental values found at ‘o’. 

(d) The total occlusion energy for Asp2- and Gly0.   
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Figure 6. Mechanical properties.  (a) Hardness vs.[AA] inc for calcite occluding Asp and Gly 

(inset: scanning force image of representative plastic indentation in calcite).  Schematics of (b) 

dislocation bowing out between AA molecule pinning points, and (c) force balance between 

dislocation line tension T and the resisting force F provided by the molecule. The “cutting force” 

Fc is the force needed for the dislocation to cut the molecule.  Since Fc << T, the effective 

spacing L´ is greater than the actual spacing L.  (d) Fc calculated using measured hardness and 

estimated molecular spacings as compared with expected mechanical bond strengths.  (e) 

Hardness vs. L-1 = (Cv,AA*t)
0.5, where the linear behaviour supports blocking by molecules as the 

strengthening mechanism.   The error bars shown are defined as s.d. and are the result of 28 

measurements. 
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Methods 

The materials used are listed in the Supplementary materials.  

 

CaCO3 precipitation. The two amino acids, Asp and Gly, were mixed with 2 – 100 mM 

aqueous solutions of CaCl2.2H2O to give amino acid concentrations of 0.001 – 100 mM Asp and 

0.1 - 400 mM Gly.  40 mL of the prepared solutions were transferred to plastic Petri dishes (90 

mm) containing glass slides, which had previously been cleaned with Piranha solution (H2SO4 70 

vol% H2O2 30 vol%), and CaCO3 was precipitated using the ammonium carbonate diffusion 

method.24  This was achieved by covering the Petri dishes with Parafilm pierced with multiple 

holes and placing them in a dessicator previously charged with 5 g of freshly crushed (NH4)2CO3 

powder.  Crystallisation was then allowed to proceed for 2 days (unless otherwise stated), after 

which time the glass slides were removed from solution, washed thoroughly with Millipore water 

and ethanol, and oven-dried (40 oC) prior to further characterization.  

CaCO3 precipitation in the presence of 400 mM Gly took approximately 5-6 days; this 

was the maximum concentration of Gly employed.  In the case of Asp, a mixture of single crystal 

and polycrystalline particles formed at Asp concentrations above 50 mM, and principally 

polycrystalline particles formed above 100 mM Asp (Supplementary Fig. 1).  The maximum Asp 

concentration employed was therefore 50 mM.  Investigation of the influence of the initial Ca 

concentration in solution showed that while higher initial Ca concentrations favor occlusion of 

the amino acids (Figs. 2c and 2d), they also drive the generation of polycrystalline calcite at 

lower Asp concentrations (Supplementary Fig. 2).  For example, at an initial [Ca] = 25 mM, 

polycrystalline calcite was observed at 25 mM Asp (Supplementary Fig. 3).  An initial [Ca] = 10 

mM was therefore chosen as the standard condition as this offered efficient occlusion of the 

amino acids, while still retaining single crystallinity of calcite. 
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Calcite crystals were also precipitated in the presence of 13C-labelled Asp and Gly such 

that they could be analyzed in Proton driven spin diffusion (PDSD) experiments to determine the 

proximities of the occluded amino acids.  Calcite/Asp crystals were precipitated from solutions 

of concentrations [Ca2+] = 10 mM and [1,4-13C2 Asp] = [3-13C Asp] = 25 mM, while calcite/Gly 

crystals were precipitated from solutions of [Ca2+] = 10 mM and [1-13C Gly] = [2-13C Gly] = 100 

mM. 

 

Quantification of the incorporation of amino acids within calcite crystals. All calcite 

samples were bleached in 12% w/v sodium hypochlorite for 48 hrs before analysis using 50 たL 

of hypochlorite per mg of calcite.  This effectively removes surface-bound amino acids, as 

demonstrated during the characterisation of biomolecules occluded within a range of 

biominerals26,27,44 The amino acids were then extracted from the CaCO3 crystals by dissolving 

them in cold 2 M HCl (using a minimum of 10 µL HCl per mg of calcite).  The acid was then 

evaporated and the samples rehydrated with an adequate volume of a rehydration fluid 

containing 0.01 mM HCl, 0.77 mM sodium azide at pH 2, and an internal standard (0.01 mM L-

homo-arginine).  The rehydrated samples were analyzed for chiral amino acids on an automated 

reverse-phase high-performance liquid chromatography (RP-HPLC) system equipped with a 

fluorescence detector, using a modification of the method of Kaufman and Manley45.  In brief, 2 

たL of rehydrated sample was mixed online with 2.2 たL of derivatizing reagent (260 mM N-

isobutyryl-l-cysteine, 170 mM o-phthaldialdehyde, in 1 M potassium borate buffer, adjusted to 

pH 10.4 with KOH) immediately before injection.  This set-up is optimized for the routine 

separation of enantiomeric pairs, which is achieved on a C18 HyperSil BDS column using a 

gradient elution of sodium acetate buffer (pH 6.00 ± 0.01), methanol, and acetonitrile.  

Quantification of the amounts of Asp and Gly occluded within the calcite crystals was achieved 
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using calibration curves, as reported in46 using the (normalized) RP-HPLC peak areas, taking 

into account the mass of the calcite sample analyzed and the volume of rehydration fluid used.  

 

Characterization of amino acid/calcite composite particles. The crystals were analyzed using 

Scanning Electron Microscopy (SEM), optical microscopy, and selected samples were also 

analyzed using synchrotron X-ray powder diffraction. For SEM, particles on glass substrate were 

mounted on aluminum stubs using carbon sticky pads, and were coated with 5 nm Pt/Pd using 

FEI Nova NanoSEM.  

 

Solid state nuclear magnetic resonance (ssNMR) spectroscopy analysis. All ssNMR spectra 

were recorded on a Bruker Avance I NMR spectrometer with a 9.4 T superconducting magnet, 

operating at 400 MHz for ¹H and 100 MHz for ¹³C.  Samples were packed into 4 mm zirconia 

rotors, with Teflon tape being used to fill out empty space within the rotor.  Magic angle 

spinning (MAS) rate was 10 kHz.  The standard cross polarization (CP) sequence in the Bruker 

pulse program library was used; 1H 90° pulse length 2.5 たs, contact time 2.5 ms, with a ramped 

pulse on 1H and spin lock field 70 kHz.  During acquisition, spinal64 decoupling at 100 kHz RF 

field strength was applied on 1H.  Repetition time was 2 s between successive acquisitions to 

allow relaxation. 

Proton driven spin diffusion (PDSD) experiments were conducted using the same initial 

cross polarization parameters as employed in the 13C CP experiments.  At 10 kHz MAS, the 

magnetization was allowed to evolve at single-quantum coherence during the incremental delay 

(t1), and returned to zero quantum coherence by a 13C 90° pulse of 3.8 たs.  1H decoupling was 

switched off during this mixing period of 100 ms to allow transfer of 13C magnetization via 

dipolar coupling and spin diffusion47 with a 13C 90° readout pulse at the end of the mixing 
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period.  During both the incremental delay and acquisition periods, spinal64 decoupling was 

applied at 100 kHz.  The pulse sequence used was an adapted version of the Avance I CP spin 

diffusion experiment in the Bruker library. 

 

Synchrotron powder X-ray diffraction (PXRD) analysis. The high-resolution PXRD 

measurements were carried out on the synchrotron beamline (I11) at Diamond Light Source Ltd, 

Didcot, UK. Instrument calibration and wavelength refinement (λ=0.8257156(10) Å) were 

performed using high quality NIST silicon powder (SRM640c) and instrumental contribution to 

the peak widths does not exceed 0.004o48.  Diffractograms were recorded from the specimens at 

room temperature.  Sample powders for analysis were loaded into 0.7 mm borosilicate glass 

capillaries, and to avoid intensity spikes from individual crystallites, the samples were rotated 

during measurements at a rate of 60 rps.  PXRD data was then obtained using high-resolution 

MAC (multi-analyzer crystal) diffraction scans, with scan times of 1800 s.   

The structural parameters were refined by Rietveld analysis using GSAS and PANalytical 

X’Pert HighScore Plus software.  Lattice distortion, strain and size analysis was performed using 

both Rietveld analysis for whole spectrum and line profile analysis for the (012), (104), (001), 

(110) and (113) reflections using PANalytical X’Pert HighScore Plus software.  Goodness of 

fitness values for all the analyzed samples are summarized in Supplementary Tables 1 and 2. 

To analyze peak shape, peak broadening was expressed as FWHM and Integral Breadth. 

(Fig. 3 and Supplementary Figs 4 and 5)  Total FWHM is the full width at half maximum for 

each of the peaks, while Integral Breadth is the width of a rectangle that can be placed within the 

peak that has the same area as the net peak area, (Net area/net height).  Microstrain (%) is 

derived by line profile analysis and shows the microstrain contribution to the total line 
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broadening.  Coherence length (nm) is derived by line profile analysis and shows the coherence 

length contribution to the total line broadening (Supplementary Fig. 4). 

 

Mechanical testing.  Cyanoacrylate resin was poured over glass slides supporting precipitated 

calcite/amino acid crystals and was then allowed to set overnight.  The resin and crystals were 

polished using graded Al2O3 lapping films and a final 50 nm Al2O3 powder (Buehler micropolish 

γ−Al 2O3) suspended in a water and 2-methyl-2,4-pentanediol mix (Green Lube, Allied High 

Tech) until the crystals were exposed for measurement (Supplementary Fig. 8).  The surface 

roughness of samples produced following this protocol was less than 10 nm RMS as determined 

using the indenter tip as a scanning force probe. 

Nanoindentation measurements were performed on exposed calcite/amino acid crystals 

with in-plane sizes of 20–60 µm using a Berkovich (≈120 nm tip radius) diamond indenter in a 

commercial nanoindenter system (Hysitron TriboIndenter 900).  Before data collection, the 

shape of the tip was calibrated using the method of Oliver and Pharr49.  Each indent consisted of 

five-second load, hold, and unload segments with a maximum load of 2500 µN, resulting in 

≈200 nm deep indents. The unloading segment was used to calculate the indentation modulus 

and hardness49.  The maximum load was chosen to create an indentation large enough to sample 

a homogeneous volume and minimize the effects of surface roughness, while allowing multiple 

indents per sample.  Surface topography scans were performed with the indenter tip before and 

after indenting to ensure indentations were located at least 5 µm away from any edges.   

The hardness and modulus of calcite depends on the orientation of the crystal with 

respect to the nanoindenter tip.  For example, for indentations on the {001} facet of calcite, the 

hardness ranges from 2.3 to 2.5 GPa and the indentation modulus ranges from 68 to 77 GPa with 

azimuthal angle10.  For randomly oriented crystals, averaging over multiple crystals with 
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multiple indentations provides an average hardness and modulus over a range of crystallographic 

orientations.  In this work, 5 to 8 different randomly-oriented crystals were selected for each 

growth condition, and 4-10 indentations were made per crystal, resulting in at least 28 

measurements for each amino acid concentration.  
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Supplementary Methods 
 

Materials. CaCl2∙2H2O, (NH4)2CO3, sodium L-aspartate and glycine were purchased from 

Sigma-Aldrich, while glycine (1-13C and 2-13C) and L-aspartic acid (3-13C and 1,4-13C 99%) 

were  purchased from Cambridge Isotope Laboratories Inc.  All chemicals were used without 

further purification.   

 

CaCO3 precipitation. The two amino acids, Asp and Gly, were mixed with 2 – 100 mM 

aqueous solutions of CaCl2.2H2O to give amino acid concentrations of 0.001 – 100 mM Asp and 

0.1 - 400 mM Gly.  40 mL of the prepared solutions were transferred to plastic Petri dishes (90 

mm) containing glass slides, which had previously been cleaned with Piranha solution (H2SO4 70 

vol% H2O2 30 vol%), and CaCO3 was precipitated using the ammonium carbonate diffusion 

method.1  This was achieved by covering the Petri dishes with Parafilm pierced with multiple 

holes and placing them in a dessicator previously charged with 5 g of freshly crushed (NH4)2CO3 

powder.  Crystallisation was then allowed to proceed for 2 days (unless otherwise stated), after 

which time the glass slides were removed from solution, washed thoroughly with Millipore water 

and ethanol, and oven-dried (40 oC) prior to further characterization.  

CaCO3 precipitation in the presence of 400 mM Gly took approximately 5-6 days; this 

was the maximum concentration of Gly employed.  In the case of Asp, a mixture of single crystal 

and polycrystalline particles formed at Asp concentrations above 50 mM, and principally 

polycrystalline particles formed above 100 mM Asp (Supplementary Fig. 1).  The maximum Asp 

concentration employed was therefore 50 mM.  Investigation of the influence of the initial Ca 

concentration in solution showed that while higher initial Ca concentrations favor occlusion of 

the amino acids (Figs. 2c and 2d), they also drive the generation of polycrystalline calcite at 
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lower Asp concentrations (Supplementary Fig. 2).  For example, at an initial [Ca] = 25 mM, 

polycrystalline calcite was observed at 25 mM Asp (Supplementary Fig. 3).  An initial [Ca] = 10 

mM was therefore chosen as the standard condition as this offered efficient occlusion of the 

amino acids, while still retaining single crystallinity of calcite. 

Calcite crystals were also precipitated in the presence of 13C-labelled Asp and Gly such 

that they could be analyzed in Proton driven spin diffusion (PDSD) experiments to determine the 

proximities of the occluded amino acids.  Calcite/Asp crystals were precipitated from solutions 

of concentrations [Ca2+] = 10 mM and [1,4-13C2 Asp] = [3-13C Asp] = 25 mM, while calcite/Gly 

crystals were precipitated from solutions of [Ca2+] = 10 mM and [1-13C Gly] = [2-13C Gly] = 100 

mM. 

 

Quantification of the incorporation of amino acids within calcite crystals. All calcite 

samples were bleached in 12% w/v sodium hypochlorite for 48 hrs before analysis using 50 たL 

of hypochlorite per mg of calcite.  This effectively removes surface-bound amino acids, as 

demonstrated during the characterisation of biomolecules occluded within a range of 

biominerals2-4  The amino acids were then extracted from the CaCO3 crystals by dissolving them 

in cold 2 M HCl (using a minimum of 10 µL HCl per mg of calcite).  The acid was then 

evaporated and the samples rehydrated with an adequate volume of a rehydration fluid 

containing 0.01 mM HCl, 0.77 mM sodium azide at pH 2, and an internal standard (0.01 mM L-

homo-arginine).  The rehydrated samples were analyzed for chiral amino acids on an automated 

reverse-phase high-performance liquid chromatography (RP-HPLC) system equipped with a 

fluorescence detector, using a modification of the method of Kaufman and Manley5.  In brief, 2 

たL of rehydrated sample was mixed online with 2.2 たL of derivatizing reagent (260 mM N-

isobutyryl-l-cysteine, 170 mM o-phthaldialdehyde, in 1 M potassium borate buffer, adjusted to 
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pH 10.4 with KOH) immediately before injection.  This set-up is optimized for the routine 

separation of enantiomeric pairs, which is achieved on a C18 HyperSil BDS column using a 

gradient elution of sodium acetate buffer (pH 6.00 ± 0.01), methanol, and acetonitrile.  

Quantification of the amounts of Asp and Gly occluded within the calcite crystals was achieved 

using calibration curves, as reported in6 using the (normalized) RP-HPLC peak areas, taking into 

account the mass of the calcite sample analyzed and the volume of rehydration fluid used.  

 

Characterization of amino acid/calcite composite particles. The crystals were analyzed using 

Scanning Electron Microscopy (SEM), optical microscopy, and selected samples were also 

analyzed using synchrotron X-ray powder diffraction. For SEM, particles on glass substrate were 

mounted on aluminum stubs using carbon sticky pads, and were coated with 5 nm Pt/Pd using 

FEI Nova NanoSEM.  

 

Solid state nuclear magnetic resonance (ssNMR) spectroscopy analysis. All ssNMR spectra 

were recorded on a Bruker Avance I NMR spectrometer with a 9.4 T superconducting magnet, 

operating at 400 MHz for ¹H and 100 MHz for ¹³C.  Samples were packed into 4 mm zirconia 

rotors, with Teflon tape being used to fill out empty space within the rotor.  Magic angle 

spinning (MAS) rate was 10 kHz.  The standard cross polarization (CP) sequence in the Bruker 

pulse program library was used; 1H 90° pulse length 2.5 たs, contact time 2.5 ms, with a ramped 

pulse on 1H and spin lock field 70 kHz.  During acquisition, spinal64 decoupling at 100 kHz RF 

field strength was applied on 1H.  Repetition time was 2 s between successive acquisitions to 

allow relaxation. 

Proton driven spin diffusion (PDSD) experiments were conducted using the same initial 

cross polarization parameters as employed in the 13C CP experiments.  At 10 kHz MAS, the 
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magnetization was allowed to evolve at single-quantum coherence during the incremental delay 

(t1), and returned to zero quantum coherence by a 13C 90° pulse of 3.8 たs.  1H decoupling was 

switched off during this mixing period of 100 ms to allow transfer of 13C magnetization via 

dipolar coupling and spin diffusion7 with a 13C 90° readout pulse at the end of the mixing period.  

During both the incremental delay and acquisition periods, spinal64 decoupling was applied at 

100 kHz.  The pulse sequence used was an adapted version of the Avance I CP spin diffusion 

experiment in the Bruker library. 

 

Synchrotron powder X-ray diffraction (PXRD) analysis. The high-resolution PXRD 

measurements were carried out on the synchrotron beamline (I11) at Diamond Light Source Ltd, 

Didcot, UK. Instrument calibration and wavelength refinement (λ=0.8257156(10) Å) were 

performed using high quality NIST silicon powder (SRM640c) and instrumental contribution to 

the peak widths does not exceed 0.004o8.  Diffractograms were recorded from the specimens at 

room temperature.  Sample powders for analysis were loaded into 0.7 mm borosilicate glass 

capillaries, and to avoid intensity spikes from individual crystallites, the samples were rotated 

during measurements at a rate of 60 rps.  PXRD data was then obtained using high-resolution 

MAC (multi-analyser crystal) diffraction scans, with scan times of 1800 s.   

The structural parameters were refined by Rietveld analysis using GSAS and PANalytical 

X’Pert HighScore Plus software.  Lattice distortion, strain and size analysis was performed using 

both Rietveld analysis for whole spectrum and line profile analysis for the (012), (104), (001), 

(110) and (113) reflections using PANalytical X’Pert HighScore Plus software.  Goodness of 

fitness values for all the analyzed samples are summarized in Supplementary Tables 1 and 2. 

To analyze peak shape, peak broadening was expressed as FWHM and Integral Breadth. 

(Fig. 3 and Supplementary Figs 4 and 5)  Total FWHM is the full width at half maximum for 
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each of the peaks, while Integral Breadth is the width of a rectangle that can be placed within the 

peak that has the same area as the net peak area, (Net area/net height).  Microstrain (%) is 

derived by line profile analysis and shows the microstrain contribution to the total line 

broadening.  Coherence length (nm) is derived by line profile analysis and shows the coherence 

length contribution to the total line broadening (Supplementary Fig. 4). 

 

Mechanical testing.  Cyanoacrylate resin was poured over glass slides supporting precipitated 

calcite/amino acid crystals and was then allowed to set overnight.  The resin and crystals were 

polished using graded Al2O3 lapping films and a final 50 nm Al2O3 powder (Buehler micropolish 

γ−Al 2O3) suspended in a water and 2-methyl-2,4-pentanediol mix (Green Lube, Allied High 

Tech) until the crystals were exposed for measurement (Supplementary Fig. 8).  The surface 

roughness of samples produced following this protocol was less than 10 nm RMS as determined 

using the indenter tip as a scanning force probe. 

Nanoindentation measurements were performed on exposed calcite/amino acid crystals 

with in-plane sizes of 20–60 µm using a Berkovich (≈120 nm tip radius) diamond indenter in a 

commercial nanoindenter system (Hysitron TriboIndenter 900).  Before data collection, the 

shape of the tip was calibrated using the method of Oliver and Pharr9.  Each indent consisted of 

five-second load, hold, and unload segments with a maximum load of 2500 µN, resulting in 

≈200 nm deep indents. The unloading segment was used to calculate the indentation modulus 

and hardness9.  The maximum load was chosen to create an indentation large enough to sample a 

homogeneous volume and minimize the effects of surface roughness, while allowing multiple 

indents per sample.  Surface topography scans were performed with the indenter tip before and 

after indenting to ensure indentations were located at least 5 µm away from any edges.   
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The hardness and modulus of calcite depends on the orientation of the crystal with 

respect to the nanoindenter tip.  For example, for indentations on the {001} facet of calcite, the 

hardness ranges from 2.3 to 2.5 GPa and the indentation modulus ranges from 68 to 77 GPa with 

azimuthal angle10.  For randomly oriented crystals, averaging over multiple crystals with 

multiple indentations provides an average hardness and modulus over a range of crystallographic 

orientations.  In this work, 5 to 8 different randomly-oriented crystals were selected for each 

growth condition, and 4-10 indentations were made per crystal, resulting in at least 28 

measurements for each amino acid concentration.  
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Supplementary Note 1.  Simulation protocols 

The program Packmol11 was used to place the amino acids inside the crystal in a random 

orientation for a range of 0-2.3 mol% (Asp1-, Gly0) or 0-3.2 mol% (Asp2-, Gly1-) of amino acid 

within the simulation box, corresponding to a maximum inclusion of 3.5, 3.9, 4.8 or 5.5 wt% for 

Asp1-, Gly0, Asp2- and Gly1- respectively.  To avoid a net charge change in the system the 

solution chemistry shown in supplementary equations 1-4 was used. In all systems the 

calculations of the energetics of the excess Ca2+ and CO3
2- ions were made with respect to bulk 

calcite such that our results did not depend on the reference state of the system. 

 Ca2+(aq) + Asp2-(aq) + Ca2+(crystal) + [CO3]
2-(crystal) => 2Ca2+(aq) + 2[CO3]

2-(aq) 

+ Asp2-(crystal) + VCa
2- (crystal) + 2VCO3

2+ (crystal)   (Supplementary Eq. 1) 

 

Ca2+(aq) + 2Gly-(aq) + Ca2+(crystal) + [CO3
2-](crystal) => 2Ca2+(aq) + 2[CO3]

2-(aq) 

+ 2Gly- (crystal) + VCa
2- (crystal) + 2VCO3

2+ (crystal)   (Supplementary Eq. 2) 

 

Ca2+(aq) + 2Asp-(aq) + Ca2+(crystal) + [CO3
2-](crystal) => 3Ca2+(aq) + 3[CO3]

2-(aq) 

+ 2Asp-(crystal)+ 2VCa
2- (crystal) + 3VCO3

2+ (crystal)   (Supplementary Eq. 3)  

 

Gly(aq) + Ca2+(crystal) + [CO3
2-](crystal) => 2Ca2+(aq) + 2[CO3]

2-(aq) + Gly (crystal) 

+ 2VCa
2- (crystal) + 2VCO3

2+ (crystal)     (Supplementary Eq. 4) 

 

where VX
y means a vacancy of X with the effective charge given in the superscript y. 

 

The atomic charges for the amino acids were calculated with AMBER Antechamber12 

using the AM1-BCC method13.  This uses a semi-empirical method in combination with bond 
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charge corrections to calculate the electronic structure of the amino acid.  For all simulations, the 

Molecular Dynamics package DL POLY Classic14 was used and the mineral phase was described 

using the CaCO3 potentials developed by Raiteri et al.15  The interactions of the organic 

molecules were described using the AMBER forcefield16. The interactions between the mineral 

and organic phase were modelled by using a generic method to produce cross term potentials17, 

where this generated a reliable potential for our system without the need for further fitting.  

All simulations were run at a temperature of 300 K and at atmospheric pressure (105  Pa).  

The simulations were equilibrated for 100 ps using a timestep of 0.1 fs for an NVT ensemble 

with a Nosé-Hoover thermostat18.  Subsequent simulations were carried out for data analysis.  

These simulations were run in an NPT ensemble with a timestep of 1.0 fs using a Nosé-Hoover 

thermostat and a Hoover barostat19 for 2.0 ns.  The insertion energy of the amino acids was 

calculated using the solution chemistry as described in Supplementary equation (1-4) above.  In 

order to calculate the configuration energy of the system under anisotropic expansion, 

simulations with a configuration of 5 mM Asp- were performed to mimic the experimental setup.  

The simulation box was expanded manually and independently along either the c-axis or the a-

axis (the b axis is equivalent to a-axis) in increments of 0.05 % of the initial lattice parameter per 

step.  After each expansion, the configurational energy was calculated during a 0.5 ps simulation 

with a 1.0 fs timestep in an NVT ensemble.  

 

Supplementary Note 2.   Derivation of equation (1) to describe the hardness of calcite 

crystals with occluded amino acids 

Of the slip systems in calcite, , , and  have the 

lowest critical resolved shear stresses 20.  The  and {104} systems have large Burgers 
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vectors and require high temperatures and/or pressures to operate, while the  twinning 

system can be activated in uniaxial loading at room temperature and pressure20.  Since at least 5 

independent slip systems are needed for generalized plasticity, as required to form the 

indentations (Fig. 6a), it is evident that the pressure under the indenter is sufficient to activate the 

more difficult of these slip systems. 

To determine the form of the relationship between H and Fc, we first estimate the 

dislocation line tension Τ from Τ = αGb2 where G is the shear modulus and b is the magnitude of 

the Burgers vector.  Taking α = 1, G = 35 GPa, and b = 0.5 nm (G and b calculated as averages 

for the material), we find Τ ≈ 9 nN, which is significantly greater than the force required to break 

a covalent bond (estimated as 1.5 to 4 nN 21-23), which in turn indicates that the angle θ at which 

the dislocation will cut the molecule will be low (≤ 13˚).  Under these conditions, the critical 

resolved shear stress (τc) required for the dislocations cut the particles can be estimated from 

, where L is the average separation of the molecules in the lattice 24.  To 

convert τc to H, we use known critical resolved shear stresses for the slip systems in calcite 20 

and our measured indentation modulus to estimate a yield stress (Y) to modulus (E) ratio of ≈ 

0.01.  Finite element simulations indicate that H approaches 2.8Y for materials with Y/E < 0.0225.  

Using this relationship, and the von Mises criterion to relate Y to τc, the hardness is related to the 

critical resolved shear stress by H ≈ 4.8τc.  If we assume that strength of the crystal is just the 

sum of the intrinsic resistance to dislocation motion (as determined from the hardness, H0, of 

pure Iceland spar) and the additional strengthening due to AA molecules, we can write the result 

as Equation 1. 

  (Equation 1)     
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Supplementary Note 3.  Estimation of lattice misfit of AA molecules in calcite 

One distinction between solutes and second phase particles is their effect on lattice 

strains.  A solute species has a certain size and replaces a fundamental unit of the host crystal 

that also has a certain size (or is inserted interstitially).  Unless the solute and the space in the 

lattice into which it is inserted happen to be the same size and shape, accommodation strains are 

required e.g. when Mg2+ is substituted for Ca2+ in calcite26-30.  In contrast, both a second phase 

particle and the space created for it in the crystal may consist of many formula units (atoms or 

molecules) which can be closely adjusted so that little or no lattice strains are required, e.g. ~ 200 

nm polystyrene inclusions in calcite31. 

With respect to lattice distortions, amino acid inclusions behave like solutes.  The closest 

fit for Gly0 is achieved when it replaces one CaCO3 formula unit, and the closest fit for Asp2- 

when it replaces one CaCO3 unit and one CO3
2- ion.  Using molecular volumes for Gly0, CaCO3, 

Asp2-, and CO3
2-, of 0.077 nm332, 0.061 nm333, 0.13 nm334, and 0.055 nm3 (found by subtracting 

the volume of a Ca2+ ion, i.e. 0.0056 nm335, from that of CaCO3), respectively, the misfit, 

expressed as (r-r0)/r0, where r and r0 are the radii of spheres having the same volumes as the AA 

molecule and the space created for it in the lattice respectively, is 8.1% for Gly0 and 3.9 % for 

Asp2-.  Similar calculations for 2Asp1- and 2Gly1- (as described in the simulations section) give 

misfits of 13.7 % and 9.9 %, respectively.  It is noteworthy that not only do the strains from 

PXRD (Fig. 3) and simulations (Fig. 4) agree when Gly0 and Asp2- are considered as the 

occluding species, but the ratio of these strains is consistent with the ratio of the misfits, while 

any of the ratios including Gly1- and Asp1- are not.  This suggests that the AA molecules are 

occluded as Gly0 and Asp2-, and not the paired molecules of Gly1- and Asp1- that were also 

considered in the simulations, in agreement with the NMR results. 
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 These misfits result in large tensile strains in the calcite lattice in the neighborhood of 

each AA molecule, which drop off rapidly with distance from the molecule36 (Fig. 3e). These 

distortions increase both the average lattice parameter (lattice distortions, Figs. 3a and 3b) and 

the inhomogeneity of the strains (microstrains, Figs. 3c and 3d and Supplementary Fig. 4).  As 

[AA] inc increases, the strain fields around the molecules begin to overlap (note the small 

separation between molecules in Supplementary Fig. 9), and the strain inhomogeneity decreases 

as the lattice distortions continue to increase (Figs. 3e and 3f).  Because the molecules are small 

and roughly equiaxed, the anisotropy in the lattice distortions (Figs. 3a and 3b) arises primarily 

from the elastic anisotropy of calcite (the stiffness along the c axis is 58% of that along the a-

axis37). 

 

Supplementary Note 4.  Calculation of spacing, L, between amino acid molecules 

As described in the main text, to determine the hardening mechanism of the amino acids, 

the spacing, L, between amino acid molecules within the calcite crystals must be determined.  To 

calculate this value, we assume that the AA molecules are randomly distributed throughout the 

volume, consistent with the ssNMR data, and thus in any subset of that volume, such as a thin 

slice containing the slip plane.  We convert the measured mole concentrations, [AA]inc, to 

volume concentrations Cv,AA (number of AA molecules/volume) using the known molecular 

volumes of calcite33 and the amino acids in crystalline form32,34 (there is very little difference 

between the polymorphs for our purposes).  The number of AA molecules per unit area on the 

thin slice is then given by Cv,AA*t, where t is the thickness of the slice.  Approximating the 

configuration of the molecules in the calcite as a square array, we have L = (Cv,AA*t)
-0.5.  For 
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geometric consistency, we set t equal to the diameter DAA of the AA molecule under 

consideration ( , where vAA is the volume of the amino acid), so   
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.  (Supplementary Equation 5) 

A plot of L vs. [AA] inc is shown in Supplementary Fig. 9.  

 
 
Supplementary Note 5.  The possible role of twinning. 

Twinning is a common deformation mechanism in bulk calcite.  However, it requires 

specific loading and boundary conditions, which are not provided in our tests.  Furthermore, if 

twinning does occur, the resulting hardening is still expected to follow a rule like Eq (1).  These 

ideas can be understood as follows.  Although the  twin system in calcite has a lower 

critical resolved shear stress than the  and {104} slip systems, formation of a  twin 

requires enormous shear strains (69.4%)38 and thus occurs only where accommodations can be 

made for incompatibilities between the twin and the surrounding material.  Accordingly, reports 

of twin deformation occurring underneath indentations in calcite fall into two categories: 

(1) Cases where the incompatibility is accommodated by cracking or the presence of a free 

surface or other interface.  For example, Li and Ortiz found a great deal of twinning under 

indentations in P. placenta, due to the presence of many compliant interfaces that could 

accommodate the large twin shear displacements39.  In their indentation tests of pure calcite, few 

twins formed and these spanned relatively short distances between free surfaces, including the 

sample surface and subsurface cracks.  

(2) Cases where the shear required to accommodate the indenter is matched to the shear required 

by the twin.  For example, 2-D wedge indentations have been used to study “elastic twinning”38.  
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For indentations made with a Berkovich indenter, slip on the  system has been seen, but 

only on the {001} face at azimuthal angles where the interaction between the geometry of the 

indenter and the orientation of the crystal, along with the free surface and the formation of 

cracks, allowed it10. 

We know of no study in which twins have been reported underneath indentations in 

single crystal calcite where no cracking (or other accommodating interface) was present.  

Furthermore, our experiments revealed no evidence of twinning in either the load-displacement 

data (e.g. “pop-in” events39) or in the surface profiles (Fig. 6a inset). 

This discussion does not prove that twinning did not occur in our experiments. Even if 

there is twinning, however, twins grow by motion of “twin dislocations.” These line defects can 

be more complicated than simple glide dislocations40 but include a glide component that must 

interact with the occluded AA molecules.  While new laws may be needed to account for 

temperature and rate dependence41 the Friedel term in Eq 1 is geometric, and should apply 

equally well to full and twin dislocations in a comparative model such as ours (Eq. 1 compares 

the hardness of samples with and without occluded AA molecules subjected to identical tests).  

Thus, even if twinning occurs, we expect variations in hardness with AA content to follow Eq. 1 

reasonably well. 
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Supplementary Figure 1. 

Optical microscope images of calcite crystals (a) showing morphological changes as a function 

of [Asp]Sol = 0.05 mM, 10 mM, 20 mM, 50 mM  and 100 mM. (b) shows morphological change 

as a function of [Gly]Sol = 5 mM, 10 mM, 20 mM, 50 mM, 100 mM and 200 mM.  All the 

crystals were grown at an initial [Ca2+] = 10 mM.  Note that the scale bars are individual to each 

Figure and reflect the decrease in crystal size as the concentration of amino acid increases. 

a 

b 



 46 

 

Supplementary Figure 2. 

Optical microscope images of calcite crystals showing morphological changes as a function of 

the initial [Ca2+] = 100 mM, 50 mM, 25 mM, 10 mM, 2 mM and 1 mM. All of the crystals were 

grown in the presence of an initial [Asp]sol = 10 mM.  

 

 

Supplementary Figure 3. 

SEM images of calcite crystals grown at an initial [Ca2+] = 25 mM showing a modified single 

crystal morphology at [Asp]sol = 20 mM, and a polycrystalline particle at [Asp]sol = 20 mM.    
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Supplementary Figure 4. 

Changes in XRD peak Full Width at Half Maximum (FWHM), integral breadth, microstrain and 

coherence length induced by (a) Asp and (b) Gly incorporation.    

a 

b 
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Supplementary Figure 5. 

Changes in the positions and shapes of (104) reflections of the samples shown in Fig 3. The 

lattice shift and FWHM values of the peaks were shown in Fig 3.  (A) The peaks shift to lower 

angles (higher d-spacings) with increasing occlusion of Asp, while at the same time increasing in 

width until [Asp] = 10 mM (1.67 mol %).  The peak then becomes slightly more narrow at [Asp] 

= 50 mM.  (B) The peaks shift to higher d-spacings with increased occlusion of Gly, while 

increasing in width until [Gly] = 50 mM, before narrowing again at higher values of [Gly]. 

 

a b 
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Supplementary Figure 6. 

ssNMR showed no evidence for Gly-Gly intermolecular interactions or clustering.  The black 

traces in each panel are (identical) contour plots of 2D proton driven spin diffusion (PDSD) data. 

The red traces depict rows extracted from the 2D plots at chemical shifts corresponding to the 

Gly-1C (left) and Gly-2C (right). If there were a detectable interaction between Gly neighbours 

we would see signals at the frequencies marked by dotted red lines in each trace, i.e. at the Gly-

2C in the left panel, and Gly-1C in the right panel 
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Supplementary Figure 7. 

Chemical structures of the differently charged states of the aspartic acid and glycine used in 

simulations (a) Asp2- (b) Gly1- (c) Asp1- (d) Gly0. 

 
 

 

Supplementary Figure 8. 

(a, b) Scanning electron micrographs of calcite crystals grown in the presence of [Asp] = 1 mM, 

embedded within cyanoacrylate resin, and polished to expose crystal surfaces for 

nanoindentation. 

d 

a b 

c 
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Supplementary Figure 9. 

A plot showing intermolecular spacing, vs. [AA] inc calculated using Supplementary Equation 5. 

Symbols indicate the compositions of samples that were mechanically tested in this work.  
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Supplementary Table 1 

XRD structure parameters and their goodness of fitness (GOF) of Asp/calcite and Gly/calcite 

shown in Fig. 3 as obtained from Rietveld analysis. 

 

AA 
conc 

[mM] 
mol% a(Å) c(Å) χ2 ∆a/a ∆c/c 

Pure 0 0 4.9903 17.063 3.17 0 0 

Asp 0.1 0.036 4.9907 17.068 6.355 8.02E-05 2.93E-04 

Asp 1 0.5 4.9915 17.076 3.454 2.40E-04 7.62E-04 

Asp 5 1.006 4.9921 17.096 18 3.61E-04 1.93E-03 

Asp 10 1.673 4.9923 17.105 10.3 4.01E-04 2.46E-03 

Asp 50 3.992 4.9927 17.114 11.30 4.81E-04 2.99E-03 

Asp 100 2.728 4.9916 17.110 5.71 2.61E-04 2.75E-03 

Gly 5 0.28 4.9907 17.069 11.38 8.02E-05 3.52E-04 

Gly 10 0.387 4.9908 17.073 26.89 1.00E-04 5.86E-04 

Gly 50 1.138 4.9918 17.102 29.85 3.01E-04 2.29E-03 

Gly 100 1.707 4.9931 17.120 22.79 5.61E-04 3.34E-03 

Gly 200 4.4 4.9931 17.136 15.27 5.53E-04 4.31E-03 

Gly 400 6.9 4.9936 17.152 14.36 6.59E-04 5.24E-03 
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Supplementary Table 2 

Goodness of Fitness values obtained from line profile analysis of Asp/calcite and Gly/calcite 

samples shown in Fig. 3. (a) Asp/calcite samples (b) Gly/calcite samples. 

 

 

 

 

Reflection 
Asp 1 

mM 

Asp 10 

mM 

Asp 5  

     mM 

Asp 50 

mM 

Asp 100 

mM 

(012) 1.01 1.87 1.64 0.98 3.00 

(104) 4.00 4.56 5.23 3.98 3.82 

(006) 0.84 1.05 1.26 0.78 0.78 

(110) 1.23 1.48 3.13 0.94 1.13 

(113) 1.53 2.40 2.68 1.40 1.43 

(202) 1.60 1.47 3.14 1.30 1.21 

Reflection 
Gly 5 

mM 

Gly 10 

mM 

Gly 50 

mM 

Gly 100 

mM 

Gly 200 

mM 

Gly 400 

mM 

(012) 1.19 2.26 1.26 1.05 2.87 2.35 

(104) 7.33 7.43 3.88 4.72 11.78 12.18 

(006) 0.82 2.11 0.95 0.97 1.56 1.42 

(110) 1.42 2.45 2.33 1.96 3.73 2.50 

(113) 1.74 1.32 2.48 3.61 5.10 3.32 

(202) 0.88 1.39 1.34 5.30 3.57 7.73 

 

a 

b 
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