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Structural lominerals are inorganic/organic composites that exhibit remarkable mechanical
properties. However, the structure-property relationships of even the silmgldstg unit -

mineral single crystals containing embedded macromolecudesain poorly understood. Here,

by means of a model biomineral made from calcite single crystals contaipdnueg0-7 mol%)

or aspartic acid (@ mol%), we elucidate the origin of the superior hardness of biogenic calcite.
We analyzed lattice distortions in these model crystals by usiag diffraction and molecular
dynamics simulations, and by means of ssligke nuclear magnetic resonance show that the
amino acids are incorporated as individual molecules. We also demonstrate that naatmndent
hardness increased with amino acid content, reaching values equivalent to theicbioge
counterparts. A dislocation pinning model reveals that the enhanced hardness imeeteym

the force required to cut covalent bonds in the molecules.



Biominerals such as bones, teeth aedshells are characterized by properties optimized for their
functions. Despite being formed from brittle minerals and flexible polymerns;enat
demonstrates that it is possible to generate materials with strengths gimtesses appropte
for structral applications At one level, the mechanical properties of these hierarchically
structured materials areodelledas dassical composites consisting of a mineral phase
embedded in an organic mattislowever, the single crystal mineral building blocks of
biominerals are also composftesontaining both aggregates of biomacromolecules as large as
20 nnf° and inorganic impuritiés. While it should be entirely possible to employ this simple
biogenic strategy in materials synth&Sighe strengthening and toughening mechanisms that
result from hese inclusions are still poorly understfdd This work addresses this challenge
by analyzing hardening mechanisms in a simple model biomineral system: caljigecsystals
containing known amounts of amiagids. We report synthetic calcite crystals with hardnesses
equivalent to those of their biogenic counterparts, and offer a detailed explanatios f
observed hardening.

Since plastic deformation in single crystals occurs by the motion of dislogdtemaness
is enhanced by features that inhibit dislocation motion. The mechanisms by whstlsgecies
may harden ionic single crystals generally fall into two categories.n8qxt@se particles
directly block dislocation motion, requiring a dislocatito either cut through (shear) a particle
or bypass it by a diffusive process to keep gtirolutes (point defects) do not directly block
dislocation motion, but the stress fielafshe dislocations interact with those associated with
misfitting solutes, retarding dislocation motténBiominerals, notably calcite, often deform
plastically by twinning', but since twins grow by motion of “twinning dislocatiolisthese
concepts also broadly apply to twin formatioro fully understand the hardening mechanisms

of single crystal biominerals, one must determine the reldtipri®etween the hardness and the



concentrations of the different types of guest species. For exatmpleffect of M§"
substitutiors was shown to be consistent with solute strength&hibgtermination of the
hardening mechanism of occluded organic additives has proven far more challéibitey

481° nanoparticles®®**and

species ranging from small molecufe to peptide¥’, protein
fibers®?3 have been incorporated in calcite, the effect of these inclusions on mechanical
properties is not yet known. Occlusion of 200 nm latex particles within calaifie sirystals

was shown to reduce their hardifesghile the incorporation of polymeric micelles having sizes
comparable to those of the protein occlusions in biominerals was shown to increassshardne
However, due to an inability to control the number of micelles occluded, it was not possible
guantitatively characterize their hardening effect.

The present study describes a model systemeated by the incorporation of the amino
acids aspartic acid (Asp) and glycine (Gly) within caleite which we can preciselynethe
compositions of our single crystal composites over a wide range, and thus finaligidetire
origin of the hardening effects of small organic molecules. By applicatiomay diffraction
and molecular dynamics simulations to characterize the local and globdiaistarf the crystal
lattice,s?NMR to demonstrate that the amino acids are present as individual species within the
crystal, nanandentation to determine the hardness, and a dislocation pinning model, we show
that the ehanced hardness is determined by the force required to cut a single covalent bond.

This analysis provides strong evidence that the occluded molecules functionkesexbhnd-

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 ammoniusiatif

method*, and tke crystalsvere charactered using SEM and optiteicroscopy (Figl and



Supplementary Figsl-3). Crystals were 260 um in size and for both additives took the form
of perfect rhombohedra at low additive concentrations, and at higher concentratame be
elongated patrticles with highly roughened sides, which were capped at eachithpbree,
smooth {104} face¥. Aspartic acid has a stronger effect on calcite morpholdg@sglycine
as expected based s charge under the crystalizon conditions, such that equivalent
morphologies are observed at much higher solution concentrations of Gly than Asp (eg. 100 -200
mM Gly as compared with 120 mM Asp).

The amounts of amino acids occluded within these crystals were determined using
reversephase high-pressure liquid chromatograpipyH{PLC) after dissolution of the crystals.
All samples were bleached beforesblution to remove surface-bound amino &€itlsThe
relationship between the initial concentration of aminosafidh) in the reaction solution
(JAA] so) and the mole fraction of amino acids incorporated ([ARAWas determined by holding
[C&®] = 10 mM whilst varying themino acid concentration (Figa). Looking first at Asp,
there is a roughly linear relationship between [As@nd [Asp}.c until [Asp]se = 50 mM and
[Asp]inc = 3.9 mol%, after which poifAsp]inc reduces. This reduction in incorporation reflects
a change in the particle structure from single crystal to polycrystadliod, thapolycrystalline
particleswere excluded from further investigations. The incorporation of Gly shows arsimila
strong correlation with [Gly,, but is less efficient, wittower occlusion levels observed for
equivalent values of [AALI ([Gly]inc = 1.1 mol% at 50 mM Gly). However, while Asp
occlusion reaches a maximums=a8.9 mol%, Gly occlusion continues tacrease, 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 cal€jteighlighting the importance of the
growth onditions in achieving occlusion. Higher Gly concentrations were not examined due t

strong growth inhibition under those conditions.



A measure of the efficiency of amino acid occlusion was also obtained from the
distribution coefficient, D = [AA}J/[AA] so, Where the high values of D at low solution
concentrations of Asp emphasthe far more efficient occlusion of Asp than Gy 2b). This
trend can be attributed to the charge on the Asp molecule, and its greater hyity®fili The
effect of the growth rate on amino acid occlusion was also investigatedddoyA® ecipitating
calcite at [C&] = 2100 mM at a fixed initial [Asp}, = 10 mM €igs.2c and 2d and
Supplementary Fig. 2). Incorporation was strongly dependent on thengetestincreasing
from 0.4 mo% at [C&] = 2mM to 1.9 mao¥ at [C&"] = 50 mM (Fig. 2¢). This effect is
additionally seen in the increase of D with crystal growth rate arfd][Fag. 2d).

This observed increase incorporation with increasing supersaturation is fully consistent
with current understanding of additive interactions with growing crystals. Abktiest have
clearly shown that small molecules (including JX&mnd ions including Mg and SG* can

6:3033\where thisinteractionthen

selectivelybindto eitheracute or obtuse step edgdsalcite
translates into their incorporation within the crystal lattice. @helysiss supported by a recent
study which useth situ AFM to directly studythe incorporation of 20 nm block copolymer

micelles within calcite crystals following their bindingstep edge® The increase in density of

step edges and kirsitesthat occurs with increasirsppersaturatiofi®* 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 (PXRE&) ha
shown that occlusion of organic molecules in both biogenic and synthetic calcium casbonat
give rise to lattice distortiofi$>. In the present study, the effects of the occluded amino acid on

the crystal lattice were studieising synchrotron PXRD and the diffraction patterns were



modelled using full pattern analysis by Rietveld refinement as well as by lifie proalysis.
Occlusion of both Asp and Gly resulted in anisotropic lattice expansion, wherditlee lat
distortions were about an order of magnitude greater alongdlies than the-axis Figs.3a

and 3b). Both amino acids caused similar degrees of distortion alocgutiseat low
incorporation levels, while thattice distortios in Gly are higher than those in Asp at values of
[AA] inc exceeding 1 mol%, reaching O@at [Asp].c = 3.9 mol% and 0.% at [Gly},. = 6.9

mol%. Gly again caused somewhat more distortion along-thxs at higher levels of

occlusion.

Analysis of thegpeak 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 e planes, being greatest for the (006) planes, and in
common with the lattice distortions, Gly had a greater effect than Asp at equivaliees of
[AA] inc (Figs.3c and 3d). The broadening generally increased with increasing,fAbpfore
levelling-off above 1 mol% occlusion, while for many of the lattice planes [fshgached a
maximum atr 24 mol%, before decreasing agaiRigs.3c and 3d, and Supplementary Fig. 5)
This trend was patrticularly clear for the (006) planes. The consequence of this belsatiaiur
all of the diffraction peaks from the crystals occluding 6.9 mol% Gly have cobipara
broadening leveldHig. 3d). It is also notable that the greatest peak broadening occurs at the
same value of [Gly]. at which the lattice distadns begin to saturate.

Occlusion of individual amino acids within calcite givese to inhomogeneous strain
throughout the lattice, which increase the average lattice paramé&tas observation is
consistent with a model in which, as [Af]increaes, the strain fields around the molecules

begin to overlap, and the strain inhomogeneity decreases lattiteedistortios continue to



increaseffigs.3e and 3f). Our data raise the possibility that the Gly molecules may be
sufficiently close to eacbther at the higher occlusion levels that the local strain fields around

them begin to overlap.

Solid state NMR (ssNM R) analysis of calcite crystalsincorporating Asp

ssNMR was employed to determine whether the amino acids are isolatedteredius
within the calcitdattice. Looking first at the Asp/cite systemgcrystals were precipitated in
the presence of 25 mM of both 1%, Asp and 3°C Aspat highest levels of incorporation (3.9
mol%), and were anatgd using proton driven spin diffusioRDSD) Fig. 4). The figures show
conventional contour plots frothe 2D PDSD experiment (in blgc¢loverlaid by a row (red)
extracted from the dataset at thewmtical shift of the Asp-& signal Fig. 4a) and the
overlapped Asp 1-C and Asp 4d@gnals Fig. 4b). The extracted rows reveal whether there is
any spin diffusion between the two isotopomeric amino acids, which would indicate gresimi
of ~ 0.5 nm between the Asp 3-C and the Asp 1-C and Asp #hese would manifest as peak
intensity in each fothe extracted rows at the frequency corresponding to that of the “off
diagonal” signal; the relevant frequencies are indicated by vertical red dastsethlboth
figures. There is no intensity at either frequency, and thus no evidence ofeampiatular
Asp-Asp associationldentical analyses were also performed for calcite precipitated in the
presence of 1°C Gly and 2'°C Gly, and the data again showed that the Gly molecules are

individually dispersed in the lattice (Supplementary F)g. 6

Simulations of theincor poration of Asp and Gly in calcite
Molecular d/namics simulations were performed to gain an understanding of the

atomistic interactions between the mineral and amino acids. The calcite modeakdodsis



block of calcite (34x44x34 A with 864 CaC@formula units and two charge states of each
amino acid (Asp, Asp", Gly* and GIy) were considered as the pKa values of the amino acids
were close to experimental pH valu&sipplementary Fig.)7 The amino acids were inserted by
first removing C&" and CQ? ions, and then placing the amino acids within the resulting defect.
Charge matching and minimum strains were achieved when eatte@lgced one CaGO
formula unit, each Aspreplaced one CaG@nit and a C ion, two GIy replaced one
CaCQ unit and a C& ion, and two Asp replaced two CaCgunits and a C¢ ion.

The configurations of the Aépand GIy molecules in the calcite lattice are showifFig.
5a. The Asp molecules are occluded such that the carboxylicracigsgon Asp replace GO
groups on adjacent carbonate planes with a very good fit. A less favourable fiineabiah
Gly°. This effect is also seen in the radial distribution data of th€a&Caistances in pure calcite
and those for calcite occlimy As” and Gy, whichshow that GIYis more disruptive of the
calcite lattice than ASp(Fig. 5b). These distortions may well account for the reduced efficiency
of incorporation of Gly than Asp. The binding configuration of the molecules is dadibgt
the requirements of the electrostatics of the lattice, where the carbong$ gnust replace the
carbonate ions at the relevant lattice sit#&By cortribution from hydrogen bondinig minor
and does not affect the incorporation behaviour of taesao acids in calcite

Simulations were also performed to modellttdce distortios arising from occlusion of
amino acid molecules, where these data provide a bridge between our model of amnino aci
incorporation in the lattice and the experimeéRD data. This model was implemented by
expanding the crystal axes independently. The calculated configuratiorgieemese much
faster when the crystal was strained alongatagis than the-axis Fig. 5¢), as is consistent
with the elastic anisatpy of calcité®. For crystals containing 2.3 mol% Aspnd 2.8 mol%

Gly® (to correspond to samples charaze by PXRD) the minimum energies are found at



lattice distortiois that are in excellent agreement with the experimental values. The total
inclusion energy also steadily increases with the amount of occluded aminbigchtlf, as
would be expected based on a certain misfit per molecule.

Interestingly, the total inclusion energies (reported per mole of ga&e similar ér
both AsfF and Gly. Backof the-envelope calculations of the misfits of Gdpd Asp in the
calcite lattice give values of 8% for Gy’ and 3.9% for Asgf” (seeSupplementary note for
calculation), where these misfits result in large tensile strains in the calciteilattiee
neighbourhood of each AA molecule that drop off rapidly with distance from the mdfecule
Although each occluded Gly is associated with larger strains than Asp, &g Egnificantly
smaller than Asp, such that each molecule affects a smaller voluime calcite lattice. Our
data suggest that these contrasting effects are of similar magnitudeiviegerige to the similar

inclusion energies.

Deter mination of the mechanical properties

Finally, the mechanical properties of the amino addtainng calcite crystals were
measured using nanoindentation. Indentations approximately 200 nm deep and 1.4 um wide
were made using a Berkovich (triangular pyramid) indenter, and thalisgldkcement datadm
each indentation were anagdrto determine hareéssH, and indentation modulug*’. Loads
applied were sufficiently smalll) mN) that cracking was suppressed and indentations were
formed by plastic deformatioifrig. 6ainse). In performing these experimentsidtnoted that
twin formation can occur during nanoindentatiorsioigle crystal calcitprovided that
indentation isxecued along orientations where twinninggsometricallyfavorablé®>® or if
internal interfaces that can accommodateeti@mous strains associated with twinning are

present or created by fractuté' None of our indentiins were made in twinompatible

1C



orientations and no evidence of crackindgwan formation in either the loadisplacement data
or the surface topographyas obtained A more extensiveliscussion of twinning is provided in
Supplementary note 5.

The hardness of the calcite crystals significantly increased with occluded aamin
content, starting at 2.5 GPa—equivalent to Iceland spar, a pure and highly pssfegtayiform
of calcitd”—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% GI¥ig. 6a). Crystals with higher mol% of Asp inclusion were
not tested due to the small sizes and irregular morphologibssd# amples Supplementary
Fig. 1). These values are comparable to biogenic calcite (values-@f.3.@Pa have been
reported on the {001} face of the molluatrina rigida)*®, and exceed the hardnesses of other
synthetic calcite systems with occluded species reported to date, inatattiig grown with
ocduded polymer micellesHmax~ 3.0 GPa)°, and with Mg substitutions foraOHmax~ 3.4
GPa}*. In contrast, the indentation modulus was insensitive to;jaAl expected based an

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

Origin of hardening effect of occluded amino acids

Precipitation of CaC®in the presence of Asp and Gly provides a system in which we
can precisely tune ¢hamounts of these small molecules within calcite single crystals across a
broad composition range, allowing us to study in detail the relationship betweerattitieg of
molecules occluded, their effects on the lattice distortions, and ultimatelg diaitiness. Since
the calcite deformed plastically without cracking in these sgtalle experiments$-(g. 6ainse),
the origin of the hardening effect candetermined byonsideringy the slip systems in the
material(including both glide and twin systes) and thestresses needed to activate them with

respect to the amotiof amino acid occluded (see Supplementary ndte fill derivations).
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As hardness provides a measure of the resistance to motion of dislocations shigheaees,
the increaseni hardness with increasing AA content demonstrates that the AA moleculedeprovi
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 diedocations (like solutes), and/or when
dislocations are blocked by the molecules themselves (like second phaseg)articwever,
while the peak width (inhomogeneous strains) level off or decrease abovig. FAAno1%,
hardness continues to increase fitA] inc occlusion(comparerigs. 3c and 3d witlFig. 6a, and
see Supplementary note 3 for degdiéxplanations). Furthermore, the hardness is the same for
both amino acids at the same [Af] despite the fact that the distortions are very different.
These observations suggest that direct blocking by the molecules is the donrdeniniga
mechanism. To test this idea, we consider a dislocation interacting with arangy of AA
moleculesEig. 6b). The molecules impede the dislocation’s motion, causing it to b out
Since lattice diffusion is not observed in calcite at room temperature, the titsiozan
continue to move only by shearing the molecules. At each molecule, the dislocatiendioa t
Tis balanced by the resisting force of the moleckig.6c). When a critical forceknown as
the “cutting forcé F, is reachedthe dislocation cuts the molecule and moves on. Thus, if
blocking by AA molecules dominates the increase in hardnessk¢leamresponds to the force
required to cut a molecule.

If we assume thal” > F., and that the hardness of the crystal is just the sum of its
intrinsic resistance to dislocati motion—.e. the hardness of pure caleit@and the additional

hardening due to AAnolecules, we can writsée Supplementary notdd derivation):

H = Ho + 48(F, /bL)[Fo/2T @

12



WhereH, is the hardness of pure calcibehe Burgers vector magnitude, ahdhe spacig
between molecules. Since Weow H,, can estimat& andb, and have measurétias a

function of [AAlin, if we can determink from [AA]inc, then we can determine the actual cutting
force for the molecules. To estimatewve considethe AA molecules to be uniformly

distributed throughout the cnyd, which isconsistent with the 88MR data, and approximate the
configuration of the molecules as a square array. This analysis givés, aat)°> whereC, aa

is the number of AA molecules/volume and the thickness of a thin slice, which is set equal to
the dianeter of the AA molecule (s&upplementary notefér derivation). We can now use
Equation (1) to find the cutting forcEg, for each experimentally measudddwhere we btain
values around 1 nN={g. 6d). This value lies just below reported strengths of single covalent
bonds (1.5 to 4 nN§*? and well above a typical ionic bond strength of 0.£*nMsince the
hardness represanan average of all of the events that inhibit dislocation motion, this result
strongly suggests that the hardening effect of these occluded molecules momgsefforce
required to shear them.

Further support for this model comes from the functional form of the variation of
hardness with [AA).. For a constant obstacle strendgthif this case)H should vary linearly
with the inverse of the obstacle spacibg,(Equation (1)) Sincel = (C, aat)®> H is expected
to vary linearly with C, aat)®°. A power law fit to théH vs.C, aat data returns an exponent of
0.52, scH indeed varies linearly wittC, aat)’” (Fig. 6€). Despite the different sizes of the
molecules, when intermolecular spacings are taken into account, the hardness aleplends

bond strengths in the individual molecules, which are essentially the same for Asly.and G

Outlook

13



This work provides new insights into the mechanical properties of inorganic/ organic
nanocomposites. By creating a system that is at first sight very siiipdeocclusion of amino
acids within calcite single crystatsve are finally able to quantitativetorrelate the
composition of the resultant composite crystals to the hardness. At the hearttodtegy ss
the ability to achieve extremely hidévels of occlusion of up to 3.9 mol% Asp and 6.9 mol%
Gly, while retaining calcite single crystals. Analysis of the changesdmnéss and lattice
distortions with respect to the composition shows that the hardening effect genwasly
from dislo@ations 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 bdredanmrio
acidbackbones. With the ability to tune the composition and hardfesdcite crystals, our
nanocomposite system also opens the dowmr-tlepthcharacterizatiomf deformation
mechanismsaing transmission electron microscopy (TEMhich would provide further
understanding of the geiblerole of twinning during defornteon. These results are of
particular significance to the mechanical properties of single ctyistalinerals, and open up the

possibility of using this strategy to tailor the mechanical properties of a wige od materials.
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Figure 1. Crystal morphologies. Representative SEM images showing calaijstals
precipitated with different conditions of [A4] and initial [Ca}, = 10 mM. (a to 9 [ASp]so =

(@5 mM (b) 20mM (c) 50 mM. (d to J [Gly]sor = (d) 20 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 CaCf{Xxrystals, [AA]n., as a function of the initial concentration of amino
acid in solution, [AA}y, for Asp and Gly at [Cd]so = 10 mM. (b) The distribution coefficients
for Asp and Gly in cal¢é as a function of the initial [AA} at [C£] = 10 mM. The insets show
sub-section of the respective graphs. (c) The amount of Asp occluded as a fur@iaii] of at

an initial [Aspko = 10 mM. (d) The distribution coefficient of Asp in calcdé and initial
[Asp]soi= 10 mM. The error bars shown are defined asferd3-5 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,) @ong thec-axis and (b) tha-axis. (c and §JXRD
peak broadenin(FWHM) due to inhomogeneous strains induced hy&p and (g Gly
incorporation. The inhomogenepstrains show a maximum with (e) Asp@ly while the
lattice distortioncontinues to increase, as is consistent with overlapping of the strain fields

associated with the individual molecules as the spacings between the mdiecolee 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 {34 Asp] = [33°C Asp] = 25 mM. The
redtraces are rows extracted from the 2D dataset at the frequency of tHeGajighal ad (b)
the overlapped 1,#C signals. Proximity between the'3c and the 1,4°C labelled Asp would
manifest as a peak (in the red trace) afftbguency of the (a) 1,#C and (b) 3*°C, as indicated

by the dashed vertical red line.
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Figure 5. Molecular dynamics simulations. (a) Schematics showing ASmnd Gly ocduded

in the calcite crystal. {Radial distribution function of C&a distances in pure calcite and
calcite with occluded Aspand GIy. (¢) Configurational energies of calcite with occluded Asp
and Gly, calculated on expansion of the calcite crystal along-tieds anda-axis. The energy
minima are found at Ac/c values of 0.002 and 0.003 for the incorporation of 2.3 mol% Aspz' and
2.8 mol% Gl respectively. Red ‘x’ denotes the energy minimum of pure calcite, where the
arrow shows the distortion from the pure calcitegke to theexperimental values found at ‘0’.

(d) The total occlusion energy for ASand Gly.
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Hardness s.L™* = (C, as*t) °°, where the linear behaviour supports blocking by molecules as the
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measurements.
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Methods

The materials used are listed in the Supplementary materials.

CaCOg; precipitation. The two amino acids, Asp and Gly, were mixed with 2 — 100 mM
agueous solutions of CafH,0 to give amino acid concentrations of 0.001 — 100 mM Asp and
0.1 - 400 mM Gly. 40 mL of the prepared solutions were transferqgdgtic Petri dishes (90
mm) containing glass slides, which had previously been cleaned with Piranha séluEan 70
vol% H,O, 30 vol%), and CaCPwas precipitated using the ammonium carbonate diffusion
method®* This was achieved by covering the Petri dishes with Parafilm pierced with leultip
holes and placing them in a dessicator previously charged with 5 g of frassihed (NH).COs
powder. Crystallisation was then allowed to proceed for 2 days (untessvigte stated), after
which time the glass slides were removed from solution, washed thoroughly Wigoiiwater
and ethanol, and oven-dried (4D) prior to further characterization.

CaCQ precipitation in the presence of 400 mM Gly took approxiim&ié days this
was the maximum concentration of Gly employed. In the case of Asp, a mixginglefcrystal
and polycrystalline particles formed at Asp concentrations above 50 mM, and plyncipal
polycrystalline particles formed above 100 mM Asp (@amentary Figl). The maximum Asp
concentration employed was therefore 50 mM. Investigation of the influence ioitial Ca
concentration in solution showed that while higher initial Ca concentrations favosioocof
the amino acidsHigs.2c and2d), they also drive the generation of polycrystalline calcite at
lower Asp concentrations (Supplementary Fig. 2). For example, at an initjat BSamM,
polycrystalline calcite was observed at 25 mM ASpgplementary Fig. 3). An initial [Ca] = 10
mM was therefore chosen as the standard condition as this offered efficientoncofube

amino acids, while still retaining single crystallinity of calcite.
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Calcite crystals were also precipitated in the presence ofal8flled Asp and Gly such
that the could be analyzed in Proton driven spin diffusion (PDSD) experiments to determine the
proximities of the occluded amino acidSalcite/Asp crystals were precipitated from solutions
of concentrations [G4] = 10 mM and [1,4C, Asp] = [3-'3C Asp] = 25 nM, while calcite/Gly
crystals were precipitated from solutions of {Ga 10 mM and [1¥°C Gly] = [2-*C Gly] = 100

mM.

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

samples were bleached in 12% w/v sodium hyf@th for 48 hrs before analysis using 50 puL

of hypochlorite per mg of calcite. This effectively removes susfaend amino acids, as
demonstrated during the characterisation of biomolecules occluded withigeaofan
biomineral§®?’**The amino acids were then extracted from the Ga@®tals by dissolving
them in cold 2 M HCI (using a minimum of 10 pL HCI per mg of calcite). The acid was the
evaporated and the samples rehydrated with an adequate volume of a rehydration fluid
containing 0.01 mM HCI, 0.77 mM sodium azide at pH 2, and an internal standard (0.01 mM L-
homoarginine). The rehydrated samples were a®lyor chiral amino acids on an automated
reversephase high-performance liquid chromatografRp-HPLC) system equipped with a
fluorescence detector, using a modification of the method of Kaufman and Kariterief, 2
uL of rehydrated sample was mixed online with 2.2 puL of derivatizing reagent (260 mM N-
isobutyryl-l-cysteine, 170 mM o-phthaldialdehyde, in 1 M potassium borate buffestedijto

pH 10.4 with KOH) immediately before injection. This setisipptimizd for the routine
separation of enantiomeric pairs, which is achieved on a C18 HyperSil BDS columa using
gradient elution of sodium acetate buffer (pH 6.00 + 0.01), methanol, and acetonitrile.

Quantification of the amounts of Asp and Gly loced within the calcite crystals was achieved
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using calibration curves, as reportetfinsing the (normalizd) RRHPLC peak areas, taking

into account the mass of the calcite sample aedlgnd 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 selectqulesamere also

analyzed using synchrotron X-ray powder diffractibar 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 (sSNM R) spectroscopy analysis. All sSNMR spectra
were recordedra Bruker Avance | NMR spectrometer with a 9.4 T superconducting magnet,
operating at 400 MHz for *H 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. Magle

spnning (MAS) rate was 10 kHz. The standard cross polarization (CP) sequence inkée Br
pulse program library was usetff 90° pulse length 2.5 ps, contact time 2.5 ms, with a ramped

pulse ontH and spin lock field 70 kHz. During acquisition, spinal64 decoupling at 100 kHz RF
field strength was applied dhl. Repetition time was 2 s between successive acquisitions to
allow relaxation.

Proton driven spin diffusion (PDSD) experiments were conducted using the saate initi
cross polarization parameters as employed il &P experiments. At 10 kHz MAS, the
magnetization was allowed to evolve at sirgleintum coherence during the incremental delay
(t), and returned to zero quantum coherence ¢ 80° pulse of 3.8 us. *H decoupling was
switched off during this mixing period of 100 ms to allow transféf@fmagnetization via

dipolar coupling and spin diffusiéhwith a*3*C 90° readout pulse at the end of the mixing

27



period. During both the incremental delay and acquisition periods, spinal64 decowsing w
applied at 100 kHz. The pulse sequence used was an adapted version of the Avance | CP spin

diffusion experiment in the Bruker library.

Synchrotron powder X-ray diffraction (PXRD) analysis. The high-resolutionPXRD
measurements were carried out on the synchrotron beamline (I111) at Diaigbh8durce Ltd,
Didcot, UK. Instrument calibration and wavelength refinemen0(8257156(10) A) were
performed using high quality NIST silicon powder (SRM640c) and instrumentallmaidn to

the peak widths does not exceed 0%b4Diffractograms were recorded from the specimens at
room temperature. Sample powders for analysis were loaded into 0.7 mm borag#isate
capillaries, and to avoid intensity spikes from individual crystallites, thelsamjere otated
during measurements at a rate of 60 fpXRD data was then obtained using high-resolution
MAC (multi-analyer crystal) diffraction scans, with scan times of 1800 s.

The structural parameters were refined by Rietveld analysis using GSAS hliadl/fxal
X'Pert HighScore Plus software. Lattice distortion, strain and sizesasalgs performed using
both Rietveld analysis for whole spectrum and line profile analysis for the (@D2), (001),
(110) and (113) reflections using PANalyticalP€rt HghScore Plus software. Goodness of
fitness values for all the analyzed sampessummarized iSupplementary Tables 1 and 2.

To analgepeak shape, peak broadening was expressed as FWHM and Integral Breadth.
(Fig. 3 and Supplementary Figs 4 andTgtal FWHM is the full width at half maximum for
each of the peaks, while Integral Breadth is the width of a rectangle that daedxithin the
peak that has the same area as the net peak area, (Net area/net height). Microssrain (%) i

derived by line pofile 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 tea@®he

length contribution to the totalé 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 resiysiats eavere
polished using graded ADs lapping films and a final 50 nm AD; powder (Buehler micropolish
v—Al,03) suspended in a water andrizthyl2,4-pentanediol mix (Green Lube, Allied High
Tech) until the crystals were exposedrdweasurement (Supplementary Fig. 8). The surface
roughness of samples produced following this protocol was less than 10 nraRM&rmined
using the indenter tip as a scanning force probe.

Nanoindentation measurements were performed on exposed calcite/amino acisl crystal
with in-plane sizes of 20—-60 pm using a Berkovieh20 nm tip radius) diamond indenter in a
commercial nanadenter system (Hysitron Tribolndenter 900). Before data collection, the
shape of the tip was calibrated using the method of Oliver and*®hiach indent consisted of
five-second load, hold, and unload segments with a maximum load of 2500 pN, resulting in
~200 nm deep indents. The unloading segment was used to calculate the indentation modulus
and hardneé® The maximum load was chosen to create an indentation large enough to sample
a homogeneous volume and minimize the effects of surface roughness, whilegattavitiple
indents per sample. Surface topography scans were performed with the inpdrgare and
after indenting to ensure indentations were located at least 5 pm away freaigas.

The hardness and modulus of calcite depends on the orierghti@crystal with
respect to the nanoindenter tip. For example, for indentations on the {001} facet &f thdcit
hardness ranges from 2.3 to 2.5 GPa and the indentation modulus ranges from 68 to 77 GPa with

azimuthal ang®. For randomly oriented crystals, averaging over multiple crystals with
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multiple indentations provides an average hardness and modulus over a rangeligreystéc
orientations. In this work, 5 to 8 different randorolyented 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 M ethods

Materials. Cad,-2H,0, (NH;).CO; sodium Laspartate and glycine were purchased from
SigmaAldrich, while glycine (213C and 2-13C) and &spartic acid (3C and 1,4-13C 99%)
were purchased from Cambridge Isotope Laboratories Inc. All chemiestsused without

further purification.

CaCOg precipitation. The two amino acids, Asp and Gly, were mixed with 2 — 100 mM
aqueous solutions of Ca2H,0 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 Hetd (98
mm) containing glass slides, which had previously been cleaned with Piranha séiu8Gn 70
vol% H,O, 30 vol%), and CaC®was precipitated using the ammonium carbonate diffusion
method® This was achieved by covering the Petri dishes with Parafilm pierced with leultip
holes and placing them in a dessicator previously charged with 5 g of fressited (NH).COs
powder. Crystallisation was then allowed to proceed for 2 deysgs otherwise stated), after
which time the glass slides were removed from solution, washed thoroughly Wigoidiwater
and ethanol, and oven-dried (4D) prior to further characterization.

CaCQ precipitation in the presence of 400 mM Gly tookraximately 56 days this
was the maximum concentration of Gly employed. In the case of Asp, a mixginglefcrystal
and polycrystalline particles formed at Asp concentrations above 50 mM, and phlyncipal
polycrystalline particles formed above 100 m¥gp (Supplementary Fig. 1). The maximum Asp
concentration employed was therefore 50 mM. Investigation of the influenoe ioitial Ca
concentration in solution showed that while higher initial Ca concentrations favosioocof

the amino acidsHigs. 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 initjat BSamM,
polycrystalline calcite was observed at 25 mM ASpgplementary Fig8). An initial [Cd = 10
mM was therefore chosen as the standard condition as this offered efficieistarcof the
amino acids, while still retaining single crystallinity of calcite.

Calcite crystals were also precipitated in the presence ofal8flled Asp and Gly such
that they could be analyzed in Proton driven spin diffusion (PDSD) experiments toidettre
proximities of the occluded amino acidSalcite/Asp crystals were precipitated from solutions
of concentrations [G4] = 10 mM and [1,4C, Asp] = [3-"*C Asp] = 25 mM, while calcite/Gly
crystals were precipitated from solutions of {Ga 10 mM and [1¥°C Gly] = [2-*C Gly] = 100

mM.

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

samples were bleached in 12% w/v sadhypochlorite for 48 hrs before analysis using 50 puL

of hypochlorite per mg of calcite. This effectively removes sutfaend amino acids, as
demonstrated during the characterisation of biomolecules occluded withigeaofan
biomineral§* The amino acids were then extracted from the Ga®yBtals by dissolving them
in cold 2 M HCI (using a minimum of 10 uL HCI 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 HCI, 0.77 mM sodium azide at pH 2, and an internal standard (0.01 mM L-
homoarginine). The rehydrated samples were a®lyor chiral amino acids on an automated
reversephase high-performance liquid chromatggnry (RPHPLC) system equipped with a
fluorescence detector, using a modification of the method of Kaufman and Riaiméyief, 2

uL of rehydrated sample was mixed online with 2.2 puL of derivatizing reagent (260 mM N-

isobutyryl-l-cysteine, 170 mM o-phthaldialdehyde, in 1 M potassium borate buffestedijto
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pH 10.4 with KOH) immediately before injection. This setiqipptimizd for the routine
separation of enantiomeric pairs, which is achieved on a C18 HyperSil BDS columa using
gradient elution of sodium acetate buffer (pH 6.00 + 0.01), methanol, and acetonitrile.
Quantification of the amounts of Asp and Gly loced within the calcite crystals was achieved
using calibration curves, as reporte8lising the (normalied) RRHPLC peak areas, taking into

account the mass of the calcite sample asdlgnd 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 selectqulesamere also

analyzed using synchrotron X-ray powder diffractioor BEM, 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 (sSNM R) spectroscopy analysis. All sSNMR spectra
were recorded oa Bruker Avance | NMR spectrometer with a 9.4 T superconducting magnet,
operating at 400 MHz for *H 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. Magle
spinning (MAS) rate was 10 kHz. The standard cross polarization (CP) sequencerinkdre B
pulse program library was usetff 90° pulse length 2.5 ps, contact time 2.5 ms, with a ramped
pulse ontH and spin lock field 70 kHz. During acquisition, spinal64 decoupling at 100 kHz RF
field strength was applied dhl. Repetition time was 2 s between successive acquisitions to
allow relaxation.

Proton driven spin diffusion (PDSD) experiments were conducted using the saate initi

cross polarization parameters as employed if*Be&P experiments. At 10 kHz MAS, the
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magnetization was allowed to evolve at sirgleintum coherence during the incremental delay
(t), and returned to zero quantum coherence ¢ 80° pulse of 3.8 us. *H decoupling was
switched off during this mixing period of 100 ms to allow transféf@fmagnetization via

dipolar coupling and spin diffusidmith a*3*C 90° readout pulse at the end of the mixing period.
During both the incremental delay and acquisition periods, spinal64 decoupling was applied a
100 kHz. The pulse sequence used was an adapted version of the Avance | CP spin diffusion

experiment in the Bruker library.

Synchrotron powder X-ray diffraction (PXRD) analysis. The high-resolutionPXRD
measurements were carried out on the synchrotron beamline (I111) at Diaigbh8durce Ltd,
Didcot, UK. Instrument calibration and wavelength refinemea0(8257156(10) A) were
performed using high quality NIST silicon powder (SRM640c) and instrumentallmaidn to
the peak widths does not exceed 0°80Diffractograms were recorded from the specimens at
room temperature. Sample powders for analysis were loaded into 0.7 mm borag#isate
capillaries, and to avoid intensity spikes from individual crystallites, th@lsanwere rotied
during measurements at a rate of 60 fpXRD 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 hiatlyizal
X'Pert HighScore Plus software. Lattice distortion, strain and sizesasalgs performed using
both Rietveld analysis for whole spectrum and line profile analysis for the (@02), (001),
(110) and (113) reflections using PANalyticalP€rt HigtScore Plus software. Goodness of
fitness values for all the analyzed sampessummarized iSupplementary Tables 1 and 2.

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

(Fig. 3 and Supplementary Figs 4 andTgtal 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 dadxithin the
peak that has the same area as the net peak area, (Net area/net height). Microssrain (%) i
derived by line prafe analysis and shows the microstrain contribution to the total line
broadening. Coherence length (nm) is derived by line profile analysis and shows tea@®he

length contribution to the totalé 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 resiysiat eavere
polished using graded ADs lapping films and a final 50 nm AD; powder (Buehler micropolish
v—Al,03) suspended in a water andrizthyl2,4-pentanediol mix (Green Lube, Allied High
Tech) until the crystals were exposed for measurensemqplementary Fig.)8 The surface
roughness of samples produced following this protocol was less than 10 nraRM&rmined
using the indenter tip as a scanning force probe.

Nanoindentation measurements were performed on exposed calcite/amino acisl crystal
with in-plane sizes of 20-60 pum using a Berkovieh20 nm tip radius) diamond indenter in a
commercial nanadenter system (Hysitron Tribolndenter 900). Before data collection, the
shape of the tip was calibrated using the method of Oliver and’Pach indent consisted of
five-second load, hold, and unload segments with a maximum load of 2500 pN, resulting in
~200 nm deep indents. The unloading segment was used to calculate the indentation modulus
and hardneSs The maximum load was chosen to create an indentation large enough to sample a
homogeneous volume and minimize the effects of surface roughness, while allawiptem
indents per sample. Surface topography scans were performed with the inpdrgare and

after indenting to ensure indentations were located at least 5 pm away frecigas.

36



The hardness and modulus of calcite depends on the orientatiena/stal with
respect to the nanoindenter tip. For example, for indentations on the {001} facet &f théit
hardness ranges from 2.3 to 2.5 GPa and the indentation modulus ranges from 68 to 77 GPa with
azimuthal angf®. For randomly oriented crystals, averaging over multiple crystals with
multiple indentations provides an average hardness and modulus over a rangeligreystéc
orientations. In this work, 5 to 8 different randorolyented 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 progam Packmdf was used to place the amino acids inside the crystal in a random
orientation for a range ofP.3 mol% (Asp’, GIy°) or 0-3.2 mol% (Asp’, Gly") of amino acid
within the simulation box, corresponding to a maximum inclusion of 3.5, 3.9, 4.8 or 5.5 wt% for
Asp", Gy, Asp” and Gly respectively. To avoid a net chamgfeangen the system the
solution chemistry shown in supplementary equations 1-4 was used. In all systems the
calculations of the energetics of the excess @ad CQ* ions were made with respect to bulk
calcite such that our results did not depend on the reference state of the system.

Ca’*(aq) + Asp(aq) + C&*(crystal) + [COs] *(crystal) => 2C&*(aq) + 2[CO4] *(aq)

+ Aspf(crystal)+ Vca (crystal) + 2\kos " (crystal) (Supplementary Eq. 1)

Ca’*(aq) + 2Gly(aq) + C&*(crystal) + [COs*](crystal) => 2Ca**(aq) + 2[CO4] *(aq)

+ 2Gly (crystal) +Vea2 (crystal) +2Veos " (crystal) (Supplementary Eg. 2)

Ca’*(aq) + 2Asp(aq) + Ca*(crystal) + [COs*](crystal) => 3Ca?*(aq) + 3[CO3 % (aq)

+ 2Asp(crystal)+ 2\t~ (crystal) + 3\kos " (crystal) (Supplementary Eqg. 3)

Gly(aq) + C&*(crystal) + [COs*](crystal) => 2Ca?*(aq) + 2[CO;] *(aq) + Gly (crystal)

+ 2V (crystal) + 2\eos?t (crystal) (Supplementary Eq. 4)

where \&’ 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 Antechdmber

using the AM1-BCC methdd This uses a sereimpirical method in combination with bond
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charge corrections to calculate the electronic structure of the amino acidl dimuédtions, the
Molecular Dynamics package DL POLYa3ki¢* was used and the mineral phase was described
using the CaC@potentials desloped by Raiterét al*> The interactions of the organic
molecules were described using the AMBER forceffel@ihe interactions between the mineral
and organic phase wemodeled by using a generic method to produce cross term potéhtials
where this generated a reliable potential for our system without the ndadler fitting.

All simulations were run at a temperature36D K and at atmospheric pressure’ (2@).
The simulations were equilibrated for 100 ps using a timestep of 0.1 fs for an N\fiildmse
with a NoséHoover thermostdl. Subsequent simulations were carried out for data analysis.
These simulations were run in an NPT ensemble with a timestep of 1.0 fs usingdddoer
thermostat and a Hoover barodtéor 2.0 ns. The insertion energy of the amino acids was
calculated using the solution chemistry as described in Supplementarpedqdl) above. In
order to calculate the configuration energy of the system under anisotrppitseon,
simulatians with a configuration of 5 mM ASprere performed to mimic the experimental setup.
The simulation box was expanded manually and independently along eithendiseor thea-
axis (theb axis is equivalento aaxis) in increments of 0.05 % of the iratilattice parameter per
step. After each expansion, the configurational energy was calculated dQrhgsasimulation

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

— — vH- — +- = +
Of the slip systems in calcité,loz}(zm) , {104}<221> , and{log}<401> have the

lowest critical resolved shear stres&esThe { 102} and {104} systems have large Burgers
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vectors and require high temperatures and/or pressures to operate, W{lﬁggt}ndwinning

system can be activateduniaxial loading at room temperature and pre<8u@ince at least 5
independent slip systems are needed for generalized plasticity, asddaqtorm the

indentations (Fig. &), it is evident that the pressure under the indenter is sufficient to adtigate t
more difficult of these gb systems.

To determine the form of the relationship betwekeandF., we first estimate the
dislocation line tensiof"from 7'= aGb” whereG is the shear modulus abds the magnitude of
the Burgers vector. Taking=1,G = 35 GPa, antd = 0.5 nm G andb calculated as averages
for the material), we find"~ 9 nN, which is significantly greater than the force required to break
a covalent bond (estimated as 1.5 to 4°hf), which in turn indicates that the anglat which
the dislocation will cut the molecule will be low (< 13°). Under these conditions, the critical

resolval shear stresgd) required for the dislocations cut the particles can be estimated from

T =(F;/bL)VF;/2T, whereL is the average separation of the molecules in the |4fticEo
convertz to H, we use known critical resolved shear stresses for the slip systems in“talcite
and our measured indentation modulus to estimate a yield sfjeesrfodulus E) ratio of~

0.01. Finite element simulations indicate tHaapproaches 2¥8for materials withY/E < 0.02°,
Using this relationship, and the von Mises criterion to réfdter, the hardness is related to the
critical resolved shear stressHy: 4.8 .. If we assume that strength of the crystal is just the
sum of the intrinsic resistance to dislocation motion (as determined from theebsH,, of

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

as Eqation 1.

H=H,+4.8(F,/bL)\|F /2T (Equation 1)
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Supplementary Note 3. Estimation of lattice misfit of AA moleculesin calcite

One distinction between solutes and second phase particles is their efgtiten |
strains. A solute sp&s 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 soluteeasphce in the
lattice into which it is inserted happen to be the same size and shape, adediomsirains are
requirede.g.when Md" is substituted for CGain calcité¢®*®. In contrast, both a second phase
particle and the space created for it in the crystal may consist of mamyldaunits (atoms or
molecules) which can be closely adjusted so that little or no lattice straimequirede.g.~ 200
nm polystyrene inclusions in calcite

With respect to lattice distortions, amino acid inclusions behavedkeges. The closest
fit for Gly® is achieved when it replaces one Ca@®mula unit, and the closest fit for Asp
when it replaces one CaGOnit and on€COs* ion. Using molecular volumes for GyCaCQ,
Asp”, andCOs*, of 0.077 nni?, 0.061 nnt>, 0.13 nn*, and 0.055 nrh(found by subtracting
the volume of a G ion, i.e. 0.0056 nii°, from that of CaCg), respectively, the misfit,
expressed as-fo)/ro, wherer andrg are the raiil of spheres having the same volumes as the AA
molecule and the space created for it in the lattice respectively, is 8. B#yfand 3.9% for
Asp”. Similar calculations for 8&sp" and Zly* (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 simulationsH{g. 4) agree when Giyand Asp are considered as the
occluding species, but the ratio of these strains is consistent with the ratiovo$fite while
any of the ratios including Glyand Asp are not. This suggests that the AA molecules are
occluded as GRand Asp, and not the paired molecules of Glgnd Asp that were also

considered in the simulations, in agreement with the Nb#Rlts.
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These misfits result in large tensile strains in the calcite lattice in the neighbathood
each AA molecule, which drop off rapidly with distance from the molét(g. 3e). These
distortions increase both the average lattice paramatecd distortios, Figs.3a and 3b) and
the inhomogeneity of the strains (microstrains, Figs. 3c and 3d and Supplementa)y Rg). 4
[AA] inc increases, the strain fields around the molecules begin to overlap (note the small
separation between moleculesSapplementary Fig. 9), and the stranhomogeneity decreases
as thdattice distortios continue to increas€if)s.3e and §. Because the molecules are small
and roughly equiaxed, the anisotropy in lditéice distortios (Figs.3a and 3b) arises primarily
from the elastic anisotropy ohlcite (the stiffness along tleeaxis is 58% of that along ttee

axis’").

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

As described in the main text, to determine the hardening mechanism of theaaidg)0
the spacingl., between amino acid molecules within the calcite crystals must be determined. To
calculate this value, we assume that the AA molecules are randomly destribraughout the
volume, consistent with the ssSNMR data, and thus in any subset of that volume, such as a thin
slice containing the slip plane. We convert the measured mole concentrationg, [8A]
volume concentrationS, aa (number of AA molecules/volume) using the known molecular
volumes of calcit® and the amino acids in crystalline fof* (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 b§, aa+t, wheret is the thickness of the slice. Approximating the

configuration of the molecules in the calcite as a square array, wé Fa@ aa-t) >, For
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geometric consistency, we setqual to tle diameteDaa of the AA molecule under

. . Dy,=
consideration (

ov
3 A4
# , wherevaa is the volume of the amino acid), so

1 -1
L= [CV,AA]Z[G\:TAA} °

(Supplementary Equation 5)

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

Supplementary Note 5. The possiblerole 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 rulEdiK&). These

ideas can be understood as follows. Although{tTﬁS} twin system in calcite has a lower

critical resolved shear stress than {ﬁ@z} and {104} slip systems, formation of{aTOS} twin

requires enormous shear strains (69#%nd thus occurs only where accommodations can be
made for incompatibilities between the twin and the surrounding material. dkoglyt, reports

of twin deformation occurring underneath indentations in calcite fall into twgaags:

(1) Cases where the incompatibility is accommodated by cracking or the prekariceeo
surface or other interface. For example, Li and Ortiz found a great deal of twimidag
indentations irP. placentadue to the presence of many compliant interfaces that could
accommodate the large twin shear displacenients their indentation tests of pure calcite, few
twins formed and these spanned relatively short distances between free surfamiagitioe
sample surface and subsurface cracks.

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

by the twin. For example, 2-D wedge indentations have been used to study “eiasiicg”®.
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For indentations made with a Berkovich indenter, slip on{ﬁﬁs} system has been seen, but

only on the {001} face at azimuthal angles where the interaction between the geohtle¢ry
indenter and the orientation of the crystal, along withfree surface and the formation of
cracks, allowed 1f.

We know of no study in which twins have been reported underneath indentations in
single crystal calcite where no cracking (or other accommodating intewasg)resent.
Furthermore, our experiments revealed no evidence of twinning in either theisptatement
data €.g.“pop-in” events$?) 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 linedafan
be more complicated than simple glide dislocatldhst include a glide component that must
interact with the occluded AA molecules. While new laws may be needed to acaount fo
temperature and rate dependéhiee Friedel term in Eq 1 is gmetric, and should apply
equally well to full and twin dislocations in a comparative model such as ours (Eqparesm
the hardness of samples with and without occluded AA molecules subjected to idests}al t
Thus, even if twinning occurs, we expect variations in hardness with AA content to Exdlolv

reasonably well.
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Supplementary Figure 1.

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

of [Asp]so= 0.05 mM, 10 mM, 20 mM, 50 mM and 100 mM. (b) shows morphological change
as a function of [Gly, = 5 mM, 10 mM, 20 mM, 50 mM, 100 mM and 200 mM. All the
crystals wee grown at an initial [Cd] = 10 mM. Note that the scale bars are individual to each

Figure and reflect the decrease in crystal size as the concentration of amiincracises.
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Supplementary Figure 2.

Optical microscope images of calcite crystals showing morphological chasgefsinction of
the initial [C&"] = 100 mM, 50 mM, 25 mM, 10 mM, 2 mM and 1 mM. All of the crystaése

grown in the presence of an initial [AspF 10 mM.

Supplementary Figure 3.

SEM images of calcite crystals grown at an initial{Ta 25 mM showing a modified single

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

Changes in XRD pedkull Width at Half Maximum (FWHM)integral breadth, microstrain and
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Supplementary Figure5.

Changes in the positions and shapes of (104) reflections of the samples skay. iFhe

lattice shift and FWHM values of the peaks were showkidr8. (A) The peaks shift to lower
angles (higher-gpacings) 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 narrowggt [As
=50 mM. (B) The peaks shift to highesdacings with increased occlusion of Gly, while

increasing in width until [Gly] = 50 mM, before narrowing again at higher vatigsly].
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Supplementary Figure 6.

ssNMR showeaho evidence for Glyly intermolecular interactions or clustering. The black
traces in each panel are (identical) contour plots of 2D proton driven spin diffusion EBX&D
The red traces depict rows extracted from the 2D plots at chemical shifts codiaggorthe
Gly-1C (left) and GIy2C (right). If there were a detectable interaction between Gly neighbours
we would see signals at the frequencies marked by dotted red lines in eacletratthe Gly

2C in the left panel, and Gly-1C in the right panel
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Supplementary Figure7.

Chemical structures of the differently charged states of the aspartic actyemne used in

simulations(a) Asg™ (b) Gly* (c) Asp" (d) GIy’.

Supplementary Figure 8.

(a, b)Scanning electron micrographs of calcite crystals grown in the presgiapp= 1 mM,
embedded within cyanoacrylate resin, and polished to expose crystal surfaces for

nanoindentation.
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Molecule spacing (nm)

Supplementary Figure 9.

A plot showing intermolecular spacings [AA]nc calculated using Supplementary Equation 5.

Symbols indicate the compositions of samples that were mechanicaltyitetites work.

51



Supplementary Table 1
XRD structure parameters and their goodness of fitft@®$-) of Asp/calcite and Gly/calcite

shown inFig. 3 as obtained from Rietveld analysis.

conc

AA mol% a(A) c(A) ¥’ Aa/a Ac/c
[mM]

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 Adf#cahd Gly/calcite

samplesshown inFig. 3. (a) Asp/calcite samples) @ly/calcite samples.

a
(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
b Gly5 | Gly10 Gly50 | Gly100 | Gly 200 | Gly 400
Reflection
mM mM mM mM mM 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) 0.82 211 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

53



Supplementary Refer ences

1

10

11

12

13

14

15

16

17

Ihli, J., Bots, P., Kulak, A., Benning, L. G. & Meldrum, F. C. Elucidating mechanisms of
diffusion-based calcium carbonate synthesis leads to controlled mesomystaion.

Adv. Funct. Mater23, 1965-1973 (2013).

Penkman, K. E. H., Kaufman, D. S., Maddy, D. & Collins, M. J. Cleystem

behaviour of the intrarystalline fraction of amino acids in mollusc sheQsiat.
Geochronof3, 2-25 (2008).

Demarchi, Bet al. Intra-crystalline protein diagenesis (IcPD) in Patella vulgata. part I
isolation and testing of the closed systémat Geochronol6, 144-157 (2013).

Tomiak, P. Jet al. Testing the limitations of artificial protein degradation kinetics using
known-age massive Porites coral skeletdpsat Geochronol6, 87-109 (2013).

Kaufman, D. S. & Manley, W. F. A new procedure for determining DL amino acid ratios
in fossils using reverse phase liquid chromatogra@omat. Sci. Rewl7, 987-1000

(1998).

Demarchi, Bet al. New Experimental Evidence for-@hain Amino Acid Racemizen

of Serine in a Model PeptidAnal. Chem85, 5835-5842 (2013).

Szeverenyi, N. M., Sullivan, M. J. & Maciel, G. E. Observation of spin Exchange by two-
dimensional fourietransform C13 cross polarizatiomagicangle spinningJ. Magn.
Reson47, 462-475 (1982).

Thompson, S. Ret al. Beamline 111 at Diamond: a new instrument for high resolution
powder diffractionRev. Sci. Instrun80, 075107 (2009).

Oliver, W. C. & Pharr, G. M. Measurement of hardness and elastic modulus by
instrumented indentation: advances in understanding and refinements to methatology.
Mater. Res19, 3-20 (2004).

Kunitake, M. E., Mangano, L. M., Peloquin, J. M., Baker, S. P. & Estroff, L. A.
Evaluation of strengthening mechanisms in calcite single crystals fromsksihells.

Acta Biomater9, 5353-5359 (2013).

Martinez, L., Andrade, R., Birgin, E. G. & Martinez, J. M. PACKMOL.: A package f
building initial configurations for molecular dynamics simulatichsComput. Cheng0,
2157-2164 (2009).

Wang, J. M., Wang, W., Kollman, P. A. & Case, D. A. Automatic atom type and bond
type perception in molecular mechanical calculatidn8ol. Graphics Modell25, 247-

260 (2006).

Jakalian, A., Jack, D. B. & Bayly, C. I. Fast, efficient generation of tpgtity atomic
charges. AMABCC model: Il. parameterization and validatianComput. Chen23,
1623-1641 (2002).

Todorov, I. T., Smith, W., Trachenko, K. & Dove, M. T. DL_POLY_3: new dimensions
in molecular dynamics simulations via massive parallelisriviater.Chem.16, 1911-

1918 (2006).

Raiteri, P., Gale, J. D., Quigley, D. & Rodger, P. M. Derivation of an accoratdield

for simulating the growth of calcium carbonate from aqueous solution: a new raodel f
the calcitewater interfaceJ. Phys. Chem. €14, 5997-6010 (2010).

Wang, J. M., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A. Development
and testing of a general amber force fidldComput. Chen25, 1157-1174 (2004).
Freeman, C. let al. New forcefields for modeling biomineralization processe®hys.
Chem. Cl111, 11943-11951 (2007).

54



18

19

20

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

Hoover, W. G. Canonical dynamics - equilibrium phase-space distribRioys. Rev. A
31, 1695-1697 (1985).

Melchionna, S., Ciccotti, G. & Holian, B. L. Hoover npt dynamics for systemggan
shape and siz&lol. Phys.78, 533-544 (1993).

DeBresser, J. H. P. & Spiers, C. J. Strength characteristics of the r, f liprglystems

in calcite. TCTOAM272, 1-23 (1997).

Akbulatov, S., Tian, Y. C. & Boulatov, R. Force-reactivity property of a single monomer
is sufficient to predict the micromechanical behavior of its polydhekm. Chem. Soc.
134, 7620-7623 (2012).

Diesendruck, C. Eet al. Mechanically triggered heterolytic unzipping of a logiling-
temperature polymeNat. Chem6, 624-629 (2014).

Grandbois, M., Beyer, M., Rief, M., Clausen-Schaumann, H. & Gaub, H. E. How strong
is a covalent bond3cience283, 1727-1730 (1999).

Friedel, JLes Dislocations 72 (Gauthier-Villars, Paris, 1956).

Cheng, Y. T. & Cheng, C. M. Scaling approach to conical indentation in gt
solids with work hardeningl. Appl. Phys84, 1284-1291 (1998).

Kunitake, M. E., Baker, S. P. & Estroff, L. A. The effect of magnesium substitution on
the hardness of synthetic and biogeratcite. MRS Commurg, 113-116 (2012).
Moureaux, Cet al. Structure, composition and mechanical relations to function in sea
urchin spineJ. Struct. Biol170, 41-49 (2010).

PerezHuerta, A., Cusack, M., Zhu, W. Z., England, J. & Hughes, J. M&jg@operties

of brachiopod shell ultrastructure by nanoindentatioiR. Soc., Interfacé, 33-39

(2007).

Griesshaber, Et al. Crystallographic texture and microstructure of terebratulide
brachiopod shell calcite: an optimized materials design hgtrarchical architecture.

Am. Mineral.92, 722-734 (2007).

Wang, R. Z., Addadi, L. & Weiner, S. Design strategies of sea urchin teattust,
composition and micromechanical relations to functiimlos. Trans. R. Soc., 352,
469-480 (1997).

Kim, Y. Y. et al. Bio-inspired synthesis and mechanical properties of cghakgmer
particle compositeAdv. Mater.22, 2082-2086 (2010).

Perlovich, G. L., Hansen, L. K. & Bau8randl, A. The polymorphism of glycine -
Thermochemical and structuralpasts.J. Therm. Anal. Calorint6, 699-715 (2001).
Anthony, J. W., Bideaux, R. A., Bladh, K. W. & Nichols, M. CHandbook of
Mineralogy Ch. V (Borates, Carbonates, Sulfates), (Mineralogical Society of Aaeri
ed. 2003).

Bendeif, E. E. & Jelég; C. The experimental library multipolar atom model refinement
of L-aspartic acidActa Crystallogr., Sect. C: Cryst. Struct. Comn8).0361-O364
(2007).

Shannon, R. Revised effective ionic radii and systematic studies of interdistances

in halides and chalcogenidéscta Crystallogr., Sect. A: Found. A@B2, 751-767 (1976).
Eshelby, J. D. The determination of the elastic field of an ellipsoidal inclusion, and
related problem®2roc. R. Soc. London, Ser2A1, 376-396 (1957).

Bass, J. D. iMineral Physics & Crystallography: A Handbook of Physical Constants
45-63 (American Geophysical Union, 2013).

Clayton, J. D. & Knap, J. Phase field modeling of twinning in indentation of transparent
crystals.Modell. Simul. Mater. Sci. Eng9, 085005 (2011).

55



39

40

41

Li, L. & Ortiz, C. Pervasive nanoscale deformation twinning as a cafalysfficient
energy dissipation in a bioceramic armadJat. Mater.13, 501-507 (2014).

Mullner, P. Between microscopic and mesoscopic descriptions ofviwinateractionZ
Metallkd 97, 205-216 (2006).

Ghazisaeidi, M., Hector, L. G. & Curtin, W. A. Solute strengthening of twinning
dislocations in Mg alloysActa Mater.80, 278-287 (2014).

56



	Title: Tuning hardness in calcite by incorporation of amino acids
	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) 1...
	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)...
	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 frequenc...
	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 energi...
	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, a...
	Supplementary Information
	Tuning Hardness in Calcite by Incorporation of Amino Acids
	Content:
	Supplementary Figure 1.
	Supplementary Figure 2.
	Supplementary Figure 3.
	Supplementary Figure 4.
	Supplementary Figure 5.
	Supplementary Figure 6.
	Supplementary Figure 7.
	Supplementary Figure 8.
	Supplementary Figure 9.

