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The physical basis for how macromolecules regulate the onset of
mineral formation in calcifying tissues is not well established. A
popular conceptual model assumes the organic matrix provides
a stereochemical match during cooperative organization of solute
ions. In contrast, another uses simple binding assays to identify
good promoters of nucleation. Here, we reconcile these two views
and provide a mechanistic explanation for template-directed nu-
cleation by correlating heterogeneous nucleation barriers with
crystal-substrate-binding free energies. We first measure the ki-
netics of calcite nucleation onto model substrates that present
different functional group chemistries (carboxyl, thiol, phosphate,
and hydroxyl) and conformations (C11 and C16 chain lengths). We
find rates are substrate-specific and obey predictions of classical
nucleation theory at supersaturations that extend above the sol-
ubility of amorphous calcium carbonate. Analysis of the kinetic
data shows the thermodynamic barrier to nucleation is reduced
by minimizing the interfacial free energy of the system, y. We then
use dynamic force spectroscopy to independently measure calcite-
substrate-binding free energies, AG,. Moreover, we show that
within the classical theory of nucleation, y and AG, should be
linearly related. The results bear out this prediction and demon-
strate that low-energy barriers to nucleation correlate with strong
crystal-substrate binding. This relationship is general to all func-
tional group chemistries and conformations. These findings pro-
vide a physical model that reconciles the long-standing concept
of templated nucleation through stereochemical matching with
the conventional wisdom that good binders are good nucleators.
The alternative perspectives become internally consistent when
viewed through the lens of crystal-substrate binding.
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iological systems are unique in their ability to organize

minerals into functional materials with complex patterns and
architectures. A substantial body of evidence suggests specialized
macromolecules, particularly proteins (1, 2) and carbohydrates
(3, 4), provide preferential sites for nucleation to direct the
placement, timing, and orientation of crystals (5), both intra- and
extracellular. Within the biomineralization community, the
conventional view of biologically directed nucleation is that
macromolecular matrices present an interfacial match to the
crystal lattice that assists in forming the crystal nucleus. This
cooperative view of directed nucleation is rooted in the collective
action of multiple residues that guide the organization of ions
into a configuration defining the energetic minimum for the
system. A series of in vitro observations have reinforced this
picture by showing that highly ordered organic monolayers can
control the location and orientation of calcite crystals pre-
cipitated from solution (6). In this approach, good templates are
revealed through a direct functional assay, i.e., nucleation. Over
the years, this view of mineralization, both in the context of
natural structures such as bone (7) and in biomimetic systems
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such as Langmuir or self-assembled monolayers (SAMs), has
come to define the conventional wisdom.

In contrast, the bioinspired materials community has ap-
proached the question of nucleation control from what would
appear to be an alternative perspective. Efforts within that com-
munity to discover and use biomolecules that induce the formation
of diverse inorganic materials have been guided by the assumption
that good binders are good nucleators (8-12). For example, in the
widely used method of phage display, libraries of M13 bacterial
phage are screened for their ability to bind to the surface of an
inorganic material. Once strong binders are identified, the se-
quences of the peptides expressed by those phage are determined,
and synthetic versions of the peptides—absent the phage—are then
used as template molecules to promote nucleation of the inorganic.
This approach ignores the collective action of the ions inherent in
template-directed nucleation and uses an indirect assay—binding
strength—to identify good template sequences. However, the ap-
proach has been successfully applied to the synthesis of diverse
materials that include metals, semiconductors, and insulators.

A closer look at the underlying factors controlling both the
dynamics of nucleation and the strength of surface binding reveals
a common source for these two perspectives. Classical nucleation
theory predicts that the rate of nucleation J, on a surface is
described by the relations (13, 14).
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where A = a kinetic prefactor that includes rates of diffusion and
desolvation, kg = Boltzmann’s constant, 7' = temperature, Ag* is
the thermodynamic barrier to forming a critically sized nucleus,
y = interfacial energy, @ = molecular volume [6.13 x 102* ¢cm®
per molecule for calcite (15)], F = a constant that depends on
nucleus shape, and o = the supersaturation as defined by
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where q; is the activity of species i and K, is the solubility prod-
uct of calcite or amorphous calcium carbonate (ACC) (K, =
107848 or 10707, respectively, at 25 °C).

The interfacial energy y is a composite term comprised of
contributions from three interactions—the crystal-liquid (ycr),
crystal-substrate (ycs), and substrate-liquid (ysp). These are
related by the expression

y=vcL —h(ysL —7cs) [3]

where 4 is a constant that depends upon the relative surface
areas of the crystal-substrate and crystal-liquid interfaces. Re-
cent studies of calcite nucleation on self-assembled monolayers
(16) or polysaccharide films (17) and calcium phosphate nucle-
ation on collagen (18) show that Egs. 1 and 3 give a reasonable
description of template-directed nucleation and that the interfa-
cial energy is indeed the governing parameter.

Now consider how Egs. 1 and 3 are related to the strength of
crystal-template binding. The free energy of binding AG), for any
given element of area a within the crystal-substrate contact area
is given by the difference between the free energy of the crystal-
substrate-liquid system when the crystal is bound to the substrate
and the free energy in the unbound state such that

AGy=a(ycL +vsL) —arcs [4]

(Note that when a is the total contact area between the crystal
and the substrate, then AG,, gives the total binding free energy
of the crystal-substrate interface.) Combining Eqs. 3 and 4
reveals that

Table 1. Summary of proteins associated with biogenic calcite

Organism

Protein description

h

Because ycr. depends only on the contact between the crystal and
the liquid, it is independent of the template chemistry. Conse-
quently, y and AG), should be linearly related and, from Eq. 1b,
an explicit relationship between the barrier to nucleation and the
strength of the crystal-substrate-binding energy should exist.

To test whether these two views of template-directed nucle-
ation are indeed interchangeable, we first conducted a series of
experiments to quantify the free energy barriers to calcite nu-
cleation onto a suite of substrates. Self-assembled monolayers
were prepared by established methods (19, 20) to obtain five
types of substrates with different head group chemistries (COOH,
PO, SH or OH) and chain lengths (C11 or C16). These choices
were based on the macromolecules known to be associated with
the formation of skeletal biominerals. Although a variety of
functional group chemistries have been documented, nearly all
are abundant in residues of the carboxylated amino acids,
aspartic and glutamic. Although lower in abundance, thiols (SH)
of cysteine residues and a number of phosphorylated (POy)
amino acids are also widespread in calcification environments
(Table 1) (21-31).

The nucleation experiments determined the rates of hetero-
geneous calcite nucleation onto these substrates over a series of
supersaturations, ¢. Using established methods (16, 17), the
crystallite number density was measured over time. The data
show a linear relationship with slopes that increase with o. Fig. 1
illustrates typical rate data for calcite precipitation onto C16-
COOH substrates. Rates increase in solutions with progressively
higher supersaturations, and the rates are specific to each type of
substrate. Data for all surfaces are provided elsewhere (Fig. S1).
By determining the slope of number density vs. time, the steady-
state rate of nucleation, Jy, was estimated from each experiment.
Substituting Eq. 1b into 1a and transforming to a linear ex-
pression gives

1
In(y) =1n(A)—B(;) [6a]
where
Fw2y3
B=—" 6b
BT [6b]

The good fit of Eq. 6a to the rate data (Fig. 2) suggests the
simple classical model accurately describes the nucleation behavior

Protein name Solubility Ref.

poly(glycine) and Asp/Glu rich regions, Cys

Pinctada fucata (pearl oyster) Gly rich

Pro/lle/Tyr/Arg regions, Gly/Trp rich region, Asp rich region
acidic, highly phosphorylated, Asp/Glu/Cys rich

highly phosphorylated, Asp/Ser/Gly rich

highly phosphorylated, Asp/Ser/Gly rich

Ser/Gly/Asp rich, basic terminal sequence

Ala/Asp/Thr/Pro rich, Cys rich terminal sequence

Crassostrea nippona (lwagaki oyster)
Crassostrea virginica (American oyster)
Adamussium colbecki (American scallop)
Patinopecten yessoensis (Yesso scallop)
Pinna nobilis (Mediterranean fan mussel)
Asp rich

Glu/Ala rich

cysteic acid rich
Ala/Glu/Ser/Gly/Trp rich

Procambarus clarkia (crayfish)
Gallus gallus (chicken)
Anser anser (goose)

MSI31 insoluble 21
MSI7 insoluble 22
Prismalin-14 insoluble 23
MPP1 soluble 24
None soluble 25
None soluble 26
MSP1 insoluble 27
Calprismin soluble 28
Caspartin soluble 28
GAMP insoluble 29
Ovotransferrin soluble 30
Ansocalcin soluble 31

Most calcite-extracted proteins are rich in carboxylate groups due to aspartic acid (Asp) and glutamic acid (Glu). Many are also phosphorylated or contain

thiol groups in cysteine (Cys) residues. GAMP, gastrolith matrix protein.
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Fig. 1. The number of calcite nuclei on the surface of C16-COOH scales
linearly with time during the early stages of each experiment. The slopes of
the plotted lines for each supersaturation, ¢, quantify steady-state nucle-
ation rates, Jo. Rates of nucleation increase with the supersaturation of the
mineralizing solution.

for all of these surfaces. Using a shape factor of 19.1, which
describes a calcite rhomb nucleating on the (012) face (16), from
the slope B we find that y ranges from 81 to 95 mJ/m? for nucleation
onto the different substrates (Table 2). [Because y is proportional to
F'®, even if nucleation occurs on a completely different plane, the
derived values of y are nearly unchanged. For example, for nucle-
ation on the (104) face, F decreases to 16, and the values of y in-
crease by only 6%.] As expected, these values for heterogeneous
nucleation are smaller than the average value of 109 mJ m™2 that is
estimated for the crystal-liquid interface, which controls homoge-
nous nucleation from solution (16, 32). Fig. S2 shows the effect of
these differences on the magnitude of the barrier as a function
of supersaturation.

The results shown in Table 2 exhibit a substrate-specific de-
pendence upon functional group chemistry and length of the
alkanethiol chain. Monolayers with a constant chain length show
chemistry-specific effects with lower values of y for surfaces of (i)
C16-COOH compared with C16-SH and (ii) C11-SH compared
with C11-PQ,. Differences in chain length, likely through a com-
bination of head group spacing and conformation (16, 20, 33-35),
also affect y as evidenced by the significantly lower value for C16—
SH compared with C11-SH. The very low number of crystallites
that formed on C11-OH surfaces prevented reliable estimation of
nucleation rates, and these data were not further analyzed.

After obtaining the values of y for the different SAM chem-
istries, we then conducted independent measurements to deter-
mine the magnitude of the binding free energy AG,, between the
nucleating phase and the SAMs. We used dynamic force spec-
troscopy (DFS) (36, 37) to quantify AG, for SAM-functionalized
atomic force microscopy (AFM) tips binding to the {104} face of
calcite (Materials and Methods). DFS measures the force required
to rupture the bond between an AFM tip and a substrate (Fig. 34).
When the rupture force f, is measured as a function of the rate r at
which the tip is retracted from the substrate, a characteristic de-
pendence of f, on r is obtained (Fig. 3B). Extrapolating that de-
pendence to zero pulling rate gives the equilibrium work required
to rupture the tip—substrate bond. This is the binding free energy.

By evaluating thousands of experiments for a series of re-
traction velocities we find that the alkanethiol functionalized tips
are associated with significantly higher values of tip—calcite
rupture force than the control (bare gold tip) and that the rup-
ture force is indeed substrate-specific (Fig. 3B). The largest

1306 | www.pnas.org/cgi/doi/10.1073/pnas.1312369111

forces are associated with tips functionalized with C16-COQOH,
whereas the smallest forces correspond to C11-PO,.

Due to the small size of the alkanethiol molecules (of order
107! nm) compared with the curvature of the AFM tip (of order
10 nm), we expect that the measured forces correspond to the
rupture of multiple (V) bonds between the tip and the surface
(Fig. S3). The dependence of rupture force on loading rate (Fig.
3B) shows two distinct regimes, as expected from the theory of
bond breaking (37). These include a region at small loading rate
where adsorption and desorption rates are similar and fluctua-
tions in N occur relatively rapidly and a region at large loading
rate that is dominated by the kinetics of forced desorption so that
fluctuations in N are less important. The multiple bond model
(37) incorporates both regimes in its interpretation of force
spectra and allows estimates of single-molecule-binding free
energies (AG),) independent of N. By fitting the rupture force
data (Fig. 3B and Fig. S4) to this model, AG,, per molecule was
estimated for each SAM alkanethiol (Table 2).

The binding energy measurements confirm the prediction that
y should scale linearly with AG,, (Fig. 4). Moreover, the slope of
the line is close to what is expected from Eq. 5. For nucleation on
the (104) face, & = 0.525 (16) whereas, for the (104) face, one
can easily show it is 0.333. The value of a is at least as large as the
area per SAM molecule for a perfectly ordered SAM, which is
about (0.5 nm)? (38), but is certainly less than 1 nm? for a single
molecule. Thus, 4/a is in the range of ~0.25-1 nm~2. For com-
parison, the slope in Fig. 4 is 0.33 nm~2 Considering the likely
differences in binding to the (104) and (01 ¢) faces, which are
likely to define the nucleation planes, and the slight uncertainties
in F and a, the agreement is remarkably good.

The results in Fig. 4 demonstrate that lower barriers to nu-
cleation and hence lower interfacial energies are associated with
greater calcite—substrate-binding free energies. For the sub-
strates used in this study, the trend is general across the different
functional group chemistries as well as the odd/even chain
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Fig. 2. Nucleation rate measurements obey the linear relationship pre-
dicted by Eq. 6a for all substrates. The slopes of the dependence, B, are
proportional to the substrate-specific thermodynamic barriers to nucleation
and are used to estimate calcite—substrate interfacial free energies, y. The
shaded region indicates saturation with respect to ACC. Error bars denote
two SEs of the measurements collected at each supersaturation.
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Table 2. Values of B, In(A), and y estimated from rates of
heterogeneous calcite nucleation from solutions of varying
Mg?*/Ca?* and AGp, estimated from force microscopy
measurements in Mg-free solutions

Substrate  Mg®"/Ca** B In(A) y (mJm™) AGp, (kcal mol™)
C16-COOH 0 -572 39 81 -7.4
C16-COOH 0.5 -582 39 81 —
C16-COOH 1.0 -511 35 79 —
C16-COOH 15 -485 33 77 —
C16-COOH 2.0 -539 35 80 —
C16-SH 0 -680 45 86 -4.4
C11-SH 0 -806 46 91 -2.9
C11-PO, 0 -983 52 95 -1.6

Calculations of y assume rhombohedral nuclei. The interfacial tension® of
calcite in solution is ~110 mJ m™2,

lengths. Several insights arise from this analysis into how func-
tional group chemistry can regulate the nucleation rate of calcite.

First, the findings challenge long-standing assumptions regarding
the predominant role of carboxyl groups as dominant players in
mineralization. Other chemical groups, albeit with lower abun-
dance in calcifying environments, can reduce the energy barrier
to nucleation and may also play significant roles in regulating
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Fig. 3. (A) Representative force curves for the control (Au-coated AFM tip) and

two substrates (C16-COOH and C16-SH) show the differences in interaction
strength with the calcite surface at the same tip retraction velocity (1 x 107> mys).
(B) Mean force of calcite-SAM rupture calculated from repeated force curve
measurements decreases with the experimental loading rate, which is the
product of cantilever spring constant and tip retraction velocity. All experimental
substrates interact with the calcite (104) surface more strongly than the bare
(gold-coated) tip. Solid lines denote exponential fits to the data.
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free energy of binding (AG,) for an alkanethiol SAM molecule with the
calcite (104) surface as predicted by Eq. 4. Rupture forces which extrapolated
a zero loading rate are also linearly related to y (Inset). Lower y correlates
with strong calcite-SAM interactions (large AG,, or force).

patterns of mineralization. For example, Fig. 2 shows that some
conformations of thiol and phosphate moieties can also signifi-
cantly promote the onset of calcite formation. These results
are supported by molecular modeling studies that find highly
ionized substrates both exhibit strong adhesion to the calcite
surfaces and promote calcite nucleation (34). The measure-
ments also reiterate the importance of secondary structure
in macromolecular activity. SAM structure and packing, which
are strongly influenced by chain length (39, 40), have a strong
control on calcite nucleation. A recent molecular dynamics
analysis suggests these effects may be related to the degree of
symmetry in interactions between SAM monomers and its
impact on SAM order, highlighting once again the importance
of cooperativity in both SAM-crystal-binding and template-
directed nucleation (35).

Second, in agreement with previous findings for odd and even
COOH SAMs (16) and polysaccharide films (17), the kinetics of
crystal nucleation can be understood for all of these surfaces
through a classical approach. As seen in Fig. 2, the dependence
of Jy upon supersaturation follows the predictions of classical
nucleation theory and is unchanged as the driving force crosses
into the regime that is supersaturated with respect to ACC.
Under the conditions of this study, because the supersaturation
with respect to calcite is so much larger than that with respect to
ACC (16), the reduction in interfacial energy provided by the
SAMs reduces the barrier to heterogeneous nucleation enough
to favor precipitation of the crystalline polymorph without ev-
idence of ACC formation in either the optical or SEM obser-
vations. The accuracy of the classical description is further
demonstrated by the observed linear relationship between the
interfacial and binding free energies (Fig. 4). Consequently,
despite the recent reports of prenucleation clusters (41-43),
liquid-liquid separation (44-46), and multiphase aggregation-
based pathways of calcite formation (41, 42, 47) in bulk sol-
utions, the results presented here provide strong evidence that
the classical theory of nucleation provides a good description of
calcite formation on ionized surfaces and that interfacial energy
is a useful concept even when critical nuclei are in the nano-
meter range.
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Finally, these findings unlock the secret to the success of
methods that identify template molecules through binding assays.
They provide a physical basis for the conventional wisdom that
good binders are good nucleators: Because strong binders in-
herently possess a large value of AG,, they lower the net in-
terfacial energy y, thereby reducing the barrier to nucleation.

Materials and Methods

Preparation of Functionalized Substrates. Substrates for CaCO3; nucleation
were prepared from evaporated gold on mica (Agilent Technologies) using
the template-stripped gold method (48). Self-assembled monolayers were
deposited on the gold by submerging the substrates in ethanol-based
(200 proof anhydrous, Sigma-Aldrich), 1.5-mM solutions of the following
five alkanethiols (Sigma-Aldrich): 16-Mercaptohexadecanoic acid (C16-
COOH), 1,16-Hexadecanedithiol (C16-SH), 1,11-Undecanedithiol (C11-SH),
11-Mercaptoundecylphosphoric acid (C11-PO,), or 11-Mercapto-1-undecanol
(C11-0OH), for 12-15 h.

Nucleation Rate Measurements. Solutions were prepared using calcium
chloride dihydrate [99+%, (Alfa Aesar)], magnesium chloride hexahydrate
[99%, (Sigma-Aldrich)], and sodium carbonate [99.997%, (Alfa Aesar)] and
transferred to two polypropylene 140-cc syringes for the CaCl2/MgCl2 and
Na2CO3 solutions. After rinsing with ethanol and water, the substrates were
placed in a sealed flow chamber (volume = 0.5 mL) and connected to the
syringes with Tygon tubing (1/16” inner diameter, Cole Parmer). A high-
precision syringe pump continuously flowed the solutions into the substrate
chamber at 30 mL/h per syringe (total flow rate = 60 mL/h) to maintain
steady-state conditions. This flow rate was selected after nucleation rate
measurements made over a range of flow rates demonstrated this was the
optimal value to prevent diffusion-limited conditions while also maintaining
the reactant solutions in the chamber for sufficiently long residence time to
observe nucleation for a wide variety of supersaturations. Solutions were
mixed in the tubing 10 cm upstream of the substrate chamber to ensure that
nucleation did not occur before the solution came into contact with the
substrate (Figs. S5 and S6). The experiments were conducted at 25 °C and
supersaturations of 4.66-5.12 (species activities calculated with Geochemist’s
Workbench) at pH values of 10.55 + 0.10.

CaCOs3 nucleation was monitored by optical microscopy (Olympus BX51,
10x or 20x objective). Because the resolution of the optical microscope was
insufficient to directly observe the formation of critical nuclei, we estimated
nucleation rates by making two assumptions.

i) Each optically observed crystal developed from a single nucleus. That is,
we assumed each nucleus that successfully crossed the energy barrier to
achieve critical size grew into an optically observable crystallite. This
assumption is reasonable because the data were collected only within
the time interval where crystallite spacing was very large [separation
between observed crystals was much greater than the size at which they
became optically visible (Fig. S6)] and, during the period of constant
nucleation, each crystal consisted of a single, well-faceted rhombohe-
drum. Moreover, the data show their appearance was linearly dependent
on time (Fig. 1 and Fig. S1), which would not be true if nucleation events
were not independent of one another.

ii) All crystallites nucleated heterogeneously on the surface. Parallel experi-
ments that used inverted substrates and an Olympus IX2 inverted micro-
scope validated this assumption with measurements showing similar
nucleation rates and through SEM observations showing that the crystals
exhibited substrate-specific orientations with nucleation occurring on
the (012) plane as reported previously by others (6, 16, 33, 38).

The steady-state nucleation rates were calculated directly as the slopes of
crystallites versus time plots (in units of nuclei per m? per s) within the time
interval where the number of nuclei increased linearly with time, typically
within the first few hours of each experiment. Up to three replicate
experiments were performed for each substrate/supersaturation condition,
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mollusk shells. FEBS Lett 111(2):311-316.
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73(13):3807-3818.
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and the average J, from the replicates was used to calculate B and y for
each substrate.

Dynamic Force Spectroscopy. Force measurements were made with the model
MFP-3D AFM (Asylum Research) using Si3N4 cantilevers with triangular tips
(Veeco). Cantilevers were cleaned under UV/ozone for 10 min, coated by
thermal evaporation with 4 nm Cr followed by 40 nm Au, and recleaned
under UV/ozone before placement in alkanethiol solutions for SAM de-
position. Force measurements between the modified tips and a freshly
cleaved calcite {104} surface (Iceland Spar, Wards) were conducted in a sat-
urated (o = 0) CaCOj3 solution at pH 10.55. The spring constants of individual
cantilevers were calculated using the thermal calibration method (49) before
beginning force measurements. Five tip retraction velocities (2 x 1077 — 1 x
107> m/s) were sampled while using a constant approach velocity of 200 nm/s
and a 1-s dwell time at the surface. Heterogeneity in the calcite surface was
factored into the measurements by using a routine to randomly move the
tip to different positions on the surface using 20-nm steps. For each surface,
force curves were measured for each of the five velocities at 100 locations on
the surface, resulting in 500 data points per sample.

To analyze the data and extract binding free energies, we used the
theoretical treatment developed by Friddle et al. (37) for the case in which
multiple bonds are broken upon retraction of the tip. This theory posits
that force spectroscopy carried out over a sufficiently wide range of
pulling rates naturally explores both the far-from-equilibrium regime,
where bond rupture is always permanent, as well as a near-equilibrium
regime where the pulling rate is sufficiently slow that both individual
binding and unbinding events occur reversibly near the point of bond
rupture. The rupture force exhibits a characteristic nonlinear dependence
on log-pulling rate across the two regimes, with a plateau region at low
pulling rates and linear rise at high pulling rates. When extrapolated to
a pulling rate of zero, the force curve then gives the quasi-static work, i.e.,
the work required to break the bond at zero rate, which is equal to the
free energy of binding AG,.

Fitting this data with the dependence expected from this theory provides
the value of the rupture force at zero pulling rate fe,, as well as the pa-
rameter xt/N, which is the physical distance from the minimum of the bound
state to the transition state normalized by the number of bonds. This esti-
mate reflects both the slope of the curve in the regime of high pulling rate,
as well as the force at which the transition from plateau to linear de-
pendence is obtained. AG, can then be determined by solving the tran-
scendental equation

9T (el

Xt/N

where W is the Lambert function.

Scanning Electron Microscopy. SEM images were collected on a model FEI
Quanta 600 FEG Environmental SEM operated at high vacuum and 10-20 kV
accelerating voltage (Fig. S7). All samples were coated with ~10 nm of Au/Pd
before imaging.

Raman Spectroscopy. The CaCO3; polymorph of the crystallites that formed
was determined by Raman spectroscopy. Spectra were recorded with a Jobin
Yvon Horiba LabRam high resolution spectrometer using a 632.81-nm He-Ne
laser focused through a 100x objective (Fig. S8).

ACKNOWLEDGMENTS. We thank R. Friddle for his guidance in learning
dynamic force spectroscopy methods, measurements, and analyses. This re-
search was supported by US Department of Energy (USDOE) Grant DOE BES-
FG02-00ER15112 (to P.M.D.) and National Science Foundation Grant NSF
OCE-1061763. This work was also supported by the Office of Science, Office
of Basic Energy Sciences, Division of Chemical Sciences, Geosciences, and
Biosciences of the USDOE under Contract DE-AC02-05CH11231.

4]

. Mann S (1988) Molecular recognition in biomineralization. Nature 332(6160):119-124.

. Aizenberg J, Black AJ, Whitesides GM (1999) Control of crystal nucleation by pat-
terned self-assembled monolayers. Nature 398(6727):495-498.

. Zahn D (2010) A molecular rationale of shock absorption and self-healing in a bio-
mimetic apatite-collagen composite under mechanical load. Angew Chem Int Ed Engl
49(49):9405-9407.

. Whaley SR, English DS, Hu EL, Barbara PF, Belcher AM (2000) Selection of peptides
with semiconductor binding specificity for directed nanocrystal assembly. Nature
405(6787):665-668.

o

~

00

Hamm et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312369111/-/DCSupplemental/pnas.201312369SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312369111/-/DCSupplemental/pnas.201312369SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312369111/-/DCSupplemental/pnas.201312369SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312369111/-/DCSupplemental/pnas.201312369SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312369111/-/DCSupplemental/pnas.201312369SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1312369111/-/DCSupplemental/pnas.201312369SI.pdf?targetid=nameddest=SF8

L T

/

1\

BN AS  PNAS D)

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Lee S-W, Mao C, Flynn CE, Belcher AM (2002) Ordering of quantum dots using ge-

netically engineered viruses. Science 296(5569):892-895.

. Mao G, et al. (2004) Virus-based toolkit for the directed synthesis of magnetic and

semiconducting nanowires. Science 303(5655):213-217.

. DaiH, et al. (2005) Nonequilibrium synthesis and assembly of hybrid inorganic-protein

nanostructures using an engineered DNA binding protein. J Am Chem Soc 127(44):
15637-15643.

. Chung W-J, Kwon K-Y, Song J, Lee S-W (2011) Evolutionary screening of collagen-like

peptides that nucleate hydroxyapatite crystals. Langmuir 27(12):7620-7628.

. Turnbull D, Fisher JC (1949) Rate of nucleation in condensed systems. J Chem Phys

17(1):71-73.

. Markov IV (2003) Crystal Growth for Beginners: Fundamentals of Nucleation, Crystal

Growth, and Epitaxy (World Sci Publ, Singapore).

. Davis KJ, Dove PM, De Yoreo JJ (2000) The role of Mg2+ as an impurity in calcite

growth. Science 290(5494):1134-1137.

. Hu Q, et al. (2012) The thermodynamics of calcite nucleation at organic interfaces:

Classical vs. non-classical pathways. Faraday Discuss 159:509-523.

. Giuffre AJ, Hamm LM, Han N, De Yoreo JJ, Dove PM (2013) Polysaccharide chemistry

regulates kinetics of calcite nucleation through competition of interfacial energies.
Proc Natl Acad Sci USA 110(23):9261-9266.

. Habraken WIEM, et al. (2013) lon-association complexes unite classical and non-

classical theories for the biomimetic nucleation of calcium phosphate. Nat Commun,
10.1038/ncomms2490.

. Wallace AF, DeYoreo JJ, Dove PM (2009) Kinetics of silica nucleation on carboxyl- and

amine-terminated surfaces: insights for biomineralization. J/ Am Chem Soc 131(14):
5244-5250.

Lee JRI, et al. (2007) Structural development of mercaptophenol self-assembled
monolayers and the overlying mineral phase during templated CaCO3 crystallization
from a transient amorphous film. J Am Chem Soc 129(34):10370-10381.

Sudo S, et al. (1997) Structures of mollusc shell framework proteins. Nature 387(6633):
563-564.

Zhang Y, et al. (2003) A novel matrix protein participating in the nacre framework
formation of pearl oyster, Pinctada fucata. Comp Biochem Physiol B Biochem Mol Biol
135(3):565-573.

Suzuki M, et al. (2004) Characterization of Prismalin-14, a novel matrix protein from
the prismatic layer of the Japanese pearl oyster (Pinctada fucata). Biochem J 382(Pt 1):
205-213.

Samata T, et al. (2008) A novel phosphorylated glycoprotein in the shell matrix of the
oyster Crassostrea nippona. FEBS J 275(11):2977-2989.

Borbas JE, Wheeler AP, Sikes CS (1991) Molluscan shell matrix phosphoproteins:
Correlation of degree of phosphorylation to shell mineral microstructure and to in
vitro regulation of mineralization. J Exp Zool 258(1):1-13.

Halloran BA, Donachy JE (1995) Characterization of organic matrix macromolecules
from the shells of the Antarctic scallop, Adamussium colbecki. Comp Biochem Physiol
B Biochem Mol Biol 111(2):221-231.

Sarashina |, Endo K (2001) The complete primary structure of molluscan shell protein 1
(MSP-1), an acidic glycoprotein in the shell matrix of the scallop Patinopecten yes-
soensis. Mar Biotechnol (NY) 3(4):362-369.

Marin F, et al. (2005) Caspartin and calprismin, two proteins of the shell calcitic prisms
of the Mediterranean fan mussel Pinna nobilis. J Biol Chem 280(40):33895-33908.

Hamm et al.

29.

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

47.

48.

49.

Ishii K, Tsutsui N, Watanabe T, Yanagisawa T, Nagasawa H (1998) Solubilization and
chemical characterization of an insoluble matrix protein in the gastroliths of a cray-
fish, Procambarus clarkii. Biosci Biotechnol Biochem 62(2):291-296.
Gautron J, et al. (2001) Ovotransferrin is a matrix protein of the hen eggshell mem-
branes and basal calcified layer. Connect Tissue Res 42(4):255-267.

. Lakshminarayanan R, Valiyaveettil S, Rao VS, Kini RM (2003) Purification, character-

ization, and in vitro mineralization studies of a novel goose eggshell matrix protein,
ansocalcin. J Biol Chem 278(5):2928-2936.

S6hnel O, Mullin JW (1978) A method for the determination of precipitation in-
duction periods. J Cryst Growth 44:377-382.

Han YJ, Aizenberg J (2003) Effect of magnesium ions on oriented growth of calcite on
carboxylic acid functionalized self-assembled monolayer. / Am Chem Soc 125(14):
4032-4033.

Duffy DM, Harding JH (2004) Simulation of organic monolayers as templates for the
nucleation of calcite crystals. Langmuir 20(18):7630-7636.

Freeman CL, et al. (2013) Surface selectivity of calcite on self-assembled monolayers.
J Phys Chem C 117(10):5154-5163.

Friddle RW, et al. (2011) Single-molecule determination of the face-specific adsorp-
tion of Amelogenin’s C-terminus on hydroxyapatite. Angew Chem Int Ed Engl 50(33):
7541-7545.

Friddle RW, Noy A, De Yoreo JJ (2012) Interpreting the widespread nonlinear force
spectra of intermolecular bonds. Proc Nat/ Acad Sci USA 109(34):13573-13578.
Aizenberg J, Black AJ, Whitesides GM (1999) Oriented growth of calcite controlled by
self-assembled monolayers of functionalized alkanethiols supported on gold and
silver. J Am Chem Soc 121(18):4500-4509.

Fenter P, Eisenberger P, Liang KS (1993) Chain-length dependence of the structures
and phases of CH3(CH2)n-1 SH self-assembled on Au(111). Phys Rev Lett 70(16):
2447-2450.

Fenter P, Eberhardt A, Liang KS, Eisenberger P (1997) Epitaxy and chainlength de-
pendent strain in self-assembled monolayers. J Chem Phys 106(4):1600.

. Gebauer D, Volkel A, Colfen H (2008) Stable prenucleation calcium carbonate clusters.

Science 322(5909):1819-1822.

Pouget EM, et al. (2009) The initial stages of template-controlled CaCO3 formation
revealed by cryo-TEM. Science 323(5920):1455-1458.

Demichelis R, Raiteri P, Gale JD, Quigley D, & Gebauer D (2011) Stable prenucleation
mineral clusters are liquid-like ionic polymers. Nat Commun, 10.1038/ncomms1604.
Faatz M, Grohn F, Wegner G (2004) Amorphous calcium carbonate: synthesis and
potential intermediate in biomineralization. Adv Mater 16(12):996-1000.

Bewernitz MA, Gebauer D, Long J, Colfen H, Gower LB (2012) A metastable liquid
precursor phase of calcium carbonate and its interactions with polyaspartate. Faraday
Discuss 159:291-312.

Wallace AF, et al. (2013) Microscopic evidence for liquid-liquid separation in supersat-
urated CaCOs solutions. Science 341(6148):885-889.

Gower LB, Odom DJ (2000) Deposition of calcium carbonate films by a polymer-induced
liquid-precursor (PILP) process. J Cryst Growth 210(4):719-734.

Hegner M, Wagner P, Semenza G (1993) Ultralarge atomically flat template-stripped
Au surfaces for scanning probe microscopy. Surf Sci 291(1-2):39-46.

Burnham NA, et al. (2003) Comparison of calibration methods for atomic-force
microscopy cantilevers. Nanotechnology 14(1):1-6.

PNAS | January 28,2014 | vol. 111 | no.4 | 1309

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES



