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The challenge of biominerals to simulations
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Biomaterials are hierarchical systems whose structure and properties represent a major challenge
to simulation. We briefly discuss the remarkable experimental data now available both on the
structure, formation and properties of biominerals. In the light of this we discuss current attempts
to simulate biomaterials at atomic and meso length scales and timescales and the range of physical
effects that are important in producing biomaterials. We emphasise the importance of obtaining
robust forcefields for these systems and the sensitivity of simulations to the forcefields used. We
conclude by suggesting future directions for the field and remaining problems to be solved.

Introduction

Biominerals and the process of biomineralization present a
major challenge to simulation. This is because they are often
hierarchical materials; with significant behaviour on many
length scales and timescales. For example, the structure of
bone can be considered on a hierarchy of at least seven
separate scales' and thus calls on theories ranging from
quantum mechanics and atomistic simulation to continuum
mechanics and theories of composites” depending on the scale
that one is working at. There are equally formidable problems
of timescale. Organic arrays and scaffolds can control the
shape and orientation of minerals that grow on them.? If this
involves a nucleation process, the timescale may be of the
order of seconds or more. Moreover, the growth of bio-
minerals is often a multi-stage process,® and involves the
self-assembly of complex nanoscale units. Faced with this,
traditional molecular dynamics simulations can only be run for
nanoseconds, perhaps approaching microseconds in some
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favourable cases. New methods to speed up such simulations,
usually given the collective label of hyperdynamics,’ can
significantly increase the simulation timescale. However, the
most effective of these, temperature-accelerated dynamics,
requires high-temperature simulations, which may not be
practical for these systems. The technique most likely to be
applicable here, parallel replica dynamics, scales linearly with
the number of processors available. This gives a useful boost to
the simulation speed, but not the factors required to solve the
timescale problems in biomineralization. This impasse suggests
that the simulators of biominerals should turn to coarse-
grained or other mesoscale methods. These must be para-
metrised; either in terms of the atomistic-scale processes
they are supposed to represent® or by the judicious use of
experimental data.” The prize for success is very great; if we
could understand how these self-assembly processes work, it
would open new vistas for nanotechnology; we could make
nanostructures make themselves rather than having to
assemble them piece by piece. One final problem is that
biominerals are (literally) at the interface of two different
simulation communities. Much work has been published on
traditional “hard materials” (such as ceramics, metals and
glasses) and ‘“‘soft materials” have also received much
attention, particularly in recent years. However, the two
subjects are rarely discussed together. Thus the recent review
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of Redondo and LeSar,® which gives a thorough discussion
of computational methods used in biomaterials, is clearly
intended for simulators of ‘“‘soft materials” and only briefly
mentions hard biomaterials and biominerals. Rather more
work has been done on the specific problem of the interaction
of organic molecules and biomolecules with substrates.” This is
a convenient place to begin since it focuses attention on the
atomistic scale. We shall then consider the more complex case
of attempting to nucleate minerals on organic arrays and
scaffolds before moving on to consider self-assembly and the
simulation of biominerals at the larger scale.

Organic molecules on mineral surfaces

The simulation of organic molecules on minerals arises in two
contexts. First, there is the issue of how the presence of a
substrate affects the conformation and properties of bio-
molecules. This leads to discussion of the bio-reactivity of
surfaces and ultimately to the design of bio-sensors.'® Second,
there is the question of how the presence of organic molecules
can control surface features of minerals such as edges and
steps.!! This is a basic process in growth inhibition.'> In both
cases, there is almost always the problem of water to
consider.”* A common approach is to use an implicit solvent
model, using dielectric and/or implicit area models to mimic
the effects of the solvent.'* This gives a great saving in
computational effort, but necessarily ignores detailed struc-
tural changes at an interface. In addition to the obvious point
that the absorption of ions or molecules implies the displace-
ment of individual water molecules, the modifications of water
structure induced by a mineral surface change the local water
properties and hence control the absorption behaviour of ions
and molecules.'>"”

Much work has been done on the absorption of organic
molecules on graphite, from simple oligomers'® through
molecular arrays'® to sizeable biomolecules.”® Ref. 20 shows
how even a simple model of water is enough (and essential) to
obtain the conformations of the organic molecules, although a
detailed understanding of the hydration requires explicit water
simulations. There is also considerable experimental interest
in large organic molecules on metals,?' particularly on the
properties of “Lander” molecules.”> There is a significant
amount of work on the properties of self-assembled mono-
layers of organic thiols on metals like copper, silver and gold.
Here the ordering is often simplified by the strong bonding
between the sulfur of the thiol and the metallic surface.?> %
However almost all the simulations (and indeed the experi-
ments) have been performed on systems in vacuo and are thus
of limited relevance to simulations of biomaterials. Detailed
experimental data are sometimes available on the conforma-
tion and dynamics of large molecules on minerals (for example
statherin on hydroxyapatite®®). Some calculations have been
reported on the interaction of organic molecules with ceramics.
However, before we discuss these simulations in detail we need
to address the issue of obtaining a suitable forcefield.

Forcefield models for the organic/inorganic interface

If the molecules are reasonably small, it is possible to calculate
the absorption behaviour using ab initio methods. This

approach has been adopted by de Leeuw and coworkers
for molecules on minerals®’ > and studies of molecules such
as glycine and cysteine on titania.>® Such calculations can give
the relative absorption of molecules (with respect to water)?’
and configurations of the absorbed species. For larger
molecules it is necessary to resort to constructing forcefields.
As with all atomistic modelling, reliable interatomic poten-
tials are essential if reliable estimates for interfacial energies
are to be obtained, and the difficulties in obtaining and
validating such models should not be underestimated. It is
particularly risky to use ‘“black-box” solutions and simple
approximations when attempting to simulate complex inter-
faces. Carefully derived and tested interatomic potentials
exist for many minerals®' and there are a number of well-
established potential sets for organic molecules.’*** However
the situation is not as simple for the interactions between the
mineral and the organic substrate. A natural approach is to
attempt to extend (or even simply apply) the standard
forcefields used in organic systems such as CHARMM?* or
CVFF?? using the Lorentz—Berthelot mixing rules as necessary
to supply any missing interactions. Despite its appeal, this
strategy does not work. The two studies that have investigated
the matter in detail®®**> have both concluded that this
procedure seriously overestimates the binding at the interface.
An alternative approach, employed by de Leeuw and
coworkers,* is to use Schroder’’ type mixing rules, which
were originally derived for zeolite potentials. This method
seems to eliminate some of the problems associated with the
Lorentz—Berthelot procedure and, when calibrated against
ab initio calculations, gives reasonable results for interfacial
energies. An example of the differences involved is shown in
Table 1. The current situation is that, as there is no well-tested
potential set for organic/inorganic interfaces, each system
should be validated carefully, by comparison with an appro-
priate set of ab initio (which is not necessarily density
functional) calculations, before adsorption or interfacial
simulations can be considered reliable.

Previous simulations on molecule—surface interactions

Experimental data that can be used to validate simulations of
the growth and dissolution of calcite have been given by Teng
et al.'" These authors also show the drastic reorganisation of
the growth steps close to a screw dislocation that can be
induced by organic peptides. The presence of organic residues
of this kind may not be obvious. The work of Stipp>® shows
that the presence of organics in almost undetectable amounts
can control the surface properties of calcite.

Table 1 The interaction energy between an HCOOH molecule and a
CaCO; cluster calculated using Hartree-Fock and with DL_POLY
using the Lorentz-Berthelot rules and Schroder mixing rules

Hartree-  Lorentz—
Fock Berthelot  Schroder
Interaction energy/kJ mol ™! 112.7 146.9 114.4
Distance (O in carbonate from  1.66 1.58 1.63
H in carboxyl group)/A
Distance (Ca to O in carboxyl 2.44 2.17 2.27
group)/A
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A considerable amount of work has been done on X-ray
studies and molecular dynamics simulations using the simple
Dreiding forcefield have been used to investigate calcite
inhibition by large molecules.®® The results are interesting,
suggesting that the flexibility of the protein is an important
contributer to its ability to block a step. However the
simplicity of the forcefield used, the inadequacy of the tests
employed®® and the absence of water from the simulation
greatly limits the reliability of the results obtained. Similar
problems, together with the neglect of the relaxation of the
mineral surface, reduce the usefulness of three other studies of
macromolecules on apatites.*'** Calculations that attempt to
model a surface using a cluster are also of little value.*’ The
studies***® of the orientation of macromolecules on inorganic
surfaces, although plausible for ice, suffer from the same
problem with potentials when the methods are used for calcite.

There is a need for further work in this area, using properly
validated potential forcefields to understand the related
problems of how a surface can control the properties of an
absorbed molecule by affecting its conformation and how
molecules can control the morphology of surfaces by blocking
kinks, pinning steps and so on. Monte Carlo procedures have
demonstrated step blocking by impurities*” and blocking of
step growth on different faces is likely to play a crucial role
in shaping bio-crystals. This has not yet been explored in
detail but a combination of molecular dynamics simulations,
to determine step/molecule interactions, and Monte Carlo
growth models could help to establish the conditions necessary
to shape growing crystals.

Controlling morphology: templates and scaffolds

The control of crystallisation by biological processes can be
considered as the combination of two distinct components, the
control of nucleation and the control of growth.”® A striking
example showing both kinds of control is the plates that make
up the coccoliths grown by certain plankton.’' Here the
control of the orientation of the basal plate is presumably due
to nucleation, but the complex resulting shape must be due to
subsequent control by organic molecules acting on the growing
crystal. In this case polysaccharides appear to play a crucial
role as they have been observed attaching preferentially to
surface steps of calcite.>?

One of the remarkable characteristics of many biominerals is
the precise control of the crystallographic orientation, with the
implication that the organic layer or scaffold strongly favours
the production of a specific crystal face on the mineral
side. The usual explanation for this control is templating,
where the spacing and orientation of the functional groups of
the substrate somehow “match™ the structure of the selected
crystal face.® Experiments performed on growing crystals
using either Langmuir monolayers®*>® or self-assembled
monolayers®'~° have used this mechanism to guide the work.
However some experiments do not support these ideas.®

The templating explanation implicitly assumes that the
control of orientiation is due to the lowering of the energy
of a specific organic/mineral interface. The obvious context
whereby this could control subsequent mineral growth is
classical nucleation theory. We shall discuss this later, but it is

important to note at the start that this is not the only
possibility. If an amorphous phase were formed in the solution
which subsequently crystallised at the surface, this would
still result in morphology control by templating although
there need be no clearly defined work of nucleation. We
therefore begin by considering how such interfacial energies
should be calculated. Modelling interfaces between organic
molecules and inorganic crystals is not without its challenge
and some of the issues that require careful consideration are
outlined below.

1. Definition of the reference state

Perhaps the most fundamental question to be addressed
when calculating interfacial energies is the identification of
the reference state, that is the atomic configuration that is
considered to have zero energy. The interfacial energy between
two bulk materials (A and B) is straightforward, the reference
(zero energy) state is two blocks of pure material (AA and BB)
and the final state is two mixed blocks (AB and BA, Fig. 1a).
The interfacial energy is calculated from the difference between
the energies of the final state and the reference state. In the
case of an interface between a mineral surface and an organic
substrate, initially covered by water, there is no bulk phase
associated with the substrate. The reference state can be
defined as a block of mineral and an organic substrate in
contact with a half block of water. The final state is the organic
substrate in contact with a half crystal block plus a block of
water (Fig. 1b). From these quantities it is possible to obtain
the adhesion energy, f3, which is needed for classical nucleation
theories. (This quantity can also be obtained by a pair of
calculations (Fig. lc)). Extra care must be taken for polar
crystal directions, where charged crystal surfaces form inter-
faces with ionised organic substrates. In this case the negative
charge of organic substrate in the reference state must be

A (b) Vem = (Emc +%Ew —Ep _%Ec)/A
chz Yem ~Yew
(C) ch = (Emc + Ecx\ _Emw _2Ecw )/A

Fig. 1 Schematic representation of (a) the crystal/water interfacial
energy, (b) the crystal/monolayer interfacial energy and (c) the
adhesion energy calculations. The chequerboard pattern represents a
crystal block, the lines represent the monolayer and the dots represent
a water block.*
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compensated by an appropriate density of mineral cations and
the crystal blocks must be terminated by a reduced charge
layer, in order to cancel the dipole induced by the alternating
charge layers.

Almost all the simulations carried out to date on organic/
mineral interfaces have calculated the energy component of
the free energy and neglected the entropy term. Entropy is
notoriously difficult to calculate and usually involves a large
number of simulations as the system is gradually changed from
a reference state to the final state. However Kerisit ez al.' have
demonstrated that the strong ordering of water molecules close
to a mineral surface makes a significant contribution to the
mineral/water interfacial free energy. It is evident, therefore,
that accurate comparison with experiment will only be possible
for simulations in which a realistic estimate of the entropy is
included in the free energy calculation.

2. Lattice mismatch

Another issue to be addressed when modelling organic/
inorganic interfaces is that of lattice mismatch. This arises
from the periodic boundary conditions generally employed in
simulations in order to extend the effective size of the model
systems. The two-dimensional periodicity of the substrate and
the periodicity of the mineral surface must both be commen-
surate with the periodicity of the simulation cell. A small
amount of lattice misfit can be accommodated by introducing
misfit dislocations, arrays of lines at the interface where there
is strong distortion from the ideal interfacial structure.
However an additional complication arises for interfaces
involving polar directions. In this case, not only does the
structural mismatch have to be accommodated, but the
conditions of charge neutrality and zero dipole moment must
be satisfied. This requires either a modification of the charge
density, hence the atomic density, of the mineral surface or the
modification of the charge density of the organic substrate.
The organic monolayer of the self-assembled monolayer/(0112)
calcite interface has a lower charge density than the inorganic
crystal surface. This mismatch can be accomodated either
by reducing the atomic density of the crystal surface®! or by
introducing negatively charged (bicarbonate) ions into the
organic monolayer.®

3. Electrostatics

Some of the issues with electrostatics (involving polar crystal
directions) have already been considered, however, other
effects, such as the pH of the solution and mineral surface
charge, require comment. Crystal nucleation is known to be
strongly pH dependent, an effect which can largely be
attributed to the variation in the degree of ionisation of the
organic functional groups. The surface charge is determined
both by the local equilibria at the surface (controlled by the
binding constants of protons and ions to the monolayer) and
by the Gouy-Chapman-Stern solutions for the double layer.
These calculations®® have demonstrated that, above a parti-
cular pH, doubly charged cations form a condensed layer on
the monolayer and this could form the basis for crystal
nucleation. This approach gives good agreement with experi-
ment results obtained from weighing the amount of ion that
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Fig. 2 Dependence of the ionised fraction of molecules on subphase
pH for Ca®" (left) and Na" (right). Symbols are the experimental
points,55 lines are the calculation

binds to the film as a function of subphase pH* and also with
the direct measurement of the fraction of ionised carboxylate
in the monolayer using infra-red® (see Fig. 2: pK, values
obtained from ref. 66, adjusted for high concentrations). When
these methods are applied to carbonate solutions, it is also
necessary to take the speciation of the solution into account.
The data required for the solution equilibria are given in
ref. 67. Most experimental protocols assume that the solution
is saturated with CO,. The shape of the curve is similar to the
left-hand curve in Fig. 2; the point where the sigmoid
behaviour occurs varies from solution to solution, but is
usually controlled by the pK, values.

Nucleation and nucleation theory

Modelling nucleation processes at an atomistic level is only
possible for simple systems®®®° because of the strong mismatch
between timescales attainable in simulations (a few nano-
seconds) and nucleation timescales (seconds to days). Crystal
nucleation from undercooled liquid water’® and Si’' has been
observed in simulations but such simulations tend to be
prohibitively expensive. The method devised by ten Wolde and
Frenkel’” allows nucleation from moderately undersaturated
solution but it is difficult to apply to general systems. Some
information about preferred nucleation directions can be
obtained by modelling interfaces between organic substrates
and mineral surfaces. Classical nucleation theory predicts that
the volume of the critical nucleus, and hence the nucleation
barrier, is reduced at a surface, k, by factor which depends on
the ratio of the adhesion energy, fiys to the surface energy, 7,
(for a definition of the adhesion energy see Fig. 1)
AVs  AGy Py

AV CAG Ty, M

where (AV,/ AV) is the ratio of the volume of a critical nucleus
at the interface to that in free space and (AG] / AG") is the ratio
for the nucleation barrier.

An alternative approach, due to Liu and Lim,”* gives a
different expression since it assumes a different shape for the
critical nucleus, but agrees that the important physical
quantity is fis/yk. Therefore, crystallographic directions with
low interfacial energies should have low nucleation barriers
and growing crystals should be oriented along them.

This argument assumes the validity of classical nucleation
theory. Despite its well-known shortcomings (particularly for
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low contact angles and large undercoolings), the approach is
still the basic framework for thinking about nucleation
issues,” although a number of other models are now available
that show considerable promise.”® We shall discuss later some
trial simulations that consider the case where the mechanism is
not nucleation at the interface and subsequent growth.

Crystal growth simulations

Living organisms not only control crystal nucleation but they
can also, in some cases, control the shape of growing crystals
with remarkable precision. We must therefore put together the
ideas of the two major preceding sections; organic molecules
can control not only the basic orientation of a crystal, but also
the specific shape (and it need not be the same molecules that
do each part).

The growth of real biominerals has not, to our knowledge,
been modelled but experimental systems, where mineral
crystals are nucleated on Langmuir monolayers or self-
assembled monolayers (SAMs), have been studied using
simulation techniques. Interfaces between a range of faces of
calcite crystals and Langmuir monolayers with carboxylic acid
headgroups were modelled and it was found that the degree of
ionisation of the head groups strongly influenced the favoured
nucleation face.”” Experiments in which calcite crystals were
nucleated from a supersaturated solution on top of alkylthiols
with carboxylic acid head groups, self-assembled on gold
substrates, found a strong tendency to nucleate on the (0112)
calcite face.”® They also noted an “odd-even” effect, where
selective orientation was found for thiols with an even number
of carbon atoms but random nucleation” or nucleation on a
different face®® was found on thiols with odd numbers of
carbon atoms.

Simulations of interfaces between SAMs and calcite surfaces
suggest that the (0001) face should be preferentially nucleated
as this face is strongly commensurate with the substrate. The
(0112) face exhibits a strong lattice mismatch in one direction,
which must be accomodated by charged defects. When these
defects take the form of missing ions the resulting structure has
a high interfacial energy.®’ However it has recently been
demonstrated that bicarbonate ions absorbed into in the plane
of the monolayer head groups can also provide the extra
charge required to neutralise the charge and cancel the dipole
moment.®® The resulting structure is strongly ordered and has
a low interfacial energy, marginally lower than the (0001)
interfacial energy. The structure of such an interface is shown
in Fig. 3. Calcite crystals are normally grown in a super-
saturated solution of bicarbonate ions therefore this model
gives a very plausible explanation for the growth of (0112)
orientated crystals on SAMs. The simulations have demon-
strated that simple templating arguments are not sufficient, as
these would favour (0001) crystal nucleation. Additional
effects, such as ion concentration, must be taken into account.

Direct simulations of calcite crystal growth on fixed
SAMs have demonstrated that, in the absence of an aqueous
environment with charged ions, templating arguments do
select the correct nucleation face.®! In this case the (0001) face
nucleates, as a simple templating would favour since it is an
excellent epitaxial match (see Fig. 4). The direct simulations

Fig. 3 Interface between the (0112) face of calcite and a SAM. The
lattice mismatch is accomodated by rows of bicarbonate ions’®

also show a limited odd/even effect as the order parameter
increases more rapidly for growth on the even monolayer
(Fig. 5a) than on the odd monolayer (Fig. 5b).

Mesoscale modelling of biominerals

Control of crystal morphology does not occur only at the
atomic scale. The brief review of Adair and Suvaci®> discusses
the effects of flow rate of the solution, shear rate, and ageing
time as well as solution chemistry. Simple confinement can
produce particular shapes as shown in a long series of papers
by Meldrum® and coworkers. The experimental position
for self-assembly on the nanoscale is discussed in detail by
Colfen and Mann.®

Most atomistic and mesoscale simulations of self-assembly
are directed towards soft materials. Reviews of mesoscale
methods and their relation to atomistic simulations (the
problem of coarse graining) can be found in ref. 6.85.

0

(0001)

.863nm

Fig. 4 Lattice mismatch for the (0001) and (0112) directions (after
ref. 79)
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(a) (b)

Fig. 5 Initial and final configurations for simulations of the crystal-
lisation of amorphous calcite clusters on (a) an even SAM and (b) an
odd SAM®!

However some work on surfactants, particularly work on
detergent particles, is relevant here. Tobias and Klein,*® and
later Beardsell and coworkers,®”® have discussed the struc-
tures that consist of calcite nanoparticles (either crystals or
amorphous) surrounded by organic surfactant molecules.
Including water in the simulation is essential if the correct
structure of the surfactant sheath is to be obtained. The later
work ¥ discusses the overall shape of the molecules and its
dependence on the presence of co-surfactants. The interest here
is that these structures are similar to the building blocks of the
self-assembled materials reviewed by Colfen and Mann.?*
The recent work of Glotzer’s group® ! which uses lattice
Monte Carlo to study the self-aggregation of nanoparticles
joined by biological linkers, is closer to the problem of the
formation of biominerals in that we not only have the crucial
combination of hard and soft material in a single system, but
also self-assembly. However, the organic component only
links existing nanoparticles, it does not control their growth.
Nevetheless, the demonstration of the importance of nano-
particle shape and the location of the organic links on the
nanoparticles®® together with the effects of the length of the
links”>®! are of considerable interest for our problem. It is
clear that the manner and organisation of the self-assembly
can be related to basic geometrical and topological properties
of the nanoparticles. Work on the interaction of polymer
chains with hard spheres’ is also likely to be relevant
here. Recent work using reduced models of self-assembly
dynamics” may also be helpful in mapping out the kinds of
behaviour that might be expected. At a pictorial level, the kind

of mechanism is agreed; the hard particles are the basic
structural elements and the soft matter glues them together.
This remark, however, cannot be dignified with the term
“explanation”. We need detailed simulations to make sense of
the considerable amount of existing experimental data, and
suggest new directions for research. Once again, the problem
is that while there is much work on self-assembly of soft
materials, and also a fair amount on the interaction of hard
particles (for example rods and spheres” and the increasing
amount of interest in granular dynamics®), there is little work
yet on dynamical, self-assembling systems where both soft and
hard particles are present. A recent example of simulating
nanocomposites of this kind can be found in ref. 96 (and an
alternative approach using continuum composite theory in
ref. 97). The application of these methods is another review
in itself. An introduction to the issues can be found in ref. 1
and an example of the application to bone in ref. 98.

Conclusions

Biominerals and biomineralization are areas where much
remains to be started, let alone completed. Most progress has
probably been at the level of atomistic simulation and we have
concentrated on that work here. However, all too often the
work is not as useful as it might be because insufficient
attention has been paid to the problem of obtaining robust,
reliable interatomic potentials. At this scale, simulations have
suggested many effects that are important in the control of
growth of these systems in addition to geometrical templating.
There remains a daunting variety of types of system to be
tackled. For example, the experimental evidence that complex
molecules can control growth by electrostatic effects.”®!%
However, most progress is needed at the mesoscale and the
development of coarse-graining techniques to link the atomic
and mesoscales (and also the mesoscale and continuum). Here
the reviews of Mann® and Meldrum'®' (to name but two) set
an agenda that will keep simulators busy for a long time. It
may be, as Stoncham suggests,'?> that what is really needed is
simple models that capture the essence of what is going on. If
so, they will at some stage require more detailed simulations to
back up their claims.
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