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Chapter 1

Introduction

Environmental science and environmental geology investigate the phenomena and
processes occurring at the Earth’s surface, both at the macroscopic and microscopic scale.
Mineral surface science is a tool to understand environmentally relevant geochemical
processes at the micro and nano-scale. Two important processes that occur on surfaces
are crystal growth and dissolution. Crystal growth on surfaces can be controlled by the
presence of organic molecules and templates, which can influence dissolution rates and
the morphology of minerals. It is well known that some organic molecules, such as
phosphonic and carboxylic acids, have the ability to retard or totally inhibit crystal
growth from solution [Pina et al, 2004, this paper is co-authored by S. Biswas; Becker et
al, 2005]. In addition to the geochemical importance of growth inhibitors, growth
inhibition is of particular interest in industrial processes where the growth of undesirable
crystalline solids must be prevented (e.g., barite scale formation in off-shore oil wells,

formation of various scales in water treatment processes).



The structure of mineral surfaces and minerals change at the nano, micro, and
macro-scale due to the adsorption of organic and/or inorganic molecules at the surface,
specifically on active growth sites on these surfaces such as steps and kinks. However, in
order to understand, predict, and control crystal growth, we need to understand the
molecular mechanisms that govern the inhibitor—crystal interaction. Incorporation of
different elements (e.g., iron) into specific functional structures (e.g., siderophores) that
match the topography of the surface needs to be understood in order to explain
morphology-controlled crystal growth and dissolution as it is observed, e.g., in
biomineralization processes.

In the past, adsorption of molecules to mineral surfaces has been indirectly
investigated from bulk experiments. Measurements of crystallization rates in the presence
of inhibitors have been attributed to the adsorption of molecules to active growth sites on
surfaces. Surface techniques such as AFM provide the opportunity to study the effect of
inhibitors on crystal growth in situ at a nanometer scale, and they allow direct
measurements of growth rates. However, the actual energetics of the adsorption and the
adsorbate structure on different surface sites needs to be determined using computational
methods. The energy of the surface, the adsorption energy of organic molecules to the
mineral surface, variation of adsorption energies of the growth-inhibitor at different
surface sites (kink, step, edge, and terrace) can be calculated using empirical force-field
and quantum mechanical methods. The computational expense of the latter is prohibitive
to be applied to systems of thousands of atoms as used in computational
biomineralization studies. Therefore, quantum-mechanical methods mainly serve to

derive and test the force fields used in empirical methods or to study electron transfer



processes in smaller systems. Computational modeling of the adsorption of growth
inhibitors and modifiers onto mineral surfaces and performing static energy
minimizations and molecular dynamics simulations allows us to determine the energies
required for the growth inhibition and adsorption of these molecules to mineral surfaces
and their possible structural attachment and formation.

The main theme of this thesis is the interaction of adsorbates with mineral
surfaces. Adsorbates can be divided into two categories, organic and inorganic
adsorbates. The major part of my work deals with organic adsorbates on mineral surfaces.
Organic adsorbates are mostly associated with biological systems in the environment.
These biological systems/organisms induce mineral deposition in natural environments.
In other words, biologically-mediated activities of these organisms lead to mineral
nucleation and growth. This process is called biomineralization. There are two types of
biomineralization depending on the level of biological control, (i) biologically induced
mineralization and (ii) biologically controlled mineralization. The type of
biomineralization that is studied during this research is biologically controlled
mineralization.

Biologically induced mineralization occurs as a result of chemical changes in
the environment of an organism, which can promote mineral precipitation as in the case
of coral formation.

In biologically controlled mineralization morphologically complex structures
nucleate and grow in concert with a genetically programmed macromolecular matrix of
proteins, polysaccharides, and lipids. The resulting mineral micro-architectures fulfill

specific physiological functions such as the addition of stiffness and strength to skeletal



tissues. These ““biomaterials’ can have remarkable physical properties that can often not
be imitated by even sophisticated synthetic materials. Synthetic materials that make use
of the interactions between organic matrices and inorganic crystals are called biomimetic
materials and designing these biomimetic materials is one of the fastest-growing subjects
in materials engineering [Shin et al, 2003].

Mostly carbonates and phosphates, and to a minor degree oxides, sulfates, and
sulfides can be formed by biomineralization processes. Of these, the calcium carbonates,
calcite and aragonite, have the most widespread occurrence in nature and form through
either type of biomineralization.

A stable interface between the organic matrix and the nucleating surface of the
biomineral is needed for biomineralization to occur. Certain thermodynamic and physical
properties of the two surfaces forming the interface are required to match to form a stable
interface, such as polarity, electrostatic potential, lattice geometry, and topography. This
process of structural and physico-chemical matching of two types of surfaces has been
investigated by various researchers [Sethmann et al, 2005, Mann, 2001]. Scientists have
done experimental work to address the mechanism of growth of inorganic nucleating
surface under the influence of an organic matrix [Pina et al., 1998, Orme et al, 2001,
Addadi et al, 1985]. These studies helped to address the growth morphologies of
nucleating mineral surfaces. To further understand biomineralization, it is necessary to
study various properties of organic matrices along with mineral surface growth
morphologies. Chapter 2 describes different properties of peptides, which can be part of
organic matrices promoting biomineralization. Such peptides can induce selective

stabilization of surface steps on nucleating mineral surfaces. The peptides studied in



Chapter 2 are small representatives of large organic matrices that govern the inorganic
nucleating mineral formation during biomineralization. Thus, information on the
behavior of these peptides in the selective stabilization of mineral surface steps can
further the understanding of organic matrix mediated inorganic nucleus stabilization. The
two main hypotheses that are tested in Chapter 2 are:

e Can interfacial (adsorption) energies of specific peptides on particular calcite
surfaces elucidate the selectivity for particular calcite surfaces and surface steps
during biomineral formation?

e What role do side chain functional groups of the peptides play in the selective
adsorption of peptides to inorganic nucleating mineral surfaces?

The inorganic nucleating mineral surface studied in Chapters 2 and 3 is calcite
(104). Calcite is a rhombohedral polymorph of calcium carbonate (CaCO3). DNA, which
is a double-stranded helix consisting of polymers found in the nucleus of the cell of living
organisms, controls the initial biomineralization process by transferring its genetic
information to proteins in the outer cell wall [Dickerson et al, 2004]. When an organism
forms a template in its exoskeleton, it is thought to be an image of the genetic
information carried in its DNA. Thus, the mineral deposition on the exoskeleton of the
organism can be related to its DNA pattern. According to the central dogma of molecular
biology, translation of DNA forms RNA, and transcription of RNA forms proteins
[Crick, 1970]. Proteins are polymers of amino acids linked via peptide bonds in a specific
sequence. Proteins are large complex molecules and, therefore, computationally
expensive to study. In order to make the system more accessible to a molecular-

simulations approach, the role of proteins in this study was simplified by peptides of



different chain lengths. Such an approach allows to determine the influence of individual
functional groups that *“control” mineralization when biologically-controlled
mineralization is studied. Proteins are made up of amino-acids in particular sequences
and consist of various functional groups in their side chain. These functional groups can
be of acidic or alkaline nature, and they can be bulky and, thus, may pose steric hindrance
to the mineral-adsorbate interaction. Functional groups carry a specific charge depending
on pH and the pKa values of the functional groups of particular amino acids which can
influence mineral deposition.

In Chapter 2, selective adsorption of peptides to specific surface steps are
investigated. We study the interaction of small peptides (3-amino acid and 12-amino acid
long) with the calcite {104} family of faces, which are the most stable faces of calcite.
The peptides investigated have different structures and different protonation states. The
molecular modelling study of peptide-calcite interaction in this chapter elucidates the
effect of electrostatic and van-der-Waals adsorbate-mineral interaction and the potential
steric hindrance during the alignment of peptides on calcite surfaces and surface steps.
The latter process determines how peptides adopt different structural orientations during
mineral-adsorbate interaction. Since all of these processes take place in an aqueous
environment, the effect of hydration is taken into account in our calculations.

Peptide-calcite interactions in two-dimensions are the subject of Chapter 3, while
in Chapter 2, the selectivity of the peptides for specific surface steps can be considered to
be in one-dimensional approach along the surface step. This selectivity of calcite surface
occurs during the formation of biomineral. The two-dimensional interface used in

Chapter 3 is mimicked by calcite seed nuclei in contact with compressed biofilms.



Biofilms are representative of organic matrices in nature that induce mineral seed
nucleation at the onset of biomineral formation. Langmuir films have been used in the
past in experimental approaches not only to control the growth of different calcium
carbonate polymorphs but also to create crystallographically well-defined organic-
carbonate interfaces [Mann, 1988]. Previous studies have investigated the formation of
calcite seed nuclei from supersaturated calcium carbonate solutions in contact with
Langmuir films [Buijnsters et al, 2001]. We are one of the first to generate computer
models of such periodic Langmuir films using amphiphilic organic molecules that have
long hydrophobic carbon chains and a polar head-groups. In the experiments, the
distances between the polar head groups are controlled using microscopic pistons. In our
computer experiments, this setup is simulated by applying an external pressure. Under
conditions, where the separation of the functional groups agrees with the distances of
Ca”" ions on a particular carbonate surface, nulceation of calcium carbonate seeds can be
facilitated. The main hypotheses tested in Chapter 3 are:
e What surface of calcite can form a stable interface under compressed biofilms in
an agueous medium?
e How can the structural and functional aspects of organic molecules in biofilms
play a role in stable calcite seed nucleus formation?

The stability of the organic(Langmuir film)-inorganic(calcite surface) interface is
studied in Chapter 3 to find the most favorable interface of calcite that can be formed
under biofilms. This approach was chosen because the actual timescale of calcite seed
formation in experiments is much longer than the timescale of computational modeling,

which makes real-time molecular-dynamics simulations of growth-seed formation under



Langmuir films prohibitive. Thus, the simulations in Chapter 3 start with nuclei that have
different interfaces with the organic matrix and their respective stabilities are
investigated. In this setup, the aqueous environment is calculated using a molecular
dynamics approach of the surrounding water. This captures more closely
biomineralization in nature, where crystal growth occurs after the crystal nucleus is
developed and the mineral keeps growing from such a nucleus.

Chapter 4 deals with a type of biomineralization as it occurs in the formation of
bones and teeth. Biominerals can nucleate and grow in concert with the macromolecular
structure of biological molecules like proteins, lipids, and polysaccharides. The resulting
mineral architectures (controlled biominerals in this case) perform specific physiological
functions such as bone regeneration and provide mechanical strength to the bone tissue.
Thus, understanding biomineral formation at a molecular level is important for tissue
engineering, and this knowledge can help us optimize ways to restructure bone growth
that is specific for a particular organism. In this context, Chapter 4 describes possible
interactions of bioactive surfaces with biomaterials that cause cell adhesion during bone-
tissue regeneration. The main aspect of bone-tissue engineering is attaining the original
functionality of the damaged tissue. To achieve this, cell adhesion to synthetic support
(e.g., biomaterials) via bioactive surfaces is required to happen. The bioactive surfaces
can be extracellular proteins, cell-mediated synthetic proteins, or bio-engineered motifs.
All these three types of bioactive surfaces interact with the biomaterial (e.g., carbonated
hydroxyapatite in bone [Garcia et. al, 2005]). This biological molecule-inorganic mineral
interaction leads to a series of cellular events including cell-adhesion that finally lead to

bone-tissue regeneration [Garcia et al, 2005, Burdick et al, 2002]. Thus, it is important to



understand the interaction between bioactive surfaces (proteins) and biomaterial

(carbonated hydroxyapatite) in order to understand bone-tissue engineering, because

these interactions are stepping stone of the bone tissue regeneration process. In Chapter 4,

the biological organic molecule adsorbates chosen are peptides from various sources that

contribute in bone formation. RGD (arg-gly-asp) is a ubiquitous protein, YIGSR (tyr-ile-
gly-ser-arg) is derived from laminin, and E;PRGDT is derived from bone-sialoprotein

[Loh et al, 2000, lwamoto et al, 1987, Itoh et al, 2002]. The role of these peptides in cell-

adhesion has been studied experimentally [Okamoto et al, 1998, Gilbert et. al, 2000].

However, the orientation of these peptides alongside a biomaterial surface is still fairly

unknown. In Chapter 4, the main hypothesis that is tested is:

e Can interfacial (adsorption) energies of specific peptides on particular
hydroxyapatite surfaces elucidate the influence of peptide orientation on particular
hydroxyapatite surfaces and surface step-locations during peptide-biomaterial
interaction prior to cell-adhesion?

Hydroxyapatite is chosen as biomaterials surface as relaxed hydroxyapatite surface

represents the actual biomaterial component of bone, i.e., carbonated hydroxyapatite

[Astala et. al, 2005]. Hydroxyapatite and carbonated hydroxyapatite are the main

components of bone-minerals. Hydroxyapatite has a hexagonal structure and has different

surfaces where organic molecules can get adsorbed. A stoichiometric, charge-neutral, and
dipole-free hydroxyapatite (001) surface was constructed for these studies, and empirical
potentials were employed to study the organic molecule-inorganic mineral surface

interactions. In addition to flat (001) terraces, surface steps parallel to [010] on the (001)

surface were created to analyze peptide interactions with and their orientation along these



steps. This work is an initial study of the adsorption mechanism of peptides on
hydroxyapatite surfaces, which evaluates the interfacial structure of bioactive surface and
hydroxyapatite (001) face. There are other faces such as (100), (010), and (213) of the
hydroxyapatite and carbonated hydroxyapatite that can be studied to determine different
possible faces of biomaterials surfaces present in bone where peptides can interact to
trigger cell-adhesion during bone-tissue engineering. These faces are on the side of the
tabular hexagonal prism form of the hydroxyapatite crystal, and peptides can easily
access and interact with these faces during bioactive surface-biomaterial interaction prior
to cell-adhesion.

This work and additional modeling on peptide-carbonated hydroxyapatite
interaction in the future using other peptides, surfaces, and steps on these will help us
address complex bone-formation questions. This will lead to a more interdisciplinary
approach where biominerals can be used extensively as medical implants.

In contrast to the empirical force-field calculations on organic matter-mineral
interactions, a quantum-mechanical approach has been used in Chapter 5 to evaluate
electron-transfer processes through semiconducting mineral surfaces between adsorbed
redox couples. In systems where electron transfer occurs, such as semiconducting
minerals like galena, and redox couples like oxides and As(IIl) species, a quantum
mechanical approach is required (Chapter 5).

In natural environments, water, especially groundwater carries various amounts of
dissolved and suspended species. When the groundwater comes in contact with the
minerals, these species can interact with the mineral. Arsenic is one example of such an

element that is carried by groundwater. Arsenic can be useful and important, but also
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poisonous. Its mobility in groundwater, its poisoning effect, its use in medicinal
applications, its use in extraction of iron from iron core, and many more other
geochemical and industrial aspects have made this element an important subject for
research and exploration. As(l1l) is more soluble and mobile in solution than As(V)
[Dixit et. al, 2003]. As(IlI) is also more toxic than its oxidized counterpart. The most
common natural As(lll) species in groundwater is As(OH)s. To minimize the
concentration of As in groundwater, it is necessary that As(OH); gets adsorbed to mineral
surfaces and subsequently oxidized while oxidation in solution is often kinetically
hindered. Thus, one needs to understand the redox chemistry of different As species in
the solution and in their adsorbate state. As(V) gets more strongly adsorbed to iron and
aluminum hydroxides than As(I1I), which is weakly adsorbed to these minerals in an
oxidizing environment. Research by Bostick et al [2003] on As-sulfide/oxide interaction
on galena and sphalerite at different pH values has shown that As(l11) species adsorb to
galena surfaces, though the exact mechanism is unknown. Becker et al. [2001] have
studied the promotion of galena oxidation due to the co-adsorption of Fe** and
dissociated water, which is an example of the proximity effect. This reaction mechanism
of the proximity effect can be used to explain the adsorption of As(l1l) species on galena
surfaces. In Chapter 5, we have used molecular modeling techniques to study the
adsorption and potential oxidation of As(l1l) species on galena surfaces using proximity
effect theory. This theory describes how the chemical reaction of one surface site
influences the electronic structure and reactivity of neighboring or nearby sites by spin

polarization and electron /charge exchange. This perturbation of the electronic structure
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can mobilize another species on the surface in another surface site and promote its
adsorption. Thus, Chapter 5 addresses the question:
e Does the presence of an oxidizing species, such as ferric iron or oxygen, influence the
adsorption of As(l11) species on the galena surface?
The information gained from this study will help us understand the redox

chemistry and mobility As(l11) species in ground water.
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Chapter 2

Interactions of mineral surfaces with polypetides: an
insight into the influence of amino acids on calcite
biomineralization

Introduction

Most of the minerals that grow as a result of biological processes are comprised of
carbonates, silicates, phosphates, and, to a smaller degree, of sulphates [Ringwood et al,
1996]. Weathering and complex biological and chemical interactions have led to the re-
precipitation of dissolved minerals into sedimentary rocks. The emergence of primitive
organisms promoted the processing of dissolved mineral constituents in the marine
environment where both prokaryotic and eukaryotic organisms have the ability to
produce mineralized skeletal elements. Thus, the resulting minerals of biogenic origin
comprise a large portion of the Earth’s crust and represent a large storage of sequestered
carbonate, silicate, and phosphate ions. The majority of carbonates occur as calcite,
typically produced by plankton and invertebrates. Organic macromolecules appear to be

an integral part of most calcium carbonate biominerals. It is known
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that biological carbonate formation is in large measure a process mediated by organic
matrices. In extracellular mineralization, the cell produces a macromolecular matrix
outside the cell in an area that will become the site of mineralization [Skinner, 2005;
Mann, 1988]. The term matrix refers to a group of macromolecules comprised of
proteins, polysaccharides, and glycoproteins that assemble to form a three-
dimensional framework. Organic matrix frameworks can provide binding sites for the
components of a mineral, thereby selectively nucleating specific crystallographic
faces [Buijnsters et al, 2004]. Organic carrier molecules can help to produce local
supersaturation with respect to a certain mineral phase to be precipitated. Organic
templates determine the morphology of the biominerals, and the structure of the
organic template is responsible for producing growth nuclei in the mineral phase. A
well-studied example of this is coccolithophores, which deposit calcite as their
mineral phase. Calcite is a rhombohedral polymorph of calcium carbonate (CaCOs).
The lowest-energy faces of pure calcite are the {104} family of faces [Henriksen et
al, 2004]. DNA, which is a double-stranded helix consisting of polymers found in the
nucleus of the cell of living organisms [Dickerson et al, 2004], controls the initial
biomineralization process by transferring its genetic information to proteins in the
outer cell wall [Kornberg, Nobel prize in chemistry, 2006]. When an organism forms
a template in its exoskeleton, it is thought to be an image of the genetic information
carried in its DNA. Thus, the mineral deposition on the exoskeleton of the organism
can be related to its DNA pattern. According to the central dogma of molecular
biology, translation of DNA forms RNA, and transcription of RNA forms proteins

[Crick, 1970]. Proteins are polymers of amino acids linked via peptide bonds in a

16



specific sequence. The synthesis of protein from RNA allows genomic techniques to
be applied in protein studies. Thus, the sequencing of amino acids in a protein is a
direct reflection of the DNA base-pair sequence present in the gene of a living
organism [Crick et al, 1961]. Therefore, the study of the interaction of polypeptides
(containing amino acids) with calcite surfaces can help us understand the structural
matching of interfaces between the organic matrix-and the inorganic mineral surface
during biomineralization. Combination of our study with the experimental AFM work
on thermodynamics of calcite growth will strengthen our understanding of calcite
biomineralization at molecular level [Teng et al, 1998].

Here, we have looked into different properties of peptide, which are part of
organic matrix in the biomineralization process, that induce selectivity in the
inorganic nucleating mineral surface during biomineral formation. The peptides that
are studied in this chapter are small representative of large organic matrices that
govern the inorganic nucleating mineral formation during biomineralization. So,
behavior of these peptides in selective stabilization of mineral surface steps would
provide a good understanding of organic matrix mediated inorganic nucleus
stabilization in general. The main hypothesis that is tested in this chapter is whether
interfacial(adsorption) energies of the peptides on particular calcite surfaces can
elucidate on selectivity of calcite surface and surface steps during biomineral
formation. The other hypothesis we have tested here is what role the side chain
functional groups of the peptides play in selective adsorption on inorganic nucleating

mineral surface.
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The interaction of oligomers/polypeptide chains on (104) calcite surfaces as a
precursor of biomineralization has been studied in this chapter. Our main objective is
to find suitable orientations of amino-acid residues in these peptide chains, where
these peptide chains align themselves parallel to flat calcite surfaces or parallel to a
step on these surfaces. This type of one-dimensional matching between a calcite
surface step and a protein chain may be one mechanism to control the shape of
biominerals. Structural matching at inorganic-organic interfaces is a key concept for
oriented nucleation in biomineralization. The stereochemical relation between the
coordination environments of ions on specific crystal faces (Ca®" and CO;” in this
case) and the arrangement of ligands (i.e., peptide residues, oligomers) around ions
bound to the surface is a potential factor for organic nucleation and selectivity of
biominerals. If the distance between the repeating unit residues in the adsorbent
matches the distance between the repeating units in the adsorbate surface and if the
polarities of organic template and mineral surface/step match, the adsorbing long-
chain polymer or oligomeric organic compound can lie parallel to the surface step
and, thus, stabilize the interface. The most favorable interfacial energy between a
pair of organic matrix-inorganic nucleating surface leads to formation of a stable

biomineral.

Methods

Choice of amino acid sequence in small protein oligomers
As a precursor of biomineralization, we are studying the interaction of
oligomers/polypeptide chains on the {104} calcite family of faces. Our main

objective is to find suitable orientations of amino-acid residues in these peptide chains
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and where these peptide chains align themselves parallel to the calcite surface. By
evaluating the adsorption energies of different peptide sequences on calcite steps, we
are trying to find the most suitable of such sequences to promote the controlled
growth of surfaces whose growth may start from these steps.

In order to find a suitable polypeptide sequence for optimal adsorption, one
has to note that translation from the DNA to polypeptide sequences involves the
conversion of a four base code (ATCG) into twenty different amino acids. A codon or
triplet of bases specifies a given amino acid [Crick et al, 1961]. Most amino acids are
specified by more than one codon. The conversion of codon information into proteins
is conducted by means of the RNA. Each transfer-RNA (tRNA) has an anticodon,
which can base pair with a codon. Some anticodons have modified bases that can pair
with more than one codon, specifying the same amino acid; this means that we do not
need 61 different tRNA molecules for all 61 codons.

In order to avoid steric hindrances of complex polypeptides, we chose to work
initially with 3-amino acid long small-chain oligopeptides to study their interaction
with calcite surface steps. Since a given amino acid requires 3 bases to be expressed,
we can apply the A-T G-C rule, commonly known as Chargaff’s rule [Chargaff et al,
1948]. Chargaff's rule states that the molar ratio of A (adenine) to T (thymine) and of
G (guanine) to C (cytosine) is always approximately equal in a DNA molecule.
Chargaff's Rule is true as a result of the strict hydrogen bond forming rules in base
pairing. For every G in a double-strand of DNA, there must be an accompanying
complementary C; similarly, for each A, there is a complementary paired T (U-uracil

for RNA).
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The base pairs chosen for the current study with their anticodons and
corresponding amino acid according to their expression are listed in Table 2.1.

The amino acids listed in Table 2.1 have different functional groups as side
chains, and, consequently, their functional groups have different pKa values. The a-
carboxylic acid groups have pKa values from 1.77-2.58, and the a-amino groups have
pKa values in the range 9.0-10.60 [Lim et al, 1991]. The side-chain functional groups
have varying pKa values, depending on the strength of their respective conjugate
acids and/or bases. Lysine, tyrosine, and arginine have pKa values over 10 such that
they need highly alkaline conditions to be deprotonated. In our study, we apply
protonated and deprotonated functional groups, thus varying pH conditions from
acidic to alkaline in our models.

We are using empirical force-field methods to study the adsorption of peptides
containing the above-mentioned amino-acids on calcite (104) surfaces and surface
steps. Using the Cerius® software (Accelrys Inc.), we have created calcite (104)
surfaces and surface steps along periodic bond chains parallel to the symmetry-
equivalent [48-1] and [4-4-1] directions. All Coulomb interactions between the 3-
amino-acid peptide molecule and mineral cluster atoms are included as well as all
interactions within the molecule (except for 1-2, nearest neighbor, and 1-3, second
nearest neighbor, interactions, which are treated using Morse and three-body
potentials, respectively) and within the calcite cluster, which is achieved by setting
the cut-off radius to 200 A, which is significantly larger than the dimensions of the
cluster. The calcite cluster contains 700 atoms, i.e., 140 CaCOj; units. The Ca’** and

CO;™ ions are arranged in such a way that there is no net dipole moment either
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perpendicular or parallel to the calcite {104} faces. This is achieved by the steps that
bound the cluster being parallel to [48-1] ([4-4-1]) which is equivalent to having a
cluster that is terminated by a face that is symmetry equivalent to the (104) face. In
other words, the cluster is a nano-version of the typical rhombohedron of calcite
found in nature. In order to create steps on the upper surface, the upper layer consists
of 15x16 surface unit cells whereas lower layer consists of 15x22 surface unit cells
for polar surface steps (Ca>" present on the step edge). For non-polar surface steps
which are parallel to [48-1] ([4-4-1]), 14x12 surface unit cells in the lower layer and
14x8 surface unit cells in the upper layer were chosen. For the non-polar step, there
are alternating Ca”" and COs” ions along the step edge. We can have two types of
non-polar surface steps, creating an acute angle and an obtuse angle. We also created
polar surface steps parallel to both [42-1] and [010] step direction, and in each of
these cases, the steps can be terminated by either Ca®" or Cng' ions. We have
calculated adsorption energies for each of these surface step scenarios mentioned
above and adsorption to flat terraces.

The CALCITE force field was developed in this study to calculate the
interactions within the organic molecules and for interactions between the organic
molecule and the substrate. This CALCITE force field uses the potentials listed in
Table 2.2 (a core-only potential set was derived to simulate interactions within the
calcite). Interactions within the organic molecules and between the calcite and the
organic molecules are based on the UNIVERSAL1.02 force field [Rappe et al, 1991].

The force field list in Table 2.2 controls the interaction between carbon and

oxygen atoms in the carbonate group and the O-C-O angle, and the inversion
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potential determines how planar the carbonate group is as a consequence of distortion
caused by surface relaxation or adsorption. It also accounts for the bond stretching
action between the carbon and oxygen atoms and van der Waals interaction between
them. In order to find the absolute energy minimum with its corresponding structure
of a molecule adsorbed to the surface, the molecules were brought close to the surface
manually in different orientations. From each starting position, the minimizer of
Cerius” was used to optimize the position.

The charge distribution within the peptide molecules was calculated using the
QEq [Rappe et al, 1991] charge equilibration scheme. Subsequently, the respective
(according to the deprotonation state) number of protons was removed and the
corresponding positive charge was adjusted by evenly distributing the charge
difference due to deprotonation over the remaining charged molecule. The individual
atomic charges from this initial charge distribution were not changed in subsequent
adsorption calculations. This is important because redistributing the charges within a
calculation or in between adsorption energy -calculations introduces arbitrary
fluctuations in the calculated adsorption energies. This approach is justified because
none of the reactions discussed in this study involves significant charge transfer. The
charges of atoms in the calcite are those listed in Table 2.2.

Molecular dynamics simulations at 300 K were performed to avoid trapping
the adsorbate in a local energy minimum before and during optimization. These
dynamics simulations were performed using a constant NVE ensemble. This is the
most suitable ensemble for the setup that we used with constant number of atoms

(constant N), non-periodic system (thus using V rather than P), and an adiabatic
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approach (constant E). The structure is allowed to evolve in time, by solving
Newton’s equation of motion. Every 100 steps, velocities are rescaled if the averaged
temperature goes outside the specific window around the target temperature. The
dynamic time step is 0.001 ps, and for each MD run, we run 500 steps.

In order to investigate the interaction between a specific protein that may
trigger the biomineralization of some coccolithophorids and the calcite surface or a
calcite step, we increased the complexity of our calculation from 3-amino-acid
peptide residues to 12-amino-acid peptide residues. For this setup, we used the
protein GPA (glycophorin A), which is a calcium-binding protein in the
coccolithophorid Emiliania Huxleyi [Corstjens et al., 1995]. GPA contains high
percentages of constituent glutamic acid, proline, and alanine. With one deviation, an
amino acid stretch of 35 residues is repeated in GPA. This repeat unit contains a
sequence of 12 amino acids showing homology with the Ca®"-binding loop of EF-
hand motifs [Kawasaki et al, 1995]. The amino acid sequence of this 12-amino acid
residue is pro-glu-val-pro-glu-gly-ala-val-asp-thr-ala-ile.

All the above mentioned adsorption calculations involving 3-amino acid
residue and 12-amino acid residue peptides are initially performed in vacuum
conditions. To understand the adsorption in natural biomineralization processes, we
must consider aqueous environment. Researchers have found that physisorption of
water is energetically most favorable on calcite (104) surface, and the stepped planes
are found to be good models for growth steps on the experimental (104) surface [de
Leeuw et al, 1997; Kerisit et al, 2004]. As we are studying the adsorption of peptide

on calcite (104) surface, and we are mainly focused on the behavior of the peptides,
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and interaction of its’ functional groups with mineral surface atoms, we need to
calculate hydration energies of these peptides when they attach to the mineral surface.
We use quantum mechanical calculations using Gaussian03 [Frisch et al, 2004] to
calculate the hydration energy of the 3-amino acid residue peptides. We use a 3-21g
basis set and a dielectric continuum approach [Cances et al, 1997] with a dielectric
constant of water of 78.39. A molecular dynamics approach with hundreds of water
molecules for tens of different configurations would have been to computationally
expensive. The hydration energy of the 12-amino acid residue peptide with complex
side chain structure is not known, as the structure is too large for quantum mechanical
treatment. We subtract the hydration energies from the vacuum adsorption energies of
3-amino acid peptide to get the effective adsorption energies of these peptides on
various calcite surface locations.

As evident from the amino acid sequence in this 12-amino acid residue
peptide chain, there is a range of side-chain structures. This allows studying the effect
of side-chain functionality on the peptide-calcite surface interaction. Our objective is
to determine how the steric hindrance and reactivity of these side chains can influence
the parallel alignment of the peptide along mineral surface and thus, the attachment
energy, and how side-chain geometries can influence the topography at the interface.
For comparison, we have chosen to study the interaction of a 12-amino acid peptide
residue with the calcite surface step with alternating glycine and alanine residues in
the 12-amino-acid peptide chain. Glycine has H- and alanine has CH3;— side-chain
residues in the amino acid. These are the two simplest side-chain residues and they

exert minimum steric hindrance to the peptide-calcite interface. Again, the peptide-
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calcite interface interactions at both acidic and alkaline conditions were studied, with
the peptide residue being neutral or negatively charged. Glycine and alanine are the
two most "fundamental" amino acids in biochemical pathways and in natural
occurrences in prebiotic systems. Both are specified by guanine/cytosine base pairing
at the first two positions, the strongest possible interaction. Figure 2.1 shows the

structure of 3 different types of amino-acid chains (polypeptides) used in our study.

Results and Discussion

We will discuss the results of the interaction of small peptides on calcite
surface in two different sections. First we will discuss the interaction of negatively
charged peptide on various surface locations of calcite (104) surface, and then we will
analyze the results for interactions with neutral/positively charged peptide on calcite
surface. The reason to separate the results into these two categories is that they
represent two different environment, alkaline pH and neutral pH respectively for
negatively charged peptide and neutral/positively charged peptide. As we have
mentioned in the methods section, we have first calculated the vacuum adsorption
energy of the peptides on calcite surface, then we have calculated the hydration
energy of the peptide to calculate the effect of hydration on adsorption of these
peptides on mineral surface. Now onwards, the energy values represent the effective
adsorption energy of the peptides on calcite surfaces. As mentioned earlier, we
subtract the hydration energy of the peptides from the vacuum adsorption energies to

obtain the effective adsorption energies.
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Interaction of negatively charged peptides on calcite surface: 3-

amino acid residue peptides

We studied interaction between negatively charged peptide residues with non-
polar steps on calcite (104) surface, 2) negatively charged peptide residues with polar
steps on calcite (104) surface, and 3) negatively charged peptide residues on flat

calcite (104) surface. The calculations are done in alkaline pH condition.

1) Negatively charged peptide residues on non-polar steps:

For the non-polar surface step, there are two different situations. The
carbonate on the surface step can form both an acute angle and an obtuse angle with
the underlying surface. We have calculated adsorption of the peptides on both types
of non-polar surface step (obtuse and acute). The Ca®* - CO;> distance is 3.301 A and
the Ca-Ca distance is 6.602 A. Table 2.3 shows the corresponding adsorption
energies. The average distance between the nitrogen atoms in the peptide bond of
peptide residues are 3.458 A in the investigated peptides. According to Langmuir-
Blodgett film theory [Peterson et al, 1990; Buijnsters et al, 2001] if the distance
between the repeating units residue in the adsorbent matches the distance between the
repeating units in the adsorbate surface, the adsorbent long chain polymer or
oligomeric organic compound can lie parallel to the surface step. We can see that the
average distance between nitrogen atoms in peptide bond and the distance between
Ca®" - CO;” ions in non-polar surface steps are comparable, within 0.15 A. However,
we have to consider another factor, which is steric hindrance presented by bulky side-

chain groups in the amino acids.
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Phe-leu-lys, lys-gin-tyr, gly-ser-trp — these 3 peptide residues have a
benzene ring in there side chain. Benzene rings are fairly bulky functional groups
which can cause steric hindrance with other functional groups that could potentially
bind to the surface or step. That is why only the carboxylic groups of these peptides
are electrostatically attracted and close to the calcite surface steps. Other side chain
residues and —NH- and —N-C=0 of the peptide bonds are hindered to bond by the
benzene ring, and thus point away from the surface step. The electrostatic interaction
between the oppositely charged species at the interface of the peptide and calcite
surface step is still strong enough to adsorb these 3-amino acid residue peptides to a
non-polar surface step. (Lys-gIn-tyr)" has the most favorable adsorption energy (-
2.87 eV/residue) on a non-polar step with carbonates forming an obtuse angle with
the underlying terrace. The adsorption energies are significantly lower when the
carbonates make an acute angle with the underlying terrace. The electron density on
the oxygen in a carbonate ion is higher, and when it makes an acute angle, the oxygen
atoms are exposed to the negatively charged peptides on a step direction (contrary to
the obtuse angle case where the carbonate oxygens are on the “other” side of the
peptides). For the acute angle case, (phe-leu-lys)* has the most favorable adsorption

energy (-1.40 eV/residue).

2) Negatively charged peptide residues with polar steps parallel to
[010] and [42-1]:

Polar steps on a calcite surface can be bounded by Ca’" ions or CO32' 1ons. Also the

polar step can be parallel to both [010] and [42-1] direction on calcite surface. Out

of these 4 possible scenarios, the interaction between negatively charged peptides
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with COs* ions terminated polar step is not favorable. We get negative adsorption
energies for the peptides in vacuum, but since the peptides are negatively charged,
they have high hydration energy also, which eventually makes them unfavorable to
get adsorbed. For the polar surface terminated by Ca®*, the closest distance between
two Ca’" ions is 4.957 A. In Table 2.4, we have listed the interface adsorption
energies of each 3-amino acid peptide residue with the polar calcite surface step
edge terminated by Ca”" ions. Adsorption energies are little higher on step direction
[010] compared to [42-1], although in both cases the adsorption of 3-amino acid
residues are highly favorable. (Leu-pro-cys)®" is most favorably adsorbed to steps
parallel to [010] (-8.27 eV/residue). The presence of sulfur atom in the cysteine
residue causes the strong electrostatic interaction with the step terminating Ca®*
ions. The energies of different peptides do not vary much when adsorbed to steps
parallel to [42-1]. Here, (gly-ser-trp)®” has the most favorable adsorption energy (-

6.98 eV/residue).

3) Negatively charged peptide residues on flat-terraces

Table 2.5 lists the adsorption energies of different negatively charged 3-
amino acid peptide residues on flat (104) terraces. Comparison of these adsorption
energy values on a flat terrace with polar step edges helps us understand the
preferred location of the peptides on a mineral surface, or in other words, what
surface location is promoted by biological molecules during natural
biomineralization of calcite. The adsorption energies of the peptides on flat terraces
are significantly lower than the adsorption energies on steps. The most favorable

adsorption energy on a flat terrace is -1.37 eV/residue for (lys-gln-tyr)"". The 3-
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amino acid residue peptides in alkaline conditions favor the surface steps for
adsorption on calcite surface, and they favor the step direction parallel to [010]

terminated by Ca>" for adsorption.

Figure 2.2 shows a sample picture of the adsorption site of all 3 amino-acid
residues on the polar calcite surface step parallel to [010], and Figure 2.3 shows

adsorption sites of all 3 amino-acid residues on the non-polar step parallel to [42-1].

Interaction of neutral/positively charged peptides on calcite surface:

3-amino acid residue peptides

We have also studied the interaction of neutral and positively charged
peptides on calcite (104) surfaces. The peptides are either neutral or positively
charged depending on their respective isoelectric points. We maintained a neutral
biological pH throughout these set of calculations by adjusting the
protonation/deprotonation state of the peptides. The neutral biological pH is
reminiscent of the natural conditions under which most of the -calcite

biomineralization occur.

1) Neutral/positively charged peptide residues on non-polar steps
Here we describe the interaction of the neutral/positively charged peptide on
two different types of non-polar calcite surface steps parallel to the [48-1] ([4-4-1]),
a) the carbonates forming an obtuse angle with the underlying terrace, and b) the
carbonates forming an acute angle with the underlying terrace. Table 2.6 lists the
adsorption energies of the 3-amino acid residues peptide with the non-polar step. The

results show that this scenario is less favorable compared to interaction of negatively
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charged peptides on non-polar steps parallel to [48-1]. Although the most favorable
adsorption energy (-2.72 eV/residue for the (leu-pro-cys) peptide) is close to the
value we found as the most favorable energy with negatively charged peptide (-2.87
eV/residue), the other peptides have very low negative adsorption energy, and (lys-
gln-tyr)** gets repelled from the step. The main reason for this weak adsorption to
this non-polar surface step is the unfavorable attraction between the Ca®" ion in the
step and the neutral/positively charged peptide. For the acute angle case, the
adsorption energies are less favorable compared to the obtuse angle case. Leu-pro-

cys is most favorable to adsorb on non-polar step (-1.56eV/residue).

2) Neutral/positively charged peptide residues on polar steps parallel
to [010] and [42-1]:

As in the case of negatively charged peptides, here we also have different
types of polar steps: those terminated by either Ca*" or CO;” ions and step directions
parallel to either the [010] or [42-1] direction. Unlike the case with negatively
charged peptides, we get favorable adsorption energies in all 4 possible cases
mentioned above. The adsorption energies are shown in Table 2.7. In case of Ca*’
terminated steps parallel to [010], (lys-gIn-tyr)** has the most favorable adsorption
energy (-4.34 eV/residue), and (phe-leu-lys)™ (-5.87 eV/residue) in case of steps
parallel to [42-1].

The adsorption energies are more negative with steps terminated by COs*
compared to steps terminated by Ca®". Moreover, the adsorption energies are higher
when COs> terminated steps are parallel to [42-1], than when they are parallel to

[010].The distance between the consecutive carbonate ions on the step edge parallel
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to [010] is 4.96 A, and the distance is 4.36 A between the carbonate ions at the step
edge parallel to [42-1]. The later of these two distances (carbonates at the step edge
parallel to [42-1]) are more comparable with the distances between the consecutive
nitrogen atoms in the amide bonds in peptide, which are in the order of 3.9 — 4.2 A.
The most favorable adsorption energy is for (lys-gin-tyr)** (-11.91 eV/residue) on
steps terminated by COs> parallel to [42-1] , and (phe-leu-lys)** (-5.79 eV/residue)
on steps terminated by Ca’" . The adsorption energies are higher when carbonate ions
are terminating the step parallel to [42-1] because the O atoms of the carbonate
groups interact with the neutral or positively charged peptide. The peptides with
positive charge have higher adsorption energies than the neutral peptides, because of
more electrostatic attraction between the negative carbonate ions at step and positive
amide groups on the peptide. Though the effect of hydration shields the attraction of
both neutral and positively charged groups (in amino acids) towards the carbonate
ions on the step edge, the electrostatic attraction is higher in the case of positive

amide groups (in the amino acid) than the neutral groups.

3) Neutral/positively charged peptide residues on flat terrace of

calcite surface

The adsorption energies of neutral/positively charged peptides on flat surface
are listed on Table 2.9. As with the negatively charged peptides, here also the
adsorption energies are small negative values, as flat terrace locations are less
favorable for adsorption of peptides compared to step directions on calcite surface.
(Leu-pro-cys) has the most favorable adsorption energy among these peptides on a

flat surface (-2.28 eV/residue).
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Interaction of 12-amino acid residue peptides with calcite surface

steps

The main motivation for using longer peptides is to find out how these align
along surface steps on calcite surfaces, i.e., how periodicity and side-chain geometry
influence alignment and, thus, adsorption energy. In this study, the chain length is
increased from 3 amino-acid peptide residues to 12 amino-acid peptide residues. We
used the protein GPA (glycophorin A, pro-glu-val-pro-glu-gly-ala-val-asp-thr-
ala-ile) which is a calcium binding protein in the coccolithophorid Emiliania
Huxleyi*?. As described above, this 12-residue amino acid forms a Ca** binding loop
(Figure 2.4). Like the 3-amino acid peptides, here we also studied all possible
configurations of the peptide-calcite surface interactions. First we varied the pH
conditions by considering both the negatively charged 12-amino acid residue peptide
and the neutral 12 residue peptide. We studied the interaction of both these types on
1) non-polar steps parallel to step direction [48-1] (and the symmetry-equivalent [4-
4-1]) with both obtuse and acute angles of carbonate ions with the underlying
terrace, 2) polar steps terminated by Ca®" ions and CO;> ions parallel to step
direction [010] and [42-1], and 3) flat (104) terraces. Adsorption energies are again
corrected for the hydration energy of the peptide to obtain the effective adsorption
energies of the 12-amino acid residue peptides. Hydration energies for the 12-amino
acid residue peptide with complex side chain cannot be calculated due to extensive

computational time required for its complex structure.
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1) Interaction of a negatively charged 12-amino acid residue peptide

chain with different surface locations of calcite (104) surface
The adsorption energies for the negatively charged peptide with complex and

simple structure 12-amino acid residues are listed in Table 2.10.

As shown in Figure 2.5, the peptide bond backbone of this 12-amino acid
residue is U shaped in its adsorbed state. As evident from the adsorption energy, the
negatively charged side-chain residues of the 12-amino acid peptides are strongly
attracted to the Ca”" ion present at the step-edge. However the 12-amino acid residue
peptide is terminated by a bulky side-chain containing amino acids. Proline and
glutamine are present at one end, and isoleucine and threonine are present at the
other end. These above mentioned amino acid contains alkane side chains or amide
containing carboxylic acid side chains, which are long and cause steric hindrance to
some part of the peptide chain. That is why the 12-residue peptide takes a U-shaped
alignment along the polar step-edge, where the end members are pointing away from
the polar steps (terminated by calcium ions and carbonate ions in two different
cases) on two ends of the peptide, and the center part of the peptide aligns parallel to
the step-edge. The proximity of the amino acid to the polar step largely depends on
the R group of that particular amino acid. The smaller the R group, the closer can a

particular amino acid get to the polar surface step edge.

The adsorption energies are most favorable (for both complex and simple
structured peptides) on polar steps terminated by Ca®" ions. The energies are more

favorable on step direction parallel to [010] compared to [42-1]. The adsorption
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energy of the complex structured peptide on a flat terrace of calcite surface is more

favorable than some of the polar and non-polar step locations.

2) Interaction of a neutral 12-amino acid residue peptide chain with

different surface locations of calcite (104) surface

The adsorption energies for the neutral peptide with complex and simple
structure 12-amino acid residues are listed on Table 2.11.

The orientation of the peptides along surface steps, both polar and non-polar,
are similar to what we have observed in the case of negatively charged 12-amino acid
peptide residues. Expectedly, the most negative adsorption energy is found for the
peptide on the polar surface step terminated by carbonate ions parallel to the step
direction [010]. However, we also calculate substantial adsorption when these
peptides adsorb on calcite surface step terminated by Ca®" ions. The adsorption
energies are less negative for simple structured peptides with alternating glycine and
alanine, but as mentioned earlier, the complex structure peptide energies are vacuum
energies, and if we are able to subtract the hydration energies for the complex
structure peptides, the two types of adsorption energies for simple and complex
amino acids will be comparable. The main difference between the two types
(complex and simple structure 12 amino acid peptides) lie in their geometric
orientation alongside calcite surface steps, where the simple structured peptide adopt

more parallel alignment compared to its complex counterpart.
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Conclusions

In our study involving peptide-calcite interactions, we have presented detailed
interpretation and results of our earlier work involving 3-amino acid and 12-amino
acid peptide residues. We have addressed questions regarding geometry, orientation,
and adsorption energies of different peptides when they interact with calcite surface
steps. The periodicity of the surface atoms on calcite surface steps, their relative
positions with respect to step directions, and the chemistry of the side-chain of amino
acids in a peptide play a major role in the adsorption of peptides on calcite surface
steps. We have seen that under favorable conditions, peptides are more favorably
adsorbed on a calcite (104) surface step parallel to [42-1] direction than [010]
direction. The distance between consecutive calcium ions or carbonate ions are 4.36
A in the step direction parallel to [42-1] compared to 4.96 A in the step direction
parallel to [010]. The smaller distance in [42-1] matches better with the separation of
adsorbing functional groups in the peptides investigated. We also observe that on
non-polar surface steps, the peptides are more favorably adsorbed when the carbonate
ions forms an obtuse angle with the underlying terrace rather than an acute angle. The
different side-chains of the amino-acids present in the peptide during peptide-calcite
interaction play a significant role in peptide adsorption on the calcite surface. We
initially studied the interaction of small 3-amino acid residue peptides with the step-
edge of calcite surface to establish the role of functional groups while interacting with
atoms on such a step-edge. The most favorable adsorption energy is calculated for
(lys-gIn-tyr)™* to a non-polar step parallel to [48-1] ([4-4-1]), and to a polar step

parallel to [010] terminated by Ca’". (Phe-leu-lys)"” exhibits the most favorable
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adsorption energy on a polar step edge parallel to [42-1] terminated by Ca®" ions.
(Lys-gIn-tyr)** and (phe-leu-lys)** has the most favorable adsorption energies
among the neutral or positively charged peptides on different surface step locations.
We can conclude from the above results that if the amino acid side chain contains a
benzene ring or a cloud of electrons (electron pairs or m-electrons) that can interact
with the mineral surface atoms, it will be favorably adsorbed to that surface location,
overcoming the counteracting effect or steric hindrance. Among the above-mentioned
peptides that favorably get adsorbed to the calcite surface steps, lysine and glutamine
contain amide groups that have electron pairs and tyrosine and phenyl-alanine contain
benzene rings. The m-electrons of benzene rings interact with calcium ions at the

surface steps.

We increased the complexity of the adsorbates by increasing the length of
the peptide to mimic natural conditions more closely. Long-chain peptides are more
common in naturally occurring biominerals. By comparing the adsorption energies
of simple and complex structured 12-amino acid peptides, we have been able to
establish that simple-structured peptides are more likely to have parallel alignment
at the step-edge of calcite surface. That does not necessarily mean that simple-
structured peptides are more common in nature. Actually our results show that the
12-amino acid residue peptides with complex structure side chains have comparable
(more favorable in some cases) adsorption energies on calcite surface steps with
simple structured peptides. We can conclude that the simple-structured peptides can
provide structural matching with the growing calcite surface, and the complex

structured peptides that have complex side chains are more likely to facilitate
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adsorption on calcite surface steps. In addition, the latter are more capable to
complex Ca’" ions and may serve as a carrier of these ions to calcite surfaces. The
complex side-chains in amino acids play a significant role in interaction with the

calcite surface atoms on surface step locations.

These model set-ups described in this chapter can serve to further our overall
understanding of the interaction between organic molecules and inorganic surfaces.
The specific interactions of side-chain functional groups of amino acids with
specific calcite surfaces has been discussed in this chapter. This analogy can be used
to study several other combinations of peptide-calcite interface. One can deduce the
structural information of peptides of an organism searching protein data bank, and
experimental studies can provide insight into what kind of growth phases of calcite
is occuring on the exoskeleton of that organism. Using these two types of
informations, molecular models can be developed to study effects of functional
groups present in the amino acid of the organism in biomineral formation. This can
help to generate a database on different functional group’s influence on biomineral
formation. To mimic the natural environment for biominerals formation more
closely, one would need to prepare a multi-dimensional model of organic networks
and to observe the growth of calcite crystals under the influence of such an organic
framework. Ultimately, the interplay of the organic, inorganic (mineral), and water
phase in a three-dimensional network should be studied in a dynamic model using

molecular dynamics to mimic more closely a natural biomineralization process.
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Table 2.1: Determination of amino acids from DNA-codons

Codon

Anti-codon

Amino acid

Codon

Anti-codon

Amino acid

Codon

Anti-codon

Amino acid

Codon

Anti-codon

Amino acid

Codon

Anti-codon

Amino acid

Codon

Anti-codon

Amino acid

1st amino acid
GCA
CGU

Arginine

GAA
CUU

Leucine

TTC
AAG

Lysine

AAG
uucC

Phenyl alanine

GAA
Cuu

Leucine

CCT
GGA

Glycine

2nd amino acid

CAG

GUC

Valine

GGT

CCA

Proline

GTC

CAG

Glutamine

AAT

UUA

Leucine

CGG

GCC

Alanine

AGG

ucc

Serine

38

3rd amino acid
GGT
CCA

Proline

ACA
UGU

Cysteine

ATG
UAC

Tyrosine

TTC
AAG

Lysine

GGC
CCG

Proline

ACC
UGG

Tryptophan



Table 2.2: Potential parameters for CALCITE forcefield

O-O | Buckingham' intermolecular; A= p=02455 C=0eV/A°
<14 A 1477.95 A
e\/
Ca-O | Buckingham' intermolecular; = p=02891 C=0¢eV/A°
<14 A 792.27 A
O-C Morse? intramolecular = ro = 1.2025 Ky =
4.9664 A 63.233 eV/ A’
O-C-O | Three-body’ intramolecular Ko= 00=120°
angle 1.785
COs- Umbrella®* intramolecular @, = 0° Ko=
plane 4336.47 eV
charges | C=+1.345 O=-1.115 Ca=
+2.000

'Buckingham: A exp (-1/p)-Cr® CineV A°
*Morse: D [(1 - exp {-a(r-1o)})* - 1] a= (Kb/2D)1/2

Three-body: E = K (6-6,)

*Umbrella: E =K (1 — cos ) for g =0° = Angle between the C-O bond and its
projection on O-C-O plane.
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Table 2.3. Adsorption energies of negatively charged 3-amino acid residue

peptides on non-polar steps parallel to [48-1] ([4-4-1])

3‘§min0 Eadsorption Ehydration/a E effective Eadsorption Ehydr E effective

a-C“':l per amino acid | mino acid adsorption/ami | per amino ation/a adsorption/a

reSId_ue (EV) (EV) (EZ) no acid acid (EV) mino mino acid

peptide (E1) (eV) (E:- (Ea) acid (eV) (Es-
E2) (eV) |Ep)
(obtuse (E2) | (acute
angle) angle)

arg-val- -2.59 -1.29 -1.30 -2.38 -1.29 | -1.09

pro (1-)

leu-pro- -4.33 -3.05 -1.28 -2.69 -3.05 | 0.36

cys (2-)

lys-gln-tyr | -4.42 -1.55 -2.87 -2.78 -1.55 | -1.23

(1-)

phe-leu- -4.22 -1.47 -2.75 -2.87 -1.47 | -1.40

lys (1-)

leu-ala- -3.84 -1.54 -2.30 -2.35 -1.54 | -0.81

pro (1-)

gly-ser-trp | -3.26 -1.43 -1.83 -2.44 -1.44 | -1.01

1-)
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Table 2.4. Adsorption energies of negatively charged 3-amino acid residue

peptides on Ca®* polar steps parallel to [010] and [42-1]

3-§1minq Eadsor | Enydration | E effective Eadsorption | Enydration/ | E effective
acid _I’ESIdUE ption amino acid adsorption/a per amino amino acid adsorption/a
peptide per (eV) (E2) | minoacid acid (V) | (V) (E2) | mino acid
amino (eV) (Es- | (E1) (eV) (Es-
acid E2) E2)
(eV) ( parallel ( parallel
(Ea) to [010]) to [42-
1])
arg-val-pro -6.46 | -1.29 -5.17 -5.51 -1.29 -4.22
(1-)
leu-pro-cys | - -3.05 -8.27 -8.89 -3.05 -5.84
2-) 11.32
lys-gln-tyr -8.91 | -1.55 -7.36 -7.81 -1.55 -6.26
(1-)
phe-leu-lys | -7.36 | -1.47 -5.89 ~7.74 “1.47 627
(1-)
leu-ala-pro -6.10 | -1.54 -4.56 -7.54 -1.54 -6.00
(1-)
gly-ser-trp | -7.94 | -1.43 6.51 “8.41 143 -6.98
(1-)
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peptides on flat (104) terrace

Table 2.5. Adsorption energies of negatively charged 3-amino acid residue

3‘§m ino Eadsorption per Ehydration/amino E effective adsorption/amino acid
acid amino acid acid (eV) (E1-E2)
residue (eV) (eV) (E2)

peptide (Ep)

arg-val-pro | -2.24 -1.29 -0.95

(1-)

leu-pro-cys | -3.54 -3.05 -0.49

(2-)

lys-gln-tyr | -2.92 -1.55 -1.37

(1-)

phe-leu-lys | -2.50 -1.47 -1.03

(1-)

leu-ala-pro | -2.36 -1.54 -0.82

(1-)

gly-ser-trp | -2.57 -1.43 -1.14

(1-)
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residue peptides on non-polar steps parallel to [48-1] ([4-4-1])

Table 2.6. Adsorption energies of neutral or positively charged 3-amino acid

3‘§min0 Eadsorptio Ehydration/ E effective Eadsorptio Ehyd E effective

a-C“':l n per amino | amino acid adsorption/a n per amino | ration/ | adsorption/

reSId_ue acid (EV) (EV) (EZ) mino acid acid (EV) amino | amino acid

peptide | (Ey) (eV) (Er- | (Ev) wid | (€V)
E>) (eV) | (EirE2)
(obtuse (E2) | (acute
angle) angle)

arg-val- -2.87 -2.41 -0.46 -2.50 - -0.09

pro (1+) 2.41

leu-pro- -3.74 -1.02 -2.72 -2.58 - -1.56

cys 1.02

lys-gln- -2.63 -3.94 1.31 -2.81 - -1.13

tyr (2+) 3.94

phe-leu- -2.87 -2.08 -0.79 -3.45 - -1.37

lys (1+) 2.08

leu-ala- -2.10 -1.94 -0.16 -2.01 - -0.07

pro 1.94

gly-ser- | -3.07 -1.57 -1.50 -2.39 - -0.82

trp 1.57
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Table 2.7. Adsorption energies of neutral or positively charged 3-amino acid

residue peptides on Ca®* polar steps parallel to [010] and [42-1]

3‘§min0 Eadsorption Ehydration/a E effective Eadsorption Ehydr E effective
a-C“':l per amino mino acid adsorption/ami | per amino ation/a adsorption/a
reSId_ue acid (eV) (EV) (EZ) no acid acid (EV) mino mino acid
peptide (Eq) (eV) (Ex- | (Eb) acid | (V) (E1-
E2) (eV) | E)
(parallel (E2) | (parallel
to to
[010]) [42-1])
arg-val-pro | -4.64 -2.41 -2.23 -3.99 -241 | -1.58
(1+)
leu-pro-cys | -5.20 -1.02 -4.18 -4.37 -1.02 | -3.35
lys-gln-tyr | -8.28 -3.94 -4.34 -5.85 -3.94 |-1.91
(2+)
phe-leu-lys | -4.19 -2.08 -2.11 -7.95 -2.08 | -5.87
(1+)
leu-ala-pro | -4.18 -1.94 -2.24 -4.99 -1.94 | -3.05
gly-ser-trp | -3.91 -1.57 -2.34 -4.82 -1.57 [ -3.25
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Table 2.8. Adsorption energies of neutral or positively charged 3-amino acid

residue peptides on COs> polar steps parallel to [010] and [42-1] on calcite (104)

face
3‘§min0 Eadsorption Ehydration/a E effective Eadsorption Ehydr E effective
a-C“':l per amino mino acid adsorption/ami | per amino ation/a | adsorption/a
reSId_ue acid (EV) (EV) (EZ) no acid acid (EV) mino mino acid
peptide (Eq) (eV) (Ex- | (Ew) acid | (8V) (Er-
Ez) (eV) Ez)
(parallel (E2) | (parallel
to to
[010]) [42-1])
arg-val-pro | -6.44 -2.41 -4.03 -8.26 -2.41 | -5.85
(1+)
leu-pro-cys | -3.17 -1.02 -2.15 -3.29 -1.02 | -2.27
lys-gln-tyr | -9.56 -3.94 -5.62 -15.85 |-3.94 [ -11.91
(24)
phe-leu-lys | -7.87 -2.08 -5.79 -10.43 -2.08 | -8.35
(1+)
leu-ala-pro | -2.70 -1.94 -0.76 -2.98 -1.94 | -1.04
gly-ser-trp | -2.92 -1.57 -1.35 -3.77 -1.57 | -2.20
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Table 2.9. Adsorption energies of negatively charged 3-amino acid residue

peptides on flat terrace of calcite (104) face

3'am ino acid_ Eadsorption per Enydration/amino | E effective adsorption/amino acid
residue peptide | aminoacid (€V) | acid eV) (E1-E»)

(Ea) eV) (E2) (parallel to

[010])

arg-val-pro (1+) | -2.64 -2.41 -0.23
leu-pro-cys -3.30 -1.02 -2.28
lys-gln-tyr (2+) -3.59 -3.94 0.35
phe-leu-lys (1+) | -4.16 -2.08 -2.08
leu-ala-pro -1.47 -1.94 0.47
gly-ser-trp -2.01 -1.57 -0.44
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Table 2.10. Adsorption energies of negatively charged 12-amino acid residue

peptide with complex structure and simple structure on different calcite (104)

surface locations

Calcite surface Vacuum Calcite surface Effective
locations adsorption | locations adsorption
for complex-structured energy for simple energy
peptide (eV/residue) | structured (eV/residue)

peptide
non polar steps parallel to -1.92 non polar steps -1.26
[48-1] with CO;* making parallel to [48-1]
obtuse angle with CO;* making

obtuse angle
non polar steps parallel to -1.65 non polar steps -0.78
[48-1] with CO5;* making parallel to [48-1]
acute angle with CO5> making

acute angle
polar steps terminated by -7.08 polar steps -2.19
Ca”" parallel to [010] terminated by Ca”"

parallel to [010]
polar steps terminated by -5.42 polar steps -1.94
Ca”" parallel to [42-1] terminated by Ca>"

parallel to [42-1]
polar steps terminated by 1.49 polar steps -0.23
COs> parallel to [010] terminated by

CO;” parallel to

[010]
polar steps terminated by -0.76 polar steps -1.18
COs> parallel to [42-1] terminated by

CO;* parallel to

[42-1]
flat-terrace -2.09 flat-terrace -0.86
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Table 2.11. Adsorption energies of neutral 12-amino acid residue peptide with

complex structure and simple structure on different calcite (104) surface locations

Calcite surface Vacuum Calcite surface Effective
locations adsorption | locations adsorption
for complex-structured energy for simple energy
peptide (eV/residue) | structured (eV/residue)
peptide
non polar steps parallel -2.49 non polar steps -0.95
to [48-1] with CO5* parallel to [48-1]
making obtuse angle with CO3*” making
obtuse angle
non polar steps parallel -1.79 non polar steps -0.60
to [48-1] with COs™ parallel to [48-1]
making acute angle with CO;* making
acute angle
polar steps terminated -3.79 polar steps -1.42
by Ca”" parallel to [010] terminated by Ca*"
parallel to [010]
polar steps terminated -2.96 polar steps -0.90
by Ca”" parallel to [42-1] terminated by Ca”"
parallel to [42-1]
polar steps terminated -7.11 polar steps -2.01
by CO;” parallel to terminated by
[010] CO;” parallel to
[010]
polar steps terminated -1.56 polar steps -1.64
by CO;” parallel to [42- terminated by
1] C032' parallel to
[42-1]
flat-terrace -1.82 flat-terrace -0.49
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Figure 2.1. 3-amino acid and 12-amino acid peptide residues. The 12-amino acid
peptide residues have complex and simple structure respectively.
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Figure 2.2 Adsorption site of 3 amino-acid residues on the polar calcite surface step
parallel to [010]
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Figure 2.3. Adsorption site of 3 amino-acid residues on the polar calcite surface step
parallel to [100]
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Figure 2.4. 12-amino acid residue peptide with complex structure
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Figure 2.5. 12-amino acid residue peptide with complex structure aligned parallel to
[010] surface step direction of calcite (104) surface

53



Figure 2.6. 12-amino acid residue peptide with simple structure aligned parallel to
[010] surface step direction of calcite (104) surface
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Chapter 3

Calcite seed formation by interaction with Langmuir
films: two-dimensional interactions of biofilms with
mineral surfaces

Introduction

In Chapter 2, we have discussed interactions of peptides with calcite surfaces in
one dimension that is the adsorption of long-chain oligomers on surfaces and along steps.
The peptides act as host organic molecules or organic complexes in the biomineralization
process. Peptides act as complexing agents to inorganic ions present in the inorganic
template and carry them over to the growth-site of mineral formation [Becker et al,
2005]. The transportation of inorganic ions to the growth site and the subsequent
adsorption/crystal growth has to be controlled. Once the ions reach the growth site and
the growth process starts, interactions between the initial growth nucleus and organic
molecules control the shape and growth kinetics of the growth island of the mineral
phase.

Organic molecules that adsorb to the growth nuclei in concert with ordered

organic templates determine the morphology of the biominerals. These two-dimensional
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growth island-organic template interactions are stronger, when the interface energy (per
unit surface area) between the organic template and the growth island is more negative.
This scenario is obtained if, e.g., the negative functional groups of the organic
template have the same periodicity as the arrangement of the calcium ions on a particular
calcite surface that is in contact with the template. Typically, we consider crystal faces to
be stable if their charge is neutral and if their dipole moment perpendicular to the surface
is zero as these conditions often lead to stable surfaces with low surface energies. The
situation can be different in biomineralization processes: the organic template can expose
an array of negative functional groups such as deprotonated carboxylic groups or
alternating positive and negative functional groups as in amino acids. In the first case, the
strongest interface will be formed if the calcite surface is positively charged. Thus, a
calcite (001) surface with Ca®" termination may be a good candidate for such an interface
even though calcite (001) surfaces are usually not found in inorganically grown calcite
crystals because their charged surface results in a high surface energy. Not only must the
polarity of the organic template and a particular crystal surface match but so must the
distance between them and the angle between chains of functional groups and the
respective angles on the mineral surface. There are several laboratory methods that
control this periodic relationship between the templating biomolecular substrate and the
inorganic phase, which lies in the epitaxial matching of lattice spacing of specific crystal
planes with some ordered arrangement of molecular units in the template [Mann, 1988,
Buijnsters et al, 2001]. Such approaches include the use of synthetic templates such as
polymers [Berman et al, 1995], macromolecular complexes [Donners et al, 2000],

phospholipid vesicles [Mann et al, 1986], and Langmuir films [Landau et al, 1986,
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Landau et al, 1989]. Langmuir films consist of an array of hydrophilic functional groups
that are in contact with the water surface, and hydrophobic aliphatic chains above the
water surface. The separation between these molecules is controlled by pistons [Landau
et al, 1989]. In the case of Langmuir monolayers, the amphiphilic molecules can be
designed in such a way that they act as artificial two-dimensional nuclei for the
promotion of crystal nucleation. Such films have been used as templates to direct the
crystal nucleation and growth of amino acids, proteins, and calcium carbonate. This
chapter describes the simulation of the growth and crystallization of calcium carbonate
seed crystals from supersaturated calcium carbonate solutions in contact with such
Langmuir films. It is found that modification of the polar group and head group of the
surfactant has a marked effect on the crystallization process [Heywood et al, 1994].
Mobility of the molecules in the monolayer has also significant effect on the
crystallization. In the experimental study, researchers have worked with the Langmuir
monolayer made-up of:

0_@ Benzyl(-)-(25)-3-Phenoxy-2-octadecylaminopropan-1-
\/EH H

o
NaO. 1 ylmethylphosphate (compound 1) with a polar

~P—
Maly

(S S phosphonate group (on the left in the structure above)

and an aliphatic chain (C;7H3s).

The effect of piston pressure on the surface area per surfactant molecule
(compound 1) was studied by Buijnsters et al., 2001. These results can be compared with
the computational simulation of the Langmuir film composed of compound 1 by
decreasing the area available for each surfactant molecule and calculating the resulting

strain, which can be converted to pressure. Subsequently, the growth of calcite seed
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nucleation under these Langmuir films at different pressure/ (surface area) conditions was
evaluated. Compound 1, shown in figure 3.1, is an amide-containing phospholipid and
was chosen in this study to evaluate organic matrix-mineral interfaces. The presence of a
hydrophilic head group and a hydrophobic hydrocarbon chain closely depicts the

physico-chemical properties of exopolymers of living organisms in nature.

Methods

Using the Cerius® software package, compound 1 is aligned in a two-dimensional
array to create the Langmuir film. The elongated hydrocarbon chain is pointed upwards
and the amide-containing phosphate head group points downwards in contact with the
inorganic mineral surface. In an actual experiment, the organic film is initially in contact
with a supersatured calcium carbonate solution and crystal nuclei form over time.
However, this time scale is much longer than what is possible to simulate in molecular
dynamics (MD) simulations (up to ~ 1ns). Therefore, the crystal formation step has to be
skipped and the stability of different organic-inorganic interfaces was evaluated in this
study. First we have to determine the limiting force and unit area of the Langmuir film
unto which it can withstand external pressure. We start with area of 46 A* (per 8
phospholipid molecules in the Langmuir film) when the external force applied is 0 N/m.
Then we slowly increase the pressure, and the virtual pistons placed on both sides of the
Langmuir film move towards the center of the array. The entire Langmuir film is allowed
to move during MD simulations at each particular force and surface area points. This
way, the limiting area and force is found out to be 29.011 A® and 25.4 N/m (Figure 3.2).

When we increase the force to 25.5 N/m on both the pistons at the side of Langmuir film,
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the whole film ruptures during the MD simulation. The force vs. limiting surface area
data is listed on table 3.2.

In order to study the interaction of different calcite faces with such a film, the
different calcite faces are placed under the Langmuir film at a particular force and surface
area condition. Molecular dynamics and energy minimizations are performed for each
face. Two-dimensional periodic boundary conditions are applied in each case, indicating
that the surface is extended infinitely in both directions parallel to the interface. Three
different calcite faces, (001), (100), and (104), were studied in such a way. In each of the
interactions, both the organic compounds in the Langmuir film and the calcite lattice
beneath it are free to relax to form the most stable interface during energy minimization
and molecular dynamics simulation. It was observed that the the organic compounds do
not affect the calcite structure beyond the fourth layer. The final interface energy per unit
area provides an estimate on which face would be energetically favorable for the onset of
calcite seed formation under a Langmuir film consisting of amide-containing
phospholipids. Both the surface and interfacial energy in each case of organic-calcite
interaction are calculated, and the sum of these energies is used as a criterion to decide on
which would be the most likely interface.

We have used CALCITE-WATER force-field to the interactions within the
organic molecules and for interactions between the organic molecule and the substrate. It
is similar to the force-field we have used and described in chapter 2. We have included a
three-body intramolecular potential term in the ANGLE BEND section to account for the
interactions of water molecules with the calcite surface. We also included non bonding

van der Waals interaction terms in the force-field to account for the interactions between
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Ca® and COs;* and water molecule. Interactions within the organic molecules and
between the calcite and the organic molecules are based on the UNIVERSAL1.02 force
field [Rappe et al, 1991]. The potentials and charges of atoms used in this force-field are

listed in Table 3.1.

Results and Discussions

Of the three calcite faces under the Langmuir film, the (100) face yielded the
lowest interfacial energy (-0.05 eV/A?) and the (104) face (this rhombohedral face is the
most stable one if calcite is grown naturally, without the influence of organic matrix) the
most unfavourable one (see Table 3.3). This suggests that a Langmuir film consisting of
amide-containing phospholipids is not suitable to promote calcite seed formation with the
(104) face forming the interface. For the phospholipid array used, the calcite (001) is also
not likely to be formed.

The hydrophilic head group of the organic compounds present in the Langmuir
film consists of phosphate group, benzene ring and amide bond. We chose a deprotonated
phosphate group due to its low pKa values for the interaction with the calcite surface and
these phosphonate groups are attracted to the Ca® ions at the crystal surface. The H
atoms and the carbonate groups form weak van der Waals bonds, which cause minimal
distortion of the calcite face, and helps promote the calcite seed formation. The
hydrophobic benzene ring is pointing away from the calcite surface, and more tilted
towards the long hydrophobic hydrocarbon chain of the next organic molecule present in
Langmuir film. A close look at the orientation of the organic molecules in the Langmuir
film rationalizes the favorable interaction between the organic lattice and Inorganic

calcite. The hydrophobic part of each organic compound in the film, the long
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hydrocarbon chain and the benzene ring, are aligned at an angle of 45° with respect to the
interfacial surface of organic and inorganic lattice. The hydrophilic part, the amide bond
and the phosphate group are aligned almost perpendicular to the interface. This allows
maximum interaction between the hydrophilic parts of the organic molecule and the
calcium and carbonate ions on the calcite surface. The spacing, stoichiometry and the
favorable chemical interaction between the hydrophilic end or the organic template and
the calcite (100) face promote the calcite seed formation, as shown in figure 3.4. The
water molecules around the calcite seeds represent hydration. Hydration counteracts the
formation of seeds thermodynamically although it helps the Ca and carbonate ions to
diffuse to their final adsorption sites. In this way, this computational setup mimics the
natural process in an aqueous environment more closely, than, e.g., adsorption simulated

1n a vacuum.

Conclusions

The control of inorganic crystal growth is mainly mediated by an organic matrix
or organic template. The principle is that the ions on the inorganic mineral surface align
with functional groups of opposite charge in the biological matrix. Developing a suitable
model for the mechanism of matrix-mediated crystal growth has been challenge to
scientists over the years. As cited in this chapter, several experimental studies have been
performed on growth of calcite nuclei in contact several organic matrices, mainly under
compressed monolayers and Langmuir films. Our study in this chapter follows in the
footsteps of the experimental conditions observed in these experimental studies of
matrix-mediated calcite growth, and it gives additional insight into the molecular-scale

mechanism of calcite seed nucleus formation. We have studied the calcite seed formation
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in an aqueous system with several monolayers of water molecules around the Ca* and
Cng' ions. Water is an important factor in these studies, because the natural
biomineralization process occurs in an aqueous environment. In the experimental studies
performed, the compressed monolayers of organic molecules are generally prepared in
aqueous solution [Buijnsters et al, 2001]. The crystallization of calcite and its polymorphs
occurs in supersaturated calcium carbonate solutions [Rajam et al, 1991]. We use
periodic boundary conditions during our study to avoid edge effects that may occur at the
mineral cluster or in the organic film. Current work our research group investigates small
peptide molecule interactions with water molecules simultaneously in contact with
mineral surface. The initial results have shown that orientation of the peptide is
dependent on calcite-water interaction. The same argument is followed in the study of
this chapter 3, as the calcite seed nucleus formation in aqueous condition is governed by
the compressed Langmuir monolayers present above the calcite-water system. Langmuir
films are good candidates as model for biomembranes and biofilms, as Langmuir film
contains amphiphilic molecules with polar head groups and non-polar tails like cell-
membranes.

Work in this chapter has provided the insight into the theory specific mineral
surfaces can grow or form under specific biological membrane. It has been shown in this
chapter that calcite (100) surface nucleation occurs at the interface of Langmuir film-
calcium carbonate solution, prevailing over calcite (104) face which is inorganically most
stable. Spacing between Ca”" ions in the top layer of calcite (100) plays an important role
in calcite seed formation as it matches the distance between polar head-groups in

Langmuir film. Work in this chapter is a stepping stone for future research in two-
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dimensional molecular modeling studies of mineral growth and nucleation under organic
matrix. Calcite’s polymorph aragonite, vaterite will be suitable candidates for this study,
along with various other organic matrices like polysaccharides, dendrimers and other
macromolecules. These macromolecules have not been studied at a molecular scale in
order to find out which functional groups are mainly responsible for triggering calcite
nucleation. Computational modeling work with these set of matrix-mineral combination
will give scientists a clear picture about the in vitro process occurring during natural
biomineralization.

Even though the experiments described in this chapter and the simulations
performed in our study help to rationalize how specific organic templates may trigger
specific faces of different calcium carbonate polymorphs, little information is available at
this point on the actual composition and structure of biofilms of different organisms in a
natural system. It is equally unknown, how much of the crystal morphology is controlled
by face and step-specific organic molecule adsorption (see chapter 2) and how much by

well-ordered organic templates as described in this chapter.
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Table 3.1. Potential parameters for CALCITE-WATER forcefield

0-O | Buckingham' intermolecular; A= p =0.2455 C=0eV/A°
<14 A 1477.95 eV A
Ca-O | Buckingham' intermolecular; A= p=02891 C=0eV/A°
<14 A 792.27 eV A
0-C Morse? intramolecular D= ro = 1.2025 Ky =
4.9664 eV A 63.233 eV/ A?
0-C-0 | Three-body’ intramolecular Ko= 0p=120°
angle 1.785
H-O-H | Three-body’ intramolecular Ko=60  0,=109.47°
angle
COs;- Umbrella®* intramolecular wo=0° Ko=
plane 4336.47 eV
charges | C=+1.345 O0=-1.115 Ca= Hy=+0.41 Oy, =-0.82
+2.000
'Buckingham: A exp (-1/p)-Cr® CineV A°

*Morse: D [(1 - exp {-a(r-1o)})* - 1] a= (Kb/2D)1/2

3 Three-body: E = K (6-0¢)°

*Umbrella: E =K, (1 — cos o) for g = 0°
projection on O-C-O plane.

o = Angle between the C-O bond and its
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Table 3.2. Force vs. Surface area for the Langmuir film made with amide containing

phospholipid
Force (N/m) Surface Area (A7)

0 47.06
1 42.12
5 41.91
9 34.21
12 31.03
18 30.87

25.4 29.01

25.5 film ruptures
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Table 3.3. Interfacial energies between various calcite surface and Langmuir film

Calcite surface Esurface Einterface Etotal (Esurface+
Eintej{lce)
(eV/AY) (eV/AY) (eV/AY)
Calcite (100) 0.06 -0.05 0.01
Calcite (104) 0.0 2.1 2.1
Calcite (001) 0.3 -0.02 0.28
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Figure 3.1 Building block of the Langmuir film: amphiphilic molecule consisting of an
amide-containing phospholipid. The hydrophobic part contains a long hydrocarbon chain,
and the hydrophilic part contains PO4> ions and amide group.
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Figure 3.2. Force vs. surface area curve is shown in above picture, where the surface area
of the Langmuir film decreased with increase of external force. Limiting force and
surface area condition for Langmuir film made up of amide-containing phospholipid. The
limiting area and force is found out to be 29.011 A”and 25.4 N/m
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Figure 3.3. Calcite (100) surface under Langmuir film: this interface yields the most
favorable interfacial energy among the faces studied ((100), (001), and (104)).
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Figure 3.4. Onset of calcite seed formation at calcite (100) surface under Langmuir film
in an aqueous environment.
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Chapter 4

Molecular modeling of cell-adhesion peptides on
hydroxyapatite surfaces and surface steps

Introduction

Understanding the interaction between organic molecules and inorganic surfaces
is an important aspect in the development of functional bone-tissue engineered substitutes
and in developing a general concept for bone and teeth growth. Specifically, the
microenvironment on hydroxyapatite and carbonated apatite surfaces can influence
cellular behavior positively by enhancing cell adhesion, spreading, and growth or
negatively by promoting cell death (apoptosis, [Woo et al, 2007]). Through observation
of nature’s bone mineralization process, biomimetic techniques of precipitating bone-like
mineral on polymeric scaffolding have been developed [Rezwan et al, 2006]. Soaking a
biodegradable, 3D scaffold in a supersaturated solution that contains similar ion
concentrations to that of human serum at body temperature (37 °C) will heterogeneously

precipitate a carbonated apatite phase onto the scaffold [Linhart et al, 2000]. Such a
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carbonated apatite layer can be used as a platform for biomolecular delivery of proteins,
growth factors and peptides.

We looked at the interactions of bioactive surfaces with biomaterials that cause
cell adhesion during bone-tissue regeneration. The main aspect of bone-tissue
engineering is attaining original functionality of the damaged tissue. To achieve that, cell
adhesion to synthetic support (e.g. biomaterials) via bioactive surfaces is required to
happen. The bioactive surfaces can be extracellular proteins, cell-mediated synthetic
proteins or bio-engineered motifs. All these 3 types of bioactive surfaces interact with the
biomaterial (carbonated hydroxyapatite mineral present in bone). This biological
molecule-inorganic mineral interaction leads to a series of cellular events including cell-
adhesion that finally leads to bone-tissue regeneration. Thus it is important to understand
the interaction between bioactive surfaces(proteins) and biomaterial(carbonated
hydroxyapatite) in order to understand bone-tissue engineering, because these
interactions are stepping stone of the bone tissue regeneration process. Thus it is
important to understand the interaction of peptides and proteins with the mineral surface
to engineer bone-growth and regeneration. Molecular modeling has been widely used
[Becker et al, 2005, Boiziau et al, 1987] to investigate organic molecule-mineral surface
interactions in various systems. We are applying this method to study interaction between
cell-adhesion peptides and the hydroxyapatite system to understand bone-growth and
regeneration. The main hypothesis that is tested in this chapter is the influence of peptide
orientation on selective adsorption of peptides on mineral surface. Hydroxyapatite is
chosen as biomaterials surface as relaxed hydroxyapatite surface represents the actual

biomaterial component of bone, i.e., carbonated hydroxyapatite.
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We have started our work with hydroxyapatite without any carbonate substitution.
Hydroxyapatite (HA), Cas(PO4);0H, is not a major rock-forming mineral, but it can be
an important phosphate source for plant growth [Rodriguez and Fraga, 1999] and is
crucial as the main inorganic constituent of natural bone [Astala and Stott, 2005]. In
addition, with silicon doping, it is the basis of bioactive ceramics, which show promise as
bone-repair materials [Astala et al, 2005]. HA has a hexagonal structure with space group
P63/m and lattice parameters a= b = 9.4225 A and ¢ = 6.8850 A [Astala et al, 2005].
There are two formula units per unit cell and the arrangement of calcium and phosphate
ions can be viewed as consisting of isolated phosphate anion tetrahedra with Ca®" in the
space between and a chain of OH" ions along the c-axis to balance the charge. Monoclinic
structures with four formula units per unit cell have also been reported [Morgan et al,
2000, Eliott et al, 1973] where the monoclinic unit cell is obtained from the hexagonal
one by doubling the b lattice parameter and by having different arrangements of the anion
chains.

The focus of this work is to study the interaction of cell-adhesion peptides with
the hydroxyapatite surface and surface steps using both a cluster approach and one with
periodic boundary conditions. The cell-adhesion peptides that are used in this study are
YIGSR (tyr-ile-gly-ser-arg) (derived from laminin protein) and RGD (arg-gly-asp) (a
ubiquitous protein). The orientation of peptides on the surface, while interacting with the
surface ions, is not definitively known. Orientation of the peptides dictates the
morphology of the hydroxyapatite mineral surface, which facilitates bone growth and
regeneration. Several experimental studies of hydroxyapatite surface morphology under

the influence of the peptides have been performed. [Frayssinet et al, 1998] determined
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cell-growth rate on a sintered disk at various temperatures. [Linhart et al, 2001] looked at
biologically and chemically optimized composites that can be used as biodegradable
bone-substitution material. [Okamoto et al, 1998] demonstrated that the regulation of cell
adhesion to HA is different from that to titanium. RGD-containing serum proteins may
play a major role in regulating the specific adhesion of osteoblasts to HA and in inducing
enhanced cell growth and differentiation. In another experimental study with fusion
peptide, [Gilbert et al, 2000] showed that the RGD portion of the hydrated fusion peptide
is highly dynamic on the hydroxyapatite surface. But none of these studies focuses on the
orientation of the peptide sequences when adsorbed on the hydroxyapatite surface. The
molecular level details and the study of atomistic interactions between the peptide and
hydroxyapatite may provide the insight into developing a more controlled design for
immobilizing bioactive sequences on hydroxyapatite for biomaterials, tissue engineering,
and vaccine applications.

A primary goal of this work was to determine the orientation of cell-adhesion
peptides when adsorbed on hydroxyapatite surface. Another objective was to determine
the effect of orientation of the peptide on the hydroxyapatite surface. Initial positions of
the peptides on the mineral surface were varied before the empirical energetics
calculations were performed. Empirical methods were used to study the adsorption of
these peptides on hydroxyapatite surfaces using different approaches such as clusters and
periodic surfaces. In order to calculate the specific interactions at the organic-inorganic
interface, a force field for hydroxyapatite-BSP peptides interactions was developed in this

study.
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Molecular modeling has proven useful for investigating protein-substrate and
peptide-substrate interactions in calcite, calcium oxalate, and apatite systems [ Wierzbicki
et al, 2000, de Leeuw, 2004, Mkhonto et al, 2000]. Insight pertaining to the interactions
of oligopeptides with biominerals can be deduced from this type of modeling, such as
adsorption conformation, adsorption energies, and stability of the organic-inorganic
interface.

Developing bioactive bone tissue engineered constructs that can recruit and direct
cell behavior towards an osteogenic lineage has been increasingly investigated [Petite et
al, 2000, Rezwan et al, 2006, Sun et al, 1999]. Strategies of biomaterial-induced cell
change include using calcium phosphate substrates and surface modification via peptides
adsorption. Peptide sequences for bone tissue have been designed to mimic sections of
proteins such as bone sialoprotein (BSP), osteopontin, laminin, fibronectin, statherin,
collagen, and osteonectin. Some of the established BSP peptides are E;PRGDT, RGD,
RGE, and YIGSR. Main focus in this chapter is on the interaction of RGD and YIGSR on

different surface locations of hydroxyapatite.

Methods

Hydroxyapatite is a naturally-occurring form of calcium apatite with the formula
Cas(PO4)3(OH), which is often written Ca;o(PO4)s(OH), to denote that the unit cell
comprises two formula units. Hydroxyapatite is the hydroxyl end member of the solid
solution where the hydroxyl anion can be replaced by fluoride, chloride, or carbonate.
Apatite crystallizes in the hexagonal bipyramidal crystal system. There are various
prismatic faces along which hydroxyapatite can be cleaved, with the resulting cleavage

surfaces providing locations for effective interaction with peptides during bone-tissue
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engineering. The top and bottom of an apatite prism consist of a (001) surface, which is
the naturally occurring surface where peptides interact with the mineral.

Using the Cerius® software, hydroxyapatite (001) surfaces and surface steps
parallel to [010] are created. The HYDROXYAPATITE force field was developed and
used to investigate the interactions within the organic molecules and for interactions
between the organic molecule and the substrate. This HYDROXYAPATITE force field is
derived from the UNIVERSAL1.02 force-field [Rappe et al, 1991] for the interactions
within the peptides, but it is tailor-made to accommodate interactions relevant to
hydroxyapatite surfaces and organic molecule. The potential parameters used to build this
force field are listed in Table 4.1.

The force-field parameters control the interaction between phosphorus and
oxygen molecules in the phosphate group and the O-P-O angle in the tetrahedral
phosphate group. These parameters also account for the bond stretching action between
the P and O atoms and interatomic van der Waals interaction. In order to find the absolute
energy minimum with its corresponding structure of a molecule adsorbed to the surface,
the molecules were brought close to the surface manually in different orientations. The
position of the adsorbate was optimized for each starting position using Cerius”.

The charge distribution within the peptide molecules was calculated using the
QEq charge equilibration scheme for the neutral peptide molecule. Subsequently, the
respective (according to the deprotonation state) number of protons was removed and the
corresponding negative charge was adjusted by evenly distributing the charge difference
due to deprotonation over the remaining charged molecule. The individual atomic

charges from this initial charge distribution were not changed in subsequent adsorption
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calculations. This is important because redistributing the charges within a calculation or
in between adsorption energy calculations introduces arbitrary fluctuations in the
calculated adsorption energies. This approach is justified because none of the reactions
discussed in this study involve significant charge transfer. The charges of atoms in the
hydroxyapatite are those listed in Table 4.1.

Molecular dynamics simulations at 300 K were performed to avoid trapping the
adsorbate in a local energy minimum before and during optimization. These dynamics
simulations were performed using a constant NVE ensemble. This is the most suitable
ensemble for the setup that we used with constant number of atoms (constant N), non-
periodic system (thus using V rather than P), and an adiabatic approach (constant E). The
structure is allowed to evolve in time, by solving Newton’s equation of motion. Every
100 simulation steps, velocities are rescaled if the averaged temperature goes outside a
predefined window around the target temperature. The dynamic time step is 0.001 ps, and
for each MD run, we run 500 steps (0.5 ps).

As mentioned earlier, RGD and YIGSR have been as cell-adhesion peptides.
RGD has a hairpin-like structure in its unfolded state. It is an experimentally well-
characterized cell-adhesion peptide [Okamoto et al, 1998]. In this chapter, study of the
interaction of RGD and YIGSR on different surface locations on the (001) hydroxyapatite
surface was the main objective. One of these surface features is a step in the [010]
direction that was created in such a way that charge-neutrality was preserved and the
dipole moment of the entire cluster or unit cell minimized.

Two different set-ups were used in calculations involving peptide-HA

interactions; a slab with periodic boundary conditions parallel to the slab and a cluster
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that is an atomic equivalent of a hexagonal apatite prism. A hexagonal cluster with 380
formula units of hydroxyapatite was created. Peptide interactions with apatite (001)
surface steps parallel to [010] and on flat (001) surfaces are studied using both the
periodic slab and cluster approach and the respective adsorption energies are compared.
Cluster calculations have the advantage of being faster than those using periodic
boundary conditions due to the use of a Ewald-summation scheme for the latter.

First, the cluster calculations involving different peptides are described. The
hexagonal cluster is terminated by (001) surfaces at the top and bottom. Special care has
to be taken to make the cluster stoichiometric, charge neutral, and to avoid a dipole
moment perpendicular to any of its surfaces. The cluster is chosen in such a way that
there are 76 formula units of Cas(PO4);(OH) in the cluster. Different initial positions of
the peptide are applied some distance away from the flat terrace of the hexagonal cluster
and rhombohedral cluster of the hydroxyapatite. Then, peptide geometry is optimized on
the cluster with all atom positions within the cluster being fixed. Finally the calcium ions
at the top of the hexagonal cluster are allowed to move during the energy minimization
process. This allows us to study the relaxation and movement of calcium ions during the
adsorption of peptides on the mineral surface, which mimics dynamic carbonated
hydroxyapatite surface in bone.

Subsequently, a surface step parallel to [010] on the hydroxyapatite (001) surface
is introduced. This particular step direction was chosen to keep the cluster stoichiometric
and charge neutral. A small dipole moment perpendicular to the step is unavoidable in
this setup. Peptide adsorption energies can vary with the starting position and orientation

of the peptide along the surface steps. This variation in adsorption energy occurs because
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each of the peptide has different functional groups at the side chain (of the amino acids
present in them). These side chain functional groups interact with the mineral surface
atoms differently at different orientation of the peptide alongside mineral surface,
because different atoms of the functional groups are exposed to the hydroxyapatite
surface atoms in different peptide orientations. Thus we get variable adsorption energies
depending upon orientation of the peptide. We start with several different starting
positions (described below) for the peptide, and observe their final orientation on the
hydroxyapatite surface after energy minimization. For both step and flat surface on

cluster, the different starting positions are as follows:

Orientation 1: Peptide backbone is parallel to the [010] direction for both RGD and
YIGSR.

Orientation 2: Peptide bond backbone is perpendicular to [010] ([010] step direction) for
both RGD and YIGSR.

Orientation 3: (Applicable only to RGD) D (aspartic acid) of RGD is pointing away
from surface, parallel to z-axis. Open end of “hairpin” on the surface.

Orientation 4: Initial orientation of the peptide is on the edge of hexagonal cluster. This
is applicable for both RGD and YIGSR. Peptides are present at the edge of the hexagonal
and rhombohedral flat surface.

Orientation 5: Initial peptide orientation is at the step edge parallel to [010] on the
hydroxyapatite (001) surface. This is applicable for both RGD and YIGSR, but the bulk

structure is only hexagonal step-edge.
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Cluster calculations are compared with periodic boundary condition calculations.
The same hydroxyapatite (001) surface is created and periodic boundary conditions are
applied during peptide-mineral surface interaction.

Calculation of hydration energies is necessary to estimate the effective adsorption
energy of these peptides at different orientations on the hydroxyapatite surface. Both
RGD and YIGSR have diverse side chains, and not all functional groups on the amino
acid side chains are equally hydrated. MS Modeling 4.1 DMol’ has been used to calculate
the extent of hydration on different fragments of both RGD and YIGSR. Here in the
hydration energy calculations, water is used as a homogeneous solvent with a dielectric
constant of 78.54, and the contribution of the “Cosmo” hydration energy to the total
energy is calculated. “Cosmo” describes the free energy between water molecules and
functional groups in peptides. We subtract the hydration energy of the part of the peptides
that are both hydrated and on the mineral surface, from its adsorption energy, which gives

us the effective hydration energy of the peptide.

Results and Discussions

The results of RGD and YIGSR peptide interactions with hydroxyapatite (010)
surface at different surface locations and conditions are discussed in this section. RGD is
a small 3-amino-acid peptide residue having a hairpin-like structure at the beginning of
calculation. YIGSR is a five amino-acid residue peptide with a more diverse side-chain
composition (phenyl group in tyrosine, alkane chain in isoleucine, alcohol in serine,
amide in arginine) of the amino-acid residues. This is the cause for different types of
interactions with the surface atoms on the hydroxyapatite surface, and orientations of

YIGSR vary substantially during adsorption onto the mineral surface. The variation in
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final adsorption energies of YIGSR adsorption on hydroxyapatite surface in different
surface locations shows the importance of orientation-dependence of peptide during

adsorption on mineral surface.
RGD

1) Adsorption energies of RGD on a flat hydroxyapatite (001) face using periodic
boundary condition

Here, results from the cluster calculations with periodic boundary conditions are
compared. Adsorption of RGD to a flat infinite two-dimensional slab is less favorable
compared to adsorption to a cluster. Adsorption energies are low negative values with
orientation 2 (RGD perpendicular to [010]) being the most favorable (-2.26 eV).
Adsorption energies are listed in Table 4.4.
2) Adsorption of RGD on terrace of hexagonal cluster of hydroxyapatite (001) face

Figure 4.1 shows the adsorption of RGD on the terrace of a hexagonal cluster of
the hydroxyapatite (001) face. The adsorption energy is -2.64 eV when the atoms in the
cluster are fixed. When the Ca>" ions are allowed to move, they interact with the aspartic
acid residue of RGD. The calcium ions are electrostatically attracted to the -COQO" group
in aspartic acid, which causes the RGD to move closer to the hexagonal cluster during
energy minimization. The Ca®" ions relax parallel to the [010] direction, and they do not
distort the lateral symmetry of the cluster during relaxation.

When the cluster is kept fixed during the simulation, adsorption energies have low
negative values when the RGD is at the step or near the step edge. However, adsorption
energies become highly negative and more favorable for RGD near the step-edge

(orientation 4), when the calcium ions at the top-layer of the cluster are allowed to move.
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This adsorption site has the most favorable adsorption energy of all surface positions and
interactions (-9.45 eV) (Figure 4.1). One important observation that has been made
during the interaction of RGD on flat surfaces is that RGD maintains its “hairpin”-like
structure during adsorption on the mineral surface.
3) Adsorption energies of RGD on the step of a hexagonal cluster of a
hydroxyapatite (001) face

A step parallel to [010] direction on the hydroxyapatite (001) surface has been
created, and the adsorption of RGD onto the step edge is studied. When the surface is
fixed, adsorption is most favorable when the open end of the RGD “hairpin” loop is in
contact with the surface. However, when the top layer Ca®" ions are allowed to relax,
RGD at the corner of the step edge (orientation 5) is the most favorable position for
adsorption. The adsorption energy is then -5.79 eV. Adsorption to the step edge causes
distortion of the RGD “hairpin” shape. The hairpin loop opens up during interaction with
the hydroxyapatite surface step, and after adsorption, it assumes a vertical position,
almost perpendicular to the mineral surface (Figure 4.2). Alteration of the hairpin shape
could result in an altered effect on cell-adhesion. Once the hairpin shape is distorted,
possibly the effectiveness of the RGD sequence is compromised. The adsorption energies
for RGD adsorption to the step edge of a hydroxyapatite (001) surface are listed in table
4.3.

A general interpretation that can be drawn from the RGD-hydroxyapatite
interaction are that the difference in energies in static and flexible condition is higher for
orientation 3 than orientation 2. That means RGD in its “hairpin” loop position is more

likely to become adsorbed onto the hydroxyapatite surface and surface steps. It can be
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concluded that the interaction of aspartic acid with calcium ions during energy
minimization process for orientation 3 is the reason behind more negative adsorption
energies and larger energy differences between static and flexible conditions. In
orientation 3, aspartic acid (D) moves closer to the surface whereas the arginine (R)
residue moves away from the hydroxyapatite surface during energy minimization.
Arginine does not have any strongly electronegative atoms in its side chain. It mostly
contains amide groups and alkane carbon chains, which do not favorably interact with
calcium ions on the hydroxyapatite surface.

The adsorption energies are more negative when RGD is in a parallel orientation
to the [010] as compared with the perpendicular orientation. However, these are the final
orientations of RGD along the surface step after adsorption. RGD changes its orientation
during adsorption onto the hexagonal cluster surface step of apatite surface parallel to
[010].

It can also be inferred that RGD would prefer to bind to the step-edge of the
hexagonal cluster rather than flat-terrace. An edge-atom is less-coordinated than a flat
terrace-atom which instigates better adsorption of the peptide by virtue of the peptide
having more access to the surface atoms of the mineral and causing more electrostatic
attraction. Favorable binding of RGD on the hydroxyapatite surface depends on the
orientation of the peptide.

Effect of hydration on adsorption energies of RGD on hydroxyapatite: As described
in the methods section, we have calculated the hydration energies of the RGD peptide
sequentially, considering the extent of hydration on different functional groups. It has to

be kept in mind that not all functional groups in the peptide take part in hydration, and
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not all of the functional groups are bonded to the mineral surface. The final adsorbate
structure on the mineral surface evaluates which functional groups of the peptide are
bonded to the mineral surface, and hydration energies of these functional groups have
been subtracted from the peptide vacuum adsorption energy to obtain their effective
adsorption energies. The alkane side chains in the peptide do not affect the adsorption
process substantially, and they are largely un-hydrated. The NH,- with peptide bond
elements are more strongly hydrated than other functional groups (-1.465 eV hydration
energy), followed by the amide functional group (C(NH)=NH-NH,) of arginine (R) (-
1.106eV). The COO" groups have hydration energies of ~ -0.2 eV to -0.5 eV. When the
peptide is kept parallel or perpendicular to the [010] direction (orientation 1 and 2), the
amide groups and carboxylic groups interact with the mineral surface, allowing the
peptide to maintain its “hairpin” position. Only in the case of orientation 3, when the
open end of the “hairpin” of RGD is facing away from the hydroxyapatite surface, the
hydration effects of the COO™ groups on adsorption are considered and subtracted
accordingly from the vacuum adsorption energies to obtain effective adsorption energies.
Effective adsorption energies including hydration for RGD are given in table 4.2, 4.3, and

4.4 along with their respective vacuum calculation counterpart.

YIGSR

YIGSR is a longer peptide than RGD, and it has more diverse side-chain amino-
acid residues than RGD. YIGSR contains isoleucine, which has an alkane-like carbon-
chain side-chain residue, serine, which is a more electronegative side chain containing —

CH,OH, and tyrosine, which contains a phenol group. This diversity makes YIGSR an

87



interesting peptide to study because different functional groups of this peptide may have
different interactions with the surface atoms of the hydroxyapatite surface. Calculation
with YIGSR is performed using a similar set of starting positions of the peptide as with
RGD.
1) Adsorption of YIGSR to a hydroxyapatite (001) face using 2-D periodic boundary
conditions

Here also the cluster calculations are compared with calculations on a periodic
surface. Adsorption energies vary from -0.88eV to -1.14 eV per residue in static
conditions and -1.03 eV to -1.85 eV when Ca® ions are relaxed. The values are
comparable with the flat-hexagonal cluster values, but are significantly less than
adsorption energies at the step-edge of the hexagonal cluster. Both cluster and periodic

slab has a dipole moment at [010] direction. The results are listed in table 4.7.

2) Adsorption energies of YIGSR to a terrace of a hexagonal cluster of
hydroxyapatite (001) face

Figure 4.3 shows the alignment of YIGSR along the hexagonal cluster. The
adsorption energies vary with the starting orientation of the peptide, and are more
negative when the calcium ions of the top-layer of the hexagonal hydroxyapatite cluster
are allowed to move during energy minimization. The Ca>" ions are relaxed along the
[010] direction by ~ 0.1 A from their original position. While interacting with the various
functional groups of the peptide, the Ca®" does not disturb the lateral symmetry of the

hexagonal cluster. YIGSR unfolds during its interaction with the hydroxyapatite surface
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when it has its open end of the hairpin structure on the surface (orientation 3). The results

are listed in table 4.5.

3) Adsorption of YIGSR to a [010] step of a hexagonal cluster of a hydroxyapatite
(001) face

We observe that the adsorption energies are more negative when the orientation of
the YIGSR peptide is along the step-edge or near the step-edge parallel to [010] on a
hydroxyapatite (001) surface compared to adsorption of YIGSR to a flat terrace of the
(010) surface of a hexagonal cluster. The adsorption is most favorable when YIGSR is at
the corner of step-edge (orientation 5) (Figure 4.4). Adsorption energies are listed in table
4.6.

An interesting aspect of YIGSR interaction with the hydroxyapatite surface is the
stretching of the YIGSR peptide during energy minimization and adsorption. The starting
orientation of the 5-residue amino acid is in a folded state. When the peptide starts
interacting with the hexagonal hydroxyapatite cluster, different functional groups
(-CH,OH, phenyl group, isopropyl group, and amide group) interact differently with the
surface atoms. Phenyl groups interact through the sharing of the electron cloud, whereas
alcohol and amide groups exert more direct electrostatic interactions. Isopropyl groups
interact mainly through van-der-Waals interactions. This causes the stretching out of the
peptide from folded state during adsorption.

As observed with RGD, the arginine residue moves away from the surface of
hydroxyapatite. It is also observed that the calcium ions migrate up from the

hydroxyapatite (001) surface of the hexagonal cluster when the top layer of the surface is
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relaxed during interaction with YIGSR. The migration of the calcium ions are towards
the functional groups with more electronegative atoms in the peptide sequence, namely
serine (S), and tyrosine (Y).

Effect of hydration on adsorption energies of YIGSR on hydroxyapatite: At the end
of the RGD section, the effect of hydration energies on the adsorption of that peptide on
mineral surface has been mentioned. Similar approach has been taken determining the
effect of hydration of various functional groups present in YIGSR, on its adsorption on
hydroxyapatite surface. YIGSR is longer than RGD and it has more versatile functional
groups in its side chain than RGD. YIGSR has an alkyl side chain in isoleucine, and H
atom in glycine, which has minimal hydration effect during interaction with mineral
surface. The phenol group of tyrosine (Y) has hydration energy of -0.46 eV, and the CH;-
OH group of serine (S) has hydration energy of -0.756 eV. These groups (phenol and
alcohol) come close to the surface when YIGSR is at the edge of hydroxyapatite surface
(orientation 5). NH,- with peptide bond and amide group of arginine (R) has the most
negative hydration energies (-1.23 eV and -0.86 eV respectively), and they also interact
with the hydroxyapatite surface atoms more than the other functional groups on
(especially for orientation 3). We subtract the amide group and amines hydration energies
from the vacuum adsorption energies of YIGSR to obtain effective adsorption energies.

The results are listed in table 4.5, 4.6, and 4.7.

Conclusions

From our molecular modeling study of cell-adhesion peptides on hydroxyapatite
surface, we can infer that the adsorption of cell adhesion peptides on hydroxyapatite

surfaces depends significantly on the orientation of the peptide with respect to the
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hydroxyapatite surface. Understandably, the energy is higher when the peptide is at the
step edge or edge of the surface, as compared with the flat terrace. Adsorption energies
are higher when the top Ca" layer of hydroxyapatite cluster is allowed to move, and the
initial position of the peptide is at the edge of the cluster. The effective electrostatic
interaction between peptide and mineral surface atoms is higher near the edge. This can
help us to decide that during bone regeneration, the BSP will facilitate adsorption on the
mineral surface when the surface is relaxed, and will influence growth at step edge. This
is relevant considering the fact that carbonated hydroxyapatite provides a dynamic
system in bone-regeneration, and the mineral surface is likely to be at relaxed-state
during interaction with proteins during bone-regeneration. Only the top Ca®" layer of the
hydroxyapatite surface is relaxed during the study, but one can testify the relaxation of
the first 3-4 layers of the hydroxyapatite surface, though it will be computationally
expensive. The relaxation of Ca’" ions take place in longitudinal ([010]) direction. Due to
the relaxation, the lateral symmetry of the hexagonal cluster or periodic slab is not
distorted.

Similar trends have been observed in adsorption energies for both RGD and
YIGSR on the hydroxyapatite cluster set-up. When we compare cluster results with
periodic boundary conditions, it is found that the step edge energies are less favorable
(less negative) for adsorption than flat surface initial position of the peptide in periodic
boundary condition. This difference in adsorption energies between cluster and periodic
boundary condition set up is more prominent when the mineral surface is relaxed,

compared to the all static surface. This also helps us to conclude that the adsorption of
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peptides on mineral surface during bone regeneration is favorable under dynamic and
relaxed condition of the hydroxyapatite surface.

In this chapter, the RGD and YIGSR interactions with hydroxyapatite surface is
studied as a model of bioactive surface interaction with biomaterials during cell-adhesion
mechanism. This cell adhesion mechanism triggers cellular events which finally causes
bone-tissue regeneration. That is why understanding the molecular level interaction
between peptides on biomaterial (hydroxyapatite in this case) surface is the stepping
stone for understanding cell adhesion mechanism in bone-tissue engineering. RGD and
YIGSR are small peptides, which are representatives of the bioactive surfaces like cell-
synthesized or extracellular proteins. One can look into other different set of bioactive
surface peptides to have better understanding of basic mechanism required for tissue
engineering.

Our current forcefield has interaction terms for various non-bonding van-der-
Waals interactions, thus accommodating a wide range of interactions during our study.
Universal Force Field was used to simulate interactions within the organic molecule. The
interaction between organic molecules (peptide in this case) and the mineral surface is
monitored by the HYDROXYAPATITE forcefield. The use of the HYDROXYAPATITE
force field can be extended to future studies involving organic-apatite interaction. Human
bone contains 4-6 wt% of carbonate ions in the hydroxyapatite, which is about 1 CO3>
ions per unit cell of hydroxyapatite. Carbonate ions have flat trigonal planar structure,
unlike the tetrahedral phosphate ions, which they will replace in the hydroxyapatite
structure in carbonated apatite. This means the peptides, as an adsorbate, will interact

with larger surface area of the mineral, and facilitate more mobility in the mineral
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surface. The modeling of carbonated hydroxyapatite and the adsorption energies of cell-
adhesion peptides on carbonated hydroxyapatite surface in aqueous environment will
give us additional understanding of the exact mechanism of bone growth involving
mineral-peptide interactions. In this chapter we have seen that conditions for bioactive
surface formation are favorable under relaxed hydroxyapatite surface with mobile-Ca*"
ions. Carbonated hydroxyapatite is also a dynamic and relaxed mineral surface, which
will favor bioactive surface formation necessary for bone-tissue regeneration.

The major concern for building a carbonated hydroxyapatite model using Cerius®
is proper positioning of the carbonate group in the unit cell of the hydroxyapatite crystal.
There can be one COs> per unit cell in the carbonated hydroxyapatite which will break
the 3-fold symmetry of the crystal, or there can be a spiral arrangement of hydroxyapatite
units in ¢ direction where one OH™ will be replaced by COs>". The charge balance has to
be maintained in the hydroxyapatite crystal as well during carbonate substitution. One
CO;” ion can be inserted in the unit cell replacing OH", and to balance the charge a Ca*"
ion can be replaced with H'. The replacement of PO,>” by CO;” is also possible, and can
generate most energetically favorable model. Modelling study with all these various types
of structural possibilities will help us to determine the most stable configuration of the
carbonated hydroxyapatite surface, on which we can study the interactions of cell-
adhesion peptides, to better understand the bioactive-surface biomaterial interaction prior

to bone-tissue engineering.
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Table 4.1: Potential parameters for APATITE forcefield

O-O | Buckingham intermolecular; A =54459.74 p=0213A C=
! <14 A eV 3.47
eV/ A®
O- Buckingham  intramolecular A= p=0213A C=
O(H) <14 A 347464.33 eV 3.47
eV/ A°
Ca- Buckingham intramolecular; A= p=0344A C=0
O(H) ! <14 A 685.92 eV eV/ A
Ca-O | Buckingham intramolecular; A= p=0297A C=0
: <14 A 1544.03 eV eV/ A°
O-P Morse’ intramolecular D= 0=203A K=
1.5799 eV 1.625
eV/ A’
O(H)- Morse? intramolecular D= n=318A K,=
H 7.1757 eV 1.199
eV/ A’
O-P-O | Three-body’ intramolecular Ko= 00=109.47°
angle 8.043 eV/rad’
charges | P=+1.6927 | O(Phosphate) | Ca=+1.6647 | O(Hydroxid | H=+
=-1.0448 e)=-1.8647 | 1.0000
'Buckingham: A exp (-1/p)-Cr® CineV A°

*Morse: D [(1 - exp {-a(r-1)})* - 1] a=(Ky/2D)"?

*Three-body: E = K (6-6,)
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Table 4.2: Adsorption energies of RGD on terrace of hexagonal cluster of

hydroxyapatite (001) face:

Peptide static Hydratio | Effectie hydroxy | Hydrat | Effectie
orientation on hydroxyapa | nenergy | adsorptio | apatite | ion adsorption
hydroxyapatite tite (001) of the n energy (001) energy | energy
(001) surface surface relevant | Eagsorption surface | of the Eadsorption
Eadsorption functiona | (eV) (E.;- | withtop | relevan | (eV) (E.s-
(eV) (Ey) | group E,) ca® |t Ey)
(eV) (By) layer functio
flexible | nal
Eadsorption group

ev) | (eV)

(En) (E2)
RGD parallel to | -4.59 -1.95 -2.64 -6.15 -1.95 |-4.20
Y-axis
(Orientation 1)
RGD -5.01 -1.95 -3.06 -6.57 -1.95 -4.62
perpendicular
to Y-axis
(Orientation 2)
RGD with open | -4.2 -1.66 -2.54 -5.19 -1.66 -3.53
end of “hairpin”
on the surface
(Orientation 3)
RGD at the edge | -5.28 -1.62 -3.66 -11.07 -1.62 -9.45

of the cluster
(Orientation 4)
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Table 4.3: Adsorption energies of RGD on the step of hexagonal cluster of

hydroxyapatite (001) face

Peptide orientation static Hydratio | Effectie hydroxya | Hydratio | Effectie
on hydroxyapatite hydroxya | nenergy | adsorptio | patite nenergy | adsorpti
(001) surface patite of the nenergy | (001) of the on
(001) relevant | Eagsorpiion | SUrface relevant | energy
surface functiona | (eV) (E. | withtop | functiona | Eagsorption
Eadsorption I group 1'E2) Caz+ I group (EV) (E»
V) (Er) | (V) (E) layer | (eV) (Ed) | +Eo)
flexible
Eadsorption
(eV) (Ey)
RGD parallel to -6.36 -1.95 -4.41 -5.04 -1.95 -3.09
Y-axis
(Orientation 1)
RGD -5.91 -1.95 -3.96 -3.84 -1.95 -1.89
perpendicular to
Y-
axis(Orientation
1)
RGD with open -6.39 -1.66 -4.73 -5.97 -1.66 -4.31
end of “hairpin”
on the surface
(Orientation 3)
RGD at the edge -5.04 -1.62 -3.42 -7.41 -1.62 -5.79

of the cluster
(Orientation 5)
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Table 4.4: Adsorption energies of RGD on hydroxyapatite (001) face under Periodic

Boundary Condition

Peptide orientation on | static Hydratio | Effectie | hydroxyap | Hydration | Effectie

hydroxyapatite (001) hydroxyap | nenergy | adsorpti | atite (001) | energy of | adsorptio

surface atite (001) | of the on surface the n energy
surface relevant | energy with top relevant Eadsorption
Eadsorption function | Eagsorption Ca* layer | functional | (eV) (E.
(eV) (Ey) | algroup | (eV) (E. | flexible group 1-E»)

(EV) (EZ) 1'E2) Eadsorption (EV) (EZ)
(eV) (Ey)

RGD parallel to Y- -1.71 -1.44 -0.27 -3.27 -1.44 1.83

axis

(Orientation 1)

RGD perpendicular | -3.03 -1.44 -1.59 -3.66 -1.44 -2.22

to Y-

axis(Orientation 2)

RGD with openend | -1.11 -0.85 -0.26 -1.11 -0.85 -0.26

of “hairpin” on the

surface(Orientation

3)

RGD at the edge of | -2.04 -1.62 -0.42 -2.04 -1.62 -0.42

the

cluster(Orientation

4)
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Table 4.5: Adsorption energies of YIGSR on terrace of hexagonal cluster

hydroxyapatite (001) face:

Peptide orientation on | static Hydration | Effectie hydrox | Hydrati | Effectie
fixed hydroxyapatite hydroxya | energy of | adsorptio | yapatit | on adsorption
(001) surface patite the n energy e (001) | energy energy
(001) relevant Eadsorption surface | of the Eadsorption
surface functional | (eV) (E4- | with relevant | (eV) (E.-
Eadsorption group E,) top function | Ey)
V) (E) | (eV)(Ey Ca* al group
layer (eV) (Ey)
flexible
Eadsorpti
on (€V)
(E1)
YIGSR parallel to -1.80 -1.69 -0.11 34 -1.69 -1.71
Y-axis
(Orientation 1)
YIGSR -6.85 -1.35 -5.5 3.4 -1.35 -2.05
perpendicular to Y-
axis(Orientation 2)
YIGSR with open -7.3 -2.1 -5.2 -21.9 | -2.96 -18.94
end of “hairpin” on
the surface
(Orientation 3)
YIGSR at the edge -2.05 -1.63 -1.52 -2.35 | -1.63 -0.72
of the

cluster(Orientation
4)
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Table 4.6: Adsorption energies of YIGSR on the step of hexagonal cluster of

hydroxyapatite (001) face

Peptide orientation | static Hydrati | Effectie | hydro | Hydrat | Effectie
on fixed hydroxy | on adsorpti | xyapa | ion adsorption
hydroxyapatite apatite energy on tite energy | energy
(001) surface (001) of the energy (001) | ofthe | Eadsorption
surface relevant | Eagsorption | SUrfa | relevan | (eV) (E.s-Ey)
Eagsorption | function | (eV) (E. | ce t
(eV) al group | 1-E) with functio
(Ev) (eV) (E2) top nal
ca®* | group
layer | (eV)
flexib | (E)
le
Eadsorp
tion
(eV)
(Ev)
YIGSR parallel -6.19 -1.69 -4.5 -7.8 [-1.69 |-6.11
to Y-axis
(Orientation 1)
YIGSR -5.00 -1.35 -3.65 -142 | -1.35 |-12.85
perpendicular to
Y-
axis(Orientation
2)
YIGSR with -6.65 -2.1 -4.55 -13.9 | 296 |-10.94
open end of
“hairpin” on the
surface
(Orientation 3)
YIGSR at the -10.05 -1.63 -8.42 - -1.63 | -16.52
edge of the 18.1
cluster(Orientati 5
on 4)
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4.7: Adsorption energies of YIGSR on hydroxyapatite (001) face using periodic

boundary conditions

Peptide orientation on static Hydration Effectie hydrox | Hydratio | Effective
fixed hydroxyapatite hydroxy- | energy of the | adsorption | yapatite | nenergy | adsorption
(001) surface apatite relevant energy (001) of the energy
(001) functional Eadsorption surface | relevant | Eadsorption
surface group (eV) (E4- | with function | (eV) (E.s-
Eadsorption (EV) (EZ) EZ) tOp al group EZ)
(eV) (Ev) Ca’" (eV) (E2)
layer
flexible
Eadsorptio
n (V)
(Ey)
YIGSR parallel to Y- | -4.4 -2.1 -2.30 -5.15 -2.1 -3.05
axis
(Orientation 1)
YIGSR perpendicular | -5.75 -.99 -4.76 -9.25 -0.99 -8.96
to Y-
axis(Orientation 2)
YIGSR with open -5.70 -2.1 -3.60 -8.95 -2.1 -6.85
end of “hairpin” on
the surface
(Orientation 3)
YIGSR at the edge of | -5.1 -1.23 -3.87 -5.15 -1.23 -3.92
the

cluster(Orientation
4)
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Figure 4.1. RGD at the edge of hexagonal cluster of hydroxyapatite (001) surface.
The hydroxyapatite cluster is static.

101



Figure 4.2. RGD at the step edge of the step direction parallel to [0 1 0] on
hydroxyapatite (001) surface. The top Ca”" layer is allowed to move during adsorption.
RGD opens up its hairpin loop structure and takes a vertical position, almost
perpendicular to the mineral surface. The top figure shows the initial starting position; the
bottom figure shows final orientation after energy minimization.
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Figure 4.3. YIGSR on the step edge corner of step parallel to [0 1 0] on hydroxyapatite
(001) surface. The adsorption condition is most favorable among all other interactions
with YIGSR. YIGSR opens up its folded orientation during the interaction. The top layer
of Ca”" ion on the mineral surface is allowed to move. The top figure shows the initial
starting position; the bottom figure shows final orientation after energy minimization
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Figure 4.4. YIGSR adsorption on hydroxyapatite (001) surface under periodic boundary
condition. The peptide is perpendicular to the Y axis, and the adsorption energy is most
favorable among all the adsorption energies with PBC.
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Chapter 5

Co-adsorption of As(OH); and different oxidation
galena (100) surfaces

Introduction

Arsenic is being used for a variety of medicinal applications, such as in cancer
therapy [Waxman et al, 2001], in dermatology [Schwartz, 1997], and in the treatment of
acute leukemia [Perkins et al, 2000]. Arsenic is known for its carcinogenic effect
[Thomas et al, 2001]. Arsenic mobility in groundwater spreads arsenic contamination in
many areas in the world [Harvey et al, 2002]. This has made arsenic an important subject
for research and exploration.

The worst arsenic catastrophe occurred in Bangladesh, where 35 million people
were exposed to As levels above the US EPA standard [Harvey et al, 2002]. Arsenic
mobilization from aquatic sediments is an environmental problem because waterborne
arsenic can migrate into pristine areas, endangering aquatic organisms and people. As
(III) is more soluble and mobile in solution than As (V). As (III) is also more toxic than

its oxidized counterpart. The most common natural As (III) species in groundwater is As
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(OH);. To minimize the concentration of As in groundwater, it is necessary that As(OH);
gets adsorbed on mineral surfaces and subsequently oxidized while oxidation in solution
is often kinetically hindered. In this respect, it is important to know what the redox
mechanisms are that transform arsenic from one oxidation state to another because these
redox processes often control the mobility of this hazardous element. It has been found
that the initial process of arsenic oxidation on niccolite (NiAs) may involve the reduction
of adsorbed atomic oxygen radicals and the production of As (OH); surface species
[Nesbitt et al, 1999]. If co-adsorption of As(OH); and oxidizing agents such as oxygen or
ferric iron occurs on conducting or semiconducting mineral surfaces, long-range (atomic
scale) electronic proximity effects may play a role [Becker et al., 2001; Rosso and
Becker, 2003]. In such proximity effects, the chemical reaction of one surface site
influences the electronic structure and reactivity of neighboring or nearby sites by spin
polarization and electron/charge transfer over distances of up to tens of angstroms,
thereby inducing the mobility or adsorption of another species on the surface some
distance away. For the case of NiAs or FeAsS (arsenopyrite) oxidation, electron transfer
may not only take place from As atoms that are directly bonded to the adsorbing atomic
O. Electrons may travel over some distance through the arsenide to the oxidized As that
gets hydrated. Bacteria can also be electron donating species, e.g., Shewanella alga BrY
provides the electron for the reduction of Fe (III) to Fe (II) in As containing Fe (oxy-)
hydroxides [Cummings et al, 1999]. Subsequently, the electron can be transferred to
reduce As (V), and arsenic is released from the surface to solution.

Several studies have addressed the release of As (III) into solution [Nickson et al,

2000, Dixit et al, 2003] because As (III) is more soluble and mobile in solution than As
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(V). As(IIl) is also more toxic than its oxidized counterpart. Thus, it may be helpful to
understand the redox chemistry between As(IIl) and As(V), and how electron transfer
may be mediated by different mineral surfaces. In this context, it is instructive to study
the adsorption mechanism of As(OH); to mineral surfaces. As(V) is adsorbed strongly in
an oxidized environment to Fe and Al oxides and hydroxides [Waychunas et al, 1993].
As(IIT) is adsorbed weakly in anaerobic conditions by (a) reductive dissolution of iron
minerals [Manning et al, 1998]; (b) weak retention of As(Ill) on Al-hydroxides and
silicates [Anderson et al, 1976]

Adsorption of arsenite, As(IlI), has been studied on galena and sphalerite surfaces
to address the problem of As release in solution by reductive dissolution [Bostick et al,
2003]. This study on the pH dependence showed that significant adsorption of As(III)
takes place at neutral to alkaline pH (7-9) on both minerals, which may be due to the fact
that As(OH); has a pK, value 9.3 .With increasing ionic strength, the adsorption of
As(Il) on both surfaces, PbS and ZnS, increases. Surfaces of these sulfides are
negatively charged above pH 3, thus they do not form electrostatic bond with neutral or
anionic As(III) species [Bostick et al, 2003].

The As-S bond distances of As(III) adsorbed to PbS and ZnS are longer than bond
distances in orpiment (As,S3). The proposed mechanism suggests the formation of small
As-S polymers with As3S;(SH); structure. Here, the As-S bond length is 2.25 A [Bostick
et al, 2003].

These previous studies show that As(IIl) gets adsorbed to PbS and ZnS surfaces
and physical properties like pH, ionic strength, and the addition of sulfide play a major

role in its adsorption behavior. This study [Bostick et al, 2003] also shows that the
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adsorption of As(IIl) species on PbS surface is a complex process. It does not happen
through conventional ligand exchange mechanism or chemical bond formations. The
formal oxidation state of the As(III) remains unchanged during adsorption. The
adsorption of As(IIl) on galena surface increase with pH , but any inner-sphere complex
formed on surface is relatively labile. Thus the question arises about the exact
phenomenon/mechanism of As(III) adsorption on sulfide mineral surfaces, PbS in this
case. One approach through which the surface complexation or adsorption of As(IIl) on
PbS can takes place is surface proximity effects. Hematite, pyrite, and galena surfaces are
investigated by researchers through STM, ab-initio calculations [Becker et al, 1996,
Becker et al, 1997]. The findings of those studies evaluate how to combine surface
complexation theory and proximity effect theory for the case of oxidation of PbS by
Fe(IIT) and water [Becker et al, 2001]. Influenced by these studies, a quantum-mechanical
approach was chosen to study electron transfer between redox couples through a mineral
surface to investigate the long-range interaction of As (OH)s through a galena (100)
surface with different oxidants.

The Proximity Effect: When the chemical reaction of one surface site influences
the electronic structure and reactivity of neighboring or nearby sites by spin polarization
and electron /charge exchange, and induces mobility or adsorption of another species on
the surface in another surface site, it is called the proximity effect. The surface proximity
effect can be manifested in different ways, although the principle is the same. For
example, electron transfer in redox reactions on galena surfaces can electrically connect
spatially separated adsorption sites or adsorption sites with specific surface sites

(vacancies, kinks etc.) some distance away from the adsorption site. One such example is
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described for pyrite where the oxidation of one site on a terrace influences next-nearest
neighbor sites, making them far more susceptible to oxidative attack than sites further
away [Becker et al, 2001].

Examples of proximity effect: Naturally-occurring and relatively abundant
minerals such as hematite (Fe,Os3), pyrite (FeS,), and galena (PbS), are good candidates
for studying proximity effects due to their semiconducting nature. Hematite influences
transition metal mobility in many soils and pyrite and pyrrhotite often act as key
components in acid mine runoff.

In the oxidation of galena via interaction with ferric iron and water, Fe** acts as
the oxidizing agent (electron acceptor); water promotes this reaction and supplies the
oxygen necessary to produce sulfate. It has been shown that ferric iron and the water
molecule do not have to be bonded to the same surface atom [Becker et al, 2001]. The
same analogy has been followed in the study of co-adsorption of As(OH); and oxidizing
species on galena surface. As mentioned earlier, finding a suitable mechanism for As(III)
adsorption on galena surface is the main purpose of the study in this chapter. Though the
exact adsorption mechanism of As(IIl) on galena surface is not known, the knowledge for
possible mechanisms of As(IIl)-species adsorption on galena surface is known. [Becker
et al, 2001] has shown the mechanistic approach for oxidation of a semiconducting
mineral surface like galena via proximity effect. Similar path is followed in this study to
address possible As(OH); adsorption on galena.

The main purpose of this proximity effect study is to analyze the influence of
different oxidizing species on the adsorption and potential oxidation of As(OH); on a

galena surface. Hereby, the oxidants do not react directly with As(OH); but electron
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transfer takes place over some distance. An interesting side effect of this system is that
PbS is a reducing mineral by itself; however, with an oxidant adsorbed, it acts more like
an electron shuttling compound, and thus, the system oxidant-galena may act as an
oxidizing system. The oxidants used in this study are oxygen (elemental and molecular)
and Fe(III). Fe can be low-spin or high-spin with 5 or 1 unpaired spins, respectively. Both
cases were investigated to see how spin multiplicity affects the proximity effect. The
starting position of the oxidizing species and adsorbate around the cluster have been
varied : (1) both oxidant and As(OH); on the same terrace of the cluster, (i1) Fe(IIl) at the
corner and As(OH); on the terrace of the cluster and (iii) both Fe(IIl) and As(OH); on

opposite corners of the cluster.

Methods:

Inorganic redox processes discussed in this chapter occurs via electron transfer.
So all the calculations done in this study involves ab-initio or quantum mechanical
approach. All calculations on galena were performed on a 4x4x2-atom Pb cluster (16 Pb
and 16 S atoms) using both Hartree-Fock and a hybrid HF-DFT (B3LYP) approach
incorporated in the computer program package Gaussian03. Hartree-Fock (HF) is an
approximate method for the determination of the ground-state wave-function and ground-
state energy of a quantum many-body system. It is typically used to solve the time-
independent Schrodinger equation for a multi-electron atom or molecule as described in
the Born-Oppenheimer approximation. Hartree Fock neglects electron correlation, which
is important to include in order to evaluate proximity effects quantitatively, because the
electron transfer between the redox couple through the mineral surface is strongly

influenced by electron correlation. That is why correlation functionals are included in our
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calculations using a hybrid functional such as B3LYP [(Becke 3-Parameter (Exchange),
Lee, Yang and Parr (correlation; density functional theory)]. A hybrid functional is an
exchange-correlation functional used in density functional theory (DFT) that incorporates
a portion of exact exchange from Hartree-Fock theory with exchange and correlation
from other sources (ab initio, such as LDA-local density approximation, or
empirical)[Hertwig et al, 1997]. This gives a more realistic picture of the electron
exchange and charge transfer occurring in a multi-electron system such as PbS(100)
cluster along with oxidizing species and adsorbates.

A cluster was chosen due to the use of charged adsorbates and to avoid
interactions with adsorbates in neighboring unit cells. This cluster size of galena was
chosen as a compromise of computational expense and tolerable edge effects. The latter
are described in Becker et al. 2001.

In each calculation, the adsorption energy of As(OH)3 on PbS cluster in the
presence and absence of an oxidizing species are determined. In order to obtain
individual adsorption energies for the individual adsorbates and the co-adsorption

process, the following equations were used:

AEl = Esurface+ads.1+ads.2 - [Esurface + Eads.l + Eadsl] ------------ (1)
AEz =E surface+ads.1 ~ [Esurface + Eads.l] ........................ (2)
AE3: E surface+ads.2. — [Esurface + Eads‘z] ............................. (3)

Eproximity = AE; - (AE2+ AE}) = Esurfaceads.1+ads.2 = E surface+ads.1 = E surface+ads.2. T Esurface

4
In the equations above, ads.1 is e.g., As(OH)s, ads.2 can be atomic or molecular

oxygen or Fe(Il), and in this study, Pb;¢S;6 serves as a model for “surface”.
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The initial position of the oxidizing species on one side of the cluster is also

important in the ultimate outcome of proximity effect.

Results and Discussion

The results of our ab-initio calculations on the co-adsorption of As(OH)3 to
galena (100) surfaces along with different oxidizing species are discussed in this section.
Equations 2 and 3 calculate the adsorption energy of one particular species to a galena
(100) surface in the absence of any other oxidizing or reducing species. Equation 1
calculates the co-adsorption energy of both reducing and oxidizing species together on
the mineral surface. By combining these equations, proximity effect energies are
obtained, whether adsorption of one species is promoted (Eproximity < 0) or hindered
(Eproximity > 0) in the presence of the respective other. Moreover, if there is a significant
change from individual adsorption energies (positive value) to overall co-adsorption
energy (negative value) for a particular redox couple, then we can infer that that

particular redox couple can facilitate co-adsorption on galena (100) surface.

Proximity effect of As(OH); adsorption on galena (100) under
the influence of co-adsorption of atomic oxygen

a) Hartree-Fock approach: First the effect of the co-adsorption of atomic
oxygen on As(OH)3 adsorption on galena was studied. The total energies of each cluster,
individual species and adsorption energies of As(OH)3 to galena in the presence and
absence of an oxidizing species are listed in table 5.1. The chemical equations and

subsequent proximity energies are listed as follows.
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AE= E pbi6si6.0.as (oH)3 — [Epbs + Eo + Easoms] =19.05eV
AE, = E pvi6si6.as (om)3 - [Epbs T+ Easconys ] =27.76 eV
AEs= E pvi6si6.0. — [Epbs + Eo ] 3.54¢eV
AE, — (AE, + AE) J12.25 eV

Eproximity =

b) B3LYP approach: The individual energies of species and cluster for B3LYP

HF-DFT hybrid approach are listed in table 5.1.

AE = E pbi6si6.0.as 0H3 — [Epbs + Eo + Easony] =-40.0 eV
AE; = E pvissie.as (on)3 - [Epbs T+ Easconys ] =-20.14 eV
AEs;= E pvi6si6.0. — [Epbs + Eo ] = -3.27¢eV
Eproximity = AE;—(AE; + AEj) =-16.6 eV

The negative values for the proximity energies for both HF and B3LYP mean that
oxygen promotes the adsorption of As(OH); on galena. Interestingly, the HF approach
would suggest that individual adsorption of As(OH); or atomic oxygen to PbS would not
be possible. The B3LYP values for Epoximity are more negative than the HF values. As
we have discussed earlier, HF simplifies the calculation by not taking electron correlation
into account. Thus the interaction of the redox couple through mineral surface during co-
adsorption is limited to the direct combination of one-electron wave functions. In the
hybrid functional scenario, the behavior of electrons in the redox couple and the galena
surface is not independent of each other, as it incorporates electron correlation. Thus the
proximity energies are usually more negative in B3LYP calculations. This trend is
observed in the rest of the calculations involving other redox couples studied in this
chapter. O atoms have two unpaired electrons, and in their atomic state, are very reactive
due to their radical character. In nature, oxygen atom will accept electrons from galena

and thus enhance As(OH); adsorption (Figure 5.1).
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Proximity effects on As(OH); adsorption on galena (100) under

the influence of molecular oxygen

Triplet oxygen is the ground state of the oxygen molecule. The electron
configuration of the molecule has two unpaired electrons occupying two degenerate
molecular orbitals. These orbitals are classified as a8ntibonding. Singlet oxygen is the
common name used for the two metastable states of molecular oxygen (O,) with higher
energy than the ground state triplet oxygen. Singlet oxygen, where the electron spins are
opposed in a higher energy state, is many times more reactive than triplet oxygen. When
the oxygen molecule is away from the galena (100) surface, it is in its triplet state. During
the co-adsorption of As(OH); and oxygen onto the galena surface, the oxygen molecule
approaches closer to the surface. The oxygen molecule moves ~ 1.5 A towards the galena
surface during the co-adsorption process The oxygen molecule is more reactive in its
singlet state, and it crosses over the activation energy barrier as it approaches the surface
(Figure 5.2). Oxygen adsorbed to the galena surface prefers to be in its singlet spin state.
Electron exchange with the galena surface is more favorable with the singlet oxygen near
the surface.

Singlet oxygen energies:

a) Hartree Fock:

AE = E pbi6s16.02(s).as (0m)3 — [Epbs + Eo2(s) + Eascomz] =30.75 eV

AE, = E pvissi6.as (om)3 - [Epbs T+ Easconys ] =27.76 eV

AEs= E pbi6si6.02.( — [Epbs T Eog | =4.90eV

Eproximity = AEL - (AE2 + AE3) —_1.91 eV
b) B3LYP:
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AE= E pbi6s16.02(s).as (0H)3 — [Epbs + Eo2 (s) T Easconyz] =-14.42 eV

AE, = E pvi6si6.as (om)3 - [Epbs T+ Easconys ] =-20.14 eV
AE;= E pbi6si6.02.( — [Epbs T Eo | =14.97 eV
Eproximity = AEIl - (AE2 + AE3) =.925¢eV

Triplet oxygen energies

a) Hartree Fock:

AE = E pbi6s16.02(0.4s 0m3 — [Epbs + Eoz2 () T Eascomz] =27.76 eV
AE; = E pvissie.as (on)3 - [Epbs T+ Easconys ] =27.76 eV
AE;= E pvi6s16.02.(0 — [Epbs + Eog) ] =2.72eV
Eproximity = AE; - (AE; + AE;) =-2.72eV
b) B3LYP:

AE = E pbi6s16.02t).4s 0m)3 — [Epbs + Eo2 () + Easomz] =-13.61 eV
AE, = E pvi6si6.as (om)3 - [Epbs T+ Easconys ] =-20.14 eV
AE;= E pbi6s16.02.¢s) — [Epbs + Eos) ] =6.75eV
Eproximity = AE; - (AE; + AE;) =-0.22 eV

We have obtained less negative proximity energy with triplet oxygen co-
adsorption with As(OH); using B3LYP (-0.22 eV) than singlet oxygen co-adsorbed with
As(OH); on galena surface. This shows that oxygen (at triplet state) adsorption with
As(OH); on galena cluster is not favored. When oxygen in the singlet state is co-adsorbed
to the galena surface, the proximity energy using B3LYP is -9.25 eV, which is more
favorable than HF calculations. In the earlier section we have discussed the reason of this
trend (electron correlation). The results in this section show that atomic oxygen is a
better candidate to facilitate co-adsorption of As(OH); on a galena (100) surface than
molecular oxygen.

The oxygen molecule moves only slightly (~0.5 A) during the adsorption of

As(OH)s, while the distance between the cluster and the As(OH); molecule changes by
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~1.2 A. The closest S-As distance is 2.25 A in presence of oxygen molecule, and ~3.47 A

in absence of oxygen molecule.

Proximity effect in the presence of Fe (I111) as oxidizing agent

As an alternative oxidant, the oxidation and proximity effect of Fe(Ill) with
As(OH); on galena is studied. Fe(IIl) has 5 unpaired 3d-electrons, which gives rise to a
spin multiplicity of 6 (2x5/2+1), whereas in the low-spin case, there is only one unpaired
electron giving rise to a spin multiplicity of 2 (2x1/2+1). This difference in spin-
multiplicity due to high-spin or low-spin is true for both octahedral and tetrahedral field
splitting. The proximity effect in the presence of both high-spin and low-spin Fe(IIl) is
studied. The initial positions of Fe(III) to be on the same and opposite side of the cluster,

and at a corner site are also considered.

Proximity effect on As(OH); adsorption on galena (100) with
Fe(l111) high-spin

The individual energies and cluster energies are listed in table 5.1 for both HF and
B3LYP calculations. The calculation for the proximity effect in the presence of Fe(IIl) as

high-spin is as follows :

a) Hartree-Fock:

AE = E pb16s16.Fe(hs).As (0H)3 — [Epbs T Ere (ns) T Eascom] = 10.61 eV

AE, = E pbissie..as om)3 - [Epbs T Easomns | =27.76 eV

AE3= E pbi6si6.Fe.(s) — [Epbs T Eres) ] =-11.16 eV

Eproximity = AE; - (AE; + AE;) =-591eV
b) B3LYP:
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AE = E pbi16s16.Fe(hs).As (0H)3 — [Epbs T Ere (ns) + Eason] =-51.97 eV

AE, = E pvi6si6.as (om)3 - [Epbs T+ Easconys ] =-20.14 eV
AEs= E poi6s16.Fe.s) — [Epbs + Eres) | =-31.65¢eV
Eproximity = AE; - (AE; + AE;) =-0.18 eV

Proximity effect on As(OH); adsorption on galena (100) with
Fe(l11) low spin
The calculation for the proximity effect in the presence of Fe(IIl) as low-spin is as

follows :

a) Hartree-Fock:

AE = E pbi6si16.Fes).as 0m3 — [Epbs T Ere 15) T Eason] =-0.27 eV
AE; = E pvissie.as (on) - [Epbs T+ Easconys ] =27.76 eV
AE;= E poi6s16.Fe.ths) — [Epbs T Ere(ns) ] =-6.53 eV
Eproximity = AE; - (AE; + AE;) =-21.5eV
b) B3LYP:
AE= E pbi6si6.Fe(s).as 0m3 — [Epbs + Ere 15) T Easony] =-63.67 eV
AE, = E pvi6si6.as (om)3 - [Epbs T Easconys ] =-20.14 eV
AEs= E p16s16.Fe.(hs) — [Epbs T Ere(ns) ] =-26.39 eV
Eproximity = AE; - (AE; + AE;) =-17.14 eV

The calculated proximity energies are more negative when Fe(IIl) is at low-spin
when co-adsorbed to galena surface with As(OH); compared to Fe(Ill) at high spin.
Fe(Il) has 5 unpaired 3d-electrons in high-spin. When the Fe(IIl) gets closer to the
surface during adsorption, it interacts with the electrons from closest S atom in galena
cluster. According to ligand field theory, S atom electrons split the t2g and eg orbitals of
3d electron level of Fe(IlI). This causes the Fe(IIl) to transfer from high-spin to low-spin

when getting close to the surface, and Fe(IIl) in low-spin state in co-adsorbed state on
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galena (100) surface.. The initial and final distance of the oxidizing species and As(OH);
on either side of the cluster did not change significantly during the process of adsorption.
Significant differences between HF and B3LYP energies

In the results above, the HF and B3LYP energies are significantly different. This
shows that the electron correlation effect for Fe(Ill) as oxidizing agent is substantial
during co-adsorption of As(OH); on galena (100) surface. Fe(Ill) has a higher number of
atomic orbitals than oxygen. Thus HF approximation which follows the LCAO (linear
combination of atomic orbitals) method, causes significant deviation from the actual
electronic interaction taking place between redox couple and mineral surface. B3LYP
takes into account of all electron correlations in Fe(IIl) atomic orbitals. Since Fe(III) has
d-orbitals, it has more complicated electron correlation and electron exchange with its
neighbors (the mineral surface electrons in this case) compared to oxygen atom/molecule
[Friesner et al, 2001]. Thus the difference between HF and B3LYP is more significant in
adsorption energies involving Fe(IIl). This trend is also found in other calculations
involving Fe(IIl) (different spin states and positions of the Fe(Ill)) as oxidizing agent in
this chapter. The relative influence of Fe(Ill) high-spin/low-spin on As(OH); adsorption
in galena surface is discussed after the calculations with Fe(IIl) low-spin as oxidizing
agent.

It is observed that Fe (III) as an oxidizing species influences the As(OH)s
adsorption on galena, in both high-spin and low-spin cases (Figure 5.3), though the
proximity energy in low-spin case is more negative, i.e., adsorption is more favorable
when Fe(III) is present in low-spin state as oxidizing agent. Fe(IIl) in low-spin state has 1

unpaired spin 3d electron (considering octahedral ligand field, and also considering
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emission of 4s electron before 3d electrons during ionization). In high-spin case, Fe(IlI)
has one electron each in five 3d energy levels(dyy, dy,, dx, d, dx-y2) and the electron
exchange with the galena cluster and arsenic hydroxide is delocalized, which may be the
reason of less favorable proximity influence compared to the case of Fe(Ill) low-spin.
Fe(IIT) low-spin has only one unpaired spin in 3d energy level, and the electron exchange
and interaction with galena cluster is much more localized, which in turn has more

proximity influence on As(OH); adsorption on galena (100) cluster.

Proximity effect in the presence of Fe (I11) as oxidizing agent in

the corner of galena cluster

If the initial position of Fe(Ill) (both high-spin and low-spin) is located near the
corner of the cluster (Figure 5.4) and As(OH); is on the other side of the cluster, the
electron sharing and charge density distribution is different from the two earlier cases
where Fe is on the same side of the cluster. Cluster corners are more reactive than other
positions of the cluster. Charge transfer and spin polarizations in the cluster corner
facilitates mobility of the Fe(Ill) as oxidizing species, which in turn makes the As(OH);
species mobile on the other side of the cluster. In an earlier study, it was shown that
adsorbed species on a mineral surface modify the corner sites of a mineral surface
through proximity effects [Becker et al, 2001]. It is also shown that surface complexes
may find a new energetic minimum at the surface that can be located at the corner. STM-
STS images have confirmed the importance of proximity effect, and have also shown the
oxidation of pyrite surface via O, in vacuum, where initial position of O, is at the corner

of the mineral surface cluster [Becker et al, 2001]. It is expected that the Fe(IIl) at the
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corner of the galena (100) cluster will facilitate the co-adsorption of As(OH); through

proximity effect .

Proximity effect on As(OH); adsorption on galena (100) with

Fe(l11) high-spin at the corner of galena cluster

Here the effect with initial Fe(III) (high-spin) position at the corner of the galena

cluster is studied.

a) Hartree Fock:

AE= E pb16S16.Fecomer(hs).As (0H)3 — [Epbs T Efccomer (hs) T Easconyy = 7.07 eV
AE, = E pvi6si6.as (om)3 - [Epbs T+ Easconys ] =27.76 eV
AE3= E Pb16S16.Fe.corner(ls) — [EPbS + EFecomer(ls) ] =12.52¢eV
Eproximity = AE|—(AE; + AE;) =-8.17eV
b) B3LYP:

AE= E pb16s16.Fecorer(hs).As (0H)3 — [EpPbs + Erecomner (hs) T Eascomz =-58.23 eV
AE, = E pvi6si6.as (om)3 - [Epbs T+ Easconys ] =-20.14 eV
AE3= E Pb16S16.Fe.corner(ls) — [EPbS + EFecomer(ls) ] =-34.56eV
Eproximity = AE|—(AE; + AE;) =-3.53¢eV

Proximity effect on As(OH); adsorption on galena (100) with

Fe(l11) low spin at the corner of galena cluster

The calculation for the proximity effect in the presence of Fe(Ill) in the corner as

low-spin is as follows :

a) Hartree-Fock:
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AEIZ E Pb16S16.Fecorner(ls).As (OH)3 — [EPbS + EFecorner (hs) + EAS(OH)?}: =-2.72¢eV

AE, = E pbissie..as om)3 - [Epbs T Easoms | =27.76 eV
AESZ E Pb16S16.Fe.corner(ls) — [EPbS + EFecorner(ls) ] = -5.71eV
Eproximitv = AE,; - (AEZ + AE3) =-2477 eV
b) B3LYP:
AE = E pb16316.Fecomer(hs).As (0H)3 — [Epbs T Erecomer (hs) T Eascoms = -70.47 eV
AE; = E pvissi6.as (om)3 - [Epbs T+ Easconys ] =-20.14 eV
AEs= E pb16s16.Fe.comer(hs) — [Epbs T EFecomer(ns) ] =-2449¢V
Eproximity = AE|—(AE; + AE;) =-25.84¢eV

The adsorption energies in both HF and B3LYP case are comparable, though the
energies are lower (more negative) compared to the previous case, when the oxidizing
species Fe(IIl) is present at the side of galena cluster.

These results follow a similar trend in proximity energies with Fe(IIl) in the corner of
the cluster, as we have observed when Fe(III) at the side of the galena cluster during co-
adsorption. The adsorption energies are more negative when Fe(IIl) is at the corner of the
cluster compared to the side of the cluster. The energies again show that Fe(III) is high-
spin away from the surface, and switches to low-spin when it gets close to the surface and
co-adsorbs to the galena (100) cluster along with As(OH);. The other scenario, where
Fe(IIT) at high spin state is co-adsorbed with As(OH); on galena surface has less
favorable energy. In the earlier section it was shown that the ligand field splitting was
responsible for Fe(Ill) transferring from high-spin to low-spin when it approached near
the surface.

When The Fe ion as oxidizing species is present at the side of the cluster, it interacts
more with atoms at the galena cluster, which facilitates electronic interactions with S

atoms at the galena cluster through exchange of electron density and spin density, which
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in turn influences As(OH); adsorption on the other side of the cluster. But this interaction
with S atoms delocalizes the electron exchange and charge transfer. This is not the case
when the Fe atom is present at the corner of the cluster. In that case it is interacting with
one S atom present at the corner of the cluster, and thus the electron exchange and charge
transfer to the galena cluster is much more localized than the previous scenario (Fe at the
side). This causes more negative adsorption energy and favorable condition for As(OH);
adsorption on galena cluster.

When both As(OH); and Fe(III) are placed on two different corners of galena cluster,
the adsorption energies become much lower for both the high-spin and low-spin case.
The comparison of proximity energies for Fe(Ill) as oxidizing agent in different starting
positions and spin configuration is given in table 5.2. When both the oxidizing species
and adsorbate are on two separate and opposite corners of a cluster(Figure 5.5), the
electron exchange and charge transfer is minimized, resulting in the adsorption and
proximity energies lower than the case when only oxidizing species are present at the
corner of the cluster.

The effect of low-spin Fe(IIl) is similar to the previous case where the initial position
of Fe(IIT) was at the middle of the cluster. Low-spin Fe(IIl) at corner of the cluster favors
the proximity effect more than the high-spin case, thus providing more negative

proximity energy.

Conclusions

Through this study, we investigated the effect of oxidizing species on the adsorption
of toxic elements such as As onto the mineral galena (100) surface. Using both Hartree-

Fock theory and the hybrid functional B3LYP in the program Gaussian 03, different

124



starting positions of the oxidizing species with respect to the galena cluster has been
compared. The effect of oxidizing species with different spin configuration has also been
studied, as spin configuration has definitive influence on proximity effect energy. An
oxygen atom or an oxygen molecule are the two most likely candidates in nature that can
influence adsorption of a species on a mineral surface. Oxygen atoms can be present as
oxides in different natural minerals. It is observed that oxygen atoms, most likely to be
present as oxides, influence arsenic hydroxide adsorption to galena surface favorable.
The energies are fairly negative (~ -13 eV), which suggests that As(IIl) species can be
adsorbed on to galena in oxidizing natural environment. The adsorption energies are less
negative in presence of oxygen molecule.

Fe(Ill) as an oxidizing species is also considered. Fe-oxides and hydroxides are
common and abundant as mineral on earth’s surface, and can substantially influence the
concentration of As(IIl) speciation in ground-water. Calculations show us that Fe(III) in
low-spin state is more likely to favor As(IIl) species adsorption on galena (100) cluster.
Fe(Ill) is likely to be at a high-spin state when away from the galena surface, but it
transfers to the low-spin state during co-adsorption process of As(OH); onto the galena
(100) surface. It is known that in presence of a strong ligand, which induces large crystal
field splitting, Fe(Ill) forms low-spin configuration. Thus Fe(Ill) complexes with large
organic ligands have low-spin in Fe(Ill). These types of complexes are common in
bacterial and microbial cells. Thus these types of organisms can increase the
concentration of low-spin Fe(Ill) species in nature, in locations where mobile As(III)

concentration is high, and can facilitate As-adsorption on mineral surfaces, thus reducing
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the concentration of As in ground water. Some of the well known low-spin Fe(III)
complexes are alkyl-peroxo complexes or iron-porphyrin complexes [Rovira et al, 1997]..
The calculations show us that one can favorably adsorb As (III) into mineral surfaces
in presence of natural oxidants and thus reduce the mobility of As (III) species in the
groundwater. Adsorption of As(OH); can lead to oxidation of As(IIl) species to As(V),
which may cause favorable adsorption energy. Though the electron density on As(III)
species increases at adsorbed state on galena surface, it is still unknown whether As(III)
oxidizes to As(V) during the co-adsorption process to galena. Oxidation of As(IIl) to
As(V) and subsequently reducing mobility and concentration of As (III) in groundwater
will considerably reduce the As-poisoning and help us to solve a major environmental
problem which is affecting a substantial amount of human population in today’s world.

In the study of co-adsorption of Fe(IlI)/O, with As(OH); on PbS(100) surface,
one of the main objectives is to oxidize As(III). Here sulfide is present in the system as
electron transporter medium between the redox couples present on either side of the
cluster. Sulfide ions do not act as donor of electron, or reducing agent. To study the
effect of sulfide as electron-supplier in the semiconducting mineral surface during co-
adsorption, one can study the co-adsorption of As(OH); with Fe(Ill) on arsenopyrite
(FeAsS). Arsenopyrite has As(III) in its structure. Experiments and computational
calculations can be set up to test whether the Fe(Ill) species oxidizes the As(IIl) on the
other side of the cluster directly, or it oxidizes As(IIl) via the interaction with arsenic
present in arsenopyrite. Galena surface was chosen for the study in chapter 5 mainly
because of the simplicity of the structure aside from galena’s abundance in the nature.

Studying co-adsorption on galena surface helped us to separately study the influence of
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Fe(IIT) on As(III) species adsorption without having any common-ion effect. But effect of
common-ions in the co-adsorptions can be studied with the help of experiments and
computational calculations. A series of experiments and computational calculations
(similar to the calculations performed in chapter 5) can be set up to compare co-
adsorption of redox couples on various mineral surfaces like pyrite (FeS;), mackinawite
(Fe, N1)S. We can compare these results with galena to see the influence of cations, and
structures on co-adsorption of redox couples on mineral surfaces through proximity

effect.
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Table 5.1: Adsorption energies of individual species and their adsorption on galena

(100) cluster in presence and absence of oxidizing agent (Hartree- Fock and B3LYP

theory calculations)

Cluster energy energy (eV)
(eV) HF B3LYP
PbieSi6 -5806.56 |  -5955.67
As(OH); -6320.57 | -6315.13
Oxygen atom -2032.12 -2043.00
Oxygen molecule (O,) singlet -4064.51 -4088.45
Oxygen molecule (O,) triplet -4068.04 -4090.09
Fe(III) high-spin -3285.73 -3300.15
Fe(III) low-spin -3277.29 -3294.44
Pbi6S16 + As(OH)5+ O -14140.20 |  -14353.80
PbisS16 + As(OH);+ O, singlet -16160.89 | -16373.68
Pbi6Si6 + As(OH);+ O, triplet -16167.42 | -16374.49
Pb16Si6 + As(OH); -12099.37 -12290.94
Pb;6S16 + As(OH); corner -12093.11 -12285.49
PbieSi6 + O -7835.14 | -8001.94
Pbi6Si6 + O, singlet -9870.79 -10037.87
PbsSi6 + O, triplet -9869.70 -10030.79
Pbi6S16 + As(OH);+ Fe(III) high-spin -15402.24 |  -15622.92
Pb6S16 + As(OH);+ Fe(I1I) high-spin (corner) -15405.78 | -15629.18
Pbi6S16 + As(OH); (corner)+ Fe(III) high-spin (corner) -15386.46 -15611.49
Pb6S16 + As(OH);+ Fe(Ill) low-spin -15404.69 -15628.91
Pb;6S16 + As(OH);+ Fe(II) low-spin (corner) -15407.14 | -15635.71
Pb;6S16 + As(OH); (corner)+ Fe(IIl) low-spin (corner) -15414.22 -15621.56
Pb16S16 + Fe(IIT) high-spin -9098.00 |  -9282.22
Pb16S16 + Fe(IlI) high-spin (corner) -9096.37 -9280.31
Pb16S16 + Fe(III) low-spin -9282.22 | -9282.76
Pb;6S16 + Fe(IIl) low-spin (corner) -9280.31 -9284.67
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Table 5.2: Comparison between proximity effect energies of As(OH); on PbS(100)

cluster for different starting positions and spin orientation of Fe(l11)

Initial position of
oxidizing  species
and adsorbate with
respect to PbS(100)
cluster

Both Fe(lll) and
As(OH); is at
opposite sides of
PbS(100) cluster

Proximity Energy
(eV)

Fe(lll) is on one
corner of PbS(100)
cluster, As(OH); is
at the side of the
cluster

Proximity Energy
(eV)

Fe (I11) high-spin

(HF) -5.91 -8.17
Fe (111) high-spin

(B3LYP) -0.18 -3.53
Fe(l11)low-spin

(HF) -21.15 -24.77
Fe (111) low-spin

(B3LYP) -17.14 -25.84
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Figure 5.1. Oxygen atom at the side of the PbS(100) cluster as oxidizing agent,
influencing the adsorption of As(OH); on the other side of the cluster, through proximity
effect. The distance of Oxygen atom from the nearest Pb atom in the cluster is 1.717 A.
Distance of As(IIl) in As(OH); from nearest S atom in the cluster is 3.58 A,
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Figure 5.2. The spin flips between oxygen molecule triplet and singlet spin states during
its co-adsorption on galena (100) surface along with As(OH)s;. Triplet state is more stable
away from the surface, but as O, gets closer to the surface during adsorption, it crosses
activation energy barrier and singlet spin state of O, becomes more stable close to the
surface. The bottom picture shows that the spin transition from triplet to singlet takes
place as well when O, exchanges place with As (OH); on the galena (100) surface.
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Figure 5.3. Fe(Ill) atom at the one side of the PbS(100) cluster as oxidizing agent,
influencing the adsorption of As(OH); on the other side of the cluster, through proximity
effect. Both Fe(IIl) high-spin and low-spin case is studied . Fe(III) comes closer to the
PbS cluster during the simulation by ~1.5 A from its initial position.
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Figure 5.4. Fe(Ill) is present at the corner of PbS(100) cluster, and As(OH); is in the
opposite side of the cluster to Fe(IIl). The initial distance of Fe(IIl) to corner S-atom is
3.017 A, which reduces to 1.89 A during adsorption process through proximity effect.
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Figure 5.5. Both Fe(Ill) and As(OH); are in the opposite corners of PbS(100) cluster.
During the adsorption process, Fe (III) comes closer to the nearest S atoms from its
initial position during the simulation
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Chapter 6

Conclusions

Molecular modeling of mineral-surface adsorbates has given a new dimension to
the research in surface science. The results presented in this thesis are examples on how
to apply molecular simulations to molecular-level alterations in the formation and control
of mineral surface deposition and growth.

Principle objective in studying interactions between mineral surface and organic
adsorbates is to understand the mechanism of biomineral formation. When biominerals
are formed, the mineral-organic interfaces form a hard-body exoskeleton on the outer
surface of the organism that is exposed to the environment. The question arises whether
the mineral surface is shaping the organic matrix by virtue of structural matching. To
answer this question, organic template-inorganic mineral interaction at a molecular level
is needed to be studied. We chose to work with calcite biomineralization because calcite
is the most abundant biomineral found in nature.

In the study involving peptide-calcite interactions, first we have studied the
influence of mineral surface on organic molecule organization at the water-mineral
interface. The detailed interpretation and results of our work involving 3-amino acid and

12-amino peptide residues are presented in chapter 2. Questions regarding geometry,
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orientation, and adsorption energies of different peptides when they interact with calcite
surface steps have been addressed. It has been shown that under favorable conditions,
peptides are more favorably adsorbed on a calcite (104) surface step parallel to the [42-1]
direction rather than the [010] direction. The distance between consecutive calcium ions
or carbonate ions are 4.36 A in the step direction parallel to [42-1] compared to 4.96 Ain
the step direction parallel to [010]. The smaller distance in [42-1] matches better with the
separation of adsorbing functional groups in the peptides investigated. It is also observed
that on non-polar surface steps, the peptides are more favorably adsorbed when the
carbonate ions forms an obtuse angle with the underlying terrace rather than an acute
angle. (Phe-leu-lys)' exhibits the most favorable adsorption energy on a polar step edge
parallel to [42-1] terminated by Ca®" ions. (Lys-gln-tyr)*" and (phe-leu-lys)'" have the
most favorable adsorption energies among the neutral or positively charged peptides on
different surface step locations. We can conclude from the above results that if the amino
acid side chain contains a benzene ring or a cloud of electrons (electron pairs or 7-
electrons) that can interact with the mineral surface atoms, it will be favorably adsorbed
to that surface location, overcoming the counteracting effect or steric hindrance. Among
the above-mentioned peptides that favorably get adsorbed to the calcite surface steps,
lysine and glutamine contain amide groups that have electron pairs and tyrosine and
phenyl-alanine contain benzene rings. The m-electrons of benzene rings interact with
calcium ions at the surface steps.

Long-chain peptides are more common in naturally-occurring biominerals. By
comparing the adsorption energies of simple and complex structured 12-amino acid

peptides, it is shown that peptides without complex sidechains are more likely to have
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parallel alignment to the step-edge of calcite surface. That does not necessarily mean that
simple-structured peptides are more common in nature. We can conclude that the simple-
structured peptides can provide structural matching with the growing calcite surface, and
the peptides that have complex side chains are more likely to facilitate adsorption on
calcite surface steps. In addition, the latter are more capable to complex Ca*" ions and
may serve as a carrier of these ions to calcite surfaces. The complex side chains in amino
acids play a significant role in the interaction with the calcite surface atoms on surface
step locations.

The model set-ups described in chapter 2 can serve to further our overall
understanding of the interaction between organic molecules and inorganic surfaces.
Different amino acids with various functional groups have been studied in chapter 2.
Thus the selectivity of the calcite surfaces during biomineralization as a function of
structure of the amino acid can be understood from the results presented in chapter 2.
This will also help researchers to further investigate effect of structure and orientation of
amino acids on other calcite surfaces (other than calcite (104)) during biomineral
formation. To mimic the natural environment for biominerals formation more closely,
one would need to prepare a multi-dimensional model of organic networks and to observe
the growth of calcite crystals under the influence of such an organic framework.
Ultimately, the interplay of the organic, inorganic (mineral), and water phase in a three-
dimensional network should be studied in a dynamic model using molecular dynamics to
mimic more closely a natural biomineralization process.

In chapter 2, it is addressed how small organic molecules interact with the mineral

surface, and align themselves along terrace and surface steps. The different properties of
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peptides add to the selectivity of mineral surface. The work in chapter two has helped to
answer questions on different functional groups of a peptide and their role during
biomineral formation, which was missing in previous AFM and other spectroscopic
experiments showing various growth and step-direction stabilization of calcite. Though
only a handful of peptides have been studied in the work in chapter 2, this work can be
extended to various other peptide structures of various organisms. Different peptides will
have different amino acid sequence, which will stabilize specific calcite surfaces.

In chapter 3, growth and formation of calcite nucleus under Langmuir films
consisting of an amide-containing phospholipid, in aqueous condition has been studied.
This study shows how the organic molecules themselves shape the formation of particular
calcite surfaces, and govern their growth. Langmuir films were studied as the
representative of biofilms, made up with phospholipids. Phospholipid bilayers are present
in cell-membrane which often controls the formation of inorganic-nucleating surface
from supersaturated solution. In the study in chapter 3, it is shown that the spacing
between the phospholipid molecules in the Langmuir film influences the nucleation of
calcite (100) surface in an aqueous environment. This study also emphasizes the
importance of proper organic template during biomineralization. Organic templates like
Langmuir film can be made up of several other amphiphilic molecules which are present
as component of cell-walls of various biomineral-forming organism.

The results in chapter 2 and 3 give an indication of what set of organic molecule-
mineral surface we have to choose when doing modeling studies on biomineralization.
Various other calcite surfaces like (012) can be studied under biological systems to

determine their presence as biominerals in nature. This modeling study will also enable
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scientists to characterize the protein sequence of an organism in nature that forms calcite
biominerals.

Interaction between mineral surface and adsorbates takes place inside our body as
well as in natural environments. In chapter 4, interaction of cell-adhesion peptides with
hydroxyapatite surfaces have been studied. This is another example of biomineral
formation, but here the interaction between organic molecule and the mineral surface
takes place inside the body, opposed to the exoskeleton formation in case of calcite.
Hydroxyapatite is the major biomineral in our bones, and it acts as biomaterial surface
during cell-adhesion and cellular response. Cellular response triggers a series of cellular
events that finally cause bone-tissue regeneration. Interaction of the cell-adhesion
peptides (functioning as bioactive surfaces) with the hydroxyapatite surface is the
stepping stone for bone-tissue engineering. The research in this area of cell-adhesion
peptide hydroxyapatite interaction mainly focuses on finding the right combination and
sequence of peptides that can influence the bone-regeneration process by proper
interaction with and formation of hydroxyapatite surface. The peptides studied in chapter
4 are RGD (arg-gly-asp) and YIGSR (tyr-ile-gly-ser-arg). We can infer from the results
in this chapter that the adsorption of cell-adhesion peptides on hydroxyapatite surface
depends significantly on the orientation of the peptide with respect to the hydroxyapatite
surface. Understandably, the energy is higher when the peptide is at the step edge or edge
of the surface, compared to the flat terrace. Adsorption energies are significantly more
favorable when we allow movement in the top Ca*" layer of hydroxyapatite cluster, and
the initial position of the peptide is at the edge of the cluster. The reason for relaxing the

top Ca®" layer is to make the hydroxyapatite-model more realistic, as relaxed
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hydroxyapatite closely resembles the dynamic carbonated hydroxyapatite present in our
bone. Thus it can be inferred that during bone regeneration, the proteins will facilitate
adsorption on the mineral surface when the surface is relaxed, and will influence growth
at the step edge. Only the top Ca®" layer is relaxed during the study. Relaxation of Ca**
ions takes place in the longitudinal ([010]) direction. Due to the relaxation, the lateral
symmetry of the hexagonal cluster or periodic slab is not distorted. The surface remains
(001) during the peptide-mineral interaction. The work on this chapter (4) answered
questions on peptide orientation dependence during interaction with mineral surface. The
experimental studies done so far on cell-adhesion peptides on hydroxyapatite surface
[Gilbert et al, 2000, Okamoto et al, 1998] elucidated structural formations of peptides
during interaction with hydroxyapatite surface. This study has progressed the
understanding of peptide-mineral interactions prior to cellular response further, by
focusing on the selectivity of the surface locations of the peptides and also on peptides
orientation during interaction with biomaterial (hydroxyapatite) surface.

The work on chapter 2, 3, and 4 are molecular modeling studies based on
empirical potential parameters. As mentioned earlier in several parts of the thesis, our
main effort is to mimic the natural process of organic inorganic interactions and study the
various mechanisms at molecular level. Cerius® software is used to create various mineral
surfaces, and organic molecules such as peptides, Langmuir films. The empirical
potentials are incorporated in the force field that we use for our study, most of which are
derived from UNIVERSALT1.02 force field. A good force field with potential parameters
matching experimental values provides a good model for computational studies such as

molecular dynamics and energy minimization. Potential parameters present in the force-

142



field describe various interactions occurring during energy minimization process when
organic-matrix and inorganic nucleating surfaces are allowed to interact. The
arrangement of the organic matrix can be varied during the set-up of the model. But a
force-field with accurate set of potential parameters will help the organic matrix to find a
minimum energy configuration irrespective of its staring position alongside the mineral
surface. The error in potential parameters will cause deviation from this absolute
minimum energy for the organic matrix, as well as the interfacial energy between the
organic matrix and inorganic nucleating surface.

In chapter 5, the interaction of a sulfide surface with inorganic adsorbates is
discussed. Adsorption of a reduced As species on a galena surface is chosen for study,
because As mobility and concentration in groundwater is a major problem worldwide due
to the toxic nature of As. It has been observed that congruent oxygen adsorption
promotes arsenic hydroxide adsorption to the galena surface. The adsorption energies are
highly negative (~ -13 eV), which suggests that As(IIl) species can be adsorbed on to
galena in an oxidizing environment. The adsorption energies are less negative in presence
of oxygen molecule.

Fe (III) is also used as an oxidizing species. Our calculations show that Fe(IIl) in
a low-spin state is more likely to favor As(II) species adsorption on galena (100).
Fe(Ill)-complexes with large organic ligands chelate low-spin Fe(Ill). These types of
complexes are common in bacterial and microbial cells. Thus, these types of organisms
can increase the concentration of low-spin Fe(Ill) species in nature, in locations where
mobile As(III) concentration is high, and can facilitate As-adsorption on mineral

surfaces, thus reducing the concentration of As in ground water. Some of the well-known
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low-spin Fe(II) complexes are alkyl-peroxo complexes [Lehnert et al, 2001] or iron-
porphyrin complexes. This information may open a new area of research and
collaboration between environmentalists, geologists, and biologists. This also gives rise
to a question whether there are microbial species in nature that have Fe-complexes in
their body which can shuttle/transport electrons that can ultimately facilitate proximity
effect-like reactions in minerals?

Apart from galena, there are other possible mineral surfaces that can facilitate
proximity effect-type adsorption. These surfaces can be hematite (Fe,O3), pyrite (FeS,),
which are naturally-occurring and relatively abundant semiconducting materials.
Hematite influences transition metal mobility in many soils [Cornell and Schwertmann,
1996], and pyrite [Jambor and Blowes, 1994] and galena [Rimstidt et al., 1994] often act
as key components in acid mine runoff. Reactions that occur on the surfaces of these
minerals largely dictate the properties and importance that they display in nature.

In the study of co-adsorption of Fe(IlI)/O, with As(OH); on PbS(100) surface,
one of the main objectives is to oxidize As(Ill). Here sulfide is present in the system as
electron transporter medium between the redox couples present on either side of the
cluster. Sulfide ions do not act as donor of electron, or reducing agent. To study the
effect of sulfide as electron-supplier in the semiconducting mineral surface during co-
adsorption, one can study the co-adsorption of As(OH); with Fe(Ill) on arsenopyrite
(FeAsS). Arsenopyrite has As(III) in its structure. Experiments and computational
calculations can be set up to test whether the Fe(Ill) species oxidizes the As(IIl) on the
other side of the cluster directly, or it oxidizes As(IIl) via the interaction with arsenic

present in arsenopyrite. Galena surface was chosen for the study in chapter 5 mainly
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because of the simplicity of the structure aside from galena’s abundance in the nature.
Studying co-adsorption on galena surface helped us to separately study the influence of
Fe(IIT) on As(III) species adsorption without having any common-ion effect. But effect of
common-ions in the co-adsorptions can be studied with the help of experiments and
computational calculations. A series of experiments and computational calculations
(similar to the calculations performed in chapter 5) can be set up to compare co-
adsorption of redox couples on various mineral surfaces like pyrite (FeS;), mackinawite
(Fe, N1)S. We can compare these results with galena to see the influence of cations, and
structures on co-adsorption of redox couples on mineral surfaces through proximity
effect.

Various other redox couples, such as Fe/Fe"", Cu"/Cu', and Au"/Au’, can be
studied on these semiconducting mineral surfaces using the theory of proximity effects.
The co-adsorption of various redox couples on mineral surfaces does not only have an
effect on the thermodynamics of the adsorption, but also, and probably more importantly,
on their kinetics. The rate of adsorption of these species can be determined in the
presence and absence of the respective other species, and it is possible to determine the
activation energy barrier for the proximity effect.

Molecular modeling approaches in surface science, as well as in interdisciplinary
science, are a major pathway in future scientific research. The possibility of answering
“out-of-reach” questions for experiments is enormous. A scientist can control various
aspects of a molecular modeling study, which provides more in-depth analysis of reaction
mechanisms, of their thermodynamics and kinetics, of electron transfer mechanisms, and

of structure changes during adsorption.
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