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Titanium and its alloys are being widely used as orthopaedic implants based on their desirable
properties of relatively low modulus, good fatigue strength, formability, machinability, corrosion
resistance, and biocompatibility. However, titanium and its alloys cannot meet all of the clinical
requirements due to lack of level of osseointegration required for implant longevity. Porous
tantalum metal is currently used in orthopaedics for manufacturing of structural components for
primary and revision total hip revision surgery. Tantalum has shown a higher biocompatibility
compared to titanium in various in vivo tests. RGD sequence has been identified in mediating
the attachment of cells through specific ligand-receptor interactions. The biocompatibility of
implant surfaces are directly related to the ease with which the RGD sequence interacts with
the implant surface. A molecular level RGD adhesion characteristics have been compared for
studying the biocompatibility of titanium and tantalum surfaces based on the molecular orbital
theory. The results suggest the possibility of adapting the methods for predicting the
biocompatibility of forthcoming implant materials at the development stage itself.
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INTRODUCTION

Long term mechanical fixation of implants in
vivo is based on the formation of bone around
the implant (Puleo and Nanci, 1999; Bennettl
et al., 2001; Jason and Kristi, 2002; Meyer
etal., 2005; Xufeng et al., 2005; Ganesan and
Thomas, 2006; Kelly and Hideo, 2009; Edorta

etal., 2011; and Vandrovcova and Bacakova,
2011). Metallic implant materials have a
significant impact in the biomaterials field,
especially in applications requiring mechanical
properties like mechanical strength and
toughness. Among metallic materials, titanium
and titanium alloys are considered the best
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choice for manufacturing permanentimplants.
The biocompatibility of titanium is due to the
dense and well-adhered oxide layer (Mangal
etal., 2010). Commercially pure titanium and
Ti-6Al-4V alloy are the two most common
titanium-based implant biomaterials
(Eisenbarth et al., 2004; and Mangal et al.,
2010). Pure Titanium has poor
osseointegration properties which can lead to
aseptic loosening and premature failure of the
uncemented implants in vivo (Eisenbarth et al.,
2004; and Mangal et al., 2010). Porous
tantalum metal is currently used in
orthopaedics for manufacturing of structural
components for primary and revision total hip
revision surgery. Tantalum has shown a higher
biocompatibility compared to titanium in
various in vivo tests (Mangal et al., 2010). The
efficacy of bone regeneration is determined
mainly by surface characteristics such as the
chemical composition and physical properties
of the implant that controls initial protein
adsorption. These properties alter the
adsorption of proteins which mediate the
adhesion of desirable (osteoblast) and
undesirable (fibroblast) cells (Ganesan and
Thomas, 2006). It is now well recognized that
osteoblasts preferentially adhere to specific
amino acid sequences such as arginine-
glycine-aspartic acid (RGD) and heparin-
sulfate binding regions in adsorbed proteins
(Puleo and Nanci, 1999; Bennettl
et al., 2001; Jason and Kristi, 2002; Xufeng
et al., 2005; Ganesan and Thomas, 2006;
Kelly and Hideo, 2009; Edorta et al., 2011;
and Vandrovcova and Bacakova, 2011).
Understanding cellular recognition to proteins
initially adsorbed on biomaterial surfaces is
important to a longer implant life. Amolecular

level analysis has been conducted to assess
the interactions of RGD sequence with the
surface oxide layers of Titanium and Tantalum
implants.

Quantum Chemical Calculations

Quantum chemical calculations use quantum
mechanics to study and predict the chemical
properties and behaviour of molecules.
Quantum mechanics describes molecules in
terms of interactions among nuclei and
electrons, and molecular geometry in terms of
minimum energy arrangements of the nuclei.
All guantum chemical calculations ultimately
trace back to the time-independent
Schrédinger wave equation (Equation (1)),
which can be generalized as a multi nuclear,
multi electron system (Hehre, 1998 and 2003;
Bowden and Tabor, 2001; and Jayadas and
Nair, 2006).

(1)

Here E is the electronic energy in atomic
units, y is a many electron wave function and
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H is the Hamiltonian operator, which in atomic
units is given by Equation (2).
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Z is the nuclear charge, M, is the ratio of
the mass of nucleus A to the mass of an
electron. R, ; is the distance between the nuclei
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Aand B, r; is the distance between electrons i
andjandr,, is the distance between electrons
fand nucleus A.

The many-electron Schroédinger equation
cannot be solved exactly and hence
approximations need to be introduced. One
way to simplify Schrodinger equation is to
assume that the nuclei do not move. This is
called Born-Oppenheimer approximation, and
leads to “electronic” Schrodinger equation
(Equation (3)).

l_"le/ye/ _ Eelyel (3)

Hamiltonian for the “electronic” wave
equation is given by Equation (4).
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The Hartree-Fock and semi empirical
techniques are approximate methods to solve
“electronic” wave equation. Equation (3) is a
typical eigen value problem, the solution of
which yields multi electron eigen functions (y°)
and the corresponding energy levels (E?).

The Hartree-Fock method is also described
as an ab initio (“from the beginning”) method.
In this method the many electron wave function
(v®) is expressed as a function of molecular
orbitals (y). Molecular orbitals are expressed
as linear combinations of a finite set (a basis
set) of prescribed functions known as basis
functions as shown in Equation (5).
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C_ are unknown coefficients determined
iteratively in Hartree-Fock procedure.

The set of molecular orbitals leading to
lowest energy are obtained by a process
referred to as “Self-consistent-field” or SCF
procedure (Jayadas and Nair, 2006). In the
present study 6-31G, a basis set consisting of
six Gaussian type basis functions, was used
for calculations.

Semi empirical methods are simplified
versions of Hartree-Fock theory using
empirical (derived from experimental data)
corrections in order to improve performance
(Hehre, 2003). In the present study, the semi-
empirical method has been used. The quantum
chemical descriptors used in the study are

Qr: Net electrostatic charge-Atomic charges
chosen to best match the electrostatic potential
at points surrounding a molecule, subject to
overall charge balance (Hehre, 2003; and
Jayadas and Nair, 2006).

E_HOMO: Energy of the Highest Occupied
Molecular Orbital. E_ HOMO represents the
energy of the least tightly held electrons in the
molecule.

E_LUMO: Energy of the Lowest Unoccupied
Molecular Orbital. LUMO describes the easiest
route to the addition of more electrons to the
system.

Frontier Molecular Orbital (FMO): Highest
Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO)
are the frontier orbitals.

MOLECULAR MODELLING

Different molecular modelling packages use
different molecular data input which includes
both textual type data input and graphical data
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input. Spartan 02, the molecular modelling
package used in this study, has a powerful
graphical user interface for model building
(Jayadas and Nair, 2006). Protein molecules
are built from sp2 and sp3 hybridized carbon
and oxygen atoms and hydrogen atoms. The
atoms are selected from the model kit
available with the package and placed on the
work area. Bonds can be formed by clicking
on the appropriate free valences of the atoms
which are already placed on the work area.
The Titanium and Tantalum atoms are
modelled by selecting atoms with appropriate
free valences from the model kit. Calculation
options are set up by selecting “Calculations”
from the “Setup” menu. Calculations are
performed for “Equilibrium Geometry” using
the “Semi-Empirical” method using basis set
“PM3” by making appropriate selections in the
dialogue box. The Highest energy Occupied
Molecular Orbital (HOMO) and the Lowest
energy Unoccupied Molecular Orbital (LUMO)
of the molecules are calculated. These orbitals

of interacting molecules are the pair that lies
closest in energy of any pair of orbitals in the
two molecules, which allows them to interact
most strongly. The orbital’s like HOMO and
LUMO, their energies, and atomic charges are
obtained by checking the appropriate boxes
in the dialogue box. Calculations are started
by clicking the “Submit” button on the dialogue
box and the Output obtained by selecting the
appropriate display functions. Molecular
modelling of RGD strand Ta,O, and TiO, have
been made and their HOMO, LUMO images
and charge densities are calculated. The
charge density spread of the various molecules
are shown in Figures 1-6. The interactive
molecular models of oxides of Titanium and
Tantalum with the RGD strand are shown in
Figures 7 and 8 respectively. Blue indicates
net positive charge and red indicates net
negative charge areas in the molecular model.
The semi-empirical calculations for the charge
densities and energy levels E_HOMO and
E_LUMO are shown in Table 1.

Figure 1: Charge Density Spread of Adenine Molecular Model
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Figure 2: Charge Density Spread of Glycine Molecular Model

Figure 3: Charge Density Spread of Aspartic Acid Molecular Model
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Figure 4: Charge Density Spread and HOMO and LUMO Orbitals of RGD Molecular Model

Figure 5: Charge Density Spread of Orbitals of Titanium Dioxide Molecular Model
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Figure 6: Charge Density Spread of Orbitals of Tantalum Pentoxide Molecular Model

Figure 7: Charge Density Spread of Titanium-RGD Interactive Molecule
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Figure 8: Charge Density Spread of Tantalum RGD Interactive Molecule

Table 1: Charge Density and E_HOMO and E_LUMO Values of the Molecular Models
Description | Charge Density of Oxygen Atoms | Charge Density of Metal Atoms E_HOMO E_LUMO

Ta,0, -84 63(Ta) -10.23 -3.46
TiO, -73 60 (Ti) -11.25 —4.62
Arginine -62 N.A -9.90 -1.08
Glycine -103 N.A -3.08 -3.80
Aspartic Acid —65 N.A -9.33 -1.84
RGD -83 N.A -9.30 -3.30

RESULTS AND DISCUSSION

The charge density spread of the molecules
indicates a net negative charge near the
oxygen atoms and a net positive charge near
the metal atoms. The E_HOMO and E_LUMO
values of tantalum oxide and RGD are —10.23
and 3.3 respectively and those of Titanium
dioxide and RGD are -11.25 and -3.3
respectively. As per molecular orbital theory a
more favourable bonding characteristics exists

for bonding between Oxygen atoms of
Tantalum oxide with Carbon atoms of RGD
strand than with Titanium oxide. However
E_LUMO and E_HOMO values of Tantalum
and RGD are —-3.46 and —9.3 respectively
which is less favourably aligned for bonding
compared to that of Titanium and RGD with
values of —4.62 and —9.3 thereby indicating
more chances for bonding between Titanium
and oxygen atoms of RGD strand than
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Tantalum and oxygen atoms of RGD strand.
However the charge density of oxygen atoms
in Tantalum pentoxide is more comparable to
that of charge density of Oxygen atoms in the
RGD strand than that of Titanium dioxide.
Moreover RGD approaches the implant
surface from the extra cellular matrix and
adsorbs onto the implant surface thereby the
chances of bonding with the metal surface with
sharing of the oxygen atoms are more
prominent than vice versa. This suggests a
higher compatibility in displacement of Oxygen
from the RGD strand by Tantalum than
Titanium. The comparative values of the orbital
energies and the charge densities clearly
indicate that Tantalum oxide will return a more
favourable bonding characteristics compared
to Titanium oxide surface. The results are in
line with the various in vivo studies conducted
previously (Bunger et al., 2006; and Vamsi
et al., 2010a and 2010b). This suggests
the scope of correctly predicting the
biocompatibility of metal oxide surfaces with
the molecular level bonding characteristics of
their oxygen atoms with atoms of the RGD
strand. The study has not taken into account
the surface topography of the implant material
which normally plays a significant role in cell
adhesion. Further study is also required to
account for Silanization (Rainer et al., 2005),
which has long been considered as the
benchmark method for attaching organics to
the native oxide coatings.

CONCLUSION

Comparison of bonding characteristics of
RGD with Tantalum and Titanium surfaces
have been made by molecular modelling and
simulation of RGD strand and surface oxides
of Tantalum and Titanium. The molecular

orbital approach suggests a more conducive
bonding environment between RGD and
Tantalum Oxide compared to RGD and
Titanium oxide. This is in line with the various
in vivo test results obtained previously. The
results suggest that the molecular Orbital
approach can be employed to assess the
biocompatibility of the newer implant
materials which are being developed before
biological tests are actually conducted.
Further work is required to account for
Silanization and orientation of the RGD strand
as it approaches the implant periphery.%

REFERENCES

1. Bennettl J H, Moffattl S and HortonCell M
(2001), “Adhesion Molecules in Human
Osteoblasts: Structure and Function
Histol Histopathol”, Histol. Hisopathol,
Vol. 16, pp. 603-611.

Bowden F P and Tabor D (2001), “The
Friction and Lubrication of Solids”, Oxford
Classic Texts, pp. 285-298, Oxford UP,
New York.

Blunger M H, Foss M, Erlacher K, Li H,
Zou X, Langdahl B L, Bunger C, Birkedal
H, Besenbacher F and Pedersen J S
(2006), “Bone Nanostructure Near
Titanium and Porous Tantalum
Implantsstudied by Scanning Small Angle
X-Ray Scattering”, European Cells and
Materials, Vol. 12, pp. 81-91.

Edorta Santos, Gorka Orive, Rosa M
Hernaindez and Jose Luis (2011),
“PedrazCell-Biomaterial Interaction:
Strategies to Mimic the Extracellular Matrix”,
Lilyana D (Ed.), Pramatarova, August,
pp. 530-552, ISBN 978-953-307-271-5.

127



Int. J. Mech. Eng. & Rob. Res. 2013

K K Saju and Jayadas N H, 2013

5.

10.

11.

12.

13.

Eisenbarth E, Velten D, UlleraM M, Thull R
and Breme J (2004), “Biocompatibility of
b-Stabilizing Elements of Titanium Alloys”,
Biomaterials, Vol. 25, pp. 5705-5713.

Ganesan Balasundarama and Thomas J
(2006), “Webster A Perspective on
Nanophase Materials for Orthopedic
Implant Applications”, J. Mater. Chem.,
Vol. 16, pp. 3737-3745.

Hehre W J (1998), The Molecular
Modelling Workbook for Organic
Chemistry, pp. 13-29, Wavefunction,
Irvine CA.

Hehre W J (2003), A Guide to Molecular
Mechanics and Quantum Chemical
Calculations, pp. 21-88, Wavefunction,
Irvine CA.

Isacke C M and Horton M A (2000), The
Adhesion Molecule, pp. 149-210, ISBN
0-12-356505-7, Academic Press, USA.

Jason A Burdicka and Kristi S Anseth
(2002), “Photoencapsulation of
Osteoblasts in Injectable RGD-Modified
PEG Hydrogels for Bone Tissue
Engineering”, Biomaterials, Vol. 23,
pp. 4315-4323.

Jayadas N H and Nair K P (2006), “Study
of the Anti-Wear Properties of Coconut Oll
Using Quantum Chemical Calculations
and Tribological Tests”, Journal of
Tribology, Vol. 128, pp. 654-659.

Kelly Alvarez and Hideo Nakajima (2009),
“‘Metallic  Scaffolds for Bone
Regeneration”, Materials, Vol. 2, pp. 790-
832, doi: 10.3390/ma2030790.

Kendall K (2004), Molecular Adhesion
and its Applications, pp. 275-300, Kluwer

14.

15.

16.

17.

18.

19.

Academic Publications, ISBN 0-306-
46520-5, New York.

Mangal Roy, Vamsi Krishna Balla,
Susmita Bose and Amit Bandyopadhyay
(2010), “Comparison of Tantalum and
Hydroxyapatite Coatings on Titanium for
Applications in Load Bearing Implants”,
Advanced Engineering Materials,
Vol. 12, No. 11.

McEver R P (2007), “P-Selectin
Glycoprotein Ligand-1 (PSGL-1)”, in K
Ley (Ed.), Adhesion Molecules: Function
and Inhibition, ISBN 978-3-7643-7974-2
3-27, Birkhauser Verlag AG, PO Box 133,
CH-4010 Basel, Switzerland.

Meyer U, Buchter A, Wiesmann H P, Joos
U and Jones D B (2005), “Basic
Reactions of Osteoblasts on Structured
Material Surfaces”, European Cells and
Materials, Vol. 9, pp. 39-49.

Puleo D A and Nanci A (1999),
“Understanding and Controlling the Bone
Implant Interface”, Biomaterials, Vol. 20,
pp. 2311-2321.

Rainer Mullera, Jochen Abkea, Edith
Schnella, Frank Macionczykb, Uwe
Gbureckb, Robert Mehrlc, Zbigniev
Ruszczakc, Richard Kujatd, Carsten
Englertd, Michael Nerlichd, Peter Angeled
(2005), “Surface Engineering of Stainless
Steel Materials by Covalent Collagen
Immobilization to Improve Implant
Biocompatibility”, Biomaterials, Vol. 26,
pp. 6962-6972.

Vamsi Krishna Balla, Subhadip Bodhak,
Susmita Bose and Amit Bandyopadhyay
(2010a), “Porous Tantalum Structures for
Bone Implants: Fabrication, Mechanical

128



Int. J. Mech. Eng. & Rob. Res. 2013

K K Saju and Jayadas N H, 2013

20.

21.

and in Vitro Biological Properties”, Acta
Biomaterialia, Vol. 6, pp. 3349-3359.

Vamsi Krishna Balla, Susmita Bose, Neal
M Davis and Amit Bandyopadhyay
(2010Db), “Tantalum—ABiological Material
for Implants”, J. O. M., Vol. 62, No. 7.

Vandrovcova M and Bacakova L (2011),
“Adhesion, Growth and Differentiation of

Osteoblasts on Surface-Modified
Materials Developed for Bone Implants”,
Physiol. Res., Vol. 60, pp. 403-417.

22. Xufeng Niu, Yuanliang Wan Gy, Yanfeng

Luo, Juan Xin and Yonggang Li (2005),
“Arg-Gly-Asp (RGD) Modified Biomimetic
Polymeric Materials”, J. Mater. Sci.
Technol., Vol. 21, No. 4, pp. 571-575.

129



