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CRITICAL
REVIEWS

T
he simulation of matter at the atomic level by computer is now
an essential tool of contemporary science. Atomic modelling
techniques are used routinely in the study of proteins and
pharmaceuticals and in the conformational analysis of organ-

ic molecules. Computational methodologies have, however, an equally
important and diverse role in the study of inorganic materials, especially
in complex systems such as microporous catalysts (zeolites and metal-
organic frameworks, MOF), high temperature superconductors, ternary
and quaternary oxides and biomaterials.
Nowadays, computational methods are routinely applied in several differ-
ent fields: a) modelling crystal structures: such methods are used to

assist the refinement of crystal structure data but the real challenge in
this field is to develop procedures for predicting structures; b) there is
perhaps an even greater incentive for the development of methods for
modelling amorphous structures owing to the well-known difficulties in
the determination of accurate and unambiguous atomistic structures for
non-crystalline solids from experimental data alone; c) modelling inor-
ganic surface chemistry is a field of growing importance and activity,
since most of the reactivity of material with the surrounding environment
occurs at their surfaces.
In this paper a review of recent progresses obtained in the field of com-
puter simulations of biomaterials properties is provided. Far to be

Computational simulation of biomaterials constitutes a fundamental and fascinating research area, constantly growing thanks
to the increasing availability of computational resources. The combined approach of classical and ab-initio methods
has allowed the modelling of bioceramics (both bioactive glasses as the 45S5 Bioglass® and hydroxyapatite) and their
complex interactions with the biological environment.
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Schematic picture of the interface between a biomaterial (bioglass, on the left) and the bone, here
represented by its mineral phase constituent (hydroxyapatite, on the right) when osteointegration
occurs according to Hench mechanism
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exhaustive of the whole topic, this review will focus on the simulation of
the structure, mechanical, dynamical properties of bioactive phospho-sil-
icate glasses as well as surface reactivity of hydroxyapatite by means of
classical and quantum-mechanical methods.
In the next section a brief introduction to bioceramics is offered, followed
by general background of the computational methods available for crys-
talline and amorphous materials simulation.

Bioceramics: an open challenge
The huge technological advances in the development of orthopaedic
and dental implants and bioceramic devices have considerably con-
tributed to improve the quality of life over the last decades [1-4].
Bioceramics can be generally classified as bioinert (alumina and zirconia),
resorbables (e.g. tricalcium phosphate) and bioactive (hydroxyapatite,
bioactive glasses and glass-ceramics) on the basis of the response that
the exposure of the implant elicits in the living environment.
After contact with biological fluids, inert biomaterials, such as titanium,
stainless steel and cobalt alloys, are encapsulated within a non-adherent
fibrous layer of variable thickness and the implant tissue interaction is
essentially of mechanical nature. Interfacial movement under external
stress leads to loosening and deterioration of the mechanical fit, which
causes pain and eventually clinical failure of bioinert implants [5]. While
porous ceramics can achieve a better mechanical fit thanks to tissue
growth in the micropores [6], the absence of a real chemical adhesion
with the tissues and the rigidity and fragility of ceramic materials still limit
the long term durability of porous ceramic implants to generally less than
20 years (not adequate with the increasingly longer life expectancy). On
the opposite extreme, “resorbable” or completely biodegradable materi-
als, such as calcium phosphates, either crystalline or amorphous, are
rapidly dissolved upon exposure to physiological fluids and gradually
replaced by living tissues [7].
Among them, synthetic hydroxyapatite (HA) is employed in powder or
porous form in the fields of bone tissue engineering, orthopaedic thera-
pies [8] and as a coating of metallic prostheses. HA chemical and bio-
logical properties are strictly linked to its dimensions, which can be reg-
ulated with high biological and chemical control at the nano-scale. The
use of nanotechnology is currently being explored to enhance the
mechanical toughness of HA and to generate HA/biomolecules bio-
mimetic matrices to improve the biological responses of HA. In fact, the
surface functionalization of HA nano-crystals with bioactive molecules
(phosphonates, bisphosphonates and amino acids) makes them able to
transfer information to and to act selectively on the biological environ-
ment, and this represents a main challenge for innovative bone substi-
tute materials. So, not only osteointegration or osteoinduction properties
will be enhanced, but specific cellular responses will also be stimulated
at the molecular level [9, 10].
Based on the natural ability of bone and muscles to self-heal and regen-
erate, the use of resorbable materials is in principle ideal, but the rates of
implant dissolution and tissue growth have to be matched: while the
implant is replaced by new tissue, its strength progressively decreases,

leaving a very unstable interface that requires immobilisation of the
patient for long periods.
The ideal compromise between inert and resorbable materials is repre-
sented by surface-active or bioactive materials. The first bioactive mate-
rial, the melt-derived 45S5 Bioglass®, was discovered by Hench and co-
workers in the 1970s [11]. These materials can be implanted and react
chemically with body fluids [12], in aid of tissue reparation process by
forming in the body a layer of biologically active bonelike carbonate-con-
taining hydroxyapatite at the material surface. This layer then interacts
with and incorporates biomolecules such as collagen, whereas further
cellular steps lead to a strong and stable chemical bond between the
glass and human hard (bone) and, in some cases, soft (muscles) tissues.
The high effectiveness of the bioactive fixation process reflects the high
strength of adhesion between the interface and both implant and tis-
sues: in fact, the failure of bioactive implants in load bearing applications
occurs in either the implant or the bone, but not at their interface. Failure
in the implant reflects the weak mechanical strength (brittleness and lim-
ited fracture toughness) of bioactive glasses, whereas fracture in the
bone is often related to stress shielding effects [1] because of the higher
elastic modulus of the 45S5 Bioglass® compared to natural bone. The
relatively poor mechanical properties limit clinical uses of melt-derived
bioactive glasses to low-load bearing applications, such as otolaryngo-
logical, maxillofacial, dental and periodontal implants [4].
In the last years, much research has been focused on the addition of
doping atoms in the original 45S5 Bioglass® to improve specific proper-
ties [13-15] for clinical applications. However, not all these efforts have
always led to positive results, since some of the added oxides degraded
or totally destroyed the bioactive behavior of the glasses.
Enhanced mechanical properties can be achieved by partial crystalliza-
tion, as in the bioactive glass-ceramics where a tough ceramics phase
reinforces the glass. For instance, A/W glass ceramics, composed of
apatite and wollastonite crystals embedded in a calcium silicate amor-
phous phase, form a strong bond with bone but has also very good
mechanical properties [3]. Therefore, they are successfully used in bone
repair prostheses [16], even though the application to high load cases
such as femoral and tibial bones are still not possible, and processing of
glass ceramics biomaterials can be difficult and expensive.
Bioactive glasses can also be produced by the sol-gel synthesis route,
first introduced in 1991 [17]. Sol-gel derived bioactive glasses showed
an improved bioactivity compared to the melted ones, owing to their high
porosity and high surface area [18], the latter known to enhance the
superficial adhesion of biomolecules [19]. In the last years these favor-
able features have encouraged a significant shift in the research on
bioactive silicate glasses towards highly porous materials. In particular,
recent work has shown the high potential of bioactive glasses for 3rd-
generation tissue-engineering applications [20], where a highly porous,
biodegradable scaffold combined with tissue cells hosts the in vitro
growth of immature bone like material, then implanted in vivo where the
tissue-engineered construct adapts to the living environment and stable
mature bone is formed [21].
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Computational Techniques:
ab initio vs classical methods
The growing technological importance of biomaterials has not been sup-
ported by a corresponding growth in fundamental understanding of the
nature of their bioactivity, and trial-and-error approaches still represent
the most common way to systematically optimize new applications of
biomaterials. The availability of increasingly more powerful computation-
al methods and resources now makes computer simulations an attrac-
tive alternative to experimental techniques, to obtain an atomistic view
into the bioactive behaviour of such materials and to provide new
insights into the structure-property relationships of materials.
At variance with crystalline materials, the computational modeling of
amorphous solids is a difficult task, the immediate difficulty arising from
the need to obtain atomistic models (coordinates of the atoms) that
reproduce the known experimental features of the material. This is
because no currently conceivable set of experiments leads to a unique
structure of an amorphous compound and there is no rigorous definition
of when it has been determined.
Molecular dynamics (MD) simulations may be considered the intuitive
natural way to make a computer model of an amorphous or glassy mate-
rial. In this framework, an equilibrated liquid is cooled through the glass
transition to the final solid structure. Classical molecular dynamics (MD)
simulations allow the study of structural, mechanical, thermodynamical
and dynamical properties of relatively large systems (104-105 atoms) for
long time scales (ns) [22-26]. However, the reliability of the obtained
results strongly depends on the adequacy of the description of the inter-
atomic potential, acting on the constituent ions. Parameters for amor-
phous materials are typically obtained from fitting to a set of experimen-
tal data measured on crystalline solids and therefore their domain of
applicability has to be clearly understood and identified [23].
While standard force fields commonly used to model crystalline oxides
are adequate to model pure and binary silicate glasses, their application
to ternary and quaternary glasses is generally not as straightforward.
This difficulty is mainly related to the mixed character of Si-O and P-O
bonds, whose ionic-covalent balance depends on their local environ-
ment, such as the composition and geometry of the coordination shell of
network-modifying cations in close proximity to the oxygen, and the
bridging/non-bridging nature of the latter.
The effect of this diverse and often quite distorted local environment can
hardly be reproduced by mean-field approaches using fixed partial
charges and rigid-ion (RI) force fields. A practical and much more accu-
rate way to take the molecular environment into account in classical MD
simulations is via a shell-model (SM) approach, where the atomic polar-
izability is explicitly incorporated in the model by replacing polarizable
atoms (typically the oxide ions for silicates) with core-shell dipoles con-
sisting of two opposite charges connected by a harmonic spring [27,
28]. In this way, the charge distribution in silicate and phosphate groups
is always consistent with the local electric field, and a better description
of distorted bonded and non-bonded geometries, as well as of dynami-
cal fluctuations at finite temperature, can be achieved.

A higher level of accuracy is achieved in ab initio simulations, where ionic
forces are calculated using quantum mechanics methods: this parameter-
free, first-principles approach clearly represents the best possible way to
include polarization and other electronic effects in the MD model, making
them extremely useful to tackle problems and systems which pose a seri-
ous challenge to empirical potentials, such as reactivity at surfaces or
dynamical processes in melts.
A common approach in first-principles simulations of glasses is to obtain
an initial structure through classical MD with an empirical potential and then
switch to the ab initio treatment using the classical structure as ‘starting
guess’ [29, 30].
However, this limits the scope of these mixed classical/ab initio approach-
es to investigate short-range features, or properties which turn out to have
mainly local character (at least for these systems), such as the electronic
structure and the vibrational spectrum [29-32].
Among the several ab initio codes applied in solid state modeling, there are
two different classes: those employing plane waves and those adopting
localized basis sets, as a linear combination of atom-centered Gaussian-
type orbitals. Both choices have advantages and drawbacks, for instance
plane waves basis set calculations with hybrid methods still is limited due
to the delocalized nature of the basis functions while localized basis sets
have to cope with the basis set superposition error which cause an over-
estimation of the interaction energy when dealing with adsorbate/surface
interactions.

Bioceramics modelling
Silicate glasses are amorphous solids, characterized by a network of cova-
lent SiO4 tetrahedral building blocks, linked together by bridging oxygen
(BO) atoms, each BO shared by two Si. While the short-range order with-
in the tetrahedra is similar to their crystalline counterparts, no long range
order is present; the high flexibility in the angle between linked tetrahedra
and in their relative orientation determines a high degree of structural dis-
order beyond the short range.
Vitreous silica is characterized by a continuous network, fully interconnect-
ed in three dimensions, with every tetrahedron linked by BOs to four adja-
cent tetrahedra. The addition of alkali or alkaline-earth metal cations breaks
the silicate network by replacing Si-BO-Si bonds with Si-NBO, where NBO
is a non-bridging oxygen. They are thus called network modifiers in con-
trast to the silicon ions which are called network formers. According to the
Modified Random Network (MRN) model [33] at high concentrations, the
modifiers percolate through the bulk of the glass and form primary path-
ways, or channels, which play a key role in the elastic and transport prop-
erties of glasses.

The 45S5 Bioglass®:
structure and dynamical properties
The microscopic structure of this material has been explored in higher
detail by several classical molecular dynamics simulations employing both
the rigid ionic model [29, 34] and the shell-model [35-37]. The coordination
environment of network formers and modifiers [29, 38], the tendency to
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form clusters and inhomogeneities [37, 39], the occurrence of chain and
ring nanostructures [36] and the effect of phosphorous inclusion were dis-
cussed in relation to bioactivity [35] and medium-range order [34]. All these
computational techniques showed to be in perfect agreement in reproduc-
ing short range geometrical features such as the coordination and bond
distances of network formers and modifiers [29]. On the contrary, small dif-
ferences were obtained in the structural parameters commonly used to
describe the medium range order in amorphous glasses such as Qn distri-
butions (n is the number of bridging oxygens bounded to the network for-
mer cations Si or P). However, the trends in the distribution is captured by
the rigid ionic model.
The environment around the cations present in the glass is analyzed
through the pair distribution functions g(r) relative to the oxygen ions in Fig.
1. The structural features (bond lengths, coordination numbers and angles)
have been calculated by using classical molecular dynamics simulations
with the rigid ionic [29, 34] and shell-models [37] as well as by means of
CPMD [38] simulations.. All the models show that the intertetrahedal P-O
distance of 1.52-1.55 Å is slightly shorter than the Si-O distance which is
1.59-1.63 Å, typical of silicate glasses. Moreover, P-NBO bonds are signif-
icantly shorter than Si-NBO bonds, and P-BO bonds are also shorter than
Si-BO. These results show that the different strength of T-BO and T-NBO
bond (T=Si/P) is well reproduced in our simulations.
The O-T-O bond angle distributions (BAD) reported in Fig. 2a is centred at
the tetrahedral angle and show that O-P-O angle is more rigid than O-Si-O.
The Na-O and Ca-O peak positions are between 2.33-2.34 and 2.29-2.35
Å, in the range of X-ray and neutron diffraction measurements for phos-
phate and soda-lime silicate glasses [40, 41], whereas the coordination
shell of both Na and Ca is composed of about six oxygen atoms, whose
arrangement is unveiled in the distribution of O-M-O angles in Fig. 2b.
Both distributions show a peak close to 90°, which generally results from
Na or Ca atoms connecting two NBOs belonging to different tetrahedral,
as shown in Fig. 3a. This result suggests an important structural role of
modifier cations in controlling the folding of the silicate network by connect-
ing and arranging together different chain-like and isolated fragments. The

second peak at 60° (more pronounced for Na) results from modifiers coor-
dinated to two NBOs (or one NBO and one BO) belonging to the same
tetrahedron, as shown in Fig. 2b. The broad distributions of Fig. 2b also
denote a high flexibility of the geometries of the coordination shell of these
cations. Although the geometry of sodium and calcium coordination shells
is qualitatively similar, the composition of these shells differs; there is a high-
er fraction of NBOs in the Ca coordination shell (5.4) with respect to Na
coordination shell (4.4).
In 1992, Strnad introduced the concept of network connectivity (NC) [42],
defined as the average number of BO atoms per glass-forming species
(NC=4 for pure silica glass and NC=2 for chain-like structures), with the aim
of predict and compare the bioactivity of different glass compositions. By
comparing the NC of glasses with different bioactivity it was proposed a
qualitative threshold of NC=3, that is glasses with NC<3 show bioactivity.
A low NC denotes open and fragmented glass structures, whose rapid
partial dissolution in aqueous physiological solution leads to HA formation
and bone bonding in a short time. NC estimated from the glass composi-
tion is equal to 1.9 for the 45S5 Bioglass. NC can also be easily obtained
by atomistic modelling, which enables the direct and unambiguous calcu-
lation of BOs per network-forming ion as well as the analysis of the net-
work-forming role of different species [31].
In a recent work, Tilocca et al. [36] compared the MD structure of glass
compositions of different (known) bioactive behaviours trying to identify
correlations between medium range structural parameters (NC and Qn

speciation) and their bioactivities. They used three glass compositions
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ranging from very high (45S5), to intermediate (55S, 55% SiO2) to bio-inac-
tive (65S) and obtained NC of 2.07, 2.77 and 3.24 respectively. The Qn(Si)
distribution of 45S5 denotes that the highest bioactivity for this class of bio-
materials arises from a structure dominated by chains of Q2 metasilicates,
which are occasionally cross-linked through Q3 units, whereas the Q1

species terminate the chains (Fig. 4). The comparison with the Qn(Si) dis-
tribution of less bioactive compositions showed that the transition from
high bioactivity (45S) to bio-inactivity (65S), through a region of intermedi-
ate bioactivity (55S), is accompanied by a shift of the Qn distribution
towards higher n values, with the 55S and 65S compositions dominated
by Q3 units.
It should be remarked that the current experimental picture of the Qn spe-
ciation in 45S5 Bioglass is still somewhat incomplete; while a binary model
with only Q2 and Q3 species is sometimes assumed [43], a three-compo-
nent model with Q1, Q2 and Q3 silicates was proposed to fit very recent
nuclear magnetic resonance (NMR) data [34], and the presence of more
than two Qn(Si) species in this glass had already been inferred from previ-
ous Raman spectra [44]. Furthermore, given that the coexistence of sever-
al Qn(Si) species in depolymerized alkali silicate glasses is well established
[45], and that the presence of other species besides Q1, Q2 and Q3 in 45S5
is less likely, the ternary Qn(Si) distribution as in the recent models of 45S5,
centred on Q2, appears adequate [36, 46].
Concerning phosphate groups, it is normally assumed that they are pre-
dominantly isolated orthophosphates associated with modifier ions (Fig. 5),
as proved by earlier investigations [43, 47, 48]. However, recent MAS-NMR
experiments [34], IR and Raman data as well as computational simulations
[32, 49-51] indicate that a small fraction of pyrophosphate (Q1 or Si-O-P)
species can coexist with the majority of orthophosphate species, which
may affect the phosphate release rate due to the labile nature of surface P-
O-Si bridges.
The molecular dynamics simulations using the rigid ionic model [34] yields
a binomial distribution of Q0 (about 60%) and Q1 species while recent MD
simulations with the shell-model potential improved the description of the
phosphate speciation [50]. With the latter potential the fraction of
orthophosphate units in 45S5 Bioglass is approximately 82%. It is worth to
highlight that because of the low amount of P in the 45S5 Bioglass simu-
lation boxes of about 10,000 atoms are necessary to reach converged
Qn(P) distributions.
The role of phosphorous on these glasses has been studied both experi-
mentally and computationally. Several experimental works [52, 53] showed
that certain phosphorous-free compositions can still be bioactive and
apatite nucleation and crystallization can proceed by incorporating phos-
phate from physiological contact solutions. However, the incorporation of
a small P2O5 fraction in the glass enhances the rate of HA deposition and
bone-bonding ability [54]. Moreover, P-containing glasses promote the
deposition of a more uniform HA film, which in turn, determines a stronger
bond with bone.
This was interpreted by the low connectivity of phosphorous in the bio-
glasses which facilitates the release of phosphate species into the physio-
logical fluid, this increases the local supersaturation and accelerates the HA
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 Fig. 3 - a) Geometry of an inter-tetrahedral NBO-Ca-NBO link and b) geometry of
intra-tetrahedral NBO-Na-NBO and NBO-Ca-NBO. Silicon (blue) and oxygen (red)
are represented as ball and sticks, whereas sodium (green) and calcium (cyan)
are represented as spheres

 Fig. 4 - A fragment of the silicate network of 45S5 Bioglass® obtained from
molecular dynamics simulations. Ball and stick visualization is used for the Si and
O atoms of the fragment which are coloured in blue and red, respectively. The
rest of the network is coloured in grey

 

Fig. 5 - Snapshot of the 45S5 Bioglass® obtained from classical molecular
dynamics simulations. Yellow tetrahedral represent orthophosphate units, blue
and red sticks are Si and O atoms while green and cyan spheres are Ca and Na
ions respectively
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precipitation from the solution [53]. In a recent work, Malavasi et al. [55]
tried to interpret the different bioactivity of CaO-SiO2 and CaO-P2O5-SiO2

glasses concluding that those compositions for which the orthophosphate
units are surrounded by Ca ions with a ratio similar to that found in HA (that
is 1.67) were the more bioactive.
Most of the previous works were devoted to the analysis of structural prop-
erties, while a detailed study of dynamical properties has not been
addressed except for the calculation of the vibrational density of states by
Fourier transforming of the velocity autocorrelation function calculated from
CPMD trajectories [38, 49]. However, vibrational properties and the IR
spectra of a complex material such as 45S5 glass can be simulated nowa-
days fully ab initio by means of modern quantum-mechanical codes like
CRYSTAL06 [56].
This is a periodic ab initio program based on an atom centered (Gaussian)
basis set which has allowed us to calculate the electronic properties and
to simulate for the first time the IR spectra of the 45S5 Bioglass® [31, 32].
The calculated IR spectrum (broadened by Lorentzian functions with a typ-
ical width δν = 40 cm-1) is compared to the experimental one [15] in Fig. 6.
Both the adsorption spectra show the same bands at 1,037, 925, 753,
600 and 500 cm-1, being the experimental spectrum more broadened.
From an experimentalist point of view, these wide bands are assigned as
follows: the band at 1,037 cm-1 is associated to the asymmetric stretching
of bridging oxygens (Si-BO-Si) in all Q species, the band at 925 cm-1 is
assigned to the Si-NBO stretching vibrations in SiO4 and it covers P-NBO
stretching vibrations in PO4 tetrahedra. The band around 600 cm-1 is
assigned to the symmetric stretching vibrations of three membered silox-
ane rings of SiO4 and to the O-P-O bending vibration in a PO4 tetrahedra
while the wide peak at 500 cm-1 is associated to O-Si-O bending vibrations
in SiO4 and symmetric oxygen stretching of Si-O-Si. A deep analysis of the
vibrational features of such glass has been fully described in previous
papers and it is out of the scope of this brief review.
At variance with our approach, Tilocca et al. [38] assigned specific vibra-
tional features in the overall vibrational spectrum of the 45S5 glass by cal-

culating the vibrational (power) spectrum obtained from a Car-Parrinello
MD trajectory. The excellent agreement found with the phonon frequencies
computed by us from the eigenvalues of the Hessian matrix in the harmon-
ic approximation shows that anharmonic effects (included in the CPMD
power spectrum) are small for this system [32].
Among the computational studies found in literature, few works have been
devoted to the simulation of the effect of doping ions on the structure of
bioactive glasses [14, 57] and despite the paramount importance of trans-
port, elastic and mechanical properties no such simulations have been car-
ried out so far.
A first attempt was carried out by Pedone et al. [46] who studied the effect
of the replacement of CaO for MgO on the structural properties of the 45S5
Bioglass®. The results confirmed the complexity of the local environment of
Mg ions which are coordinated predominantly by 5 non-bridging oxygens
of different TO4 tetrahedra (T=Si/P) leading to large rings in the structures.
A rou gh correlation between the average dimension of the rings found in
the structure and the computed Young’s modulus was obtained. The
Young’s modulus decrease at low Mg-content reaching a minimum for the
46.2SiO2·24.3Na2O· 16.9 CaO ·2.6P2O5·10MgO glass.  Mg was found to be
homogeneously distributed in the silica rich region together with Ca and Na
ions but was almost totally absent from the Ca-Na-phosphate rich regions.
A systematic analysis of the structural changes induced by replacing SiO2

by P2O5 in bioactive compositions has highlighted that increasing the P2O5

fraction leads to repolymerization of the silicate network. This was interpret-
ed on the basis of the higher affinity of Na and Ca cations for phosphate
groups, which are able to strip the modifier cations out of the silicate net-
work, thus inducing its repolymerization [35].
Lusvardi et al. [14, 57] performed molecular dynamics simulation study of
the nanosegregation promoted by the incorporation of fluorine ions in
bioactive glasses. The results showed that the high affinity of fluorine for Na
and Ca modifier cations determines the separation of a highly polymerized
phosphosilicate matrix from an ionic phase rich in Na, Ca and F. Converse-
ly, fluorine-free bioglasses favour the separation of a phosphate-rich phase
from a silica-rich one [37, 39].

Hydroxyapatite: 
bulk properties and surface reactivity
Hydroxyapatite is a calcium phosphate mineral and belongs to the crystal
family of calcium apatites (HA, [Ca10(PO4)6X2], with X = OH-, Cl-, F- or Br-).
Generally, calcium can be partially or completely substituted with Pb2+,
Sr2+, Na+, Mg2+, K+, Li+, Fe2+, Mn2+, Zn2+ and Cu2+. Among the common-
ly substituted ions into the hydroxyapatite lattice there are also carbonates,
for whose two different substitutions are proposed: OH• (type A) or PO4

3-

(type B). Type A usually occurs in high-temperature apatites, while type B
in low-temperature materials [58, 59]. In nature, stoichiometric hydroxyap-
atite is found in the monoclinic form (P21/b space group), while the non sto-
ichiometric and most frequently encountered HA is within the hexagonal
form (P63/m space group). The main difference in crystal structures is the
alignment of hydroxyl groups with respect to the c lattice vector, since the
hexagonal phase is affected by protonic disorder, while in the monoclinic
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Fig. 6 - Experimental (blue line) and B3LYP (red line) IR spectra of the 45S5
Bioglass®
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case OH groups are oriented upward and downward in alternating
columns. The phase transition between the monoclinic and the hexagonal
forms occurs at temperatures above about 200 °C, so that the monoclin-
ic HA is considered a low-temperature structure [60]. The transition is also
called an order/disorder transition, since the highly ordered columns of
hydroxyl groups present in the monoclinic phase turn to protonic disorder
of the hexagonal form, as it has been simulated by means of Molecular
Dynamics by Zahn and co-workers [61].
The computational study of the hydroxyapatite material ideally starts from
this point, i.e. the bulk structure in one of its form, monoclinic or hexagonal.
Nevertheless, when applying quantum-mechanical methods, there are two
problems: i) the higher computational cost of the monoclinic structure with
respect to the hexagonal one (88 atoms compared to 44 in the unit cell,
respectively) and ii) the proton disorder of the hexagonal structure as deter-
mined by X-ray diffraction [62, 63]. So, to overcome both problems, a strat-
egy can be that of considering hexagonal hydroxyapatite and lowering the
symmetry from P63/m to P63, thus eliminating the mirror plane m, respon-
sible of replicating H atoms in non chemically sensible positions [64]. The

result is a hexagonal HA with hydroxyl groups all aligned upwards
with respect to the positive directions of c lattice vector, in a
doable 44 atoms unit cell. The presence of this OH alignment
does not destabilize the bulk structure, since the unit cell is repeat-
ed to the infinite in the three dimension by translational operators.
The obtained hexagonal HA bulk structure has then been fully
optimized (internal coordinates and lattice parameters, see Fig. 7a)
to find the minimum energy geometry with different functionals
and basis set (among the others: B3LYP DPZ Gaussian [64], LDA
Perdew-Zunger numerical DZP [65], GGA PW91 plane waves
ultra-soft pseudopotential Ecut=500 eV [66]).
An interesting result of the simulation is the computed vibrational
spectrum of the material, that can be compared to experimental
data to help in the often complex band assignment and interpre-
tation. By means of the CRYSTAL code, the complete IR spec-
trum has been simulated at Γ point (IR and Raman spectra refer
to that point) within the harmonic approximation and the compar-
ison with experimental data is very satisfying [64]. This work goes
beyond the limits of ab initio calculations pointed out by Calderìn
and co-authors, who reported a shell model study of lattice
dynamic of hydroxyapatite [67].
More challenging is surface modeling starting from an optimized
bulk structure of the material. Surfaces are the real place where
reactions occur, especially for biomaterials in continuous contact
with biological fluids. When simulating a surface, the first question
is: which one? Since infinite surfaces can be extracted from the
bulk, a preliminary study of crystal forms is mandatory as well as
a literature research to see whether other studies regard one par-
ticular face.
Regarding how to model a surface, different possible models exist.
In plane waves based codes, it is very common to design a sys-
tem repeated infinitely in the three dimensions, with the one corre-

sponding to the chosen face separated from the other replica by vacuum,
i.e. a not really 2D slab. The main alternative is the so called “slab model”,
where the surface is terminated with two faces and characterized by a finite
thickness as a real bi-dimensional system. This approach is used when the
basis set is localized functions, as Gaussian ones and here we describe it in
details, referring to recent work done on HA [68]. In practice, when defining
the slab, one chooses how many atomic layers will be contained inside the
unit cell, being this layers classified in terms of their z coordinate. When pos-
sible it is better to maintain the symmetry along the structure cutting two
symmetric layers as the top and the bottom faces. Sometimes it is neces-
sary to add atoms at dangling bonds, chemically reconstructing the surface.
It is well known by literature that the most common faces of hexagonal
hydroxyapatite are the (001) and the (010), which is equivalent to the (100)
in the hexagonal lattice. The (001) surface is involved in bone and enamel
growth, while the (010) is very extended in the crystal and is proved to
strongly interact with different biomolecules [69, 70]. Since the starting
model is the bulk with P63 symmetry, the corresponding (001) surface has
a P3 symmetry and it represents a quite complex case to study due to fer-

Fig. 7 - Hexagonal hydroxyapatite bulk and surfaces as modeled by the slab model
approach and optimised by CRYSTAL06 code a) bulk; b) (001); c) (010); d) (101); e) non
stoichiometric (010) calcium rich; f) non stoichiometric (010) phosphorus rich. Color coding:
calcium ions in cyan, oxygen red, phosphorus yellow and hydrogen light grey
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roelectric behavior imposed by OHs alignment along the finite direction of
the slab (see Fig. 7b). No details are given here and an interested reader
could shift to references [68] and [71] for a deep discussion, referring also
to a recently developed shell-ion model potential for HA [28], concluding
that a slab thickness of about 14 Å is a good model for (001) surfaces.
On the other hand, the (010) surface does not show any symmetry opera-
tor and OH groups lay parallel to the ab plane, not influencing stability (see
Fig. 7c) [51].
Going further with most stable HA stoichiometric surfaces, also the (101)
face, equivalent to the (110) one, has been modeled (see Fig. 7d), which
shows a diagonal alignment of OH groups. The stability order of these
three structures in terms of their surface energy is (001)>(101)>(010) -
1.043, 1.646 and 1.709 Jm-2 [71], respectively - in agreement with other
computational studies [72-74].
To complete the description, according to a recent HRTEM study by Sato
et al. [75], non-stoichiometric surfaces of (010) termination can play a role.
Following the approach adopted by Astala and Stott [72], two non-stoi-
chiometric (010) surfaces were designed: a calcium rich model (Ca/P:
1.71, Fig. 7e) and a phosphorus rich one (Ca/P=1.62, Fig. 7f). The model-
ing procedure is based on the classification of two electroneutral layers
along the (010) termination, called A-type (Ca3(PO4)2) and B-type
(Ca4(PO4)2(OH)2). Being A-B-A-A-B-A the stoichiometric termination, the
other alternatives generate the Ca-rich and P-rich surfaces, the first reveal-
ing a higher nucleophylic character by the electrostatic potential maps
analysis (not shown for brevity, refer to [71]).
Each surface model is then fully characterized to investigate its adsorptive
features, particularly by means of electrostatic potential mapping at almost
2 Å above and below the two external faces. Irrespective of the considered
slab, all models show strongly positive potential in correspondence to more
exposed calcium ions and negative values associated to phosphate
groups. The co-presence of these two aspects guides the interactions with
polar biomolecules, such as water and amino acids.

To exhaustively review all the computational studies on hydroxyapatite sur-
faces in interaction with different molecules goes beyond the scope of this
work. In the following, some recent results will be synthetically reported
about HA surfaces in interaction with water and glycine, to give a taste of
what it can be done nowadays with the simulation of biomaterials inter-
faces with biomolecules.
Water represents a fundamental molecule in the biological environment, so
that a deep understanding of its role in HA surface adsorption processes -
both alone and in association with other biomolecule - is the first step to
investigate. In a recent ab initio based computational work, Corno et al.
have simulated water adsorption on the hexagonal (001) and (010) faces
previously described (Fig. 7b,c) to investigate if the interaction was molec-
ular or dissociative [51]. At first, one water per each exposed calcium ion
of both upper and lower faces of the two slabs was adsorbed, so to com-
pare interaction energies on different reaction sites. Then higher water
loading on the same face has been modeled and interaction energies com-
pared to microcalorimetric heats of adsorption, showing a good agree-
ment. The results are quite different according to the specific slab, that is
on (001) slab there is always molecular adsorption (∆E=-100 kJmol-1 per
adsorbed water molecule), while for (010) mainly dissociative adsorption is
observed (highly energetic, ∆E~-300 kJmol-1), with the formation of new
surface functionalities (CaOH and POH). The (010) surface after reaction
with water was called (010)_R and fully relaxed to be used as a new model
for further water loading, showing molecular adsorption with energies com-
parable to those of the (001) case. The computed IR spectra of adsorbed
water showed very strong red shifts of the OH stretching frequencies, due
to the formation of superficial hydrogen bonds between water hydrogen
and phosphate groups oxygen, in line with experimental results [51]. Fig. 8  
shows the maximum loading model of (001) surface as seen in a top view.
This study has been then further extended to deal with the other modeled
surfaces, i.e. (101) and (010) non-stoichiometric ones, showing similar
results not described for brevity [71]. 
In the literature, Zahn et al. have studied the interfaces between hydroxya-
patite and H2O by means of molecular dynamics simulation, hydrating dif-
ferent types of the (001) and (00-1) surfaces of monoclinic hydroxyapatite
(obtained as slices of a block of 3x3x3 unit cells) by a large number of H2O
molecules. They observed several strongly ordered hydration layers, the
first of which characterized by a network of strong electrostatic/hydrogen
bonds reducing H2O mobility [76].
Applying molecular dynamics techniques, also Pan et al. have studied the
H2O behaviour on hydroxyapatite (100) and (001) crystal faces, consider-
ing about 1,550 molecules on both surfaces and described the formation
of three highly structured H2O layers on both faces [77].
As for other recent ab initio density functional studies, Ma and Ellis have
simulated the initial stages of the hydration process (PW91 functional and
plane waves basis set) [78], while in the already mentioned work of Astala
and Stott the SIESTA code (PBE functional) has been applied to study
hydration of (001), (010), (101) and non-stoichiometric surfaces [72].
The abovementioned theoretical works on hydration of HA surfaces repre-
sent only a small part of the large number of papers dealing with this mate-

 
Fig. 8 - Water on hexagonal HA (001) surface: maximum loading model, as seen
from above, to highlight the cooperation of hydrogen bonding at surface. Water
atoms displayed with van der Waals spheres, while surface atoms with sticks.
Color coding: calcium ions in cyan, oxygen red, phosphorus yellow and hydrogen
light grey
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rial in interaction with inorganic and organic molecules (citric acid [73, 79]
and biphosphonates [80], just to cite two interesting cases). The next step
in these study is to increase the adsorbate complexity, for instance consid-
ering the fundamental molecules in the biological environment, i.e. amino
acids. On both (001) and (100) surfaces of HA Pan et al. simulated the
adsorption of the amino acids glycine and glutamic acid by means of MD
simulations [81]. Huq et al. investigated the interaction of the motif Ser(P)-
Ser(P)-Ser(P)-Glu-Glu with monoclinic HA (001), (010) and (100) surfaces
(the last two slabs generated with different cleavage planes) and it resulted
that the motif had preference for (100) and (010) faces, due to electrostat-
ic interactions between acidic site groups and surface calcium ions [82].
As for ab initio calculations, following the same procedure adopted for
water adsorption, Rimola et al. have studied glycine adsorption on (001)
and (010)_R HA surfaces, showing that on the first surface glycine adsorbs
in its zwitterionic form, while on the latter an ionic pair is formed, due to a
spontaneous proton transfer towards the surface [83]. Since the simulation
has regarded adsorption at the gas-phase, the next logic question has
dealt with the role of water in the process, that is investigating the compet-
itive adsorption between glycine and water. A recent approach to the prob-
lem has been proposed by the same authors of the previous paper and it
is based on a series of static calculations of progressive micro-solvation of
the dry interface of glycine adsorbed on the (001) surface of hydroxyapatite
[84]. Despite all the methodology limitations, the conclusion is that glycine
directly adsorbs on HA surfaces, or via one water molecule maximum, due
to the strong affinity of the amino acid to the inorganic surface. Interesting-
ly, recent experimental results of grazing incidence X-ray diffraction mea-
surements on the aqueous Gly-fluoroapatite surface have shown the direct
contact of glycine and the surface [85], so confirming computational find-
ings and suggesting to go further with the computational study, increasing
once more the system complexity.

Conclusions
Computational techniques have been shown to be capable of help in the
fundamental knowledge of complex problems in the field of biomaterial
research. Among the large number of biomaterials, both 45S5 Bioglass®

and hydroxyapatite have been the object of several experimental stud-
ies, though the understanding at a molecular level of the integration
mechanism in bones and teeth has not been fully reached yet. To this
target, computational modelling represents a crucial tool to complement
and interpret experimental data. Applying different methodologies, from
classical dynamics to ab initio, bulk properties of amorphous materials
as well as surface reactivity of crystalline structures can be characterised.
In the present work, two examples of biomaterial modelling have been
described: structural and dynamical properties of 45S5 Bioglass® and
surface characterisation and reactivity of hydroxyapatite. Nice agreement
with experimental results have validated both models, suggesting to go
further. Much investigation has still to be carried on, as the complex
mechanisms of the human body do constitute an open challenge, and
the synergic interplay of experimental and computational simulations has
become essential.
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RIASSUNTO
Simulazione computazionale per la modellazione di materiali bioceramici
La simulazione computazionale di biomateriali costituisce un fondamentale e affascinante ambito di ricerca, in costante sviluppo grazie alla crescente di -

sponibilità di risorse di calcolo. L’uso combinato di tecniche classiche e metodi ab-initio ha permesso la modellizzazione di materiali bioceramici (sia vetri

bioattivi, come il biovetro 45S5®, sia idrossiapatite) e delle loro complesse interazioni con l’ambiente biologico.
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