J Mol Model (2013) 19:1929-1936
DOI 10.1007/s00894-013-1758-3

ORIGINAL PAPER

First-principles vdW-DF investigation on the interaction
between the oxazepam molecule and Cg, fullerene

Masoud Darvish Ganji - Mahnaz Nashtahosseini -
Saeed Yeganegi - Mahyar Rezvani

Received: 22 October 2012 / Accepted: 3 January 2013 /Published online: 24 January 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract The interaction between oxazepam and Cg ful-
lerene was explored using first-principles vdW-DF calcula-
tions. It was found that oxazepam binds weakly to the
fullerene cage via its carbonyl group. The binding of oxa-
zepam to Cg is affected drastically by nonlocal dispersion
interactions, while vdW forces affect the corresponding
geometries only a little. Furthermore, aqueous solution
affects the geometries of the oxazepam approaching to ful-
lerene slightly, while oxazepam binds slightly farther away
from the nanocage. The results presented provide evidence
for the applicability of the vdW-DF method and serve as a
practical benchmark for the investigation of host—guest
interactions in biological systems.

Keywords Fullerenes - Drug delivery - Ab initio
calculations - vdW-DF - Adsorption

Introduction

Novel drug delivery systems encompass new approaches to
the delivery of drugs that address the limitations of tradi-
tional drug delivery systems. Nanoparticle-based drug de-
livery systems have considerable potential in the treatment
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of numerous illnesses [1, 2]. The essential technological
characteristics of nanoparticles used as drug carriers are
their high stability, high carrier capacity, and the possibility
to incorporate both hydrophilic and hydrophobic substan-
ces. Nano- and micro-particles occupy a unique position in
drug delivery technology due to their attractive properties.
These can also be designed to allow controlled (sustained)
drug release from the matrix. These properties of nanopar-
ticles facilitate improvement of drug bioavailability and
allow the reduction of dosing frequency [3, 4]. There are a
number of studies on nanostructures and their ability to
distribute peptides [5—7], DNA fragments [8], and other
substances in vivo in biological systems, and preliminary
results are encouraging [9—14]. Among nanomaterials, full-
erenes—classes of nanosized structures made of networks of
carbon atoms—are very attractive because of their unique
properties and potential applications in electronics, materials
science, and chemistry as well as in biochemistry and biol-
ogy [15-23]. The remarkable mechanical and chemical sta-
bility of fullerenes makes them a promising nano-
dimensional material for drug delivery applications. Since
macroscopic samples of Cgo became available in 1990,
many applications have been suggested individually in the
bio-area. Fullerenes and their derivatives have a range of
medical applications, including as HIV inhibitor, photosen-
sitive oxidizing factor against malignous skin cancer, or
antioxidant activity healing neurodegenerative illnesses
[24, 25].

Oxazepam [26, 27, 28] [serax; chemical name, (RS)-7-
chloro-1,3-dihydro-3-hydroxy-5-2H-1,4-benzodiazepene-2,
C5H;;CI N,O,] belongs to a group of drugs called benzodia-
zepines. Figure la shows a schematic representation of an
oxazepam molecule. Oxazepam has been used extensively
since the 1960s for the treatment of anxiety and insomnia
and in the control of the symptoms of alcohol withdrawal.
Oxazepam has moderate amnesic, anxiolytic, anticonvulsant,
hypnotic, sedative and skeletal muscle-relaxant properties
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Fig. 1 a Structure of
oxazepam. b—f Models of
different adsorption states for
oxazepam on the sidewall of the
Cgo fullerene on the six-
membered (b) and five-
membered (c¢) ring of the cage,
the bridge sites above the C—C
bonds (d, e) and the top site
directly above the carbon top
via its carbonyl oxygen (CO)
active site (f). g Schematic rep-
resentation of an oxazepam
molecule approaching the ful-
lerene side-wall through the
aromatic-heterocyclic ring. The
schemes are similarly orientated
and were selected for oxazepam
approaching the C4 nanocage
via its hydroxyl oxygen (OH),
chlorine (Cl) and hydroxyl ox-
ygen (OH) active sites (not
represented). Atom colors: grey
carbon, white hydrogen, blue
nitrogen, green chlorine, red
oxygen

compared to other benzodiazepines. It is an intermediate
acting benzodiazepine and acts on benzodiazepine-receptors
resulting in increased effect of gamma-amino butyric acid
(GABA) to the GABA 4 receptor, which results in inhibitory
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effects on the central nervous system. As oxazepam increases
the activity of GABA in the brain, it increases its calming
effect, resulting in sleepiness, a decrease in anxiety and relax-
ation of muscles.
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In this work, we investigated the possibility of formation of
a complex between fullerene Cg, and oxazepam by using ab
initio calculations based on density functional theory (DFT)
methods [29]. We implemented first-principles calculations of
the interaction between oxazepam and fullerene Cg( to explain
the possibility of formation of a stable complex. We show that
it is important to include the nonlocal correlations responsible
for long-range but strong van der Waals (vdW) interactions
between the host and guest molecules. Furthermore, the role
of vdW forces in aqueous solution was demonstrated explic-
itly. To evaluate the interaction between Cgq and oxazepam,
four active sites of oxazepam—the aromatic-heterocyclic ring,
Cl, hydroxyl oxygen and carbonyl oxygen groups—as well as
several sites of the fullerene Cg, were considered. Details of
the model as well as the computational methods employed are
explained more thoroughly in the next section on Computa-
tional methods, followed by a discussion of our results in the
Results and discussion, and a summary in the Conclusions.

Computational methods

We employed the first-principles approach using numerical
atomic orbitals as the basis set with which to evaluate the
structure and energy of the Cgp-oxazepam complexes. We
made use of generalized gradient approximation (GGA) [30,
31] with the Perdew-Burke-Ernzerhof (PBE) functional in
DFT, and the standard norm-conserving Troullier-Martins
pseudo-potentials [32]. We used the SIESTA code, which
solves standard Kohn-Sham equations and has been estab-
lished to be very efficient for large atomic systems.

The calculations were performed using a double-C basis
composed of numerical atomic orbitals of finite range aug-
mented by polarization functions (DZP) for all simulated
atoms. The relaxed atomic structures of the systems consid-
ered were obtained by minimization of the total energy
using Hellmann-Feynman forces including Pullay-like cor-
rections. Structural optimizations were performed using the
conjugate gradient algorithm until the residual forces were
smaller than 0.02 eVA .

We also carried out calculations using the self-consistent
implementation of the first-principles vdW density function-
al (vdW-DF) with a versatile real-space grid approach [33]
employing long-range London dispersion corrections [34].
The vdW-DF was recently implemented in the SIESTA code
and applied successfully to many systems [35-37]. We
employed soft confinement potentials [38] to generate both
double-C and triple-( plus polarization basis sets. We used
an energy shift of 25 meV in each orbital in all calculations.
Extensive examination indicated that this energy shift value
provided good accuracy and ensures a large spatial extent of
the basis orbitals, which is essential for preventing severe
overestimation of binding [39, 40].

Results and discussion

To evaluate the binding energy between Cg( and oxazepam,
we first selected several configurations for the oxazepam
molecule approaching different sites of the Cgo cage skele-
ton. For this propose, we considered several sites in both the
host and guest entities. Five and six-membered rings of the
cage, the bridge sites above the C—C bonds, and the top site
directly above the carbon atom (C-top) were chosen as
selected sites for the Cgy nanocage. For the oxazepam mol-
ecule, the Cl (halogen) atom, hydroxyl oxygen (OH), car-
bonyl oxygen (CO) and aromatic-heterocyclic ring were
considered as selected sites for the active sites. For instance,
the schematic representation of an oxazepam molecule
approaching the considered chosen sites of the Cgo nano-
cage via its carbonyl oxygen (CO) active site is shown in
Fig. 1b—g. It should be mentioned that independently re-
laxed geometries for the fullerene and oxazepam molecules
were used in the combined systems. We first performed
vdW-DFT calculations on the considered systems. The cal-
culated binding energies after full structural relaxation of the
considered complexes indicate that the oxazepam prefers to
be bound to the Cg via its carbonyl oxygen active site on
the C atom of the nanocage.

The binding energy was obtained by using basis set super
position error (BSSE) [41] correction via the formula:

Ey = E(Cgp — 0xaz)
— [E(C60ghost — Ova) + E(C60 — Ovaghost>]

Where the E (Cgg-0xaz) is the total energy of the Cgg
interacting with the oxazepam. The ‘ghost’ molecule/Cygq
corresponds to additional basis wave functions centered at
the position of the oxazepam or the Cgp, but without any
atomic potential.

The calculated binding energy and equilibrium distance
between C atom of the Cgo nanocage and carbonyl oxygen
atom of the oxazepam in the stable configuration are about
—0.14 eV (-3.23 kcalmol ') and 2.942 A, respectively. It can
be seen from the binding energy and equilibrium distance that
a weak interaction (physisorption) exists between the oxaze-
pam and Cg in the thermodynamically favorable complex
[42—49]. The results obtained also show that the bond length
of C-O in oxazepam extends to 1.233 A, which is slightly
longer than that in the isolated molecule (1.229 A). The
calculated adsorption energies for the most stable configura-
tions of the other considered active sites are determined to be
—0.13 eV for the CI atom, —0.11 eV for the aromatic-
heterocyclic group and —0.12 eV for OH active sites.

Electrostatic potential is well recognized as a factor that
can explain and predict how simple molecules interact with
other molecules [50-53]. The reactive site is a specifically
charged area of a molecule that has an inclination to interact
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Fig. 2 Calculated electrostatic potential surface for an isolated oxaze-
pam and Cgy molecules at equilibrium geometry (isovalue set to 0.02).
Red indicates an abundance of electrons (the lowest electrostatic po-
tential energy), while cyan indicates a relative absence of electrons (the
highest electrostatic potential energy)

with charged particles. Figure 2 presents an electrostatic
diagram of interacting entities, i.e., Cgo fullerene and oxa-
zepam molecules). Oxygen has a higher electronegativity
value than carbon hence oxygen atoms would accordingly

Fig. 3 Calculated density of 45

have a higher electron density around them than carbon
atoms (the sphere shaped objects surrounded by red regions
in Fig. 2). It should be noted that the 7 regions of unsatu-
rated portions of the molecules, i.e., aromatic rings, have a
higher electron affinity than Cl atoms, thus the Cl atom
sufferers a relative absence of electrons around it.

The electrostatic potential maps obtained for Cg, fuller-
ene show that there are regions with an abundance of elec-
trons around C-C bonds. These are attributed to the =
electrons and might be expected to be favorable sites for
electrophilic attack but it is well recognized that the large
electronegativity of Cg facilitates the transfer of electrons
from the interacting species to the C¢o nanocage [54]. There-
fore, negative regions such as the oxygen atom of the
oxazepam interact more strongly with Cg than the positive-
ly charged section (CI atom) in the binding process.

To evaluate the basis set effects on the binding properties
we also performed full structural geometry relaxation with
the triple-C double polarized (TZDP) basis set for the most
stable state. The results obtained reveal that the basis set
only slightly affects the binding energy as well as the struc-
tural geometry of the considered system. The calculated
binding energy and equilibrium distance between two near-
est atoms from the host and guest molecules were deter-
mined to be —0.13 eV and 2.974 A, respectively.

For comparison, a similar relaxation procedure was car-
ried out for the considered systems within ordinary DFT
calculations. The results obtained show that oxazepam pre-
fers to be adsorbed on the Cgq fullerene above the C atom
with a binding energy of about —0.07 ¢V. We found that the
binding energies of the oxazepam molecule to the Cq, cage
are affected significantly by the dispersion interaction.
While the ordinary DFT predicts very weak binding, the
dispersion interaction as implemented in the vdW-DF meth-
od changes this characteristic considerably. The binding
energies obtained in ordinary DFT calculations are all lower
than those obtained in vdW-DF calculations, with a differ-
ence of about 50 %.

states (DOS) for an isolated
oxazepam, an isolated Cgp, and
the combination of the two at
equilibrium geometry. The Fer-
mi level was set at zero

DOS (state/eV)
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Fig. 4 Isosurface of the total electron density for oxazepam—Cgg
complexes where 0.02 was used as an isovalue of total electron density,
showing the binding between Cg and the oxazepam molecule

In comparison with the PBE calculations, the vdW interaction
was also found to affect the geometries of the oxazepam
approaching to the fullerene nanocage only a little. The only
difference was that the oxazepam bound slightly closer to the
nanocage due to nonlocal vdW interaction. These results em-
phasize the importance of performing vdW interaction calcula-
tions of bio-molecules and nanostructures host-guest complexes.

To further interpret the nature of the binding in these systems,
we study the electronic structures of the thermodynamically

Fig. 5 Calculated orbitals
localized at a the top-most va-
lence band [highest occupied
molecular orbital (HOMO)] and
b the lowest conduction band
[lowest unoccupied molecular
orbital (LUMO)] of the Cgq
nanocage (the absolute values
of the isosurfaces of the wave
functions are 0.02). Yellow and
cyan represent negative and
positive regions of the wave
functions, respectively

most stable state between oxazepam and Cg. For this purpose,
the density of states (DOS) for the most stable configuration of
the oxazepam-Cgy complex was calculated (Fig. 3). As was
clearly seen, there was no evidence for hybridization between
the Cqo and the oxazepam molecules, and the DOS near the
Fermi level was not affected by the adsorption of oxazepam onto
the cage. These results indicate that a small interaction was
obtained quantitatively in terms of binding energies. Also, the
minor difference in the Fermi level of the Cqo (Er=—4.03 eV)
and oxazepam-Cgy complex (Eg=—3.73 eV) clearly shows a
weak charge transfer between the Cqy and oxazepam in the
adsorption process. Thus, we performed Mulliken charge anal-
yses to estimate the amount of electron transfer between Cg and
oxazepam. Charge analysis revealed a charge transfer of 0.03 e
from oxazepam to the Cgy cage skeleton for the most stable
oxazepam-Cgo complex, which confirms that a weak interaction
(physisorption) takes place between the respective entities.

More insight can be gained from total electron density
maps of the electronic densities. Figure 4 represents calcu-
lated isosurface maps for the most stable oxazepam—Cgq
complex. For the stable configuration, we find that the
physically adsorbed oxazepam that is far from the cage has
almost no effect on the electronic charge distribution of C
atoms of the cage, and thus no charge transfer between the
oxazepam and Cgq molecular orbitals occurs.

In order to evaluate the weak interaction between the
two reactants in the energetically favorable complex, we
also calculated the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) electron density (Fig. 5). It is well known that
the difference of the energies of the HOMO and LUMO
(the band gap) can sometimes serve as a measure of the
reactivity of the molecule. As can be seen from Fig. 5,
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the HOMO and LUMO are located on the fullerene
cage in the complex and nothing exists within the
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Fig. 6 Calculated partial density of states (PDOS) of C atom from the

Cgo and O atom for the most stable configuration. The energy at Fermi
level is denoted by the dashed vertical line
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interacting distances. This highlights the weak interac-
tions between oxazepam and Cgq fullerene.

Next, we analyzed the DOS projected onto C and O
atoms within the interacting distance, since this gives the
most important information with respect to the orbitals
involved in the adsorption process. The PDOS of the s
orbital is just a mainly constant value over the whole range,
thus is neglected here. Figure 6 shows the PDOS in arbitrary
units around the Fermi energy for the C and O atoms of the
Ceo and oxazepam, respectively. It was found that both the
HOMO and LUMO of the O and C atoms are more than
1.5 eV from the Fermi level and therefore does not lead to
any bonding process in the adsorption. All the above calcu-
lations suggest that pristine Cg is not be a suitable material
for oxazepam delivery, in the manner used for amino acids
systems [55].

Finally, we evaluated solvent effects on the nature of bind-
ing of the host-guest complex as well as the corresponding
geometries in aqueous solution. The relaxation was carried out

Fig. 7 Schematic representation of a simulation box filled with the
most stable complex of oxazepam-fullerene and 110 water molecules,
and b equilibrium distances between closest atoms from the interacting
host—guest molecules in aqueous solution
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in a rectangular box with periodic boundary conditions and
filled with the most stable complex of oxazepam-fullerene and
110 water molecules, as shown in Fig. 7. The volume of the
simulation box was assigned as (17 x 14x20) A>. A full struc-
tural relaxation process was performed for the whole system
under consideration. It was found that the aqueous solution
affects the geometries of the oxazepam bound to the fullerene
nanocage a little. The only difference was that the oxazepam
bound slightly farther towards the nanocage due to the solvent
effect. We also found that the O atom of the oxazepam moves
toward the bridge site of the C—C bond with an average
equilibrium distance of about 3.235 A.

Conclusions

In summary, we have investigated the interaction between
oxazepam and Cg fullerene using first-principles calcula-
tions based on vdW-DF methods. Several possible config-
urations were considered for the molecule approaching the
side-wall of the fullerene nanocage, via their expected active
sites. A full structural relaxation procedure was carried out
for all the systems considered. The results obtained indicat-
ed that oxazepam binds to the side-wall of the cage through
its carbonyl (-O) active site on the top of the C atom of the
cage. However, the binding energy value (-3.23 kcalmol ")
and equilibrium distance obtained from first-principles cal-
culations is typical of physisorption.

Our results showed that the binding of oxazepam to the
Cso nanocage is affected significantly by nonlocal disper-
sion interactions. It was also found that the vdW interaction
affects the geometry of the oxazepam bounded to the nano-
cage slightly and that the oxazepam binds slightly closer to
the nanocage surface due to vdW forces. A study of the
electronic structure indicated that no significant hybridiza-
tion between the respective orbitals of the host-guest mole-
cules takes place, thus explaining the small interaction
obtained quantitatively in terms of binding energies. In
addition, only a weak charge transfer is observed between
the fullerene cage and the oxazepam.

We further evaluated the effects of an aqueous environ-
ment on the binding properties and corresponding geometry
of the most stable complex. Our first-principles results
revealed that aqueous solution affects the geometries of the
oxazepam approaching to fullerene nanocage only a little.
The only difference is that the oxazepam bound slightly
farther away from the nanocage due to the solvent effect
and the O atom of the oxazepam was located above the
bridge site of the C—C bond.

It is expected that the results presented here will help
provide evidence for the applicability of the vdW-DF meth-
od and serve as a practical benchmark for the investigation
of host—guest interacting systems in biological systems.

From the results obtained involving oxazepam, we can
predict that typical drugs that contain chlorine, hydroxyl
oxygen and carbonyl oxygen active sites might only form
unstable binding with a Cgo nanocage via their active sites.
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