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ABSTRACT: We report the results of theoretical calculations
on interaction of the nucleotide bases of deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) with a (ZnO)12 cluster,
carried out within density-functional theory framework. In all
cases, (ZnO)12 prefers to bind with a ring nitrogen atom having
a lone electron pair relative to the other possible binding sites of
the bases. The degree of hybridization between Zn-d and N-p
orbitals determines the relative interaction strength at the N-site
of individual nucleobases with (ZnO)12 in contrast to the cases
of interaction of metallic clusters and carbon nanostructures
with nucleobases where either electrostatic or van der Waals
interactions dominates the bonding characteristics of the conjugate complexes. The predicted site-preference of (ZnO)12
toward the nucleobases appears to be similar to that of the metal clusters, which indicates that the metal clusters retain their sitepreference even in their oxidized state.

1. INTRODUCTION
Nano-bio complexes have attracted a great deal of attention in
recent years due to their potential applications in such diverse
ﬁelds as biomedical engineering13 and nanoscale electronics via
biotemplated self-assembly of metallic nanoparticles arrays.48
For these novel applications, biocompatibility and interactive
functionality of nanoparticles are generally required. For example,
zinc oxide (ZnO) nanoparticles (NPs) have emerged themselves
as a class apart due to their high degree of biocompatibility, sizetunable optical emission in the visible spectrum, and high
excitonic band gap.9,10 Two recent studies11,12 have shown that
ZnO nanoparticles can kill cancer and activated human T cells,
suggesting biotherapeutic functionality of this novel material. On
the other hand, a recent experimental study has shown that ZnO
NPs induce signiﬁcant changes in DNA structure and functionalities in the absence of photoexcitation.13 Apart from these, the
reason that instigates a number of rigorous and extensive studies
on ZnO NPs is their sensitivity toward UV-lights,1416 which
enables them to block the part of sunlight in UV-regime. It is,
therefore, not surprising that ZnO NPs are an essential component of sunscreens.17,18
Despite the multifarious biomedical applications of ZnO
nanoparticles, we still lack the complete understanding of the
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underlying physics and chemistry involved in the ZnObio
conjugate systems. This is due to the complexity of the macro
molecules [e.g., DNA, protein] and also the fact that the
functionality of biomolecules critically depends upon the sitespeciﬁcity/-selectivity of the nanoparticles. The present status,
therefore, requires a more detailed knowledge of the oxide
biomolecules interactions at the fundamental level. Because full
scale quantum mechanical calculations consisting of DNAstrands are prohibitively expensive, we begin with the nucleobases, the building blocks of the genetic macromolecules (DNA/
RNA), to look into what are the factors that might play an
important role in these kinds of nano-bio interactions. Recently,
there has been a keen interest in understanding the interaction
between nucleobases and nanostructured materials1928 due to
the potential application of the unique signature of the latter in
probing the structural and conformational changes29,30 of the
former.
Speciﬁcally, in the present study, we have performed a ﬁrstprinciples quantum chemical study of the complex involving
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Figure 1. (a) The calculated ground-state conﬁguration of (ZnO)12. (b) Diﬀerent binding sites of guanine (Zn, magenta; C, gray; N, blue; H, grayish
white; O, red).

ZnO nanoparticles and the nucleotide bases of deoxyribonucleic acid (DNA), and ribonucleic acid (RNA), adenine (A),
guanine (G), cytosine (C), thymine (T), and uracil (U). The sitespeciﬁcity/-selectivity of the metal oxide cluster toward the
biomolecules was duly taken care of in this study. Spherical
ZnO nanoparticles, represented by the cage-like small (ZnO)12
cluster, was considered, as it has been reported to be highly
symmetric and stable.3133

2. COMPUTATIONAL DETAILS
Electronic structure calculations were performed in the framework of density functional theory (DFT) with the exchangecorrelation functional form proposed by Perdew, Burke, and
Ernzerhof (PBE)34 as implemented in the SIESTA35 electronic
structure code. The norm-conserving pseudopotentials were
constructed for each chemical species in the bioconjugated
complex using the Troullier and Martins scheme.36,37 The
valence conﬁgurations of H (1s1), C (2s22p2), N (2s22p3), O
(2s22p4), and Zn (3d104s2) were represented by double-ζ basis
sets with polarization functions (DZP).38 The calculations were
performed with an equivalent plane wave energy cutoﬀ energy of
3400 eV for the grid. The calculations were considered to be
converged when the force on each ion was less than 0.001 eV/Å.
Along with the atomic force, the total energy convergence
criterion of 105 eV was also used. First, the geometrical structures of the isolated nucleobases and (ZnO)12 were optimized
without symmetry constraints. Subsequently, the optimized
structures were used to calculate the energy surface describing
the interaction of nucleobases with (ZnO)12. Note that the
choice of a cage-like highly symmetric small cluster to represent
a spherical ZnO nanoparticle requires only modest computational resources for electronic structure calculations.
3. RESULTS AND DISCUSSION
The calculated ground-state conﬁguration of (ZnO)12 is
predicted to be a cage-like structure consisting of six (ZnO)2
and eight (ZnO)3 rings forming a truncated octahedron in which
all Zn and O vertices remain equivalent (Figure 1a). Our results
are consistent with the results of previous theoretical studies.33,39
Note that several other conﬁgurations including ring and tubular
conﬁgurations were found to be relatively higher in energy than
the predicted ground state. The calculated structural properties
of (ZnO)12, such as the bond lengths, R(ZnO) of 1.89 and 1.97 Å,

are also in good agreement with the previously reported values
1.87 and 1.97 Å, respectively.39 The ZnO bond is mainly ionic
with a charge transfer from Zn to O atoms. The gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) is calculated to be 2.5 eV.
Total energy and geometrical structure of the isolated nucleobases are calculated as a prior step to the nucleobaseZnO
complex calculations. The calculated bond lengths and bond
angles of the optimized equilibrium structures for nucleobases are
in good agreement with earlier reported studies.40,41 (ZnO)12 is
considered to approach the nucleobases toward all possible binding
sites including ring nitrogen atom (i.e., the N site), NH2 site,
NCN site, oxygen atom (i.e., O site), and hexagonal or pentagonal rings (i.e., top site) of the base molecules. These possible
binding sites for guanine are shown in Figure 1b.
To calculate the binding energy of the nucleobasecluster
complex, we used the asymptotic approach where the binding
energy is deﬁned as the diﬀerence in the total energies of the
conjugated system at the equilibrium conﬁguration and when
they are far apart from each other (8 Å). The equilibrium conﬁguration is taken to be the minimum energy conﬁguration on the energy
surface of a (ZnO)12 approaching the target binding site of a
nucleobase. The paths approaching the N, NH2, NCN, and
O sites were constrained in the plane of the base molecule, while
the path going to the top site was constrained perpendicular to the
plane of the molecule (Figure 2). (ZnO)12 is oriented in such a way
that either Zn-terminated or O-terminated surface of the cluster
interacts with the target binding sites of the nucleobases, and we
ﬁnd that the former invariably leads to a lower energy conﬁguration. Furthermore, the conjugated complexes representing the
interaction of the O-terminated surface with nucleobases are
predicted to be not stable.
The calculated values of the binding energies associated with
the equilibrium conﬁgurations of complexes with Zn-terminated
surface of the cluster approaching toward the diﬀerent binding
sites of the nucleobases are given in Table 1. The binding energy
of (ZnO)12 at the ring N site for all base molecules is higher than
those at other sites. It is followed by “top” site and then “O” site of
the nucleobases. Both NCN and NH2 sites are predicted to
have smaller binding energies for (ZnO)12. Interestingly, similar
site-preference was found in the previous studies on the interaction of the nucleobases with the metal clusters.4246 We may
therefore conclude that the metal clusters retain their sitepreference even in their oxidized state.
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Figure 2. The binding sites of the adenine(ZnO)12 complex. (Zn, magenta; C, gray; N, blue; H, grayish white; O, red).

The calculated nearest-neighbor distances (R) in the equilibrium conﬁgurations associated with the binding sites generally
reﬂect the predicted order of the bonding energy; RZnN(ring) is
in the range of 2.052.15 Å for the ring N site, while RZnC(ring)
is about 2.5 Å for the NCN site. RZnN is about 3.0 Å for the
least favorable NH2 site. For the top site, the nearest-neighbor
distance is deﬁned as the distance between Zncluster and the
center of the ﬁve- or six-member ring of the nucleobase. It is
calculated to be in the range of 2.62.8 Å. The calculated
binding energies corresponding to the diﬀerent sites thus
concur with the calculated nearest-neighbor distances.
The higher binding energy found in case of N-site can be
explained comparing the highest occupied molecular orbital
(HOMO) of guanine(ZnO)12 complex at the N and top site
equilibrium conﬁgurations [Figure 3]. The lone pair electron
associated with the ring N site appears to play a key role in
making it the favorable binding site for the nucleobase(ZnO)12
complex. As can be seen in Figure 3, HOMO of the ring N site
conﬁguration consists of nitrogen-p and zinc-d orbitals, whereas
HOMO of the top site conﬁguration is dominated only by Πorbitals from a purine ring of guanine. It is thus the degree of
hybridization of Zn-3d and N-p orbitals that leads to a greater
binding energy for the ring N site relative to the top site of a
nucleobase.
The order for the interaction strength for nucleobases at the
preferred ring N site is as follows: C > A > U > T > G, which
appears to be due to the extent of hybridization of a given base
with (ZnO)12. For example, Figure 4 shows total charge densities
at the N site of the cytosine(ZnO)12 and guanine(ZnO)12

Table 1. Calculated Binding Energy (eV) of the
Nucleobase(ZnO)12 Complex
nucleobase

N site

NCN site

NH2 site

top site

O site
1.02

cytosine

1.66



0.17

1.22

adenine

1.48

1.06

0.18

1.32



uracil
thymine

1.43
1.37







1.08
1.04

0.92
0.96

guanine

1.34

1.12

0.15

1.06

0.90

complexes. The charge density is projected along (100) plane,
and a superimposed ball and stick model identiﬁes the atoms in
the complex. Interestingly, the charge density plot shows
a relatively large overlap of the electron density along the
ZnclusterNring bond in cytosine(ZnO)12 as compared to that
in the guanine(ZnO)12 complex. Thus, the relatively high
binding energy (Table 1) of cytosine with (ZnO)12 may be
attributed to a larger degree of hybridization of Zn-3d and N-p
orbitals at the ring N site in the complex. This is also conﬁrmed
by the calculated total and projected density of states (not
shown here) of the complexes. It may, therefore, be concluded
that the covalent forces play the key role in deciding the
strength of interaction. The nearest-neighbor distance also
reconﬁrms the interaction regime for covalent forces.47
We also carried out the Mullikan population analysis to look
into the contribution from the ionic forces and found an
insigniﬁcant amount of charge (∼0.1e) gets transferred
from N to Zn at the ring N site in the equilibrium conﬁguration
10428
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Figure 3. HOMO of (ZnO)12 conjugated guanine (with N site and top site) in the equilibrium conﬁguration. One-ﬁfth of the maximum isosurface value
was taken in both cases. (Zn, magenta; C, gray; N, blue; H, grayish white; O, red).

A comparison of our results on ZnO with those on metallic
clusters studies including Ag and Au4246 reveals that even
though the site-preference is similar in both cases, the binding
energy of nucleobases with (ZnO)12 at the N site is signiﬁcantly
higher than that of metallic Ag and Au clustersnucleobase
complexes. This may be due to a diﬀerence in the bonding characteristics of metalnucleobase and ZnOnucleobase complexes. A considerable charge transfer from nucleobases to metallic
cluster is calculated, suggesting the dominance of electrostatic
interactions in the metalnucleobase conjugates. On the other
hand, covalent interactions via the degree of mixing of electronic
states appear to dominate the interaction between (ZnO)12 and
nucleobases.
Previously, the physisorption of the nucleobases on a planar
sheet graphene,23 on small diameter carbon nanotubes
(CNTs),24 and on boron nitride nanotubes (BNNTs)48 was
investigated where the interactions between graphene and CNTs
with nucleobases are also dominated by vdW forces. However, the
semiconducting BNNTs interacting with nucleobases show that
the interaction not only depends upon their individual polarizability
leading to vdW interactions but also marginally depends on the
degrees of mixing of electronic states with the tubular surface of the
BNNT. ZnO cluster, being semiconducting in nature, qualitatively
resembles BNNT as far as the nature of forces that comes into
consideration while interacting with the nucleobases.

Figure 4. Total charge density contour plots of (ZnO)12þcytosine and
(ZnO)12þguanine complexes interacting at the ring N site. The charge
density is projected along the (100) plane, and a superimposed ball and
stick model identiﬁes the atoms in the complex. (Zn, magenta; C, gray;
N, blue; H, grayish white; O, red).

of the complexes considered. It deﬁnitely rules out the
possibility of the dominance of the Coulombic forces deciding the strength of interaction. This is not surprising if we
look at the optimum distance between the cluster to the
nucleobases.

4. CONCLUSIONS
We have investigated the interaction of (ZnO)12 with the
nucleic acid bases, adenine, guanine, cytosine, thymine, and
uracil, in the framework of density functional theory. The
interaction strength expressed in terms of the binding energy is
found to be highest at the ring nitrogen site for all nucleobases,
the sequence being G < T < U < A < C. The interaction between
the ZnO-cluster and nucleobases is dominated by the covalent
and weak vdW forces, where the degree of hybridization between
Zn-d with N-p orbitals determines the relative interaction
strength of individual nucleobases and (ZnO)12 with a marginal
contribution from the ionic forces. The results of the present
study constitute a preliminary step toward understanding the
10429
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observed damage of the structural conﬁguration of DNA by ZnO
nanoparticles. Work is in progress to calculate interaction of
single-stranded DNA with ZnO nanoparticles and also to look
into how the nucleobases retain their site-preference when the
actual DNA is in aqueous media. The work will also be extended
to study zinc nanostructures, for example, functionalized ZnO
tetrapods,49 which can be used as carriers for mammalian cell
transfections.
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