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We  have  investigated  the  interaction  of  subnano  metallic  Gd  and  Au clusters  with  curcumin,  an  important
biomolecule  having  pharmacological  activity.  Gd  clusters  show  different  site  preference  to  curcumin  and
vailable online 29 July 2015
much stronger  interaction  strength,  in support  of  the  successful  synthesis  of  highly  stable  curcumin-
coated  Gd  nanoparticles  as  reported  recently.  It can  be  attributed  to significant  charge  transfer  from  the
Gd cluster  to  curcumin  together  with  a relatively  strong  hybridization  of  the  Gd  df-orbitals  with  curcumin
p-orbitals.  These  results  suggest  that  Gd  nanoparticles  can effectively  be  used  as  delivery  carriers  for

evel  f
curcumin  at  the  cellular  l

. Introduction

Biologically active curcumin shows a remarkable range of phar-
acological activity, including antioxidant, anti-inflammatory, and

nticancer activity [1–3]. The chemical structure of curcumin
nables it to interact with a large number of molecules inside
he cell including enzymes and their receptors. However, it has
een recognized that the application of curcumin is limited by its
ioavailability in the body due to its poor absorption and rapid elim-

nation from the body [4]. Therefore, efforts have been made to
eliver curcumin to the body via forming complexes with single
etal ions [5], organic assemblies [6], or inorganic nanoparti-

les [7,8]. The complexation of curcumin with metal ions is by
ar the most studied. It usually involves strong binding and leads
o modification of properties of both the metal ion and the cur-
umin molecule, such as reducing the toxicity of the metals and
arying the medical effects of curcumin. For example, curcumin
an easily chelate with Zn2+ and Cu2+ ions by forming metal
omplexes, and the Cu(II)–curcumin complex has an ability to scav-
nge free-radicals [4], act as a reducing agent and a DNA damage
gent.
Metallic (e.g. Au) nanoparticles have found applications in
iverse health-related areas as they exhibit novel and unique
lectronic, magnetic, and optical properties [9–11]. The recent
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development of using metal and oxide nanoparticles as carriers
brings a new dimension in the delivery of curcumin in cells, which
provides the potential advantages of intact delivery, target speci-
ficity and better control of release rate of curcumin [7,8]. Among
them, magnetic nanoparticles are attracting special attention as
drug delivery systems and magnetic resonance imaging (MRI) con-
trasting agents owing to the fact that they can be directed via a
magnetic field and applied for local hyperthermia. The studies on
complexation of curcumin and metal nanoparticles are currently
scarce.

In order to assess the effectiveness of nanomaterials for
health-related applications, a fundamental understanding of
the interaction between nanoparticles and biological molecules
appears to be a prerequisite condition. What are the unique features
of an inorganic nanoparticle that allows it to bind to a biological
molecule and how? Such questions have been addressed previously
by our group for subnano metallic clusters (Ag13, Al13 and Mn13)
interacting with a bioactive molecule, dopamine [12], and various
interaction strength and site preference were found for different
metals. In this study, we  investigate the bioconjugated gadolin-
ium (Gd)–curcumin complex following a recent suggestion from
experiment that Gd nanoparticles can act as magnetic carriers for
the curcumin molecules [13]. A subnano Gd13 cage-like cluster is
considered to represent the spherically-shaped Gd nanoparticles.
We have also considered interaction of the Au13 cluster with cur-
cumin as a reference case to assess the effectiveness of Gd13 to form

a bioconjugated complex with curcumin. The outline of this letter
is as follows: Section 2 describes the computational method. The
results are discussed in Section 3. Finally, summary of the results is
presented in Section 4.
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Figure 1. A ball-and-stick model for the enol-curcumin molecule (O: red, C: green and H: yellow). (For interpretation of the references to color in text, the reader is referred
to  the web version of this article.)

Figure 2. The spin-polarized ground state configuration of Gd13. Atom with spin up
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s  in red. The remaining atoms with spin down are in golden yellow. (For interpre-
ation of the references to color in text, the reader is referred to the web  version of
his article.)

. Computational method

Spin-polarized electronic structure calculations were carried
ut in the framework of density functional theory (DFT). The projec-
or augmented wave (PAW) method with the generalized gradient
pproximation (GGA) [14] as implemented in the Vienna ab-initio
imulation package (VASP) code [15] was used. The valence elec-
ronic configurations consisting of (5s2 5p6 4f7 5d1 6s2) and (4f14

d10 6s1) were considered for Gd and Au, respectively. The value
f the effective on-site coulomb parameter was set to 7 eV for
d which was found to be reasonable to describe the hcp-Gd
rystal [16] and the Gd2 dimer [17,18]. For example, the calcu-
ated magnetic moment of the bulk Gd is 7.6 �B/atom, which is
n good agreement with the experimental value of 7.63 �B/atom
16]. A supercell of (35 × 40 × 20) Å3 was used for the bioconjugated
omplex involving a 13-atom metallic cluster and the curcumin
olecule. The convergence criterion of optimization was set to

.03 eV/Å for the force on each ion and 10−5 eV for the total energy
or all calculations. The cutoff energy for the plane wave basis sets
as set to 400 eV.

. Results and discussion

.1. Curcumin molecule

Curcumin has four different rotation axes involving two  C C
ingle bonds and two C Ph bonds that give rise to its conforma-

ional isomers. Figure 1 shows the equilibrium configuration of the
nol-curcumin which is found to be lower in energy than the keto-
urcumin. This is in agreement with the previous theoretical study
19].
Figure 3. The ground state configuration of the bioconjugated complexes associated
with top (hexane), carbonyl and methoxy binding sites.

3.2. Clusters

The spherically-shaped clusters M13 (M = Gd, Au) with a diame-

ter of 0.6–0.7 nm are considered to represent metallic nanoparticles
in order to reduce computational cost of electronic structure calcu-
lations. Although the bonding characteristics of the bioconjugated
complex may  depend upon the particle size, a comparison of the
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Table  1
The calculated binding energy Eb and metal–curcumin bonding distance R of the
bioconjugates of Au13 and Gd13.

Complex Top site Carbonyl site Methoxy site

(Au)13 + curcumin R (Å) 2.19 2.53 3.43
Eb (eV) −0.58 −0.12 −0.10
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(Gd)13 + curcumin R (Å) 2.49 2.14 3.63
Eb (eV) −0.65 −0.83 −0.28

alculated results for Gd clusters with Au clusters will at least
rovide a qualitative understanding of the interaction strength of
d with curcumin in the bioconjugate complex.

Our choice of 13-atom cluster to simulate spherically-shaped
anoparticles is based on the fact that Gd13 and Au13 clusters are
table in an icosahedral configuration as shown in Figure 2. The
al culated bond lengths are 3.28 and 2.78 Å for Gd13 and Au13,
espectively and are in agreement with the previously reported
heoretical studies on these clusters [17,19]. It should be noticed
hat the bond length of 3.1 Å was reported for the Gd nanoparti-
les in the experimental study [13]. The icosahedral ground state
f Gd13 prefers anti-ferromagnetic ordering with the central atom
as its net spin pointing to the opposite direction as compared to
he remaining atoms (Figure 2).

.3. Curcumin–metallic cluster bioconjugates

In the bioconjugated complex, the molecular binding sites are
onsidered to be (i) the top of ring (hexane), (ii) carbonyl ( C O
ond) and (iii) methoxy ( C COCH3) sites as shown in Figure 1.
ollowing the procedure employed for a cluster approaching a
opamine molecule [12], the path taken by the cluster approaching
he carbonyl or the methoxy site is constrained on the plane of
he molecule whereas the path going to the top site is constrained
erpendicular to the plane of the molecule. The potential energy
urface is then calculated by keeping the cluster to be rigid retaining
ts ground state configuration and allowing the curcumin molecule
o relax. Here, we have limited our focus to explore single-site bind-
ng only, largely because of the size of the clusters considered for Gd
nd Au. The study of binding of curcumin through multiple active
ites simultaneously requires consideration of larger sized metal
articles.

Figure 3 displays the calculated equilibrium configurations.
able 1 lists the calculated binding energy and the equilibrium

istances of the bioconjugated complexes. The binding energy is
efined as the total energy difference between the complex and

ts constituents, namely molecule and cluster. Negative binding
nergy suggests the complex to be stable.

igure 4. Charge contour plots of Gd13 (left) and Au13 (right) interacting with curcumin at
alue.
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Gd13 shows higher interaction strength towards curcumin than
Au13 at all binding sites of the molecule. Moreover, preference for
the interaction site is quite different for Gd13 and Au13. The cal-
culated results show that Au13 prefers the top-site with a binding
energy of −0.58 eV. On the other hand, Gd13 prefers the carbonyl
site with a binding energy of −0.83 eV. For both clusters, the pre-
ferred sites show a relatively shorter distance between the cluster
and the molecule suggesting a higher degree of overlap of electron
densities of the cluster and molecule at the binding site (Figure 4).
For example, the top site configuration shows the bonding distance
R to be 2.19 Å for Au13 and 2.49 Å for Gd13. On the other hand,
the carbonyl site configuration shows R to be 2.14 Å for Gd13 and
2.53 Å for Au13. The results are consistent with the fact that Au is
chemically inert, while Gd acts as a reducing agent and can eas-
ily be oxidized. A Gd–O is clearly seen in contrast to the chelate
bonding of Au with oxygens at the carbonyl site of curcumin in
Figure 4.

The calculated difference between Au13 and Gd13 is also
reflected in their metal–oxygen bond strengths. For instance,
the bond enthalpy is found to be 221.8 ± 20.9 kJ/mol and
719 ± 10 kJ/mol for AuO and GdO molecules, respectively [20].

It is well known that the oxygen molecule exhibits strong para-
magnetism due to unpaired spins. Gd atoms with unpaired 4f and
5d states can interact with oxygens facilitating charge transfer in
the bioconjugated complex. Bader charge analysis finds the charge
transfer of 0.83e from the Gd13 cluster to the curcumin molecule
for the carbonyl site with R = 2.14 Å. This is not the case, how-
ever, with the Au13 complex which shows a significantly smaller
charge transfer of 0.03e. In the case of the top-site configura-
tion, hybridization of �-orbitals of the molecular hexane ring
with Au13 yields a charge transfer of 0.20e from the molecule to
the cluster. It is quite different for Gd13 where a charge trans-
fer of 0.80e from the cluster to molecule is seen. This is largely
due to the much lower electronegativity of Gd (1.20) compared
to that of Au (2.54), which tends to donate electrons more than
Au. Furthermore, the spin density analysis suggests Gd13 retain
its magnetic character in the bioconjugated complex with the
slightly lower magnetic moment of ≈7  �B/atom. The calculated
magnetic nature of the bioconjugated complex is in agreement
with the experiments demonstrating Gd nanoparticles to be act-
ing as magnetic carriers [13], where the observed relaxivity of the
curcumin-coated Gd nanoparticles is only slightly below that of
the bare Gd nanoparticles. It is also worth noting that the cur-
cumin molecule only undergoes a small conformation change upon

binding to the metallic clusters (Figure 3), indicating no change
in the nature of the curcumin molecule. These bioconjugates
can potentially be used to deliver curcumin to targeted sites for
therapy.

 the carbonyl site with the iso-surface charge density to be 1/30th of the maximum
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. Summary

In summary, the interaction strength in terms of the
luster–curcumin binding strength is predicted to be higher
or Gd as compared to Au. This is useful to produce stable

etal–biomolecule complex for diverse health-related applica-
ions. Combining it with their unique magnetic properties, Gd
anoparticles could be potential candidates for magnetic resonance

maging and targeted delivery of curcumin by applying an external
agnetic field. The site selectivity and interaction strength of the

lusters can be explained by chemical bonding via hybridization. It
hould be acknowledged that the deprotonation of hydroxyl groups
f curcumin is not taken into account in the current study. Consider-
tion of the effect due to the aqueous solution may  be an important
opic for future studies. We  believe that the insights we gained here
ould pave the way for a full understanding of the bioconjugated
aterial at the atomic level, which will be a key to several biological

rocesses occurring in vitro and in vivo.
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