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The binding preference of -cyclodextrin (-CD) onto the surface of a gold 

nanoparticle is studied by means of molecular dynamics (MD) simulations. As 

found, the -CD molecules bind onto the nanoparticle surface at the nanosec-
ond time scale. Adsorption onto the gold nanoparticle surface occurs through 

multiple non-covalent interactions, among which non-covalent bonding of 

the aliphatic carbon atoms of -CD play a key role. The analysis shows that a 

-CD molecule prefers to bind onto the gold surface by its cone side. In addi-
tion, the MD simulations reveal that, upon the increase in concentration, the 

self-aggregation and steric repulsion among adsorbed -CD molecules affect 

its binding preference onto the surface of a gold nanoparticle. 

Методою молекулярно-динамічного моделювання досліджено адсорбцію 

-циклодекстрину (-ЦД) на поверхню наночастинки золота. Встановле-
но, що молекули -ЦД адсорбуються на поверхню наночастинки у нано-
секундній шкалі часу. Адсорбція на поверхню наночастинки золота від-
бувається за рахунок численних нековалентних взаємодій, серед яких 

нековалентні зв’язування аліфатичних атомів Карбону -ЦД мають ви-
рішальну роль. Аналіза показує, що молекули -ЦД переважно адсорбу-
ються на поверхню золота за рахунок зовнішньої сторони кільця. МД-
моделювання виявило, що при збільшенні концентрації -ЦД їх аґреґа-
ція та стеричні відштовхування між адсорбованими молекулами вплива-
ють на переважну конфіґурацію зв’язування з поверхнею золота. 

Методом молекулярно-динамического моделирования изучена адсорбция 

-циклодекстрина (-ЦД) на поверхность наночастицы золота. Установ-
лено, что молекулы -ЦД адсорбируются на поверхность наночастицы в 

наносекундной временной шкале. Адсорбция на поверхность наночасти-
цы золота происходит за счёт различных нековалентных взаимодействий, 

среди которых нековалентные связывания алифатических атомов угле-
рода -ЦД играют определяющую роль. Анализ показывает, что молеку-
лы -ЦД предпочтительно адсорбируются на поверхность золота за счёт 

внешней стороны кольца. МД-моделирование показало, что при увеличе-
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нии концентрации -ЦД их агрегация и стерические отталкивания между 

адсорбированными молекулами влияют на предпочтительную конфигу-
рацию связывания с поверхностью золота. 
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1. INTRODUCTION 

The emerging and fascinating world of gold nanoparticles (AuNPs) 
is continuing to receive a great deal of both academic and industrial 
interest due to their unique optical, electronic, magnetic, and cata-
lytic properties [1]. Physicochemical characteristics of AuNPs make 
them very appealing for a variety of applications in multidiscipli-
nary fields, spanning from molecular electronics to nanomedicine 
[1–3]. AuNPs can be prepared by simple chemical reactions in solu-
tions. However, the commonly used synthetic methods generally re-
sult in rather large (20–100 nm) and highly polydisperse (5–50 nm) 
nanoparticles because of the aggregation of freshly formed gold 
nanoclusters [2]. Various capping agents, which interact with the 
nanoparticles during the condensation and, thus, prevent them from 
agglomeration, have been utilized to effectively stabilize and uni-
form the size of AuNPs [4]. 
 Non-toxic and biocompatible cyclodextrins (CDs) have often been 
used to prepare gold nanoparticles in the presence of different re-
ducing agents such as dimethyl formamide, ethanol, methanol, eth-
ylene glycol, and sodium citrate [5–8]. -Cyclodextrin (-CD) is a 
cyclic hexasaccharide, derived from glucose and composed of six D-
glucose repeating units (Fig. 1). Despite of a large number of inves-
tigations focused on utilizing CDs, the structural details and the 
mechanism for the stabilization of AuNPs by CDs have not been 
well understood. Therefore, further studies are still needed. A more 
detailed understanding of the binding configuration preferences of 
adsorbed CDs molecules can aid in addressing some questions relat-
ed to a number of interfacial phenomena observed for cyclodextrin-
stabilized AuNPs. 
 A deeper knowledge and insight into the structural characteriza-
tion of surface-adsorbed CDs molecules are essential for the rational 
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synthesis of AuNPs. However, due to the complexity of inorgan-
ic/organic interfaces, it remains challenging to achieve this goal via 
experimental approaches alone. Therefore, it has been shown that 
theoretical and atomic-scale computational chemistry methods have 
become the powerful supplementary tools for studying of the stabi-
lizing mechanism of metal nanoparticles in aqueous solution [9–16]. 
 The purpose of the present work is to study interactions, adsorp-
tion, and binding preference of -CD on a gold nanoparticle by us-
ing classical MD simulations. We studied how multiple molecules of 
-CD, which were randomly distributed around the nanoparticle in 
bulk aqueous solution at the beginning of sampling, bind and ad-
sorb onto the crystalline gold surface. One of the goals of the pre-
sent work was also to examine the preferred configuration of -CD 
molecules adsorbed onto the non-uniform gold surface. 

2. MOLECULAR DYNAMICS SIMULATION SETUP 

2.1. Force Field Parameters for AuNP 

A gold nanoparticle was modelled at the atomic level as a truncated 
polyhedron, which is known to be one of the thermodynamic equi-
librium shapes of colloidal gold in solution [2, 17]. The gold core 
was approximated by a quasi-spherical nanocrystal composed of the 
fixed number of 1007 gold atoms, which positions are generated 
from a face-centred cubic (f.c.c.) unit cell with a cell parameter of 
0.408 nm. The average diameter of such a nanoparticle core equals 
to 2.9 nm, as shown in Fig. 1. 

 

Fig. 1. A quasi-spherical gold nanoparticle with the average diameter of 2.9 

nm. Molecular structure of -cyclodextrin (-CD) and its top and side views. 
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 The repulsion and dispersion terms of non-bonding interactions 
between Au atoms were computed by using the Lennard-Jones (LJ) 
12–6 pairwise potential energy function (Eq. (1)). Suitable non-
bonding interaction parameters 0.2629 nm and 22.13 kJ/mol 
were adopted from the recent work of Heinz and co-workers [18], in 
which the 12–6 LJ pair potential was fitted to reproduce densities, 
surface tensions, and interface properties of face-centred cubic 
crystal of a gold: 
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 For mixed non-bonding interactions between Au, -CD molecules 
and water atoms, the Lorentz–Berthelot combination rules (Eq. (2), 
(3)) were used: 
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2.2. Force Field Parameters for α-Cyclodextrin 

-Cyclodextrin (-CD) is cyclic -(14)-linked carbohydrate oligo-
mers constructed from D-glucose units (Figure 1). -CD comprises 
six units of a glucopyranose monomer [19]. The three-dimensional 
molecular structure of -CD resembles a truncated cone with the 
primary and secondary hydroxyl groups on the broader and narrow-
er cone rims, respectively (Figure 1). The interior of -CD is less 
hydrophilic and allows hydrophobic molecules to be included within 
the cavity. It is expected that various kinds of hydrophobic and van 
der Waals interactions govern the adsorption of -CD molecules on-
to the surface of metal nanoparticles. 
 In recent years, the structure, conformational dynamics, and 
solvation behaviour of native and substituted CDs have been subject 
of numerous theoretical studies by means of MD simulations [20–
43], ab initio quantum chemistry [44–48] and hybrid QM/MM 
methods [49]. From computational point of views, physicochemical 
properties of -, - and -CDs were considered by using many popu-
lar MD force fields, such as all-atom CHARMM [35–42], AMBER 
[20, 33, 34], and GLYCAM [20, 22–24], respectively. Several vari-
ants of the united-atom GROMOS force fields for MD simulations of 
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carbohydrates and polysaccharides have also been developed [21, 
25–32]. 
 In our study, the -CD molecule is described by all-atom 
CHARMM36 force field parameters [50]. Employing of the 
CHARMM FF, which operates with the same functional form and 
the combination rules for non-bonding interactions between Au–Au 
and Au–-CD, enables MD simulations of a broad range of inorgan-
ic–organic and inorganic–biomolecular interfaces. Recently, such 
approach has been validated in the CHARMM-INTERFACE force 
field [51, 52]. 

2.3. Molecular Models of α-CD–AuNP1007 

The AuNP1007 was placed in the centre of the cubic box with the size 
of 7.43 nm. Next, two systems were prepared, in which either 10 or 
60 -CD molecules were placed randomly in the same box as shown 
in Fig. 2, a, c, respectively. The rest of the box was filled with 
10700–11500 explicit water molecules at a density of 1.0 g/cm3. 
The water molecules are described by the simple point charge (SPC) 
model [53]. The size of the water box was chosen to ensure that the 
systems have at least 10 Å solvation shell in all directions. To study 
water accessibility toward a gold nanoparticle core, a control MD 
simulation of a bare AuNP1007 in water was also carried out. Figure 
2a and 2c show the initial configurations of -CD10-AuNP1007 and -
CD60-AuNP1007 in a MD box. 

2.4. MD Simulation Setup 

The MD simulations were carried out for a NPT ensemble. The ref-
erence temperature of 298.15 K was kept constant using the v-
rescale weak coupling scheme [54] with the coupling constant 
T0.1 ps. The constant pressure of 1 atm was maintained by using 
Parrinello–Rahman barostat with the coupling constant P1 ps. 
The initial atomic velocities were generated with a Maxwellian dis-
tribution at the given absolute temperature. Periodic boundary con-
ditions were applied to all three directions of the simulated box. 
Electrostatic interactions were simulated with the particle mesh 
Ewald (PME) approach [55] using the long-range cut-off of 1.0 nm. 
The cut-off distance of Lennard-Jones interactions was also equal to 
1.0 nm. The MD simulation time step was 2 fs with the neighbour 
list updates every 10 fs. All bond lengths were kept constant using 
the LINCS routine [56, 57]. The MD simulations were carried out 
using the GROMACS set of programs, version 4.6 [58]. Molecular 
graphics and visualization were performed using VMD 1.9.2 [59]. 
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3. RESULTS AND DISCUSSION 

Our approach for studying the binding preference of -CD on a 
curved non-uniform surface of AuNP1007 is based on MD simulations 
of equilibrium adsorption of a discrete number of -CD molecules 
from bulk water to the water/gold interface. The two systems com-
posed of either 10 or 60 -CD molecules were considered. These 
equilibrium MD samplings were followed by identification of intera-
tomic interactions between adsorbed -CDs that were found to be in 
contact with the metal surface. In addition, intermolecular interac-
tions between adsorbed CDs and water molecules were also consid-
ered. 

 
                           a                                           b 

 
                           c                                          d 

Fig. 2. MD simulations of adsorption dynamics of -CD molecules onto the 
AuNP core. The initial (a and c) and final (b and d) configurations of the 
systems composed of 10 (a, b) and 60 (c, d) -CD molecules, respectively. 
The gold atoms are shown by means of a van der Waals model. Water mol-
ecules are not shown for clarity. 
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3.1. Adsorption Dynamics of α-CDs on AuNP1007 

The initial configuration of the systems corresponds to the 
AuNP1007 placed in the centre of the box. On the next step, either 
10 or 60 molecules of -CD were randomly distributed around the 
AuNP core (Fig. 2, a, c). During the MD simulations, the majority 
of -CD molecules become adsorbed onto the AuNP1007 in the nano-
second time scale, which suggests the high binding affinity of -CD 
to gold. Each -CD molecule was considered to be adsorbed onto the 
AuNP1007, if its heavy atoms lie within the cut-off distance of 3.5 Å 
from the outermost gold atoms. Figures 2, b, d show the final con-
figurations of -CD10-AuNP1007 and -CD60–AuNP1007 after 120 ns. 
 Figure 3, a shows time traces of the number of interatomic contacts 

between the outermost gold atoms of AuNP1007 and the atoms of 60 -
CD molecules, referred to as AuNP-to--CD. As can be seen, the num-
ber of neighbouring contacts AuNP-to--CD is gradually increased 

from 300 up to 1100 during the first 40 ns, pointing out to rapid ad-
sorption of -CD molecules onto the AuNP1007 core. This increase was 

accompanied by a simultaneous decrease in the number of neighbour-
ing contacts between AuNP and the water molecules (AuNP-to-water), 
occurring on the same time scale of 40 ns (Fig. 3, b). After 50 ns, the 

number contacts of AuNP-to--CD and AuNP-to-water demonstrate 

some convergence, seen as plateauing and random fluctuations around 

some average values of 108325 and 101530, respectively. This be-
haviour suggests that the system reaches an equilibrium distribution 

of -CD molecules at the water/gold interface. 
 It can be noted in Fig. 2, d that almost all -CD molecules be-
come adsorbed onto the AuNP1007. Accordingly, the number of water 

 
a      b 

Fig. 3. Time evolution of the number of contacts between the AuNP atoms 
and (a) the 60 -CD molecules (AuNP-to--CD) and (b) the water molecules 
(AuNP-to-water). 
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molecules directly interacting with the AuNP1007 decreases with re-
spect to an increase in the number of -CD molecules in the solu-
tion. The existence of a large fraction of residual water molecules 
directly interacting with the AuNP1007 is due to the inability of ad-
sorbed -CD molecules to cover completely the AuNP1007 surface due 
to steric crowding and size effects. For example, when -CD mole-
cules have been adsorbed on the surface of the AuNP1007, there still 
may be a part of the surface, which is too small to accommodate 
another -CD molecule, so that such voids between the adsorbed -
CD molecules may accommodate some water molecules. The analysis 
of the adsorbed layer of -CD molecules indicates that further ad-
sorption of guest molecules is still be possible if -CD concentration 
is increased in the system. The structural analysis demonstrated 
that -CD molecules adsorb onto the AuNP surface through multi-
ple non-covalent interactions, among which non-covalent bonding of 
the aliphatic carbon moieties a key role. 

3.2 Binding Preference of α-CdS on AuNP 

It has been suggested that the stabilization of the metal nanoparti-
cles was achieved by hydrophobic interactions [60]. In addition, hy-
drogen-bonding interactions between the hydroxyl groups of neigh-
bouring -CDs, could lead to their self-assembly. 
 -CD has a toroidal form and can be sketched as a truncated cone 
(Fig. 1). The narrower rim of the truncated cone contains six sec-
ondary hydroxyl groups, the wider rim contains 12 primary hy-
droxyl groups. Both rims are hydrophilic due to H-bonding with 
water molecules, while the cavity is more hydrophobic. Possible 
binding modes of a -CD molecule onto the flat gold surface are 
schematically summarized in Fig. 4. 
 The analysis the adsorbed molecules on AuNP1007 revealed that, in 

the system composed of 10 -CD molecules, about 20% and 80% of the 

population adopted the configuration of the primary rim (Fig. 4, a) and 

cone side (Fig. 4, b), respectively. In the system composed of 60 -CD 

molecules, about 9%, 71% and 20% of population adopted the config-
uration of the primary rim (Fig. 4, a), cone side (Fig. 4, b) and second-
ary rim (Fig. 4, c), respectively. Thus, our MD simulations suggest 

that the most preferred configuration of the adsorbed molecules corre-
sponds to the structure, in which -CD is bound by its cone side. More-
over, our MD simulations suggested that, upon the increase in concen-
tration of -CD, the self-aggregation and steric repulsion among ad-
sorbed -CD molecules affect the binding preference of -CD on the 

curved surface of the gold nanoparticle. Figure 5 shows two repre-
sentative examples of the adsorbed configuration of the -CD molecule 

on the gold nanoparticle. 
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4. CONCLUSIONS 

The excellent biocompatibility of cyclodextrins (CDs) and their de-
rivatives make them especially attractive as capping agents for syn-
thesis of gold nanoparticles (AuNPs) with adjustable sizes and 
shapes. However, the atomic-scale structural details and the mecha-
nism for the stabilization of AuNPs by CDs have not been well un-
derstood and further studies in this direction are still required. To 
get better understanding of binding of -cyclodextrin (-CD) onto 
the surface of a gold nanoparticle we used molecular dynamics (MD) 
simulations. Starting from randomly distributed -CD molecules, 
their adsorption dynamics onto the nanoparticle surface was found 
to occur at the nanosecond time-scale. Our MD simulations revealed 
that -CD molecules preferred to adsorb onto the gold nanoparticle 
surface through multiple non-covalent interactions, among which 
non-covalent bonding of the aliphatic carbon moieties play a key 
role. The structural analysis suggest that the most preferred bind-
ing mode of the -CD molecules to the gold surface corresponds to 
the configuration in which the -CD molecule is adsorbed to the 
surface by its cone side. In addition, self-aggregation and steric re-
pulsion among adsorbed -CD molecules can affect the binding pref-
erence of -CD on the surface of the gold nanoparticle, so that some 
minor populations of other -CD configurations bound by its prima-
ry and secondary rims were also observed. The detailed understand-
ing of intermolecular interactions of CDs adsorbed on AuNPs 
through MD simulations provides insight for gold nanoparticle sta-

 
                           a                   b                       c 

Fig. 4. Schematic view of the three possible configurations of -CD mole-
cules onto the gold surface, in which -CD is adsorbed by: (a) the wider 
primary rim pointed downward, (b) the cone side, (c) the narrower second-
ary rim pointed upward, respectively. 
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bilization and these findings will be relevant for broad applications 
on nanoparticle-based interfacial studies and applications. 
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