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The effect of β-cyclodextrin
on the Formation of Phospholipid Micelles:
A Molecular Dynamics Simulation Study
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Using the molecular dynamics simulation method we studied the aqueous solution of β-cyclodextrin and
1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC) molecules. We observed that in water environment DMPC
molecules form a “core” surrounded by β-cyclodextrins which stick to the surface of DMPC core. The developed
β-cyclodextrin shell (corona) might facilitate the transport of DMPC cluster in bioenvironment. Moreover some
smaller binary complexes, composed of only single pair of β-cyclodextrin and DMPC were detected. Our simulations
showed that β-cyclodextrin do not influence the structure of lipid aggregates and should not negatively interfere
the liposomal drug delivery systems.
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1. Introduction

Lipids are one of the most common type of
biomolecules and are stored in almost every living cell.
They are the main building block of biomembranes, par-
ticipating in cell energy storage and transmission of nerve
signals. Due to their frequent occurrence in the mammal
cells, their physical properties, and their role in carcino-
genesis, the lipids can be utilized in cancer diagnosis by
means of Raman imaging [1–3]. Phospholipid molecules
are an essential component of the membrane of biological
cells. Their amphiphilic properties i.e. both hydrophilic
and lipophilic, lead to the formation of a lipid bilayer–
a characteristic element of biomembrane. The phos-
pholipid molecule consists a hydrophilic “head” (phos-
phate group) and two hydrophobic fatty acids called
“tails” of the phospholipide. It is a glycerol molecule
that joins together these two building blocks, the hy-
drophilic “head” and hydrophobic “tails”. Simulation
studies have shown, that phospholipids have a strong
affinity for silicon-carbide and carbon nanotubes, forming
thin layers on their surfaces [4–6].

Some types of molecules undergo self-association un-
der specific conditions to form aggregates such as mi-
celles, chains, vesicles, layers [7–9]. In case of some
amphipathic molecules, like DMSO, it was shown that
the hydrophilic interactions are enchanced by tempera-
ture, leading to the solubility of substances in polar sol-
vents [10]. The geometry of aggregates formed by am-
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phipathic molecules is a result of a subtle balance be-
tween two opposing forces. The attractive hydrophobic
interaction contribute to the aggregation of surfactant
molecules, whereas the electrostatic repulsion between
the polar, hydrophilic parts determines the lower size
that an aggregate can attain.

The phospholipid micelle is spherical in shape with
its hydrophilic part (“head”) exposed to external medium.
The hydrocarbon part of phospholipid (hydrophobic
“tail”) is directed towards the micelle center. The var-
ious kind of micelles have been the subject of scientific
research for years. Also, their applications in pharma-
ceutical, cosmetic, and food industries were developed.

Recently, the molecular dynamics (MD) simulations
have become an effective method to study various mi-
celles [11–21]. The important asset of MD method
is its ability to simulate phenomena at the atomic
level. In this research we have used MD sim-
ulation method to investigate thoroughly the ef-
fect of β-cyclodextrin on the formation of phospho-
lipid micelles composed of the important cell mem-
brane constituent, namely, 1,2-dimyristoyl-sn-glycero-
3phosphocholine (DMPC) molecules.

The β-cyclodextrin (β-CD) is oligosaccharide
supramolecule with a unique toroidal (cupshaped)
structure. It is composed of seven D-glucose units
bonded with α-1,4-glysosidic linkage. The depth of
the βCD pocket equals 7.8, while its width varies from
7.8 (top) to 5.7 (bottom). The well-known and appreci-
ate property of βCD molecule is a high biocompatibility
and good water-solubility. A stereochemical arrange-
ment of the toroidal shape β-CD molecule implies that
its interior is hydrophobic, while the external part of
β-CD is hydrophilic. This stereochemical formation
of β-cyclodextrin enables the complexation of some
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small enough hydrophobic molecules in β-CD inert
cavity. That way, the host-guest complexes are formed.
In consequence, one observes both the water solubility
and the overall biocompatibility of the formed systems.
Our research also showed that β-CD increases the sol-
ubility of cholesterol in an aqueous environment [22].
The excellent biocompatibility and unique inclusion
capability as well as powerful functionalization capac-
ity of cyclodextrins and their derivatives make them
especially attractive for engineering novel functional
materials for biomedical applications [23–27]. Lipids can
be encapsulated by means of complexation with β-CD
or its derivatives. The interaction between the lipids
and cyclodextrins and its derivatives is not only defined
by the size of the cyclodextrin inner cavity but also by
the chemical groups surrounding entrance to the cavity.
The question naturally arises whether β-CD and its
derivatives can be utilized to extract specific lipid types
from the bio-member anes or micelles [28]. This sugges-
tive idea has been the subject of several experimental
studies, for example via NMR spectroscopy [29, 30],
fluorescence microscopy [31], neutron scattering [32],
Brewster microscopy [33], calorimetry [34]. Here,
we incorporate the computer simulation technique
to the study of this issue. In the context of developing
novel targeted drug delivery techniques, further studying
the interactions between β-CDs and phospholipids like
DMPC is of special interest. β-CD can be utilized to
increase the solubility of the liposomal agregates or
to faciliate their opening. Our results have implications
for the interpretation of experimental measurements,
and may help in the rational design of efficient CD based
nano-carriers. There has been increasing interest re-
cently to fabricate supramolecular systems for drug and
gene delivery based on cyclodextrin materials [35–38].

2. Simulation details

The MD simulations were performed using
NAMD 2.11 [39] simulation software with the all-
atom CHARMM force field [40] and visualized
with VMD 1.9.2 [41]. The studied systems were
composed of 9 β-CD and n = 9, 18, 45 DMPC molecules
in water environment. The periodic boundary conditions
were applied. The structure of βCD [42] molecule is
shown in Fig. 1.

The initial simulation box was set
to 100× 100× 100 Å3. The number of water molecules
packed in this box was: 30850, 30208, and 28400 for β-
CD:DMPC ratios 1:1, 1:2 and 1:5, respectively. In these
simulation runs pressure was controlled using Langevin
barostat. The reference pressure was set to 1 atm.
The Langevin piston was used to control the pressure
at 1 atm, with a piston period of 100 fs, a damp-
ing time constant of 50 fs. Long-range electrostatic
forces were taken into account by means of the Paricle
Mesh Ewald [43] approach. The equilibration in NPT
(constant number of particles, constant pressure, and

Fig. 1. The structure of β cyclodextrin–VMD visual-
ization.

constant temperature) ensemble for aqueous was per-
formed. The integration time step was set to ∆t = 1.0 fs
for all simulation runs. The standard NAMD inte-
grator (Brünger–Brooks–Karplus algorithm) [44] was
used. Next, the “production” phases were started.
The duration was 50 ns for bulk samples with water.
During this stage the data were collected every 2000
simulation steps (2 ps). The systems were simulated
at six temperatures (T = 280, 290, 300, 310, 320, and
330 K). The temperature was maintained, employing
Langevin thermostat with a damping coefficient of
1 ps−1. All interactions in the simulated systems were
described with CHARMM potential. The CHARMM
force field includes intramolecular harmonic stretch-
ing Vbond, harmonic bending Vangle, torsional Vdihedral
terms

Vtotal = Vbond + Vangle + Vdihedral

+VvdW + VCoulomb, (1)
where

Vbond = Kr

(
r − r0

)2

(2)

Vangle = KΘ(Θ−Θ0)2. (3)

Vdihedral =

 Kφ

(
1 + cos(nφ− γ)

)
n 6= 0,

Kφ

(
φ− γ

)2
n = 0,

(4)

VvdW = 4ε
[(σ
r

)12 −
(σ
r

)6]
. (5)

The last two terms in equation for the total potential
energy Vtotal of the system, come from the nonbond-
ing interactions: van der Waals forces modeled with
the standard Lenard–Jones (12–6) potential VvdW (with
the Lorentz–Berthelot mixing rules) and electrostatic
interactions VCoulomb. The TIP3P CHARMM model
of water [45] was used in our simulations. The cutoff
distance for all non-bonding interactions was set to 10Å.
All molecules used in our studies were modeled at the full
atomistic level.
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3. Results

The initial configuration was chosen as sandwich-like,
by placing nine β-CD molecules between two parallel lay-
ers of DMPC. After an equilibration process, the MD
simulations were performed and the appropriate data col-
lected. In Fig. 2a–f we show the series of snapshots vi-
sualizing the transformation of the starting, sandwich-
like structure to the final one. The micelles formed from

DMPC molecules are covered by β-CD molecules. It sug-
gests that the attractive component of DMPC-DMPC in-
teraction overcomes its counterpart in β-CD–DMPC in-
teracting pair. Hence, the DMPC molecules are “getting
together”, that leads to formation of the DMPC cluster.
The β-cyclodextrin molecules stick to the surface of the
created DMPC cluster. The interaction DMPC–β-CD is
not strong enough to extract the DMPC molecules out
of the micelles.

Fig. 2. The sequence of snapshots visualizing the process of transformation from the mixture of β-CD and
DMPC molecules to DMPC micelle surrounded by β-CD molecules in water environment, at T = 330 K. The wa-
ter molecules are not shown for clarity.
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We calculated the average number of hydrogen bonds
per one β-CD molecule, for several temperatures. Hy-
drogen bonds are calculated among β-CD and water as
well as β-CD and DMPC molecules. A hydrogen bond is
formed between an atom with a hydrogen bonded to it
(called donor D), and another atom (the acceptor A) pro-
vided that the acceptor–donor distance (D–A) is less than
the cut-off distance (default 3.0 Å) and the angle D–A–H
is less than the cut-off angle (default 20◦). Our calcula-
tions have shown that β-CD molecules have greater affin-
ity for water molecules than for DMPC molecules, form-
ing on average 4.32 bonds with water and 0.01 bonds with
DMPC at temperature T = 310 K. Calculated hydrogen
bonds and visual inspection of the obtained trajectories
revealed that there are no DMPC-β-CD structures based
mainly on hydrogen bonds.

The radial distribution function g(r), calculated be-
tween fourth carbon atom from the glucopyranose ring
in βCD and last carbon atom in hydrophobic tail of

Fig. 3. The radial distribution function between fourth
carbon atom from the glucopyranose ring in β-CD and
last carbon atom in hydrophobic tail of DMPC for
β-CD:DMPC ratio 1:2.

Fig. 4. The structure of complex β-CD with DMPC.

DMPC is shown in Fig. 3. While the first pick of the ra-
dial distribution function remains relatively stable and
does not move or significantly diminish with the increase
of temperature, it can be observed that the second pick
decreases with temperature.

In our computations we observed the formation of
DMPC–β-CD complex. This complex is the “host-
guest” type inclusion compound in which cyclodextrin
acts as a “host” and partially hydrophobic species are
“guest”. The complex was formed by the attraction of
hydrophobic hydrocarbon group of the DMPC molecule
with the hydrophobic interior of the β-CD. This type of
structure is presented in the Fig. 4. This complex is hy-
drophilic, water-soluble, and thermodynamically stable.
The thermal stability of this complex is additionally con-
firmed by the aforementioned stability of the first pick of
the radial distribution plot.

We have also performed calculations of the root mean
square displacement of atomic positions (RMSD) [46] us-
ing the VMD RMSD Trajectory Tool [41],

RMSD(t) =

√√√√√ N∑
i=1

(
ri(t)− ri(0)

)2

N

where ri(t) is position of i-th atom in time t.

Fig. 5. RMSD as a function of temperature for various
β-CD:DMPC ratios for β-CD and DMPC molecules.
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These calculations were done separately for DMPC and
β-CD species. The RMSD results are shown in Fig. 5 as
a function of temperature, for several ratios β-CD:DMPC
in water environment. The presented RMSD was de-
termined as the average of the course of the root mean
square displacement from the final part of the obtained
trajectories (form 10 ns onward). Only the core atoms
were taken into account (hydrogens were excluded from
the calculations). The obtained results indicate that
the mobility of both DMPC and β-CD molecules only
slightly depend on temperature for aqueous systems.
The obtained values of RMSD are an order of magnitude
higher than typically reported for systems composed of
phospholipids [47, 48]. However it should be noted, that
in studied systems, the concentration of phospholipids is
too low to form a stable lamellar structure, and phospho-
lipids are able to travel in the entire volume of phospho-
lidid — β-CD cluster.

4. Conclusions

We performed a series of MD simulations of binary
β-cyclodextrin–DMPC clusters in the presence of water.
In water environment, the DMPC molecules form mi-
celles surrounded by β-CD molecules. It means that
in a water environment the attractive component of
DMPC–DMPC interaction prevails its counterpart in β-
CD–DMPC pair. As a result, the DMPC molecules
have the tendency to “get together” forming the DMPC
cluster (core), whereas β-cyclodextrin molecules stick
to the cluster surface. The DMPC core covered by
β-cyclodextrines is a stable, rather specific aggregate.
The developed β cyclodextrine shell might facilitate
the transport of DMPC core and adaptation in bioenvi-
ronment, thus opening the perspective for future applica-
tions in biotechnology and nanomedicine. We also found
that the alone pair of DMPC and βCD can make a molec-
ular complex. Our results suggest that β-cyclodextrine
does not affect the structure of lipde aggregates and
should not negatively impact the liposomal drug deliv-
ery systems. Finally note, that we made our MD sim-
ulations for‘ the molecular complex βCD–DMPC, sur-
rounded only by the water molecules. This is a com-
mon procedure, since water is an essential component of
a typical bio sample. However, our reconnaissance study
presented here, can be in future extended towards more
specific bio environments. Then, in addition to water
one should include in MD simulations also other compo-
nents of a particular bioenvironment of interest, for ex-
ample, sodium and chloride ions in case of physiological
fluid (saline).
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