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ABSTRACT: Dissipative particle dynamics simulations were performed to study the microstructures of
doxorubicin (DOX) loaded/blank micelles self-assembled from cholesterol conjugated His10Arg10 (HR20-
Chol) at different pH conditions. DOX molecules can be efficiently encapsulated in the core of micelles. At
pH>6.0, these micelles have stronger DOX loading ability due to the hydrophobicity of histidine residues, as
compared to that of pH<6.0. With the decrease of pH from pH>6.0 to pH<6.0, the structure of micelles
trends to be swelling from dense conformations. This structural transformation can facilitate the release of
DOX from the core of micelles. All the simulation results are qualitatively consistent with the experimental
results, demonstrating that the DPD method may provide a powerful tool in analysis and design of drug
delivery systems.

1. Introduction

In recent years, polymeric micelles hold a significant potential
as drug delivery vehicles for a wide array of anticancer drugs due
to their unique properties, such as high solubility, high drug
loading capacity, and low toxicity.1-7 Especially, the pH-sensi-
tive micelles were investigated as smart drug delivery systems for
cancer therapy.8-13 These micelles showed noticeable pH-depen-
dent behavior, leading to a quick release at pH 5.0 and a slow
release at pH 7.4. Although pH-sensitive micelles have been
extensively studied, it is still highly demanded to understand the
mechanism of controlling the drug releasing rate by pH condi-
tions.

Computer simulations have emerged as a powerful tool in
the study of the microstructures of amphiphilic copolymers in
the past a few years.14-22 Atomistic simulations could be used
to analyze the molecular structure and dynamics behavior of
molecules. However, they are limited in the time and length scales
and difficult to observe the phase transformation process on a
mesoscopic scale. Coarse-grained models were established to
study the drug diffusion from core-shell nanoparticles.23-25

Dissipative particle dynamics (DPD), introduced by Hooger-
brugge and Koelman26 and revised by Espa�nol and Warren,27

was used to simulate soft spherical particles interacting through a
simple-wise potential and thermally equilibrate through hydro-
dynamics on a mesoscopic scale.28 Groot and Warren29,30 made
an important contribution on this method by establishing a
relationship between a simple function form of conservative
repulsion in DPD and the Flory-Huggins parameter theory,
which led to theDPDmethodbeingwidely applied in the study of
mesostructures of complex systems.31-33 Zhong et al.34-37 did a
lot ofwork on themesostructures of nanoparticles self-assembled
from amphiphilic polymers using DPD simulations. Recently,
Loverde et al.38 refined and extended DPD methods that are
suited to long time scales and long polymer chains. In addition,
Valeriy et al.39 studied the thermodynamics of the interaction of

nanoparticles with cell membranes with a mesoscale thermody-
namics model, which addressed thermodynamics aspects of the
particle/membrane interactions. They have also suggested a
better simulation method, the DPD method, which can provide
more detailed information on the microstructures of drug and
gene delivery systems. However, the pH-sensitivity of micelles
which can be used for delivering drugs has seldom been studied
via DPD simulations.

In our previous work, DPD simulations were performed to
investigate the effect of composition,40 solvents,41 and PLA
chirality42 on the microstructures of drug delivery systems. In
this work, it was extended to study the effect of pH values on the
microstructures of doxorubicin (DOX) loaded/blank micelles
self-assembled from cholesterol conjugated His10Arg10 (HR20-
Chol), which has been successfully used for drug/gene delivery.43,44

In solutions with different pH values, histidine residues present
different forms because of the protonation of imidazole groups at
pH lower than 6.0. Different forms lead to different interactions
between them. In this work, the effect of pH value on the micro-
structures of drug loaded/blankmicelles was investigated viaDPD
simulations, through which some mesoscopic information is
obtained. In addition, to verify the correctness of the simulation
results, experimentswere alsoperformed to characterize the critical
micelle concentration and drug release behaviors.

2. Experimental Section

2.1. CMC Measurement. The critical micelle concentration
(CMC) of peptides was estimated by fluorescence spectroscopy
using pyrene as a probe. Briefly, a series of peptide solutions
containing 0.616 μM pyrene were prepared at various concen-
trations (0-1.28 mg/mL) in PBS buffer (pH 5.0 or 7.4, 20 mM).
Excitation spectra of solutions were recorded from 300 to 360 nm
at room temperature, with an emission wavelength of 395 nm and
bandwidth of 1 nm, using a spectrofluorometer (Fluorolog LFI
3751, Jobin Yvon Horiba, Edison, NY). The intensity ratios of
I339 to I334 were plotted as a function of logarithm of peptide
concentrations. The CMC value was taken from the intersection
of the tangent to the curve at the inflection with the horizontal
tangent through the points at low concentrations.
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2.2. In Vitro DOX Release. The in vitro release profiles of
DOX from micelles were studied using a dialysis bag (MWCO
1000 Da) at 37 �C. In order to acquire sink conditions, drug
release studies were performed at low drug concentrations.
Briefly, 3 mg ofDOX loaded freeze-driedmicelles was dispersed
in 3 mL of the respective PBS buffer and allowed to stabilize for
30min before being placed in a dialysis bag. The dialysis bagwas
then immersed in 50 mL of PBS solution (pH 5.0 or 7.4) in a
beaker. The beaker was then placed in a 37 �C water bath and
stirred at 100 rpm. The samples were drawn at desired time
intervals and the drug concentration was analyzed using UV-
vis spectrophotometry at 481 nm. The drug loading was calcu-
lated based on the standard curve obtained from DOX in the
buffers. The in vitro release experiments were carried out in
triplicate at each pH.

3. Simulation Methods

3.1. DPD Theory.Dissipative particle dynamics (DPD) is
a stochastic simulation technique introduced by Hooger-
brugge andKoelman26,28 and often used to simulate complex
fluid dynamical behaviors. In the DPDmethod, the particles
do not correspond to individual atoms or molecules, but to
beads, which represent a group of atoms or a volume of fluid
that is large on the atomistic scale but still macroscopically
small.26 All beads comply with Newton’s equations of
motion:29,30

dri

dt
¼ vi, mi

dvi

dt
¼ f i ð1Þ

where ri, vi, mi, and fi denote the position vector, velocity,
mass, and total force on the particle i, respectively. For
simplicity, the masses of all beads are set to 1 DPD unit.29

The force between each pair of beads is a sum of a con-
servative force (Fij

C), a dissipative force (Fij
D), and a random

force (Fij
R):27

f i ¼
X
j 6¼i

ðFC
ij þFD

ij þFR
ij Þ ð2Þ

The conservation force for nonbonded particles is defined by
soft repulsion. The dissipative force corresponds to a fric-
tional force that depends both on the position and relative
velocities of the beads. The random force is a random
interaction between a bead i and its neighbor bead j. All
forces vanish beyond a certain cutoff radius, rc, whose value
is usually set to be 1 unit of length in simulations. The three
forces are given by

FC
ij ¼ aijð1- rijÞr̂ij ðrij < 1Þ

0 ðrij g 1Þ

(
ð3Þ

FD
ij ¼ -

σ2ðωðrijÞÞ2
2kT

ðvij 3 r̂ijÞr̂ij ð4Þ

FR
ij ¼ σωðrijÞr̂ijζffiffiffiffiffi

δt
p ð5Þ

where rij = ri- rj, rij= |rij|, r̂ij= rij/|rij|, vij= vi- vj, k is the
Boltzmann constant, T is the system temperature, σ is the
noise strength and was set as 3 in our simulations, ζ is a
randomly fluctuating variable with zero mean and unit
variance,δt is time step of simulation, the r-dependentweight
functionω(r)=1- r for r<1andω(r)=0 for r>1, and aij is
the maximum repulsion between beads i and j. The parameter

aij depends on the underlying atomistic interactions and is
related to the Flory-Huggins (χij) parameters through30

aij ¼ aii þ 3:27χij ð6Þ
Here, the values of χij can be calculated from the solubility
parameters by the equation

χij ¼
Vbead

kT
ðδi -δjÞ2 ð7Þ

whereVbead is the arithmetic average of molar volumes of two
beads; δi and δj are the solubility parameters of bead i and j,
respectively. The values of solubility parameters depend on the
chemical nature of species and can be obtained by molecular
dynamics (MD) simulations.

Atomistic simulations were performed to calculate the
solubility parameters and molar volumes of beads in this
system. To optimize the geometries of the beads, successive
applications of steepest descents, conjugate gradients, and
Newtonminimizationmethods for a total of 50 000 stepswas
applied in Materials Studio Program (Accelrys Inc.). MD
simulations were performed using the Amorphous Cell
module of the same program. Simulation boxes containing
50 beads of the same type were constructed. 50 ps MD
simulations were performed to equilibrate the system at
298.15 K, followed by 500 ps MD simulations on these
boxes. Periodic conditions were employed in the canonical
ensemble (NVT). Initial velocities have been assigned from a
Maxwell-Boltzmann distribution in such a way that the
total momentum in all directions sums up to zero. Compass
force field was used in geometry optimizations and MD
simulations.45

In addition, a spring force (Fi
S) acts between beads which

are connected inmolecules. Bymeans of this spring force, the
particles can be interconnected to complex topologies. A
simple harmonic force law is used for this force on particle i:

FS
i ¼

X
j

Crij ð8Þ

where C is the spring constant, and the sum runs over all
particles to which particle i is connected.

3.2. Models and Interaction Parameters. The components
being used in this work comprised ofDOX,HR20-Chol, and
water. The conformation of drug molecule may be fairly
specific to the solvent, especially for macro-drug molecules
(i.e., protein). Therefore, it is still difficult for DPD simula-
tions to be used in protein delivery systems. For, DOX, a
small molecule drug, the molecular conformation is not so
much importance as that of proteins. Thus, simple coarse-
grained bead-spring type models were used for the compo-
nents in this study, as shown in Figure 1. The molecular
structure of doxorubicin is divided into three types of beads
(D1, D2, and D3). Three water molecules are represented as
one bead W. Cholesterol segment is separated into three
types of beads (C1, C2, and C3), histidine residue is divided
into two types of beads (P and H), and arginine residue is
divided into two types of beads (P and A). The histidine
residue exists in different forms in different pH conditions as
shown in Figure S1, Supporting Information. The bead of H
was represented as H1 and H2 at pH > 6 and pH < 6,
respectively. HR20-Chol is based on the linear bead-spring
polymer chain representation. The calculated interaction
parameters at 298.15 K used in this work are given in Table
S1 of the Supporting Information. In addition, the hydro-
phobic interaction in this system is the main force which
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leads to the segment flexibility. Thus, the simulation results
were not very sensitive to the spring constant. In the current
work, the spring constants between beads D1 and D1, C2,
andC2were set as 3, 4, and 5. Other spring constants were all
set as 4. The density profiles of each segment in DOX loaded
micelles at pH>6.0 and pH<6.0 did not change much, as
shown in Figure S2, Supporting Information. Therefore, the
packing in the core of the micelles was not very sensitive to
the spring constant. In this study, the uniform spring con-
stant of 4 was used, resulting in a slightly smaller distance for
bonded beads than for nonbonded ones.

A cubic simulation box with periodic boundary condition
was applied in all three directions. To avoid the finite size
effects, DPD simulations were performed in 10 � 10 � 10,
15 � 15 � 15, 20 � 20 � 20, 30 � 30 � 30, and 40 � 40 � 40
cubic box with 60 000 time steps. The system composed of
8% HR20-Chol, 2% DOX, and 90% water. The number-
average diameters of the simulated particles in different box
sizes are shown in Figure S3, Supporting Information. It can
be found that the average diameter of simulated particles
increases with the box size increasing when smaller box was
adopted. However, the particle sizes are almost the same in
20, 30, and 40 boxes, indicating that a box of 20� 20� 20 is
sufficient to avoid the finite size effects. In this work, the box
size of 30� 30� 30 was used, which is large enough to avoid
the finite size effects. The corresponding sizes of drug loaded
or blankmicelles are the optimumones. The integration time
step of 0.05 and simulation steps of 60 000 were used for our
system to get thermodynamic equilibrium. In this work, the
chosen particles have an average volume of 95 Å3. Because
the particle density is 3, a cube of rc

3 contains three particles
and therefore corresponding to a volume of 285 Å3. Then we
can find the physical size of the interaction radius, rc=6.58 Å.
Thus, the box size in our work was characterized by effective
dimensions of 197.4 Å� 197.4 Å� 197.4 Å, which can be used
to calculate the length of the simulated structures. The main
goal of this work is to study themicrostructures of drug loaded
micelles at different pHvalues.Although the size of particles in
simulations could not quantitatively match the size in experi-
ments, the structural transformation and drug distribution

inside the micelles at different pH values could also be qualita-
tively predicted, from which one can compare the drug release
profiles at different pH conditions.

4. Results and Discussion

4.1. Interactions between Water and Other Segments. The
Flory-Huggins theory was originally put forth to describe
the miscibility of dilute polymer-solvent mixtures. In more
recent years, Flory-Huggins theory has been successfully
used to characterize the compatibility between small mole-
cules, such as polymer-drug,46,47 solvent-solvent,48 and other
mixtures.49 Thus, this theory could also be applied in the
compatibility studies of components in drug delivery systems.
Besides the Flory-Huggins parameters between every two
beads, the χ values for water and other segments were also
calculated to investigate the interactions between water and
other segments, as shown in Table 1. According to the Flory-
Huggins solution theory, lower χ values indicate better solubi-
lity. For the Flory-Huggins parameters between same mole-
cules, the χ value is 0. The critical χ value above which a
polymer and a solvent become immiscible is 0.5. In other
words, if χ value is lower than 0.5 or is negative, then they
are soluble into each other. However, because the theory is
mainly developed for a solvent and polymer that mainly
interact through nonpolar dispersion forces. The use of 0.5
for our system, which involve both Coulombic and hydrogen-
bonding interactions, is not suitable. Therefore, we judge
whether compatibility prediction is successful by comparing
the trend of the computed interaction parameters from MD
simulations. It can be found from Table 1 that the repulsion
between water and DOX is the strongest one in this system.
Furthermore, the repulsion between water and cholesterol is
also very strong, while the repulsion between water and argi-
nine is very weak. The combined interactions could lead to the
micelle formation of HR20-Chol in aqueous solution. This

Figure 1. Coarse-grained models of (a) doxorubicin, (b) HR20-Chol, and (c) water.

Table 1. Flory-Huggins Interaction Parameters (χ) of Water and
Other Components Computed from MD Simulations

DOX Chol Arg His (pH>6) His (pH<6)

water 48.3 39.2 0.03 27.5 0.76
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micelle has core/shell architecture that is composed of hydro-
phobic cholesterol and hydrophilic arginine residues. For the
interaction between water and histidine, the χ value is 27.5 and
0.76 at pH>6.0 and pH<6.0, respectively. Thus, histidine
residue exhibits hydrophobic performance at pH>6.0 and
hydrophilic at pH<6.0. This could attribute to the conversion
of nonionized histidine residue to ionized one by the proton-
ation of imidazole group.

4.2.Micelle Formation of Cholesterol Conjugated Peptides.
When the amphiphilic copolymer concentration in water is
higher than the critical micellization concentration (CMC),
micelles start to form. In the present study, the conformations
of HR20-Chol in aqueous solution with different concentra-
tions were investigated. With an increase of the concentration
of HR20-Chol (CHR20-Chol), spherical micelles start to form at
defined concentrations. The typical simulated results for
HR20-Chol are shown in Figure 2. All the simulations were
start from homogeneous states. The volume concentration of
typical spherical micelles formed was around 0.02% and
0.03% for HR20-Chol at pH>6.0 and pH< 6.0, respec-
tively. TheCMCvalue is higher at pH<6.0 than that of pH>
6.0. With the decrease of pH from pH>6.0 to pH<6.0, the
histidine residues are conversed to ionized ones by the proton-
ation of imidazole groups. This conversion of nonionized
histidine residues to hydrophilic ones should be responsible
for the higher CMC values. To verify the correctness of the
simulated results, experiments were also performed to char-
acterize the CMC values for this conjugate at pH 5.0 and pH
7.4, which are shown in Figure 3. The experimental CMC
results could not quantitatively consistent with the values from
simulations due to the coarse-graining of components. How-
ever, they are consistent with the simulation results qualita-
tively. All the results confirmed the important role of pH value
inmicelle formationprocess.Thehigher pHvalue can facilitate
the formation of micelles.

4.3. Drug Loading and Distribution inMicelles. It is known
that the hydrophobic core of micelles can provide a loading
space for hydrophobic drugs (e.g., DOX). To evaluate the
drug loading abilities of micelles at different pH conditions,
the conformations of drug-loaded HR20-Chol micelles in
aqueous solutionwith differentDOXconcentrations (CDOX)
were investigated, as shown in Figure S4, Supporting In-
formation. The system composed of 7% HR20-Chol. The
value of CDOX was scanned from 0 to 7% with the step of
0.2%. All the simulations were started from homogeneous

states. When CDOX is zero, blank micelles were formed at
both pH conditions. With the increase of CDOX, DOX
molecules were efficiently encapsulated in micelles. At pH>
6.0, when CDOX exceeds 5%, some DOXmolecules could not
be encapsulated in micelles. At pH<6.0, the micelles could
only load about 2.8%ofDOX.At pH<6.0, the histidine resi-
dues are hydrophilic ones which cannot facilitate loading
drugs, leading to a lower drug loading ability as compared to
the micelles formed at pH>6.0.

In order to gain an insight of the drug distribution inside
the micelles, the system composed of 7% HR20-Chol, 3%
DOX, and 90% water was further analyzed. The simulated
results at pH>6.0 and pH< 6.0 are shown in Figure 4a,c. At
pH>6.0, all theDOXmolecules were encapsulated inside the
micelles. From the section view of onemicelle, three layers can
be observed.MostDOXmolecules distribute in the cholesterol
core of themicelle. SomeDOXmolecules also distribute inside
the histidine middle layer of the micelle. Arginine residues
distribute on the surface of the micelle, which can prevent
DOX molecules escaping from the core of the micelle.
Figure 4b shows the density profiles of DOX, histidine,
arginine, and cholesterol segments in the micelle. Three layers
can be easily observed from the density profiles of each
segment. The core of the micelle is composed of cholesterol
and DOX, the middle layer is histidine segment, and the shell
is arginine segment. At pH < 6.0, some DOX molecules
cannot be encapsulated inside the micelles, leading to a lower
DOX loading ability of micelles due to the hydrophilicity of
histidine residue. From the section view of one micelle in the
simulated results, DOX distribute inside the core of the
micelle. Compared with the dense structure of DOX-loaded
micelles formed at pH> 6.0, the structure of micelles formed
at pH<6.0 exhibits swollen conformation. From the density
profiles of each segment (Figure 4d), the histidine andarginine
layers trend to be mixing together. The core of the micelle is
composed of cholesterol segment and DOX, and the shell of
the micelle is composed of histidine and arginine segments.
This difference could attribute to the transformation of
histidine residues fromhydrophobic to hydrophilic oneswhen
pH decreases from pH>6.0 to pH<6.0.

4.4. Effects of pH onMicrostructures ofMicelles. To further
investigate the pH-sensitivity of the micelles, the micellar
kinetic structural transformation was studied. Figure 5 shows
the micelles formation and the structural transformation from
pH>6.0 topH<6.0.AtpHvaluehigher than 6.0, the choles-
terol conjugated peptides form core/shell micelles from homo-
geneous state. Cholesterol and histidine segments form the
cores of the micelles and are surrounded by the arginine shell.
The structure of micelles shows dense conformation due to the

Figure 2. Typical simulated snapshots of HR20-Chol in aqueous solu-
tion at pH>6.0 (a1, b1, and c1) and pH < 6.0 (a2, b2, and c2). The
green, brown, and black lines represent arginine, histidine, and choles-
terol, respectively. Water is omitted. The same symbols are used in the
following figures.

Figure 3. A graph of intensity ratio (i.e., I339 to I334) as a function of
logarithm of HR20-Chol concentrations in aqueous solution with
different pH values.
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hydrophobicityofhistidine segment.As thepHvaluedecreased
to lower than 6.0, the structure of the micelles trends to be
swelling.Thedynamicprocessof themicelles formationand the
structural transformation can be clearly seen in Video S1 of the
Supporting Information. This structural transformation was
caused by the protonation of imidazole groups in histidine
residues at lower pHconditions. This swollenmicellar structure
can provide channels for drug diffuse, facilitating the release of
DOX at lower pH conditions. To verify the pH-sensitivity of
micelles from the simulated results, experiments were also
performed to characterize the DOX release behavior at pH
5.0 andpH7.4.A lowconcentrationwoulddissolve themicelles
and instantaneously release the drugs. To avoid this effect, the
drug release experiments were performed with the concentra-
tionof 1mg/mL,which ismuchhigher than theCMCofHR20-
Chol (28 and 12 mg/L at pH 5.0 and 7.4, respectively). The
in vitro drug release profiles are shown in Figure 6. It was
observed that the release rate of DOX from the micelles is
influenced by pH values. At pH 7.4, the drugmolecules cannot
release drastically frommicelles due to the dense conformation
ofmicelles.When the pH is lower than 6.0, the drug release rate
is markedly accelerated, which are consistent with the simula-
tion results qualitatively.

5. Conclusions

Through computer simulations on the DOX-loaded HR20-
Chol system based on atomistic simulations, Flory-Huggins
parameters betweenwater and other componentswere calculated.
The repulsions between water and DOX, water, and cholesterol
are very strong. For the interaction between water and histidine,
the χ value is much higher at pH>6.0 (27.5) than that at pH<
6.0 (0.76), leading to the pH-sensitivity of histidine residues. In
addition, the microstructures of DOX-loaded and blank micelles
at different pH conditions have been intuitively reproduced by
DPD simulations.DOXmolecules could be loaded inside the core
of micelles. The density profiles of each segments in this system
were calculated which clearly showed the microstructure of DOX
load micelles. At pH>6.0, these micelles has a stronger DOX
loading ability due to the hydrophobicity of histidine residues. At
pH values lower than 6.0, the dense structures of micelles trans-
form into swollen conformations. This structural transformation

Figure 4. Typical simulated snapshots and section view ofDOX loadedmicelles at (a) pH>6.0 and (c) pH<6.0. (b) and (d) are the density profiles of
each segment at pH>6.0 and pH<6.0, respectively. DOX is drawn in pink.

Figure 5. Kinetic HR20-Chol micelles formation from (a) homoge-
neous state at pH > 6.0 and the structural transformation of the
micelles from (b) pH > 6.0 to (c) pH < 6.0.

Figure 6. In vitro drug release profiles from DOX loaded micelles self-
assembled from HR20-Chol at pH 7.4 and 5.0 PBS solutions at 37 �C.
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canmarkedlyaccelerate the drug release.All the simulation results
are consistent with the experimental results qualitatively, indicat-
ing that the DPD method is a powerful tool for designing drug
delivery systems.
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