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ABSTRACT: How to control the release of drugs from pH-
sensitive polymeric micelles is an issue of common concern,
which is important to the effectiveness of the micelles. The
components and properties of polymers can notably influence
the drug distributions inside micelles which is a key factor that
affects the drug release from the micelles. In this work, the
dissipative particle dynamics simulation method is first used to
study the structural transformation of micelles during the
protonation process and the drug release process from micelles
with different drug distributions. And then the effects of
polymer structures, including different lengths of hydrophilic blocks, pH-sensitive blocks and hydrophobic blocks, on drug release
are also studied. In the end, several corresponding design principles of pH-sensitive polymers for drug delivery are proposed
according to the simulation results. This work is in favor of establishing qualitative rules for the design and optimization of
congener polymers for desired drug delivery, which is of great significance to provide a potential approach for the development of
new multiblock pH-sensitive polymeric micelles.
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1. INTRODUCTION

In recent decades, the use of micelles prepared from
amphiphilic polymers combining hydrophilic and hydrophobic
blocks for drug delivery has attracted much attention.1−3 It is
well-known that micelles have an internal core composed of
hydrophobic blocks as a loading space for hydrophobic drugs,
whereas the hydrophilic blocks form a surrounding corona in
an aqueous medium for the stabilization of micelles.4,5

Polymers with the ability to encapsulate and release drugs in
response to an acidic environment have become an exciting
field of investigation.6−8 The amphiphilic polymers modified
with pH-sensitive groups can increase the selectivity for tumor
cells and enhance intracellular drug delivery while reducing
systemic toxicity and side effects.9−12 In general, the weakly
acidic/basic groups contained in the pH-sensitive polymers can
release/accept protons according to the pH and ionic strength
of the environment, leading to the distinct changes in the
volume and solubility of polymers and thus monitor drug
release. Oh et al. designed micelles having a self-assembled
flower-like arrangement consisting of two hydrophobic blocks
and a petal-like hydrophilic PEG block at physiological pH.13

The doxorubicin (DOX) release from the micelles accelerated
in response to tumor pH (<pH 7.0). Another pH-sensitive
polymeric micelles synthesized by his group showed a pH-
dependent micellar destabilization due to the concurrent
ionization of the poly(L-histidine) and the rigidity of the
poly(L-lactic acid) in the micellar core, resulting in the micelles
triggering released DOX at pH 6.8 (i.e., cancer acidic pH) or
pH 6.4 (i.e., endosomal pH).14

The effective application of polymeric micelles depends on
their drug loading and release. The drug loading process has a
great effect on the micelle loading capacity and efficiency of
hydrophobic drugs. With regard to the drug release process
from pH-sensitive polymeric micelles, once drug release is
triggered in acidic environment, how can drug molecules pass
through the polymeric matrix? This is the key issue determining
whether drugs can take effect or not. For pH-sensitive
polymeric micelles, the distribution of drugs in the micelles,
the structure of pH-sensitive polymers, etc., can result in
different drug release. However, direct experimental measure-
ment to identify the effect of these factors on the drug release
process is very difficult because of the space and time scale of
the soft matter systems. Although there are plenty of
experimental studies with regard to the size, drug loading
capacity, and release concentration of pH-sensitive micelles,
such as UV−vis spectroscopy, dynamic light scattering (DLS),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM), etc., detailed information from
the microscopic and mesoscopic insight such as drug
distribution in micelles, morphologies of micelles before and
after protonation, drug release process as micelle swelling and
so on are difficult to be characterized through present
experimental technique and are seldom reported.
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In the absence of laboratory experiments, mesoscopic
simulations offer a particularly useful method to explore the
microphase separation of soft matter in complex systems for
understanding and elucidating complex mechanisms such as
drug release process from pH-sensitive micelles in an acidic
condition.15−21 Dissipative particle dynamics (DPD), proposed
by Hoogerbrugge and Koelman in 1992 and revised by Español
and Warren,22,23 is one effective simulation method to
investigate the phase behavior of complex fluids, providing a
mesoscopic insight into the macro scale experimental system.
The forces applied on DPD effectively stretch the characteristic
time scale of the simulated system compared to the full
atomistic and molecular dynamic simulation.24−28 In addition,
with the bead-and-spring model and by establishing a
relationship between a simple function form of the conservative
repulsion and the Flory−Huggins parameter theory, DPD
method has been widely applied in simulations on structure and
dynamics of soft matter.29−34 Recently, Rodriǵuez-Hidalgo et
al. studied the drug release mechanism on the polymeric vehicle
P(ST-DVB) in an acid environment using DPD method.35

Four transient stages were detected during the drug release:
swelling of the microsphere, generation of pores, drug diffusion
through the polymeric matrix and drug release toward the acid
medium. However, few investigations on the factors influencing
the drug release process from polymeric vehicles in polar
environments have been reported. Therefore, a more thorough
understanding of the drug release from pH-sensitive micelles
will address many relevant issues to the drug delivery system.
As mentioned above, drug loading and release capacity of

micelles are two main factors on the effective application of
polymeric micelles. In our previous work, we have studied drug
diffusion abilities into the core of micelles after the core−shell
structure is formed.36 The topological structure of drugs, the
hydrophobic block length of the polymers, as well as the
compatibility between the drug and the hydrophobic block
showed profound effects on drug loading efficiencies and drug
distributions inside micelles. Drug distribution inside micelles
reflects miscibility and/or degree of interaction between a drug
and polymer blocks, influences the performance of micelles
with regard to drugs distribute, such as stability, drug-loading
efficiency, drug release kinetics, etc. As to pH-sensitive micelles,

drug distribution is also one of the key issues to determine the
drug release capacity.37 In general, pH-sensitive drug release
abilities of micelles formed from polymers with identical
structure are different due to various drug distributions. On the
other hand, it is known that the structures of polymers can also
influence the drug release from micelles. Therefore, to explore
the complex relationship between the structure of pH-sensitive
micelles with different block components and their release
property with different drug distributions is of great
importance.
In the present work, DPD simulations are carried out to

study the relationship between the structures of pH-sensitive
triblock polymers AlBmCn commonly used in experimental
systems38−41 and the drug release behaviors of the micelles. For
clarity, the idea of this work is indicated as Figure 1. Three
types of drug distributions inside micelles, designed by different
compatibilities between the drugs and polymers, are prepared
in DPD simulations: drugs distribute in (i) the pH-sensitive
layer, (ii) both of the pH-sensitive layer and the core, (iii) the
core of the micelles. To better understand the relationship, the
structural transformation of the micelles during the protonation
and the drug release process from the micelles with different
drug distributions are first studied. Then the effects of the
length of hydrophilic, pH-sensitive, and hydrophobic blocks on
release process of drugs from the micelles after protonation are
also studied. Finally, the guidance is proposed from the
relationship between the structure of pH-sensitive polymers
with different block components and the release property of
micelles with different drug distributions based on the
simulation results. The qualitative rules for the design of
polymers with optimized block components based on the
desired drug distributions could help design and prepare the
pH-sensitive polymeric micelles with expected drug release
ability, and provide a potential approach for the development of
new pH-sensitive polymeric micelles.

2. SIMULATION METHOD

In the DPD method, a set of soft interacting particles are used
to simulate a fluid system. Each particle represents a group of
atoms or a volume of fluid that is large on the atomistic scale

Figure 1. Research idea of this work.
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but is still macroscopically small. All beads comply with
Newton’s equations of motion42,43

= =
t

m
t

r
v

v
f

d
d

,
d
d

i
i i

i
i (1)

Where ri, vi, mi, and fi denote the position vector, velocity, mass
and total force on the particle i, respectively. For simplicity, the
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The conservation force for nonbonded particles is defined by
soft repulsion. The dissipative force corresponding to a
frictional force depends both on the position and relative
velocities of the beads. The random force is a random
interaction between bead i and its neighbor bead j. All forces
vanish beyond a certain cutoff radius rc, whose value is usually
set to 1 unit of length in simulations. The three forces are given
by the following formulas46,47
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where aij is the strength of the repulsive interaction and
depends on the species of particles i and j, rij= ri − rj, rij = |rij|,
rîj= rij/|rij|, vij = vi − vj, σ is the noise strength, ζ denotes a
randomly fluctuating variable with zero mean and unit variance,
δt is the time step of simulation, k is the Boltzmann constant, T
is the absolute temperature. kT is considered as one unit in the
simulations. The r-dependent weight function ω(r) = (1 − r)
for r < 1 and ω(r) = 0 for r > 1. In addition, an extra spring
force (Fij

S, Fij
S = −Crij, where C is the spring constant.) is

introduced to describe the constraint between the bonded
particles in one molecule. In this work, the spring constant is
set to 4, resulting in a slightly smaller distance for bonded
particles than for nonbonded ones.16,47

The coarse-grained model of polymers is shown in Figure 2.
The polymers studied in this work are pH-sensitive ABC
triblock polymers, where A (green), B (purple), and C (brown)
represent hydrophilic block, pH-sensitive block, and hydro-
phobic block, respectively (although the pH-sensitive block B is

hydrophobic before protonation, it becomes much more
hydrophilic after protonation). The coarse-grained models of
the polymers are designed based on the structures of pH-
sensitive polymers commonly used in experimental systems.
The hydrophilic blocks are designed with short side chains
(namely branched hydrophilic blocks) and distributes on the
surface of the self-assembled micelles, providing a compact
steric protective layer to maintain the stability of micelles
during biological circulation.40,48,49 For simplicity, the pH-
sensitive triblock polymers (A(A4))lBmCn are named as AlBmCn
in the paper, where l, m, and n are the length of the hydrophilic,
pH-sensitive, and hydrophobic block, respectively. The
characteristics of beads (either hydrophobic or hydrophilic)
result in the value of interaction parameters (see Table 1).

Empirically, the interaction parameter between the hydrophilic
blocks with water is close to 25 and the critical value of
hydrophobicity is about 32.50 Hence the interaction parameter
between the hydrophobic blocks and water is set to a
respectively high value and accordingly, the interaction
parameter between the pH-sensitive blocks and water should
be close to 32, showing a relatively weak hydrophobicity
compared to the hydrophobic blocks. In the drug release
process from pH-sensitive polymeric micelles, with the
protonation of pH-sensitive block B, block B changes greatly
to hydrophilic, resulting in the change of the interaction
parameters between the pH-sensitive beads and other beads
(the protonated B bead is donated by BH). Thus, in the drug
release process of our simulations, the interaction parameters
between the pH-sensitive bead (BH) and the hydrophobic
beads (C and D) become larger, whereas those ones between
BH and the hydrophilic beads (A and W) become smaller (the
values are empirically smaller than 25). In this work, the pH-
sensitive blocks are completely protonated during the drug
release process. To investigate the effect of drug distribution on
drug release, the pH-sensitive drug release processes of three
types of drug distributions in micelles are analyzed and
compared in the simulations, including drug molecules
distribute in (i) the pH-sensitive layer, (ii) both of the pH-
sensitive layer and the core, and (iii) the core of micelles. The
micelles with different drug distributions are generated by
introducing drugs having different interaction parameters with
polymers that are determined through our preliminary tests.
For simplicity, one drug molecule is set as one bead, denoted
by D, which is in black color in our simulations. Each water
bead is equivalent to one water molecule or a group of water
molecules, denoted by W. In all the following figures, the water
beads are concealed for clarity. Empirically, the volume
fractions of the polymers, drugs and water are set to 10, 3,

Figure 2. Coarse-grained model of pH-sensitive triblock polymer
(A(A4))lBmCn.

Table 1. Interaction Parameters between Beads Used in the
Simulations

aij A B BH C D W

A 25
B 30 25
BH 21 25
C 40 30 100 25
D 35 aa 80 ba 25
W 26 35 11 55 45 25

aIf drug molecules distribute in the pH-sensitive layer of the micelles, a
= 25 and b = 30; in both the pH-sensitive layer and the core of the
micelles: a = 28 and b = 27; in the core of the micelles: a = 30, b = 25.
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and 87% in all DPD simulations for consistency, ensuring the
micelles assembled in the systems are in stable and perfectly
spherical structures.51 Rectangular simulation boxes of 27 × 27
× 27 rc

3 with periodic boundary conditions are used, the
density of beads set as 3. The DPD simulations are performed
for 300 000 time steps with an integration time step of 0.05 to
achieve thermodynamic equilibrium and obtain drug-loaded
micelles in neutral conditions. Then 10 000 time steps are used
to analyze the drug release process from the micelles in
protonation conditions. The simulations are performed by
using the DPD program incorporated in the Materials Studio
5.5 software (Accelrys Inc.).

3. RESULTS AND DISCUSSION

As a starting point, the pH-sensitive polymers AlBmCn are
placed in a watery environment with drug molecules
homogeneously distributing in the solvents as shown in Figure
3a. Though DPD only possesses repulsive interaction, the
collective repulsion can generate attraction between pairs of
repulsive particles, thus aggregates can be organized.52 Three
types of drugs having different compatibilities with the
polymers are used in this work to obtain three types of
micelles with different drug distributions, as seen in Figure 3b.
As for the drugs having good compatibility with the
hydrophobic block C, they mainly distribute in the core of
the micelles. For the drugs having good affinity with the pH-
sensitive block B, they tend to locate in the middle layer. In the
case that the affinities between the drugs and hydrophobic/pH-
sensitive block are similar, the drugs can be observed in both
the core and the middle layer. To show where the hydrophobic,
hydrophilic, and drug components are, the interfacial profile of
the micelles with different drug distributions (herein set
A10B15C15 micelles of an example) are also given, as shown in
Figure 3c. The micelles with different drug distributions
obtained in the watery system are served as the basis to
explore the pH-sensitive drug release process in an acidic
environment.
3.1. Structural Transformation and Drug Release from

Micelles. To study the drug release mechanism from pH-
sensitive polymeric micelles, we first discuss the structure
transformation of the micelles after protonation. DPD

simulations are employed in the micelles formed by
A10B15C15 with drugs distributing in the pH-sensitive layer,
both pH-sensitive layer and core, and the core of the micelles
during drug release process. Additionally, to further validate the
changes on the morphology of micelles after protonation, the
radius of gyration (Rg) of the hydrophilic and pH-sensitive
blocks in different times are calculated in our DPD simulation.
Rg is obtained from the mean square radius of gyration ⟨Rg

2⟩
(⟨Rg

2⟩ = 1/N∑i = 1
n (ri − rcm)

2, where N is the number of beads in
a given polymer, ri and rcm are the position vector of each bead
and the center of mass in the molecule, respectively),50 which is
defined as the root-mean-square distance of the beads in the
micelles from their common center of mass, reflecting the
extended degree of blocks in the space of the simulation
system. Because the structural transformations of different
micelles with different drug distributions are similar, thus the
A10B15C15 micelle with drug located in both the pH-sensitive
layer and the core is used as an example to discuss the drug
release process. Figure 4 shows the cross-section views of
A10B15C15 micelles in different simulation times during drug
release process of the micelles (Figure 4a−c), and the radius of
gyrations of the hydrophilic block A and pH-sensitive block B
are calculated in the corresponding times (Figure 4d).
As shown in Figure 4, when the micelles are transferred to an

acidic environment, the pH-sensitive blocks B become more
hydrophilic after protonation, tending to stretch to the solvent
(0−300 steps). In the initial phase of micelle swelling, the pH-
sensitive blocks extend to the shell of the micelles generating a
new shell with the original hydrophilic shell, which is denoted
by A-B mixed shell (300−1000 steps). Accordingly, the Rg
results of polymer blocks (Figure 4d), which characterize the
structure differences of the micelles after protonation, show
that the pH-sensitive blocks appear a sharp increase in Rg from
0 to 1000 steps. As the micelle swelling proceeds (1000−10000
steps), more water molecules diffuse into the micelles and the
extension of pH-sensitive blocks reaches their maximum level,
the growth of Rg becomes smaller because the blocks are close
to a fully stretched state. As to the Rg results of hydrophilic
blocks, the Rg values show a little decrease when the “A−B
mixed shell−core” two layer structure forms, and a small
growth of Rg values is observed during the transition to the
“fireworks-like” three layer structure (which is named according

Figure 3. (a) Initial state of the simulation systems with components distributing randomly, (b) the A10B15C15 micelles with different drug
distributions before protonation and (c) their interfacial profiles of different beads.
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to the structure, which looks like fireworks that the protonated
chains stretch to the solvent surrounding the hydrophobic
core) because the hydrophilic blocks recover fully stretched.
The Rg results validate the changes on the morphology of the
micelles after protonation. Due to the swelling of pH-sensitive
blocks, the hydrophilic blocks also become more swelling and
diffuse from the “A−B mixed shell” to the external space,
forming a new third outer layer. In this phase the micelle
generates many channels, which is denoted by a “fireworks-like”
three-layer structure. The formation of channels in the
“fireworks-like” micelles can facilitate the drug release from
the micelles. We can know from this process that the “A−B
mixed shell−core” two-layer structure micelle is the transition
state to the “fireworks-like” three-layer structure. It should be
noted that the rapid protonation followed by micelle swelling,
which may not be that relevant to the practical situation, but it
does not influence the transformation trend of the micelle
structure and the qualitative comparison on the drug release of
different micelles, which is supported by the comparison with
our previous study in the swelling process of micelles when
they are under different protonation levels.51 On the whole, the
transformation of the micelles loaded drugs with different
affinities appears a similar trend: “shell−middle layer−core”
three-layer structure → “A−B mixed shell−core” two layer
structure → “fireworks-like” three layer structure. Figure 5

shows the schematic drawing of structural transformation of the
pH-sensitive polymeric micelles at low pH conditions.

In this section, we also explored the effect of drug
distributions on the release processes of micelles. In the case
drugs distribute in the pH-sensitive layer of the micelles (Figure
4a), a great number of drugs release accompanied by the stretch
of the protonated pH-sensitive blocks. However, drugs do not
release completely as the micelle transforms to the fireworks-
like structure, and the drug release is still a successive and slow
process. In the cross-section view of the micelles, a “sustained
release area” can be observed, which refers to the drug layer
surrounding the surface of the inner core. According to the
simulation results, the drug release process from the pH-
sensitive layer is speculated. On one hand, the outmost drugs of
the “sustained release area” play a protective role to the ones
that they cover. The outmost drugs release fast as they expose
to the solvent while the ones protected by the outmost drugs
stay in the micelles temporarily. As the diffusion of the outmost
drugs, the ones that they cover become the outmost ones and
act as the protective layer to the ones they surround. So the
sustained release of drugs may achieve by the process of the
replace of outmost drugs. On the other hand, the hydro-
phobicity of drugs leads to better compatibility with the
hydrophobic core, which may avoid instant and complete
release of drugs for a period of time.
As the drugs distribute in both of pH-sensitive layer and core

of the micelles (Figure 4b), the early release of the micelles may
be mainly attributed to the release of drugs companied by the
extension of the pH-sensitive blocks. However, the drugs
distribute in the pH-sensitive layer but cannot be completely
released as soon as the protonated blocks stretch, which remain
in the micelles temporarily and are released until the firework-
like structure is formed through the increased channels
generated in the micelles. This part of drugs may mainly
contribute to the second phase of release. For other drug
molecules located in the inner core of the micelles, their release
needs to pass through three barriers: the polymeric matrix of
the core, middle layer, and shell. Among these barriers, the
resistance generated by the core is the main barrier due to the
good compatibility between the drugs and the core, as well as
the tense structure of the core even after protonation.
Therefore, the drugs distribute in the core release quite slowly,
achieving the sustained release of the micelles.
With regard to the drugs distributing in the core of the

micelles (Figure 4c), by the phase that the “A−B mixed shell−
core” two-layer structure is formed, the structure of the micelles
is still in a relatively tense state, thus the release of drugs from
the inner core is mainly promoted by diffusion. Therefore, in
this phase the drugs need to pass through a relatively tense and
complete polymeric matrix, showing a slow release rate. As the

Figure 4. Cross section views of the micelles during drug release with
different drug distributions: (a) the pH-sensitive layer, (b) both the
pH-sensitive layer and the core, and (c) the core of the micelles. (d)
Radius of gyration of block A and B of A10B15C15 micelles in different
simulation times.

Figure 5. Schematic drawing of the structure transformation of the
pH-sensitive polymeric micelles during micelle swelling.
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simulation time increases, the extension level of the pH-
sensitive block B increases, leading to larger channels generated
among the blocks as well as increasing the exposed area of the
core to solvent, which can decrease the resistance drugs need to
overcome when release. Thus, more drugs being released are
observed in the phase of fireworks-like structure. It should be
noted that the drugs cannot be released completely because
they need the degradation of hydrophobic blocks. The
degradation of constituents in micelles is an important step
in the release of drugs.53 Besides, because of the hydrophobicity
of drugs, the affinity between the drugs and the hydrophobic
block of the micelles is better compared to water molecules.
Therefore, complete drug release cannot be observed in the
simulations.
3.2. Effect of Hydrophilic Block Length on Drug

Release. Hydrophilic blocks play an important role in keeping
the stability of micelles. Whether the hydrophilic blocks can
affect the drug release of micelles and in what way they make
influence on the drug release from micelles are investigated in
this section. To investigate the effect of hydrophilic block
length on drug release, three polymers A10B15C15, A15B15C15,
and A20B15C15 with different hydrophilic block lengths are used
in this section.
On the basis of the transformation of the micellar structure

during protonation, the drug release processes in the systems
from micelles formed by A10B15C15, A15B15C15 and A20B15C15
are analyzed. To reflect the drug release abilities during the
release process, the relative concentrations of drugs (D beads)
are obtained in the Mesocite module of Materials Studio 5.5
software by computing the ratios of D beads released into the
water phase to all the D beads in the system at different
simulation time. According to the relative concentration curves
of the micelles and drugs, the curves of drugs show an obvious
peak inside the micelle curves, which refer to the D beads
remaining in the micelles, whereas the rest areas of the drug
curves present the released D beads. Thus, the released D beads
are able to be distinguished from the D beads which remain in
micelles through the distribution of drugs reflected by this
means. Moreover, to further study the effect of the blocks
length on drug diffusion from the pH-sensitive micelles, we
calculated the mean square displacements (MSD) of drugs in
different simulation systems during the drug release process.

MSD is the distance the beads move from their original
position to the second moment of their distribution in a
defined time span, defined as MSD = 1/N∑i = 1

N |ri(t) − ri(0)|
2,

which is related to the diffusion coefficient (FD = (1/
6N)limtt→∞(d/dt)∑i = 1

N |ri(t) − ri(0)|
2), where ri denotes the

position vector of ith bead, N is the number of statistical beads.
The MSD are also computed in the Mesocite module of
Materials Studio 5.5 software. Herein, the MSD of drugs are
used to analyze the diffusion behavior of the drugs during the
release process. Notably, even though the MSD value of D
beads is connected to the drug release, high MSD value is not
always equal to fast drug release because the MSD value is a
statistical outcome including the value of D beads have not
released from the micelles but move inside the micelles.
However, MSD results can reflect the resistance the drugs
overcome when they move and help analyze in what way the
lengths of blocks affect drug release process.
The relative concentrations of the released drugs from

micelles formed by the polymers A10B15C15, A15B15C15, and
A20B15C15 at different simulation times are presented in Figure
6a, from which the changing trends of the concentrations of
released drugs from micelles with different hydrophilic block
lengths are shown. Compared to A10B15C15, the drug release
concentrations of the micelles formed by A15B15C15 generally
decrease or do not appear an obvious change, whereas for the
micelles formed by A20B15C15, the drug release concentrations
show an outstanding increase. According to the morphologies
of the micelles obtained in the simulations, the changing trends
of the release concentrations are analyzed: The polymers with
longer hydrophilic block A (A15B15C15) can form micelles with
stronger stability because of the thicker hydrophilic shell.
Besides, the drugs need to pass through a thicker shell before
release thus leading to a slower drug release, or a unapparent
change when more drugs distribute in the core whose release
rely on the degradation of the core. However, as the length of
hydrophilic block further increases (A20B15C15), more micelles
are formed in the simulation because of the formation process
of micelles. In initial phase, a small plenty of polymers form
small aggregates, which will gradually collide and integrate into
large aggregates and finally micelles are formed through
stabilization. In the case, that the polymers with longer
hydrophilic block, which leads to lower exposing extent of

Figure 6. Relative concentrations and mean square displacements of the released drugs having different compatibilities with the micelles composing
different lengths of A block: drugs distribute in (a1, b1) the pH-sensitive layer, (a2, b2) both the pH-sensitive layer and the core, and (a3, b3) the
core.
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the hydrophobic part of the aggregates, thus it is difficult for the
aggregates to form into one large micelle even though through
a long time collision and hence the number of the micelles
increase as we observe (see the Supporting Information, Figure
S1). Therefore, the micelles obtained in this case owning
smaller core and sparse hydrophilic shells, thus the diffusion
barrier of drug release becomes weaker and more drugs release
in the same period of time. Additionally, as the number of
micelles increases, the number of polymers in one micelle
decreases, therefore the network generated among the
polymers induces less space assistance to the drugs, which is
in favor of the movement of the drugs. Besides, Figure 6a also
shows that the changing trends of the concentrations of the
released drugs with different distributions are similar that
A20B15C15 micelles show a highest release concentration no
matter with drugs located in the pH-sensitive layer, both the
pH-sensitive layer and the core, or the core.
The MSD curves of the released drugs from the micelles

formed by the three polymers show in Figure 6b and the results
of b1−b3 refer to the micelles with different drug distributions.
The MSD curves show the diffusions of drugs from different
parts of micelles are similar and the increase of length of
hydrophilic block beyond a certain range (A20B15C15) shows a
remarkable influence on the diffusion of drugs. As the length of
A block further increases to 20, the MSD curves of A20B15C15

appear a rapid increase trend, indicating the movement of drugs
becomes more active, which may also be due to the effect
generated by the increased amount of micelles mentioned
above that gives less space assistance to the drugs.
To sum up, no matter how the drug distributions inside the

micelles are, the length of the hydrophilic block is in
connection with the drug release, and different affinities
between drugs and micelles show a similar changing trend of
release. The shell of the micelles formed by the hydrophilic
block not only maintains the stability of the micelles, but also
has an outstanding effect on the drug release ability of the
micelles. Therefore, when we design and prepare the drug-
loaded micelles, the consideration of the overall influence of the
hydrophilic block length, including its stability function and
drug release effect to micelles, is of great importance.
3.3. Effect of pH-Sensitive Block Length on Drug

Release. The pH-sensitive block is an important component of

pH-sensitive micelles. To study the effect of pH-sensitive block
length on drug release, we used three pH-sensitive polymers
A10B15C15, A10B20C15 ,and A10B25C15 with different lengths of
pH-sensitive block in this section. The simulation parameters
and the concentrations of components are in common with the
above study except for the polymers used. The relative
concentrations and MSD of drugs are also obtained at different
simulation times (Figure 7).
In the case that the drugs distribute in the pH-sensitive layer

of the micelles (Figure 7a1), the release of drugs is much faster
than those of the other two cases (Figure 7a2, a3) because the
relative concentration of released drugs is higher within the
same period of simulation time. Accordingly, the MSD of drugs
in Figure 7b1 are larger than those in Figure 7b2 and b3, and
the MSD of A10B25C15 are larger than those of A10B15C15 and
A10B20C15 in Figure 7b1.
On the other hand, when drugs mainly distribute in the pH-

sensitive layer of the micelles (Figure 7a1), the drug release
shows a relatively remarkable increase when the length of B
block increases in the initial phase at 4000 and 8000 steps
compared to that at 12 000 steps, especially when B block
increases to 25. This phenomenon may result from the fact that
the extension trend of the pH-sensitive block is rather strong at
the initial swelling process of micelles, the mechanically
propelled effect (which is a kind of force generated by the
stretch of protonated blocks that promotes the movement of
drugs) acting on the drugs is most distinctive. Besides, when
the drugs are mainly located in the pH-sensitive layer, longer
pH-sensitive block leads to more drugs released through the
stretch of protonated blocks. Furthermore, the strong hydro-
philicity of the protonated blocks is in favor of the solvation of
water molecules, which can enter the micelles easily and make
the movement of drugs more active. However, the growths of
the relative drug release concentration at 12 000 steps are not
as remarkable as the ones at 4000 and 8000 steps. It may due to
the fact that in the later phase of the drug release process, the
micelles are almost completely swollen and the mechanically
propelled effect generated by the stretch of pH-sensitive blocks
acting on the drugs almost disappears. In this phase, the release
of drugs is mainly through diffusion. Thus, it can be observed
that the initial drug release rate is faster than that of the later

Figure 7. Relative concentrations and mean square displacements of the released drugs having different compatibilities with the micelles composing
different lengths of B block: drugs distribute in (a1, b1) the pH-sensitive layer, (a2, b2) both of the pH-sensitive layer and the core and (a3, b3) the
core.
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phase and the pH-sensitive block shows a great influence on the
initial drug release process.
With regard to the drugs distribute in both of the middle

layer and the core, as well as mainly distribute in the core
(Figure 7a2, a3), the increase in the pH-sensitive block does
not show an obvious improvement to drug release. The reason
may be that in these two cases of our simulations, the
concentrations of drugs are not high enough to saturate the
pH-sensitive layer, thus the mechanically propelled effect
generated by the stretch of the pH-sensitive blocks acts on
limited drug molecules, and a plenty of drugs located in the
core are not affected by the stretch of the blocks. Hence, the
length of the pH-sensitive block does not appear a significant
influence on drug release and diffusion of these two cases in our
simulations.
In conclusion, the pH-sensitive blocks improve the drug

release ability of micelles because the mechanically propelled
effect generated by the extension of the pH-sensitive blocks has
a significant influence on the drug release. Besides, the effect of
pH-sensitive blocks depends on the distribution of drugs, the
promotion effect of pH-sensitive blocks enhances when more
drugs distribute in the pH-sensitive layer. So when it comes to
prepare drug loaded micelles, the compatibility between the
drugs and the polymers should be put into the first place to
decide the length of the pH-sensitive block. For instance, in the
case that the release rate of the micelles is expected to be
increased but the desired drugs has a better affinity with the
hydrophobic block than the pH-sensitive block, to increase the
length of the pH-sensitive block maybe not effective and other
factors should be considered.
3.4. Effect of Hydrophobic Block Length on Drug

Release. The hydrophobic block of polymers plays an
important role in drug loading of micelles. However, is it true
that the hydrophobic blocks have little influence on the drugs
release of micelles? In this part, the effect of hydrophobic block
on drug release of micelles is explored. The simulations are also
performed on micelles with three types of drug distributions.
The simulation parameters and the concentrations of
components are in common with the above studies except
for the polymers used. The pH-sensitive polymers with
different lengths of hydrophobic blocks C are explored in this
section, which are A10B15C15, A10B15C20 and A10B15C25.

As seen from Figure 8a1, b1, the trend of released drug
concentrations and the MSD curves of the micelles with
different hydrophobic block lengths are not pronounced,
indicating that the change in the length of the hydrophobic
block has little influence on the drug release from the pH-
sensitive layer of micelles.
By contrast, as to the drugs having similar affinity with the

pH-sensitive and hydrophobic blocks (Figure 8a2), the drug
release rate increases obviously as the hydrophobic block C
becomes longer (from 15 to 20) interestingly. The reason is
speculated as follows. As the previous section discussed, the
transformation of micelles from the core−pH-sensitive layer−
shell structure to fireworks-like structure generates many
channels inside the micelles, resulting in the exposure of the
core to water, allowing water molecules transfer to the micelles
easily and thus accelerates the diffusion of drugs. Thus, the core
formed by longer hydrophobic block provides larger exposed
area to water after protonation when the length of block A and
B are unchanged, the cross-section view of the micelles formed
by A10B15C15 and A10B15C20 are shown in Figure 9. Also, the
schematic drawing to explain the transformation in the
structure of the micelles with longer hydrophobic block is
shown in Figure 9. On the other hand, most drug molecules are
located in the core of the micelles in this simulation system,
particularly in the interface of the core and the middle layer.
Therefore, larger exposed area with a great number of drugs is
in favor of the drug release, which is in agreement with the
MSD curves in Figure 8b2 that the curve of A10B15C20 shows a
sharp increase compared to A10B15C15. However, it is shown
that when the length of hydrophobic block C further increases
(from 20 to 25) (Figure 8a2), the network formed among the
hydrophobic blocks in the core may become more compact, in
the meanwhile the surface area of the core increases, generating
greater resistance to the diffusion of drugs. In this case, on one
hand, the increase in the length of the hydrophobic blocks is in
favor of the movement of the drugs distributing in the interface
between the middle layer and the core. On another, it also
strengthens the space resistance to the movement of the drugs
loaded in the core. Thus, when it comes to prepare the micelles
with drugs loading in both of the middle layer and the core,
both of these effects should be taken into consideration.

Figure 8. Relative concentrations and mean square displacements of the released drugs having different compatibilities with the micelles composing
different lengths of C block: drugs distribute in (a1, b1) the pH-sensitive layer, (a2, b2) both the pH-sensitive layer and the core, and (a3, b3) the
core.
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As to the drugs mainly distribute in the inner core of the
micelles (Figure 8a3), the MSD curves illustrate that drug
diffusion is faster than those with shorter C blocks, which is due
to the increasing surface area of the core, so the movement of
drugs prompted by the water molecules. However, as
mentioned before, faster drug diffusion does not always result
in higher drug release rate, herein longer hydrophobic block
also increases the release route of drugs, thus the drug release
does not show a significant rise, or even appears a decline more
often, as shown in Figure 8a3.
Overall, when we design the length of the hydrophobic

blocks, the compatibility of the drugs and the polymers is a
priority because different drug distributions in the micelles
influence the drug release of the micelles with different lengths
of hydrophobic block in distinct ways. Furthermore, the
integral effect of the two opposing actions caused by the
increase in the hydrophobic blocks should be well understood,
and then the micelles owning desired drug release ability with
certain length of the hydrophobic blocks could be prepared
reasonably.

4. CONCLUSION
In this work, dissipative particle dynamics simulations are
carried out to study the relationship between the structure of
pH-sensitive triblock polymers and drug release behaviors from
the micelles. The simulation results show that the “fireworks-
like” three layer structure is of great importance to the drug
release, and different drug distributions induce different drug
release processes. Several design principles are proposed based
on the simulation results: (i) The length of the hydrophilic
block is in connection with the drug release and different drug
distributions in micelles show a similar changing trend of the
release. The length of the hydrophilic block needs to be
decided on the overall consideration of its stability function and
drug release effect on the micelles. (ii) The length of the pH-
sensitive block has a profound influence on the drug release
ability of the micelles, and when more drugs distribute in the
pH-sensitive region, its promotion effect becomes stronger,
thus the compatibility between the drugs and the micelle
should come to the first place when design the length of pH-
sensitive block. (iii) The drug release from micelles with

different lengths of hydrophobic block is influenced in distinct
ways with different drug distributions in the micelles, therefore
the compatibility of the drug and the polymers should be
considered in prior when determine the length. Moreover, the
integral effect of the two opposing actions caused by the
increase of hydrophobic blocks should be well managed. The
design optimization strategies could help design and
optimization of congener polymers for desired drug delivery,
and might develop a potential approach for the design of new
multiblock pH-sensitive polymeric micelles.
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