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The experiment and dissipative particle dynamics simulation were carried out on four polymers with different block
ratios for the investigation of the structure–property relationship of (poly(e-caprolactone)2-[poly(2-(diethylamino)ethyl
methacrylate)-b-poly(poly(ethylene glycol) methyl ether methacrylate)]2 [(PCL)2(PDEA-b-PPEGMA)2] micelles. The
miktoarm star polymers assembled into spherical micelles composed of PCL core, pH-sensitive PDEA mesosphere and
poly (ethylene glycol) methyl ether methacrylate (PPEGMA) shell. When decreasing pH from 7.4 to 5.0, the hydrody-
namic diameter and transmittance of (PCL)2(PDEA-b-PPEGMA)2 micelles increased along with globule-uneven-
extended conformational transitions, owing to the protonation of tertiary amine groups of DEA at lower pH conditions.
Doxorubicin (DOX) was mainly loaded in the pH-sensitive layer, and more DOX were loaded in the core when increas-
ing drug concentrations. The in vitro DOX release from the micelles was significantly accelerated by decreasing pH
from 7.4 to 5.0. The results demonstrated that the pH-sensitive micelles could be used as an efficient carrier for hydro-
phobic anticancer drugs, achieving controlled and sustained drug release. VC 2014 American Institute of Chemical Engi-

neers AIChE J, 60: 3634–3646, 2014
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Introduction

An ever-increasing types of stimuli (pH, temperature,
redox, light, ultrasound, and enzyme) are being explored on
the environmental sensitive micelles in recent years.1–4 Espe-
cially, the pH-sensitive micelles currently have attracted
much attention as smart drug delivery systems for cancer
therapy. An ideal anticancer pH-sensitive micelle can remain
stable in normal tissues (pH 7.4) while release drugs rapidly
in tumoral conditions (pH 5.0).5–8 Although pH-sensitive
micelles have been extensively investigated, it is still highly
demanded to make a deeper understanding of structural
transformation and drug release mechanism at varying pH
conditions.

Star-shaped polymers, having similar topological struc-
tures to polymeric micelles and can form more stable nano-
scale assemblies in selective solvents, have been actively
investigated currently for potential utility as nanoreactors,
catalysts, sensors, polymer electrolytes, and in biomedical
and therapeutic applications.9–13 Amphiphilic miktoarm star
polymers (AmBn) with at least two different polymer chains
emanating from the central core such as A2B2, A3B3, A2B,
A3B, ABC, AB2C2, and ABCD, have been used in self-
assembly and responsive behavior. Shen’s group have

synthesized a series of A2B2 miktoarm star copolymer
C4S(PCL)2-(PEG)2, which could self-assemble into various
morphologies in aqueous solution controlled by both the
macromolecular architecture and composition of the copoly-
mer.14 Well-defined (PNIPAAM)2(PNVP-b-PAA)2 and (PNI-
PAAM-b-PAA)2(PNVP)2 have been developed by Zhu’s
group, and by tuning pH values and temperatures of aqueous
solution of these two copolymers, three types of micellar
aggregates and the unimer state could undergo reversible
switch on and off in size and morphology.15 However, lim-
ited work of A2B2- and A3B3-type miktoarm polymers was
reported on the pH-sensitive drug release behavior.

Up to now, a range of experimental techniques have been
used to investigate the dynamical and structural properties of
polymeric micelles system, such as fluorescence probe tech-
nique, UV-VIS spectroscopy, dynamic light scattering
(DLS), scanning electron microscopy, and transmission elec-
tron microscopy (TEM). However, the detailed information
on the self-assembled behavior of the polymers from the
experiment is difficult to obtain, because the micelles formed
by polymer molecules are at nanometer scale. The structures
and dynamics are hard to investigate deeply and directly by
the present experiment methods. Aiming to address the limi-
tation of the experiments, computer simulations have become
a powerful analytical approach for enhancing the understand-
ing of the experimental systems, which provide additional
information on dynamics, distributions, and ordering of
the morphologies.16–21 Among usual computer simulation
methods, for instance MD simulation whose time scales are
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too short to observe the formation of the micelles, and the
simulation at atom level is also very expensive, dissipative
particle dynamics (DPD) which allows for a much larger
time step and length scales is commonly used in the simula-
tion of the fluids systems. Although less detailed than MD,
DPD still enables a systematic study on the structural prop-
erty of micelles and pH-sensitive drug release mechanism
depended on the components of the polymers.22–25

In our recent work, DPD simulation study was carried out
on the formation of DOX-loaded polymeric micelles formed
by pH-sensitive amphiphilic homo-arm star polymer in neu-
tral environment, effect of DOX content on morphologies of
micelles, effect of pH value on morphologies of blank and
DOX-loaded micelles, and so forth, which was without suffi-
cient experimental results as a background.26 Herein, the
pH-sensitive amphiphilic A2(BC)2 miktoarm star polymers
(PCL)2(PDEA-b-PPEGMA)2 with different block ratios were
synthesized and used as an integrated platform for intracellu-
lar delivery of the anticancer drug DOX. Their self-
assembled spherical micelles were composed of PCL core,
pH-sensitive PDEA mesosphere, and poly (ethylene glycol)
methyl ether methacrylate (PPEGMA) shell. In solutions,
with different pH values, PDEA present different forms
because of the protonation of amino groups. The PDEA
layer is hydrophobic and collapses on the core at the physio-
logical pH to prevent the premature burst drug release, but it
becomes highly positively charged by protonation after being
endocytosed by tumor cells, leading to faster release of the
entrapped drug into the cytosol. The effect of pH values on
the microstructures of the self-assembled drug-loaded
micelles was simulated using DPD method. Furthermore, in
this work, DPD simulations were performed based on real
experimental systems for detailed information on the micro-
structures, drug distributions, and pH-release properties of
the micelles formed by (PCL)2(PDEA-b-PPEGMA)2 with
different block ratios. The scheme of experiment and DPD
simulation was shown in Scheme 1. By combining experi-
mental systems with DPD simulations, the structure–property

relationship of the pH-responsive micelles were studied,
which is beneficial to the optimal design of our polymers
according to the expected drug delivery property.

Experimental Section

Materials

Pentaerythritol was dried under reduced pressure overnight
prior to use. e-Caprolactone (e-CL, 99%, Aldrich) was dried
over calcium hydride and distilled under reduced pressure
before use. 2-(Diethylamino) ethyl methacrylate (DEA, TCI-
EP) was distilled from calcium hydride, and stored under
argon at 220�C. PEGMA (Mn 5 475 Da, 99%, Aldrich) was
purified by passing through a column filled with neutral alu-
mina to remove inhibitor. Tetrahydrofuran (THF) was dried
over sodium using benzophenone as a dryness indicator and
distilled under nitrogen prior to use. Toluene was distilled
from calcium hydride. Doxorubicin hydrochloride
(DOX�HCl) was purchased from Beijing Huafeng United
Technology CO., Pyrene (99%, Aldrich), 2-bromoisobutyryl
bromide (98%, Alfa Aesar), 1,1,4,7,10,10-hexamethyltriethy-
lenetetramine (HMTETA, 99%, Aldrich), CuBr2, methanol,
stannous octoate (Sn(Oct)2), triethylamine (TEA), dimethyl
sulfoxide (DMSO), acetone, and all other reagents were used
as received.

Synthesis of (PCL)2(PDEA-b-PPEGMA)2

A2(BC)2 miktoarm star polymer (PCL)2(PDEA-b-
PPEGMA)2 was synthesized using the difunctional initiator
for sequential ROP of e-CL and continuous ARGET ATRP
of DEA and PEGMA. The typical procedure was as follows:
First, pentaerythritol bis(2-bromoisobutyrate) [(OH)2ABr2]
was synthesized using pentaerythritol (6.80 g, 0.05 mmol)
and TEA (13.89 mL, 0.10 mmol) with twofold 2-
bromoisobutyryl bromide (12.36 mL, 0.10 mmol) in THF
(150 mL) at room temperature. Then, the synthesis of
(PCL)2ABr2 by ROP of e-CL (6 g) in bulk was carried out
using (OH)2ABr2 (0.434 g, 1 mmol) as a difunctional

Scheme 1. Experiment and DPD simulation to study the structure and property of miktoarm star polymers.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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initiator and Sn(Oct)2 (0.1% wt of e-CL, 0.006 g) as a cata-
lyst at 130�C for 24 h. Finally, (PCL)2(PDEA-b-PPEGMA)2

was polymerized in toluene at 70�C using (PCL)2ABr2

(4.0 g, 0.8 mmol) as macroinitiator in situ monitored by
ReactIR iC10 (Metter-Toledo AutoChem). The FTIR spectra
were collected every minute and the change of absorbance at
938 cm21 [@CH2 wags of the DEA and PEGMA
(Mn 5 475)] was used to provide the conversion of mono-
mers during the polymerization.27,28 DEA (4.8 g) was intro-
duced by syringe until the absorbance of 938 cm21 kept
almost constant and then the second monomer PEGMA
(Mn 5 475, 6.4 g) was introduced to continue the polymer-
ization. A tiny amount of CuBr2 catalyst (0.0143 g, 0.064
mmol) and ligand HMTETA (0.164 mL, 0.64 mmol) were
used together with a sufficiently large excess of reducing
agent Sn(Oct)2 (0.259 g, 0.64 mmol).

Critical micellar concentration measurement

The Critical micellar concentration (CMC) values of
(PCL)2(PDEA-b-PPEGMA)2 were determined by the fluores-
cence probe technique using pyrene as a fluorescence probe.
Pyrene dissolved in acetone was added into deionized water
(pH 7.4) to make a concentration of 12 3 1027 M following
by removed acetone 2 h through evaporation. The final con-
centration of pyrene was adjusted to 6 3 1027 M. The
(PCL)2(PDEA-b-PPEGMA)2 (5 mg) was first dissolved into
50 mL deionized water and then diluted to a series of con-
centrations from 0.0001 to 0.1 mg/mL with deionized water.
Then 10 mL of polymer solutions at different concentrations
were added to the pyrene filmed vials respectively and the
combined solutions were equilibrated at room temperature in
dark for 24 h before measurement. The fluorescence excita-
tion spectra of polymer/pyrene solutions were measured and
used for determining the CMC values.

Preparation of blank and DOX-loaded micelles

The blank and DOX-loaded (PCL)2(PDEA-b-PPEGMA)2

self-assembled micelles were prepared by a membrane dialy-
sis technique. Briefly, DOX�HCl (10 mg or 20 mg) was
stirred with double mole TEA in 20 mL of DMSO overnight
to obtain a DOX base. The (PCL)2(PDEA-b-PPEGMA)2

(40 mg) were dissolved in another 20 mL of DMSO (40 mL
for blank micelles) and then mixed with the DOX base solu-
tion followed by stirring for 4 h. The mixture solution was
transferred to dialysis bag (MWCO 5 3.5 kDa) and dialyzed
against deionized water for 24 h to remove the organic sol-
vents and free DOX. The deionized water was changed
every 4 h for the first 8 h and then replaced every 6 h. After
dialysis, the micelles were filtered by a membrane filter
(0.45 lm pore) to remove aggregated particles. Then, half of
the blank and DOX-loaded micelles were used to study the
pH-responsive behavior by the addition of NaOH or HCl
(0.01 M) solution. And the remaining blank and DOX-
loaded micelles were collected by freeze-drying to obtain
dried product. The received white powder was stored at
220�C until further experiments. The values of hydrody-
namic diameters (Dhs) and morphologies of the blank and
DOX-entrapped micelles were monitored by DLS and TEM.
DOX-loaded micelles were dissolved in 10 mL of DMSO
under vigorous vortexing and analyzed by UV-VIS spectro-
photometer (UV-2450, Shimadzu, Japan) at 480 nm to obtain
DOX loading content (LC) and entrapment efficiency (EE),
wherein a calibration curve was obtained with DOX-DMSO
solutions with different DOX concentrations.

In vitro DOX release study

Release profiles of DOX from the DOX-loaded micelles at
a concentration of 1 mg/mL were studied in different media

Figure 1. The molecular structures and coarse grain models of (I) polymers (A) (PCL24)2(PDEA16-b-PPEGMA19)2, (B)
(PCL24)2(PDEA37-b-PPEGMA15)2, (C) (PCL38)2(PDEA26-b-PPEGMA11)2, and (D) (PCL38)2(PDEA17-b-PPEGMA9)2,
(II) DOX, and (III) water.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

3636 DOI 10.1002/aic Published on behalf of the AIChE October 2014 Vol. 60, No. 10 AIChE Journal

http://wileyonlinelibrary.com


(pH 5.0, pH 6.5, and pH 7.4). Briefly, 5 mg of DOX-loaded
micelles were dispersed in 5 mL different media, and then
placed in preswollen cellulose membrane bags
(MWCO 5 3.5 kDa). The whole bags were placed into
40 mL different media with constant shaking (100 rpm) at
37�C (Dissolution Tester RCZ-8B, TDTF, China). The sam-
ples were drawn at predetermined time intervals and the con-
centrations of released DOX were monitored by UV-VIS
spectrophotometer at 480 nm. Each experiment was done in
triple.

Characterization
1H NMR spectra measurements were examined in CDCl3

at 25�C using Bruker AVANCE III 400 operating at 400
MHz. The number average molecular weight (Mn) and poly-
dispersity index (Mw/Mn) were determined by gel permeation
chromatography (GPC) adopting an Agilent 1200 series GPC
system equipped with a LC quant pump, PL gel 5 mm 500
Å, 104 Å, and 105 Å columns in series, and RI detector. The
column system was calibrated with a set of monodisperse
polystyrene standards using HPLC grade THF as mobile
phase with a flow rate of 1.0 mL/min at 30�C. Fluorescence
spectra were recorded using a fluorescence spectrophotome-
ter (F-4500, Hitachi, Japan). The hydrodynamic diameter
(Dh) and distribution (PDI) of micelles were measured by
DLS (Malvern Zetasizer Nano S, UK). Morphologies of
micelles were investigated by TEM (Hitachi H-7650, Japan)
operating at 80 kV.

Simulation Method

Simulation method and models

DPD simulation is based on the coarse grain models of all
the contents in the investigated system. In this method, a set
of soft interacting particles called beads represent groups of
several atoms or volumes of fluid. The force between each
pair of beads is a sum of a conservative force (FC

ij ), a dissi-
pative force (FD

ij ), and a random force (FR
ij ).

29 These forces
ensure that DPD method effectively stretches the characteris-
tic time scale of the simulated system compared to the full
atomistic and molecular dynamic simulation.30,31 Addition-
ally, by establishing a relationship between a simple function
form of the conservative repulsion in DPD and the Flory–
Huggins parameter theory, DPD method has been widely
applied in the study of mesoscale structures of complex
systems.32–34

In these coarse grain models shown in Figure 1, the
molecular structure of DOX was divided into three types of

beads (D1, D2, and D3), which were shown in black color.
Seven water molecules were represented as one bead
(Water). In neutral system, the polymers were divided into
six types of beads, whose names and colors were center
(neopentane)-yellow, CL (caprolactone)-orange, MAA1-pink,
MAA2-bright green, DEA-rose pink, and PEG-dark green,
respectively. In acidic system, the pH-sensitive DEA is ion-
ized and represented by DEAH. MAA1 and DEA were
divided from 2-(diethylamino) ethyl methacrylate (PDEA);
MAA2 and PEG were divided from PPEGMA. The mass
and radius of each bead were 112 amu and 3.7 Å, and the
cut-off radius rc between two beads was 8.6 Å. The corre-
sponding topology structures of the coarse grain models of
the polymers were shown in Figure 1I. The number of differ-
ent beads for the four polymeric molecules stated in Figure
1I on the right was dependent on the components of the
polymers in the experiments, assuring each chain length of
the coarse grain models of the polymers was consistent with
those of the polymers in the experiments. Besides, consider-
ing that the values of the spring constant in the range of 2.0
to 4.0 (reduced) have been found to give reasonable results
in most circumstances and 4.0 is widely used in many DPD
works, the spring constant was set to 4.0 in our simulations,
resulting in a slightly smaller distance for bonded beads than
for non-bonded ones. And the bead density was 3 used in
this work, namely a cube of rc

3 contained three beads.5,17

Interaction parameters

According to the coarse-grained models for the four poly-
meric molecules, DOX and water molecules, we carried out
molecular dynamics simulation on the pure and binary com-
ponents as listed in Table 1 to obtain Flory–Huggins parame-
ters. The COMPASS force field was applied on all the
components. Either pure or binary mixture system was con-
structed by the Amorphous Cell module in Materials Studio
5.5 (Accelrys). It should be noted that in the acidic environ-
ment the tertiary amine groups of PDEA are protonated
(DEAH). To electrically neutralize the positive charges on
DEAH, the same amount of chloride ions was presented in
the system. The interaction repulsion aij between bead i and
j depending on the underlying atomistic interaction is line-
arly related to the Flory–Huggins parameters (vij) as given in
Eq. 135–37

aij5aii13:27vij (1)

where aii is equal to 25. For binary components i and j, the
Flory–Huggins parameter vij can be estimated by Eq. 238

Table 1. Interaction Parameters aij Used in the Simulation

DEAH DEA CL Center D1 D2 D3 MAA1 MAA2 PEG Water

DEAH 25.00
DEA 11.87 25.00
CL 96.82 25.95 25.00
Center 27.39 25.83 28.38 25.00
D1 81.77 23.72 23.45 31.06 25.00
D2 87.04 24.25 23.23 29.20 25.26 25.00
D3 85.25 25.29 24.77 28.45 25.09 25.05 25.00
MAA1 17.14 30.44 27.01 34.35 25.63 21.63 24.12 25.00
MAA2 17.14 30.44 27.01 34.35 25.63 21.63 24.12 25.00 25.00
PEG 20.82 45.79 37.10 53.24 25.31 24.22 25.34 28.48 28.48 25.00
Water 11.35 37.28 53.20 81.94 43.70 27.03 23.74 34.60 34.60 26.10 25.00
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vij5
DEmix Vr

RTuiujV
(2)

where R is the gas constant and T is temperature; ui and uj

are the volume fractions of components i and j, respectively;
V is total volume and Vr is reference volume; DEmix is the
mixing energy of the binary components, which is obtained
by the potential energy of the binary mixture, potential ener-
gies of pure components i and j, respectively.

In the case of the nonpolar components or components
without specific interactions (e.g., hydrogen bonding), and if
the excess entropy and excess volume can be ignored, vij

can be obtained from the solubility parameters39,40

vij5
ðdi2djÞ2Vr

RT
(3)

where di and dj are the solubility parameters of components
i and j, respectively, which are calculated by molecular
dynamics simulations using the Amorphous Cell and Dis-
cover modules in the same software. Herein, the Flory–Hug-
gins parameters of the pairs with strong hydrophobicity, such
as Center-CL/D1/D2/D3/MAA1/MAA2, CL-DEA/MAA1/
MAA2, D1-D2/D3/MAA1/MAA2, and D2-D3 were com-
puted by Eq. 3, while the other pairs with stronger polarity
were computed by Eq. 2.

Simulation conditions

In the studies, DPD simulations were used in two systems:
the neutral system (pH 7.4) and acidic system (pH 6.5, 5.0).
These systems consist of water, the four polymeric mole-
cules, and DOX. The neutral system was mainly conducted
to study the formation of drug-loaded micelles and the distri-
bution of DOX in the micelles. In acidic systems, we further
discussed the pH responsive characteristics on drug-loaded
micelles. This part of simulation was performed in the Meso-
cite module of Materials Studio 5.5 software. A cubic simu-
lation box with periodic boundary condition was applied in
all directions. Rectangular simulation boxes of 250 3 250 3

250 Å3 were used. The results shown in Supporting Informa-
tion Fig. S2 to S4 confirmed that the obtained micelles from
the systems in boxes of 250 3 250 3 250 Å3 with different
initial configurations (different initial particle positions and
random initial velocities) were structurally similar, indicating
that the simulation results of the study are repeatable and
conclusive. Moreover, simulation boxes of 250 3 250 3

250 Å3 is sufficient to avoid the finite size effects according

to Supporting Information Fig. S5 and S6 that the structures
and the DOX distributions of the micelles were similar in
the boxes of different sizes (200 3 200 3 200, 250 3 250
3 250, 300 3 300 3 300, 350 3 350 3 350, and 400 3

400 3 400 Å3) at the same density. As each polymer has
different components, different simulation steps were used in
different systems to obtain equilibrium. According to our
investigation, the minimum simulation steps applied to the
polymer with more hydrophobic component was 250,000,
which was decided after we lengthened the simulation steps
and found out the structure of the micelles did not show any
changes. To get more close to the experiment results, the
concentrations of the polymers and DOX in the simulation
systems were consistent with those of the experiment sys-
tems: the experimental concentrations of the four polymers
were 40 mg in each system, correspondingly the simulation
concentrations of the four polymers were set to 5.26%,
5.25%, 5.11%, and 5.04% respectively, which were calcu-
lated from the molecular weight and volume of the polymers
as well as the density of the systems. Similarly, the simula-
tion concentrations of DOX were set to 0.46%, 0.91%,
1.37%, and 1.83% in accordance with the concentrations of
5, 10, 15, and 20 mg in the experimental cases. To investi-
gate the pH sensitivity of the drug-loaded micelles, the pH
values of the system were given in two cases: pH 6.5 and
pH 5.0 with the same components, which were also consist-
ent with the experiments. The protonation degree of the pH-
sensitive groups relates to the intrinsic pKa value and the pH
values of the exterior environment, whose value is given by
the Henderson–Hasselbalch formula.41 According to the for-
mula, when the pH values of the solvents are 6.5 and 5.0,
there are around 72% and 100% DEA groups protonated,
respectively.

Results and Discussion

Synthesis and characterization of (PCL)2(PDEA-b-
PPEGMA)2

The miktoarm star polymers (PCL)2(PDEA-b-PPEGMA)2

were synthesized using the difunctional initiator for sequen-
tial ROP of e-CL and continuous ARGET ATRP of DEA
and PEGMA in situ monitored by ReactIR iC10, as

Figure 2. Schematic description of the synthesis of
(PCL)2(PDEA-b-PPEGMA)2.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 3. 1H NMR spectra of (PCL)2-Br2 (A) and
(PCL)2(PDEA-b-PPEGMA)2 (B) in CDCl3.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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illustrated in Figure 2. Representative 1H NMR spectra of
(PCL)2ABr2 and (PCL)2(PDEA-b-PPEGMA)2 were depicted
in Figure 3 and all of the peaks corresponding to characteris-
tic hydrogen atoms were labeled, demonstrating that
(PCL)2(PDEA-b-PPEGMA)2 had been successfully synthe-
sized and characterized. The degree of polymerization of
PCL (x), PDEA (y), and PPEGMA (z) and the molecular
weights (Mn,NMR) were calculated from the integration ratio
values of signal (g) to (a) (Ig/Ia), signal (n) to (g) (In/Ig), and
signal (r) to (g) (Ir/Ig), respectively, as summarized in Table
2. From the change of absorbance at 938 cm21 in situ moni-
tored by react infrared spectroscopy, the conversions of DEA
and PEGMA could be calculated during the ARGET ATRP.
Thus, the molecular weights (Mn,ReactIR) of (PCL)2(PDEA-b-
PPEGMA)2 could be calculated from the conversions of
DEA and PEGMA, which has seldom been reported before.
The Mn,ReactIR listed in Table 2 were in good accord with the
Mn,NMR, suggesting that (PCL)2(PDEA-b-PPEGMA)2 with
different PCL/PDEA/PPEGMA contents were well defined.
GPC results listed in Table 2 appeared monomodal symmet-
ric distribution, indicating well-controlled process of ROP
and the continuous ARGET ATRP of DEA and PEGMA.
The values of Mw/Mn were below 1.40, which are acceptable
for further application of delivering drugs. It was also found
that GPC analysis for (PCL)2(PDEA-b-PPEGMA)2 tended to
underestimate the molecular weight (which was typically
smaller than Mn,NMR) as compared to their linear counterpart
due to the reduced hydrodynamic volumes.42,43

The formation of micelles self-assembled from four
(PCL)2(PDEA-b-PPEGMA)2 with different block ratios in
aqueous phase was verified using a fluorescence technique
with pyrene as a fluorescence probe.44–46 A lower CMC
value is desirable for increasing micelle stability in the blood
stream. The CMC values were determined from the threshold
concentration, where the intensity ratio I339/I336 begins to
increase markedly. The CMC values have difference because
of the four different block ratios of polymers. As shown in
Table 2 and Supporting Information Figure S1, the CMC
values of (PCL)2(PDEA-b-PPEGMA)2 of four topological
structures were in the range of 0.0024–0.0043 mg/mL,
decreasing as the weight fraction of PCL and PDEA
increased.47

pH-responsive self-assembly behavior of (PCL)2(PDEA-
b-PPEGMA)2

To discuss the effect of different polymeric structures on
the micellar structures at varying pH values, transmittance of
four blank (PCL)2(PDEA-b-PPEGMA)2 micelles with differ-
ent block ratios, which reflects structural transformation of
the micelles, was characterized by UV-VIS spectrophotome-

ter at different pH values (pH 8.0, 7.4, 6.5, and 5.0) at
500 nm. As shown in Figure 4, at pH 8.0, the transmittance
values of the four micelles were relative low with around
52%–83%. The reason is that the PDEA segments were
deprotonated and the PDEA chains shrank completely to
compose the micellar core with PCL, which formed compact
micellar structures. By decreasing the pH values from 8 to 5,
the light transmittance of the micelle solutions appeared
obvious fluctuation, which indicated that the PDEA chains
were gradually protonated in acid aqueous solution, resulting
in the increase of hydrophilicity of the micellar core and
transmittance of the micelle solutions. The increased trans-
mittance value of (PCL24)2(PDEA37-b-PPEGMA15)2 micelles
with longest PDEA block was 43%, which was the most
obvious among the four micelles. On the contrary, the
increased transmittance value of (PCL24)2(PDEA16-b-
PPEGMA19)2 micelles was 13% as the PDEA block is
shorter. We also carried out DPD simulations on the micelles
at pH 5.0, the morphologies of which were shown in Figure
5. We could see that the PDEA chains of the polymers were
extended and loose at pH 5.0, making the chains apart from
each other. The light went through the micelles more easily
and thus resulted in the increase of the transmittance.
Besides, the micelles with more PDEA and PEG blocks had
looser structures and contained a smaller hydrophobic core
in acidic condition (e.g., Figures 7B, C), which are in favor
of the transmission. Therefore, the micellar core owned the
stronger hydrophilicity at pH 5.0, whose transmittance values

Table 2. GPC,
1
H NMR, and CMC Data of (PCL)2(PDEA-b-PPEGMA)2

Sample Mn, GPC
a Mw/Mn

a xb yb zb Mn, NMR
c Mn, RealIR

d CMC (mg/L)e

(PCL24)2(PDEA16-b-PPEGMA19)2 14,888 1.28 24.22 15.86 18.73 29,617 28,200 4.3
(PCL24)2(PDEA37-bPPEGMA15)2 12,692 1.19 24.22 37.18 15.02 33,977 34,300 3.0
(PCL38)2(PDEA26-b-PPEGMA11)2 18,302 1.19 38.24 25.62 11.47 29,530 28,524 2.8
(PCL38)2(PDEA17-b-PPEGMA9)2 13,586 1.35 38.24 17.21 9.43 24,480 24,614 2.4

aMeasured by GPC in THF.
bThe subscripts were the degree of polymerization of PCL (x), PDEA (y), and PPEGMA (z) calculated from 1H NMR spectra.
cCalculated by the equations Mn,NMR 5 (114 3 x 1185 3 y 1 475 3 z) 3 2 1 434.
dCalculated by monomer conversion from the ReactIR.
eDetermined by a fluorescence spectroscopic method.

Figure 4. Effect of pH values on the transmittance (T%) at
500 nm of (PCL)2(PDEA-b-PPEGMA)2 micelles at
different concentrations in aqueous solution.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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of four micelles were 97%, 90%, 97%, and 84%,
respectively.

As can be seen from the above discussion of transmittance
and DPD simulations, different polymeric structures also
play key role in the Dhs of the micelles from the facile pH
adjusting. Figure 6 obtained from DLS measurement showed
that, at pH 8.0, both micelles were in a compact, collapsed
form because the PDEA segments were deprotonated with
the Dhs remained almost constant, the values of which were
around 57–72 nm. When decreasing pH from 8 to 5, the ter-
tiary amine groups of PDEA were gradually protonated and
the increasing hydrophilicity of PDEA resulted in the
stretching of the polymer chains and the swelling of the
micelles. In addition, the electrostatic repulsion between the
PDEA chains also promoted the micelles swelling. As a
result, the Dhs of the micelles were observed significant
increase. In the case of pH 5.0, the Dhs values were around
96–121 nm. And Dh was 121 nm for (PCL24)2(PDEA37-b-
PPEGMA15)2 micelles with the highest weight fraction of
PCL and PDEA.

To further validate the pH-induced changes on the Dhs of
the micelles after protonation, the radius of gyration of the
PDEA chains of the polymeric micelles before and after pro-
tonation (pH 5.0), were calculated in our DPD simulation.
The radius of gyration 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 the chains
in the space in the simulation. It turned out that the radius of
gyration (All dimensional values shown below were given in
DPD units) of the PDEA chains of the micelles in pH 5.0
increased by 15.5% ((PCL24)2(PDEA16-b-PPEGMA19)2:
from 174 to 201), 46.5% ((PCL24)2(PDEA37-b-PPEGMA15)2:
from 258 to 378), 25.8% ((PCL38)2(PDEA26-b-PPEGMA11)2:
from 279 to 351) and 20.3% ((PCL38)2(PDEA17-b-
PPEGMA9)2: from 192 to 231). As a result, the radius of
gyration of the protonated PDEA chains for the four poly-
meric micelles increased after protonation. The radius of
gyration of the PDEA chains of the micelles which contained
more PDEA contents was larger than those with shorter
PDEA contents and showed a more outstanding growth rate.
(PCL24)2(PDEA37-b-PPEGMA15)2 showed the largest size,
followed by (PCL38)2(PDEA26-b-PPEGMA11)2, (PCL38)2(PDEA17-
b-PPEGMA9)2, and (PCL24)2(PDEA16-b-PPEGMA19)2), which
was in agreement with the Dhs shown in Figure 6, suggesting
the increase on the radius of gyration of the pH-sensitive
chains, in other words, the ratio of the pH-sensitive block
may be an important factor inducing the change on the size
of micelles.

As mentioned above, the effect of the pH on the Dh values
of the micelles was attributed to the swelling of the micelles
resulting from the increased hydrophility caused by the proto-
nation of amine groups. The TEM images of the micelles also
verified the structural transformation of the micelles from a
compact state to a swollen state as the pH decreased. How-
ever, the detailed microscopic structures of the micelles cannot
be reflected from the TEM images (Figure 7I). Herein, we per-
formed DPD simulations on the micelles to have a deeper
insight into the corresponding structures of the micelles in the
experiment systems. (PCL24)2(PDEA37-b-PPEGMA15)2 was
set as an example at pH 7.4, 6.5, and 5.0, which were shown in
the Figure 7II. The simulation images of the micelles were in
good agreement with those in the TEM, demonstrating that the
spiky shelled and the loose structure of the micelles are gener-
ated from the stretch of the protonated PDEAH chains.

For further discussion on the microstructure of the polymeric
micelles in acidic condition, the radial distribution function
(RDF) was used to analyze the distribution of polymer blocks
as well as drug particles in the micelles. The RDF is defined as

gijðrÞ5
hDNijðr ! r1DrÞiV

4pr2DrNiNj
(4)

where hDNijðr ! r1DrÞi is the ensemble averaged number
of bead j around bead i within the volume of a shell from r

Figure 5. Typical simulated section views of blank micelles at pH 5.0 (A) (PCL24)2(PDEA16-b-PPEGMA19)2, (B)
(PCL24)2(PDEA37-b-PPEGMA15)2, (C) (PCL38)2(PDEA26-b-PPEGMA11)2, and (D) (PCL38)2(PDEA17-b-PPEGMA9)2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Effect of pH values on the Dhs of
(PCL)2(PDEA-b-PPEGMA)2 micelles at differ-
ent concentrations in aqueous solution.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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to r1Dr, V is the volume of the system, Ni and Nj represent
the numbers of bead i and j, respectively.38 Herein, the RDF
curves between CL (CL was used as a reference here,
regarded as the core of the micelles) and DEA, PEG, as well
as DOX of the four polymeric micelles were acquired before
and after protonation as shown in Figure 8, demonstrating
the distribution of different contents in the micelles in neu-
tral and acidic environments. g(r) shown in Figure 10 is the
distribution function, and r values correspond to the peaks of
RDF curve reflect the distance between two kinds of beads.
Set CL and DEA beads for instance, the highest peak repre-
sents that most of the CL beads appear in the corresponding
distance away from DEA beads. The relative position r
between different beads reflects the attraction between differ-
ent types of beads.

According to the RDF results, there was a big difference
between the CL-DEA curves before and after protonation,
and all the four polymeric micelles had the similar trend,
thus we chose the RDF of (PCL24)2(PDEA37-b-PPEGMA15)2

micelles as an example. Before protonation, the CL-DEA
curves exhibited a sharp peak, indicating that PDEA chains
are mainly distributed in the region near the PCL core,
which reflects the structural characteristic that PDEA form
the middle layer of the micelles in the neutral condition. In
the case of protonation, the curve of CL-DEA was similar to
that of PEG-DEA without a sharp peak, suggesting that
PDEA chains are distributed in the area far away from the
PCL core, which reflects the structural characteristic that the
PDEA chains are extended to the exterior of the micelles
due to their strong hydrophilicity when protonated.

The trend of the RDF curves of CL-DOX were similar to
that of CL-DEA, indicating that DOX and PDEA are almost
in the same region of the micelles, in other words, the quan-
tity of DOX distributed in the area formed by DEA groups
is considerably large. The results also reflect the compatibil-
ity between different components. According to the interac-
tion parameters shown in Table 1, PCL has the best
compatibility with the DOX molecules (23.23–24.77), whose
interaction parameters were smaller than that of PCL chains
(23.72–25.29). However, a large repulsion generates between
PDEA chains and DOX molecules after protonation (81.77–

87.04), which was shown in Figure 8, means that the RDF
curve of DOX and PDEA separated from each other.

Combining the experiment and simulation results analyzed
above, it can illustrate that with the decrease of pH, PDEA
was protonated progressively, that the amine groups of the
polymers are protonated to form cationic NH3

1 groups. The
rapid increase on the hydrophilicity of the PDEA chains
leads to their transformation from a curling shape to a diver-
gent extended shape, which can be observed from the DPD
simulations, and the micelles got swollen as the chains
stretched to the solvent. Besides, as the PDEAH chains were
with the strong positive charges, the electrostatic repulsion
between the chains also promotes the swelling of the
micelles. Thus, the results in the changes of Dhs and trans-
mittance of the micelles in acidic environments can be
observed.

The effect of polymeric structures on drug loading
capacity

Entrapping these polymers with 10 or 20 mg DOX
induced obvious increases in size of micelles, which were
approximately 40 or 50 nm comparing with blank micelles,
as shown in Table 3. The LC increased with the increase of
fed drug while the EE decreased for relative saturated
capacity of solubilizing DOX in the micellar core. And the
copolymer micelles at the same drug/polymer ratio with lon-
ger length of PCL and PDEA block exhibited an enhanced
drug entrapping ability. For example, the LC values of
(PCL24)2(PDEA16-b-PPEGMA19)2, (PCL24)2(PDEA37-b-
PPEGMA15)2, and (PCL38)2(PDEA17-b-PPEGMA9)2 were
9.0%, 11.6%, and 15.7% as increasing the weight fraction of
PCL and PDEA. In this work, the maximum LC and EE of
DOX belonged to (PCL38)2(PDEA17-b-PPEGMA9)2 was cal-
culated to be 19% and 74.49%, respectively.

To discuss the structural characteristic and drug-loaded
properties of different assembled micelles, the DOX distribu-
tion and capacity of the micelles were obtained by DPD sim-
ulations. Compared to the experimental systems, two

Figure 7. TEM images (I) and typical simulated section
views (II) of DOX-loaded (PCL24)2(PDEA37-b-
PPEGMA15)2 micelles at different pH condi-
tions: (A) pH 7.4, (B) pH 6.5, and (C) pH 5.0.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. RDF profiles of (PCL24)2(PDEA37-b-
PPEGMA15)2 before and after protonation.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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systems with 5 mg/40 mg and 15 mg/40 mg DOX/polymer
concentration ratios were added to find the regularity, the
simulation results are shown in Figure 9. Figure 9II was

obtained based on the simulation models in Figure 9I. As the
RDF curves of the four polymeric micelles appeared to be
similar, only the results of (PCL24)2(PDEA16-b-PPEGMA19)2

Table 3. Properties of DOX-Loaded (PCL)2(PDEA-b-PPEGMA)2 Micelles

Entrya

DOX-Loaded Micelles (10 mg) DOX-Loaded Micelles (20 mg)

Dh (nm)b PDIb LC(%)c EE(%)c Dh (nm) b PDIb LC(%)c EE(%)c

(PCL24)2(PDEA16-b-PPEGMA19)2 103 0.047 9.0 39.56 114 0.254 11.8 26.76
(PCL24)2(PDEA37-b-PPEGMA15)2 108 0.313 11.6 52.49 129 0.139 14.5 33.92
(PCL38)2(PDEA26-b-PPEGMA11)2 123 0.253 12.1 55.06 165 0.283 17.5 42.42
(PCL38)2(PDEA17-b-PPEGMA9)2 108 0.384 15.7 74.49 143 0.075 19.0 46.91

aThe same entry as Table 2.
bDetermined by DLS.
cDetermined by UV–VIS spectrophotometer.

Figure 9. (I) Cross-section views of the polymeric micelles with different DOX concentrations (A) (PCL24)2(PDEA16-
b-PPEGMA19)2, (B) (PCL24)2(PDEA37-b-PPEGMA15)2, (C) (PCL38)2(PDEA26-b-PPEGMA11)2, and (D)
(PCL38)2(PDEA17-b-PPEGMA9)2. (II) The RDF and (III) density profiles of different beads of the
(PCL24)2(PDEA16-b-PPEGMA19)2 micelles with different DOX concentrations.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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micelles were given for the following analysis. The DPD
results showed the microstructures of the micelles formed by
different polymers: all the micelles presented a core-
mesosphere-shell three-layer structure. The PPEGMA chains
formed the shell, equivalent to a hydrophilic protective layer
of the micelles, sustaining the stability of the micelles. The
PDEA chains formed the mesosphere of the micelles, play-
ing a role in pH response together with a drug package
effect. The PCL formed the inner core, which also showed a
drug package effect. Furthermore, the distribution of DOX
can be discussed according to Figure 9. For the micelles
loading with a low concentration of DOX in Figure 9I, DOX
preferentially distributed in the mesosphere formed by
PDEA. The RDF results in Figure 9II also showed that the
peak of the DOX-DEA curve was more evident than that of
the DOX-CL curve, which meant more DOX molecules dis-
tribute in the PDEA area. Because, the DOX molecules need
to overcome the space resistance in the process of the diffu-
sion into the inner core of micelles. As the concentration of
DOX increased, DOX diffused into the inner core after the
area of PDEA is almost saturated, and thus more DOX can
be observed in the core area of Figure 9I. It is reflected in
Figure 9II that as the DOX increased, the curves of DOX-
CL and DOX-DEA got closer and showed an overlapping
trend, suggesting the amount of drugs distributed in the inner
core increased gradually. For a more direct insight on the
distribution of the drugs in the micelles as their concentra-
tions gradually increased, the density profiles of different
beads of the (PCL24)2(PDEA16-b-PPEGMA19)2 micelles
with different DOX concentrations were also given, as

shown in Figure 9 (III). The change of DOX distributions
reflected in Figure 9 (III) also illustrated that when the drug
concentration was in a low level, DOX tended to distribute
in the PDEA area (DOX: polymers = 5:40). With the increase
of the drug concentration, more DOX molecules distributed
inside the core of the micelles (DOX: polymers = 10:40,
15:40 and 20:40). However, the narrow peak at around 5
DPD unit of drug density distribution inside the micelles
when DOX: polymers was 20:40 also indicated the middle
drug layer between the core and shell of the micelles, which
may suggest that it becomes harder for the drugs to diffuse
into the core of micelles when they reach a certain concen-
tration range.

As the ratios of components in the four polymers are dif-
ferent, the structures of the micelles are diverse. According
to the EE of the micelles determined in the experiment, the
capacity of DOX become higher as the hydrophobic chains
of the polymers get longer. The experimental results also
demonstrated that the EE of (PCL38)2(PDEA17-b-
PPEGMA9)2 micelles was maximum, while the EE of
(PCL24)2(PDEA16-b-PPEGMA19)2 micelles appeared a mini-
mum value, which can be explained via the simulation
results of the micellar structures. Because the proportion of
hydrophilic PPEGMA in (PCL24)2(PDEA16-b-PPEGMA19)2

is highest, the denser and thicker shell are in favor of the
stability of the micelles. In the meanwhile, the LC decreases
due to the low proportion of the hydrophobic blocks. For
(PCL24)2(PDEA37-b-PPEGMA15)2 with the longest PDEA
blocks, their micelles from the cross-section views possess a
considerably thick mesosphere, which PDEA section (shown

Figure 10. In vitro drug release profiles of and DOX-loaded micelles at pH 7.4, pH 6.5 and pH 5.0.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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in pink color) is relatively large, thus their pH-sensitivity is
prominent. Moreover, the micelles also presented a good
DOX loading capacity due to the good compatibility
between DOX and PDEA. The (PCL38)2(PDEA26-b-
PPEGMA11)2 micelles may be relatively unstable as the pro-
portion of PPEGMA is small. The (PCL38)2(PDEA17-b-
PPEGMA9)2 micelles, which proportion of PCL blocks is
maximum, own a large size of the micelle core along with a
high EE. However, due to the small thickness of the PDEA
layer, the pH-sensitivity may not be so evident. According to
the above analysis, great drug loading capacity is determined
not only by the high EE of the hydrophobic block but also
the protective effect of the hydrophilic shell. Although the
EE of the micelles formed by (PCL38)2(PDEA17-b-
PPEGMA9)2 with the longest hydrophobic blocks was maxi-
mum, the structure of the drug-loaded micelles shown in the
simulation was of a loose shell leading to a weak protective
effect on the drug-loaded micelles, thus the stability of the
micelles may not in a high level. In a word, the well control
on the proportion of the hydrophilic and hydrophobic com-
ponents presents a profound influence on the design of
micelles with expected drug loading capacity.

According to the drug distribution and drug loading
capacity of the four micelles we have discussed above, lon-
ger hydrophobolic blocks do not always lead to high drug
loading, it depends on the compatibility between the target
drug and the hydrophobolic blocks, as well as the expected
drug concentration in the micelles. Generally, longer hydro-
philic blocks are in favor of the stability of the micelles but
result in lower drug loading. Conversely, the pH-sensitive
blocks also play an important role in the entrapment of the
drugs, especially when the pH-sensitive blocks have a good
compatibility of the drug.

The effect of polymeric structures on in vitro drug
release

The well control on the proportion of the hydrophilic and
hydrophobic components presents a profound influence on
the design of micelles with expected in vitro drug release,
especially the pH-sensitive blocks play a direct role. To
explore the effects of different block ratios on in vitro drug
release, DOX-loaded micelles were carried out at 37�C under
different pHs (7.4, 6.5, and 5.0), as shown in Figure 10. At
pH 7.4, (PCL)2(PDEA-b-PPEGMA)2 micelles were tight and
the release rates were slow, only 15%–25% of DOX were
released in 12 h, and approximately 28%–41% were released
after 96 h. At pH 6.5, the release rates were accelerated with
about 45%–57% of DOX were released after 96 h, due to
the partial protonation of the tertiary amine groups of DEA
contributed to the slight swelling of micelles. The release
rates of DOX were greatly accelerated at pH 5.0, about
33%–38% were released in 12 h, and almost 83%–96% in
96 h, which attributed to the looser micelle structures caused
by stronger protonation of tertiary amine groups in DEA
moieties at lower pH conditions. And the more PDEA con-
tent, the faster cumulative release of DOX. For example, the
cumulative release of DOX from (PCL24)2(PDEA37-b-
PPEGMA15)2 was almost 96% in 96 h, which released faster
than (PCL24)2(PDEA16-b-PPEGMA19)2 of 83% in 96 h. The
release rates significantly accelerated as the pH decreased
from 7.4 to 5.0, demonstrating that pH of the medium has a
strong effect on the DOX release from the (PCL)2(PDEA-b-
PPEGMA)2 micelles.

Combining the experiment results and the DPD simula-
tions of DOX distribution and the change in the morpholo-
gies of the micelles at different pH conditions, the drug
release was analyzed. The amount of the released drugs in
pH 5.0 was much larger than those in pH 6.5 and pH 7.4
owing to more pH-sensitive blocks are extended in pH 5.0.
The amount of DOX released from the micelles formed by
the polymer with more PDEA blocks was faster than that
with less PDEA components: (PCL24)2 (PDEA37-b-PPEG-
MA15)2> (PCL38)2 (PDEA26-b-PPEGMA11)2> (PCL38)2(P-
DEA17-b-PPEGMA9)2. It is probably because that a
considerable large amount of DOX is loaded in the PDEA
mesosphere (according to the discussion of the DOX distri-
bution), and when PDEA are protonated, the stretch of the
pH-sensitive chains promotes the release of DOX. Notably
although the PDEA chains are short in (PCL24)2(PDEA16-b-
PPEGMA19)2, the drug release rate is higher than those of
(PCL38)2(PDEA26-b-PPEGMA11)2 and (PCL38)2(PDEA17-b-
PPEGMA9)2. Because the length of hydrophobic components
in (PCL24)2(PDEA16-b-PPEGMA19)2 is small, the entrapment
of DOX is not tight and a large amount of the DOX mole-
cules distributed on the interface between the PPEGMA shell
and the PDEA layer, hence these drug molecules can release
easily. To sum up, the pH-sensitive blocks play a direct role
in controlling the release of the drug, thus the ratio should
be designed according to the drug release rate we expected.
Additionally, the drug distribution in the micelles can also
affect the drug release, which can be monitored by the ratios
of different blocks.

Herein, the pH-induced drug release mechanism is pro-
posed as a hypothesis based on visual inspection from the
simulations. As the pH decreases, the amine groups are pro-
tonated, resulting in a rapid increase on the hydrophilicity of
the PDEA chains, and subsequently the protonated PDEA
chains transform to an extended shape from a collapsed
shape, directly contacting to the aqueous solvent, which are
regarded as the channels for the diffusion of DOX mole-
cules, especially those distribute in PDEA intermediate layer
may rapidly diffuse into water through the channels. More-
over, the protonated PDEA chains extend to the aqueous
solution contacting to the water molecules, causing that the
micelles tend to absorb a significant number of water mole-
cules through the water molecule passages, which may gen-
erate a considerable pressure in the intermediate layer of
micelles. This portion of PDEAH blocks may become the
driving force for more water molecules to flow into the
micelles and promote the swelling of the micelles. Con-
versely, the release of the DOX loaded in the inner of the
core may be primarily controlled by diffusion, which is ben-
eficial to the sustained release of the drugs. By contrast, the
release of DOX from micelles which are unprotonated or in
a very low degree of protonation requires to pass through an
integrate shell and is primarily under the control of diffusion,
so the release rate in this case is very slow.

Conclusions

In summary, combined with experiments, DPD simulations
are successfully applied on the investigation of the drug-
loaded and pH-release property of the A2(BC)2 miktoarm star
polymers in neutral and acidic conditions, particularly the
effects of the block ratios of the polymers on the property of
the micelles were mainly discussed. The micelles containing
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more PDEA contents resulted in a more prominent increase in
Dhs and transmittance. The EE of DOX was higher as the
hydrophobic chains get longer and the micelles with higher
PDEA proportion presented a faster drug release rate. The
drug release process and mechanism of the micelles were pre-
dicted via a swelling-demicellization-releasing mechanism.
This multiscale study provides macroscopic and mesoscopic
insight into the exploration of smart the drug delivery system,
which might be useful for the optimization of the polymer
structures. Also, the study demonstrated that the micelles
formed by the pH-sensitive A2(BC)2 miktoarm star polymers
might be a promising carrier for hydrophobic anticancer
drugs, achieving controlled and sustained drug release.
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