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ABSTRACT: Unimolecular micelles composed of a single polymeric
molecule have recently attracted significant attention in anti-cancer
drug delivery due to their high thermodynamic stability and small
particle sizes. Applying the prodrug strategy to unimolecular micelles
may provide superior nano-drug carriers with simultaneous high
stability, low drug leakage, and well-drug loading capacity. However,
the formation mechanism of the unimolecular prodrug micelles, the
superiority of the prodrug strategy, as well as the prodrug controlled
release mechanism were scantily understood at the mesoscopic scale.
In this work, dissipative particle dynamics mesoscopic simulations were
employed to investigate the self-assembly behavior, formation
conditions, drug distribution regularities, and the prodrug release
process of the star-like polymeric prodrug unimolecular micelles
formed by β-CD-P[CL-co-(ACL-g-DOX)-SS-MPEG]21. A special bond-breaking script was used to accomplish the bond-breaking
simulation of the grafted DOX bonds and the disulfide bonds. Results showed that to form well monodispersed and superior DOX-
loaded unimolecular micelles, the polymer concentration should be well controlled at low volume fractions (≤10.59%), and the
detailed molecular structure of the polymer was suggested as β-cyclodextrin-P[caprolactone-co-(amino caprolactone-g-doxorubicin)-
disulfide-methyl polyethylene glycol]21) (β-CD-P[CL30-co-(ACL-g-DOX)8-SS-MPEG49]21). By comparison with the DOX physically
loaded micelles, it was found that the prodrug unimolecular micelles with DOX grafted on the polymer displayed no drug leakage
and superior drug loading capacity. Simulations on the prodrug release process showed that the prodrug unimolecular micelles
assembled by β-CD-P[CL30-co-(ACL-g-DOX)8-SS-MPEG49]21 would provide good dual pH/reduction-responsive DOX release
performance.

1. INTRODUCTION
Nano-drug delivery system has been demonstrated to be a
useful strategy for improving the therapeutic effect of
anticancer drugs and reducing their side effects due to the
existence of enhanced permeability and retention effect in
tumor tissues.1,2 Among them, nano-polymeric micelles
assembled from amphiphilic polymers have shown unique
advantages in enhancing the solubility of hydrophobic
anticancer drugs and being easy to functionalize.3−5

Although great achievements have been made in nano-
polymeric micelles, the stability of the polymeric micelles is
still needed to improve. Since both the formation and the
stabilization of conventional micelles require the polymer
concentration to be above the CMC value, when annotated in
vivo, the polymeric micelles will become thermodynamically
unstable under the influence of hemodilution and may
dissociate into individual molecules.6,7 Unimolecular micelles
can help to overcome this issue. As its name suggests, a
unimolecular micelle is composed of a single polymeric

molecular, which can be formed at low concentrations even
below the CMC, thus exhibiting better stability and not easily
influenced by environmental conditions or hemodilution,
which means showing an advantage of long periods of
circulation.8,9 Generally, the preparation of unimolecular
micelles is based on dendrimers,10 hyperbranched polymers,11

and star polymers.12,13Among them, star polymers are easier to
synthesize, and by regulating the ratio of their hydrophilic and
hydrophobic segments, one can easily obtain unimolecular
micelles with good performance of drug delivery.14

Despite many studies having demonstrated that the drug
delivery effect of nano-micelles has more advantages than that
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of conventional drugs, most polymeric micelles, including
unimolecular micelles, still have the problems of drug leakage
in advance during the drug delivery.15,16 These problems boost
toxic side effects at non-disease sites, lower the expected
therapeutic effect, and even cause multiple drug resistance.17

The prodrug’s polymeric micelles that connect the drug with
dynamic covalent bonds into the polymeric molecules can
efficiently overcome the problem of drug leakage in
advance.18−20 Moreover, compared with the physically drug-
loaded micelles, the drug-loading capacity of the prodrug
micelles is determined by the functional groups of the polymer,
which can be effectively improved by increasing the amount of
the corresponding functional groups.21,22 Therefore, applying
the prodrug strategy to unimolecular micelles may simulta-
neously overcome the problems of easy dissociation, drug
leakage in advance, and the low drug-loading capacity of the
traditional polymeric micelles.
In this work, wewould like to design a dual pH/reduction-

responsive star-like polymeric prodrug unimolecular micelles
β-cyclodextrin-P[caprolactone-co-(amino caprolactone-g-dox-
orubicin)-disulfide-methyl polyethylene glycol]21) (β-CD-
P[CL-co-(ACL-g-DOX)-SS-MPEG]21) for DOX delivery. In
this prodrug unimolecular micelles, β-CD is used as the center
of the polymer, providing 21 −OHs to synthesize a 21-arm
star-like block polymer.23 Amino caprolactones are inserted
into the hydrophobic PCL chain to provide binding sites for
doxorubicin grafted by 2,3-dimethyl maleic anhydride to form
pH-responsive β-carboxylic amide bonds, which would be
cleaved at the slightly acidic condition of tumor micro-
environment and release DOX.24 A disulfide linkage (−SS−) is
used to connect the hydrophilic MPEG block and the
hydrophobic chain, which has been demonstrated to be
effective in conferring the polymer reduction-responsive
characteristics.25

Using computer simulation methods to investigate the self-
assembly behaviors and drug loading/release behaviors of the
polymeric micelles at the mesoscopic level and subsequently
seek improving directions based on the simulation results is a
potential way to save the exploitation period. For example,
Guo et al. used the dissipative particle dynamics (DPD)
method to simulate the self-assembly and stimuli-response
behavior of the micelles formed by amphiphilic polymers and
deemed the DPD simulation a useful tool to provide
qualitative information for drug delivery systems.26 Wu et al.
investigated the structure−property relationship of star-like
polymer micelles with DPD simulation and provided
theoretical guidance for the structure design and proportional
optimization of polymer micelles.27 Zhou et al. simulated the
drug loading/release behaviors of unimolecular micelles and
further explained the difference between zwitterionic DDS and
PEGylated DDS at the mesoscopic level.28 Zhang et al.
reported the systematic design and application of unimolecular
star-like block copolymer micelles and revealed the formation
process of unimolecular micelles using DPD simulations.29 In
our previous work, by establishing a special disulfide bond-
breaking script, the self-assembly behavior of reduction-
responsive polymeric micelles and their drug release process
were studied, providing a practical mesoscopic simulation
approach for the polymeric micelles that involved the cleavage
of chemical bonds.30,31

Although abundant experimental studies of prodrug micelles
have been reported, their self-assembly and drug delivery,
especially drug release behavior, have been poorly investigated

at the mesoscopic scale.32 In this work, DPD simulations were
employed to investigate the self-assembly behavior and drug
controlled release process of the star-like prodrug polymeric
unimolecular micelles β-CD-P[CL-co-ACL(-DOX)]-SS-
MPEG. During this process, the formation mechanism of the
unimolecular prodrug micelles and the superiority mechanism
of the prodrug strategy that was scantily understood at the
mesoscopic scale were explored. The mechanism of how the
combination of pH-responsive β-carboxylic amide bonds and
reduction-responsive disulfide bonds improved the DOX
controlled release property was also discussed. This study
can provide valuable information for the experimental
optimization and property prediction of the dual pH/
reduction-responsive unimolecular prodrug micelles.

2. DPD SIMULATION
2.1. DPD Method. DPD simulation is a mesoscopic

simulation method that is suitable to study polydisperse
multiphase systems, such as the self-assembly behavior and
drug release process of polymeric micelles.33,34 In this method,
the molecular will be divided into several fragments known as
coarse-graining beads to avoid the large amount of computa-
tional work and conserve the key characteristics and behaviors
of systems. In the DPD simulation, the force (fij) between each
pair of beads is the sum of a conservative force (Fij

C), a
dissipative force (Fij

D), and a random force (Fij
R), which are

given by the following equations35,36
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where aij is the interaction parameter between beads i and j,
= | |r rij ij , = | |r r r/ij ij ij , = | |r r r/ij ij ij , σ denotes the noise strength, vij

= vi − vj, k is the Boltzmann constant, T denotes the system
temperature, ζ is a randomly fluctuating variable with zero
mean and unit variance, δt is the time step of simulation, ω(r)
=(1−r) for r < 1 and ω(r) = 0 for r > 1 are the r-dependent
weight functions. The interaction parameter aij can be
calculated by eq 430,37

= +a a 3.27ij ii ij (4)

where aii is equal to 25 according to the work of Groot and
Warren35,36 when the particle density is set as 3, χij is the
Flory−Huggins parameter. For polar components or compo-
nents with hydrogen bonding, χij can be calculated by eq 5

38

= E V
RT Vij

i j

mix r

(5)

where ΔEmix is the mixing energy of the binary components
obtained by the potential energy of the binary mixture, V is the
total volume, Vr is the reference volume, R is the gas constant,
and T is temperature; ϕi and ϕj are the volume fractions of
beads i and j, respectively.38

In the case of nonpolar components without hydrogen
bonding, χij is estimated by the following equation

39,40
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where δi and δj are the solubility parameters of beads i and j,
Vbead is the average of molar volumes of all the beads, which are
obtained by molecular dynamics simulations.
The spring force Fij

S = Crij describes the constraint between
the beads, which are connected in molecules. In this work, the
spring constant C was set as 4, a slightly smaller distance for
bonded beads compared to non-bonded ones, which is enough
to keep the adjacent beads connected along the polymer
backbone.
2.2. Coarse-Grained Models and Interaction Param-

eters. The self-assembly and drug delivery behavior of the
star-like polymeric prodrug unimolecular micelles β-CD-P[CL-
co-(ACL-g-DOX)-SS-MPEG]21 were investigated by DPD
simulations, whose coarse-grained models are shown in Figure
1. The polymer β-CD-P[CL-co-(ACL-g-DOX)-SS-MPEG]21

was divided into β-CD (violet), PCL (spry), ACL (mustard),
S1 (red), S2 (red), NCD (blue), and PEG (gray); DOX
(crimson) was divided into DOX1, DOX2, and DOX3; to
make the mass of all beads as close as possible, seven water
molecules were represented as a single water bead (steel blue).

The interaction parameters (aij) between different beads
were calculated according to our previous method30,41 and
listed in Table 1. In this work, 130.8 amu average mass, 204.3
Å3 average volume, and 3.7 Å average radius of each bead were
used. With the bead density set as 3, the cut-off radius Rc in the
DPD simulations was 8.495 Å. A 30 × 30 × 30 Rc3 box with
periodic boundary conditions was applied in each simulation.
The integration time step was set at 0.05 τ, where τ defined as
τ = (mrC2/kBT)1/2 is the reduced DPD time unit,35,36 and the
simulation step was 100,000 steps, which was found to achieve
the simulation equilibrium state.
2.3. Disulfide and β-Carboxylic Amide Bond-Breaking

for DOX Release Simulation. The disulfide (−S1−S2−)
and β-carboxylic amide (NCD-DOX) bond-breaking simu-
lations were carried out using a special bond-breaking script
developed on the nearest media-bead bond-breaking principle
according to the following four-step cyclic dynamic pro-
cesses:30,31

a. DPD coarse-grain models comprised of the pre-cleavage
disulfide (−S1−S2−) bead pairs or β-carboxylic amide
(NCD-DOX) bead pairs were constructed, and
imported the original bead forcefield.

b. Set probabilities of bond-breaking for S1 and S2 bead
pairs or NCD and DOX bead pairs, and the bonds
randomly broken based on probability.

c. Reassigned bead types for S1 and S2 bead pairs to be
S1H and S2H, or for NCD and DOX bead pairs to be
NCDH and DOXH, then ran a short step DPD
simulation to relax the cell.

d. Once the pre-assigned probability of bond breaking was
reached, the bond breaking process was terminated, or
the probability of bond breaking was reset and steps b−c
repeated.

With the cleavage of the disulfide bond, the hydrophilic SH-
PEG block departed away from the whole polymer, and
correspondingly, the S1 and S2 beads would transform into
S1H and S2H beads, while the cleavage of β-carboxylic amide
bond resulted in DOXH departed away, with the correspond-
ing ACL, NCD, and DOX3 beads transformed into ACLH,
NCDH, and DOX3H beads. Based on the output results of the
bond-breaking simulation, new interaction parameters would
be reassigned for the transformed beads to simulate the

Figure 1. Coarse-grained models of (A) β-CD-P[CL-co-(ACL-g-
DOX)-SS-MPEG]21, (B) β-CD, (C) water, and (D) DOX.

Table 1. Interaction Parameters (aij) between Different Beads Used in DPD Simulation

aij β-CD CL ACL ACLH NCD NCDH S1 S1H S2 S2H PEG DOX1 DOX2 DOX3 DOX3H water

β-CD 25.0
CL 50.0 25.0
ACL 50.0 27.3 25.0
ACLH 100.0 61.5 25.0 25.0
NCD 50.0 25.1 39.7 25.0
NCDH 100.0 55.1 21.6 25.0
S1 50.0 25.8 25.6 26.0 25.0
S1H 100.0 25.8 42.5 48.8 25.0
S2 50.0 25.8 25.6 26.0 25 25.0
S2H 100.0 25.8 42.5 48.8 25.0 25.0
PEG 50.0 32.5 27.5 27.1 26.7 24.1 30.0 22.3 30.0 22.3 25.0
DOX1 50.0 27.5 26.3 51.5 25.3 41.3 25.1 35.4 25.1 35.4 30.7 25.0
DOX2 50.0 30.4 25.3 26.8 25.8 28.8 25.6 26.4 25.6 26.4 26.8 26.3 25.0
DOX3 50.0 35.1 25.1 25.1 25.3 25.3 28.4 26.1 25.4 25.0
DOX3H 100.0 97.3 24.2 25.1 25.6 20.3 25.6 20.3 20.8 26.1 25.4 25.0
WATER 50.0 77.8 27.5 12.6 42.3 10.3 74.5 10.2 74.5 10.2 26.1 45.2 27.9 23.6 8.6 25.0
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reduction-responsive detachment of the protective PEG layer
and the pH-responsive DOX release process. In addition, the
pH value of this work was set as 5.0 to simulate the slightly
acidic condition of the tumor microenvironment, in which the
pH-sensitive β-carboxylic amide (NCD-DOX) bonds would
completely break.

3. RESULTS AND DISCUSSION
3.1. Self-Assembled Behavior of the Polymeric

Prodrug Unimolecular Micelles. In DPD simulation, the
self-behavior process could be observed through directly
mixing the polymer molecules with water beads in the box
and setting forcefield parameters to drive the system to achieve
a new dynamic equilibrium. The self-assembled evolution
process of the prodrug unimolecular micelles β-CD-P[CL30-co-
(ACL-g-DOX)8-SS-MPEG49]21 was captured by a series of
snapshots as shown in Figure 2A, with 10.59% volume fraction
of polymer and 89.41% volume fraction of water.

It was found that a star-like β-CD-P[CL-co-(ACL-g-DOX)-
SS-MPEG]21 molecule was expected to self-assemble into one
unimolecular micelle in an aqueous solution. At the beginning
(0 step), 10.59% volume fraction of β-CD-P[CL30-co-(ACL-g-
DOX)8-SS-MPEG49]21 which could exactly formed into five
star-like unimolecular micelles were randomly dispersed into
89.41% volume fraction of water. As the simulation went on,
caused by the spontaneous separation phenomenon of the
hydrophobic and hydrophilic blocks, the hydrophobic beads of
CL, ACL, and DOX aggregated to form the core of the
unimolecular micelles, while the hydrophilic beads of PEG
spread to the outside and formed the hydrophilic shell of the
unimolecular micelles (5000 steps). As the simulation step was
increased to 10, 000, or even continuing to increase the
simulation step to 100, 000, no obvious change was found on
the morphologies and sizes of the unimolecular micelles,
indicating that the microphase separation of this unimolecular
micellar system had reached dynamic equilibrium. The

Figure 2. Morphologies of the prodrug unimolecular micelles at different simulation steps (A) and the corresponding ROG curves (B).

Figure 3. Aggregation morphologies (A) at different polymer concentrations and their RDF curves (B) at the equilibrium state.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07371
ACS Omega 2023, 8, 4963−4971

4966

https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07371?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dynamic equilibrium could be further confirmed by the radius
of gyration (ROG) curves of PEG, PCL, ACL, and DOX
beads, as shown in Figure 2 (B). All the ROG curves remained
mostly unchanged after 10, 000 steps, mainly consistent with
the visual inspection of Figure 2 (A). It meant that the star-like
polymer β-CD-P[CL-co-(ACL-g-DOX)-SS-MPEG]21 could
self-assemble into unimolecular micelles with a significantly
shorter time compared to those non-unimolecular micelles
formed by linear polymers in the previous studies,30,31 which
was possible because the self-assemble of unimolecular micelles
took place inside the polymer molecules, and the intra-
molecular distribution of the hydrophilic and hydrophobic
segment was in accordance with the core−shell structure. This
indicated that the self-assembly time could be appropriately
shortened when preparing the prodrug’s unimolecular micelles.
3.2. Effect of Polymer Concentration on Micellar

Aggregation Morphology. By increasing the polymer
concentration in the simulation system, the unimolecular
micelles might form into multimolecular micelles or micellar
aggregates, as shown in Figure 3. When the initial number of
star-like β-CD-P[CL30-co-(ACL-g-DOX)8-SS-MPEG49]21 was
increased to 8 (16.95% volume fraction) and 11 (23.31%
volume fraction), the transition between unimolecular micelles
and aggregations was observed. Compared to the simulation
system with a 10.59% volume fraction of polymer, at
equilibrium state, large multimolecular aggregates and small
unimolecular micelles were both found in the two higher
concentration systems. While decreasing the initial number of
the polymer molecules to 2 (4.23% volume fraction), the
system kept well monodispersity the same as the system with
10.59% volume fraction of polymer. Cutaway views of the four
concentration micelles revealed the large multimolecular
aggregates showed a similar core−shell structure compared
to the small unimolecular micelles, despite the hydrophobic
cores of the multimolecular aggregates assembled by PCL and
ACL beads, together with most of the DOX beads, while in the
unimolecular micelles, most of the DOX beads were
distributed at the interface between the hydrophobic cores
and the hydrophilic shell. This could be further confirmed by
the radial distribution function (RDF) curves, which can
quantitatively describe the interior structure of the micelles. In
the RDF curves, the value of g(r) represented the chosen bead
distribution probability at the radial distance, with the
coordinate of the reference molecule as the micellar center.
As shown in Figure 3B, the three micelles had similar core−
shell structures that all the MPEG beads spread outside the
core to form the hydrophilic shell, and DOX, PCL, and ACL
beads assembled to form the hydrophobic core, though in the
unimolecular micelles, the peak of the RDF curve for DOX
beads appeared at the interface, which was consistent with the
cutaway views.
Therefore, to improve the monodispersity of unimolecular

micelles, the polymer concentration should be well controlled
in low volume fraction (≤10.59%) in this star-like β-CD-P[CL-
co-(ACL-g-DOX)-SS-MPEG]21 system.
3.3. Effect of PCL Chain Length on Micellar

Aggregation Morphology. In the star-like β-CD-P[CL-co-
(ACL-g-DOX)-SS-MPEG]21 molecule, the chain length of the
hydrophobic PCL block played an important role in the drug
loading capacity for its assembled unimolecular micelle. In
addition to form the micellar core, the hydrophobic PCL block
also afforded to reduce the steric hindrance of the grafted
DOX. Therefore, to improve the DOX loading capacity, the

chain length of the hydrophobic PCL block should be as long
as possible, while to avoid the aggregation of the unimolecular
micelles, the PCL chain length would be limited.
Here, DPD simulations on the prodrug unimolecular

micelles β-CD-P[CLx-co-(ACL-g-DOX)8-SS-MPEG49]21 with
four progressive PCL chain lengths (x = 20, 30, 40, and 50)
were performed, and the results are shown in Figure 4. It was

found that when the PCL chain length was 20 or 30, the
equilibrium aggregation morphology of the prodrug unim-
olecular micelles displayed well monodispersity, with five
unimolecular micelles existing, while when the PCL chain
length reached more than 40, the small unimolecular micelles
gradually formed into large multimolecular micellar aggrega-
tions, with only four or three aggregations existing.
Accordingly, to keep high monodispersity of the prodrug

unimolecular micelles, the PCL chain length was suggested to
be set below 40, while to achieve good DOX loading capacity,
the PCL chain length should be as long as possible. Therefore,
the PCL chain length in this system was suggested to be set as
30.
3.4. Effect of PEG Chain Length on Aggregation

Morphology. To decide the appropriate hydrophilic PEG
chain length, the contradiction between micellar stability and
DOX loading capacity should be fully considered. In the
unimolecular micellar system, the longer hydrophilic PEG
chain length could not only maintain the micellar stability
better but also play an important role in avoiding the
aggregation of the unimolecular micelles. However, the longer
hydrophilic PEG chain length often resulted in the lower DOX
loading capacity of the micelles.
In the DPD simulations of the prodrug unimolecular

micelles β-CD-P[CL30-co-(ACL-g-DOX)8-SS-MPEGm]21 sys-
tem, four different PEG chain lengths (m = 27, 38, 49, and 60)
were set, and their corresponding equilibrium aggregation
morphologies of simulation results are shown in Figure 5. It
showed that when the hydrophilic PEG chain length was 27 or
38, there were only four or three micellar aggregations existing
in the simulation box, indicating that some of the unimolecular
micelles were gathering into large multimolecular aggregates,

Figure 4. Equilibrium aggregation morphologies of the prodrug
unimolecular micelles with different PCL chain lengths.

Figure 5. Equilibrium aggregation morphologies of the prodrug
unimolecular micelles with different PEG chain lengths.
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while when the hydrophilic PEG chain length was 49 or 60, the
five unimolecular micelles kept well monodispersity in the
simulation box, due to their hydrophilic PEG chain length
being long enough to shield the aggregation tendency caused
by hydrophobic interaction of the micellar core. In order to
coordinate the stability of unimolecular micelles and their
DOX loading capacity, the hydrophilic PEG chain length was
suggested to be set as 49.
3.5. ACL Chain Length and DOX Loading Capacity. In

the drug delivery system of polymeric prodrug unimolecular
micelles, the drug loading capacity was associated with the
ACL chain length since the loaded DOX was directly grafted
on the amino group of the ACL segment. To enhance the
DOX loading capacity, the amounts of ACL should be as more
as possible. However, due to the hydrophobic nature of DOX,
simply pursuing high DOX loading would compel the
unimolecular micelles to aggregate. Therefore, the amounts
of ACL monomer in the polymeric molecule might be limited.
To obtain the appropriate ACL chain length of the polymer,

DPD simulations were carried out for the prodrug unim-
olecular micelles β-CD-P[CL30-co-(ACL-g-DOX)y-SS-
MPEG49]21 with four different ACL chain lengths (y = 5, 8,
11, and 14), and the results are shown in Figure 6A. It showed
that when the ACL chain length was 5 or 8, the polymer
micelles could maintain well monodispersity, while when it
increased to 11 or 14, one or two multimolecular aggregations
appeared. The relationships between drug loading efficiency
(DLE)/drug loading content (DLC) and ACL chain length
were further investigated to quantitatively analyze the drug
loading capacity of prodrug unimolecular micelles, as shown in
Figure 6C. The DLE and DLC were calculated by the
following equation42

=

×

DLE
DOX beads number loaded in the micelles

DOX beads number in the box
100%

(vol%)

(7)

=

×

DLC
DOX beads number loaded in the micelles

All beads number in the micelles
100%

(vol%)

(8)

In Figure 6C, it was found that the DLC value gradually rose
as the chain length of ACL, while the DLE values being set as
100% by default due to all DOX beads were grafted on the
ACL beads through NCD beads in the prodrug micelles
system. From the DLC curves, the chain length of ACL y = 14
would provide a higher DLC value than that of y = 5, 8, or 11.
However, to maintain the high monodispersity of the prodrug
unimolecular micelles, the ACL chain length was suggested to
be set as y = 8.
To verify the superiority of the prodrug strategy, contrast

DPD simulations of the DOX physically loaded micelles were
carried out with the same import parameters of the β-CD-
P[CL30-co-(ACL-g-DOX)y-SS-MPEG49]21 system except for
the chemical grafted DOX beads being replaced by the same
amount of free DOX beads, and the results are shown in Figure
6B. It was found that in the system of the DOX physically
loaded micelles, when the amount of free DOX beads
increased from equal to the β-CD-P[CL30-co-(ACL-g-DOX)y-
SS-MPEG49]21 system of y = 5 to equal to that of y = 14, not all
DOX beads could be completely encapsulated into the
polymeric micelles, and part of DOX beads were still floating
outside, which resulted in the diminution of both DLC and
DLE of the micelles, compared to the system of the prodrug
unimolecular micelles. As shown in Figure 6D, though the
DLC value gradually rose as the amount of feed DOX beads
increased, they were all lower than that of the corresponding
prodrug unimolecular micelles. For the DLE values, due to the
existence of free DOX beads, they were all less than 100%,
inferior to those of corresponding prodrug unimolecular
micelles. The cutaway views shown in Figure 6B revealed
that in the DOX physically loaded micelles, DOX beads were
only distributed on the surface of the micellar hydrophobic
core and almost no DOX bead entered the core. While the
cutaway views shown in Figure 6A showed that in the prodrug

Figure 6. Equilibrium aggregation morphologies and cutaway views of the prodrug micelles (A) and the DOX physically loaded micelles (B) and
DLE/DLC curves of the prodrug micelles (C) and the DOX physically loaded micelles (D).
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micelles, except for most of the DOX beads distributed at the
interface between the hydrophobic core and the hydrophilic
shell, when the amount of DOX beads increased, more and
more DOX beads appeared inside the hydrophobic core. It
further confirmed that the superiority of the prodrug strategy
on the drug loading capacity of the micelles.
On the other hand, by comparing the equilibrium

aggregation morphologies of the prodrug micelles in Figure
6A and the DOX physically loaded micelles in Figure 6B, it was
also found that the prodrug micelles could avoid drug leakage,
while in the DOX physically loaded micelles, drug release in
advance or drug leakage during the delivery of the micelles in
the aqueous solution could not be completely avoided.
3.6. Drug Release Performance of Prodrug Unim-

olecular Micelles. The ability of drug-controlled release in
targeted tissues was an important criterion to evaluate whether
the drug release behavior of micelles was enough for their
desired purpose. In this study, the DOX release behavior of the
prodrug unimolecular micelles β-CD-P[CL-co-(ACL-g-DOX)-
SS-MPEG]21 was achieved by dual responding to a slightly
acidic condition and a high concentration of glutathione in the
tumor microenvironment by the cleavage of β-carboxylic
amide (NCD-DOX) bonds and the disulfide (−SS−) bonds.
In our study, for pH-responsive and pH/reduction-responsive
release, the pH value in the tumor environment was set at 5.0
In this condition, when pKa = 6.9 was used, the protonation
degree of ACL, NCD, and DOX was 98.8%, which could be
calculated from the Hasselbach−Henderson equation.43 Here,
to simplify the simulation, it was assumed that all of the ACL,
NCD, and DOX beads changed into ACLH, NCDH, and
DOXH beads, which meant β-carboxylic amide was completely
broken. To predict the dual responsive behavior and better
understand the DOX release mechanism of the system, by
employing a special bond-breaking script, DPD simulations for

the pH-responsive and the dual pH/reduction-responsive
DOX release process were performed, respectively, and results
are shown in Figure 7.
As shown in Figure 7A, in the slightly acidic condition, the

pH-sensitive β-carboxylic amide (NCD-DOX) bonds would
break, leading to the release of DOX. First, the DOX beads
present a tendency to spread out of the micelles due to the
cleavage of β-carboxylic amide bonds and the protonation of
DOX3 (1000 steps). However, for the single pH-responsive
system, since the prodrug unimolecular micelles themselves
were thermodynamically stable and the hydrophilic MPEG
protective shell was still existing after the cleavage of β-
carboxylic amide bonds, the diffusion rate of the DOX beads
was slow (5000 steps), and most of the DOX beads clumped
distributed near the swelling micelles rather than completely
free (30,000 step). Significantly faster escape behavior of DOX
from the micelles was observed in the dual pH/reduction-
responsive system, due to the cleavage of the disulfide bonds in
the high concentration of glutathione, which resulted in the
gradual abjunction of hydrophilic MPEG protective shell,
(5000 steps), near disassembly of the micelles (10,000 step),
the most release of DOX (30,000 steps). This result could be
further supported by the RDF curves of DOX-PCL and PEG-
PCL in Figure 7B.
The hydrophobic PCL beads were generally located in the

original micellar center, which meant the RDF curves of DOX-
PCL and PEG-PCL could be used to quantitatively investigate
and analyze the DOX release behavior. As the simulation step
increasing from 0 to 30,000 in both the single pH-responsive
system and the dual pH/reduction-responsive system, it was
found from the RDF curves of DOX-PCL that the DOX beads
distributed in the PCL core gradually reduced, indicating the
DOX beads began to spread outside the micelles in the slightly
acidic condition. Compared to the single pH-responsive

Figure 7. DPD simulations for the pH-responsive and dual pH/reduction-responsive DOX release process (A) and their corresponding RDF
curves (B), MSD curves (C), and DOX release efficiency diagram (D) calculated from simulation results.
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system, the DOX diffusion rate in the dual pH/reduction-
responsive system was accelerated due to the cleavage of the
disulfide bonds in the reduction condition, which caused the
separation of the MPEG. As shown by the RDF curves of PEG-
PCL, in the single pH-responsive system, the peaks of the RDF
curves all appeared at around 50 angstrom radius, which meant
the PEG beads always distributed surrounding the PCL core
when the simulation step increasing from 0 to 30,000, and the
small divergence of the curves was mainly caused by the
swelling of the micelles. While in the dual pH/reduction-
responsive system, the separation of the MPEG from the
micelles led to the dramatic change of peaks of the RDF curves
when the simulation step increased, until the MPEG
completely dissolved into the surrounding water, which
resulted in the accelerated release of the DOX beads.
The mean square displacement (MSD) curves shown in

Figure 7C could theoretically compare the DOX release rates
between the single pH-responsive system and the dual pH/
reduction-responsive system as their slopes were directly
connected with the diffusion coefficient of the DOX. From the
MSD curves, it was intuitively embodied that the locomotion
activity of DOX beads in the dual pH/reduction-responsive
system was quite higher than that in the single pH-responsive
system, indicating its accelerated release of DOX beads. The
release efficiency diagram shown in Figure 7D was obtained by
evaluating the residual amount of DOX beads in micelles to
the total DOX beads. It was also shown that the DOX release
efficiency in the dual pH/reduction-responsive system was
obviously higher than that in the single pH-responsive system.
Therefore, it could be preliminarily concluded that the prodrug
unimolecular micelles assembled by β-CD-P[CL30-co-(ACL-g-
DOX)8-SS-MPEG49]21 would provide well dual pH/reduction-
responsive DOX release performance, and was worthy of
further experimental study.

4. CONCLUSIONS
DPD simulations on the self-assembly behavior and their
formation conditions of the star-like polymeric prodrug
unimolecular micelles formed by β-CD-P[CL-co-(ACL-g-
DOX)-SS-MPEG]21 showed that to form well monodispersed
and superior DOX-loaded unimolecular micelles, the polymer
concentration should be well controlled in a low volume
fraction (≤10.59%), and the detailed molecular structure of the
polymer was suggested as β-CD-P[CL30-co-(ACL-g-DOX)8
-SS-MPEG49]21. Compared the corresponding equilibrium
aggregation morphologies, cutaway views, and DLE/DLC
curves with those of the DOX physically loaded micelles, it was
found that the prodrug unimolecular micelles displayed
superior drug loading capacity and no drug leakage during
the delivery. Simulations on the prodrug release process
showed that the prodrug unimolecular micelles assembled by
β-CD-P[CL30-co-(ACL-g-DOX)8-SS-MPEG49]21 could more
effectively release DOX in the dual acidic and high
concentration of glutathione condition, which was confirmed
by the corresponding RDF curves, MSD curves, and DOX
release efficiency diagram. This study verified the superiority of
applying the prodrug strategy to unimolecular micelles on the
mesoscopic scale and provide theoretical guidance on structure
optimization and performance prediction of the unimolecular
micelles with dual pH/reduction-responsive release.
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