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ABSTRACT: We present a mesoscopic simulation study of doubly
thermoresponsive self-assemblies, revealing previously unknown
dynamic behavior and proving experimental hypotheses. By
explicitly modeling internal energy as a degree of freedom of
coarse-grained particles, we simulated the thermally induced self-
assembly process triggered by the evolution of temperature over
time and space. We found that both external and intrinsic factors
are responsible for altering the assembly pathway of thermores-
ponsive micelles and hence determining the final aggregate
morphology. We identified a frequency regime where thermores-
ponsive unilamellar vesicles can sustain repeated heating−cooling
cycles in a thermal loading test, and we quantified the collapse
probability and half-life of the vesicles under frequencies that cause
vesicle destruction. Two molecular movement modes dominate, namely flip and slip, in thermoresponsive bilayer membranes
during the inversion of composition. We demonstrated that doubly thermoresponsive micelles and vesicles, as potential drug
delivery vehicles, exhibit distinct hydrodynamic behavior when flowing through capillaries whose temperature spans across the
inversion temperature of the carriers.

1. INTRODUCTION

Thermoresponsive polymers constitute a unique class of smart
materials1−3 that have received increasing attention due to their
unique potential applications in fields such as drug delivery4−9

and nanotechnology.10−13 Above a certain critical temperature,
a thermoresponsive polymer exhibits a sharp transition of
solubility, manifested on the phase diagram either as an upper
critical solution temperature (UCST) or a lower critical
solution temperature (LCST). Simply put, a UCST polymer
dissolves above its critical temperature, whereas an LCST
polymer precipitates.
Akin to conventional amphiphilic copolymers,14,15 copoly-

mers with multiple thermoresponsive blocks16−20 can form
highly tunable self-assemblies which can be engineered for
various applications.21,22 While a quantitative understanding of
the rich dynamic behavior of doubly thermoresponsive self-
assemblies is vital for the efficient fabrication and utilization of
these materials, experimental characterization can be laborious
considering the vast parameter space generated by the
combination of UCST/LCST behavior and transition temper-
ature of each constituting block as well as environmental
factors. In this paper, we present a study of the behavior of
doubly thermoresponsive micelles and vesicles through
computer simulations using a new energy-preserving dissipative
particle dynamics (eDPD) model,23−25 an extension of the
classical dissipative particle dynamics (DPD) method.

DPD is a mesoscale particle simulation technique where each
particle represents a cluster of atoms. A rigorous derivation of
DPD from the Mori−Zwanzig formulation has been presented
in a series of papers.26−30 Among various molecular modeling
techniques, DPD has been proven to be a powerful tool for
mesoscopic modeling of soft matter due to its capability in
reproducing both static and dynamic properties of the
system.31,32 The classical DPD formulation integrates a built-
in pairwise thermostat that effectively maintains the system
temperature at a target value. Being a valuable feature for most
simulation scenarios that require isothermal conditions, this
thermostat turns out to be an obstacle for studying temper-
ature-related phenomena. The eDPD formulation allows us to
overcome this limitation by modeling (at a coarse-grained
molecular level) internal energy as a degree of freedom of the
particles and therefore to calculate temperature-dependent
pairwise interaction parameters on a per-particle basis. This
capability allows us to model the transient and local behavior of
thermoresponsive block copolymers under different heating
rates and in flow fields with uneven temperature distribution.
The eDPD formulation, together with auxiliary functionalities,
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was implemented into the GPU-accelerated LAMMPS package
USERMESO.24

2. METHOD
Our eDPD method23 extends the original DPD framework33 by
explicitly modeling each particle’s internal energy as a degree of
freedom:
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where t, ri, vi, fi, mi, Ti, qi, and Cv denote time, position, velocity,
force, mass, temperature, heat flux, and heat capacity of DPD
particles.
The force fi acting on each particle consists of three pairwise-

additive components, i.e., a conservative one, a dissipative one,
and a random one:
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Here Tij = (Ti + Tj)/2 is the pairwise local temperature
between particle i and j. A common choice for the pairwise
repulsive force coefficient aij(Tij) that reproduces the
compressibility of water is
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The noise level σij and the pairwise friction coefficient γij are
related to each other through the fluctuation−dissipation
theorem:34

σ γ= k T2ij ij ijB (8)

The pairwise heat flux also consists of three components:
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while the contact heat flux coefficient kij and random heat flux
level βij can be determined as
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The following weight functions were used in this study for
forces and heat fluxes:
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The affinity between different types of DPD particles is
controlled by the conservative force coefficients aij. A value
bigger than the reference value aij* ≐ 75 kB T/ρ indicates that
the particles are immiscible, while a smaller value indicates
good compatibility. In order to reproduce the temperature-
dependent behavior of LCST and UCST polymers, we set the
excess repulsion δaij ≐ aij − aij* to be a sigmoidal function of
T:25
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As visualized in Figure 1, δaij
0 defines the maximum excess

repulsion, while negative and positive values of ω give rise to

LCST and UCST behaviors, respectively. The magnitude of ω
determines the sharpness of the transition.The complete form
of the temperature-dependent conservative force coefficients
therefore becomes
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We carried out the simulations in reduced units. The
dimensionless temperature T, length L and mass m are scaled
from their physical counterparts T*, L*, and m* with a
reference scale T0 = 300 K, L0 = 2.99 nm, and m0 = 4000 Da:23
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where m0 is determined using the density of water and a DPD
particle number density ρn = 4.
The measured diffusivity DP of the solvent beads, each

representing 222 water molecules (Nw = 222), is 0.305 in the
dimensionless units. By connecting this to the experimental
self-diffusivity of water DW = 2.43 × 10−9 m2/s, the time scale
can be determined as35

Figure 1. Pairwise repulsive coefficient aij as a function of temperature
as determined by eq 17.
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A time step size of δt = 0.01 τ was used throughout the study.
To verify the ability of our proposed eDPD model in

reproducing the temperature-induced conformational variation
of thermoresponsive polymers near the θ temperature, we plot

the time-averaged per-monomer radius of gyration
R

N
g

2

of a

single polymer chain versus temperature and contour length as
obtained from ensemble-averaged equilibrium eDPD simu-
lations. With aij* = 10.0, δaij

0 = 27.5, ω = 100, we observe the
lines for different chain length converge at the θ temperature as
shown in Figure 2A. This is in qualitative agreement with
ref.36,37 as in Figure 2B.

Detailed simulation setup for each specific system can be
found in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Thermoresponsive Micelles. Consider the behavior
of micelles formed by a LCST-UCST diblock copolymer upon
heating and denote by θL and θU the critical temperature of the
LCST and UCST blocks, respectively. Given a temperature
range of [T0, T1] that the system may experience, the
combination of LCST and UCST behavior and the relative
difference between θL, θU, T0 and T1 gives rise to five possible
cases of thermally induced assembly as revealed by our eDPD
simulations and summarized in Table 1. In case A, the LCST
block and the UCST block share the same critical temperature.
In this case, an inversion of the micellar core−shell structure was
observed upon heating from below the critical temperature to
above due to an interchange of solvent affinity of the polymer
blocks. In case B, the UCST block has a critical temperature
above the highest temperature simulated and hence was always
hydrophobic during the simulation. In this case, the polymers
formed micelles at low temperature but Janus-like globular
aggregates at high temperature as the LCST block lost
hydrophilicity upon heating. In case C, the LCST block has a
critical temperature below the lowest temperature accessible by
the simulation and therefore was always hydrophobic. In this
case, the polymers formed hydrophobic globular aggregates at
low temperature but micelles at high temperature as the UCST
block gained hydrophilicity upon heating. Cases B and C can be
effectively viewed as the first and second half of the process in
case A. In case D, the UCST critical temperature is low enough
to render the UCST blocks constantly hydrophilic. The
polymers assembled into micelles from a uniform dispersion
as the LCST block lost hydrophilicity upon heating. Case E is

Figure 2. (A) Temperature dependence of the conformation of single
polymer chains reproduced by the eDPD model. (B) Radius of
gyration and hydrodynamic radius of Poly(N-isopropylacrylamide)
single chain observed by light scattering experiments. Reprinted with
permission from ref 36 Copyright 1995 American Chemical Society.

Table 1. Five Thermally Induced Assembly Scenarios Leading to Fundamentally Different Structurea

aA label is assigned to each scenario for later discussion. Snapshots of the systems over the heating process are given in the last column. LCST and
UCST blocks are in red dashed and green solid lines, respectively. Background colors of the simulation boxes indicate temperature ranging from 288
(blue) to 312 K (red).
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simply the inverse of case D. Cases D and E can be regarded as
the process of drug loading and unloading into/from the
hydrophobic core of the micelles, respectively.
Given the nonequilibrium nature of the inversion of

thermoresponsive micelles, it is natural to expect that the
process can be controlled by adjusting the rate at which solvent
affinity changes.38 To probe this, we simulated case A again
with two replicas from exactly the same initial configuration.
The first replica underwent a smooth heating procedure, while
the second one experienced a sharp temperature jump. In the
first replica, large aggregates formed via the fusion of smaller
ones at around T = 300 K, i.e., the θ temperature of the blocks.
These aggregates eventually formed large spherical micelles as
visualized in Figure 3A. In the second replica, fast heating

quickly generated large numbers of small micelles with a
narrower size distribution as illustrated by Figure 3B.
Therefore, it is possible to use the heating rate to tune the
size distribution of thermoresponsive micelles.39

The critical temperature, as an intrinsic property of the
polymers, also significantly affects the inversion dynamics. The
difference Δθ ≐ θU − θL between the critical temperatures of
the blocks in a copolymer is more informative than the absolute
values because the latter can be always tuned with respect to a
target temperature.40,41 Therefore, we simulated UCST−LCST
diblock copolymers of different Δθ subjected to a gradual
heating process and characterized the process in Figure 4 using
direct visualization and the average radius of gyration Rg of the
polymers.
Large positive Δθ, as shown in Figure 4A, yielded V-shaped

Rg curves with a deep valley followed by a high plateau. A max-
min difference of up to ∼0.83 nm indicates that the polymer
chains deformed significantly at intermediate temperatures. The
reason is that the LCST blocks lost hydrophilicity quite early at
a low temperature, while the UCST blocks only became
hydrophilic at a relatively high temperature. As a result neither
block was soluble at intermediate temperatures. This led to
large chain deformations during the consequent aggregate
formation and fusion process. An overall increase of ∼0.35 nm
in Rg was observed at the end of the process. This is mostly
contributed by the LCST blocks whose Rg increased by ∼0.4
nm as shown in Figure 4B. Meanwhile the Rg of the UCST
blocks slightly decreased by ∼0.05 nm.
If Δθ is negative or close to zero, the Rg curves are W-shaped

with two shallow minima as shown in Figure 4A. The two
minima correspond to the solvation of the UCST blocks and
the precipitation of the LCST blocks. The solvation events
happened before the precipitation, resulting in an intermediate
state of fully dispersed polymer solution. This may result in a
thorough release of the payload due to the complete

Figure 3. Fast heating gives rise to smaller micelles with a sharper size
distribution: (A) morphological change of micelles in fast and slow
heating; (B) size distribution of the micelles after inversion.

Figure 4. Two slow-inversion pathways, i.e. disintegration-reintegration and aggregation-fission, exist depending on the critical temperature of the
LCST (red) and UCST (green) blocks. (A and B) average radius of gyration (Rg) of LCST−UCST molecules of different Δθ during the slow
inversion. (C) A jump in the final average radius of gyration of the micelles versus the separation indicates a high sensitivity between the LCST and
UCST θ temperature and the pathway taken. (D) Snapshots of the micellar systems during the inversion process for Δθ = 3 and 6 K.
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disassembly of thermoresponsive micelles. The change in
average Rg after the inversion is negligible because the increase
of the LCST blocks is canceled by the decrease of the UCST
blocks as shown by Figure 4B. The average size of the obtained
micelles is small and similar to those formed in the fast heating
scenario, because no aggregate formation or fusion process
occurred.
We observed that the final average Rg of the polymers is

highly sensitive to Δθ as indicated in Figure 4C. A bisection
search revealed the existence of a critical temperature Δθc =
4.08 K, around which a slight difference in Δθ could result in a
sharp change in Rg. This can be considered together with a
direct visualization of the micellar morphology evolution for Δθ
= 3 and 6 K as given in Figure 4D. A disintegration-
reintegration process occurred when Δθ = 3 K, while an
aggregation-fission process occurred instead when Δθ = 6 K,
where toroidal micellar intermediates formed and eventually
broke down into spherical micelles. It is the alteration between
the disintegration-reintegration and the aggregation-fission
pathway that gives rise to this sensitive response of Rg with
respect to Δθ. We also note that a sharp temperature jump
always direct the system into the disintegration-aggregation
pathway irrespective of Δθ.
3.2. Thermoresponsive Vesicles. Under certain con-

ditions, a unilamellar vesicle (ULV) formed by a L2N5U2
triblock copolymer may invert by switching its surface and
internal thermoresponsive blocks reversibly as shown in Figure
5A. The L and U blocks are LCST and UCST, respectively,
while the N blocks are nonresponsive hydrophobic blocks. The
evolution of the radial density distribution ρ(r) for each type of
polymer blocks during one inversion is given in Figure 5B. An
interchange of the shapes of LCST and UCST density
distribution is observed. The peaks of the curves raised or
lowered vertically over time instead of shifting horizontally,
while the density distribution of the nonresponsive blocks only
displayed minor change. This indicates that the molecules did
not invert collectively in a lock-step fashion but rather by
diffusing through the wall formed by the nonresponsive blocks.
The collapse and subsequent release of the containing fluid

of a vesicle is a stochastic event due to the metastable nature of
ULVs,42 and is critical in designing vesicle-based drug carriers.
To quantify this behavior, a thermal loading test was performed
in which 576 ensembles each containing a single ULV were
subjected to repeated heating−cooling cycles of frequencies
ranging between 5 μs/cycle and 1.25 ms/cycle. As shown in
Figure 5C, both very high and low thermal loading frequencies
eventually led to the collapse of the vesicles in all ensembles.
For these cases the collapse probability distribution parameters,
mean survival time, and half-life were estimated and given in
Table 2. The disruption of vesicle structure under the 5 and
12.5 μs/cycle loading frequencies can be attributed to the
constant changing of hydrophilicity of the thermoresponsive
blocks at a pace faster than that of a complete inversion. The
collapse of vesicles at very low frequencies is likely a
consequence of the system staying too long near the θ
temperature, where both thermoresponsive blocks were weakly
hydrophobic. At intermediate frequencies, however, up to 50−
70% of the vesicles can survive for a long time after a short
knockout phase which destroyed the less stable ones.
3.3. Molecular Mechanism of Thermally Induced

Inversion. An intriguing question arises concerning how an
individual molecule behaves during thermally induced inversion
to accomplish the switching of overall composition in

thermoresponsive self-assemblies.43 To answer the question,
we employed the proper orthogonal decomposition (POD)

Figure 5. Thermoresponsive vesicles invert by diffusion and respond
differently to various thermal loading frequencies. (A) A vesicle
formed by L2N5U2 thermoresponsive block copolymer can invert
repeatedly when subjected to thermal loading cycles and may collapse
irreversibly. (B) Radial density distributions of polymer blocks during
one inversion. (C) At both high and low frequencies, vesicles collapse
completely, but at intermediate frequencies many vesicles can survive
for a long time. LCST, UCST, and nonresponsive blocks are shown by
red dashes, green solids, and gray, respectively.

Table 2. Survival Rates and Estimated Collapse Probability
of Vesicles under Different Thermal Loading Frequenciesa

p(t;a,b) = [ta−1/
Γ(a)ba]e−t/b

period
survived
(%) a b

mean lifetime
(ms)

half-life
(ms)

5 μs 0.0 1.170 0.239 0.28 0.21
12.5 μs 0.0 0.394 23.10 9.11 3.25
25 μs 47.2 ∗ ∗ ∗ ∗
50 μs 58.3 ∗ ∗ ∗ ∗
125 μs 58.3 ∗ ∗ ∗ ∗
0.25 ms 54.2 ∗ ∗ ∗ ∗
0.50 ms 70.8 ∗ ∗ ∗ ∗
1.25 ms 4.2 0.461 29.07 20.36 8.59

aAn asterisk indicates a field that cannot be estimated reliably due to
the long tail of the failure probability.
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method to extract patterns, or modes, from noisy molecular
trajectories.
A membrane in periodic space, as displayed in Figure 6B, was

used as a zoomed-in model for studying the motion of

individual chains in a vesicle during thermally induced
inversion. The first eight most energetic POD modes are
shown in Figure 6A, where the red and green lines correspond
to the trajectories of the UCST and LCST block in the
direction perpendicular to the membrane. The modes are
captioned by the percentage of molecules that belonged to the
mode as classified using a nearest-neighbor algorithm under
cosine similarity (see Supporting Information for details of the
POD analysis). The two dominant modes, combined with
examples as given in Figure 6C, can be interpreted as such: 1)
in the first mode, the trajectories of LCST and UCST blocks
cross once, thus indicating that the molecule f lips during the
process; 2) in the second mode, the two trajectories move from
above zero to below in parallel, indicating the molecule slips
from one leaflet of the membrane into the other one without
rotation. The other modes represent higher frequency
oscillations due to the stochastic nature of the molecular
movement. Surprisingly, 21.5% of the molecules in fact
assumed the slip mode and hence did not invert orientation
although the membrane inverted its overall composition. This
exchange rate is significantly higher than the spontaneous flip-
flop rate between leaflets of lipid membranes44 and may be
used as a means of cross-membrane signaling for thermores-
ponsive polymersomes.

3.4. Thermoresponsive Self-Assemblies in Flow. The
dynamics of self-assemblies in flow is an important concern in
designing thermoresponsive drug delivery systems. After
injection and propagation in the patient’s circulatory system,
thermoresponsive drug carriers will eventually reach the
capillaries at the target site where they release the payload in
response to local thermal conditions.6 At this scale, the two-
phase nature of blood dominates and results in the
concentration of most drug carriers in a cell-free layer
(CFL)45,46 of ca. 1−2 μm in thickness for hematocrit level at
45%.47,48 To emulate this condition and probe the dynamics of
thermoresponsive carriers in the CFL, we simulated micelles
and vesicles in a periodic cylindrical tube of length l = 800 nm
and radius r = 60 nm. The first half of the tube wall was heated
up above the transition temperature of the polymer blocks,
while the second half was cooled down below the transition
temperature. A pressure gradient was applied to drive the
carriers to flow through the two regions of different
temperature.
As Figure 7A demonstrates, a micelle formed by one LCST

block and one hydrophilic block disintegrated completely after

crossing the thermal interface, while a LCST-UCST micelle
underwent shape transformations each time it crossed the
boundary between the two temperature zones. The release of
payload molecules or nanoparticles can be achieved in both
cases as a result of the exposure of the original micellar cores. In
addition, the LCST-UCST micelle tended to slow down while

Figure 6. POD analysis reveals two dominant molecular movement
modes, i.e., flip and slip, during membrane inversion. (A) POD modes
of UCST and LCST block trajectories during membrane inversion.
(B) Bilayer membrane formed by the L2 N5 U2 thermoresponsive
block copolymer. (C) Examples of molecules following the f lip and slip
modes (see also Supporting Information, Video 1 and Video 2);
surrounding molecules are rendered as gray lines. Dashed lines
represent exact trajectories, while solid lines are smoothed versions of
the trajectories reconstructed from the eight most energetic POD
modes. LCST, UCST, and nonresponsive blocks are colored in red
dashes, green solids, and gray, respectively.

Figure 7. Thermoresponsive micelles experienced deformation and
resistance when traveling through thermal interfaces while a
nonresponsive micelle was not affected (see also Supporting
Information, Video 3). (A) Top: snapshots of a LCST-hydrophilic
micelle in the tube at 0.19, 0.32, and 0.46 ms. Middle: Snapshots of a
LCST-UCST micelle in the tube at 0.21, 0.34, and 0.46 ms. Bottom:
snapshots of a nonresponsive micelle in the tube at 0.19, 0.31, and 0.44
ms. (B) Mean temperature, lateral velocity, and solvent interaction
energy of the micelle along the tube.
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approaching the interface but accelerate afterward due to the
surface energy change associated with the temperature jump as
quantified by Figure 7B. By contrast, a nonresponsive micelle
did not exhibit this type of behavior. It remained stable and
traveled at almost constant velocity along the tube and
eventually outran the LCST-UCST micelle after several cycles.
Diffusion through the hydrophobic core is the major approach
of payload releasing for this nonresponsive micelle due to its
structural stability.
A vesicle assembled by nonresponsive amphiphilic polymers,

as shown in Figure 8A, remained intact after traveling through

thermal interfaces for more than 30 times, while a
thermoresponsive vesicle collapsed and lost its containing
fluid after crossing thermal interfaces for the third time as
shown in Figure 8B. A 200-ensemble simulation showed that
on average a thermoresponsive vesicle can cross thermal
interfaces for 2.24 ± 1.24 (SD) times before collapsing.
3.5. Related Work. Self-assemblies formed by thermores-

ponsive copolymers have been observed experimentally to
switch their inside and outside blocks following a change in
ambient temperature.43 However, there is a lack of details on
how the inversion proceeds in terms of the dynamics of
individual polymer chains. In absence of direct data on the
inversion dynamics of thermoresponsive polymers, we consider
experimental work reporting the morphology and inversion
dynamics of pH-sensitive polymer aggregates as a close
analogue for comparing against our simulation results. Wang
et al.49 examined the inversion dynamics of micelles formed by
PVBA−PMEMA diblock copolymers using a stopped-flow

apparatus with light scattering detector. They found that the
inversion from VBA−core to MEMA−core follows a fusion-
disintegration-reintegration pathway, while the inversion from
MEMA−core to VBA−core proceeds by micelle splitting.
Similar events can be found in Figure 4 but in a different
ordering of the events. Liu and Eisenberg50 studied the
inversion dynamics of vesicles formed by PAA−PS-P4VP
triblock copolymers and postulated that the inversion involves
the diffusion of polymer chains through a softened wall but did
not provide evidence. We provide a systematic and quantitative
evidence for this as shown in Figure 5, which characterizes the
evolution of block density distribution, as well as the molecular
movement modes analysis as detailed in section 3.3.
The classical DPD method has been used for the study of

various thermoresponsive polymer systems such as micelles,51

self-regenerating gels,52 multilayered polymersomes formed by
asymmetric thermoresponsive brushes,53 and model lip-
osomes.54 However, in these studies, the interaction between
the thermoresponsive polymer and solvent is either defined as a
function of the global system temperature T or simply adjusted
manually at a given point during the simulation to mimic the
thermoresponsive effect. This is an artificial consequence of the
pairwise thermostat of the classical DPD method which
constraints the system in an isothermal state. As a result only
equilibrium properties or dynamic processes incurred by an
infinitely sharp temperature jump can be reliably studied. In our
eDPD model, however, the pairwise repulsion only depends on
the local temperature Ti and Tj of the two interacting particles
and hence allows the study of nonisothermal processes and
systems.

4. CONCLUSION

We have performed systematic mesoscopic simulations to
elucidate the molecular mechanisms and quantified the
dynamics of self-assemblies formed by doubly thermorespon-
sive block copolymers. We simulated several scenarios of
micelle formation and destruction, and examined factors that
affect the inversion process of micelles of dual thermores-
ponsivity. We discovered two different micelle inversion
pathways during slow temperature change depending on the
solubility of the polymers at intermediate temperatures. We
identified a frequency regime where thermoresponsive
unilamellar vesicles can invert reversibly in repeated thermal
loading cycles and quantified the failure probability of the
vesicles under frequencies that cause instability. We found that
thermoresponsive bilayer membranes exhibit a very high ratio
of molecular migration between the two leaflets during
thermally induced inversion. Simulations of micelles in a
small vessel revealed the unique behavior of thermoresponsive
micelles in flow fields with uneven temperature distribution.
We discovered some surprising mesoscopic molecular behavior
and provided new evidence for theoretical hypotheses. Our
work demonstrated the capability and potential of mesoscopic
computer simulation in assisting and accelerating the design
and optimization of complex self-assembly structures consisting
of thermoresponsive polymers.
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