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ABSTRACT: The shape of polymer micelles is important for
pharmaceutical applications as drug delivery. In this article, an approach
inducing sphere-to-rod transition of multiblock polyurethane micelles has
been developed through introducing a second hydrophilic component
phosphatidylcholine group into the polymer chains. Time-resolved
dynamic light scattering (DLS), combined with transmission electron
microscopy (TEM), was employed to investigate the kinetics of
morphology transition. Moreover, a dissipative particle dynamics (DPD)
simulation method was applied to study the mechanism of sphere-to-rod
transition. These experimental and simulation studies revealed that the
hydrophilic phosphatidylcholine groups can create defects on the surfaces
of spherical polyurethane micelles, thus, making positive contribution to adhesive collisions and leading to the fusion of spherical
micelles into rod-like micelles. This finding provides new insight into the origins of rod-like polymer micelles, which is valuable
for the design and preparation of novel polymeric drug carriers with tailored properties.

I t is well-known that amphiphilic block copolymers can self-
assemble into nanoscopic core−shell micelles in aqueous

solutions. The hydrophobic blocks of the copolymer are
segregated to form the inner core that can encapsulate poorly
water-soluble drugs, and the hydrophilic blocks form the
corona or outer shell that makes the micelle water-soluble.
Therefore, polymeric micelles have long been well recognized
as excellent candidates for drug delivery carriers.1−6 In
particular, diblock and triblock copolymers, mainly based on
polyethylene glycol (PEG) and polylactide (PLA) or
polycaprolactone (PCL), have been extensively investigated
for their unique micelle structures in therapeutic and diagnostic
applications in the past decades.7−9 These polymeric micelles
can give rise to a variety of aggregate structures, such as
spherical micelles, ellipsoidal micelles, rod-like micelles (worm-
like micelles), disc-like micelles, vesicles, and large compound
micelles.10−12 Among them, rod-like micelles become more
attractive due to their high drug loading content,13 high surface
area for controlled release,14 prolonging circulation times in
vivo,15 and easy internalization into tumor cells.16,17 As a result,
great efforts have been devoted to studying the formation of
rod-like micelles.13−17 Generally, the rod-like micelles of
diblock and triblock copolymers can be obtained from their
sphere micelles by varying such factors as the block length,
polydispersity and molecular curvature of the copolymer,18

initial polymer concentration,19 temperature,20 the solvent
composition,21 the presence of additives (salt, acid, homopol-
ymer),22−24 solvent addition rate,25 crystalline nature of the
core-forming blocks,26 and so on. These factors play dominant
roles in changing the elastic free energy of the cores or
generating some defects on their surfaces.27 The aggregate

morphologies of block copolymers are controlled by a balance
of three contributions to the free energy of the system, the
stretching of the core-forming blocks, the repulsive interaction
among the corona chains, and the surface tension between the
micelle cores, which have been intensively investigated by
Eisenberg and co-workers.28−31

On the other hand, several researchers have been attracted to
developing multiblock copolymer micelles for antitumor drug
delivery that could conquer the shortages of diblock and
triblock copolymer micelles such as limited encapsulation,
initial burst, single function, and lack of control over both
micellization and drug delivery properties.32−34 In comparison
with traditional copolymers, these multiblock copolymers can
endow with more control over polymer self-assembly, enlarge
the structure diversity, and allow access to multicompartment
micelles and incorporation of extra functionality.35,36 Recently,
strongly motivated by these virtues of multiblock copolymers,
research in our group has been focused on the development of
biodegradable multiblock polyurethane micelles with various
structures and functionalities for drug delivery and bioimaging
applications,37−43 because biodegradable multiblock polyur-
ethanes possess good biocompatibility, excellent molecular
tailorability, and feasibility of incorporating functional moi-
eties.41 For example, gemini quaternary ammonium (GQA)
pendant groups used as cell internalization promoters were
effortlessly introduced into the polyurethane side chains with
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controlled charge density, and methoxy polyethylene glycol
(mPEG) end-capped the polymer chains played a key role in
further regulating the cationic intensity of carriers and
providing good protection of these positive polymers from
the reticuloendothelial system (RES).39,40 Phosphatidylcholine
group end-capped polyurethane chains provide biomimetic
structure to improve the biocompatibility, tumor cell uptake,44

and micellization characteristics.42 Interestingly, we discovered

that some rod-like polyurethane micelles could be easily
obtained without complicated controlling conditions in the
multiblock polyurethane systems containing two or more
different hydrophilic blocks. To the best of our knowledge, few
efforts have yet been made to explore the mechanism of rod-
like micelle formation of multiblock polymers.
In this paper, using phosphatidylcholine end-capped polyur-

ethanes as an example, sphere-to-rod transition of the

Figure 1. Structures of nonphosphatidylcholine polyurethane (PU) and phosphatidylcholine-capped polyurethane (PCPU).

Figure 2. Size distributions (a) and TEM images (b) of PU and PCPU2 micelles after 0, 3, 6, and 12 days of storage. The bars are 100 nm. The
initial concentration was 1.0 mg/mL.
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polyurethane micelles in aqueous solutions was directly
observed by dynamic light scattering (DLS) and transmission
electron microscopy (TEM). Dissipative particle dynamics
(DPD) simulation, a mesoscopic simulation method for
complex fluids originally developed by Hoogerbrugge and
Koelman,45,46 was employed in an attempt to explain the
mechanism of morphological transition. Additionally, drug
loading experiments were performed to confirm the benefits of
sphere-to-rod transition.
The phosphatidylcholine-capped polyurethanes previously
synthesized in our laboratory were employed in this study.42

The structures of these polymers are illustrated in Figure 1. The
polyurethane samples are denoted as PCPU1, PCPU2, and
PCPU3, of which the theoretical molar fraction of phospha-
tidylcholine is 4.88, 9.52, and 13.95%, respectively. Also,
polyurethane without phosphatidylcholine groups as a blank is
denoted as PU.
Polyurethane micelles were prepared by a dialysis method

(Supporting Information). It has been demonstrated that the
shape of drug delivery particles plays a key role in therapeutic
applications.11 Herein, the process of spherical-to-rod transition
of multiblock polyurethane micelles is disclosed. DLS was first
applied to detect the changes in size distributions of the
micelles over time. Figure 2a shows the hydrodynamic diameter
(Dh) distributions of PU and PCPU2 micelles after 0, 3, 6, and
12 days of storage. Bimodal distribution was observed for PU
micelles, and the primary micelles with Dh peaked at 20 nm
coexisted with the micellar aggregates peaked at 100 nm in the
beginning. Furthermore, their sizes and area ratios almost did
not change over a 12 day storage. For phosphatidylcholine-
capped polyurethane micelles, taking PCPU2 as an example,
bimodal size distribution was also observed at the beginning.
However, the amount of the primary micelles around 20 nm
was more than that around 100 nm in diameter. After 3 days of
storage, the number of the micelles around 100 nm increased,
and the primary micelle number correspondingly decreased. At
day 6, the transition trend still remained, and the size
distribution was slightly narrowed. As the storage time
increased to 12 days, there was a trimodal size distribution of
PCPU2 micelles. Apparently, a new peak at 80 nm appeared
between the two peaks at 20 and 300 nm owing to the
existence of three components in the system, including primary
micelles, micelle aggregates, and newly formed aggregates.
These results indicated that an increasing number of
unassociated primary micelles were incorporated into the
micellar aggregates for phosphatidylcholine-capped polyur-
ethanes.
To further understand the aggregation behavior of

phosphatidylcholine-capped polyurethane micelles, the size
variation of these micelles with time evolution was plotted in
Figure S1. It was found that all phosphatidylcholine-capped
polyurethane micelles had low initial sizes and their diameters
increased sharply over time. More phosphatidylcholine content
in these polyurethanes is favorable for a faster increase in size.
Taking PCPU2 micelle as an example, a 2.7-fold increase of
micellar size (from 30 to 80 nm) was attained with time
evolution. Contrarily, a minor increase of 20% in the average
diameter was observed for PU micelles without phosphati-
dylcholine in 12 days of storage, suggesting that hydrophilic
phosphatidylcholine groups contribute significantly to the
merging of polyurethane micelles.
To directly observe the aggregation process of phosphati-

dylcholine-capped polyurethane micelles, TEM was employed

to determine the morphologies of these micelles at different
time. Figure 2b displays the morphologies of PCPU2 and PU
micelles obtained by TEM after 0, 3, 6, and 12 days of storage.
It was observed that the PU sample first forms irregular micelles
of different sizes, and then gradually reorganizes into spherical
micelles with sizes ranging from around 20 to 100 nm over
time. The sizes of these spherical micelles remain unchanged
from 6 to 12 days of storage, suggesting that the micelle system
has reached a steady state without further merging of spherical
micelles into rod-like micelles. It should be noted that all the
average diameters of micelles observed by TEM are smaller
than those determined by DLS, because the samples for TEM
observations were dried micelles after solvent evaporation.47 In
contrast, the aggregation of phosphatidylcholine-capped polyur-
ethane micelles could spontaneously occur in storage (Figure
2b). At the beginning, the PCPU2 chains mainly self-assemble
into small spherical micelles with an average diameter of 20 nm.
After 3 days, most of the spheres have merged to form irregular
“pearl necklace” structures. With time evolution, the connection
of micelles continuously occur, and the pearl necklace
intermediates eventually reorganize to form rod-like micelles
to reduce the surface area of the aggregates. As a result, a
mixture of spherical micelles and rod-like micelles was observed
after 6 days of storage. After 12 days, most spherical micelles
have assembled into rod-like micelles, and small rod-like
micelles could further aggregate into larger ones or worm-like
micelles. The result is in good agreement with the DLS
measurement results for PCPU2, indicating that there were
three components (primary micelles, rod-like micelles, and
newly formed worm-like micelles) in the system. Apparently,
the growth of rod-like micelles was a spontaneous process
without any regulation. Nevertheless, it was found that the size
of micelles remained unchanged and the whole micellar
solution was stable over a period of months. A possible
explanation is that the free energy of rod-like micelles would be
increased by further increase of aggregation number, which is
thermodynamically unfavorable.31,48 In addition, there are also
some thick micelles with larger size in second dimension after
12 days (Figure 2b). This may be resulted from the overlay of
dried micelles. However, the further aggregation of rod- or
worm-like micelles should also be taken into account. More
work is needed to better understand this phenomenon.
As described above, the phosphatidylcholine-capped polyur-

ethane micelles could undergo a sphere-to-rod transition, while
polyurethane only containing hydrophilic PEG blocks forms
spherical micelles. This indicates that the phosphatidylcholine
group plays a key role in the sphere-to-rod transition of
polyurethane micelles. Similarly, we have previously found that
the incorporation of a second hydrophilic GQA component
into PEG-based multiblock polyurethanes can lead to the
formation of rod-like or worm-like micellar structures.40 In
another work, we have also demonstrated that when the
monoclonal antibody was covalently attached onto the surface
of polyurethane micelles, the micellar morphology was
transformed from spheres to cylinders.43 It is believed that
the morphology transition is not only caused by the unique
molecular structure of multiblock polyurethanes, but also
because the additional hydrophilic components incorporated
disturb the force balance governing the aggregation struc-
tures.31,49 Therefore, it is valuable to disclose the mechanism
that phosphatidylcholine groups capped onto polyurethane
chain ends can give impetus to sphere-to-rod transition of these
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polyurethane micelles. This will provide a novel avenue for
facile preparation of rod-like polymer micelles.
However, due to the small size of micelles, the aggregation

process of spherical micelle into rod-like ones can be hardly
observed from TEM images. Therefore, DPD simulation, a
powerful tool to study the morphologies of multicompartment
micelles formed from multiblock polymers in water,40,50−53 was
performed to provide more evidence of micelle aggregation. As
shown in Figure 3, PCPU2 molecules are disordered in
aqueous solution at the beginning (100 simulation steps). With
the step increased to 500 and 1000, the polymer molecules
begin to aggregate and form small micelles of various sizes,
because these lipophilic PLA blocks have the trend of
spontaneous aggregation in the aqueous medium.54 Aggrega-
tions of PLA gradually transform into spheres under the action
of surface tension, while hydrophilic PEG blocks get wrapped
on the surface progressively. As simulation progressed, more
and more micelles tend to aggregate together with size
increasing and number decreasing, and both spherical and
rod-like micelles are observed in the figures. Finally, only one
big spherical micelle and two rod-like micelles could be found,
and PEG and BPC were wrapped on the surfaces. By contrast,
the simulation results of PU present four spherical micelles at
100000 simulation steps, without any rod-like assemblies
formed during the simulation process (Figure 3a). These
results suggest that PCPU micelles containing phosphatidylcho-
line groups hold greater potential to undergo a sphere-to-rod
transition compared to PU micelles, which is in good
agreement with DLS and TEM measurements.
To study the kinetics of the sphere-to-rod transition, we

monitored the morphology transition of PCPU2 micelles via
both simulation and TEM. As seen from Figure 4, there are two
spherical micelles with PEG shell and several globs of
phosphatidylcholine aggregated on the surfaces at the
beginning. With time evolution, the two spheres get close,
and their PEG chains begin to intertwine with each other. PEG
on the surfaces and PLA in the cores continue to integrate, and
finally they fuse into a rod-like micelle. The simulation results
were consistent with the TEM images (Figure 4). Thus, the
sphere-to-rod transition of multiblock polyurethanes should be
attributed to the polar phosphatidylcholine groups self-

assembling onto the micelle surfaces excluded the PEG shell,
resulting in some defects on the micelle surfaces. The defects
lead to the exposure of PLA core chains onto the micelle
surfaces, which attracts to each other due to the interface
instabilities of sphere micelles.27 Eventually, sphere-to-rod

Figure 3. Micellar aggregation morphologies of (a) PU and (b) PCPU2 at 5% concentration with increasing simulation steps. The insets show
enlarged section views of micelles after 100000 step simulations. PLA, PEG, BPC, LDI, and BDO segments are represented by blue, red, green,
yellow, and cyan, respectively. To observe the aggregation behavior clearly, the water beads were not shown.

Figure 4. Sphere-to-rod transition of PCPU2 micelles observed via
simulation and TEM. The bar is 100 nm.
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transition occurs gradually. This phenomenon might also be
explained by Eisenberg’s theory.31,49 Exposed PLA core leads to
an increase in the stretching of the core-forming blocks, and the
repulsive interaction among the shell chains of different
micelles is reduced due to the defects on the PEG shell.
Therefore, the spherical micelles undergo adhesive collisions to
form rod-like micelles. This finding provides new under-
standing on the formation of rod-like polymer micelles, which
is valuable for the design and preparation of novel polymeric
drug carriers with tailored properties. Further work is being
carried out to apply this concept to other multiblock copolymer
systems.
It is well-recognized that rod-like micelles have shown

improved pharmacological effects compared to their spherical
counterparts.43,55 Herein, to verify the impact of morphology
transition on the drug loading capacity of multiblock
polyurethane micelles, the amount of antitumor drug PTX
loaded into different polyurethane micelles was illustrated in
Figure S2. It was found that PU micelle had a low drug loading
content of 4% with 7% encapsulation efficiency, while PCPU
micelles exhibited higher encapsulation capacity, of which drug
loading content and encapsulation efficiency were markedly
increased with phosphatidylcholine incorporation. Particularly,
the highest loading content and encapsulation efficiency of
10.97% and 50% were obtained for PCPU2 micelles,
respectively. These results are similar to those obtained in
our earlier work, where an improved drug loading content was
found for antibody-conjugated cylindrical micelles.43 Such an
increase of drug loading capacity is probably due to that the
formation of rod-like micelles can provide a larger core volume
for the encapsulation of therapeutic agents.56 In addition, it has
been shown that rod-like nanoparticles exhibit much more
rapid and efficient cell internalization, prolonged blood
circulation, and higher tumor uptake, as well as enhanced and
sustained antitumor effects compared to their spherical
counterparts.17,57 While several other reports have instead
found that spherical nanocarriers were internalized to a greater
extent than their corresponding rod-shaped or cylindrical
particles.58 In view of these controversial findings, the careful
design and fabrication of rod-like micelles with controlled
length and dispersity is clearly needed to optimize the
nanocarrier platforms for in vivo therapeutic applications.
Fortunately, the group of Winnik has recently developed a
crystallization-driven living self-assembly strategy to obtain
cylindrical micelles with precisely controlled length and
architecture.59 In our work, the structure and content of the
additional hydrophilic component can be tuned to change the
interface instability and the defect on micellar surface and, thus,
to provide more control over the sphere-to-rod transition.
In summary, the process of spherical-to-rod transition for
multiblock polyurethane micelles containing two different
hydrophilic components PEG and phosphatidylcholine groups
has been directly disclosed using DSL and TEM. The
mechanism of morphology transition is ascribed to the defects
on the sphere micelle surfaces generated by the second
hydrophilic component phosphatidylcholine groups, which
cause the fusion of sphere micelles into rod-like micelles, as
demonstrated by DPD simulation. The sphere-to-rod transition
can moderately increase the drug loading capacity of polyur-
ethane micelles. Therefore, our research is of great significance
in the control of micelle agglomeration and the preparation of
assemblies with desirable properties by molecular design.
Further works are currently being carried out in our group to

investigate the internalization of rod-like polyurethane micelles
by tumor cells.
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