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Abstract: A large variety of synthetic vesicles has been created
for potential engineering applications and as model systems
which mimic living organisms. In most cases, the structure is
designed to be thermodynamically stable. However, mimicking
dynamic behaviors of living vesicles still remains undeveloped.
Herein, we present a synthetic vesicle which shows autonomous
disintegration–reconstruction cycles without any external stim-
uli and which is similar to those in living organisms, such as in
the nuclear envelope and synaptic vesicles. The vesicle is
composed of a diblock copolymer which has a hydrophilic and
a thermosensitive segment. The thermosensitive segment
includes a redox moiety that acts as a catalyst for an oscillatory
chemical reaction and also controls the aggregation temper-
ature of vesicles. Furthermore, autonomous fusion of vesicles is
also observed during the cycles.

Hierarchical ordered structures and unique functions in
living organisms have attracted attention not only in biology
but also in physics and chemistry. In materials science, it is
very important to create artificial functional materials with
high efficiency, which mimic structures and functions of living
organisms.[1–3] In particular, the vesicle is one of the most
universal and fascinating structures because it appears in
several components of living organisms, such as the eukary-
otic cell membrane, the nuclear envelope, and in synaptic
vesicles. One of the most important roles of vesicles is to
create a closed microenvironment which is isolated from
exterior regions. In biological systems, localization of mole-
cules into selectively separated micro/nanometer-scale
regions is very important because specific processes, such as

metabolic, enzymatic, or polymeric reactions, can be
enhanced in the encapsulated region.[4–7]

Multiple studies have investigated the fabrication of
vesicles from synthetic compounds, such as phospholipids[8–10]

and synthetic block copolymers.[11–15] Additionally, highly
sophisticated designs have been reported, such as the imi-
tation of living vesicles by insertion of channel proteins into
a polymeric membrane,[16,17] the induction of an enzyme
reaction inside the vesicles,[18] and the fabrication of multi-
compartment vesicles.[19,20]

The dynamics of vesicles in biological systems is another
important aspect to consider. For example, it has been
established that the nuclear envelope in the living cell repeats
the cycle of formation and breakup of vesicles during the
process of mitosis.[21] At an early stage, the nuclear envelope
needs to be broken completely to allow access of the mitotic
spindle to chromatin. However, the disintegrated envelope
must be accurately reconstructed to give a vesicular structure
that encloses the nuclear genome. Thus, rhythmic disintegra-
tion and reconstruction of the vesicular structure spontane-
ously occur accompanying the cycles of mitosis. The cycle of
disintegration and reconstruction of synaptic vesicles also
plays a crucial role in living organisms.[22, 23] During the
synaptic transmission cycles at the nerve terminal, synaptic
vesicles are fused together with the plasma membrane to
release neurotransmitters to the membrane. After fusion, the
vesicles are reconstructed at the surface of the plasma
membrane to recapture neurotransmitters.

Despite the importance of dynamic organization of
vesicles in living organisms, the dynamics of assembly and
disassembly as well as the formation mechanisms have not yet
been fully understood. In biomimetic materials science,
despite efforts to reproduce living systems using synthetic
components, there are only a few studies highlighting the
dynamic features of vesicles.[24, 25]

Herein, we show that autonomous cyclic changes in the
formation–fragmentation of vesicles without external stimuli
occur by using a well-defined, synthetic diblock copolymer
(Figure 1). To prepare such “self-oscillating vesicles”, a ruthe-
nium catalyst {Ru(bpy)3} was copolymerized to the main
chain of the thermosensitive poly(N-isopropylacrylamide)
segment in the diblock copolymer. The transition-metal
complex {Ru(bpy)3} catalyzes the oscillating Belousov–
Zhabotinsky (BZ) chemical reaction. To date, we have
developed self-oscillating polymers and gels,[26–28] that
undergo autonomous phase transitions, such as swelling/
deswelling of gels driven by the BZ reaction.

We synthesized well-defined diblock copolymers which
can form vesicles at equilibrium at a temperature above the
lower critical micellization temperature, that is, the aggrega-
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tion temperature. The self-oscillating formation and fragmen-
tation of vesicles without external stimuli is achieved by using
the oscillatory properties of the BZ reaction. The oscillatory
dynamic behavior of the vesicles, such as formation, fusion,
and fragmentation without any external stimuli, was demon-
strated by time-resolved dynamic light scattering measure-
ments as well as direct observation by time-lapse bright-field
optical microscopy.

The self-oscillating diblock copolymers, specifically
poly(ethylene oxide)-block-poly(N-isopropylacrylamide-
random-ruthenium(4-vinyl-4’-methyl-2,2’-bipyridine)bis(2,2’-
bipyridine)bis(hexafluorophosphate)), abbreviated as (PEO-
b-poly(NIPAAm-r-Ru(bpy)3)), were synthesized and charac-
terized following a reported procedure.[28] The polymer has
a hydrophilic segment (PEO) as the first block and a thermor-
esponsive {poly(NIPAAm-r-Ru(bpy)3)} segment as the
second block, respectively. Two types of polymer, EN-1 and
EN-2, were prepared, which have different molecular weights
of self-oscillating segments with the same length of PEO
(Table 1). Previously,[28] unimer-to-micelle oscillations were
achieved for block copolymers which have a number average
molecular weight Mn = 25 kDa and a block ratio of hydro-
philic segments of 20 wt% (wt = weight). Therefore, the
block ratio of hydrophilic segments for EN-2 was set to be
lower than the previous study to obtain vesicles as an

equilibrium structure, whereas that of EN-1 was set to be
higher than EN-2.

Self-assembled structures of EN-1 and EN-2 polymers in
the reduced state (i.e., [Ru(bpy)3]

2+ state) were observed by
transmission electron microscopy (TEM). The TEM images
were recorded without staining agents, such as uranyl acetate,
because the [Ru(bpy)3]

2+ moiety incorporated in the main
chain enhances the electron density contrast. The TEM image
of EN-1 shows spherical micelles with a radius of several tens
of nanometers, whereas EN-2 aggregates form large vesicles
which have a size around 1 mm (Figures 2 a,b). However, it

was still unclear from the TEM images that EN-2 formed
unilamellar or multilamellar vesicles. Fluorescence microsco-
py (FM) and bright-field optical microscopy (OM) images
were also measured in situ for EN-2 in aqueous solution
(Figures 2 c and d). The image of vesicles recorded by FM
clearly shows an intense green ring around the self-assembled
structure, indicating the presence of a bilayer vesicle mem-
brane where [Ru(bpy)3]

2+ is selectively loaded.
Furthermore, dynamic light scattering (DLS) measure-

ments were used to investigate the temperature dependence
of the equilibrated hydrodynamic radius (Rh) of EN-2 in two

aqueous solutions containing either reduced (PEO-
b-poly(NIPAAm-r-Ru(bpy)3

2+) or oxidized (PEO-b-
poly(NIPAAm-r-Ru(bpy)3

3+) states (Figure 3). At
temperatures below the aggregation temperature,
the Rh value is approximately several nanometers,
irrespective of the redox state of ruthenium, which
indicates that the polymers dissolve as single poly-
mer chains (i.e., unimers). When the temperature
was increased above the aggregation temperature,
the Rh value abruptly increased in both redox states.
Importantly, there is about a 3 8C difference between

Figure 1. Representation of the formation of self-oscillating vesicles
from unimers and their polymer structure.

Table 1: Characterization of polymers EN-1 and EN-2.

Name Polymer formula[a] Mn
[a]

[kDa]
MWD[b] fEO

[wt %]

EN-1 PEO114-b-poly(NIPAAm61-r-{Ru(bpy)3}5) 17.7 1.27 29
EN-2 PEO114-b-poly(NIPAAm254-r-{Ru(bpy)3}6) 38.1 1.19 13

[a] Calculated by NMR spectroscopy and UV/Vis absorption spectroscopy.
[b] Measured by gel permeation chromatography. MWD =molecular weight dis-
tribution. fEO = weight fraction of hydrophilic segment (PEO).

Figure 2. a,b) TEM images of self-assembled structures of EN-1 (a)
and EN-2 (b). In the inset image in (b), the scale bar is 100 nm.
c, d) In situ fluorescent microscopy (c) and bright-field optical micros-
copy (d) images of the vesicular structure in an aqueous solution of
EN-2 at 26 8C.
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the aggregation temperatures of the reduced and the oxidized
forms of the polymer. This is attributed to the change in
hydrophilicity of the thermosensitive polymer segment with
the change in the redox state of {Ru(bpy)3}.

To cause periodic structural changes of the vesicles, we
added the three reactants of the BZ reaction, specifically
NaBrO3, HNO3, and malonic acid (MA), into the diblock
copolymer solution at a temperature between the two
aggregation temperatures. At this temperature, the polymer
becomes bistable, which means that it aggregates in the
reduced state and disaggregates in the oxidized state.
Accompanying the periodic color change between orange
and light green that is due to the oscillation of the {Ru(bpy)3}
between the reduced and the oxidized states, rhythmic
oscillation of the turbidity was observed (Figure 4a). When
the color of the solution was orange, indicating the reduced
state, the solution became opaque. In contrast, the solution
became transparent in the oxidized state because the

aggregation temperature of the oxidized polymer was
higher than the experimental temperature. This result
strongly implies that the diblock copolymer periodically
undergoes a transition between two different states of
unimers and self-assembled structures which have a large
size enough to scatter light.

To further analyze the oscillating behavior of the diblock
copolymer solution, time-resolved DLS measurements were
employed. In the measurements, the averaged scattering
intensity and autocorrelation functions were collected at
2 second intervals and the data were theoretically analyzed to
calculate Rh values (Supporting Information). Figure 4b
shows the time evolution of the normalized scattering
intensity and the Rh values for the diblock copolymer solution
(0.1 wt %) which contains an appropriate concentration of BZ
substrates at a bistable temperature (25 8C). Periodic changes
in scattering intensity with a large amplitude were obtained
(blue plots in Figure 4b), which suggests that oscillation
occurs between two states; large aggregates with a high light
scattering ability and small particles with a low scattering
ability. From the oscillating waveform (Figure 4c), it is clear
that a decrease in scattering intensity occurred faster than the
increase in intensity. This can be explained by the kinetics of
the BZ reaction, where the process of autocatalytic oxidation
from [Ru(bpy)3]

2+ to [Ru(bpy)3]
3+ occurs more rapidly than

the opposite reduction process. Another possible explanation
may be the difference in kinetics between vesicle association
and dissociation. Dissociation of the assembled structures
proceeds more rapidly than association of the reduced
diblock copolymer molecules, as to form the assembled
structures, a polymer molecule is required to approach
another in a specific configuration.

The red plots in Figure 4c reveal that Rh values also
periodically oscillated with an amplitude over 100 nm. This

suggests that structural changes occur
between vesicles and its fragmented
states (i.e., unimers). The gradual increase
of Rh values and the baseline of scattering
intensity with increasing time, that is, after
repeated cycles (Figure 4b), may be attrib-
uted to the growth of vesicles which cannot
be easily broken down, even when the
diblock copolymer is in the hydrophilic
oxidized state. During the oscillations, the
maximum Rh value is smaller than the
equilibrium Rh value which is on the
micrometer scale (see Figure 3). A possi-
ble reason for this difference is that the
oscillation period is too short for vesicles
to increase in size sufficiently to form the
equilibrated size.

Finally, in situ real-time observation of
the self-oscillating behaviors of vesicles
was carried out by using bright-field OM
with a time-lapse mode. The diblock
copolymer solution, under BZ reaction
conditions, was spread onto a glass slide
and directly observed. The propagation of
a “chemical wave” was observed, indicat-

Figure 3. Temperature dependency of Rh value in an aqueous solution
of EN-2 in the reduced and oxidized states. The solution contains
HNO3 (1 m), the polymer (0.1 wt %), and either [Ce2(SO4)3] (3 mm, for
the reduced state) or [Ce(SO4)2] (3 mm, for the oxidized state).

Figure 4. a) Periodic changes in appearance of an aqueous solution of EN-2 during the BZ
reaction under stirring. The white object at the bottom of the cuvette is a magnetic stirrer
bar. b) Time evolution of the normalized scattering intensity (blue plots) and Rh values (red
plots) of the aqueous solution of EN-2 during the BZ reaction. c) Expanded portion of the
oscillation. BZ reaction conditions: polymer (0.1 wt%), HNO3 (0.3m), NaBrO3 (0.4m), and
MA (0.025m) at 25 8C.
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ing the progress of the BZ reaction (Figure S2 in the
Supporting Information). The images provide confirmation
that a rhythmical self-oscillation between association and
dissociation of vesicles occurs that is coupled with the
travelling waves (see movie S1 in the Supporting Informa-
tion). The transition from dissociation to association of
vesicles on a micrometer scale during the BZ reaction is
shown in Figures 5a–d. In the association process, each vesicle
exhibited Brownian motion and gradually increased their size.
On the other hand, vesicles quickly disappeared within a few
seconds in the fragmentation process. This observation is
consistent with the result from the time-resolved DLS
measurements that the fragmentation process occurs more
rapidly than the vesicle formation process. Note, the obser-
vation that vesicles disappear within a few seconds does not
necessarily imply that vesicles are broken up into individual
polymer chains in the same time scale, because the space
resolution of OM is not high enough to observe the polymer
chains.

During the process of vesicle growth accompanying the
reduction of [Ru(bpy)3]

3+, the autonomous fusion of two
vesicles to form a larger vesicle was also observed, similar to
biological processes occurring at the cell membrane (see
movie S2 in the Supporting Information).[29] A series of
bright-field OM images which record this fusion process is
shown in Figure 5e–h. Firstly, two independent vesicles
collided with each other, and then they deformed and
partially fused (Figures 5e–g). Finally, the partially fused
vesicles grew to form a larger vesicle (Figure 5 h).

Although micelle-to-vesicle oscillations of fatty acid
solutions coupled with a pH-oscillator in a continuously
stirred tank reactor have been described,[24] this is the first
time that autonomous cycling between the formation and
fragmentation of artificial vesicles composed of synthetic
block copolymers has been realized and directly observed. As
a model of vesicles in living organisms that show dynamic
behavior, the self-oscillating vesicles reported herein will
provide novel concepts and biomimetic materials. Further-
more, the periodic changes between higher order structure
formation and fragmentation of the vesicle has great potential
for a large variety of engineering applications, for example, an
autonomous encapsulation and release of selected agents
such as synaptic vesicles. Additionally, as it has been shown
that encapsulation of BZ substrates in lipid vesicles allowed
chemical communication across the membrane,[25] it would be
interesting to study the effect of coupling between chemical
communication and the structural oscillations studied herein.

Received: July 7, 2014
Revised: August 13, 2014
Published online: September 1, 2014

.Keywords: biomimetics · block copolymers ·
oscillating structures · ruthenium · vesicles

[1] Y. Zhao, F. Sakai, L. Su, Y. Liu, K. Wei, G. Chen, M. Jiang, Adv.
Mater. 2013, 25, 5215 – 5256.

[2] M. Sarikaya, C. Tamerler, A. K.-Y. Jen, K. Schulten, F. Baneyx,
Nat. Mater. 2003, 2, 577 – 585.

[3] Z. Tang, Y. Wang, P. Podsiadlo, N. A. Kotov, Adv. Mater. 2006,
18, 3203 – 3224.

[4] P.-A. Monnard, D. W. Deamer, Anat. Rec. 2002, 268, 196 – 207.
[5] F. Rossi, S. Ristori, M. Rustici, N. Marchettini, E. Tiezzi, J. Theor.

Biol. 2008, 255, 404 – 412.
[6] D. Segr�, D. Ben-Eli, D. W. Deamer, D. Lancet, Origins Life

Evol. Biospheres 2001, 31, 119 – 145.
[7] J. T. Trevors, Prog. Biophys. Mol. Biol. 2003, 81, 201 – 217.
[8] D. D. Lasic, Liposomes: From Physics to Applications, Elsevier,

Amsterdam, 1993.
[9] G. Murtas, Y. Kuruma, P. Bianchini, A. Diaspro, P. L. Luisi,

Biochem. Biophys. Res. Commun. 2007, 363, 12 – 17.
[10] V. Noireaux, A. Libchaber, Proc. Natl. Acad. Sci. USA 2004, 101,

17669 – 17674.
[11] B. M. Discher, D. A. Hammer, F. S. Bates, D. E. Discher, Curr.

Opin. Colloid Interface Sci. 2000, 5, 125 – 131.
[12] K. Kita-Tokarczyk, J. Grumelard, T. Haefele, W. Meier, Polymer

2005, 46, 3540 – 3563.
[13] C. P. O�Neil, T. Suzuki, D. Demurtas, A. Finka, J. A. Hubbell,

Langmuir 2009, 25, 9025 – 9029.

Figure 5. Bright-field optical microscopy images recorded at different
times showing a–d) the transition from fragmented states (unimers)
to vesicles (scale bar =10 mm), and e–h) the fusion process of two
independent vesicles to form a larger vesicle. Conditions: polymer
(1.5 wt %), HNO3 (0.7m), NaBrO3 (0.2m), and MA (0.025m) at 26 8C.

Angewandte
Chemie

11251Angew. Chem. Int. Ed. 2014, 53, 11248 –11252 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/adma.201302215
http://dx.doi.org/10.1002/adma.201302215
http://dx.doi.org/10.1038/nmat964
http://dx.doi.org/10.1002/adma.200600113
http://dx.doi.org/10.1002/adma.200600113
http://dx.doi.org/10.1002/ar.10154
http://dx.doi.org/10.1016/j.jtbi.2008.08.026
http://dx.doi.org/10.1016/j.jtbi.2008.08.026
http://dx.doi.org/10.1023/A:1006746807104
http://dx.doi.org/10.1023/A:1006746807104
http://dx.doi.org/10.1016/S0079-6107(03)00018-X
http://dx.doi.org/10.1016/j.bbrc.2007.07.201
http://dx.doi.org/10.1073/pnas.0408236101
http://dx.doi.org/10.1073/pnas.0408236101
http://dx.doi.org/10.1016/S1359-0294(00)00045-5
http://dx.doi.org/10.1016/S1359-0294(00)00045-5
http://dx.doi.org/10.1016/j.polymer.2005.02.083
http://dx.doi.org/10.1016/j.polymer.2005.02.083
http://www.angewandte.org


[14] X. Zhang, P. Tanner, A. Graff, C. G. Palivan, W. Meier, J. Polym.
Sci. Part A 2012, 50, 2293 – 2318.

[15] S. Qin, Y. Geng, D. E. Discher, S. Yang, Adv. Mater. 2006, 18,
2905 – 2909.

[16] W. Meier, C. Nardin, M. Winterhalter, Angew. Chem. Int. Ed.
2000, 39, 4599 – 4602; Angew. Chem. 2000, 112, 4747 – 4750.

[17] P. Tanner, P. Baumann, R. Enea, O. Onaca, C. Palivan, W. Meier,
Acc. Chem. Res. 2011, 44, 1039 – 1049.

[18] Q. Chen, H. Schçnherr, G. J. Vancso, Small 2009, 5, 1436 – 1445.
[19] H. C. Shum, Y. Zhao, S.-H. Kim, D. A. Weitz, Angew. Chem. Int.

Ed. 2011, 50, 1648 – 1651; Angew. Chem. 2011, 123, 1686 – 1689.
[20] M. Marguet, L. Edembe, S. Lecommandoux, Angew. Chem. Int.

Ed. 2012, 51, 1173 – 1176; Angew. Chem. 2012, 124, 1199 – 1202.
[21] A. Margalit, S. Vlcek, Y. Gruenbaum, R. Foisner, J. Cell.

Biochem. 2005, 95, 454 – 465.

[22] T. C. S�dhof, Nature 1995, 375, 645 – 653.
[23] J. Koenig, K. Ikeda, J. Neurosci. 1989, 9, 3844 – 3860.
[24] I. Lagzi, D. Wang, B. Kowalczyk, B. A. Grzybowski, Langmuir

2010, 26, 13770 – 13772.
[25] R. Tomasi, J. M. No�l, A. Zenati, S. Ristori, F. Rossi, V. Cabuil, F.

Kanoufi, A. Abou-Hassan, Chem. Sci. 2014, 5, 1854 – 1859.
[26] R. Yoshida, T. Takahashi, T. Yamaguchi, H. Ichijo, J. Am. Chem.

Soc. 1996, 118, 5134 – 5135.
[27] R. Yoshida, M. Tanaka, S. Onodera, T. Yamaguchi, E. Kokufuta,

J. Phys. Chem. A 2000, 104, 7549 – 7555.
[28] T. Ueki, M. Shibayama, R. Yoshida, Chem. Commun. 2013, 49,

6947 – 6949.
[29] L. V. Chernomordik, M. M. Kozlov, Annu. Rev. Biochem. 2003,

72, 175 – 207.

.Angewandte
Communications

11252 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 11248 –11252

http://dx.doi.org/10.1002/pola.26000
http://dx.doi.org/10.1002/pola.26000
http://dx.doi.org/10.1002/adma.200601019
http://dx.doi.org/10.1002/adma.200601019
http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4599::AID-ANIE4599%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4599::AID-ANIE4599%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4747::AID-ANGE4747%3E3.0.CO;2-H
http://dx.doi.org/10.1021/ar200036k
http://dx.doi.org/10.1002/smll.200801455
http://dx.doi.org/10.1002/anie.201006023
http://dx.doi.org/10.1002/anie.201006023
http://dx.doi.org/10.1002/ange.201006023
http://dx.doi.org/10.1002/anie.201106410
http://dx.doi.org/10.1002/anie.201106410
http://dx.doi.org/10.1002/ange.201106410
http://dx.doi.org/10.1002/jcb.20433
http://dx.doi.org/10.1002/jcb.20433
http://dx.doi.org/10.1038/375645a0
http://dx.doi.org/10.1021/la102635w
http://dx.doi.org/10.1021/la102635w
http://dx.doi.org/10.1039/c3sc53227e
http://dx.doi.org/10.1021/ja9602511
http://dx.doi.org/10.1021/ja9602511
http://dx.doi.org/10.1021/jp0011600
http://dx.doi.org/10.1039/c3cc38432b
http://dx.doi.org/10.1039/c3cc38432b
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161504
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161504
http://www.angewandte.org

