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ABSTRACT: One of the greatest challenges in colloidal self-assembly is to obtain
multiple distinct but transformable suprastructures from the same particles in
monophasic solvent. Here, we combined deformable and rigid lobes in snowman-
shaped amphiphilic Janus nanoparticles (JNPs). These JNPs exhibited excellent ability
to self-assemble into micelles, worms, mini-capsules, giant- and elongated-vesicles. This
rich suprastructural diversity was obtained by kinetic manipulation of the self-assembly
conditions. The suprastructures consist of four to thousands of highly oriented JNPs
with dimensions ranging from 500-nanometer to 30-μm. Moreover, the suprastructures
can be transformed into one another or dissembled into individual particles. These
features make colloidal assembly highly comparable to that of amphiphilic molecules,
however, key differences were discovered.

Colloidal assembly has aroused great interest due to its
applications in photonics,1,2 (bio)sensing3,4 and catalysis.5

Because of some similarities, colloidal assembly has often been
compared with molecular self-assembly.6−11 Translating mo-
lecular self-assembly behavior to colloidal-sized building blocks
could be useful in developing novel material with new
functionalities.12−14 Although significant progress has been
made in the past decade,9,10 with examples including trimers,15

microcapsules,16 simple spherical micelles assembled from
micron-sized Janus particles,17,18 fibrillar triple helices,19 and
kagome lattice20 obtained respectively from di- and triblock
hard spherical microparticles, colloidal self-assembly remains far
less versatile when compared to that of molecules. For instance,
it is well-known that one type of molecular amphiphiles can be
self-assembled into different suprastructures as micelles, worms,
and vesicles.21,22 Additionally, the molecular suprastructures are
transformable, e.g., vesicles can be transformed into worms and
micelles,23,24 and such properties have not been yet reported in
colloidal assemblies. Here, we show that the same specially
designed snowman-shaped Janus nanoparticles25,26 can indeed
self-assemble into multiple distinct suprastructures, such as
micelles, worms, mini-capsules, giant- and elongated-vesicles
constituted of highly oriented JNPs. Even more, the obtained
supracolloidal structures can reversibly transform into each
other.
In the present work, we used poly(tert-butyl acrylate)-poly(3-

(triethoxysilyl)propyl-methacrylate (PtBA-PTPM) JNPs, which
were synthesized by seeded emulsion polymerization27 (Figure
1). Mildly cross-linked PtBA NP (140 ± 7 nm in diameter) was
used as seed along with phase separation of 3-(triethoxysilyl)-
propyl-methacrylate (TPM) under surfactant-free conditions in
gram scale amount. The resulting PTPM lobe had a diameter of
210 ± 9 nm, while the diameter of the PtBA lobe remained the

same as the PtBA seed NP (Figure S1). The general JNPs
design concept was that the segregation of polar and nonpolar
lobes drives the self-assembly. One essential requirement is that
the interparticle attractive force can be tuned by altering solvent
composition so as to favor different suprastructures. The
nonpolar PtBA lobe fulfills this requirement, because its
hydrophobic attraction (water contact-angle (CA) 122 ± 5°,
Figure S2) can hold together assembled structures. Addition-
ally, this inter-PtBA lobe “colloidal bond”16 is reversible, and
the bonding strength is proportional to the contact area, which
depends on the PtBA lobe deformability. On the other hand,
PTPM was selected because of its relative hydrophilicity (water
CA 54 ± 6°, Figure S2). Also, thanks to the polycondensation
of siloxane groups and the resulting high cross-linking degree,27

the PTPM lobe is rather rigid and able to mechanically support
assembled 3D structures.
The self-assembly of PtBA-PTPM JNPs was carried out

under shear in ethanol/water mixed solvent. Different supra-
structures can be obtained by altering several key parameters.
The first parameter is ethanol concentration (volume %)
(Figure 2a). Other parameters as JNPs concentration (10.0
mg/mL), mechanical vortex sheering speed (3000 rpm) and
temperature (24 °C) were kept constant. No self-assembly was
observed in pure water, and self-assembled structures began to
appear with the ethanol concentration as little as 1%. The first
self-assembled structures were micelles, consisting of 4 to 12
oriented JNPs with the PTPM lobes pointing toward aqueous
solution, while the PtBA lobes closely packed together (Figure
2d, Figure S3). By increasing the ethanol amount to 3%, mini-
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spherical capsules containing about 30 to 100 highly oriented
JNPs were obtained (Figure 2e, Figure S4). Their dimensions
range from 700 nm to 2 μm. Open mini-capsules (Figure 2j,
Figure S5) show that they are composed of hexagonally packed
JNP monolayers with the PTPM lobes uniformly oriented
toward the outer shell. Theoretically, the maximum size of the
mini-capsule is restricted by the JNP geometry and calculated
to be 1.1 μm (Figure S6), which is reasonable as compared to
the experimental results regarding the slight JNPs size
fluctuation. Another interesting finding is the worm-like micelle
formed by colloidal particles with anisotropic geometries
(Figure 2f, Figure S3). Wormlike micelles have been seen in
molecular amphiphiles for decades, however, their detailed

structures, such as molecular units arrangement and orienta-
tion, have not been directly observed.28 Here, we can clearly see
that worms are elongated structures with oriented rows of JNPs
running parallel to their long axis. Considering the large aspect
ratio and high flexibility, it is no surprising that the worms in
our case do not have crystalline structures as fibrillar triple
helices,19 which will make worms fragile and easily broken into
pieces by shear force.
Giant-vesicles with dimensions ranging from 2 to 30 μm

were observed at 10% ethanol concentration (Figure 2h, Figure
S4). It is difficult to count the precise number of JNPs
contained in the giant-vesicles; an approximate calculation (see
Supporting Information) indicates that a 30 μm vesicle contains

Figure 1. Synthesis and self-assembly of PtBA-PTPM JNPs. (a) Synthesis of PtBA-PTPM JNPs. (b) Self-assembly of PtBA-PTPM JNPs into various
suprastructures under shear.

Figure 2. Self-assembly of PtBA-PTPM JNPs under mechanical vortex sheering. (a,b) Influence of ethanol concentration (a) and particle
concentration (b) on the self-assembly. Typical SEM images of JNP (c), micelle (d), mini-capsule (e), worm (f), elongated vesicle (g), giant-vesicle
(h), surface structure of giant vesicle (i), and open mini-capsule (j). Cartoons depict the most likely assembled structures. (See Supporting
Information for suprastructures of different sizes.)
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about 8 × 104 JNPs. Such large vesicles can be observed in situ
by optical microscope. By adding a fluorescent dye in the
aqueous phase, we observed that water is present inside of the
suprastructures. Because the fluorescent signal intensity is
uniform inside and outside of the vesicles (Figure S4k,l), we
conclude that air bubbles did not contribute as a template to
the formation of the observed self-assembled suprastructures.
Broken vesicles show that they are composed of a monolayer

JNPs with the PTPM lobes pointing outward (Figure S5). The
typical lipid bilayer structures of molecular vesicles29 were not
observed. This could be explained by the rigid geometries of
JNPs, which, unlike molecular surfactants, can only allow the
curvature bending from the larger PTPM lobe toward the
smaller PtBA lobe. The giant-vesicles can be spherical or
elongated (Figure 2g). It is rather surprising that these single-
layer JNPs formed giant structures survived from the capillary
forces during drying for SEM measurement,30 which implies
their considerable mechanical stability, likely due to a tight
packing of JNPs. Due to higher adhesion energies, the
suprastructures with tightly packed JNPs are likely those that
have survived shearing forces. While the shear forces are
necessary for the JNPs to come together and overcome the
electrostatic repulsion, the same shear forces may also lead to
the destruction of the loosely packed structures. In addition, the
curvature (1/radius) of giant-vesicles is significantly lower than
that required by the JNP geometry as seen in mini-capsules. A
detailed examination reveals the giant-vesicle walls are made by
highly oriented and hexagonally packed JNPs domains. Each
domain has a curvature comparable to that of mini-capsules by
slightly shifting in their arrangements, forming wave-like
structures on the vesicle surface and removing the restrictions
of the JNPs geometry on the vesicle size. The relaxation of the
geometric restrictions with respect to curvature can be
rationalized by the existence of the packing defects at the
boundary of closely packed JNP domains, which can be clearly
observed from the magnified SEM images of the concave parts
of the wavy vesicle walls (Figure S4i). The orientation of the
loosely packed JNPs at the boundary of the closely packed
domains is still preserved, namely with the PtBA lobe pointing
inside the vesicle (Figure S4i and Figure S5f). From the
calculation in Figure S6, we find that this size limit due to
curvature restrictions is around 1.1 μm, much smaller that the
giant vesicles (as big as 20 μm). Therefore, the existence of
packing defects at the boundary of closely packed domains is
the only way that single layered giant vesicles can become so
large, namely, by relaxation of the geometric restrictions
through the wavelike structuring of the walls. The cartoon
presented in Figure S7 depicts this situation.
Such wavelike single-walled structures have no known

molecular equivalent to date. Further increase in the ethanol
concentration to 15%, and a decrease in the sizes of self-
assembled structures were observed. No self-assembled
structure was detected when the ethanol concentration
exceeded 50%.
The ethanol amount has significant influence on the JNPs

self-assembly, as it can swell the PtBA lobes and enhance their
deformability. By preparing colloidal crystal from PtBA seed
particles, we calculated the swelling factors 2.1, 1.5, and 1.1
times corresponding to the ethanol concentrations of 100%,
10% and 1% in water (Figure S8). The swelling of the PtBA
NPs was further confirmed by the dynamic light scattering
(DLS) measurement, which shows that PtBA NPs swelled
around 1.4 times in 10% ethanol (Figure S9). Due to size

change and swelling, it is possible that some degree of
deformation during the self-assembly may occur. Assuming that
the lobes are perfectly elastic, by tuning the deformability, the
inter-PtBA lobe contact area and hydrophobic attraction
strength as well as the structural stability of the suprastructures
can be controlled. Simple estimation on the adhesion energy
between the PtBA lobes (assuming they are elastically
deformable) may help us to understand the role of
deformability in the present study. The free energy of
hydrophobic interaction between of two surfaces in liquid can
be calculated as follows:31

γ= −E A2attractive SL (1)

where A is the area of the contact between the two lobes and
γSL is the interfacial energy. Taking the surface tension of water
with 10% ethanol 47.53 mN/m32 and surface energy of the
PtBA polymer 30.5 mN/m,33 γSL is ≈2 mN/m
(γ γ γ γ γ= + − 2SL S L S L ). Next, we calculate the lower and

the upper limit of the free energy of hydrophobic interaction
between PtBA lobes in contact, which is determined by the
contact area A in the absence of deformation and in case of
extreme deformation, respectively. First, in the absence of
deformation, the PtBA lobes form a point contact and Amin is
set by all the points on the surface of the contacting lobes
within 1.5−2 nm separation distance, i.e., the effective length of
the hydrophobic interaction.31 The obtained Amin = 436.5 nm2,
corresponding to a minimum adhesive energy of Emin = −1746
pN·nm, or −426 kT (1 kT = 4.1 pN·nm). In fact, −426 kT is
not large for particles of this size, considering that the
adsorption energies of the comparable size JNPs at heptane/
water interface, is as large as 60000 kT.34 At short-range, strong
attraction force is needed to overcome the electrostatic
repulsion. The energy of electrostatic repulsion between two
JNPs was calculated to be ≈355 kT and 345 kT at a separation
distances of 1 and 20 nm respectively, with the latter value
being well beyond the effective range of hydrophobic
interaction. The need for external energy input through
mechanical stirring thus becomes evident. The energy of
electrostatic interaction was calculated with the formula:31

πε ε ψ= × −Λ⎜ ⎟ ⎜ ⎟
⎡
⎣⎢
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where ε is the electric permittivity of vacuum (8.86 × 10−12 C2

J−1 m−1), ε0 is the relative permittivity of water with 10%
ethanol (≈75), e is the elementary charge (1.62 × 10−19 C), ψ
− zeta potential (−56.5 × 10−3 V), T = 298 K, R is the
hydrodynamic radius of the JNP measured by DLS (1.4 × 10−7

m), 1/Λ is the Debye length (9.6 × 10−7 m for pure water),31

and D is the separation distance.
In addition to overcoming electrostatic repulsion, the shear

conditions in the assembly experiments also require strong
adhesion forces to hold the assembled structures together and
prevent being torn apart. Under these considerations, increased
contacting area due to slight deformation of the PtBA lobes
may lead strengthening the adhesives contact thus provide
sufficient attraction energy to realize assembly. The upper limit
of the free energy of hydrophobic interaction is set by the
maximum contact area between PtBA lobes that could be as
large as πR2 (R is the radius of the PtBA lobe), or 15166 nm2,
thus the free energy of hydrophobic interaction Emax ∼ 60600
kT. To further test this hypothesis, we synthesized amphiphilic
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JNPs PTPM−polystyrene (PTPM−PS) (Figure S10), which
has very similar size, geometry, and zeta potential with the
PTPM-PtBA JNPs. However, the PS lobe as observed in Figure
S10 cannot be swelled by ethanol and thus remains rigid, we
did not observe any assembly for PTPM−PS JNPs under any
conditions. Based on this evidence, it is likely that the lobe
deformability plays an important role in the assembly.
Broken capsules show that the PtBA lobe surfaces are rather

rough and wrinkled in aggregates (Figure 2j), in sharp contrast
to the smooth surfaces prior to assembly (Figure 2c). This
roughening of the lobe surface is likely a result of buckling due
to the capillary forces upon drying after the PtBA swells
significantly at higher ethanol concentrations.
The hydrophobic interaction between the PtBA lobes is the

main attraction force that holds the self-assembled aggregates
together, and this hypothesis was experimentally proved by
converting hydrophobic tert-butyl groups in the PtBA lobe into
hydrophilic hydroxyl groups. The formed poly(N-(2-hydrox-
yethyl) acrylamide)−PTPM (PHEA−PTPM) JNPs (Figure
S11) share very similar geometries and zeta potentials with the
PtBA−PTPM JNPs, however, no PHEA−PTPM JNPs self-
assembly was observed under any conditions. Therefore, the
role of ethanol in the JNPs self-assembly can be understood as
follows: no self-assembly was observed when the ethanol
concentration was below 1%, because the limited swelling
degree can only provide small interaction areas between the
PtBA lobes, and the resulting weak hydrophobic attraction is
insufficient to hold JNPs together. Adding a small amount of
ethanol swells the PtBA lobe. The higher deformability and
enlarged contacting area result in an increased attraction force;

therefore, JNPs self-assembled into micelles. The same
rationale applies to the formation of mini-capsules and giant-
vesicles. However, excessive ethanol addition, ≫ 15%, resulting
in a serious decrease in solvent polarity and weaken the inter-
PtBA lobe hydrophobic attractions. JNPs can be fully dispersed
in 50% ethanol/water, and no self-assembly was observed
(Figure 2a).
Concentration is an important parameter for the self-

assembly of amphiphilic molecules. However, it is surprising
that this parameter has largely been overlooked in the colloidal
self-assembly. Even though Chris et al.16 observed that
microcapsules can only be formed under high particle
concentrations, a detailed study about the influence of
concentration on colloidal self-assembly has not been reported
yet. The next parameter we used to control colloidal self-
assembly is JNP concentration (Figure 2b), with ethanol
concentration (10%), temperature (24 °C), and mechanical
agitation speed (3000 rpm) kept constant. No self-assembled
structures were observed at a concentration below 0.5 mg/mL.
Above 1.0 mg/mL, micelles were observed. Analogue to
molecular amphiphiles, one can name this particular concen-
tration (1.0 mg/mL) at which micelles can be observed as the
Janus-critical micelle concentration (J-CMC). We observed
mini-capsules at 3.0 mg/mL, and giant-vesicles were formed
between 5.0 and 50.0 mg/mL (Figure 2b). Larger concen-
trations were tried, but particle dispersibility became problem-
atic. It is evident that higher JNPs concentration favors more
complex assemblies within a certain concentration range.
Mechanic shearing is the third parameter employed to

control the JNPs self-assembly. In order to realize self-assembly,

Figure 3. Self-assembly of PtBA-PTPM JNPs under sonication. (a) Mini-capsules obtained at 24 °C. (b) An open mini-capsule of panel a, showing
the JNPs orientation and void interior. (c) Diameter distribution of the mini-capsules (a). (d) Dependence of the self-assembled structures on the
sonication temperature. The sonication time was 25 min. (e) The assembled structure size, measured by DLS in situ, plotted as a function of
sonication time. The sonication temperature was 50 °C. SEM images of micelles (f) and worms (g,h) taken from the different time points of the plot
in panel e. The inset shows detailed structures of micelles and worms. Cartoons depict the most likely assembled structures.
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JNPs must approach each other closely enough to experience
hydrophobic attractions. Mechanic shearing can accelerate
JNPs motion and provide kinetic energy to overcome
electrostatic repulsion barriers, so as to increase interparticles
collision probability and accelerate the self-assembly process. In
the absence of mechanic shearing, no self-assembly was
observed in the present study. On the other hand, mechanic
shearing can tear assembled structures apart, consequently,
different mechanic shearing will result in different self-
assembled equilibrium structures.35 Therefore, in addition to
the shear flow produced by vortex agitation as above, we have
further examined JNPs self-assembly under the shear forces of
sonication. Based on the previous experiments, we fixed ethanol
concentration (10%), JNP concentration (10.0 mg/mL),
temperature (24 °C), sonotrode diameter (13 mm), vibration
frequency (20 kHz), and amplitude (73.7 μm). Under these
conditions, we obtained mini-capsules with remarkably uniform
sizes after 10 min sonication (Figure 3a,b). The SEM image
shows a large amount of mini-capsules tightly arranged
together, suggesting the chances for mini-capsule formation is
remarkably high. The obtained mini-capsules have a diameter of
1.3 ± 0.3 μm (Figure 3c). No further obvious changes were
observed with prolonged sonication time.
In order to test whether electrostatic repulsion plays a role in

the formation of the suprastructures, we have added NaCl
electrolyte to screen this interaction during the assembly of
JNPs. We have studied the JNPs’ assembly in solution of 1.0
mM, 10.0 mM, and 50.0 mM NaCl. For 1.0 mM NaCl, JNPs
are still capable of self-assembly, with the formation of finite
structures Figure S12a. However, as the salt concentration
increased to 10.0 mM, JNPs formed random aggregates without
orientation. At 50.0 mM NaCl, JNPs precipitate immediately
and no regular structures were observed (Figure S12c). These

results indicate that the electrostatic repulsion indeed plays a
role in the formation suprastructures constituted of highly
oriented JNPs.
The self-assembly of JNPs under sonication conditions

exhibits pronounced temperature dependence (Figure 3d).
When the temperature was below 10 °C, no self-assembled
structures were observed. Mini-capsules were the major
aggregates when the temperature lied between 20 and 35 °C.
A mixture of mini-capsules, micelles, and worms were obtained
at 45 °C. Finally, micelles and worms were the only structures
at 50 °C. Under such conditions, the formation and growth of
micelles could be directly monitored by dynamic light
scattering (DLS) (Figure 3e), indicating that the JNPs self-
assembly was so efficient that the concentration of the free
JNPs remained in solution was considerably low. SEM
measurements show that the micelles only grow in length,
without any capsule formation (Figure 3e−h). The micelle
growth stopped after 5 min sonication when a maximum length
around 3.0 μm was reached, which can be rationalized as
excessively long micelles cannot survive from the strong shear
force of sonication. It is evident that higher temperature led to
stronger hydrophobic attractions,36 which favors more stable
assembled structure. In our system, micelles and worms are the
most stable structures, since they expose the least hydrophobic
area to aqueous solution by burying the PtBA lobes inside the
core. By contrast, giant-vesicles and mini-capsules are less stable
because they expose the internal hydrophobic PtBA surfaces to
aqueous solution, which is energetically less favorable.
The different stability of micelles, mini-capsules, and giant-

vesicles implies the potential transformation from giant-vesicles
to micelles. To verify this, we exposed the giant-vesicles
produced by vortex shaking (Figure 4a) to sonication at 24 °C,
the same condition as the mini-capsules formation. Spherical

Figure 4. Transformations between different suprastructures. (a−e) Transformations from giant vesicles (a), to multichambered vesicles (b), to
mini-capsules (c), to the mixture of micelles and mini-capsules (d), and to worms (e). (f) Full overview of the suprastructural transformations: (i)
self-assembly of JNPs into giant- and elongated-vesicles; (ii) disassembly of suprastructures into individual JNPs; (iii) transformation of giant-
capsules into multichambered capsules and subsequently into mini-capsules; (iv) formation of micelles and worms. (g) Experiment-based qualitative
plot of the energy levels and activation energy barriers of different suprastructures. Cartoons depict the most likely assembled structures.
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protrusions were readily found detaching from the giant-
vesicles, forming multichambered vesicles within 30 s of
sonication (Figure 4b). These protrusions may originate from
the wavelike domains of giant-vesicles that bulge out under
shear. After 10 min of sonication, the multichambered vesicles
completely disappeared with the formation of mini-capsules
(Figure 4c). This observation suggests that the multichambered
vesicles are very likely to be the intermediates between giant-
vesicles and mini-capsules. No obvious change was observed
when the sonication time was extended to 20 min. However, as
the temperature rose from 24 to 50 °C with further 2 min
sonication, the sizes of mini-capsules were considerably
decreased from 1.4 ± 0.4 to 0.9 ± 0.2 μm with a significant
increase in the micelles amount (Figure 4c,d). We thus
assumed that the mini-capsules were in equilibrium with the
free JNPs under sonication.
The elevated temperature efficiently assembled free JNPs

into micelles and drove the disassembly of mini-capsules. This
hypothesis is proved by the fact that, after another 15 min
sonication, micelles and worms were the only products, viz., no
mini-capsules were left (Figure 4e). Conclusions can be drawn
from these observations: (i) supracolloidal structures stability
follows the order: giant-vesicles < mini-capsules < micelles and
worms, (ii) supracolloidal structures can be transformed from
less stable to more stable states, and (iii) transformation from
more stable to less stable suprastructures requires the
disassembly of the more stable suprastructures into individual
JNPs, then reassemble into targeted structures. The direct
transformation from the more stable to a less stable states, i.e.,
from mini-capsules to giant-vesicles, was not observed in our
experiments. The complete disassembly of suprastructures
occurs when ethanol concentration is above 50% under
sonication. A full overview of the transformation possibilities
between suprastructures is depicted in Figure 4f. All the self-
assembled structures are stable in quiescent solution for weeks
without disassembly. It must be noted that, because of the
introduction of shear forces in the current assembly system,
these obtained stable suprastructures may not exist in their
equilibrium state but instead are kinetically trapped in different
energetic levels. To depict this idea, we qualitatively plot the
relative energy states of the self-assembled structures against
their activation energy barriers (Figure 4g).
In the present work, model JNPs consisting of deformable

hydrophobic and rigid hydrophilic lobes were designed,
synthesized, and assembled under shear conditions. The unique
particle design provides a universal route to the colloidal
assembly revealing supracolloidal structures with unique
properties. First, such properties were mostly prevalent in
molecular assembly, but were introduced into colloidal
assembly in the present study. For instance, the self-assembly
of the model JNPs exhibited high versatility and the
supracolloidal structures showed transformable properties.
Second, several unique colloidal suprastructures were discov-
ered. Some of the newly discovered suprastructures could find
molecular analogues, e.g., worms composed by anisotropic
shaped colloidal particles, while others have no known
molecular counterparts, such as the single-walled giant-,
elongated-, and multichambered vesicles with wavelike surface
structures. This is not surprising, because compared to the
molecular amphiphiles, JNPs have much more rigid structure
with reduced degree of freedom, being unable to adjust their
conformations via chemical bond rotation during the self-
assembly process, and therefore, the obtained suprastructure in

the present study may be far from equilibrium. There are now
many possibilities to be explored. The past decade has seen
substantial growth in anisotropic colloidal particles syn-
thesis,9,25,26 which allows the precise control of phase
separation, chemical compositions, sizes, numbers and shapes
of the JNPs lobes. Independently or combined, the tuning of
these parameters implies a myriad of chances to discover new
supracolloidal structures and assembly properties that could be
tailored for specific applications.
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