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ABSTRACT: Recently, anisotropic colloidal polymeric materials including
Janus microparticles, which have two distinct aspects on their surfaces or
interiors, have garnered much interest due to their anisotropic alignment
and rotational orientation with respect to external electric or magnetic fields.
Janus microparticles are also good candidates for pigments in “twisting ball
type” electronic paper, which is considered promising for next-generation
flexible display devices. We demonstrate here a universal strategy to
encapsulate inorganic nanoparticles and to introduce different such
inorganic nanoparticles into distinct polymer phases in Janus microparticles.
TiO2 and Fe2O3 nanoparticles were separately encapsulated in two different
mussel-inspired amphiphilic copolymers, and then organic−inorganic
composite Janus microparticles were prepared by simple evaporation of
solvent from the dispersion containing the polymer and nanoparticle. These
Janus microparticles were observed to rotate quickly in response to applied
magnetic fields.

KEYWORDS: Janus particles, inorganic nanoparticles, mussel-inspired, amphiphilic polymers, phase separation

1. INTRODUCTION

Recently, anisotropic colloidal polymeric materials including
Janus microparticles, which have two distinct aspects on their
surfaces or interiors, have attracted increased interest because of
their anisotropic alignment and rotational orientation with
respect to external electric or magnetic fields.1−5 Such
alignment and orientation can be controlled by adjusting the
electronic and magnetic properties in each aspect of a Janus
particle. The unique electronic, magnetic and interfacial
properties of Janus particles have been investigated,6−8 and
they are also good candidates for pigments in twisting ball type
electronic paper, which is considered promising for next-
generation flexible display devices.9 Furthermore, a wide variety
of applications of Janus particles that respond to external
electronic and magnetic fields have been reported, such as
magnetically induced locomotion,10,11 formation of unique
assemblies,6,12−14 and stabilization of liquid−liquid interfa-
ces.13,15 To apply Janus microparticles as pigments in electronic
paper, the size and color of each phase as well as the response
to external fields should be optimized to achieve high-
resolution, multicolored, and quick-response electronic
paper.16,17

Several methods for fabricating Janus microparticles have
been reported, including evaporation of solvent from emulsions

containing two distinct polymers,18 seed polymerization,19 and
evaporation of metals onto embedded polymer particles.20

Block copolymers have also been used as precursors of Janus
nanoparticles.21 Other techniques for the preparation of Janus
particles are well described in recent review papers.1,22

Recently, we developed a novel method, termed self-organized
precipitation (SORP), to fabricate submicrometer-sized poly-
mer-containing Janus particles by simple evaporation of a good
solvent from a polymer blend solution containing a poor
solvent.23,24 When using SORP, interior structures of polymer-
containing microparticles can be controlled by the phase
separation of blended polymers from a core−shell to Janus-type
structure. This separation is brought about by changing the
combinations of polymers according to the Flory−Huggins
solubility parameters of the blended polymers.25 In the case of
polystyrene (PS) and polyisoprene (PI), Janus-structured
microparticles have been successfully fabricated.26 Furthermore,
magnetic Janus particles containing magnetic nanoparticles
have also been fabricated whose surfaces were encapsulated in
amphiphilic block copolymers or surface-initiated hydrophobic
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polymer brushes with high affinity to the PS phase.27,28

However, only a single phase of the Janus microsphere was
colored and functionalized.
To functionalize both phases of Janus microparticles with

functional inorganic nanoparticles, a universal strategy for
stabilizing these functional nanomaterials with arbitrary hydro-
phobic polymers is required. Amphiphilic polymers have
generally been used for stabilizing inorganic nanoparticles.29,30

However, the affinity of amphiphilic polymers for inorganic
nanoparticles strongly depends on specific interactions between
hydrophilic groups of amphiphilic polymers and the inorganic
nanoparticles. It is therefore still challenging to encapsulate a
wide variety of inorganic nanoparticles in amphiphilic polymers
having arbitrary hydrophobic blocks.
Catechol groups, which are present in the adhesive proteins

of mussels, show excellent adhesion properties for a wide
variety of materials including noble metals, metal oxides,
ceramics, and even on polytetrafluoroethyrene (PTFE).31−33

Polydopamine has been used as an adhesive layer for metals
and polymers due to its molecular-scale flatness that can align
hydroxyl groups; such alignment is in general strongly related
to adhesion properties.34−36 Many reports have described the
adhesion of certain synthetic polymers or polypeptides, those
that contain catechol groups at the ends of the main chains or
on the side chains, to the surfaces of various materials. In those
reports, catechol moieties adhere to bulk metals or metal oxides
by chelation and coordination, especially in the case of iron
oxide, and hydrophilicity and hydrogen bonding support their
adhesion.37−40 Anchoring amphiphilic molecules containing
catechol moieties onto inorganic nanoparticles was shown to
allow the dispersion of the inorganic nanoparticles into organic
solvents.33 We have recently reported that Al2O3 nanoparticles

can be encapsulated in amphiphilic copolymers containing
catechol moieties as side chains in organic solvents.41 Polymers
containing catechol groups as side chains strongly adhere to
glass, aluminum, and even PTFE, and these polymers have been
utilized as an adhesive for sticking porous materials onto
various substrates42 and as adhesion layers between polymer
resins and substrates in thermal nanoimprint lithography.43

Here, we demonstrate a universal strategy to encapsulate
inorganic nanoparticles so that different inorganic nanoparticles
can be introduced into distinct polymer phases in Janus
microparticles. Two different mussel-inspired amphiphilic
copolymers containing catechol groups as side chains and
containing different hydrophobic groups were synthesized.
TiO2 and Fe2O3 nanoparticles were separately encapsulated in
these two copolymers, and then organic−inorganic composite
Janus microparticles were prepared by SORP. Characterization
of their interior structures and their responses to externally
applied magnetic fields are discussed.

2. EXPERIMENTAL SECTION
Scheme 1 shows the chemical structures of the synthesized polymers.
Polystyrene (PS, MW = 13.2 kg/mol) and 1,4-polyisoprene (PI, MW
= 35 kg/mol) were purchased from Polymer Source Inc. The detailed
synthetic routes of the mussel-inspired amphiphilic copolymers
(polydimethylacrylamide (PDMA)-r-PS and PDMA-r-PDA) are
shown in the electric Supporting Information. The monomers and
amphiphilic copolymers were synthesized as previously reported, with
minor modification.42

Titanium(IV) dioxide (TiO2) nanoparticles (average diameter = 21
nm, 99.5% pure) and γ-Fe2O3 nanoparticles (average diameter = 20−
30 nm, 98% pure) were purchased from Sigma-Aldrich (Japan) and
Nanostructured & Amorphous Materials Inc., respectively. TiO2
nanoparticles were dispersed in THF using ultrasonication, and then

Scheme 1. Chemical structures of polymers used in this experiment

Figure 1. Schematic illustration of Janus particle preparation.
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5 mL of PDMA-r-PDA (10 mg/mL) was added into the solution.
After 5 min of the sonication, the dispersion was shaken for 12 h.
PDMA-r-PDA-encapsulated TiO2 nanoparticles were collected by
centrifugation (10,000 rpm, 15 min, 5 °C) and then redispersed in
THF. This process was repeated three times to remove excess PDMA-
r-PDA. Finally, the collected PDMA-r-PDA-encapsulated TiO2
nanoparticles were dried in vacuo. The same procedures were
performed to prepare Fe2O3 nanoparticles encapsulated with
PDMA-r-PS, except that the Fe2O3 nanoparticles were collected by
using a neodymium magnet instead of ultracentrifugation. Sizes of
polymer-encapsulated nanoparticles were measured by dynamic light
scattering (DLS) (Zetasizer Nano ZS, Malvern). Fourier-transform
infrared (FT-IR) spectroscopy was performed by preparing KBr pellets
containing sample specimen (FT-6000, Jasco).
Figure 1 shows a schematic illustration of the preparation of Janus

microparticles. A one-to-one mixture of THF solutions of PS (1.0 mg/
mL) and PI (1.0 mg/mL) was prepared. Then, 100 μL of PDMA-r-
PDA-encapsulated TiO2 nanoparticles (1.0 mg/mL), 100 μL of
PDMA-r-PS-encapsulated Fe2O3 nanoparticles (1.0 mg/mL), and 100
μL of both nanoparticles were respectively added into three separate 1
mL samples of the PS−PI solution in THF. After addition of 1 mL of
membrane-filtered water (Milli-Q, Millipore), the solutions were left
uncovered for 2 days, allowing the THF to evaporate. Finally, the
composite particles were obtained.
Sizes of composite particles were measured by DLS. To observe the

surface and interior structures of the composite particles, scanning
electron microscopy (SEM, S-5200, Hitachi Japan), scanning trans-
mission electron microscopy (STEM, S-5200 equipped with an STEM
unit, Hitachi) and transmission electron microscopy (TEM, H-7650,
Hitachi) were performed. Sample specimens were prepared by casting
an aqueous dispersion of the composite particles after staining with aq.
0.2 wt % OsO4 for 2 h and were collected by ultracentrifugation (10
000 rpm, 15 min, 5 °C) onto a Cu grid with a collodion membrane.
Energy dispersive X-ray (EDX) spectroscopy was performed by EDAX
Genesis (Ametek).
Aqueous dispersions of the composite particles were cast on a glass

coverslip coated with polydimethylsiloxane spacer, and covered with
another glass coverslip. The rotational motion of composite particles
was evaluated under an optical microscope (VHX-900, Keyence) by
moving a neodymium magnet (held 10 cm away from the sample) that
produces an applied 1 mT magnetic field on the sample.28 The
rotational motion was captured as video movies and the rotational
speed (the amount of time it took to rotate the Janus particles by 90°)
were calculated.

3. RESULTS AND DISCUSSION

Figure 2a and c shows, respectively, the hydrodynamic
diameters (Dh) of PDMA-r-PS-encapsulated Fe2O3 and
PDMA-r-PDA-encapsulated TiO2 nanoparticles dispersed in
THF. The hydrodynamic diameters of encapsulated Fe2O3 and
TiO2 nanoparticles were measured to be 258 nm (polydisper-
sity index, PDI = 0.29) and 261 nm (PDI = 0.19). Since these
values are 10 times larger than the initial sizes of the inorganic
nanoparticles, the inorganic nanoparticles underwent secondary
aggregation.
Figure 2b and d shows TEM images of PDMA-r-PS-

encapsulated Fe2O3 nanoparticles and PDMA-r-PDA-encapsu-
lated TiO2 nanoparticles, respectively. Some nanoparticles were
observed to be aggregated in the TEM images, and the average
size of a single aggregation in these images agreed well with the
Dh value. Polymer layers fill the gaps between the nanoparticles.
Since nanoparticles have high surface free energies, it is difficult
to disperse individual nanoparticles by using ultrasonication to
break down the large aggregates into small aggregates in THF.
These results are the same as those found for other inorganic
nanoparticles that we reported previously.

Figure 3a shows FT-IR spectra of Fe2O3 nanoparticles,
PDMA-r-PS-encapsulated Fe2O3 nanoparticles, and PDMA-r-
PS. There is no specific absorption observed for Fe2O3
nanoparticles. PS-r-PDMA has specific absorption peaks
attributed to ν(Ar−O) (a, 1282 cm−1), d(Ar−O) (b, 1368
cm−1), δ(CH2) (c, 1452 cm

−1), ν(CC) (d, 1492 cm−1 and e,
1600 cm−1), ν(CO)amide (f, 1680 cm−1), νs(CH2) (h, 2850
cm−1) and νas(CH2) (i, 2,927 cm−1). Since PDMA-r-PS-
encapsulated Fe2O3 nanoparticles show the same absorption
peaks as PDMA-r-PS, Fe2O3 nanoparticles were covered with
PDMA-r-PS. The disappearance of the peak at Figure 3a-a may
be explained by coordination of catecholic moieties onto Fe2O3
nanoparticles.39 This result also supports a strong adhesion of
PDMA-r-PS onto Fe2O3 nanoparticles.
Figure 3b shows FT-IR spectra of TiO2 nanoparticles,

PDMA-r-PDA-encapsulated TiO2 nanoparticles, and PDMA-r-
PDA. As in the case of the Fe2O3 nanoparticles, there is no
specific absorption attributed to TiO2 nanoparticles (excep-
tional for a trace of a carbonyl group adhered on the surface of
TiO2 nanoparticles from their synthesis). PDMA-r-PDA has
specific absorption peaks attributed to ν(Ar−O) (a, 1,282
cm−1), d(Ar−O) (b, 1,368 cm−1), δ(CH2) (c, 1,468 cm−1),
ν(N−H)amide (d, 1,552 cm−1), ν(CO)amide (e, 1,680 cm−1),
νs(CH2) (f, 2,861 cm−1), and νas(CH2) (g, 2,936 cm−1), and
these peaks were clearly observed for PDMA-r-PDA-encapsu-
lated TiO2 nanoparticles. These results imply that TiO2
nanoparticles were covered with PDMA-r-PDA.
Figure 4 shows the relative stabilities of the different particles

dispersed in THF. Soon after the Fe2O3 nanoparticles and PS-r-
PDMA-encapsulated Fe2O3 nanoparticles were subjected to
ultrasonication, both of them were indeed observed to be
dispersed in the THF solution (Figure 4a). After standing for 1
day, however, unencapsulated Fe2O3 nanoparticles completely
precipitated, whereas PDMA-r-PS-encapsulated Fe2O3 nano-
particles remained dispersed in the THF solution (Figure 4b).

Figure 2. DLS measurements (a and c) and TEM images (b and d) of
PDMA-r-PS-encapsulated Fe3O3 nanoparticles (a and b) and PDMA-
r-PDA-encapsulated TiO2 nanoparticles (c and d).
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Moreover, the dispersed PDMA-r-PS-encapsulated Fe2O3

nanoparticles were observed to congregate near a magnet

(Figure 4c). In contrast, the extensively aggregated and

sedimented bare Fe2O3 nanoparticles at the bottom of the

glass bottle did not respond to the magnet. These particles did

not have enough mobility to overcome the aggregated and

sedimented state to respond to the magnetic field, likely

because the magnetization of Fe2O3 nanoparticles is, as is well-

Figure 3. FT-IR spectra of Fe3O3 nanoparticles, PDMA-r-PS-encapsulated Fe3O3 nanoparticles, and PDMA-r-PS (a), as well as of TiO2
nanoparticles, PDMA-r-PDA-encapsulated TiO2 nanoparticles, and PDMA-r-PDA (b).

Figure 4. Visual evaluation of the stabilities of the inorganic nanoparticles (Fe2O3 (a, b), TiO2 (d, e)) with and without encapsulation. Magnetic
response of dispersed Fe2O3 nanoparticles was also evaluated (c).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506530s | ACS Appl. Mater. Interfaces 2014, 6, 18122−1812818125



known, not very strong. These results show that PDMA-r-PS-
encapsulated Fe2O3 nanoparticles have high solubility in THF
and can maintain its magnetic properties over time. TiO2
nanoparticles encapsulated in PDMA-r-PDA also showed
good stability in THF (Figures 4d and 4e).
Taken together, these observations indicate that encapsula-

tion in the tested amphiphilic polymers stabilized the
dispersions of the inorganic particles in THF. Moreover, note
that due to the high adhesion properties of catechol moieties
with the inorganic nanoparticles, the catechol-containing
amphiphilic polymers make the resulting encapsulated nano-
particles more stable in a mixture of hydrophobic organic
solvent and water than do other amphiphilic polymers that
contain carboxylic acid, which is usually used as the hydrophilic
group in amphiphilic molecules (see Supporting Information,
S6).
To confirm the selective introduction of Fe2O3 nanoparticles

and TiO2 nanoparticles encapsulated in the different mussel-
inspired amphiphilic copolymers, microparticles comprised of
PS, PI, and inorganic nanoparticles were prepared by using
SORP.
Figure 5a and b, respectively, shows STEM and cross-

sectional TEM images of a microparticle consisting of PS, PI,

and PDMA-r-PS-encapsulated Fe2O3 nanoparticles. Janus-type
phase-separated structures consisting of a dark gray PI phase,
which was stained with OsO4, and a light gray PS phase, were
clearly imaged. Furthermore, black dots attributed to Fe2O3
nanoparticles were also imaged, in only the PS phase. From the
cross-sectional TEM image, Janus-type phase separation and

introduction of Fe2O3 nanoparticles were also observed in the
microparticles.
In contrast, TiO2 nanoparticles were located in only the PI

phase when the microparticles were prepared from PS, PI and
PDA-r-PDMA encapsulated TiO2 nanoparticles (Figure 5c and
5d). These differences originated from the difference of the
copolymerized monomers of PDMA, that is, PS and PDA,
which have high affinities for the PS and PI phases, respectively.
While PDMA is adhered on the surface of the TiO2
nanoparticles, side chain alkyl groups of PDA of PDA-r-
PDMA are located on the surface of encapsulated TiO2
nanoparticles. Alkyl groups have higher affinity for hydro-
carbons including polyisoprene than for aromatic polystyrene.
On the other hand, PDMA-r-PS has PS moieties, and the Fe2O3
nanoparticles have high affinity for the PS hemisphere. As the
result, selective introduction of nanoparticles was controlled by
changing the surface-encapsulating polymers.
By using the phase selectivity of mussel-inspired amphiphilic

copolymer-encapsulated inorganic nanoparticles, single-phase-
and double-phase-functionalized Janus particles can be
prepared. Microparticles consisting of PS, PI, PDMA-r-PS-
encapsulated Fe2O3 nanoparticles and PDMA-r-PDA-encapsu-
lated TiO2 nanoparticles were prepared from their THF
solution by SORP with water used as a poor solvent. From DLS
measurement, the average size of these prepared microparticles
was observed to be 880 nm. Figure 5e and 5f, respectively,
show STEM and cross-sectional TEM images of these prepared
microparticles. In both images, Janus-type phase separation was
observed and inorganic nanoparticles shown as black dots were
introduced into both phases. The average diameter of the Janus
particles was 740 ± 120 nm (PDI = 0.096). Low magnification
cross-sectional TEM images reveal that inorganic nanoparticles
were introduced as grains in each polymer phase, reflecting
their secondary aggregation structures.
Figure 6 shows a composite image of a cross-sectional TEM

image and energy-dispersive X-ray spectroscopy mapping of
Janus microspheres containing two distinct types of inorganic
nanoparticles. From the composite image, signals for Fe (blue)
were observed to be located at the unstained PS phase, and
signals for Ti (pink) were observed to be located at the PI
phase, which was stained with OsO4 (Os, yellow).These results

Figure 5. STEM images (a, c, e) and cross-sectional TEM images (b,
d, f) of Janus particles containing PDMA-r-PS-encapsulated Fe3O3
nanoparticles (a, b), Janus particles containing PDMA-r-PDA-
encapsulated TiO2 nanoparticles (c, d), and double-phase-function-
alized Janus particles (e, f).

Figure 6. Superimposed image of energy-dispersive X-ray spectrosco-
py mapping of Ti−K (pink), Os−M (yellow), and Fe−K (blue) onto a
cross-sectional TEM image.
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show that double-phase-functionalized Janus particles contain-
ing functional nanoparticles such as Fe2O3 and TiO2 nano-
particles were successfully prepared.
To see how the double-phase-functionalized Janus micro-

particles react to applied magnetic fields, an aqueous dispersion
of these microparticles was injected in a glass cell prepared on a
glass slip, and then the alignments of the microparticles in
response to a neodymium magnet were observed under an
optical microscope. Figures 7a and 7b show different
alignments of Janus microparticles along the applied magnetic
fields. For ease of observation, we chose large Janus particles
(∼7 μm) to check the rotational motion in response to the
magnetic field. Since Janus microparticles were colored white in
the TiO2 phase and brown in the Fe2O3 phases, the Janus-type
phase-separated structure was clearly imaged by using the
optical microscope.
The alignment experiment also showed the course of the

rotation of the Janus microparticles in response to the magnetic
fields. Note that Janus particles accumulate due to magnetic
dipole−dipole interactions upon application of a strong
magnetic field (more than about 50 mT),44 but only a
moderate magnetic field (∼1 mT) was required to rotate the
Janus microparticles. We observed that the microparticles
reacted to the magnetic field within a few hundreds of
milliseconds in water (see video in the Supporting
Information), which is at least as fast as the response time of
existing electrophoretic electric paper.45 Note that double-
phase-functionalized Janus particles show high scattering due to
the high refractive index of TiO2 nanoparticles (see Supporting
Information, S7). In contrast to the single-phase-functionalized
Janus particles, the high contrast between the PI phase
containing TiO2 nanoparticles and the PS phase containing
Fe2O3 in the double-phase-functionalized Janus particles makes
these particles suitable for use as pigments in electronic paper.

4. CONCLUSION

We succeeded in fabricating double-phase-functionalized
composite Janus particles by the SORP method and using
inorganic nanoparticles encapsulated in mussel-inspired
amphiphilic copolymers. This strategy paves the way for the
fabrication of Janus particles having various kinds of functional
inorganic nanoparticles included in the specific phases.
Furthermore, the use of amphiphilic copolymers shown in

this report provides a simple approach for creating polymer-
encapsulated inorganic nanoparticles. The double-phase-
functionalized Janus particles are promising for use not only
as pigments in electronic paper, but also as as immunoassay
probes,46 nanoscale valves,47 and a variety of other
applications.21,48−50
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