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Janus particles constitute a type of soft matter with different
physicochemical properties on opposite sides of the parti-
cles.' As highlighted by de Gennes in his Nobel lecture in
1991, such asymmetric particles offer unique properties that
are impossible to attain with homogeneous or symmetric
materials. Janus particles have been used as building blocks™*!
for the assembly of complex nanostructures,°! as two-phase
stabilizers,""'% and for applications in nanomotors,'!! gene
delivery,"” imaging probes,' and electronic displays.'*°!
There are several general routes to synthesize Janus
particles,"” including 1) direct chemical synthetic routes, s
2) indirect chemical modification of particles at biphasic
interfaces,”*! and 3) topographically selective modification
of particles."****I Topographically selective modification
can be divided into masking/unmasking techniques,?® direct
metal sputtering,'¥ microcontact printing,”” gel trapping,®
and oil-water emulsion methods.”!! The masking/unmasking
technique for selective modification of particles is particularly
promising to control the coverage of chemical functionalities
(patchiness) on the resulting Janus particles. It involves partial
embedding (protection) of a monolayer of particles in a thin
layer of a polymer matrix while the exposed surface of the
particles undergoes chemical or physical modification. Con-
trol over the exposed surface area for surface modification
has been demonstrated through thermal control of the
volume of embedded silica particles within a polymer
matrix® and by reactive ion etching to remove the photo-
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resist with a variable etching rate and subsequent local metal
deposition.”*

To date, only basic chemical functionalizations of such
particles have been reported to form dipolar charged
(positive and negative charges) or amphiphilic (polar and
apolar) Janus particles.!'¥ Assembly of these Janus particles to
form anisotropic particle structures is also limited to basic
chemical interactions, such as direct formation of anisotropic
particle structures through transfer printing of oppositely
charged particles.**? Only recently have responsive Janus
(nano)particles been reported, the controlled aggregation of
which can be fine-tuned by varying the temperature or
pH value.’** The chemical modification of particles pos-
sesses great potential, but also poses a significant challenge, to
form complex Janus particles and anisotropic particle struc-
tures by exploiting complementary chemistry. By manipulat-
ing the asymmetric chemical functionality on the particles, it
is possible to control directly the dimensions, morphology,
and physiochemical properties of such building blocks.

Herein, we demonstrate the formation of a variety of
chemically functionalized Janus particles that possess control-
lable anisotropy (patchiness) with the aid of a masking/
unmasking technique. In the second section, controllable
anisotropic particle structures are prepared by covalent
coupling and solution-based supramolecular recognition-
directed assembly of chemically functionalized Janus parti-
cles. Oxygen plasma etching has been used to create and
control the exposed surface area of the silica particles
embedded within a PMMA matrix (Scheme 1), such that
the chemical patchiness of the Janus particles can be
manipulated. Various local chemical functionalization steps
have been performed on these particles to create chemically
complex Janus particles, including Janus particles with single
and binary chemical functionalities. These Janus particles are
covalently coupled with secondary particles to form aniso-
tropic particle structures. Moreover, Janus particles with
specific supramolecular “host” and “guest” recognition
properties are illustrated. By utilizing the specific noncova-
lent host—guest interactions, controllable solution-based het-
erogeneous particle assembly is demonstrated to form highly
specific dimers that consist of one-to-one pairs of comple-
mentary host- and guest-functionalized particles.

The fabrication of Janus particles and anisotropic particle
structures with controllable patchiness is described in
Scheme 1. A monolayer of silica particles with 5 pm diameter
was deposited by spin-coating them onto a surface. A PMMA
layer was spin-coated onto the particle layer to fully embed
the silica particles within the polymer matrix. O, plasma
etching was performed on the sample, which resulted in
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Scheme 1. Preparation of A) mono- and B) bifunctionalized Janus particles and C) anisotropic particle structures by the combination of masking/

unmasking and chemical functionalization.

partial removal of the PMMA layer from the sample. This
etching created openings in the polymer layer on top of the
SiO, particles, thus exposing areas of the embedded SiO,
particles for further chemical modification. By manipulating
the duration O, plasma etching, we can rationally control the
thickness of the removed PMMA layer and the size of the
exposed SiO, particle surface area. Partial chemical surface
functionalization was performed at the exposed surface of the
embedded particles to create particles with chemical patchi-
ness. After removal of the remaining PMMA layer by organic
solvent, such as acetone, monofunctionalized Janus particles
are formed (Scheme 1A). Upon removal of the remaining
PMMA layer, a second chemical functionalization can be
performed to form bifunctionalized Janus particles
(Scheme 1B). Furthermore, the asymmetrical chemical func-
tionality of the particles can be further employed for coupling
of secondary molecules or nanoparticles, thus forming
anisotropic particle structures (Scheme 1C). The Janus par-
ticles or anisotropic particle structures can be released from
the surface by sonicating the substrate in water.

Silica particles with 5 um diameter were used as the main
subject of this study for easy visualization of individual
particles and differently functionalized areas on these par-
ticles by (fluorescence) microscopy. A PMMA layer, equiv-
alent to 280 nm when spin-coated on a flat silicon substrate,
was spin-coated onto the monolayer of 5 um silica particles.
Prior to O, plasma etching, the particle layer was fully
embedded within the polymer matrix. The PMMA-embedded
SiO, particles retained a similar height profile to that of bare
SiO, particles, as a result of the very thin layer of PMMA
coated on the particles (Figure S1 in the Supporting Informa-
tion). After exposure to O, plasma etching (5-90 s), openings
of various sizes were created on the particle surfaces
(Figure 1 B-G). This finding indicates that the PMMA layer
can be controllably removed to vary the exposed particle
area. The top-view diameter of the exposed area of each
individual particle across a 50x50 um image area was
measured. For 5s O, plasma etching, the diameter of the

www.angewandte.de

7814

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H)

o é
J)

=

5 o
. " i Sa 3 F4o =
= [ a9 o
54 0 2% " a0 8
k] H 220
g . & 3 2
®
g3 S 15 i 2 B
2 301 .° 10 8
g, § 2 5 o
P} g L] @
T T T 5 0~ 77—+ 0
0O 20 40 60 80 100 0 20 40 60 80 100

O, plasma duration/s O, plasma duration/s

Figure 1. SEM images of the PMMA-embedded SiO, particles

A) before and B-G) upon O, plasma etching for 5 (B), 10 (C), 20 (D),
40 (E), 60 (F), and 90 s (G). Scale bars indicate 2 um. H) Schematic
side and top views of the PMMA-embedded SiO, particles upon O,
plasma etching. Plots of 1) etched diameter and ]) absolute and relative
exposed particle surface area as a function of O, plasma etching time.

opening d was 2.2 +0.2 um (Figure 11). Upon increase of the
etching time, the opening was found to increase correspond-
ingly. At 90 s etching duration, d =4.7 £ 0.2 um, thus indicat-
ing that almost half of the SiO, particle surface area had been
cleared of the PMMA mask. By converting d to the fraction of
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exposed surface area (Figure 1J), it was found that our
technique can systematically control the exposed surface area
of the SiO, particles between about 5 and 40%. The
homogeneity of the exposed surface area was excellent over
large areas of the substrate, as exemplified by Figure S2 in the
Supporting Information. Hence, this procedure allows precise
control over the chemical patchiness of the Janus particles
upon subsequent chemical functionalization.

The O,-plasma-etched PMMA-embedded SiO, particles
can be generally employed for attaching molecules locally at
the exposed surface areas, forming mono- and bifunctional-
ized Janus particles. By using the 30s etched PMMA-
embedded particles as an example, mono- and bifunctional-
ized fluorescent particles were prepared. The 30s etched
PMMA-embedded particles were first functionalized with
aminopropyltriethoxysilane (APTES) to form NH,-function-
alized Janus particles (Figure 2A). Rhodamine molecules
were then coupled to the amino layer through a sulfonamide
bond using lissamine rthodamine sulfonyl chloride. The rhod-
amine-functionalized Janus particles were subsequently
released into solution by removal of the PMMA layer and
sonication in water. The asymmetrical and partial coverage of
the rhodamine distribution on the surface of the SiO, particles
is shown in Figure 2B.

The reaction sequence on the substrate-adsorbed particles
can be extended to obtain binary fluorescent rhodamine-
fluorescein Janus particles. After rhodamine-functionaliza-
tion and removal of PMMA by organic solvent, a second
APTES functionalization was performed on the freshly
exposed SiO, particle surface area (Figure 2A). The second
fluorescent dye, fluorescein ester, was subsequently cova-
lently attached. The binary fluorescent Janus particles were
released into an aqueous solution for visualization. Fluores-
cence imaging (Figure 2 C) showed the asymmetrical fluores-
cence properties of the binary fluorescent Janus particles.

Rhodamine is fluorescent upon both green and blue
excitation, whereas fluorescein is only fluorescent upon blue
excitation. A zoomed-in fluorescence image of the red
emission (showing rhodamine only) reveals that the fluores-
cence intensity of the particle was asymmetrical (Figure 2D).
However, upon blue excitation, the entire particle displayed
green emission, as both rhodamine and fluorescein are
fluorescent under these conditions (Figure 2E). When both
fluorescence images were combined (Figure 2F), the partial
orange and green fluorescence on the particle can be clearly
distinguished, which reveals the distribution of rhodamine
and fluorescein.

As a proof of principle, 10 and 90s etched PMMA-
embedded particles, with 10 and 40 % exposed surface area,
respectively, were used to form anisotropic particle structures
(Scheme 1C). Both samples were first functionalized with
APTES to form NH,-functionalized Janus particles. A
solution containing both carboxylate-functionalized silica
nanoparticles (d~60nm) and 1-ethyl-3-(3-dimethylamino-
propyl)-1-carbodiimide hydrochloride/N-hydroxysuccinimide
was cast on the particle layer, with the aim of forming amide
bonds between the nano- and microparticles. After ten
minutes incubation, the samples were rinsed with water to
remove any physisorbed nanoparticles and with dichloro-
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Figure 2. A) The preparation of mono- and bifunctionalized fluorescent
Janus particles anisotropically functionalized with rhodamine and
fluorescein molecules. Fluorescence microscopy images of B) rhod-
amine-functionalized Janus particles, C—F) rhodamine- and fluorescein-
functionalized binary fluorescent Janus particles showing a combina-
tion of red and green emissions (C, F), red emission only (D), and
green emission only (E).
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methane to remove the PMMA layer. As shown in Fig-
ure 3B-E, the sections covered with the nanoparticles
corresponded to the microparticle surface areas exposed
during etching for both etching times. Apparently, the topo-
graphically selective functionalization of the 5 um silica
particle surface and the specific carbodiimide coupling
between the NH,-functionalized Janus particles and ester-
functionalized 60 nm silica nanoparticles have resulted in the
formation of binary particle structures with tunable patchi-
ness.

The nature of the secondary particles can be varied, thus
giving rise to binary anisotropic particle structures with
anisotropic material and optical properties. Figure S3 in the

A)

-Si

Polymer
removal

—_—

Figure 3. A) The preparation of NH,-functionalized Janus particles and
anisotropic particle structures obtained by carbodiimide coupling with
carboxylate-functionalized 60 nm SiO, nanoparticles. B-E) SEM images
of anisotropic particle structures formed by attaching 60 nm SiO,
particles to 5 um amino-functionalized Janus SiO, particles by carbo-
diimide coupling employing O, plasma etching for 10s (B, D) or 90's
(C, E).
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Supporting Information shows fluorescence microscopy
images of the attachment of carboxylate-functionalized
quantum dots (QDs) onto the amino-functionalized aniso-
tropic particle layer (with 5 and 90s O, etching) by
carbodiimide coupling. In the case of 5s etched micro-
particles, the fluorescence intensity profile directly after
chemical modification shows the fluorescence to be concen-
trated at the center of the silica particles, whereas at the edges
of the particles (in top view), the fluorescence intensity is
almost negligible (Figure S3A). In the case of 90s etched
particles, the edges of the particles exhibited a higher
fluorescence intensity than the centers of the particles
(Figure S3B). This result is attributed to the wider QD
coverage on the 90 s etched microparticles, leading to a higher
density of QDs in the projected top-view surface area.

The noncovalent supramolecular chemistry involving (-
cyclodextrin (CD) and its guest molecules®® ™! has been
exploited for the assembly of complementary host- and guest-
functionalized Janus particles employing molecular recogni-
tion. 10 s etched PMMA-embedded SiO, particles were used
for making the host- and guest-functionalized Janus particles.
Different fluorescent groups were attached on the remaining
particle surface areas for fluorescence identification. Fig-
ure 4 A-D shows the separately prepared host- and guest-
functionalized Janus particles. CD-functionalized anisotropic
particles (Figure 4 A,B) were prepared using a multistep
functionalization procedure,[‘“’] and rhodamine was subse-
quently attached on the remaining areas of the particles,
forming binary supramolecular and fluorescent Janus SiO,
particles. Adamantyl- and fluorescein-functionalized Janus
particles (Figure 4C,D) were prepared employing similar
synthetic strategies.””*!! The images in Figure 4 B,D show the
fluorescence anisotropy of the host- and guest-functionalized
Janus particles after release from the substrate and confirm
that the different colors allow easy visual identification upon
mixing.

By mixing the two complementary particles, the majority
of the particles formed dimers (Figure 4 E), which consisted of
one host-functionalized and one guest-functionalized particle,
as indicated by the fluorescent color coding. The yield of
perfectly matched supramolecular host-guest anisotropic
particle dimers was 50 %, as compared to 36 % monomeric
particles and 14 % mismatched particle dimers or trimers.
Mismatching may arise from nonspecific hydrophobic dye—
dye interactions and can potentially be suppressed by diluting
the dye with a hydrophilic molecule in the dye-functionalized
areas. Trimers may actually occur through specific interac-
tions when the exposed microparticle surface area function-
alized with supramolecular moieties has an angle of greater
than 60°, corresponding to an exposed diameter d (Figure 1)
of greater than 2.5 um. The 10 s etching used in this case led to
d=29 pm and therefore allows some degree of trimer
formation. Shorter etching times are needed to suppress
trimer formation and to further increase the yield of dimers.
Nevertheless, the high yield of matching host-guest particle
dimers shows the highly specific recognition-directed assem-
bly in the formation of stable dimers. It is important to note
that the results obtained herein differ markedly from the
general observation in solution-based supramolecular assem-
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Figure 4. Schematic structures (A, C) and fluorescence microscopy images (B, D) of CD- and rhodamine-functionalized Janus particles (A, B) and
of adamantyl- and fluorescein-functionalized Janus particles (C, D), employing 10 s etched PMMA-embedded SiO, particles. E) Fluorescence
microscopy image after the assembly of the CD- and adamantyl-functionalized anisotropic microparticles by specific host-guest interactions.

Scale bar in inset indicates 5 um.

bly, where uncontrollable aggregation of supramolecular
complementary nanoparticles is commonly observed. Our
technique allows direct control over the chemical coverage of
a particle, where the anisotropic supramolecular properties of
the particles result in direct manipulation of the assembly of
complementary host- and guest-functionalized particles, even
in solution-based aggregation.

In conclusion, preparation of Janus particles with control-
lable chemical patchiness and anisotropic particle structures
with different materials properties, color coding, and recog-
nition properties has been demonstrated. O, plasma etching
was used to selectively unmask the particles for chemical
functionalization, thus allowing the formation of Janus
particles with single and binary functionalities. Obviously,
the etching method has to be chosen such as not to damage
the particle core material. Controlled assembly of Janus
particles was demonstrated by manipulating the molecular
recognition patchiness on the Janus particles. Our strategy
exhibits the potential of such particles with sophisticated
asymmetrical chemistries as the basic building blocks for self-
assembly of complex structures. They may be further
equipped for application as sensors that respond to different
environmental stimuli. In particular, the concept of supra-
molecular Janus particles with controllable molecular recog-
nition properties can be readily applied for the detection of
several complementary (bio)molecules simultaneously.
Future study will focus on the role of the chemical patchiness
of the supramolecular Janus particles in the formation of
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controlled anisotropic particle structures, such as trimers and
larger particle assemblies.
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