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Promising techniques

clusters of the same size all swell by the same amount, with the total
amount of swelling controlled by the quantity of added monomer.
After swelling, we polymerize the styrene by thermally degrading

the BPO previously introduced into each cluster. Swelling is con-
trolled so that the extremities of the original clusters are not encap-
sulated, but are left as patches. Clusters of the same order n are
encapsulated to the same extent, leading to uniform patch configura-
tions, as seen in Fig. 1c, which shows scanning electron microscope
(SEM) images of particles with 1 to 7 patches (see Supplementary Fig.
1a for higher-order patches). Using BPO as the initiator ensures that
there are no functional groups introduced, so the surface created by
swelling the clusters—the ‘anti-patch’ surface—is chemically inert
and different from the patches: only the patches have the functional
amidine groups.
Patch size is controlled during the swelling process by adjusting the

amount of monomer that is introduced: the more monomer that is
added, the smaller the patches are. Figure 2 shows that considerable
variation in patch size can be achieved in this way. Small patches
favour greater directionality, and larger patches permit multiple links
per patch, as we discuss below.
A key design feature of our method is the use of clusters as inter-

mediates. Their diversity in particle number and symmetry is trans-
lated directly to the number and symmetry of the particle patches. In
contrast to the planar symmetry of Janus particles23,33, the symmetries
of these patchy particles are fully three-dimensional.
Our method converts essentially all the starting colloidal particles

into particles with one or more patches. Each sample produced con-
tains large scalable quantities of particles having different valence
(numbers of patches), the relative distribution of which can be chan-
ged by adjusting the emulsification conditions used when making the
clusters34. Using a higher shear rate, for example, makes smaller emul-
sion droplets, which skews the distribution towards lower-valence
particles. We fractionate the particles through density gradient cent-
rifugation, obtaining up to 12 clear bands corresponding to particles

with different valence (see Supplementary Fig. 1b, c). Table 1 sum-
marizes the fraction of particles obtained in each band for two differ-
ent shearing conditions. For the lower-shear preparation, each of the
four upper bands, which correspond to particles with 1 to 4 patches,
contains 108 to 109 identical particles. For the higher-shear prepara-
tion, greater quantities are produced in the upper bands and lower
quantities are produced in the lower bands. In most cases, we use
conditions (see Methods) that produce the most 2-, 3- and 4-patch
particles, which are the ones most useful for making analogues of
common molecules. If pure samples containing patchy particles of
identical valence are desired, then it is the fractionation step that
ultimately limits the quantity available. Typically, we collect the same
valence from up to 40 separations run in parallel, accumulating 109 to
1011 particles.
The amidine groups on the colloid surface are crucial to the patchy

particle fabrication process. First, the positive charge created from the
dissociation of amidine hydrogen chloride salt (–C(NH)NH3Cl),
along with the SDS surfactant, stabilizes the microspheres as well as
the clusters by electrostatic repulsion. Second, when the clusters are
swollen and encapsulated, the positive charges make the patches of
the cluster more hydrophilic than the monomer–water interface,
which is stabilized only by SDS. This difference in interfacial energies
leads to finite contact angles and well-defined patches. Most impor-
tantly, the amidine groups can be easily functionalized in aqueous
solution.
We functionalize the amidinated patches with biotin, and then

use a biotin–streptavidin–biotin linkage to attach DNA with

Table 1 | Quantities of particles in the different bands
Number of patches 1 2 3 4 5 6 7

High shear 61% 15% 4% 1% 0.2%* 0.02%* 0.001%*
Low shear 7% 16% 25% 15% 8% 5% 3%

Density gradient centrifugation is used to fractionate the patchy particles. The fraction of identical
particles obtained from a single centrifuge tube is shown. Fractions of 10%–20% correspond to 108–
109 particles in a single fractionation.
*For these higher-valence particles, the fractions were estimated from their number ratio relative to
lower-valence particles observed under a microscope (see Methods).
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Figure 1 | DNA patchy particle fabrication. a, Preparation of colloidal
particles with DNA-functionalized patches having well-defined symmetries.
A four-patch particle is shown as an example. 1, A cluster of four amidinated
polystyrene microspheres, prepared by the method of ref. 5, is swollen with
styrene such that the extremities of the cluster—a tetrahedron in this case—
protrude from the styrene droplet. The styrene is then polymerized and the
protrusions from the original cluster become patches. 2, Biotin is site-
specifically functionalized on the patches. 3, Biotinated DNA oligomers are
introduced and bind to the particle patches via a biotin–streptavidin–biotin
linkage. b, Electron micrographs of amidinated colloidal clusters, showing the
particle configurations for clusters of n5 1–7 microspheres. c, Electron
micrographs of amidinated patchy particles after encapsulation. The patches
inherit the symmetries of their parent clusters. d, Confocal fluorescent images
of corresponding patchy particles, verifying that only the patches are
functionalized with DNA. The fluorescence comes from the dye-labelled
streptavidin that links DNA with the patches. Scale bars, 500 nm.
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Figure 2 | Control of patch size. Electron micrographs of patchy particles,
showing that the sizes of patches can be adjusted by changing encapsulation
conditions. a, Particles with relatively large patches are fabricated when clusters
are swollen with 1.0ml of styrene monomer. Primary spheres are 540nm in
diameter. b, Under identical conditions, smaller patches are obtained when
moremonomer (1.2ml) is added. c, Smaller patches, relative to particle size, are
obtained using primary microspheres 850 nm in diameter. Using larger
particles facilitates observation under an optical microscope. Divalent, trivalent
and tetravalent particles from this batch were used in colloidal molecule
formation, and the monovalent particles were used in kinetics study, as
discussed below. Arrow indicates increasing patch size. Scale bars, 500nm.
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single-stranded ‘sticky’ ends. The first step uses sulpho-NHS-biotin
(biotinamidohexanoic acid 3-sulpho-N-hydroxysuccinimide ester
sodium salt, a water-soluble biotin derivative) and is carried out
in phosphate-buffered saline (PBS) (pH5 7.42), where the N-
hydroxysuccinimide ester (NHS) can react with amidine groups
and covalently link the biotin to the patches.
The DNA oligomer is prepared separately. It has three parts. At the

59 end, it has a biotin as an anchoring molecule. In the middle, there is
a 49-base-pair double helix that acts as a spacer. Finally, at the 39
terminus, a single strand of 11 complementary or 8 palindrome base
pairs forms the sticky end (for sequences, see Methods). Mixing DNA
with streptavidin in a 1:1 ratio yields a streptavidin–DNA complex,
which is then added to the biotin-functionalized patchy particles to
produce DNA-functionalized patchy particles. The streptavidin con-
tains a fluorescent tag for visualization by confocal microscopy.
Figure 1d shows that only the patches of the particle are fluorescent,
indicating that the streptavidin–DNA complex successfully coats the
particle patches and that the amidine–NHS chemistry used for biotin
functionalization works as designed.
The binding between patches on different particles is realized by

hybridizing DNA oligomers on different patches. The oligomers,
about 18 nm in length, provide short-range attractions and thus
enforce the directionality defined by the particle patches. DNA is
widely used for linking nanoparticles because it can be synthesized
with control over the length and sequences of the base pairs, which, in
turn, controls the specificity and the strength of interaction35–38.
Hybridization of the complementary strands is fully reversible with
temperature so that particle assembly can be controlled by varying
temperature.
The oligomers we use to functionalize purified patchy particles are

complementary DNA strands designated R (red) or G (green) and
designed to bind selectively only to each other, or a palindrome P
strand that only binds to other P strands. To differentiate the particles
under the confocal microscope, red fluorescent (Alexa 647) strepta-
vidin is used with R particles, and green fluorescent (Alexa 488)
streptavidin is used with G particles (see Supplementary Fig. 2).

Assembly of colloidal molecules
With our collection of R, G and P patchy particles, we can build
colloidal assemblies that mimic not only the geometry, but also the
chemistry of molecules. Figure 3a (left panel) shows the formation of
AB-type colloidal molecules from two 1-patch particles with comple-
mentary sticky ends. The system produces colloidal dumbbells with-
out the random aggregation observed using spherical particles
uniformly coated with DNA, and consistently with there being only
one patch per particle. The confocal fluorescent image in Fig. 3a
(middle panel) shows only complementary R–G particle pairs and
no R–R or G–G pairs, confirming that DNA hybridization drives
particle assembly. The resulting dumbbells are the colloidal analogues
of AB-type molecules such as hydrogen chloride (Fig. 3a, right panel).
Here, in contrast to hydrogen and chlorine, the sizes of the two atoms
are the same, although they need not be. Patchy particles of different
sizes can be fabricated and DNA bonds of various strengths can be
used, so colloidal molecules of different size ratio and bond strength
can be obtained.
Figure 3b shows linear AB2-type colloidal molecules, the colloidal

analogues of molecules like carbon dioxide (CO2) or beryllium chlor-
ide (BeCl2), that are obtained when green divalent (2-patch) particles
are mixed with red monovalent particles. Triangle-like AB3 (Fig. 3c)
and tetrahedron-like AB4 (Fig. 3d) colloidal molecules are similarly
obtained by mixing trivalent (3-patch) particles and tetravalent
(4-patch) particles, respectively, with monovalent particles (see
Supplementary Video 1 for all colloidal molecules).
Bonding specificity is critical for the formation of all of the ABn

structures. It promotes the formation of AB bonds while prohibiting
the formation of AA and BB bonds, ensuring that the divalent,

trivalent and tetravalent particles can act as the central atoms and
the bonding interactions mimic that of atomic orbitals in geometry
and valence. Complementary monovalent particles then serve as
ligands that form bonds with the central atom. The confocal images
in Fig. 3 (middle panels) show the directionality and specificity of the
interactions between the central atoms and their monovalent particle
ligands.
Other structures that can be made include colloidal analogues of

alternating copolymers, formed using complementary divalent part-
icles. Figure 3e shows that only green and red divalent particles bind to
each other.
If particles have patches big enough to accommodate more than

one complementary particle, molecular isomers and branched poly-
mers are obtained. Figure 3f shows two isomers of a nonlinear AB2-
type assembly that mimic the cis- and trans-conformations of mole-
cules with a double bond. Such isomers may behave quite differently
from one another in diffusion, rotation and reactivity. Additional
monovalent particles can bind to the isomers and form ethylene-like
structures (Fig. 3f, bottom panels). In the assembly of colloidal poly-
mers from divalent particles, particles with bigger patches lead to
branched chains and cross-linked networks (see Supplementary Fig.
3a). These results highlight the importance of controlling the patch
size and in particular the ability tomake patches sufficiently small that
steric hindrance prevents more than one particle from attaching (see
Supplementary Fig. 4 for SEM pictures of patchy particles used in
colloidal molecules and geometry analysis for hindrance).
Self-complementary palindrome strands can also be used for self-

assembly of mono- and divalent particles. Monovalent particles with
palindrome sticky DNA yield A2-type colloidal molecules, analogous
to H2 or Cl2, whereas divalent particles yield homopolymers. One can
also envision higher-order palindrome particles that might assemble
into extended open structures like a diamond lattice39.
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Figure 3 | Specific directional bonding between colloidal atoms observed
with optical microscopes. a–e, Bright-field (left panels), confocal fluorescent
(middle panels), and schematic images (right panels), show colloidalmolecules
self-assembled from patchy particles. a, Complementary green and red
monovalent particles form dumbbell-shaped AB-type molecules. Supra-
colloidal molecules AB2, AB3 and AB4 are formed by mixing red monovalent
with green divalent (b), trivalent (c) and tetravalent (d) particles. e, If
complementary divalent particles are mixed, linear alternating polymer chains
spontaneously assemble. f, When particles with bigger patches are used, cis–
trans-like isomers can form. Introducing more monovalent particles leads to
ethylene-like colloidal molecules. Images are bright-field (left panels) and
schematic (right panels). Scale bars, 2mm.
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Directed self-assembly of a colloidal kagome lattice
Qian Chen1, Sung Chul Bae1 & Steve Granick1,2,3

A challenging goal in materials chemistry and physics is sponta-
neously to form intended superstructures from designed building
blocks. In fields such as crystal engineering1 and thedesignofporous
materials2–4, this typically involves building blocks of organic mol-
ecules, sometimes operating together with metallic ions or clusters.
The translation of such ideas to nanoparticles and colloidal-sized
building blocks would potentially open doors to new materials and
new properties5–7, but the pathways to achieve this goal are still
undetermined. Here we show how colloidal spheres can be induced
to self-assemble into a complex predetermined colloidal crystal—in
this case a colloidal kagome lattice8–12—through decoration of their
surfaces with a simple pattern of hydrophobic domains. The build-
ing blocks are simple micrometre-sized spheres with interactions
(electrostatic repulsion in the middle, hydrophobic attraction at
the poles, which we call ‘triblock Janus’) that are also simple, but
the self-assembly of the spheres into an open kagome structure con-
trasts with previously known close-packed periodic arrangements of
spheres13–15. This open network is of interest for several theoretical
reasons8–10. With a view to possible enhanced functionality, the
resulting lattice structure possesses two families of pores, one that
is hydrophobic on the rims of the pores and another that is hydro-
philic. This strategy of ‘convergent’ self-assembly from easily fabri-
cated16 colloidal building blocks encodes the target supracolloidal
architecture, not in localized attractive spots but instead in large
redundantly attractive regions, and can be extended to form other
supracolloidal networks.
Colloidal crystals are important for their proposed applications in

photonics, biomaterials, catalytic supports and lightweight structural
materials. They also serve asmodel systems inwhich to study the phase
behaviour and crystallization kinetics of atomic and molecular crys-
tals13–15. Usually composed of hard spheres that are homogeneous
in surface functionality, their spontaneous formation is mostly
induced by the minimization of entropy, which results in a limited
selection of attainable close-packed crystal types13–15. More complex
crystals assembled from similarly homogeneous spheres have been
constructed in binary colloidal17 and template-assisted systems18. To
achieve programmable formation of crystals, building blocks with
designed specific surface functionalities such as DNA linkers19,20 and
attractive ‘patches’5–7,21,22 have been proposed, but these approaches
pose synthetic challenges and can be difficult to generalize. For
example, the kagome lattice (see Fig. 1), which is of theoretical interest
for mathematical reasons8 as well as its relevance to mechanical
stability of an isostatic lattice9 and frustration in magnetic materials10,
is composed of interlaced triangles whose vertices have four contacting
neighbours. To construct it by direct assembly would require colloids
with four unevenly distributed patches on their equators to line up
precisely with their counterparts on neighbouring spheres (see
Supplementary Fig. 1a) but methods to obtain the desired colloids
are not immediately accessible.
Accordingly, we chose the kagome lattice as our target colloidal

crystal, and produce it using the following alternative strategy. To
reduce the need to start with a specific pattern of attractive spots on
each building block, we designed a building block with the orthogonal

attributes ofminimal surface design combinedwith self-adjusted coor-
dination number. This simplifies the original four-patch decoration
scheme into one with two patches at opposite poles, each of which
subtends an angle in the plane large enough to allow coordination with
two nearest neighbours (see Supplementary Fig. 1b). This has the
advantage that established syntheticmethods16 can be used to decorate
spherical particles with two hydrophobic poles of tunable area, sepa-
rated by an electrically charged middle band. Because each of the
hemispheres is chemically ‘Janus’ (two-sided)23 with the same middle
band, we refer to these as ‘triblock Janus’.
This motif causes neighbouring particles to attract at their poles in a

geometricalarrangementlimitedbytheirsize,whileavoidingenergetically
unfavourable contacts between the charged middle bands. After over-
night sedimentation, the density mismatch between our gold-plated
polystyrene particles and the water in which they are suspended con-
centrates the particles into a quasi-two-dimensional system. Our syn-
thetic schemeproduces elongated caps (see SupplementaryFig. 2),which
further facilitates assembly into two-dimensional networks because it
allows two nearest neighbours only when the long patch axes of neigh-
bouring particles are parallel. Ordering is then switched on at will by
adding salt (3.5mM NaCl in these experiments) to these spheres in

1Department of Materials Science and Engineering, University of Illinois, Urbana, Illinois 61801, USA. 2Department of Chemistry, University of Illinois, Urbana, Illinois 61801, USA. 3Department of Physics,
University of Illinois, Urbana, Illinois 61801, USA.
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Figure 1 | Colloidal kagome lattice after equilibration. a, Triblock Janus
spheres hydrophobic on the poles (black, with an opening angle of 65u) and
charged in the equator section (white), are allowed to sediment in deionized
water. Then NaCl is added to screen electrostatic repulsion, allowing self-
assembly by short-range hydrophobic attraction. b, Fluorescence image of a
colloidal kagome lattice (main image) and its fast Fourier transform image
(bottom right). Scale bar is 4mm. The top panel in c shows an enlarged view of
the dashed white rectangle in b. Dotted red lines in c highlight two staggered
triangles. The bottom panel in c shows a schematic illustration of particle
orientations.

2 0 J A N U A R Y 2 0 1 1 | V O L 4 6 9 | N A T U R E | 3 8 1

Macmillan Publishers Limited. All rights reserved©2011

hydrophobic-hydrophilic patches
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Conclusions
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