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Programmable colloidal molecules from
sequential capillarity-assisted particle assembly

Songbo Ni,1,2 Jessica Leemann,1,2 Ivo Buttinoni,1 Lucio Isa,1* Heiko Wolf2*
The assembly of artificial nanostructured and microstructured materials which display structures and functionalities
that mimic nature’s complexity requires building blocks with specific and directional interactions, analogous to those
displayed at themolecular level. Despite remarkable progress in synthesizing “patchy” particles encoding anisotropic
interactions, most current methods are restricted to integrating up to two compositional patches on a single “mole-
cule” and toobjectswith simple shapes. Currently, decoupling functionality and shape to achieve full compositional
and geometrical programmability remains an elusive task. We use sequential capillarity-assisted particle assembly
which uniquely fulfills the demands described above. This is a new method based on simple, yet essential, adapta-
tions to the well-known capillary assembly of particles over topographical templates. Tuning the depth of the
assembly sites (traps) and the surface tension of moving droplets of colloidal suspensions enables controlled
stepwise filling of traps to “synthesize” colloidalmolecules. After deposition andmechanical linkage, the colloidal
molecules can be dispersed in a solvent. The template’s shape solely controls the molecule’s geometry, whereas the
filling sequence independently determines its composition. No specific surface chemistry is required, and multi-
functional molecules with organic and inorganic moieties can be fabricated. We demonstrate the “synthesis” of a
library of structures, ranging from dumbbells and triangles to units resembling bar codes, block copolymers, surfac-
tants, and three-dimensional chiral objects. The full programmability of our approach opens up new directions not
only for assembling and studying complex materials with single-particle-level control but also for fabricating new
microscale devices for sensing, patterning, and delivery applications.
INTRODUCTION

Colloidal particles have long been used as model systems to investi-
gate the fundamental properties of materials (1) and as building
blocks for spontaneous and directed assembly (2–4). The quest to
mimic nature’s complexity in the range of achievable structures be-
yond isotropic systems requires colloids with directional and specific
interactions (5, 6) and has prompted tremendous efforts in particle
synthesis and fabrication (7–9). In the (sub)micrometer range, the
most successful systems to date are patchy particles (that is, colloids
with heterogeneous surface regions in predetermined positions), which
have successfully been used to assemble structures resembling simple
molecules (10, 11), responsive filaments (12), and complex lattices (13).
However,most current fabrication strategies for patchy colloids (8, 14, 15)
suffer froma significant limitation—particle geometry, composition, and
functionality cannot be controlled independently at will. Ultimately,
highly complex superstructures require more information encoded in
their colloidal building blocks.

Here, we demonstrate a new bottom-upmethod termed “sequential
capillarity-assisted particle assembly” (sCAPA) that uniquely over-
comes these limitations. Traditional capillarity-assisted particle
assembly (CAPA) works by moving the meniscus of an aqueous col-
loidal suspension droplet over a topographical template, whereby cap-
illary forces at themeniscus place the particles into designated positions
(16–18). The method is most commonly used as a patterning tool, in
which complex templates with specific structures are used to assemble
and, optionally, transfer (by printing) particle patterns for applications
in nanoelectronics (19, 20), sensing (21), plasmonics (22, 23), and nano-
patterning (17, 24). Here, we turn the method into a novel and flexible
tool for the synthesis of fully programmable andmultifunctional colloi-
dal clusters (“colloidal molecules”) by exploiting a series of simple, yet
essential, adaptations to the state of the art.

In CAPA, the geometry of the traps (both depth and lateral shape
and size) typically closely matches the geometry of the target structures
to ensure complete filling with high efficiency. Tuning the number of
different kinds of particles assembled in a single trap is a more compli-
cated task—only achieved, until recently, in successive steps using
smaller (16) or differently shaped (23) particles to fill interstices. En-
coding the composition by such methods is typically limited to binary
systems, either due to constraints in the fabrication of complex-shaped
templates to place many levels of differently sized and shaped particles
in specific positions or due to the formation of unspecificmultiple layers
when using smaller particles over prefilled assembly sites.

We recently found that, in addition to manipulating its lateral size
and shape, tuning the trap depth and the surface tension of the aqueous
droplet enables robust control of the number of particles assembled in
single deposition steps (25). Consequently, there is a new, accurate route
to reprogramming the composition of the structures deposited in a
single trap by refilling it with different particles.

The control of the number of assembled particles in each deposi-
tion is the result of the interplay between the trap geometry and the
forces acting on the particles in the trap. As schematically shown in
Fig. 1A, the front particle (particle 1) interacts first with themovingme-
niscus and then experiences a downward capillary force Fc perpendic-
ular to the meniscus. This force is partly transmitted to the rear particle
(particle 2) and can lead to an upward force F′c in the presence of small
vertical displacements, which can push particle 2 out of the trap during
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further retraction of the meniscus. The effect of the upward force F′c
can be conveniently increased by reducing the trap depth (or vice versa,
reduced using deeper traps) for a given surface tension. More details on
a mechanical model describing this process can be found in the study
by Ni et al. (25). Consequently, we can selectively assemble single par-
ticles when the trap is shallow (d ≈ r, where d is trap depth and r is
particle radius), whereas the trap is completely filled for larger depths
(d≈ 2r). A crucial finding, which defines the core principle of sCAPA,
is that only a single particle is assembled in each deposition step, even
in complex traps, as illustrated for the first step of the filling of long traps
as well as for triangular traps in Fig. 1 (B and C, respectively). Drying
causes strong adhesion to the template such that already assembled par-
ticles do not leave the traps and the remaining space can be filled with
new particles one at a time, in which case the last preassembled par-
ticle defines a new trap geometry. This new concept enables complete
encoding of the composition beyond binary systems and does not re-
quire any specific surface chemistry of the assembled particles. Here,
we demonstrate the potential of sCAPA as a synthesis method by fab-
ricating hybrid colloidal molecules ranging fromdumbbells and trian-
gles to particles resembling bar codes, block copolymers, surfactants, and
three-dimensional (3D) chiral objects, with precise compositional and
material programmability in each step. The geometry of the template
defines the molecule shape independently of its composition, which is
controlled by choosing the particle(s) to be deposited in each step.
After deposition, the clusters are mechanically linked, harvested,
and dispersed in solution.
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RESULTS

Here, sCAPA is applied to the preparation of a variety of complex-
shaped, multifunctional colloidal molecules. Unless otherwise speci-
fied, the following experimental parameters are used in all depositions.
The spherical particles used are 1.0 mm in diameter, and the depth of all
traps, fabricated in silicone elastomer [poly(dimethylsiloxane) (PDMS)]
templates, is optimized to be approximately equivalent to the particle
radius (510 ± 10 nm) (25). A surfactantmixture (0.1mMSDS+ 0.01wt%
Triton X-45), providing a water-air surface tension of ~29 mN m−1, is
used (for more details, see Materials and Methods).

We first use sCAPA to assemble programmable linear clusters by
sequentially depositing different particles one by one in line-shaped
traps, as schematically shown in Fig. 2A. Lines of different dimensions
were used, with a fixed width close to the particle diameter and varying
lengths on the order of several particle diameters (see Materials and
Methods). The meniscus was positioned perpendicular to the long axis
of the traps and moved in the direction of their long axis.

Figure 2 (B and C) shows green-red-blue (G-R-B) and blue-green-
red-blue (B-G-R-B) bar-code–like colloidal chains, in which we se-
quentially assembled different fluorescent polystyrene (PS) particles
three and four times, respectively (SEM images are reproduced in fig.
S1, A and B). The yield for both depositions reaches 83% over an area
of several tens of squaremillimeters. The numbers of particle clusters
Fig. 1. Working principle of depositing a single particle in a large
trap. (A) Scheme of the assembly in rectangular traps (1.2 × 2.2 mm2), with
the trap depth d approximately equal to the particle radius r (d = 510 nm, r =
500nm). The zoomshows the front particle (particle 1) experiencing adown-
ward capillary force Fc perpendicular to the meniscus. The force Fc partly
transmits to the rear particle (particle 2), leading to an upward force F′c in
the presence of a small vertical displacement, which pushes particle 2
out of the trap. Eventually, only particle 1 is assembled in the trap. (B and C)
Trapping only a single particle is also found in 10-mm-long traps (B) and in
triangular traps (C). The insets to (B) and (C) are the corresponding scanning
electronmicroscopy (SEM) images. Scale bars, 5 mm(B andC) and 2 mm (insets
to B and C).
Fig. 2. One-dimensional linear colloidal chains assembled by sCAPA.
(A) Scheme illustrating the stepwise sequence for fabricating multi-
component colloidal chains. (B to E) One-dimensional linear PS colloidal
chains assembled using different particles and sequences, resembling bar-
code chains (B and C), block copolymers (D), and surfactants (E) (merged
fluorescence images). The insets show the specific assembly sequence
and directions in each case. Note that in the assembly of surfactant-like col-
loidal chains, the assembly directionwas rotated by ~80° for the second step
(inset to E). Scale bars, 5 mm (B and C) and 10 mm (D and E).
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and the throughput can be scaled up by increasing the size of the
template or by using parallel depositions (26), as discussed later. The
number of possible sequences (MN, whereM is the number of available
particle types andN is the trap length/particle diameter) increases significant-
ly with trap length. Figure 2D shows GGG-RRR (G, green; R, red) chains
whose composition is precisely encoded in each of the six assembly
steps, creating an architecture analogous to that of block copolymers.

Selectivity in the number of trapped colloids also enables precise
control of the composition by tuning the orientation of the moving me-
niscus relative to the trap direction.We fabricated surfactant-like colloi-
dal chains (Fig. 2E) with a single head particle followed by a tail
composed of different PS particles (SEM image in fig. S1C). The first
deposition step, which selectively placed a single head particle in each
trap, was performed with the meniscus moving in the direction of the
trap long axis, as described above (see movie S1). Then, the second
assembly step was performed after turning the template by ~80° relative
to the first one so that all the particles forming the long tails could be
deposited at once (movie S2 and inset to Fig. 3A). The second assembly
step led to a certain degree of polydispersity in the tail length or even to
the absence of contact between the head and the tail (Fig. 3), caused by
the varying local assembly direction along the curved contact line of the
meniscus (Fig. 3A). Although this curvature has only little influence on
the bar code and block copolymer colloidal chains assembled one by
one, it does affect the simultaneous assembly of multiple particles in
the tails. The tail is longer when the contact line is more parallel to the
long axis, whereas steeper angles lead to shorter chains (Fig. 3, B toD and
F). In the extreme case where the droplet contact line forms a negative
Ni et al. Sci. Adv. 2016; 2 : e1501779 1 April 2016
angle with the long axis of the trap, the tail particles are pushed into the
opposite end of the trap, away from the previously assembled head par-
ticle. In this case, the tail and the head remain separated (Fig. 3E), and the
particles cannot be linked andharvested.These issues canbe overcomeby
appropriately engineering the shape of the meniscus and the orientation
of the traps. A straight contact line over the entire template is the ideal
solution, which could be achieved, for instance, by using a microfluidic
chip to confine themoving droplet and continuously supply the suspen-
sion to the assembly front (27). The assembly of colloidal surfactants
demonstrates nonetheless that changing the orientation of the traps
enables additional control of the deposition of complex structures, which
is crucial to the next step described below.

sCAPA can also be applied on traps that are not line-shaped for
assembling clusters with different planar geometries. Using templates
with triangle-shaped traps, we carried out three consecutive assembly
steps to place three different particles in each corner of the traps, as
schematically illustrated in Fig. 4A. The arrows in Fig. 4A represent
the local assembly direction (that is, the direction in which the menis-
cusmoves). The size of the trap influences both the yield and the struc-
ture of the assembled trimers. The yield of the trimers was between 82
and 89% once the traps were large enough to accommodate three par-
ticles (see Fig. 4, B and C, and fig. S2). Trimers can either be close-
packed (Fig. 4D) or separated (Fig. 4E) by increasing the size of the
trap.Moreover, the separated trimers offer the possibility to go beyond
planar cluster geometries and to prepare 3D colloidal clusters by pla-
cing a fourth, smaller particle on top. Figure 4F shows such an
assembly strategy, in which three already assembled particles defined
Fig. 3. Polydispersity in the tail length of surfactant-like colloidal chains. (A) Fluorescence image of the second assembly step for the formation of
surfactant-like chains, demonstrating the variability of the local assembly direction caused by the curvature of the moving droplet. The inset shows the
orientation of the traps. Scale bar, 200 mm. (B to E) Merged fluorescence images taken at different positions along the contact line. The arrows in the insets
schematically represent the local assembly direction relative to the traps. Scale bars, 5 mm. (F) Histograms of the distribution of tail lengths, that is, the
number of particles in the tail corresponding to cases 1, 2, and 3 shown in (B) to (D). For each histogram, 140 colloidalmolecules were analyzed. (E) There is
no tail-length count for position 4 because, in that case, most tails are pushed to the opposite end of the trap, leaving a gap between the “head” and the
“tail” particles.
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a new trapping site for the fourth one. Figure 4G shows the overlay of
fluorescence and bright-field images, in which the bright spots in the
center of the triangles indicate the presence of a fourth particle with a
0.78-mm diameter. Figure 4H shows the corresponding SEM image
with a 45° incident angle, illustrating that the fourth particle sits in
the middle of the cluster and off the plane of the previously assembled
particles. Furthermore, by controlling the deposition sequence, 3D
clusters with either clockwise or counterclockwise chiral symmetry can
be constructed.

An additional strength of the presented technique is that it does
not rely on any specific chemistry ormaterial properties, whichmakes it
possible to assemble a wide variety of materials. We sequentially as-
sembled amine- and carboxylate-functionalized PS particles and silica
particles, with orwithoutmagnetic properties, into different combina-
tions using line and triangle traps, as shown in Fig. 5 (A to H). Chem-
ically asymmetric dumbbells (Fig. 5, A and B) can be assembled with
an approximate yield of 95% over a pattern area of 5 × 12 mm2,
corresponding to ~1.5 million dumbbells (see the example of amine
PS/carboxylate PS dumbbells in fig. S3). Moreover, we prepared longer
multifunctional chains (Fig. 5, C and D, and fig. S4), colloidal surfac-
tants with a magnetic particle as head and PS particles in the tail (Fig.
5, E and F), and trimers with a magnetic particle and two different
fluorescent PS particles (Fig. 5, G and H).
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For further applications, the assembled colloidal clusters need to be
released from the template after sCAPA. Figure 6 schematically shows
the harvesting process. After assembly, the clusters are first linked me-
chanically via a sintering step at a temperature below the glass transition
temperature (Tg) of bulk PS, which melts the particles together at the
surface where they are in contact, without entirely deforming them (see
Fig. 6 and fig. S5). In themultimaterial clusters, the PS particles act as an
adhesive linking the inorganic particles. Finally, for the harvesting of the
linked clusters from the template, we developed a place-and-pickmethod
Fig. 4. Two-dimensional and 3D PS colloidal molecules assembled
by sCAPA. (A) Scheme showing local sequential assembly directions.
(B and C) Yield of colloidal trimers with three different lobes (B) in traps of dif-
ferent sizes (C). The numbers on top of the columns in (B) correspond to the
numbers assigned to the traps in (C). D indicates the diameter of the circle
inscribed to the triangular trap. (D and E) Merged fluorescence images of
close-packed (D) and separated (E) colloidal trimers with three different
lobes. Insets depict the corresponding SEM micrographs. (F to H)
Three-dimensional chiral clusters with four different lobes. (F) Scheme of
assembly steps and directions. (G) Overlay of fluorescence and bright-field
images. (H) SEM micrograph with a 45° incident angle. Scale bars, 5 mm.
Fig. 5. Multimaterial linear and nonlinear clusters. (A and B) Asymmetric
dumbbells assembled from carboxylate PS/amine PS (merged fluorescence
image) (A) and from PS and SiO2 (overlay of fluorescence and bright-field
image) (B). (C and D) Three-particle colloidal chains with a magnetic SiO2

particle (left), a PS particle (middle), and a nonfunctionalized SiO2 particle
(right) [energy-dispersive x-ray (EDX) spectroscopy; see fig. S4]. Overlay of
a fluorescence image with a bright-field image on the template (C) and
SEM image after the printing of the particles onto a silicon substrate (D).
(E and F) Surfactant-like colloidal chains with a magnetic SiO2 particle
followed by a tail of PS particles. Overlay of a fluorescence image with
a bright-field image on the template (E) and SEM image after the printing
of the particles onto a silicon substrate (F). (G and H) Trimers with a
magnetic particle and two different PS particles. Overlay of a fluorescence
image with a bright-field image on the template (G) and SEM image after
the printing of the particles onto a silicon substrate (H). Scale bars, 5 mm.
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that features a targeted, chemical-free, and high-yield transfer (see Fig. 6
and fig. S6). The process works by placing and freezing a small water
droplet (20 ml) on the area of interest; the frozen droplet is subsequently
picked up from the surface and stored. In this process, the clusters are
embedded in ice upon freezing of the water droplet, resulting in strong
adhesion and possibly mechanical interlocking, which enables detach-
ment from the template.

Figure 7 (A to C) shows harvested and dried R-G PS dumbbells and
R-G-B PS bar-code chains and trimers, respectively. Figure 7D shows
snapshots of colloidal surfactantswith PS tails that are one particle (left),
three particles (middle), and seven particles (right) long and have amagnetic
silica head that are dispersed in water and undergoing Brownian motion
(moviesS3 toS5).Themagneticheadallows theactuationof the clusterswith
external fields, in either rotation, oscillation, or translation mode (movies S6
to S8), offering new possibilities ofmanipulating thesemulticomponent
colloids for directed assembly (28) or delivery applications (29, 30).
DISCUSSION

In conclusion, we presented a simple concept to fabricate a large range
of multifunctional and programmable colloidal molecules by means of
sequential capillary assembly over topographical templates. Tuning the
trap geometry, and especially its depth around the particle radius for a
given surface tension of the suspension, enables the selective stepwise
filling of the traps with any predefined sequence. Changing the orien-
tation of the droplet motion relative to the trapmakes it also possible to
fabricate 1D, 2D, and 3D colloidal molecules.

The method lends itself to producing sufficient amounts of col-
loidal molecules to not only to perform single-molecule studies but
also to look at the assembly and collective effects of such colloidal mo-
lecules. As previously mentioned for difunctional dumbbells, in a typical
experiment, we can assemble on the order of 1 × 106 colloidal molecules
on a template area of 5 × 12 mm2. In the case of dumbbells, this
corresponds to a densely packed monolayer of approximately 2 mm2

(assuming that the dumbbells are lying flat), amply sufficient, for in-
stance, for studies of particle monolayers at fluid interfaces or the col-
lective behavior of particle assemblies confined by external fields (31).
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Typical time scales for sCAPA are on the order of 100 min per
deposition step, using a deposition speed of 2 mm s−1. The sintering
and harvesting steps only take a few minutes and are not rate-limiting.
For higher throughput, the template area can be easily enlarged, the
assembly speed can be increased (5 to 20 mm s−1, depending on the type
of particle), and microfluidic devices (26, 27) can be used to parallelize
the assembly process. With these optimizations, we envisage that
batches of up to 1 × 108 molecules could be produced within similar
times. The building blocks demonstrated in this report constitute only
the surface of a library of programmable and multifunctional colloidal
clusters that may attract interest in a range of fundamental and applied
fields, as discussed below.

The capability of encoding particle sequences in 1D linear colloi-
dal chains enables the fabrication of a variety of anisotropic particles
acting as building blocks for responsive assembly (32, 33), which has
the potential for object recognition through lock-and-key of comple-
mentary sequences. It may be used to create bar-code particles for
multiplex assays (34, 35). Surfactant-like chains with tunable heads
and tails can be used asmodels to shed light on the assembly ofmolecular
Fig. 6. Scheme of the harvesting process. The SEM image shows a linked
PS-PS dumbbell in a trap on the template. Scale bar, 1 mm. The micrograph
shows the frozen water droplet attached to a micropipette tip.
Fig. 7. Harvested clusters. (A to C) Merged fluorescence images of har-
vested and dried R-G PS dumbbells (A), R-B-G PS three-particle chains (B),
and R-G-B PS three-particle trimers (C) on silicon substrates. (D) Snapshots
of colloidal surfactants with PS tails that are one particle (left), three particles
(middle), and sevenparticles (right) longandhaveamagnetichead. Theclusters
are in solution and undergo Brownian motion. The images were captured by
combining the fluorescence and transmission channels. Scale bars, 5 mm.
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surfactants at the single-molecule level or to help answer open questions
regarding the wetting, orientation, and dynamics of asymmetric colloids
at fluid interfaces (36, 37). Two-dimensional triangular clusterswith three
differently labeled lobes could be used as precise tracers for 3D particle
tracking to extract the full rotational and translational dynamics in
complex environments (38). Multifunctional 3D tetramers may finally
be used to direct the assembly of complex lattices for optical materials
(39, 40). In addition, the new options provided by sCAPA are likely to
attract interest from the numerical simulations community because, with
sCAPA, one can now realize real particles that are close to idealized
models and whose design can be directed to obtain target structures.
Other interesting new directions could be the inclusion of soft particles
as linkers, to produce molecules with internal degrees of freedom, and
extension to the deposition of hydrophobic particles from organic
solvents, to further broaden the range of moieties in colloidal mole-
cules produced by sCAPA. Given the flexibility in the design of trap
geometries and the fast progress in particle synthesis, more complex
colloidal molecules are expected in the future, which will be a pow-
erful tool not only for assembling complex materials and studying
their properties at the single-molecule level but also for fabricating
newmicroscale devices for sensing (41), patterning (42), and delivery
applications (29).
MATERIALS AND METHODS

Colloidal suspensions
Fluorescent PS particles with a diameter of 1 mm (red, R0100; green,
G0100; blue, B0100; polydispersity < 5%), nonfluorescent PS particles
with a diameter of 0.78 mm (W080C-002; polydispersity < 5%), and
plain silica particles with a diameter of 1 mm (8100; polydispersity <
5%) were purchased from Thermo Scientific. Magnetic particles (iron
oxide nanoparticles in a silicamatrix) with a diameter of 0.96 ± 0.05 mm
(SiO2-MAG-AR359) were purchased from microParticles GmbH. All
particles were suspended in an aqueous mixture of 0.1 mM SDS and
0.01 wt % Triton X-45 (corresponding to a water-air surface tension
of 29 mN m−1), except for the particles with a diameter of 0.78 mm,
which were prepared in a mixture of 0.25 mM SDS and 0.025 wt %
Triton X-45 (corresponding to a water-air surface tension of approx-
imately 27 mN m−1).

Template fabrication
The PDMS templates were fabricated according to themethod intro-
duced by Geissler et al. (43). The depth of the trap was 510 ± 10 nm.
The linear traps had awidth of 1.2 ± 0.2 mmand lengths of 2.1 ± 0.1, 3.1 ±
0.1, 4.1 ± 0.1, and 10.0 ± 0.1 mm. The width of the triangular traps varies
along the template, as seen in Fig. 4 and fig. S2.

Particle assembly
The assembly was carried out using the setup and protocol described
byMalaquin et al. (18). The assembly speed was kept between 1 and
2 mm s−1. The assembly temperature was set at 10° to 15°C above the
dew point. The assembly of the fourth particle on top of the open tri-
mers was conducted with a higher surfactant concentration and lower
surface tension (0.25 mM SDS and 0.025 wt % Triton X-45). The cor-
responding shallower angle of the moving droplet favors the trapping
of the fourth particle because of the stronger confinement in the front
part of the meniscus (25).
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Printing, linking, and harvesting
The assembled particles can be printed onto silicon substrates with a
thin adhesion layer using microcontact printing (26). For harvesting,
the clusters assembled on the template were linked by a heating step
at 75°C for 10 min. Extended heating for longer times or at higher tem-
peraturesmay lead to significant deformation of the polymer particles.
Harvesting of clusters was carried out by freezing (see Fig. 6): A 20-ml
Millipore water droplet was placed on the area of interest of the
template and then frozen. The frozen drop was collected from the
surface using a pipette tip and transferred to an Eppendorf tube.
The harvesting was performed at different freezing temperatures:
−20°, −80°, and −196°C. A lower temperature enables longer
operation times when picking up the frozen drop before it melts.
However, at lower temperatures, clusters composed of different
materials can crack in the neck between the particles because of
the different thermal expansion coefficients (see fig. S7).

Imaging
Assembled, printed, harvested, and dried particle clusters were imaged by
bright-field, dark-field, and fluorescence optical microscopy (Zeiss Axio-
scope) at variousmagnifications and by SEM (Leo 1550Gemini, Carl Zeiss
AG). ImageJ (W. S. Rasband, National Institutes ofHealth, Bethesda,MD)
was used to compose merged fluorescence images and overlays of fluores-
cence and bright-field images by combining different channels. EDX char-
acterization was performed using X-max (Oxford Instruments) in a
scanning electron microscope (SU8000, Hitachi). The images in Fig. 7D
and the corresponding supplementary movies were acquired in Millipore
water on an inverted optical microscope (Zeiss Axioscope 2) with a 63×
long working distance air objective. Images were grabbed at a frame rate
of 10 fps using an Andor Zyla camera mixing the transmission and fluo-
rescence channels. All other supplementary movies were acquired at vary-
ing frame rates, as specified in the Supplementary Materials.

Manipulation of clusters in a magnetic field
The colloidal surfactant chains with a magnetic head were harvested
and dispersed inMilliporewater. Theywere rotated and oscillated using
an external magnetic field (1 Hz for rotation; 0.5 Hz and 270° rotation
amplitude for oscillation). The magnetic fields are applied by two pairs
of electromagnets driven by two independent current amplifiers con-
trolled by custom LabVIEW software. The translation of the particles
was performed by placing a permanent magnet close to the sample.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/4/e1501779/DC1
Technical details of the assembly of linear colloidal chains.
Technical details of the assembly of nonlinear colloidal clusters (trimers and 3D clusters).
Fig. S1. SEM images of different colloidal chains on the template.
Fig. S2. Effect of trap size on the assembly yield of R-G-B PS trimers.
Fig. S3. Yield of assembled carboxylate PS and amine PS dumbbells on an area of 5 × 12 mm2.
Fig. S4. EDX spectroscopy of three-particle chains with plain SiO2, PS, and magnetic SiO2.
Fig. S5. Linking of clusters by thermal sintering.
Fig. S6. Harvesting of clusters.
Fig. S7. Harvesting of clusters at extremely low temperatures.
Fig. S8. Effects of varying lateral trap dimensions on the structure of 3D clusters.
Fig. S9. Effects of local assembly direction on the first sCAPA step of colloidal trimers.
Fig. S10. Effects of local assembly direction on the assembly of open colloidal trimers with
three different lobes.
Movie S1. The first assembly step for the fabrication of surfactant-like colloidal chains.
Movie S2. The second assembly step for the fabrication of surfactant-like colloidal chains.
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Movie S3. Brownian motion of a dumbbell with a magnetic head and a PS lobe dispersed in
water after harvesting.
Movie S4. Brownian motion of a four-particle chain with a magnetic head and a PS tail
dispersed in water after harvesting.
Movie S5. Brownian motion of an eight-particle chain with a magnetic head and a PS tail
dispersed in water after harvesting.
Movie S6. Rotation of colloidal chains with a magnetic head in an external rotating magnetic field.
Movie S7. Oscillation of colloidal chains with a magnetic head in an external oscillating
magnetic field.
Movie S8. Translation of a colloidal chain with a magnetic head by a permanent magnet.
Movie S9. The third assembly step for the fabrication of open PS trimers with three different lobes.
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