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A New Path for Complex Microparticles
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Abstract: Colloidal particles have long been under the spotlight of a very diverse research community, given their
ubiquitous presence in a broad class of materials and processes, and their pivotal role as model systems. More
recently, intense efforts have been devoted to the development of micro- and nanoparticles combining multiple
materials in objects with a controlled architecture, hence introducing multiple functionalities and a prescribed
symmetry for interactions. These particles are often called hybrid colloids or colloidal molecules, given the anal-
ogy with classical molecules presenting well defined structures and chemical compositions. Here, we review
the recent progress made in our group to fabricate a broad library of hybrid colloids exploiting a novel assembly
route, which uses capillary forces at the moving edge of an evaporating droplet for the sequential composition
of colloidal clusters, whose geometry and chemistry can be independently programmed.
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1. Introduction

Colloidal particles (micro- and
nanoparticles with a size between a few nm
and a few µm) are an essential component
of a vast plethora of naturally occurring
and man-made materials and processes. In
addition to their practical relevance, col-
loids are also successfully used to mimic
and model materials at the atomic or mo-
lecular scale.[1,2] The idea of ‘colloids as
big atoms’ was formalized by Peter Pusey
in the 1990s, in relation to their pivotal
role in elucidating open questions on the
crystallization and glass transition of hard-
sphere systems.[3] This concept, however,
dates all the way back to Perrin’s experi-
ments in the early 1900s, who used the
sedimentation of monodisperse colloids to
measureAvogadro’s number, and, by doing
so, essentially proved the atomic nature of
matter.[4,5] The benefits of using colloidal
analogues lie in the fact that the structure,
dynamics and response of such systems
appear on length, time and energy scales
easily accessible in the lab and for which
real-space observation is often possible;
macroscopic material properties and struc-
ture can therefore be directly connected to

the behavior and positions of the ‘single at-
oms’. For decades, colloidal particles have
helped shed light on a variety of fundamen-
tal phenomena, including friction,[6] pho-
non propagation,[7] phase transitions,[8] dy-
namical arrest,[9,10] capillary phenomena[11]
and crystallization in ionic systems.[12]
In all of these instances, spherical particles
interacting with isotropic, repulsive or at-
tractive potentials were used.

More recently, the scope of using col-
loids as model systems has become sig-
nificantly wider, ambitiously aiming to
mimic nature’s complexity. The first step
in this direction requires the capability of
breaking the isotropy of the interactions by
introducing directionality in the particles.
The simplest way of doing so is to produce
shape-asymmetric particles,[13] but the for-
mation of complex systems in nature often
additionally requires specificity of direc-
tional interactions.[14] In 1991, during his
visionary Nobel lecture, de Gennes sug-
gested the use of novel ‘building blocks’
equipped with surface ‘patches’ that ex-
hibit heterogeneous properties and interact
specifically with other patches (e.g. A↔B
interactions, but no A↔A or B↔B inter-
actions). The number of patches and their
symmetry hereby encode the symmetry of
the structure of the final material. Hence,
significant efforts have been devoted in
going from ‘colloidal atoms’ to ‘colloidal
molecules’,[15,16] i.e. particles with pre-
scribed geometries and chemical composi-
tion, also often called hybrid colloids.

Examples include particles or particle
clusters with shapes (and interaction po-
tentials) that resemble those of simplemol-
ecules,[17–19] and even clusters with internal

degrees of freedom that lead to different
‘isotopes’ of the same species.[20] Bi-
functional and tri-functional patchy micro-
spheres have been assembled into a vari-
ety of structures, including reconfigurable
clusters,[21] chains,[22] two-dimensional
crystals[23] and open crystalline lattices.[24]
Recently, DNA-coated particles introduc-
ing specific interaction symmetries have
even been used to assemble large-scale
crystalline structures with no atomic ana-
logues.[25] Even more complex structures
arise when surface heterogeneity is com-
bined with non-spherical particle symme-
try. Examples include tubular[26] and fiber-
like structures[27] obtained with ellipsoids,
polymer/copolymer-like chains achieved
by linking rod-like particles[28,29] or soft
multi-patchy nanospheres.[30]

Initially driven by theoretical studies
and numerical simulations aimed at iden-
tifying minimal pathways to achieve com-
plexmaterial assembly,[31] theexperimental
realization of multi-functional colloids has
also recently seen an upsurge. Considering
only the case of (sub)micrometer parti-
cles, existing fabrication routes have been
recently reviewed.[32–34] These include
glancing-angle metal deposition,[35] mi-
crofluidics,[36] emulsion-templated surface
functionalization,[37] eccentric encapsula-
tion,[38] swelling/de-swelling,[17,39,40] and
seeded bulk polymerization.[41,42] Each
of these methods has distinctive advan-
tages in controlling the particle yield or
the size, number and symmetry of the
surface patches, but they all ultimately
present limitations in terms of the achiev-
able combinations of particle shape, mate-
rial and functionality. For instance, mostly
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formation of the stain left on the surface,
as shown in Fig. 1a.

The same fundamental principles apply
to capillarity-assisted particle assembly or
CAPA.[61,62] The main differences between
CAPA, as a controlled particle assembly
method, and the simple creation of a cof-
fee stain are: i) The evaporating droplet
does not stay pinned on a substrate, but it
is dragged over it at a controlled velocity
and temperature. ii) The substrate presents
topographical features, typically in the
form of wells or traps, that define the depo-
sition sites for the particles. The traps are
lithographically fabricated on silicon mas-
ters, which are then replicated into poly-
dimethylsiloxane (PDMS) substrates for
the depositions (see Fig. 1b). The moving
droplet’s meniscus pins in correspondence
of the traps and the resulting capillary
forces guide the particle assembly (see Fig.
1c). A necessary element for successful
CAPA is the evaporation-driven creation
of a dense region of particles at the mov-
ing meniscus. This region, called the ac-
cumulation zone (AZ), is analogous to the
edge of the coffee ring and constitutes the
source of particles that are deposited in the
traps. The size and the density of the ac-
cumulation zone can be tuned by adjusting
the temperature, i.e. the evaporation rate
relative to the speed of the moving droplet.
Additional properties can be influenced by
changing the droplets’ surface tension and
wetting using surfactants.[63] By carrying
out confocal microscopy studies, we have
demonstrated that as soon as the dense
AZ moves over a trap, the latter is com-
pletely filled by particles (see Fig. 1d).[60]
In fact, in this dense region, particles tend
to maximize entropy by occupying all the
available space, including the volume of
the traps. As the meniscus moves over the

of an assembly strategy where capillary
forces at the evaporating edge of a moving
droplet are used to direct the assembly of
micron-sized colloids into predefined sites
on patterned substrates. The geometry of
the sites defines the shape of our hybrid
colloids, while their composition can be
independently controlled by sequentially
filling the pattern during successive depo-
sition steps. The rest of this article will de-
scribe the working principles of our tech-
nique and present an extract of the range
of hybrid colloids that we have been able
to fabricate, showcasing the possibilities
for the realization of versatile active mi-
croparticles.

2. Sequential Capillarity-assisted
Particle Assembly (sCAPA) as a
Tool for Programmable Hybrid
Colloids

Our assembly route is based on a ‘con-
trolled version’ of the well-known coffee-
ring effect.[58,59]This is a pattern-formation
mechanism by which an evaporating drop-
let containing solid particles leaves behind
a ring-like stain on a surface after complete
removal of the liquid. Two main ingredi-
ents are essential in this process. First,
the edge of the droplet, also known as the
three-phase contact line, has to be pinned
on the surface to prevent its perimeter
from shrinking during liquid evaporation.
Second, the evaporation rate of the droplet
close to the contact line is faster than on the
top, leading to a net liquid flux towards the
pinned meniscus. This net flux is able to
transport the suspended particles towards
the immobile contact line, in turn causing
the accumulation of solid material at the
droplet’s edge. This process leads to the

spherical patchy particles have been so far
produced using glancing metal deposi-
tion,[43] but the patch symmetry, size and
number cannot be independently chosen
and are set by the metal-deposition angle
and the limited choice of shadowing ef-
fects. Microfluidics can be used to produce
multi-phasic particles using a large range
of materials;[36,44] however, even though
the particle shape can be partly influenced
by the synthesis conditions,[45] interfacial
tension of the used fluids affects the final
particle shape, restricting the available ge-
ometries. In order to produce larger quan-
tities of patchy particles, bulk methods
have also been developed. Amongst them,
well-defined particle clusters with regular
geometries can be formed inside emulsion
droplets, which are subsequently shrunk
and polymerized; particle protrusions from
the surface of such polymerized droplets
constitute the patches.[41] Although parti-
cles with a specific number of patches can
be fractionated using centrifugation to ob-
tain colloidal molecules with symmetries
resembling the ones of simple orbitals,[18]
the patch symmetry is determined by the
number of particles in the cluster and each
patch has the same chemical properties.

In addition to the behavior of ‘pas-
sive’ (Brownian) patchy particles, colloids
with heterogeneous surfaces and chemical
compositions have also become models
for active or living matter. In contrast to
systems solely and passively subjected to
thermal fluctuations, active materials are
able to take energy up from the environ-
ment and convert it into net displacements.
Often inspired by biological organisms, in-
cluding bacteria and micrometric cells,[46]
artificial analogues, also known as active
colloids, have been the subject of intense
recent studies.[47,48] In particular, compo-
sitional and geometrical asymmetry can
be used to trigger the formation of local
asymmetric gradients around the particles,
either from chemical fuel present in the
environment[49–51] or under the action of
external fields (e.g. light,[52] magnetic[53–55]
or electric fields[56,57]). Active particles
move in randomly-oriented straight (per-
sistent) segments, where the direction and
the magnitude of the propulsion velocity
are directly given by the orientation and the
strength of the surrounding gradient, re-
spectively. Being able to control the nature
of the particle asymmetry in hybrid col-
loids becomes therefore a very powerful
tool to control the properties of the active
motion of micro- and nanoscale objects.

The route that we have chosen to over-
come the current bottlenecks in the fabri-
cation of fully programmable hybrid col-
loids is to decouple the mechanisms that
define the geometrical shape of the final
particles from the ones defining their com-
position. In order to do so, we make use
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Fig. 1. a) Microscopic insight on the coffee-ring effect. Microparticles are transported toward and
accumulate at the droplet’s edge, causing the characteristic pattern.[59] Adapted and reproduced
by permission from Macmillan Publishers Ltd: Nature, Copyright 2016. b) PDMS template for
sCAPA. The lateral trap dimensions are 1.2 ± 0.2 µm by 2.2 ± 0.2 µm.[60] Adapted and reproduced
by permission of The Royal Society of Chemistry. c) Schematic of the working principle of capil-
lary assembly.[60] Adapted and reproduced by permission of The Royal Society of Chemistry.
d) Confocal microscopy image of the densely packed accumulation zone at the moving menis-
cus during sCAPA. The white arrow indicates the direction of motion of the droplet. Individual
particles are deposited in the traps, which are fully occupied by two particles in the accumula-
tion zone (brighter particle pairs).[60] Adapted and reproduced by permission of The Royal Society
of Chemistry. e) SEM image of the successful CAPA deposition of 1 µm-diameter particles in
1.4 µm-diameter holes (depth 900 nm).
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L-shaped and rectangular colloidal clus-
ters of desired composition. Sequential
filling of non-linear traps is possible by
appropriately rotating the template with
respect to the direction of the moving me-
niscus, thus making it possible to pack the
different particles against a specific side of
the assembly template.[64,65]

Particles deposited by sCAPA can then
be permanently linked and released from
the substrate, turning the method from a
robust patterning tool into a powerful ‘syn-
thesis strategy’ for hybrid colloids.We have
developed a particularly simple protocol us-
ing polymeric particles. These can in fact
be easily used as linkers by subjecting the
whole template to a gentle heat treatment
(75 °C for 10 min) that partly melts the sur-
face of polymeric particles and sinters them
to their neighbors (see Fig. 5a,b). After sin-
tering, a simple harvesting step is carried
out by depositing a small water droplet over
the region of interest on the template and
freezing it. The ice encapsulates the sin-
tered hybrid colloids, which stay embedded
in the frozen droplet after retrieving it from
the surface. Upon melting, the particles are
directly dispersed in water.

assembly, or sCAPA, which is at the basis
for the fabrication of a broad range of mul-
tifunctional hybrid colloids.[64]

The protocol described above enables
the possibility to decouple the geometry
of the local particle assemblies from their
composition. The former is in fact solely
set by the shape of the traps on the tem-
plate, which are designed using litho-
graphic techniques, while the latter is in-
stead defined by the filling sequence of the
traps. Capillarity is the driving force for
the assembly; hence, the method does not
require any specificity in the chemistry of
the assembled particles, provided that they
can be dispersed in the aqueous droplet and
that they can successfully create an accu-
mulation zone. A broad range of materials
can therefore be combined into heteroge-
neous dumbbells, as shown in Fig. 3.

An additional, unique strength of
sCAPA is the possibility to apply the same
ideas to larger particle numbers and more
complex trap geometries, opening up true
programmability of the produced patterns.
Fig. 4 displays various examples of com-
plex hybrid colloids including ‘barcoded’
linear particle sequences, triangular,

traps, the particles experience a downward
capillary force perpendicular to the menis-
cus itself. This capillary force presses the
particles into the trap and keeps them there
as the meniscus depins and moves over to
the next trap. For the case of traps tailored
to contain only one particle, a very high ef-
ficiency of depositing individual particles
can be achieved (see Fig. 1e).

If the traps are large enough to accom-
modate more than one particle, the situa-
tion becomes more complex and depends
on several additional factors. Our experi-
mental observations indicate that, for traps
having a depth comparable to the particle
diameter, the mechanisms described above
for individual particles remain valid, and
all traps are completely filled after one
passage of the meniscus (see Fig. 2a).
However, the deposition conditions can be
tailored in order to guarantee the deposi-
tion of single particles only, even if the
lateral dimensions of the trap would allow
to host more. Confocal analysis has in fact
shown that, as the meniscus interacts with
the first particle in the trap, this particle
is pushed towards the back and can expel
other particles already present there.[60]
Consequently, only one particle is left in
the trap as the meniscus depins and moves
away. A more detailed description of the
mechanism can be found in ref. [60]. Here,
we only briefly mention that, for depths of
the traps in the range of the particle radius
and for appropriate values of the surface
tension, the selective deposition of one
particle per trap, can be successfully car-
ried out (see Fig. 2b). This finding has
crucial consequences for the fabrication of
programmable hybrid colloids.

A controlled way to achieve partial fill-
ing of the traps leaves opens in fact the op-
portunity to back-fill the remaining avail-
able space by other particles, in a second
deposition step. This idea only works if the
particles assembled in the first step remain
in place during the second assembly step,
when exposed again to an aqueous drop-
let. Fig. 2c shows a clear example of this
fact; here, 1200 × 2200 × 510 nm3 rect-
angular traps selectively filled by single
blue 1 µm polystyrene particles in a first
step, are backfilled in a second capillary
deposition step by analogous red particles.
The micrograph shows a snapshot of the
meniscus and theAZmoving over the tem-
plate. The process is sketched in Fig. 2d.
After the two CAPA steps, the traps are
effectively filled by two different particles
in contact, enabling us to realize heteroge-
neous dimers (see Fig. 2e). The fact that
the first particles stay in the trap during
exposure to the second droplet is a conse-
quence of the increased adhesion between
the colloids and the PDMS templates after
drying of the first droplet. We call this pro-
cess sequential capillarity–assisted particle

Fig. 2. a) SEM image of rectangular traps (1.2 ± 0.2 µm by 2.2 ± 0.2 µm) with a depth comparable
to the particle diameter, which are completely filled by colloids (1 µm, polystyrene) after CAPA.[60]

b) SEM image of rectangular traps with a depth comparable to the particle radius, where only one
particle is selectively deposited with very high yield.[60] c) Micrograph showing the second step of
sCAPA where red 1 µm polystyrene particles are used to backfill the empty spaces in rectangular
traps after the selective deposition of only one blue 1 µm polystyrene particle per trap in the first
sCAPA step. Crucially, the blue particles stay in place during the second assembly step due to
adhesion with the template.[60] d) Schematics of a two-step sCAPA experiment.[60]

e) Heterogeneous colloidal dimers composed of different 1 µm polystyrene microspheres pro-
duced by sCAPA.[60] All subfigures are adapted and reproduced by permission of The Royal
Society of Chemistry.

a b c d

Fig. 3. Heterogeneous dumbbells obtained by sCAPA.[65] a) Polystyrene/SiO2. b) Polystyrene/TiO2.
c) Polystyrene/aminated polystyrene. d) Polystyrene/SiO2 with Fe3O4-embedded nanoparticles.
The micrographs are overlays of bright-field, dark-field and fluorescence microscopy images. All
the particles have a 1 µm diameter. Scale bars are 5 µm. Adapted and reproduced with permis-
sion from The Royal Society of Chemistry.
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4. Conclusions and Perspectives

The examples reported above illustrate
how sCAPA, by virtue of decoupling the
processes that define the shape and the
composition of colloidal clusters, allows
the existing bottlenecks in the fabrica-
tion of fully programmable hybrid col-
loids to be overcome. Our approach has
significant appeal for the realization of
complex building blocks for colloidal as-
sembly, in the spirit of creating colloidal
molecules with specific interaction sym-
metries. Nonetheless, this particle fabrica-
tion scheme is a surface-based method and
its yield is inherently determined by the
density of the traps on the template, by the
template size, by the deposition speed and
by the reliability of the sequential filling.
Even though all of these aspects can be fur-
ther optimized, the quantities of particles
remain unavoidably limited compared to
bulk synthetic methods. Programmability
is paid at the price of a reduced yield.
Currently, 106 particles with a very high
fidelity, e.g. up to 96% for dumbbells, can
be achieved and up to a 100-fold increase
in the particle number is envisaged by fur-
ther process optimization (e.g. larger and
denser templates, continuous feed of the
particle suspension by microfluidic as-
sembly heads[67]). These numbers make
particles produced by sCAPA of interest
for fundamental studies of particle assem-
bly under confinement in 3D, e.g. in small
reaction chambers or emulsion droplets,
and in 2D, e.g. at fluid interfaces.While, at
present such versatile colloids may not yet
be useful for the assembly of macroscopic
3D materials, one should nonetheless not
think of them only as building blocks for
materials. Instead, this method offers the
opportunity to realize microscale objects
that cannot otherwise be made, where the
single hybrid colloid itself can be consid-
ered as a small device. The opportunity to
design predefined asymmetries leading to
active motion, for instance, enables us to
envision a new generation of active hybrid
colloids, where the incorporation of differ-
ent materials allows for using and combin-

ing on the materials of the lobes (e.g. the
ones in Fig. 3). It is also possible to tune
independently the propulsion velocity and
the persistency, i.e. the tendency to swim
along straight paths, of active trajectories
by changing the geometry of the hybrid
active colloids. In fact, dimers, square
clusters and ‘six-pack’ rectangular clus-
ters (see Fig. 6a–c) propel under the same
conditions with a velocity that only varies
between 10 and 15 µm/s. They nonethe-
less show differences in their persistency
of more than one order of magnitude, from
a few microns for the dumbbells up to 100
µm for the ‘six-pack’ clusters, which are
then able to swim straight for distances
corresponding to tens of times their own
size. Also, the design flexibility has made
it possible to realize clusters whose shape
determines their mode of motion. Zig-zag
clusters are designed to rotate on the spot.
They are constituted by two dumbbells
that try to propel along a straight line but
are joined off-axis, giving rise to a torque
and thus a continuous rotation (Fig. 6d).
Finally, ‘U-shaped’ clusters are fabricated
to propel in a straight fashion using two
dumbbells but also have the capability to
collect and transport cargo particles that
they pick up during their motion due to the
middle gap. The cargo can then be released
on demand by switching off the AC field
(see Fig. 6e).

3. Hybrid Colloids as Versatile
Microswimmers

The possibility of tuning the composi-
tional and geometrical asymmetry of our
hybrid clusters makes sCAPA an ideal tool
for the fabrication of a broad library of arti-
ficial microswimmers. Using this method,
we have the possibility to design hybrid
colloids whose asymmetry defines the way
in which they are going to self-propel. In
particular, we have produced a library of
hybrid colloids with asymmetries in their
dielectric properties that respond to uni-
form AC electric fields. Existing work has
demonstrated that by placing a colloidal
particle in the proximity of a conductive
surface and by applying ~1 kHz AC elec-
tric fields perpendicular to the electrode,
the distortion of the local fields produces
electro-hydrodynamic flows of ions in so-
lution around the particle.[56,66] In the case
of a homogeneous sphere, these flows are
symmetric with respect to the center of the
particle. Conversely, for asymmetric sys-
tems, e.g. dumbbells with differently sized
lobes or made of two spheres of different
materials, the electro-hydrodynamic flow
loses its symmetry and causes propulsion
due to viscous drag. We have realized
dumbbells with a broad range of composi-
tions, which translate with different speed
under the same electric fields depend-

a b c d e

Fig. 4. Different examples of hybrid colloids fabricated by sCAPA. a) A-B-C linear sequences of three different particles.[64] Adapted and reproduced
by permission of AAAS Science Advances, copyright 2016. b) ‘Colloidal surfactants’ with a head particle and a tail of identical particles.[64] Adapted
and reproduced by permission of AAAS Science Advances, copyright 2016. c) A-B-C triangular clusters.[64] Adapted and reproduced by permis-
sion of AAAS Science Advances, copyright 2016. d) ‘L-shaped’ clusters with controlled composition both in the short and long arms of the ‘L’.[65]

Adapted and reproduced with permission from The Royal Society of Chemistry. e) ‘Six-pack’ rectangular clusters.[65] Adapted and reproduced with
permission from The Royal Society of Chemistry. All particles are 1 µm diameter polystyrene. The solid arrows in a-b) indicate the deposition direc-
tions. All scale bars are 5 µm, apart from the ones in the insets of d-e), which are 1 µm.

a

c

b d

Fig. 5. (a) SEM images of sintered dumbbells consisting of two polystyrene particles and (b) one
polystyrene and one silica particle.[64] Adapted and reproduced by permission of AAAS Science
Advances, copyright 2016. c) Schematics of the harvesting protocol. d) Heterogeneous polysty-
rene-silica dumbbells harvested, dispersed in water and dried on a substrate. Inset: SEM image
of the same sintered dumbbells.[64] Adapted and reproduced by permission of AAAS Science
Advances, copyright 2016. Scale bars are 1 µm.
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ing different propulsion and guidance strat-
egies, beyond the AC electric field actua-
tion described above as an example. This
goal has been recently pursued by numeri-
cal models of active microparticles with
complex geometries and modes of propul-
sion,[68,69] and our work demonstrates that
experimental analogues can be made.

In summary, we are convinced that the
approach briefly reviewed here will be-
come a powerful tool for the production of
fully programmable microscale materials,
and we envision the combination of many
more kinds of particles in the future to
produce versatile microscale devices with
a broad range of functionalities. Finally,
the miniaturization of the methodology to
nanoscale systems also carries significant
potential for applications in plasmonics,
sensing and delivery, where programmable
hybrid nanoparticles remain a significant
challenge.
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Fig. 6. (a) Heterogeneous dimers, (b) square clusters and (c) ‘six-pack’ rectangular clusters propel
with similar speed, but with very different persistency. d) Zig-zag clusters instead show continu-
ous rotation on the spot. e) ‘U-shaped’ clusters can be designed to pick up, transport and release
simple cargoes. Scale bars in (a-c) 1 µm; in (d-e) 5 µm. The micrographs are fluorescence images
and all the particles are 1 µm polystyrene spheres with different surface functionalization.[65] All
subfigures adapted and reproduced with permission from The Royal Society of Chemistry.


