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This perspective article will give an overview of recent experimental results related to the realization and
use of anisotropic magnetic colloids, i.e. microscopic particles having the shape, composition or
structured surface which set a preferred magnetization direction. The possibility of remotely controlling
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these soft matter building blocks via external fields makes them ideal for a wide range of applications,
from their use as active microrheological probes to infer the viscoelastic properties of complex fluids to
their implementation as active systems in microfluidic devices. This article will also review the recent use

of these anisotropic units as field driven or guided propellers, which can be magnetically moved or
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1 Introduction

Colloidal systems, here focusing on fluid suspensions of polymer
microspheres, are interesting not only because of their ubiquitous
technological nature, but also because of their mesoscopic
character, with length and time scales unmatched by more
“traditional” systems such as atomic, molecular or granular
ones. When colloidal particles are made using (or coated with)
magnetic materials, they become responsive to external fields,
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guided in a fluid medium, thus being potentially useful in precise single-particle drug delivery operations.

and the resulting magnetic interactions can be precisely tuned.
An external magnetic field can be oriented in such a way to induce
attractive or repulsive interactions between the particles, while
its amplitude controls the interaction strength.

In contrast to isotropic particles, anisotropic magnetic colloids
are characterized by an induced or spontaneous magnetization
which has a dependence on a particular direction. Magnetic aniso-
tropy can result from several factors, like from the magneto-
crystalline structure of the material, the particle shape, the
presence of stresses, surfaces or interfaces between different
materials as already described in the literature." These magnetic
particles are characterized by anisotropic and directional inter-
actions, and can give rise to highly complex structures and
dynamics, bringing novel physical questions and challenges. As
a matter of fact, particle shape and interactions affect the
fundamental aspects of colloidal behaviour, from Brownian
motion® to crystal formation,® frustration® and glassy behaviour.”
On the application side, when compared to isotropic particles,
anisotropic colloids feature the advantages of being easily
torqued by an external field and the corresponding orientation
being visualized by simple optical techniques. These properties
can be employed in several applications, where anisotropic
magnetic particles are used as force sensors, microstirrers, active
components in constrained geometries, microrheological probes
or externally actuated micropropellers.

This perspective article describes recent experimental progress
in realizing and using anisotropic magnetic colloids. It will
focus on systems with a micron length, where particle assembly
and dynamics in the dispersing medium are readily accessible
via simple optical techniques such as particle tracking.® It is
organized into three sections. The first one will describe different
strategies used to produce these particles. The second will
first give a few theoretical ingredients related to the particle
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Fig. 1 Schematic showing different strategies to produce anisotropic
magnetic colloids.
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dynamics and interactions under an external field. Then it will
describe different types of assembled structures. The last and
more extended section will focus on the applications.

2 Preparation methods

Fig. 1 illustrates four different and sometimes complementary
approaches to realize anisotropic magnetic colloids. Direct chemical
synthesis allows obtaining a wide variety of shapes or sizes or
even to produce, via multistep processes, complex composite
particles characterized by a magnetic core or shell. Elongated
structures such as chains or filaments can be assembled via
attractive dipolar interactions and later permanently linked by
using a proper chemical functionalization. A different approach
consists of the modification of the particle surface or bulk via
metal deposition or mechanical elongation, respectively. Finally,
anisotropic particles can be engineered following various tem-
plate assisted growth processes, including electrodeposition in
a porous membrane, microtransfer moulding or photopolymer-
ization in a microfluidic channel.

2.1 Chemical synthesis

There are several methods to synthesize microscopic metallic
particles, and a detailed account of all these techniques is a
formidable task which has been given in several excellent
reviews.” "' Here will be described few of these methods which
have been recently formulated or reproposed.

Perhaps one of the simplest ways to obtain monodisperse
anisotropic magnetic particles involves letting age condensed
ferric hydroxide solutions, as pioneered by Matijevé and co-workers
several years ago.'® Along the same lines, Sugimoto et al. developed
a “gel-sol” method to produce anisotropic hematite (a-Fe,O3)
particles with a variety of shapes, like pseudocubes, ellipsoids
and peanuts."”"® The process consisted of mixing FeCl; and
NaOH with various amount of Na,SO, and leaving the resulting
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solution at ~100 °C for ~8 days. Fig. 2(a-d) show different
shapes obtained by adjusting the concentration of sulfate ions.
Due to the simplicity and high yield, this technique has been
recently reproposed by various groups to study the particle
aggregation under external fields,"? or to use these particles as
a template for the controlled growth of monodisperse silica
shells."®*° An interesting feature of the anisotropic hematite
particles is the presence of a permanent dipole moment
perpendicular to the particle crystalline axis (c-axis). This
peculiarity can be explained by considering the magnetic
structure of hematite.”** As illustrated in Fig. 2(e),"> hematite
crystallizes in the corundum structures, in which the Fe cations
are aligned antiferromagnetically along the c-axis. Above the
Morin temperature, Ty ~ 263 K, the hematite becomes weakly
ferromagnetic, with the magnetic spins lying mostly in the
basal plane, and perpendicular to the c-axis.

Composite particles with fixed or mobile magnetic cores can
be obtained via multi-step processes, where first the metallic
core is synthesized, and later used as a seed to grow a larger
nonmagnetic structure. The asymmetric doublets in Fig. 2(g)
were produced by using Fe;O, colloidal cores coated with a
concentric shell of crosslinked polystyrene (PSt)."* Swelling of
the polymer network and subsequent phase separation were
used to grow a bulb on one side of the particles. Fig. 2(h and i)
show dried assembled structures formed by these composite
particles under a static field. Particles with concentric cores
generated linear chains (%), while zigzags chains were formed
by eccentric particles in order to minimize the distance between
the attractive magnetic cores. Using a three-step polymerization
process, Nishi et al.?® were able to synthesize anisotropic
particles with a magnetic core and two protruding lobes.
As demonstrated by Nagao et al.,>* it was possible to mobilize
the magnetic core by first coating the particles with a silica
shell, and later removing the polymer material. The “yolk/shell”
particle in Fig. 2(j) was realized by Okada et al," and was
composed of a magnetic mobile core inside a hollow silica shell.
During preparation, the core was covered by a PSt layer, which
was subsequently coated by an additional silica shell, and heat
treatment was used to dissolve the PSt.

Particles with mobile cores have attractive features, since
they can be used to assemble superlattices with controllable
magnetic inclusions. These colloidal crystals have potential
applications in photonic band gap materials or filtration of
magnetic fluids. As an example, Fig. 2(k) shows an ensemble
of close-packed yolk/shell particles, with the magnetic cores
visible as bright spots under an optical microscope. Application
of an in-plane static field H ~ 80 kA m ™" forces the magnetic
cores to approach each other and reconfigure the lattice of
metallic inclusions without deforming the triangular packing
of the shell particles.

2.2 Magnetic assembly

Attractive dipolar interactions are able to assemble isotropic
particles into elongated chains, which can be used as magnetic
stirrers®>?° or to realize biomimetic structures such as artificial
cilia,””*® besides their interesting physical properties.”*"*
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Fig. 2 (a—d) Scanning electron microscope (SEM) images of hematite pseudocubes (a), ellipsoids (b), capsules (c) and peanuts (d) obtained by aging
condensed ferric hydroxide gels. (e) Schematic showing the magnetic ordering of a hematite particle. (f) Aggregation of magnetic peanuts. (g—j)
Transmission electron microscope (TEM) images of Fez04/SiO,/PS doublets (g), assembly of concentric (h) and eccentric (i) Fes04/SiO,/PS particles
under an external magnetic field. (j) TEM image of a yolk/shell particle and (k) particle assembly in the absence (top) and in the presence (bottom) of an
external field. [(a—d) Reprinted with permission from ref. 12 (Copyright 2013 ACS), (e, f) from ref. 13 (Copyright 2012 Wiley), (g—i) from ref. 14 and (j, k) from

ref. 15 (Copyright 2007 and 2013 ACS)].

To link the particles forming these chains, the simplest way
would consist of screening the repulsive electrostatic interaction
between the particles, in favor of attractive Van der Waals. This
approach has been used in the past by adding to the dispersing
medium (water) an electrolyte (NaCI)*> or a polyelectrolyte
(polyacrylic acid).*® However, the stability of the chains obtained
with this method was difficult to control, since adhesion via
Van der Waals forces is thermally activated,*® and thus chain
fragmentation can easily occur with time.

More stable structures can be obtained via functionalization of
the particle surface. The asymmetric doublets shown in Fig. 3(a)
were produced by linking streptavidin coated paramagnetic
microspheres with complementary DNA strands. A short length
of 25 base pairs was chosen in order to produce stiff doublets.
The DNA linkage was promoted by exposing a binary mixture
of particles having 1 pm and 2.8 pm size to a constant field of
H=4 x 10° Am™ " for ~15 min.?® Increasing the exposure time
could produce longer chains, while changing the length of the
DNA bridge could modify the chain flexibility.**

Besides DNA, other chemical linkers can be used. Flexible
magnetic filaments were realized by Furst et al.**> with glutar-
aldehyde. Goubault et al.*® realized filaments by linking ~600 nm
magnetic colloids with absorbed polyacrylic acid (PAA). As shown
in Fig. 3(c), depending on the chain length, different reorientation
behaviour were found under the action of a static field. Short
chains rotated as rigid rods (r), while longer chains bent into
hairpins (h) or even deformed assuming a sinusoidal shape (s)
for very long ones. By measuring the hairpin curvature via optical
microscopy and the PAA length from diffracted light, the authors
were able to extract the bending rigidity of the molecular linker.
Biswal and Gast®” realized magnetic filaments using particles
covalently bound to streptavidin, and linked with a bisbiotin-
poly(ethylene glycol) (PEG) molecule, Fig. 3(d). By adjusting the
length of the PEG spacer, it was possible to change the chain

This journal is © the Owner Societies 2014

Fig. 3 (a) Anisotropic doublets linked via complementary DNA strands.®®

(b) Flexible magnetic filaments permanently linked by absorbed polyacrylic-

acid and (c) deformation under a static field of amplitude H = 1.0 kA m™%.

(d) Magnetic filaments linked with polyethylene-glycol. (e, f) Stiff magnetic
chains uniformly coated by a silica shell. [(b, c) Reprinted with permission
from ref. 36 (Copyright 2003 APS); (d) from ref. 37 (Copyright 2003 APS);
(e, f) from ref. 38 (Copyright 2011 Wiley)].

flexibility, and the bending stiffness, as measured via optical
tweezers.

An alternative approach to produce stiff magnetic filaments
was recently proposed by Hu et al.*® using silica coating during
the chaining process, Fig. 3(e). The method consisted of mixing
aqueous dispersion of Fe;0, particles with ammonium hydroxide
and ethanol. A thin silica layer around the particles was grown by
hydrolyzation and condensation of tetraethoxysilane injected in
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the solution. Application of a low intense magnetic field (H ~
80 A m™ ") at the initial stage of the process induced particle
chaining, producing the stiff peapod-like structures showed in
Fig. 3(f). It was possible to tune the chain length from few to
tens of micrometers by varying the exposure time of the applied
field during the chaining process.

2.3 Surface/bulk modification

Isotropic particles can become magnetic when the whole surface or
a part of it is coated with a magnetic material such as Fe, Co or Ni.
A thin metallic layer can be directly grown above the particle
surface via a chemical process, like electroless plating,** can be
formed via adsorption of small magnetic particles,” or upon metal
evaporation.** The first two methods allow covering the whole
particle surface, producing magnetic core-shell particles in the first
case, or ‘“colloidosomes” in the second one. Using the third
method, the magnetic material can be deposited above one particle
hemisphere, producing bi-functional “Janus” particles, with
different physical and chemical properties at the two sides.**>°

Magnetic Janus particles have been realized by various groups
via metal evaporation.’™** The procedure usually consists of
forming a two dimensional monolayer of particles above a flat
substrate or at a liquid interface, on top of which the metallic
material is deposited.*® The left part of Fig. 4(a) shows “half”
magnetic Janus colloids realized from 10 pm PSt spheres. These
particles were first convectively assembled above a glass substrate
and later one hemisphere was covered by a 50 nm Co layer.* As
shown in the right part of Fig. 4(a), it was possible to realize
“dot” Janus colloids, with only 20% of the surface covered, by
embedding the colloidal monolayer into a protecting photoresist.
In contrast to half Janus particles, dot Janus were addressable by
optical tweezers due to the small metallic coverage. Alternative
approaches to produce magnetic Janus colloids have been reported
by polymerizing magnetic nanoparticles in oil-in-water emulsion®
or via sonochemical synthesis.”*

(a) (b)
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A different method shown in Fig. 4(b) consists of the controlled
mechanical deformation of isotropic magnetic colloids, to realize
paramagnetic microellipsoids with a well defined aspect ratio.
The original approach to elongate isotropic particles, as developed
by Ho et al.,> consisted of dispersing the pristine particles in a
thin film made by a thermoplastic material such as polyvinyl
alcohol (PVA). The PVA film and the colloidal inclusions were
stretched while immersed into an oil bath heated above the glass
transition temperature of the particles. However this approach
was unable to deform magnetic colloids due to the high viscosity
of these particles, resulting from the presence of metallic inclu-
sions.”® The paramagnetic microellipsoids shown in Fig. 4(b) were
obtained by using a variant of this technique, which employed a
non-polar solvent (toluene) to liquefy the particles rather than
heat treatment.”” The procedure illustrated in the top part of
Fig. 4(b) consisted of dispersing the pristine particles (1) in a PVA
solution which was cast into a thin film, (1) — (2). Stripes of
the film were clamped into a metal frame (2) — (3), and the
frame immersed in a toluene bath, (3) — (4). After mechanical
elongation (4) — (5), the magnetic ellipsoids were resolidified
by extracting the frame from the toluene bath.

While these approaches are able to produce monodisperse
particles with tailored magnetic coating (Janus colloids) or sharp
ends (microellipsoids), compared to chemical synthesis their yield
is limited by the fabrication process, or by the use of repeated
washing and redispersing procedures to recollect the particles.

2.4 Template-assisted fabrication

Magnetic nanowires with a length of several micrometers can be
grown on a porous membrane via electrodeposition. As shown in
Fig. 5(a), the general process consisted of first depositing a thin
metal film on a face of a sacrificial aluminium oxide membrane,
in order to use the latter as a working electrode.*> The membrane
pores are then covered by a small amount of metal to avoid
deformation at one end of the growing nanowires. The size of

o
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Fig. 4 (a) Schematics (top) showing two methods to fabricate half (left side) and dot (right side) magnetic Janus particles, SEM images at the bottom. (b)
Schematics (top) showing the fabrication of paramagnetic microellipsoids. SEM images (bottom) of the pristine colloids (left) and of the resulting
ellipsoids (right). [(a) Reprinted with permission from ref. 39 and (b) from ref. 40 (Copyright 2009 and 2010 Wiley)].
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the pores determines the rod diameters, while the length of
the rods can be controlled by adjusting the deposition time.
Finally the metallic rods are recovered by etching the sacrificial
membrane. Fig. 5(a,,a;) show some multisegmented Ni/Au/Ni
nanorods obtained by Hangarter and Myung® following a
similar procedure.

While the previous method enables to produce long nano-
wires with a diameter as small as ~5 nm, it does not allows
to modify the shape of the rods during growth, i.e. to add arms
or branches which could provide a further degree of function-
ality. Soft lithographic techniques can be successfully used for
this purpose, although they do not permit the same degree of
miniaturization in the produced particles. Fig. 5(b) shows an
example of an elongated magnetic microstructure (bs) realized
via microtransfer molding.>® The process is shown in more detail
in the sequence of images (b;—b,). First, photolithography was
used to transfer the motif from a photomask to a SU8 photoresist,
which was treated with UV and later developed in propyleneglycol
methylethylacrylate in order to dissolve unexposed parts. The
mould (b;) was obtained from a photoresist via direct PDMS
replica and its cavities were filled with PDMS doped by a ferrite
powder (b,). The polymer was cured thermally in the presence of
an external field to magnetize the structure (bz). Once released
from the mold, this magnetic structure was able to propel in
water under a rotating magnetic field.*’

The use of lithographic techniques to produce complex
magnetic particles is currently a matter of intense research®®®
due to the unprecedented flexibility to design apriori any complex
structure. Recently, Sakar et al.®® simplified the microfabrication
process realizing in a single step ferromagnetic U-shaped
microparticles, used to engage and transport a biological cargo.
Another example of polymeric microactuators capable of per-
forming several functions has been recently demonstrated by
Kim et al.®” These authors realized separate compartments of
a solidified photocurable resin characterized by a defined
magnetic anisotropy. The anisotropy was given by the orienta-
tion of embedded chains of magnetic nanoparticles. The external
field generated by a magnet was able to orient these compartments
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(a1) Schematics illustrating the procedure used to grow metallic nanowires. (a, as) SEM images of segmented Ni/Au/Ni nanowires. Schematics
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in different directions, allowing simple operations like oscilla-
tions, tweezing, or net displacement.

Microfluidic-based synthesis of colloidal microparticles is an
alternative strategy which allows high-throughput production of
monodisperse colloids using low-volume of starting material.
Particles are usually generated by coflowing two immiscible
fluids, while temperature or UV light is used to polymerize these
fluids directly within the channel. The particle size may be set
from the width of the channel, or by varying the relative flow
rates during coflow. Kim and co-workers®® used a capillary-based
microfluidic device to produce magnetically doped spherical
microgel particles. Anisotropic magnetic hydrogel particles in
the form of disks and plugs were produced by Hwang et al.®’
employing a T-junction. Fig. 5(c;) shows the microfluidic device
built up by Yuet et al.*® to generate ~50 pm size Janus magnetic
colloids (c,). In this set-up, two flowing mineral oils were used
to shear off monodisperse emulsions composed of two photo-
curable polymers, one doped with magnetite. This technique
permitted to encapsulate biological materials as well as to selec-
tively functionalize the particle surface with DNA or different
fluorophores. A variant of this technique has been later proposed
to produce magnetic Janus particles,”® Janus supraballs for
flexible display,”* and dimer capsules.”” Finally, the work of
Maeda et al.”* should be also mentioned in which the authors
developed a simple approach to generate Janus magnetic colloids
via controlled centrifugation.

3 Dynamics and assembly
3.1 Magnetically torqued ellipsoid

Under the action of an external field, anisotropic colloids tend
to reorient along the field direction. Let us consider the simple
case of a paramagnetic ellipsoid, such as the one shown in
Fig. 4(b). The ellipsoid displays a preferred magnetization along
its long axis, which defines a director fi. The magnetic suscepti-
bility y is a scalar for isotropic particles, but becomes a tensor 7
for anisotropic ones. For a prolate ellipsoid, it is a second order

(c)

aluminum

Cq  reflector

polymerized | & microscope
objective

(by1—by4) and image (bs) showing the fabrication of a PDMS magnetic swimmer. (c;) Flow-focusing device used to fabricate magnetic Janus particles,
shown in the brightfield (c,) and fluorescent (inset) microscope images, scale bars are 100 um. [(a;) Reprinted with permission from ref. 45 (Copyright
2006 Wiley), (a, a3) from ref. 46 (Copyright 2005 ACS), (b) from ref. 47 and (c) from ref. 48 (Copyright 2009 ACS)].
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tensor which can be written as, 7 = y, I + Ayfif being y, and y |
the parallel and perpendicular component with respect to A,
Ay =y — y. and I the isotropic tensor.”” These components are
related to the demagnetizing field factors Ny and N, of the
ellipsoids following y 1 = yxo/(1 + yxoNi,1), with y, being the
isotropic intrinsic susceptibility.”® An external magnetic field H
at an arbitrary angle with respect to i will give a finite torque
Tm = e X H, being u, ~ 1o =4n x 1077 Hm™ ' the magnetic
permeability of the dispersing medium (water) and m = 7VH.
the dipole moment. For large ellipsoids, thermal fluctuations
can be neglected and the deterministic dynamics is described
by a torque balance equation,

Tm 7, =0 (1)

being 1, = —{,® the viscous torque arising from the rotation of the
ellipsoid in the medium with angular velocity @, and rotational
friction coefficient {;. Solving this equation for a static field
enables us to find the angle ¢ between i and H as,

@(1) = tan™! {tan((po) exp (t ; ZO)} )

T
3Cr

4bemuy, Ay H?
being b(c) the long (short) semiaxis of the ellipsoid. If the
magnetic field rotates in the plane of the particle (x, y) with
angular frequency @ = 2nf and amplitude A, H = H
(cos(wt),sin(wt)), eqn (1) can be written in term of the phase-
lag angle ¢ as, ¢ = ® — wsin(2¢) where o, = (21,) " is the
critical “frequency”. The latter equation admits an analytical
solution,”® describing the ellipsoid rotational motion. When
o < o, the ellipsoid rotates synchronously with the field and
the phase-lag angle is constant. For frequencies w > o, the
ellipsoid shows a characteristic ‘“back-and-forth” motion
during each cycle of the applied field. For smaller ellipsoids,
when thermal fluctuations become important, the particles
exhibit a crossover from anisotropic diffusion, D, # D, to a
long time isotropic one.> Here D, and D, are the diffusion
coefficients related to the translation parallel and perpendi-
cular to the ellipsoid long axis, resp. At longer time, rotational
diffusion erases the directional memory of the particle, and
the thermal motion can be describe by one diffusion coefficient
D = (D) + D1)/2. As shown by Giiell et al.,*® application of an
external field static or time-dependent can be used to increase
or decrease respectively the crossover time, and thus to control
the particle diffusive dynamics in the fluid medium.

where ¢ = @q at t = ¢, and the relaxation time 7, =

3.2 Magnetic dipolar interactions

Ferromagnetic particles or paramagnetic ones under an external
field assemble into elongated structures due to attractive dipolar
forces. If one considers an ensemble of dipoles m;, each dipole
will interact with the local field generated by the others. The
dipolar interaction between two particles i and j with a center
to center distance r is given by,

Uy (3(m; - F)(m; - T) —m; - my;
Ug=—2¥
4n 3

®)
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being r = #r. For similar moments m; = m; = m aligned along the
2
Wi

@

2m3
1

with Py(x) = 5(3x2 — 1) being the second-order Legendre poly-

field, eqn (3) reduces to the relationship, Ug = — P;(cos(0)),

nomial, and 0 the angle between the dipoles and their line of
separation. When 0 < 0., Us < 0 the dipoles attract each
other, while when 0 > 0,,,, Ug > 0 they repel, 0, = 54.7° being
the “magic” angle. The force between the two particles can
be derived directly from the potential as, and in spherical
coordinates becomes:®*

sin(260)
2

2
Fy= =25 Pa(cos(0))F + 0 (4)
The chaining effect described in Section 2.2 for isotropic
particles follows from the radial component of the force, which
tend to align the moments along the common direction 1 = H.
Using eqn (4), one can estimate the aggregation time between a
pair of isotropic paramagnetic particles of radius a, both with an
induced moment m = (4/3)na’yH, neglecting corrections due to
the local dipolar field.®* The total force between a pair of dipoles
3un’
w4’
with y = énna being the friction coefficient. Solving this equa-
tion after neglecting the inertia term gives an aggregation time

at an initial distance 7, (¢ = 0) is given by M¥ = —yi +

36 5
ty = T;Zﬁ{(%) 71}. For an initial distance of r, = 15 pm,

and under an applied field of H =4 x 10> Am™ ", paramagnetic
particles of 1 pm diameter, y ~ 0.4 will require ¢, = 0.17 s to
form a doublet.

1

3.3 Magnetically assembled structures

Compared to isotropic particles, the assembly of anisotropic
ones provides a much richer scenario, due to the competition
between magnetic interactions and geometric restrictions.
Zerrouki et al.”* studied the chaining process of symmetric
and asymmetric dumbbells, characterized by magnetic caps or
rings. These colloidal units, shown in the top part of Fig. 6(a),
were realized via the emulsion confinement method.** This
technique consisted of encapsulating silica particles having
different sizes within droplets of an octane based ferrofluid.
Controlled evaporation of the octane forced the packing of
the silica colloids into symmetric or asymmetric clusters of
doublets depending on the size of the entrapped particles.®®
De-wetting of the ferrofluid on the curved silica surface formed
iron-oxide caps above spherical particles, and rings encircling
symmetric and asymmetric doublets. As shown in the fourth row of
Fig. 6(a), symmetric dumbbells with a magnetic belt assembled
into a periodically twisted achiral chain. Chirality was observed for
the asymmetric dumbbells, bottom of Fig. 6(a). In this case, the
size difference between the individual particles forced the aniso-
tropic units to redistribute into an helical-like structure in order
to maximize the alignment of the magnetic rings.

Under a static field, magnetic Janus particles assemble
into staggered chains,*®>"*>*# with magnetic poles facing each
other in order to minimize the magnetic energy of the aggregate.
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Splay  Twist

Fig. 6 (a) Schematics (top) and experimental realization (second and third rows) of assemblies of spherical magnetic particles (left) and magnetic
dumbbells (right), scale bars are 1 um. Chains composed of symmetric (fourth row) and asymmetric (fifth row) dumbbells. (b) Top left: self-assembled
ribbons of magnetic Janus rods, right: different liquid-crystal like deformations of a colloidal ribbon, scale bar is 2 um. Bottom rows: formation of one (b,),
two (b,) or three (bs) rings from a ribbon by reversing the applied field, scale bar is 4 um. (c) Schematic showing a magnetic Janus colloid under a
precessing magnetic field. (c;) Oscillation frequencies o and ¢ of the particle versus the field precession angle 6. (c;) Dynamic approach of two magnetic
Janus particles under the precessing field. (cs) Images (left) and schematic from simulation (right) of microtubes formed parallel to the precession axis. [(a)
Reprinted with permission from ref. 74, (b) from ref. 75 and (c) from ref. 76 (Copyright 2008, 2013 and 2012 Nature Publishing Group)].

More complex structures composed of anisotropic Janus colloids
have been recently reported by Yan et al.”> The magnetic rods in
Fig. 6(b) were realized by coating monodisperse silica rods®® with
a Ni layer. Under an external field, the ferromagnetic rods
oriented perpendicular to the field direction forming a ribbon,
a similar assembly behaviour observed for the hematite particles
in Fig. 2(f). The bottom row in Fig. 6(b) shows the evolution of
a ribbon towards a low energy ring state upon reversing the
direction of the applied field. Three different pathways were
possible, where the ends of the ribbon curved in the same
direction forming an hairpin (b,), curved in opposite directions
via an S-shape deformation (b,) or, the ribbon fragmented into
three dipolar rings when the field was reversed very fast.

While static magnetic fields organize particles into complex
although immobile structures, time-dependent fields can be
used to generate dynamic assemblies, with a richer collective
behaviour.””®" Quite recently Yan et al.”® used a precessing
magnetic field to assemble Janus colloids into micrometer-
scale tubes. A processing field around a particular axis (z-axis
in Fig. 6(c)) with a precession angle 3 can be obtained by
combining a static field along this axis, H, = H cos 9 with a
rotating one in the perpendicular plane (x, y), H = H (cos e, +
sin J[cos(wt)e, + sin(wt)e)]). Here the amplitudes of the circu-
larly polarized rotating field are H, = H, = H sin . Subjected to
the precessing field of constant amplitude A = 4.0 kA m™?, an
individual Janus particle showed angular rotations (¢(t)) and
vertical oscillations («(t)) characterized by a frequency f which
could be controlled by the precession angle, Fig. 6(c4). A pair of
approaching particles showed an anti-phase synchronization
behaviour, Fig. 6(c,), with frequency locking resulting from time-
averaged attracting dipolar forces. The collective behaviour was

This journal is © the Owner Societies 2014

remarkable, with particles approaching in the form of zigzag
chains and wrapping around creating long hollow microtubes
at low precession angle. Fig. 6(c3) shows three types of such
microtubes which developed parallel to the precession axis, and
characterized by different elementary stacking of Janus parti-
cles, from three to five (top to bottom), having the magnetic
caps of the particles facing inward. These dynamic structures
were found to be stationary only for a certain region of field
parameters, where synchronization occurred between the globally
rotating microtube and its oscillating colloidal parts. Larger
frequencies or precessing angles destabilized the structures
into zigzag chains or planar sheets, due to loss of synchroniza-
tion and a corresponding structural transition.

4 Applications
4.1 Active microrheology probes

Passive microrheology measures the viscoelastic properties of
complex fluids by tracking the Brownian motion of embedded
colloidal probes.*?* While this technique presents some advan-
tages over conventional rheology, such us the sensitivity and the
high range of frequency available, it cannot infer highly viscous
materials using thermal fluctuations. Active microrheology on
the other hand, uses an external field to induce periodic rotation
or displacement of an embedded particle, and measures the
corresponding material deformation.’*® Active magnetic micro-
rheology, where magnetic particles are driven in a viscoelastic
medium, is even older than the “passive’” counterpart based
on particle-tracking, and date back to the pioneering work of
Crick and Hughes on chick fibroblasts.”® A magnetic bead
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microrheometer”” %! usually employs spherical paramagnetic
or ferromagnetic particles subjected to strong and inhomoge-
neous magnetic fields, allowing to generate a force ranging
from 102 to 10* pN.'%?

The simplest anisotropic probe one can think of is a
magnetic rod, which is appealing for study the rheological
properties of monolayers at the water/air interface, since rods
can be easily absorbed at an interface due to their large aspect
ratio. Interfacial viscometers based on macroscopic rods
have been developed by several groups,'®*™°® but the use of
nanometer size probes is quite recent.'”” The main advantage
in reducing the probe size is the drastic increase in sensitivity,
since it produces an increase in the Boussinesq number
(Bo), i.e. the ratio between the interface and sub-phase drag,

Bo ~ nn—sa. Here 75 (1) is the surface (bulk) viscosity and a is a
b

characteristic length associated with the size of the probe.
Nanorods are more sensitive than macroscopic ones since
reducing a increases Bo and reduces the coupling between
the interfacial flow and the subphase.

In a recent realization, Dhar et al.®” were able to reach a
sensitivity of n; ~ 107° N s m~ " using a magnetic nanorod,
three orders of magnitude lower than the resolution of macro-
scopic rods."*® The nickel nanorod (3 um in length and 300 nm
in diameter) was used to measure the surface viscosity of albumin
at different aging times. As shown in Fig. 7(a), the magnetic
torque was applied by switching the orientation of an in plane
magnetic field H. The orientation angle ¢ between the rod’s long
axis and the applied field follows an equation similar to eqn (3),
where the relaxation time 7, oc f;, with f; = f, + f; being the
sum of the bulk (f,,) and surface (f;) drag, the latter related to
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Bo and thus to the surface viscosity.’® With this technique,
it was possible to demonstrate that the surface viscosity of
albumin increased significantly with aging compared to the surface
pressure, suggesting the annealing with time of the protein film.
Choi et al.®® used ferromagnetic “microbuttons” to measure
the surface viscosity of a phospholipid monolayer (DPPC), reach-
ing a resolution of 7, ~ 107® N's m ™. These anisotropic probes
(20 um in diameter) were realized by a photolithographic process
using a SU-8 photoresist.>® An in-plane oscillatory magnetic field
was used to rotate these probes. Bright-field and fluorescent
microscopy were used to simultaneously visualize the particle
motion and the DPPC deformations, Fig. 7(c and e). While a
small applied torque induced an elastic response of the DPPC
monolayer at low frequencies, a large amplitude deformation
forced the creation of a “slip-line” encircling the rotating probe,
and generated viscous response at all frequencies, Fig. 7(e and f).
Besides interfacial microrheology, anisotropic probes can
also be used for rheological measurements of viscoelasticity in
the bulk. In contrast to isotropic particles, anisotropic probes
like magnetic rods,"*%'*" wires,"**'** or ellipsoids'** offer the
advantages of requiring a uniform magnetic field to be torqued
and corresponding easy visualization. In particular, magnetic
rotational microrheology was successfully used to measure the
viscoelastic properties of living cells.**>*®

4.2 Stirring, trapping, and sorting

An elongated particle torqued by an external rotating field
generates a hydrodynamic vertical flow and thus can be used
as a microscopic analog of a magnetic stir bar. Due to the
laminar nature of fluid flow at low Reynolds number (Re), the
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Fig. 7 (a) Orientation of a magnetic nanorod under a static field in a solution of albumin. (b) tan(¢/2) versus t at different aging times. (c, e) Ferromagnetic
“microbutton” rotating in a dipalmitoylphosphatidylcholine monolayer for small (c) and strong (e) deformations. (d, f) Surface shear moduli (elastic G'(w),
viscous G”(w)) before (d) and after (f) yielding. [(a, b) Reprinted with permission from ref. 87 (Copyright 2010 APS), (c—f) from ref. 88 (Copyright 2011

Nature Publishing Group)].
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efficiency of this “microstirrer” is strongly reduced. For a
rotating stirrer, Re :%l gives the ratio between “inertial”
and viscous force, with v and [ being the characteristic velocity
and length scales resp., and p(u) the density (dynamic viscosity)
of the dispersing medium. For a magnetic microrod rotating
around its 1 pm long axis at an angular speed of @ = 50 s~ " in
=2
water (v = u/p = 107° m*> s') Re :%: 108, ie. several
orders of magnitude lower than the corresponding value for
a a = 2.5 cm long stir bar, Re = 3 x 10" However in
constrained geometries such us in a microfluidic channel,
colloidal inclusions can be effectively used to displace fluids
or to perform simple operations.’*® In particular, isotropic
paramagnetic colloids dynamically assembled by a rotating
magnetic field into anisotropic clusters'>" have been successfully
implemented as “‘active” pumping elements in soft-lithographic
channels.'?*'??

Apart from microfluidic systems, rotating anisotropic parti-
cles find applications in microscale trapping or sorting based
on hydrodynamic or magnetic interactions. The hydrodynamic
“trapping” capability of rotating nickel nanowires was recently
demonstrated by Petit et al.''” The nanowires (15 pm long
with ~200 nm diameter) were synthesized by electrochemical
deposition in an aluminium oxide template. Low intense
(H ~ 2 kA m™ ") rotating fields were used to spin the nanowires,
and passive microspheres or bacteria were trapped by the
generated flow field. As shown in Fig. 8(a and b), the flow
velocity profile generated by the microvortices was character-
ized by a local minima close to the center of the nanowire.
In Fig. 8(c) are a series of images in a row showing how the
authors used his concept to transport (second images of the
sequence), trap (third image) and release (fourth image) a 6 um
size PSt microsphere.

In contrast to high-aspect ratio nanowires, the DNA linked
anisotropic doublets shown in Fig. 3(a), were unable to generate
a strong hydrodynamic flow. However their magnetic aniso-
tropy allowed us to induce complex interactions between the
particles, leading to sorting for certain field parameters.
Fig. 8(d) shows a schematic of two interacting doublets spin-
ning due to a precessing magnetic field, with frequency Q and
precession angle 3. The different behaviour between isotropic
(spherical) and anisotropic (doublets) rotors is highlighted in
Fig. 8(e) for a constant field amplitude H = 1.3 kA m™*, and
varying © and 9. Isotropic rotors were well described by dipolar
coupling, repelling (attracting) for 9 < 9, (9 < 9y,), with 3,
being the magic angle. The anisotropic rotors in contrast,
repelled also for angles 9, < & < 61.5°. This stronger repulsive
behaviour was due to the presence of nonzero higher magnetic
multipole moments. In particular, close to the magic angle,
when the dipole-dipole term becomes small, the particles
repelled via dipole-hexapole interactions."*® The sequence of
images in Fig. 8(f-h), shows how this feature was used to
discriminate between the two types of rotors close to 9y,. For
precession angle 3 = 0° (f), repulsive dipolar interactions
separated all type of rotors, colloidal doublets (blue arrows)
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Fig. 8 (a) Flow velocity profile induced by a rotating nanowire and (b)
averaged tangential flow velocity, both images from numerical simula-
tions. (c) Microscope images showing the manipulation of a PSt micro-
sphere. (d) Schematic showing two rotating interacting doublets. (e)
Distances r vs. time t for doublets (continuous lines) and isotropic particles
(dashed lines). (f) Sorting of paramagnetic doublets but not particles. [(a—c)
Reprinted with permission from ref. 117 and (d—h) from ref. 118 (Copyright
2012 and 2009 ACS)].

and isotropic spheres (green arrows). In (g) the precession angle
was switched to § = 56.7° in order to separate the doublets from
the spheres which collapsed after ¢ = 14.5 s (h).

4.3 Magnetically driven propellers

Anisotropic particles can be propelled in a fluid medium when a
proper strategy is developed to take into account the negligible role
of inertia at low Re. Under these conditions, particles displaying
reciprocal motion, i.e. symmetric backward and forward body
distortions, are unable to move."** Thus, a magnetic rod or an
ellipsoid immersed in a bulk fluid and torqued by a uniform
rotating field, will rotate but not translate, independently on
the frequency or amplitude used.

There are different ways to break the time reversible symmetry
of the fluid flow at low Re, and generate net motion. Fig. 9
shows most of the magnetic propellers recently realized, with
the actuating field displayed in the middle column. Common
features are the use of a magnetic field which is uniform and
time dependent, such that the net particle motion does not
result from the presence of a gradient, but rather arises from a
rectification process, where oscillations or rotations are trans-
formed into direct motion. There are mainly three strategies
which have been successfully used:'**'*® (i) flexibility in the
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Fig. 9 Schematics and images of magnetic propellers based on aniso-
tropic magnetic colloids. The first column shows a cartoon of the propeller
with the direction of motion, the second column the applied field, the third
one an experimental image, and the corresponding reference on the right
side of the image.

colloidal unit, Fig. 9(a—c), (ii) helicity in the shape, Fig. 9(d-f) or
(iii) close proximity to a boundary, Fig. 9(g—j).

Fig. 9(a) shows a colloidal microswimmer composed of a
flexible magnetic filament (~30 um long) of 1 pm size DNA-
linked paramagnetic colloids attached to a ~3 pm red-blood
cell.'*” Non-reciprocal beating movements of the magnetic tail
were induced by an oscillating magnetic field, H = (H,,H,
sin wt,0). The symmetry was broken by the presence of the
cargo, which was carried up to a maximum speed of Vi =
22 pm s~ * for field strengths of H,=7.0kAm™', H,=8.0kAm™*
and f= 10 Hz."*’ Flexibility was also used by Gao et al."*® and by
Pak et al."* to propel magnetic nanowires composed of three
(Au, Ag, Ni) and two (Ag, Ni) metallic segments, respectively.
Both types of propellers were fabricated via template-assisted
electrodeposition, and presented a total length of ~6 um and
200 nm in diameter. The flexibility was provided by the Ag
segment, which was partially dissolved in an hydrogen peroxide
(H,0,) solution before the experiments. An external precessing
magnetic field was used to deform these nanowires in a chiral
fashion in order to obtain a net motion. In particular, the
Ag/Ni propeller result to be the faster, reaching a maximum
speed v, =21 um s~ ' for H ~ 1.4 kA m™*, 9 = 35° and f= 35 Hz
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(v = 6 um s~ for the striped Au/Ag/Ni for A ~ 0.4 kA m " and
f =15 Hz),"*® and was later successfully employed in docking
and delivery operations of microscopic cargos."*

Similar to the flagellum of the bacterium E.coli, a rotating
helical tail is capable of propelling in a viscous fluid. Fig. 9(d—f)
show three bio-inspired examples. The silica propellers in (d)
were fabricated via a glancing angle deposition method,
and after being released from the substrate, were covered by
a thin Co layer via thermal evaporation of the metal."*>"*" An
alternative method to engineer the helical structures was
developed by Zhang et al."**'*? The artificial flagellum shown
in row (e) was realized via self-scrolling of a nanobelt made by
semiconductor-metal layers, and terminated in a soft-magnetic
head containing Ni. Both types of propellers were moved in a
fluid via an external rotating field, reaching a speed as high as
Vm =40 pm s ' (H = 4.8 kA m™?, f = 150 Hz) for the silica
propeller, and v, =18 um s~ ' (= 1.6 kKAm™", f= 30 Hz) for the
other one. Shown in row (f) is a dynamic helical structure
developed by Casic et al.’** and composed of isotropic particles
assembled via time averaged attractive dipolar interactions.
The ribbon assumed a chiral conformation via traveling twist
walls, when subjected to an elliptically precessing magnetic
field. Although the average translational speed of this dynamic
propeller was smaller compared to other prototypes, v, =
0.6 um s~ (A =2.2 kA m™ ", f= 23 Hz) the traveling walls along
the chains add further functionality, including for example
transport of nonmagnetic cargo by mobile twist walls.

The rest of the propellers shown in Fig. 9 used the proximity
of a wall to rectify their rotational motion into a net translation.
Besides the asymmetric doublets in row (g) which required a
precessing field,"*>'*® symmetric doublets'®” (h), chains®*® (i)
and rods'®* (j) were all propelled by a circularly polarized
rotating field. In all cases, the direction of motion of the
propeller was dictated by the sense of rotation of the field, and
the average speed linearly increased with the driving frequency
up to a certain threshold value, after which the propeller loosed
the phase with the field. The asymmetric doublets were slower"*°
(Vm=3.2ums " for H=4.2kAm™*, 9 = 72°, f= 15 Hz) compared
to longer aggregates, although their speed could be improved by
using an attractive magnetic substrate, such as the case of the
symmetric doublets in (h). On the other hand, for longer
aggregates it was found that chains with intermediate length
(3-4 particles) were faster with v, =12 ums™* (for A ~ 3kAm ™,
f=32 Hz) compared to longer ones (7 particles). This behaviour
resulted from the increase of the rotational friction coefficient
with the length, which induced fragmentation of the rotating
chains.®® Stiff magnetic wires having 12 um length were able to
reach v, = 37 um s~ * (for A ~ 2.6 kA m™ ", f = 34 Hz) before
loosing the phase with the driving field.

4.4 Magnetically controlled propellers

When propulsion arises from a different mechanism, like
a chemical reaction,'***° external fields can be used to
orient and steer propellers containing magnetic parts. Control
over directionality of a micropropeller is important for applica-
tions related with precise and fast docking of chemical or
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Fig. 10 (a) SEM image of a striped metallic nanorod composed of
five segments, Au/Ni/Au/Ni/Pt. (b) Trajectories of the nanorods in an
aqueous H,0O, solution and under a static magnetic field. (c—e) Magneti-
cally guided motion of paramagnetic microellipsoids half coated with Pt in
aqueous H,O, solution. (f) Sequence of images showing the magnetic
control of colloidal surfers, with an individual unit shown in the inset
(bottom-left). [(a, b) Reprinted with permission from ref. 141 and (c-e)
from ref. 40 (Copyright 2005 and 2010 Wiley); (f) from ref. 142 (Copyright
2013 AAAS)].

biological cargos. As an example of an autonomous moving
propeller, one can consider the case of a 2 pm long Pt/Au
nanorod in a H,0, aqueous solution."** The Pt part catalyzes
the decomposition of H,0, in water (2H,0, — O,(g) + 2H,0(1))
and propulsion arises due to an interfacial tension gradient
generated by this reaction. In the absence of an effective
steering mechanism, the rod trajectory undergoes random
deflections from its original path, due to thermal fluctuations
or to an unequal distribution of the reacting chemicals. To gain
complete control over the particle trajectory, Kline et al'*!
realized a multi-component striped rod, composed of two Ni
segments sandwiched between two Au parts and a Ni one,
Fig. 10(a). The Ni parts were initially magnetized perpendicular
to the rod long axis, and the propeller was guided in an
aqueous H,0, by orienting an external magnet, as shown in
Fig. 10(b).

Rotational diffusion also strongly affects the directionality of
Janus particles propelling in an aqueous H,0, solution."**'*
Making a spherical propeller responsive to an external field in
order to guide its motion can be done in different ways, like by
evaporating a metallic cap on top of it,"*® or by replacing the
pristine particle with a magnetic one.? The latter case is
illustrated in Fig. 10(c-e), where paramagnetic microellipsoids
covered by a Pt layer were propelled in aqueous H,0O, solution.
Fig. 10(e) shows the basic mechanism: a static field H=0.8 kAm™"
torqued the ellipsoid aligning its magnetic moment m
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(see Section 3.1), and forced the particle to move into a straight
trajectory. To change the particle path, the field was rotated by
an arbitrary angle, and the magnetic torque reoriented the
moving particle, Fig. 10(d). The same strategy was applied
to spherical paramagnetic particles, and it was found that
magnetic anisotropy was a necessary ingredient to obtain a
net steering mechanism.*’

An example of collective magnetic guidance was recently
reported by Palacci et al.'** and it is shown in Fig. 10(f). The
propelling units were polymer spheres with a protruding
hematite cube. These colloidal “surfers” were observed to move
in aqueous H,0, solution under the action of blue-violet light.
At these wavelengths, the light triggered the decomposition of
H,0, at the surface of the hematite particles and, when facing
this surface close to the substrate, the composite particles
started sliding above the generated osmotic flow. Using a static
external field H = 0.8 kA m™", the authors were able to guide
clusters spontaneously formed via phoretic attraction on a defined
direction. As shown in the sequence of images in Fig. 10(f),
the external field also strengthens the particle interactions,
avoiding reorientation effects due to rotational diffusion, which
could lead to cluster disaggregation.

External magnetic fields have been recently used to guide
the motion of many other propellers, besides the examples
shown in Fig. 10, such us rolled-up microtubular jets,"***>°
bubble-ejecting nanotubes,'>! ultrasound-powered nanowires,'**
catalytically propelled nanowires'> and hematite peanuts.">*
The advantage of magnetic guidance relies on the non-invasive
nature of the applied field, which does not perturb the chemical
reaction leading to propulsion, as would be the case for an
electric field for instance.

5 Conclusions

This article presented an overview of several experimental works
based on the realization, assembly and practical applications
of anisotropic magnetic colloids, specially focusing on monodis-
perse particles with microscale size, which can be easily visualized
via conventional optical microscopy. This multidisciplinary
field of research embraces different communities interested in
the particle synthesis, interactions, dynamics and practical imple-
mentation in lab-on-a-chip devices. Besides the variety of works
published on the subject, the field still reserves a number of open
directions and future challenges. A next natural step towards basic
research is to explore the rich collective dynamics of anisotropic
magnetic particles when subjected to time dependent magnetic
fields. While recently the attention focused on structures formed
by Janus particles,”® ensembles of interacting ellipsoids, disks,
chains, wires or driven swimmers still offer a rich scenario for
non-equilibrium dynamics which can give rise to complex phases
and emergent behaviours. On the application side, anisotropic
particles which can be easily torqued by an external field seek
direct implementation in microfluidic devices such as stirrers,
valves, pumps or can be used as high resolution microscopic
probes for viscoelastic matter.
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