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Synthesis of Multifunctional Micrometer-Sized Particles
with Magnetic, Amphiphilic, and Anisotropic Properties
Siyoung Q. Choi, Se Gyu Jang, Andrew J. Pascall, Michael D. Dimitriou, Taegon Kang,
Craig J. Hawker, and Todd M. Squires*
Well-defined, functional colloids provide critical model systems
for a variety of fundamental phenomena in materials and soft
matter, and enable a broad range of technological applications
from optics[1] to biotechnology.[2] The ability to fabricate large
quantities of colloids with high uniformity and specified shape
and function has thus been greatly desired. For example, magnetic colloids can be externally manipulated and controlled, and
have been used in applications ranging from photonic crystals,[3] cell sorting,[2] biosensors,[4] drug delivery,[5] biomedical
applications,[6] and single-molecule biophysics.[7] Magnetic colloids that can be remotely controlled by applied fields have also
been exploited in m-ink,[8] microrheological probes,[9–11] and
a variety of self-organizing systems.[12,13] In a similar fashion,
ferrofluids and magneto-rheological fluids are frequently used
to make useful materials because of their tuneable dynamic
response.[14,15]
Another important direction for designing colloids involves
shape anisotropy. Anisotropic particles offer additional control of light propagation for photonic crystals[3] and resistance
against efficient phagocytosis in drug delivery applications.[16]
They can also give rise to interesting and unique behaviors
that are not found with spherical particles,[17–24] with examples including self-assembly at fluid/fluid interfaces,[17,18] novel
interactions when dispersed in nematic liquid crystals,[19] and
non-Newtonian rheological properties.[20,23]
Finally, introducing chemical anisotropy on different faces
(so-called “Janus” particles) provides both technological importance and scientific interest.[25–30] For example, such particles
can be used for drug delivery, where one side is designed to bind
specifically to a cell surface, while the other side incorporates a
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second functionality that binds a particular drug.[31] Despite the
importance of all these functionalities, to our knowledge particles have yet to be synthesized addressing all three structural
features: magnetic, anisotropic and Janus functionality.
Here, we present versatile methods to fabricate Janus microparticles of defined, variable shape that exhibit either ferromagnetic or paramagnetic properties. We highlight two examples
where such particles open new capabilities in areas of growing
interest: the rheology of complex fluid interfaces, and the reversible directed assembly of particles at interfaces. In particular,
we have developed a technique in which ferromagnetic Janus
microdisks serve as sensitive probes for the active, interfacial
microrheology of complex fluid/fluid interfaces. Motivated by
recent interest in interfacially-active particles as surfactants,
we show triangular paramagnetic microparticles to function
as designer building blocks at fluid interfaces: they are stable
against capillary aggregation, yet self-assemble under applied
magnetic fields.
Surface-active molecules and particles are known to modify
the surface energy of fluid interfaces; additionally, they can
affect the dynamic behavior of such interfaces materials by
imparting a viscosity (or viscoelasticity) to the interface itself.
We have recently developed a powerful new technique to
measure the rheological properties of complex fluid interfaces.[32] Our technique requires probes with all three functionalities: ferromagnetism, amphiphilicity, and two-dimensional
shape anisotropy. In particular, the microprobes must 1) be
small, yet visible under optical microscopy (1 to 100 μm);
2) ferromagnetic, so as to enable external forces or torques to be
applied; 3) amphiphilic, to ensure the probes physically absorb
onto fluid/fluid interfaces; 4) anisotropic, to enable the orientation of a rotating probe to be tracked optically. To meet these
demands, we fabricated ferromagnetic, Janus microdisks with
two ‘buttonholes,’ as described below.
A planar (2D) fabrication strategy, enabled by photolithography, is ideally suited for these structural demands, as it
allows essentially any planar shape to be designed with various
functionalities incorporated through layer-by-layer deposition.
While this work builds on recent reports of micrometer-sized
particles fabricated by photolithography,[33–35] the introduction
of magnetic properties and chemical anisotropy imparts
significantly greater utility for the widespread use of these
microparticles in a variety of fields.
The schematic photolithographic process for production of
these multifunctional microparticles is shown in Figure 1. Initially, a 200 nm sacrificial layer (Omnicoat, Microchem) is spincoated on a 4’’ silicon wafer, followed by a one-micrometer layer
of photoresist (SU-8, Microchem). The bilayer structure is then
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Figure 1. A) Photolithographic process for the microfabrication of ferromagnetic particles. SU-8 particles are initially made photolithographically atop
a sacrificial layer. An O2 plasma etch removes the bare sacrificial layer between the particles. A ferromagnetic nickel layer is evaporatively deposited
on SU-8 particles, followed by a gold layer, and the entire wafer is immediately dunked into a solution of thiol-terminated molecules to form a selfassembled monolayer. Chemical etching and sonication removes the sacrificial layer, releasing the particles but not the metal between the particles.
B) Paramagnetic particles are microfabricated by dispersing CoFe2O4 superparamagnetic nanoparticles in SU-8, followed by the same photolithographic
process. SEM images of C) 20 μm-diameter ferromagnetic microdisks with two buttonholes, showing different surface functionalities on each side
(scale bars: 20 μm), and D) Paramagnetic 4 μm-side triangles (scale bar: 20 μm). E) TEM image of CoFe2O4 superparamagnetic nanoparticles (scale
bar: 20 nm).

baked at 95 °C for 1 min, and photoresist exposed to UV light
through a patterned chrome photomask for 3 sec. After developing the photoresist, the wafer is exposed to an oxygen plasma
at 0.19 Torr for 2 min, which removes the exposed sacrificial
layer but not the sacrificial layer buried under the photoresist
structures. (This etch step is critical, as it ensures that the metal
layers that are subsequently deposited will remain on the wafer,
even while the desired multilayer microparticles are lifted off.
By preventing the microparticles from aggregating with magnetic metal fragments, it eliminates the need for an additional
process to separate the microparticles from the magnetic metal
fragments.) Ferromagnetic functionality is then imparted to the
microstructures by depositing a magnetic layer, typically nickel,
cobalt or iron (10–300 nm), using electron beam deposition.
A 10 nm gold layer is then directly deposited on the magnetic
layer which gives rise to a Janus character and allows for facile
functionalization with self-assembled monolayers (SAMs) of
a wide variety of thiol-terminated molecules. Immediately following Au deposition, the wafers were submerged in a 1 mM
solution of 1H,1H,2H,2H-perfluorooctanethiol (Sigma) in ethanol for 8 hours. We then release the microdisks from the wafer
by gently sonicating in deionized water. The magnetic character
of the microparticles greatly facilitates subsequent purification
and collection. XPS analysis (Supporting Information,
Figure S1) demonstrates the existence of each of these layers.
To measure the rheology of complex fluid interfaces, we
position the ferromagnetic disks on the liquid interface to be
probed, then spread the surface-active species on the interface
around the probe, and use electromagnets to exert a known,
programmable torque on the probe. To do so, the microdisk
particles are gently sonicated to uniformly disperse and break
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up weakly-flocculated microdisk clusters. A few drops of the
microdisk solution are then placed on the interface by micropipette, followed by spreading the surfactant of interest. Figure 2
highlights one example: a ferromagnetic, Janus microbutton
probe is made to rotate in an oscillatory fashion within a monolayer of polystyrene colloids. Both the microbutton probe and
the colloids are adsorbed at the planar interface between clean,
immiscible solvents (pure water and decane). Colloids within
the monolayer experience a long-range electrostatic repulsion
mediated through the decane,[36] which gives rise to hexagonal
crystalline order within the monolayer. Figure 2B shows the
frequency-dependent surface visco-elastic shear moduli of the
colloidal monolayer itself – a low-frequency elastic plateau is
observed, along with increasing visco-elasticity at frequencies
above the diffusive relaxation time of colloids within their well.
Additionally, Figure 2C shows the weakening – and eventual
yielding – of the colloidal monolayer for increasing applied
strain, which can be directly correlated with the onset of lattice
hopping by particles. (See the movie in the Supporting Information for an example.)
To study the magnetic properties of our structures more
quantitatively, a wafer of fabricated microdisks was diced after
metal deposition into 3 mm by 3 mm sections, each of which
contains approximately 104 ferromagnetic microdisks. The inplane magnetic properties of microdisks were then measured
using a SQUID (MPMS 5XL, Quantum design) with Figure 3A
showing the ferromagnetic properties of a representative batch
of 20 μm-diameter microdisks incorporating a 150 nm ferromagnetic layer of nickel. It should be noted that the ferromagnetic properties of the microparticles are retained, with hysteresis and saturation of magnetization being observed.
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self-assembly at fluid interfaces could enable
a “tunable” rheology of interfacial phases,
much like occurs in three-dimensional ferrofluids or magnetorheological fluids.[15,42,43]
The ferromagnetic moments that were crucial for our microrheological probes, however, would lead to irreversible aggregation
for interfacial dispersions. Paramagnetic particles are thus better-suited for applications
involving suspensions, since they are magnetized only under an ambient field.
One way to synthesize paramagnetic particles involves modifying the deposition
procedure. Depositing magnetic metals on
non-wetting surfaces generates superparamagnetic “nanodrops”.[44] For example, permalloy evaporated onto an organic SAM on
gold has been shown to give rise to superparamagnetic properties. However, the magnetic
response is rather modest, since only a single
Figure 2. Ferromagnetic microbuttons as probes of the rheology of complex fluid interfaces. layer of the nanodrops forms on the surface.
A) A Janus, ferromagnetic microbutton (10 μm radius, described in text) is placed at the inter- Multiple layers, in principle, could be made
face between pure water and decane. A monolayer of 1 μm-diameter polystyrene particles is
through repeated metal depositions and SAM
then spread at the water-decane interface, and mutual electrostatic repulsion between colloids
imparts local crystalline order. The visco-elastic moduli of the colloidal monolayer can be deter- treatments, but such an approach would be
mined from the microbutton’s rotation in response to an externally imposed oscillatory torque impractically time-consuming and expensive.
(B-C), (see Supporting Information video). B) The linear viscoelastic modulus of the colloidal
A more practical, alternative route to animonolayer is primarily elastic, with a low frequency plateau. C) Increasing the amplitude of the sotropic, Janus colloids with strong superparoscillatory strain reveals a linear elastic response at low strains, with softening and yielding of amagnetic response involves encapsulating
the monolayer above a critical strain, which direct visualization reveals to correspond to particle
superparamagnetic nanoparticles (SPNPs) in
hopping between lattice sites (see Supporting Information video).
a cross-linked polymer matrix.[45] Following
this strategy, SPNPs were dispersed in the
The microrheological application described above requires
photoresist (SU-8) and the photolithographic patterning procea fixed permanent magnetic moment that does not reorient
dure described above followed. An added advantage of this new
under externally applied fields. The coercivity represents the
strategy is that the volume fraction of SPNPs, and therefore the
magnetic field required to demagnetize materials via reorienmagnetizability of the microparticles, can be easily controlled
tation of the magnetic moments of the domains. In general,
by varying the volume percentage.
bulk nickel has extremely low coercivity (∼1 Oe).[37] The large
To illustrate this approach, CoFe2O4 SPNPs with oleic acid
internal stresses generated during evaporative deposition of
ligands were prepared by thermal decomposition.[46] Figure 1D
Ni films, however, increase coercivity by up to two orders of
shows a transmission electron microscopic image of the synthemagnitude (Figure 3B).[37]
sized SPNPs. SQUID measurements of the magnetic hysteresis
Furthermore, we study how the in-plane saturation magnetiof the synthesized SPNPs clearly show superparamagnetic propzation of our thin Ni films changes with thickness. Unlike bulk
erties (Figure 3D), and X-ray diffraction measurements confirm
materials, whose saturation magnetization (Ms) depends linea spinel structure for the CoFe2O4 SPNPs (Supporting informaarly on their volume, the saturation magnetization of thin films
tion, Figure S2). By mixing a 4 wt% SPNP solution in toluene
shows different behavior (Figure 3C). To compare thin film
with the photoresist, the same photolithographic process was permeasurements with predictions based on bulk properties, we
formed to synthesize 4 μm-side triangular particles (Figure 1B),
estimate Ms based on the volume of the thin film (Figure 3C),
eventually yielding 1 wt% solution of triangular paramagnetic
orange line). The saturation magnetization Ms of sufficiently
microparticles in 1 mM of Tris-HCl buffer (pH = 8.3) for storage.
thin Nickel films is higher than one would expect based on bulk
To make 2D suspensions of these paramagnetic micro parproperties, since magnetic domains prefer their moments to
ticles at water/decane interfaces, a 5:3:2 ratio mixture of water,
be oriented in the plane of the thin film, rather than randomly
isopropanol, and microparticle solution was spread using a
as in bulk. However, out-of-plane magnetic moments of the
microsyringe. The microparticles naturally orient parallel to
domains become favorable as the film thickness increases to
the liquid/liquid interface, with the SAM-coated (hydrophobic)
minimize the magnetostatic energy, thus giving rise to smaller
side favoring contact with the decane. The Janus character of
in-plane magnetization than bulk.
the microparticles, arising from the evaporatively-deposited gold
The behavior of particles at interfaces–as surfactants,[38] in
layer, yields planar contact line that suppress capillary interstabilizing unusual fluid structures,[39,40] or in forming novel
actions between neighboring particles. This stands in marked
interfacial phases[41] has found increasing interest in recent
contrast with chemically homogeneous particles (e.g., colloidal
years. The ability to reversibly induce aggregation and direct
ellipsoids formed by film-stretching), which naturally exhibit
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Figure 3. A) M-H curve for a batch of 20 μm-diameter microdisks with
150 nm Ni layers, fabricated following the procedure in Figure 1A. The
ferromagnetic response is clearly evident: hysteresis, coercivity, and
remnant magnetization. B) Coercivity of ferromagnetic microdisks as
a function of evaporated Nickel film thickness. C) Saturation magnetization of nickel thin films as a function of thickness (circles), compared with and expectations based on equivalent volumes of bulk nickel
(solid line). D) M-H curve for CoFe2O4 superparamagnetic nanoparticles shows strong saturation magnetization, but no hysteresis or
coercivity.

non-planar contact lines that cause strong, long-ranged interactions and aggregation.[17,18] Figure 4A shows the random initial
configuration of the microparticles at the water/decane interface
after spreading. Applying a field parallel to the surface gives rise
to anisotropic interactions between microparticles, with chaining
along the field lines (generally point-to-point where the induced
field gradients are strongest), and repulsion between microparticle chains (Figure 4B). Chains fragment and particles slowly
disperse due to Brownian motion when the field is removed,
establishing the reversibility of the field-induced aggregation
(Supporting Information, Figure S3). Although paramagnetic
microparticles in bulk water also form chains in response to an
applied field, the orientation of each microparticle is randomly
distributed due to the lack of an interface (Figure 4C).
We have demonstrated that a photolithographic process along
with evaporative metal deposition offers an extremely versatile route
to the synthesis of multifunctional microparticles possessing magnetic, amphiphilic, and anisotropic structural features. The ability
to control various aspects of these structural features allows microfabricated ferromagnetic disks to be fabricated and used as exquisite probes of the rheological properties of complex fluid interfaces.
The modularity of this design strategy also allows the corresponding
paramagnetic microtriangles to be prepared for the analysis of 2D
suspensions at fluid/fluid interfaces. Of course, the total yield
is limited (here to 107–108 particles per 4’’ wafer) by the
2D surface nature of the fabrication, but could be scaled up, e.g.,
using imprint lithography techniques if needed. Nonetheless, these
studies demonstrate the power of these fabrication techniques and
the rich array of microstructures that can be easily prepared with
control over size, aspect ratio, and shape via photolithography;
magnetic properties by controlling the thickness of the deposited
metal for ferromagnetic particles or the volume fraction of SPNPs
for paramagnetic particles; and chemical anisotropy by selecting
appropriate thiol-terminated molecules to self-assemble into
monolayers on the gold surface.

Supporting Information
Supporting Information is available from the Wiley
Online Library or from the author.

Acknowledgements

Figure 4. A) 4 μm paramagnetic, Janus triangles spread at a water/decane interface. Their
configuration and orientation are random, and electrostatic stabilization prevents irreversible aggregation. Notably, the planar contact line prevents aggregation due to capillary interactions, as occurs with chemically homogeneous, anisotropically-shaped colloids.[17,41] B) A
10 mT magnetic field applied parallel to the interface causes the triangles to form chain-like
structures along the field direction. The Janus (amphiphilic) nature of the two triangle faces
keeps them oriented within the plane of the interface. C) Janus triangles submerged in bulk
water also form chains under 10 mT fields, but each triangle of the chain orients randomly.
Scale bar: 20 μm.
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