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ABSTRACT

A layer-by-layer method is used to synthesize paramagnetic metal/polymer multi-layered colloidal
particles. By taking advantage of recent advances in the synthesis of polymer colloids with various
shapes and layer-by-layer assembly, superparamagnetic dumbbell colloids are fabricated with differ-
ent aspect ratios and asymmetries between lobes. We characterize the surface coverage of magnetic
nanoparticles on the anisotropic host particles and the magnetic response of the particles by mag-
netometry. The synthesized particles are colloidally stable, but in a magnetic field, form persistent
microstructures through induced interactions. These column-like microstructures are reversible and
readily disperse by Brownian motion. The magnetic nanoparticle concentration during synthesis pro-
vides a means to control the magnetic response of the composite nanoparticle. Themethod is extended
to prolate ellipsoid nanoparticles with aspect ratios between 3.4 and 4.2.

1. Introduction
The directed self-assembly of colloids and nanoparticles

can be harnessed to fabricate nanostructured materials with
photonic and phononic properties that are programmed by
particle shape and interactions.[1, 2, 3, 4, 5, 6] Directing ex-
ternal electric, magnetic, or deformation (e.g. shear or ex-
tensional) fields are necesssary to circumvent kinetic bottle-
necks to self-assembly, especially for anisotropic particles,
like ellipsoids and dumbbells.[3, 7, 8, 9] But a current chal-
lenge in the directed-self assembly of colloids by electric
or magnetic fields lies in the decrease of the field-induced
alignment and interactions between particles as their size de-
creases, since the particle polarization scales with the parti-
cle volume.[10] While one can use higher field strengths, ul-
timately this strategy is limited—in electric fields by the di-
electric breakdown and hydrolysis at the electrodes[11, 12]
and in magnetic fields by the saturation magnetization of the
particles. These limitations point to an opportunity to de-
velop synthesis strategies for highly polarizable anisotropic
magnetic colloids for self-assembly applications.

Recent developments in synthesis methods have given
rise to magnetic colloids with a variety of chemical com-
positions and shapes, but few of these methods produce
particles with a paramagnetic response that has been use-
ful for assembly in toggled external fields.[13, 14] Fer-
romagnetic colloids have been synthesized by Ge et al.,
who created anisotropic magnetite (Fe3O4)-silica (SiO2)-
polystyrene (PS) composite ellipsoids and doublets by
seeded emulsion polymerization.[15] Based on a spherical
Fe3O4/SiO2 core/shell NPs as a seed, the shape of mag-
netite/silica composite particles are changed into spheri-
cal, ellipsoidal, and asymmetric doublet particles by poly-
merizing PS around the seeds. Ding and coworkers pre-
sented a synthesis method for ferromagnetic ellipsoids by
coating silica shell atop of hematite spindles.[3, 4] The as-
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pect ratio of ellipsoids are tuned by either using differ-
ent aspect ratio of the spindles or varying the concentra-
tion of tetraethoxysilane (TEOS). In contrast to these meth-
ods, Senyuk et al. reported the synthesis of magnetically-
responsive dumbbell-shaped PS particles after the shape is
formed without any chemical reactions.[16] PS anisotropic
particles with an order of few micrometers in size were
swollen by CoFe2O4 NPs dispersed in toluene to incorporate
magnetic NPs into the PS particles. However, these meth-
ods require an anisotropic core precursor, the anisotropic
growth of polymers, or a seed polymer that can be swollen
by a medium containing magnetic particles. Other synthesis
strategies include mechanically stretching ferromagnetic la-
tex particles, but the remnant magnetization of the particles
causes aggregation that prevents suspensions from reaching
an equilibrium structure.[17]

Instead, one can make use of the wide range of parti-
cle shapes fabricated by recent advances in polymer colloid
synthesis,[18, 19, 20, 21] by making composite particles of
magnetic and non-magnetic colloids. Caruso et al. first pre-
sented such a method using a layer-by-layer (LbL) strategy
to synthesize PS/magnetite NP core/shell spherical beads.
The sequential adsorption of oppositely charged polyelec-
trolytes and charged magnetic NPs coats the PS spheres
with magnetite NPs. Due to the magnetic moments of mag-
netite NPs, these particles align into chains in the presence
of external magnetic field.[22] This method was further in-
vestigated to fabricate superparamagnetic particles and to
form permanent chains.[23] Besides the electrostatic inter-
action, non-electrostatic forces have been used for function-
alizing anisotropic dimers with metallic nanoparticles.[24]
Because maghemite (
-Fe2O3) NPs are superparamagnetic,
PS/maghemite core/shell particles have no residual magneti-
zation. The LbLmethod has also been applied to anisotropic
platelets[1, 25] and carbon nanotubes[26] to create magnetic
responsive composite materials.

In this article we fabricate magnetically-responsive
anisotropic nanoparticles with dumbbell and ellipsoidal
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shapes using the LbL adsorption method. By taking advan-
tage of both the well-developed LbL method and scalable
synthesis of anisotropic polymer colloids, we transform non-
magnetic polymer nanoparticles with various shapes to par-
ticles that exhibit strong magnetophoresis and self-assembly
in magnetic fields. We tune the magnetic properties of the
particles by varying the amount of magnetic NPs. The col-
loids show similar magnetic response and assembly behavior
with commercial paramagnetic beads under magnetic fields
and can be synthesized in quantities sufficient to study their
bulk assembly.

2. Materials and Methods
2.1. Materials

Styrene (≥ 99%), sodium 4-vinylbenzenesulfonate
(NaVBS, ≥ 90%), 3-(trimethoxysilyl)propyl acrylate
(TMSPA, 92%), 2,2′-azobis (2-methylpropionitrile)
(AIBN, 98%), potassium persulfate (KPS, ≥ 99.0%),
poly (diallyl dimethyl ammonium chloride) (PDADMAC,
MW < 100,000, 35 wt % in water), polystyrene sul-
fonate (PSS, MW=70,000), iron(III) chloride hexahydrate
(Fe(III)Cl3⋅6H2O, 97%), and poly (vinyl alcohol) (PVA,
MW=146,000-186,000, > 99%) are purchased from Sigma-
Aldrich. Sodium chloride, ammonium hydroxide (NH4OH,
28.0 - 30.0 w/w %), isopropyl alcohol (IPA, ≥ 99.5%), and
methanol (99.9%) are purchased from Fisher Scientific.
Citric acid monohydrate (99.5%) and iron(II) chloride
tetrahydrate (Fe(II)Cl2⋅4H2O, ≥ 99%) are purchased from
Acros Organics. The chemicals are used as received. The
DI water used is filtered with a Millipore Direct-Q 5 ultra
purification system (resistivity �>18.2 MΩ⋅cm).

2.2. Synthesis of Dumbbell-Shaped Particles
The PS NPs are synthesized by the surfactant-free emul-

sion polymerization and have charged functional groups at
the surface.[27, 28] The surface charges create a repulsive
double layer interaction between the particles and it results
in good dispersion quality and colloidal stability. The LbL
strategy here uses the surface charge to interact electrostat-
ically with oppositely charged species, such as polyelec-
trolytes or charged metal NPs. As a result of this interac-
tion, multilayers of polyelectrolytes can be adsorbed on the
surface so that the surface charge and the chemical composi-
tion can be modified. In addition to the electrostatic interac-
tion, the hydrophobic interactions also contribute to the ad-
sorption of the polyelectrolytes.[29] Here, the LbLmethod is
used to coat the superparamagnetic NPs onto the anisotropic
dumbbell-shaped (DB) and ellipsoidal polymer particles.

We illustrate the LbL strategy for coating the magnetite
NPs onto the surface of the anisotropic colloidal particles in
Figure 1. The DB NPs used for this study consist of two dif-
ferent chemical compositions. The seed particle side is func-
tionalized by the TMSPA which contains acrylate groups.
The second lobe does not have TMSPA. The polyelectrolytes
are next adsorbed onto the surfaces of the DB NPs.[30, 29]
The cationic polyelectrolyte, PDADMAC is first adsorbed.

The adsorption of the PDADMAC layer transforms the sur-
face into a cationic surface, allowing the subsequent ad-
sorption of a polyelectrolyte multilayer. The anionic poly-
electrolyte PSS is adsorbed next. Consequently, a series
of PDADMAC, PSS, and PDADMAC adsorption steps is
performed. The PDADMAC-terminated DB NPs obtain
cationic surface charges and therefore, the citrate ion-coated
magnetite NPs with negative charges can coat the DB NPs.
An excess amount of the magnetite NPs is used, and the non-
adsorbed magnetite NPs and the nonmagnetic dumbbells are
removed from the supernatant when the fabricated magnetic
dumbbells are decanted by an external magnet.

The submicron size dumbbell-shaped particles are pre-
pared via the two-step seeded emulsion polymerization as
described elsewhere.[31] First, the polystyrene (PS) seed
particles with a diameter d = 150 nm are synthesized.[32]
A mixture of 25 ml styrene and 0.2 g NaVBS dissolved in
150 ml of water and methanol mixture (3:1 volume ratio)
solution is polymerized with 0.11 g of KPS at 65 oC. For
the PS/poly (St-co-TMSPA) core/shell particles, the synthe-
sized seed PS spheres (5 v/v %) suspended in water are then
swollen in the presence of 0.3 mg/ml AIBN initiator in a
styrene (6 v/v %) and TMSPA (0.6 v/v %) mixture for 30
min at room temperature. The swollen particles are heated
to 70 oC and the polymerization is continued for 8 hours or
more. Next, the synthesized core/shell particles (4 v/v %)
are swollen again by styrene (4 v/v %) for 30 min under gen-
tle vortexing and are polymerized at 70 oC for 8 hours. Fi-
nally, after quenching the polymerization, the particles are
washed by centrifugation and the supernatant is replaced
with high-purity water at least three times. The aspect ratio
is controlled by the amount of styrene used for swelling the
core/shell particle; lower styrene amounts result in smaller
protrusion sizes.

2.3. Synthesis of Ellipsoidal Particles
The PS ellipsoid particles are synthesized by mechani-

cally stretching the PS seed particles with a diameter of d =
400 nm (Invitrogen, Eugene, OR, cat#C37238). The details
of the synthesis method are described elsewhere.[33, 34]
Briefly, the seed PS spherical particles dispersed in the aque-
ous PVA solution are spread in a dish and dried to a thin film.
The thin film is heated in a silicon oil bath for 5 min at 145
oC,which is above the glass transition temperature of PS par-
ticles, and stretched. Then, the film is cooled down to room
temperature and washed with IPA at least 5 times to remove
silicon oil. The embedded particles in the film are recovered
in a mixture of water and IPA (7:3 v/v ratio). The particles
are then washed by stirring for 12 hours while being heated
at 75 oC. The suspensions are centrifuged and resuspended
in water/IPA solution and these steps are repeated at least
three times. Finally, the particles are suspended in water.

2.4. LBL Adsorption of Dumbbell-Shaped
Particles

The polyelectrolytes are adsorbed onto the surface of the
anisotropic particles using the LbL method to alternate the
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Figure 1: The layer-by-layer method for the superparamagnetic metal/polymer multi-layered nanoparticles. This method is
illustrated for the dumbbell-shaped NPs. The PDADMAC (cationic) and PSS (anionic) polyelectrolytes are assigned with orange
and green, respectively. The magnetite NPs are marked with black dots.

colloidal particle surface charge. 0.5 ml of the suspension
containing the DB (or ellipsoidal) particles (0.5 wt %) is
mixed with 0.5 ml of PDADMAC solution (20 mg/ml in 0.5
M NaCl aqueous solution) and the mixture is vortexed for
30 min to reach a saturation concentration. After mixing,
the excess PDADMAC in solution is removed by repeated
centrifugation (6,000 rpm for 15 min) and the supernatant
medium is replaced with water three times. The first ad-
sorption results in an excess of polyelectrolyte.[35] The ad-
sorption of subsequent PSS and PDADMAC layers should
reduce the amount of polyelectrolyte desorption while the
magnetite NPs are coated. This step improves the coating
quality of magnetite NPs and the colloidal stability of the
composite magnetic particle.

2.5. Synthesis of Iron Oxide Nanoparticles
The superparamagnetic magnetite NPs with a diameter

d = 8.0 ± 1.3 nm are synthesized by the co-precipitation
method and the synthesized particles are stabilized by
coating citrate ions as described elsewhere.[36] 0.48 g of
Fe(II)Cl2⋅4H2O and 1.31 g of Fe(III)Cl3⋅6H2O are mixed
in 22 ml of water under nitrogen gas with vigorous magnetic
stirring (1,100 rpm). The solution is heated to 60 oC for 30
min and 2.8 ml of NH4OH is slowly added with a rate of 23
�l/s. After the addition, 0.56 g of citric acid monohydrate
dissolved in 1 ml of water is added into the solution and the
temperature is heated to 95 oC and kept for 90 min. The
synthesized NPs are washed by decanting iron oxide mag-
netically and the medium is replaced with water twice.

2.6. Magnetite Nanoparticles Coating on
Anisotropic Nanoparticles

The anisotropic colloidal particles with cationic surface
charges are electrostatically coated by the magnetite NPs
(negatively charged surface).[22, 23] 0.2 ml of 0.5 wt % of
the anisotropic particle dispersed in water is mixed with 0.09
ml of 1.3 wt % (0.4 wt % in total) and 0.12ml of 1.3 wt % (0.5
wt % in total) magnetite NP. The mixture is vortexed for 30
min. The excess amount of the nonadsorbed magnetite NPs
and the uncoated anisotropic particles are decanted magnet-
ically and washed with water three times.

2.7. Analysis and Characterization Methods
The magnetization curves are measured using the vibrat-

ing sample magnetometer (VSM, VersaLab). The applied
field is cycled from 10 kOe to -10 kOe with a 50 Oe/s step
rate at 300 K. To further analyze the remnant magnetization
at zero magnetic field, magnetic properties are again mea-
sured by cycling the applied field from 300 Oe to -300 Oe
with a 10 Oe/s step rate at the same temperature.

An optical microscopy (Microscope Axio Observer Ai
Zeiss AXIO) is used with a 40x objective and the images
are recorded with a digital SLR camera (Canon-EOS Digital
Rebel T2i). Scanning electron microscopy images are taken
using a JEOL JSM-7400F with 3 keV accelerating voltage.
A thin layer of gold and palladium are sputter-coated to the
sample before imaging. Transmission electron microscopy
images are collected using a JEOL JEM-3000 operating at
300 keV and a FEI Talos F200C microscope operating at
200 kV. The samples are prepared on a carbon-coated copper
grid with 300 mesh (Electron Microscopy Sciences).

3. Results and Discussion
3.1. Structure of Anisotropic Magnetic

Nanoparticles
The nanostructure of the DB/magnetite NPs are shown

in Figure 2. Figure 2a is a transmission electron microscope
(TEM) image of magnetite NPs with diameter, d = 8.0±1.3
nm. The mean diameter of magnetite NPs is estimated based
on a log-normal model. Figure 2b is the histogram of mag-
netite NPs with the bin-width, W , decided by the Sturges’
rule using the relation W = (dmax − dmin)∕k, where the
number of bins k = 1 + log2N with sample size N and
the maximum dmax and minimum dmin size of magnetite
NPs.[37] This size distribution is in a good agreement with
a log-normal function (a red solid line). Asymmetric and
symmetric DB NPs, DB1 (Figure 2c) and DB2 (Figure 2d),
respectively, have average diameters of smaller (d1) and big-
ger (d2) lobes and an average particle length (L); for DB1
d1 = 146±1 nm, d2 = 146±1 nm, and L = 294±2 nm and
for DB2, d1 = 196±2 nm, d2 = 221±2 nm, and L = 362±2
nm.
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Figure 2: a Transmission electron microscopy (TEM) image of magnetite NPs particles with an average diameter d = 8.0±1.3 nm.
b The histogram of magnetite particle size distribution and the the corresponding log-normal function (red solid line). Scanning
electron microscope (SEM) images of c DB1and d DB2 particles before the layer-by-layer adsorption of magnetite NPs. e and f
show SEM images of DB1 and DB2 particles coated by magnetite nanoparticles, respectively. g and h show corresponding TEM
images of superparamagnetic DB1 and DB2 NPs. Arrows and solid lines in e and f highlight magnetite coated DB particles.
Scalebars of the insets in c and d: 300 nm.

DB1 and DB2 NPs coated by the magnetite particles are
shown in Figure 2e and 2f, respectively. The surface of the
original DB NPs is smooth and uniform as shown by TEM
images of particles in the inset of Figure 2c and 2d. Af-
ter coating, the magnetite NPs are distributed on the surface
of DB NPs and make the surface rough, regardless of their
anisotropy or symmetry. TEM images of the magnetite NP-
coated DB NPs (shown in Figure 2g and 2h) verifies that the
adsorption is uniform and that there is no aggregation or ex-
cessive amount of adsorbed magnetite NPs on the DB NPs
surfaces. Using the LbL method allows for a uniform coat-
ing of metal NPs without chemically functionalizing the DB
NPs.

At this stage in the magnetite NPs coating, the stability
of the colloidal magnetite NPs plays a crucial role in form-
ing a uniform surface coating. To test the effect of magnetite
NP stability, DB NPs are coated by two different magnetite
NPs that are stable and unstable in water. The quality of
surface adsorption is compared using scanning electron mi-
croscopy. The stability of magnetite NPs is controlled by
changing the addition rate of base while the magnetite NPs
are precipitated.[38] Unlike the stable magnetic NPs shown
earlier in Figures 2d and 2e, the unstable magnetite NPs do
not coat the DB NPs, but rather create aggregates (Figure
S1). This can be attributed to short-range interactions be-
tween the magnetite NPs, which is stronger than with the
multilayer-adsorbed polymer DB NP surfaces.[30]

Ellipsoidal PS NPs shown in Figure 3a and 3b are stud-
ied next to verify that the LbL method is versatile and can
be applied to other seed particle shapes. Two ellipsoids
with different aspect ratios L/d=3.4 (EP3.4) and 4.2 (EP4.2),
where L and d refer to particle length and diameter, respec-

tively, are used for magnetite NP coating. The seed parti-
cles for ellipsoidal particle synthesis are negatively charged
from sulfate and carboxyl groups. The ellipsoids are fabri-
cated by mechanical stretching above their glass transition
temperature (details in Methods)[33]. The LbL adsorption
between the ellipsoid surface and polyelectrolytes is mainly
due to electrostatic interactions. The same LbL adsorption
of polyelectrolytes and magnetite NPs produces an ellip-
soidal PS/magnetite (EP/magnetite) core/shell structure for
which magnetite NPs are well-adsorbed onto the surfaces of
ellipsoids for EP3.4 (Figure 3c) and EP4.2 (Figure 3d) parti-
cles. This corroborates the concept that the LbL adsorption
of polyelectrolytes and magnetite NPs can be widely applied
into other particle shapes with various curvatures to make
magnetic responsive anisotropic NPs.

As SEM micrographs of magnetic ellipsoids show (Fig-
ure 3c and 3d), the magnetite NPs are distributed uniformly
along the surface of the non-magnetic NPs, but are not
closely-packed. The distribution and total magnetite content
is important to know in order to tune the magnetic interac-
tions between composite particles, as we discuss in the next
section. We examined the intensity of scanning electron mi-
crographs along the composite nanoparticle surfaces (e.g.,
Figure 3c). An analysis of the intensity distribution peaks
from the plot (Figure 3) provides a measure of the size and
distribution of magnetite NPs on the surface. The full width
at half maximum (FWHM) values are determined by fitting
the intensity distribution peaks with a series of Gaussian dis-
tributions. These peaks indicate that nanoparticle clusters of
size scale approximately 33.5 ± 4.8 nm in diameter, corre-
sponding to approximately four magnetite NPs, are arranged
on the surface with 17.0 ± 4.4 nm average edge-to-edge dis-
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Figure 3: Scanning electron microscopy (SEM) images of ellip-
soidal PS particles with aspect ratio a L/d=3.4 (EP3.4) and
b 4.2 (EP4.2) before magnetite nanoparticle coating. c and
d are SEM images of EP3.4/magnetite and EP4.2/magnetite
multi-layered particles, respectively. Scale bars are 300 nm. e
Estimation of brightness intensity along the line described in
c shows peaks which indicate coated magnetite nanoparticles.
Blue lines indicate Gaussian fitting of intensity plot for full
width at half maximum, which gives magnetite nanoparticle
size distributions.

tance between clusters.

3.2. Magnetic Properties of the Anisotropic
Magnetic Nanoparticles

Composite nanoparticles synthesized by the LBL pro-
cess retain the superparamagnetic properties of the mag-
netite NPs. The magnetic properties of the multilayer
DB/magnetite NPs and the pure magnetite NPs are measured
with a vibrating sample magnetometer (VSM). We plot the
magnetization curves in Figure 4 for the magnetite NPs and
DB/magnetite multi-layered NPs as the magnetic moment,
M (Am2/kg), versus the applied magnetic field, H (kA/m) at
a temperature T = 300 K. The pure magnetite NPs have
a saturation magnetization Msat = 24.2 A⋅m2/kg, and a
magnetic mass susceptibility, the slope of the magnetization
curve at H → 0, of �mass = 1.6 cm3/g. Consistent with the
magnetic properties of ferromagnetic materials of just a few
nanometers in size, the remnant magnetic moment is Mr <
0.3 A⋅m2/kg at zero magnetic field. There is no measurable
hysteresis.

The magnetic properties for DB1/magnetite NPs that
are coated at two different magnetite NP concentrations are
also measured (see Methods for experimental details). For
the lower concentration (0.4 wt % of magnetite NPs, which
corresponds to approximately 3000 magnetite NPs per a
dumbbell-shaped particles), the Msat and �mass values are
14.1 A⋅m2/kg and 0.81 cm3/g. For composite particles syn-

Figure 4: Vibrating sample magnetometer measurement of
DB/magnetite multi-layered particles. Magnetization curves
of pure magnetite nanoparticles (black), DB1/magnetite (0.5
wt %, blue), and DB1/magnetite (0.4 wt %, red) particles are
presented as magnetic field, H versus magnetic moment, M.
An inset at bottom right shows hysteresis loops from -24 to 24
kA/m, showing no remnant magnetization at zero magnetic
field, as well as no hysteresis.

thesized with 0.5 wt % of suspended magnetite NPs (approx-
imately 4000 magnetite NPs per a DB particle), both Msat
and �mass increase to 20.2 A⋅m2/kg and 1.05 cm3/g. These
results demonstrate that the magnetic response of the NPs
can be tailored by varying the amount of magnetite NPs dur-
ing the adsorption steps.

Comparing both results for different magnetic NP con-
centrations, both the saturation magnetization and the mag-
netic mass susceptibility increase with the amount ratio of
magnetic to nonmagnetic material; increasing the magnetite
NP concentration or decreasing nonmagnetic seed concen-
tration in the composite particles increases both the satura-
tion magnetization and the magnetic mass susceptibility.[39,
40] Because the magnetic properties can be tailored by vary-
ing the amount of magnetic NPs, this observation confirms
that LbL adsorption method allows the fabricated magnetic
NPs to be tuned for target magnetic properties.

The number density of adsorbed magnetite nanoparti-
cles in the nonmagnetic/magnetic (DB/magnetite) compos-
ite particles can be estimated by the Langevin model[41, 42]

M = Nmnp

[

coth
(�0mnpH

kBT

)

−
kBT

�0mnpH

]

(1)

where a product of magnetic particle number N and its
moment mnp is the Msat, �0 is the vacuum permeability,
and kBT is the Boltzmann energy at the absolute tem-
perature T . The first order term of a Taylor expansion
of equation 1 provides the magnetic susceptibility, � =
�0Nm2np∕3kBT . Given the magnetic moment of a mag-
netite NP (m2np), the magnetic mass susceptibility ratio of
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Figure 5: Magnetic response of the synthesized anisotropic
nanoparticles. a An image of DB1/magnetite (0.5 wt %) sus-
pension under no magnetic field (left) and with neodymium
magnets at the bottom of the vial (right) show the macro-
scopic separation of magnetic particles. b Micrographs of
DB1/magnetite particle suspension (0.5 vol %) show that par-
ticles are well-dispersed in the absence of a magnetic field (left
panel) and form column-like microstructures under external
magnetic field (1750 A/m). The microstructure grows as the
field-applied time (ton) increases (middle panel: ton = 3 min;
right panel: ton = 8 min). c The microstructures deform when
the magnetic field is tuned off and particles redisperse. Left
and middle panels show the deformation of the microstructures
and particle redispersion after field-off time duration toff = 1
min and toff = 2 min, respectively. The suspended particles
can again form column-like structures under the magnetic field.
Insets are small-angle light scattering patterns under the cor-
responding conditions. An arrow indicates the direction of
applied magnetic field.

magnetite NPs and DB/magnetite enables us to estimate the
number of magnetite NPs coated on the dumbbell-shaped
NPs. DB/magnetite particles fabricated with 0.4 wt % and
0.5 wt % magnetite NP concentration gives 2100 and 3600
magnetite NPs per a dumbbell particle, respectively. These
values are comparable to the ratios of magnetic and polymer
NPs used in during the synthesis and with the image analysis
results. Moreover, by substituting the magnetic susceptibil-
ity term in the Langevin model, the magnetic properties of
the synthesized superparamagnetic particles can be fitted as
shown in Figure S2.

3.3. Response to an External Field
The composite particles disperse well in water (Fig-

ure 5a, left) and migrate towards a strong neodymium mag-
net (Figure 5a, right). In addition to this bulk macroscopic
separation behavior, the superparamagnetic particles inter-
act with each other in the presence of magnetic field to form
column-like microstructures, similar to other superparamag-
netic particles.[43, 44]We observe their assembly and disas-
sembly when a field is applied, then removed. The particle
suspension is placed in at the center of Helmholtz coils and
imaged using an optical microscope. The DB1/magnetite
NP suspension is stable and dispersed, as shown in Fig-
ure 5b (left panel) in the absence of a field. Under a mag-
netic field (H = 1750 A/m) they form column-like struc-
tures in a direction parallel to the applied field (middle and
right panels in Figure 5b). The formation of macrostruc-
tures of magnetic NPs under magnetic fields are similar with
early-stage column-like structures formation of ferrofluid
droplets[43, 44] and columnar domain formation of mag-
netic latex spheres under toggledmagnetic fields[14, 13, 45].
The insets of Figure 5b are small-angle light scattering pat-
terns at the corresponding field condition, which has an
isotropic pattern in the absence of a field, indicating an
isotropic dispersion of the NPs, but a highly anisotropic one
when the field is switched on.

Microscopy also shows that the particles readily redis-
perse when the magnetic field is removed or an induced
field turned off. In Figure 5c, we show the relaxation of the
column-like microstructure. When the field is turned off, the
particles immediately diffuse and as field-off time duration
increases, toff = 1 min in the left panel and toff = 2 min in
the middle panel, the microstructures completely disappear.
The redispersed particles can still assemble, as shown in the
right panel of Figure 5c, and redisperse repeatedly. These
assembly and disassembly processes are shown in Supple-
mentary Movie 1.

3.4. Colloidal Stability
We estimate the colloidal stability of the synthesized par-

ticles based on their ability to aggregate in a magnetic field
and redisperse when the field is removed. The maximum
dipole interaction

Umax = −
m2

2��0r3
(2)

with the magnetic moment m, and center-to-center distance
of dipoles r relative to the Brownian thermal energy kBT is
the dipole strength

� ≈ Umax∕kBT . (3)

For the dumbbell colloids, m = VDB�0�H and
� = V 2DB�0�

2H2∕2�r3kBT . When the field is applied with
strength H = 1750 A/m, � ≈ 9, which is consistent with
the observed assembly behavior. The repulsive electrostatic
stability barrier must be at least as large to account for the
particles’ redispersion when the field is removed. Detailed
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Figure 6: Long-term stability of the fabricated magnetic par-
ticle. a Micrographs of the DB1/magnetite suspension (0.5
vol %) show no significant aggregation behavior. b Autocor-
relation functions for the short-period and long-period aged
suspension are compared. c The size distributions of the par-
ticles at 1 (black), 2 (green), 3 (blue), and 40 (red) days are
measured by the dynamic light scattering.

calculations of the interaction potential, including van der
Waals, magnetic, and electrostatic double layer interactions
with and without an applied field are presented in Supple-
mental Figures S3 and S4, respectively. The calculations
support our observations of the suspension’s colloidal sta-
bility and assembly. The induced attractive interaction is a
secondary minimum in the interaction energy with respect
to particle separation and a significant stability barrier exists
and prevents particles from aggregating in the primary van
der Waals minimum.

Wemonitored the colloidal stability of the dumbbell par-
ticles over a period of 90 days. Microscopy images (Fig-
ure 6a) show that the particles remain dispersed and that
no aggregates form. Dynamic light scattering results (Fig-
ures 6b and c) also indicate good colloidal stability over
long periods. The measured correlation functions are re-
producible and the size distribution, calculated by a CON-
TIN method,[46] are consistent with the nominal diameter
of 500nm.

4. Conclusion
We used an LbL method to fabricate magnetic re-

sponsive metal/polymer multi-layered nanoparticles with
anisotropic shapes. Using the hydrophobic and electrostatic
interactions between anisotropic PS colloids and charged
polyelectrolytes or magnetite NPs, polymeric colloidal par-
ticles are coated by magnetite NPs. It was shown that the
fabricated particles exhibit a magnetic response based on ad-
sorbed magnetite NPs.

Two particle geometries (dumbbell-shaped and ellip-
soidal PS particles with different aspect ratios) were exam-
ined to investigate the influence of particle shape and struc-

ture. Regardless the curvature of the seed nanoparticle, the
synthesis yields particles with identical structures, demon-
strating that a range of polymer colloid shapes are amenable
to such methods; however, the synthesis of the ellipsoidal
polymer colloids is currently limiting to the point that we
do not have sufficient material for magnetometry, light scat-
tering, or stability studies, which will have to be performed
in the future. Nonetheless, we do note that they were col-
loidally stable when dispersed and responded to external
magnetic fields identically to the other paramagnetic col-
loids.

Similar to the magnetic properties of the magnetite NPs,
the magnetic dumbbell NPs were superparamagnetic. Fur-
thermore, the magnetic moments were tunable by varying
magnetite NP compositions; an increase in magnetic NPs re-
sulted in higher saturation magnetization and magnetic sus-
ceptibility. Based on the magnetic moments, in the presence
of external magnetic field the anisotropic magnetic particles
formed column-like structures parallel to the direction of the
magnetic field, whereas particles under no magnetic field re-
main well-dispersed.

This method is a comprehensive means to transform
polymeric colloidal particles into magnetic NPs and can
be used for many colloid shapes, structures, and chem-
ical compositions, provided that there are sufficient hy-
drophobic and electrostatic interactions for the LbL depo-
sition. In addition to the biomedical applications, it is of
great interest to further study applications of the fabricated
anisotropic colloids withmagnetic response for investigating
self-assembly behavior of non-spherical particles[3, 17] and
as anisotropic microrheological probes, especially for non-
linear microrheology.[47, 48, 49]
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