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Hypothesis: The synthesis of compositionally heterogeneous particles is central to the development of
complex colloidal units for self-assembly and self-propulsion. Yet, as the complexity of particles grows,
synthesis becomes more prone to ‘‘errors”. We hypothesize that alternating-current dielectrophoretic
forces can efficiently sort Janus particles, as a function of patch size and material, and colloidal dumbbells
by size.
Experiments: We prepared Janus particles with different patch size and material by physical vapor depo-
sition and colloidal dumbbells via capillarity-assisted particle assembly. We then performed sorting
experiments in a microfluidic chip comprising electrodes with asymmetric orifices, specifically exploiting
the dielectric contrast between different portions of the particles or their size difference to steer them
towards different outlets.
Findings: We calculated that the DEP force for Janus particles may switch from positive to negative as a
function of composition at a critical AC frequency, thus enabling sorting different particles crossing the
electrodes’ region. The predictions are confirmed by optical microscopy experiments. We also show that
intact and ‘‘broken” dumbbells can be simply separated as they experience different DEP forces. The inte-
gration of multiple asymmetric orifices leads a larger zone with high field gradient to increase separation
efficiency and makes it a promising tool to select precise particle populations, isolating fractions with
narrowly distributed characteristics.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2022.12.108&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcis.2022.12.108
http://creativecommons.org/licenses/by/4.0/
mailto:kai.zhao@dlmu.edu.cn
mailto:lucio.isa@mat.ethz.ch
https://doi.org/10.1016/j.jcis.2022.12.108
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


K. Zhao, M. Hu, C. van Baalen et al. Journal of Colloid and Interface Science 634 (2023) 921–929
1. Introduction

The development of colloidal particles presenting a complex
structure and an inhomogeneous composition has been a target
of the soft matter community over the past few decades [1,2].
Moving away from uniform spherical particles with isotropic
properties and interactions, i.e. by breaking their compositional
symmetry, enables directionality, an essential feature required
for the emergence of complex structures, e.g. via self-assembly
[3,4], and of new physical behavior, e.g. self-propulsion [5].

Among complex anisotropic particles, spherical Janus parti-
cles, which display-two regions with different physical or chem-
ical properties (such as charge, hydrophobicity and surface
chemistry) arguably are the simplest class of compositionally
asymmetric colloids [6]. In spite of the apparent simplicity, this
asymmetry is at the basis of their importance and potential for a
broad range of applications and research directions [7], including
drug delivery [8–10], microrobotics [11], lab-on-a-chip assays
[12], and biomedical applications [3]. However, many of the fea-
tures of the final materials and of their applications strongly
depend on small variations of the patch characteristics. As an
example, from a fundamental viewpoint, colloids exhibiting
attractive patches undergo a fluid–fluid phase separation that
strongly depends on the patch size [13], and small variations
in the patch size enable the self-assembly of different structures
[14]. Similarly, in applications, the ratio between the two surface
patches strongly affects the adsorption of Janus particles at
water–oil interfaces [15] and thus their ability to stabilize differ-
ent kinds of Pickering emulsions [16]. Concerning self-
propulsion, inhomogeneity of the cap morphology has been
shown to strongly affect particle trajectories. [17] As a next step,
one of the possible routes to increase compositional and geomet-
rical complexity is to produce clusters of different spherical par-
ticles in prescribed arrangements, a system often referred to as
‘‘colloidal molecules” [18]. However, achieving an a priori control
on the particle properties is an elusive task and, typically, a sta-
tistical distribution of colloidal molecules with different number
or positions of ‘‘atoms” is obtained, which need to be sorted a
posteriori [19,20].

An opportunity to address this challenge may come from
microfluidic systems and platforms, which have been widely
utilized for the manipulation of micro and nanoscale objects
[21]. Among various options, dielectrophoresis (DEP) is a reli-
able approach to provide accurate manipulation of targeted par-
ticles [22–24]. DEP forces induce the movement of dielectric
particles owing to the polarization effects between the particles
and the suspending medium in a non-uniform electric field
[25–27]. Generally, an alternating current (AC) inhomogeneous
electric field can be generated via an array of micro-electrodes
with patterned configurations, which are embedded in a
microchannel [28,29], while inhomogeneous direct current
(DC) electric fields are typically obtained by larger external
electrodes in the presence of patterns of insulating obstacles
within the channel [30–32]. Since the magnitude and direction
of the dielectrophoretic forces rely on the particles’ size and
dielectric properties, which depend on their morphology and
composition, DEP enables selective and sensitive particle analy-
sis [33–35].

In this work, we design an AC-DEP microfluidic chip containing
multiple asymmetric orifices for the sorting of Janus colloids with
desired patch size and material and for the separation of intact and
broken polystyrene dumbbells produced by sequential capillary
assembly. The presence of multiple orifices increases the size of
the separation region, leading to the effective sorting of the target
particles within our microfluidic chip.
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2. Materials and methods

2.1. AC dielectrophoresis

The general formulation for the DEP force exerting on the spher-
ical particle is given by [36]

FDEP ¼ 2pemr3 Re f CMð Þ r Ej j2
� �

ð1Þ

where r describes the particle radius, em is the dielectric constant of

the suspending medium,r Ej j2 represents the electric field gradient,
and Re f CMð Þ is the real part of the complex Clausius-Mossotti factor
(f CMÞ, describing the relative polarizabilities of the particles and the
medium. We first provide an application of this general expression
to the case of a Janus particle, such as the one represented in Fig. 1,
and then comment on its relevance for dumbbell separation.

The dielectrophoretic motion of the Janus particle results from
the sum of the DEP forces on the volumes corresponding to the
coated (Core-Patch) and the uncoated (Core) parts of the colloid
and, as previously derived in [25,37–39], is given by

FDEP;Janus ¼ 2pemr3 KRe f CM;Core

� �þ ð1� KÞRe f CM;Core�Patch

� �� � r Ej j2
� �

ð2Þ
where K is the volume fraction of the uncoated part of the Janus col-
loid which, in the limit of thin coatings ðr1 � rÞ, is related to the
patch area T as

K ¼ 3ð1� TÞ2ð1� 2ð1� TÞ
3

Þ ð3Þ

Comparing Eq (1) and (2), we can recover the generic form of
the DEP force for the whole Janus particle by defining an effective
CM factor as

Re f CM;Janus

� � ¼ KRe f CM;Core

� �þ ð1� KÞRe f CM;Core�Patch

� � ð4Þ
where the CM factor for the uncoated, core sphere is written as

f CM;Core ¼ ð e
�
Core � e�m

e�Core þ 2e�m
Þ ð5Þ

The CM factor for the coated sphere is expressed by a shell
model [40]:

f CM;Core�Patch ¼ ð e
�
Core�Patch � e�m

e�Core�Patch þ 2e�m
Þ ð6Þ

e�Core�Patch ¼ e�Patch c312 þ 2ðe
�
Core � e�Patch
e�Core þ e�Patch

Þ
� 	

= c312 � ðe
�
Core � e�Patch
e�Core þ e�Patch

Þ
� 	

ð7Þ

where e� ¼ e� ðjr=xÞ represents the complex permittivity,e and r
are the dielectric constant and electrical conductivity, respectively.
The particles’ electrical conductivity can be expressed by
r ¼ rb þ 2Ks=r. The bulk conductivity rb can be neglected and the
surface conductance Ks is taken as 1 nS for polystyrene particles
[41–43]. The angular frequency of the electric fields is described
as x ¼ 2pf and j ¼

ffiffiffiffiffiffiffi
�1

p
. Finally, the factor c12 accounts for the rel-

ative coating thickness and is defined as c12 ¼ ðr þ r1Þ=r. In the case
of the Janus particles, if ReðfCM;JanusÞ < 0, the DEP force is negative
and will repel the Janus particles away from the regions of high
electric field. While, if Reðf CM;JanusÞ > 0, the colloids will be attracted
towards areas of high electric fields and the force is said to be pos-
itive. Since the sign of Reðf CM;JanusÞ may depend on frequency, for a
given set of materials and patch geometries, an inversion of the
direction of the DEP force can be achieved by adjusting the fre-
quency of the electric field, and thus selectively steering the Janus
particles with desired patch properties in a prescribed region of



Fig. 1. Left: Schematic illustration of a Janus particle with a hemispherical patch. Right: Schematic illustration of a dumbbell particle.
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the microfluidic chip. The use of AC-DEP therefore presents addi-
tional advantages relative to DC-DEP [31,32] in that the force acting
the particles can be dynamically adjusted during the experiment.

Moreover, as it can be seen in Eq (1), the magnitude of the DEP
force is proportional to the volume of the particles (r3). Therefore,
as the deviation of particle trajectory is proportional to the magni-
tude of the DEP forces acting on them, particles of different diam-
eters will flow into different streamlines after moving through the
inhomogeneous electric field area and can be collected in different
outlet channels. As a simple case, a compositionally homogeneous
and symmetric dumbbell will experience a force double the one
experienced by each individual lobe. Since in this case the direction
of the force has the same frequency dependence for both dumb-
bells and individual particles, the only handle available to increase
sorting efficiency is to achieve a higher gradient of the electric field
over a greater area, as we reach with our multiple asymmetric ori-
fices. Conversely, in the case of compositionally heterogeneous
dumbbells, the direction of the force depends on the total sign of
Reðf CMÞ, and two different types of particles may have opposite
DEP behaviors. The same concept can be extended to clusters com-
prising a larger number of particles.
2.2. Preparation of Janus particles and dumbbells

The Janus colloids used in our experiments were prepared start-
ing from sulfate polystyrene particles (microParticles, GmhH) of
4.5 lm diameter as cores. We first assembled monolayers of the
polystyrene particles drying a 200 lL droplet of a diluted suspen-
sion (0.35 %w/v) on a pre-cleaned microscope slide. Platinum and
silica are then sputter-coated onto the monolayer with the applica-
tion of glancing angle deposition method (GLAD) [11,44] to pro-
duce the surface patches (E-beam Evaporator-Plassys MEB550S,
FIRST Clean Room). In order to achieve different surface areas of
the coating patch, various incidence angles were applied, i.e. 10�,
20�, 45�, 90�, approximately corresponding to surface areas T of
10 %, 20 %, 35 %, and 50 %, respectively [44] (Figure S-1). We depos-
ited platinum and silica caps with thickness of 50 nm, 75 nm, and
100 nm to examine the effect of coating thickness. Finally, after
coating, the particles were released from the substrate into MilliQ
water via ultra-sonication [45].

Colloidal dumbbells were fabricated from sulfonated poly-
styrene spheres with a diameter of 2.80 lm polystyrene
microparticles (PS-FluoGreen-Fi135, MicroParticles, GmhH) using
sequential Capillarity-Assisted Particle Assembly (sCAPA) [46–
48]. In brief, an aqueous particle suspension containing 0.05 %
Triton X-100 (Sigma-Aldrich), 0.5 mM SDS (Sigma-Aldrich),
and 1 mg/mL particles was made. A 55 lL droplet of the parti-
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cle suspension was dragged over a 0.5x1 cm2 PDMS slab con-
taining 2200 traps of 1.4x6.2x3 lm3 (HxLxW) with a speed of
4 lm/s. After depositing the first particle, a second droplet of
particle suspension was dragged over the traps to deposit the
second particle. The resulting particle pairs were sintered for
15 min. at 75 �C, yielding mostly dumbbells, but also single
particles from partially filled traps. From microscopy images,
an average yield of 78 % dumbbells and 22 % individual parti-
cles was calculated.
2.3. Fabrication of a microfluidic chip with multiple asymmetric
orifices

The fabrication of the AC-DEP microfluidic chip for the sorting
of Janus particles follows a traditional soft lithography method
[49]. Briefly, a master with raised features is fabricated and repli-
cated in PDMS. The PDMS layer is permanently bonded to the sub-
strate after plasma treatment. The copper electrode pads with
patterned geometry (Sigma-Aldrich) are created by spin-coating
a thick SU-8 photoresist (MicroChem) layer on the electrode pad,
submerging it in the photoresist developer and dissolving the
uncross-linked photoresist after UV treatment. Following that,
the fabrication process of the micro-copper-electrodes, whose
thickness and width are 25 lm and 500 lm, respectively, is
schematically described in Figure S-2. Then the micro-copper-
electrodes are firmly embedded in the deformable microchannel.
By adjusting the suspension levels in the reservoirs of the micro-
electrode chambers (yellow circular pads in Fig. 2), the liquid leak-
age through the gaps can be neglected [30]. The final chip is repre-
sented in Fig. 2, including a triple inlet branch and the main
channel with two outlet branches. The height of the whole channel
is uniformly 27 lm. The main channel has a width of 200 lm and
500 lm in length. The sample inlet A, outlets D and E are 100 lm in
width, and the sheath flow inlets B and C have a width of 200 lm,
respectively. In particular, two pairs of asymmetric orifices, com-
prising two 10 lm-wide small orifices, separated by 50 lm, and
a 500 lm-wide large orifice on the opposite side of the microchan-
nel, are situated in the main horizontal section of the chip. The
Janus colloids and the dumbbells are introduced into the sample
inlet branch A and driven along the horizontal microchannel by liq-
uid pressure (i.e., controlled by the liquid height difference
between the inlets and outlets wells). Then, focused by the sheath
flow from the inlet branches B and C, they flow along the centered
streamlines though the AC-DEP region and across the two
asymmetric-orifice pairs. Ultimately, the particles migrate into dif-
ferent outlet collection channels, accordingly to the DEP forces
they experience.



Fig. 2. Schematic of the AC-DEP microfluidic chip with two pairs of asymmetric orifices for the sorting of Janus particles based on patch area and patch composition, and
particle clusters based on size. The yellow circular pads are utilized for the connection of the electrodes to the function generator. The inlets and outlets for the fluidic
channels are connected to tubing for sample insertion and collection. This figure shows the side view of the microchannel and is not drawn to scale. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.4. Experimental setup

The AC-DEP sorting experiments are started by introducing the
DI water into the microchannel, and then 10 lL of the particles
solution and the surrounding solution is loaded into reservoirs A,
B, and C, respectively. The particles transport in the microchannel
is driven by the liquid level between the inlet and outlet reservoirs
and the flow rate is approximately 1.35 � 10-3 lL/s. The velocity
and the residence time of the particles passing through the micro-
electrodes, i.e., the DEP effective area, are approximately 250 lm/s
and two seconds, respectively. To generate the gradient of the elec-
tric field, i.e., the DEP forces, a square wave AC electric field of tun-
able amplitude and frequency is applied to the microelectrodes
using a function generator (Agilent 33522A, up to 10 MHz and
924
10 Vpp). When passing near the small orifices, the particles expe-
rience the strongest electric field gradient and are either drawn
towards it by the positive AC-DEP effects or repelled away from
it by the negative AC-DEP effects (schematically shown in Fig. 2).
In particular, by using asymmetric orifices with a large width ratio
and a short length of the small orifice, a stronger electric field gra-
dient and hence stronger DEP forces can be produced, resulting in
high-resolution sorting (shown in Figure S-3). The separation reso-
lution can be further enhanced by utilizing sequential pairs of
asymmetric orifices, as demonstrated later by numerical simula-
tions (COMSOL 5.4) and implemented in the experiments
(Figure S-3). Furthermore, in our design, the electrodes generate
the inhomogeneous electric fields without changing the cross-
section of the horizontal channel, and the field gradient, which is



K. Zhao, M. Hu, C. van Baalen et al. Journal of Colloid and Interface Science 634 (2023) 921–929
orthogonal to the flow direction, has no influence on particle trans-
port along the channel, which is pressure-controlled. The sorting of
the particles is monitored in an inverted microscope fitted with a
high-speed CCD camera and a fluorescence source (Eclipse Ti2-E,
Nikon). To analyze the sorting efficiency, approximately thirty par-
ticles in a minute are counted to flow into the respective collection
channel. The colloids are characterized via scanning electron
microscopy (SEM). Finally, the sorting efficiency is estimated by
counting the number of particles flowing into each outlet channel
during the experiments.
3. Results and discussion

3.1. Effect of patch area on the sorting of Janus particles

We start by examining the effects of the patch surface areas on
the DEP behavior of the Pt-coated Janus particles varying with the
applied AC electric field frequency. As indicated by Eq. (4), the val-
ues of the CM factor determine the sign of the DEP forces on the
Janus particles. The values of the parameters used for calculating
the CM factors of the Janus particles are shown in Table S-1, and
the results of the calculations are reported in Fig. 3.

At low frequency (<104 Hz), all particles show a positive DEP,
irrespective of the patch size. As the frequency increases,
Reðf CM;JanusÞ decreases towards the high-frequency plateau. How-
ever, this latter plateau value depends on the surface coverage of
the Pt patch and for a patch area � (and smaller) 35 %, it actually
becomes negative. Therefore, there is a critical frequency between
105 and 106 Hz for which the sign of the DEP force is inverted.
Moreover, this critical frequency is patch size-dependent, so that
the sign inversion is experienced first by particles with a smaller
patch and then by particles with larger patches. This response
allows us to tune the applied frequency so that it is greater than
the critical frequency only for patch sizes below a target value
and thus to separate those particles from the rest.

The selectivity of the sign of the DEP force allows, for instance,
not just the sorting of pure PS particles from Janus ones, but also to
separate particles with 50 % coverage from ones with 35 % cover-
age, as shown in Fig. 4. In fact, at 1 MHz, the values of
Reðf CM;JanusÞ for Janus particles with no platinum patch (i.e., homo-
geneous polystyrene particles), a 35 % platinum patch area, and a
Fig. 3. Calculated real part of f CM;Janus as a function of applied AC field frequency for the 4
0 %, 10 %, 20 %, 35 %, 50 %, colored according to the scale bar. The thickness of the plati
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50 % platinum hemisphere are � 0.467, � 0.054, and 0.266, respec-
tively. Fig. 4(a) shows that a mixed sample of homogeneous poly-
styrene particles and Janus particles with 50 % platinum
hemisphere is injected in the microfluidic channel and when the
particles cross the electrode region, the homogeneous (non-
fluorescent) colloids are pushed away by the negative DEP forces
to flow towards the negative DEP collection. Conversely, the Janus
particles with a 50 % platinum patch (fluorescent) are attracted by
the positive DEP forces away from the large orifice and flow into
the positive DEP collection. A similar behavior is observed in
Fig. 4(b), where a mixture of Janus particles with 35 % platinum
surface coverage (non-fluorescent) and 50 % platinum surface cov-
erage (fluorescent) are sorted and move into the negative and pos-
itive DEP collection channels, respectively (see Supplementary
Movie S1). Under these conditions, 100 % of the 4.5 lm polystyrene
Janus particles with 50 % coating move into the positive DEP collec-
tion channel D. Conversely, 91 % of the particles with a patch area
of 35 % go into the negative DEP collection channel E and the
remaining 9 % ends up being collected in the wrong outlet. This
partially imperfect sorting derives form the fact that, given the dif-
ferences in the absolute values of Reðf CM;JanusÞ, the DEP force acting
on the Janus particles with 35 % coverage is smaller than the one
acting on the particles with 50 % coverage. Therefore, occasionally,
the vertical displacement induced by the negative DEP force is not
sufficient to push the 35 % Janus particles into the right collection
outlet. This situation can happen any time there is a large differ-
ence in the absolute values of Reðf CM;JanusÞ between the particles
to be sorted and can be resolved by increasing the area of high field
gradient, such that the corresponding displacements are larger.
Supplementary Movie S1.

3.2. Effect of patch material on the sorting of Janus particles

After demonstrating the possibility to sort particles by patch
size, we also show that our AC-DEP-based approach enables sort-
ing particles with different composition. As an example, we choose
4.5 lm polystyrene Janus particles with 50 % coverage of Pt and sil-
ica, respectively. Fig. 5 shows that the frequency response of the
.5 lm polystyrene Janus particles with five different platinum patch surface areas:
num patch is 100 nm.



Fig. 4. Long-exposure micrographs showing: (a) the separation of 4.5 lm polystyrene Janus particles with a platinum hemisphere (P-DEP, fluorescent) and uncoated
polystyrene particles (N-DEP, non-fluorescent). (b) the separation of 4.5 lm polystyrene Janus particles with a platinum hemisphere (P-DEP, fluorescent) and Janus particles
with platinum patch size of 35 % (N-DEP, non-fluorescent). The thickness of the platinum patch is 100 nm. The applied Vpp is 10 V and frequency is 1 MHz.

Fig. 5. (a) Calculated real part of f CM;Janus as a function of applied AC field frequency for the 4.5 lm polystyrene Janus particles with a platinum and a silica hemisphere. The
patch thickness is 100 nm. (b) Long-exposure micrographs showing the separation of 4.5 lmpolystyrene Janus particles with a platinum hemisphere (P-DEP, fluorescent) and
a silica hemisphere (N-DEP, non-fluorescent). The thickness of the platinum and silica patch is 100 nm. The applied Vpp is 10 V and frequency is 1 MHz.
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polarizability is different for the twomaterials, with the real part of
the CM factors changing sign for the silica-coated particles at � 105

Hz, while the corresponding quantity for the Pt-coated particles
remains always positive.

As shown in Fig. 5, at 1MHz, the Janusparticleswith theplatinum
hemisphere (Reðf CM; JanusÞ � 0.266, fluorescent) experience a positive
DEP force and flow into the corresponding collection channel, and
100 % of themmove into the positive DEP collection channel D. Con-
versely, at the same frequency, the Janus particles with silica hemi-
sphere (Reðf CM;JanusÞ � � 0.463, non-fluorescent) experience a
negative DEP force and are pushed away from the small orifice
region, while, 87 % of them go into the negative DEP collection chan-
nel E.

3.3. Effect of patch thickness on the trajectory of Janus particles

Finally,we show that the thickness of themetallic cap has no dis-
cernible effect in terms of the DEP force, and thus that the method
cannot be used to sort particles with broadly distributed coating
thickness. In particular, we compute the Reðf CM;JanusÞ for 4.5 lm
polystyrene-based Janus particles with a platinum hemispherical
capand thicknessof 50nm,75nm,and100nm, respectively, varying
926
with the applied AC electric field frequency. Going back to the defi-
nition reported in Equation (7), the factor c12 accounts for the rela-
tive coating thickness and is defined as c12 ¼ ðr þ r1Þ=r. Therefore,
in the limit of thin coatings ðr1 � rÞ, variations in c12 becomes neg-
ligible and then the thickness of the metallic cap shows no dis-
cernible effect in terms of the DEP force. From Figure S-4, we
observe that the Reðf CM;JanusÞ values for Janus particles with different
hemisphere thickness essentially overlap across the whole fre-
quency spectrum. Therefore, we expect those Janus particles to
undergo similar DEP effects and move into the same outlet collec-
tion. As shown in Figure S-5, for three different frequencies of the
AC electric fields, i.e., 1 kHz, 100 kHz, and 1 MHz, a mixture of the
Janus particles with hemisphere thickness of 50 nm, 75 nm, and
100 nmalways shows a positiveDEP behavior and all particlesmove
together into the upward outlet collection channel, proving that
patch thickness does not affect their motion.

3.4. Isolation of dumbbells

We conclude by showing that our setup enables the efficient
separation of polystyrene dumbbells from individual spheres,
which result from the incomplete yield of the sCAPA deposition



Fig. 6. Long-exposure micrographs showing the separation of individual 2.8 lm
polystyrene particles and dumbbells consisting of two of the same polystyrene
particles. The applied Vpp is 10 V and frequency is 1 MHz (All these microparticles
experience negative DEP effects, but of different magnitude).
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or that break off during harvesting and redispersion. As previously
mentioned, the value of the DEP force is proportional to the parti-
cle volume, leading to a straightforward separation of particle clus-
ters based on their size. In particular, the magnitude of the DEP
forces acting on the dumbbells is approximately twice that acting
on the single polystyrene particles. As shown in Fig. 6, the stronger
DEP force in the multiple asymmetric orifice area causes greater
trajectory changes for the dumbbells (appearing as darker spots
the long-exposure image), leading to significantly different trajec-
tories of the individual particles and the dumbbells. Consequently,
they are deflected into distinct outlet channels. Single particles
undergo relatively weaker AC-DEP forces and 93 % of them move
into the upper outlet collection D, while the dumbbells undergo
stronger AC-DEP forces and 92 % of them flow into the lower outlet
collection E (see Supplementary Movie S2).Supplementary Movie S2.
4. Conclusions

Among the broad range of available separation techniques, a
microfluidic AC-DEP approach presents significant advantages in
terms of selectivity and integration with experimental platforms
for the manipulation and assembly of various Janus particles and
micro/nano particles [22,28,39,50–55]. By inducing an inhomoge-
neous electric field across the microchannel via two pairs of asym-
metric orifices, i.e. consisting of multiple small orifices and a large
orifice on the opposite sidewalls in the horizontal channel, the DEP
effective region is enlarged and the time period of DEP forces act-
ing on the particles is extended. In this way, the trajectory differ-
ence between different particles passing through the vicinity of
the small orifices is increased, and we show that stronger AC-
DEP effects are experienced by the particles, leading to higher sort-
ing efficiency and resolution. While the previously reported aver-
age sorting efficiency for particles, droplets and cells
[26,31,32,56,57] was approximately 89 % with a single pair of
927
asymmetric orifices, using two pairs enabled us to push it to
94 %. By tuning the applied frequency of the AC electric field, the
direction of the AC-DEP forces switches from positive to negative
at a particle-dependent critical frequency, and the magnitude of
the AC-DEP forces scales linearly with the particle volume, result-
ing in the successful sorting of different particles by composition
and size with an average sorting efficiency as high as 90 %. In par-
ticular, selecting Janus particles with a specific patch size is of high
relevance in a wide range of applications, including drug delivery,
autonomously powered microgears and microrobotics, environ-
mental remediation, flow generation, separation technology, and
lab-on-chip assays [58,59,68,60–67]. Moreover, the ability of sepa-
rating mixed particle populations by adjusting the AC frequency on
chip identifies this method as a promising technique to precisely
select particles in complex colloids and remove undesired particles
from a target suspension. This latter aspect is particularly interest-
ing in conjunction with synthesis strategies for complex colloids
such as emulsion templating, stimulated dewetting, colloidal
fusion, swelling and aggregation or capillarity-assisted particle
assembly [20,41,47,69,70]. In all these methods, mixed particle
populations are produced, with a sub-100 % yield of the target par-
ticles requiring post-synthesis sorting to achieve a completely uni-
form population, as desirable for studies on self-assembly or self-
propulsion [46,71,72]. We thus envisage the future integration of
our device into microfluidic chips, where an as-synthesized ensem-
ble of complex colloids (also with the potential for on-chip synthe-
sis [73,74]), can be sorted to select a sub-population of particles
with narrowly distributed properties. These particles can be direc-
ted to another region of the same chip where additional experi-
ments cane be carried out, thus enabling a robust, streamlined
approach to study monodisperse fractions of complex colloids
under controlled conditions.
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