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Abstract

This study presents on-chip continuous accumulation and concentration of
nanoscale samples using a cascade alternating current electroosmosis (cACEO)
flow. ACEO can generate flow motion caused by ion movement due to interac-
tions between the AC electric field and the induced charge layer on the electrode
surface, with the potential to accumulate particles, especially in low-conductive
liquid. However, the intrinsic particle diffusive motion, which is sensitive to par-
ticle size, is an essential element influencing accumulation efficiency. In this
study, an electrode combining chevron and double-gap geometry embedded in
a microfluidic channel was developed to perform efficient three-dimensional
(3D) nanoparticle focusing using ACEO. The chevron electrode pattern was
introduced upstream of the focusing zone to overcome particle accumulation
in scattering zones near the channel sidewall. To demonstrate the efficiency of
the proposed device for particle accumulation, three nanoparticle types were
used: latex, metal, and biomaterial. Continuous 3D concentration of 50-nm
polystyrene particles was confirmed. The concentration factor, determined based
on image processing, became quite high when 50-nm gold nanoparticles were
used. Moreover, nanoparticles with a 20-nm diameter were accumulated using
cACEO. Finally, we used the concentrator chip to accumulate 50-nm lipo-
some particles, confirming that the device could also successfully concentrate
biomaterials.
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1 | INTRODUCTION

Microfluidic technology has gained a lot of attention in
recent decades, and its application areas have grown to
include biology, chemistry, life science, and engineering
[1-3]. In this technology, precise manipulation of micro-
and nanoparticles is essential for accumulating functional
materials, enhancement or flexible control of surface reac-
tions, and improved target material detection. Due to the
intrinsically difficult detection in miniaturized devices,
highly sensitive detection or analysis utilizing microfluidic
devices have been the primary issues. The major causes
include small sample volume or fluidic channels with a
short optical path [4]. Enhancing detection sensitivity can
be achieved by developing extremely sensitive detection
techniques or achieving concentration before the analy-
sis. As reported in previous studies [5, 6], preconcentration
significantly improves the detection performance of rare
samples in the reagent.

Numerous approaches for microfluidic particle focus-
ing have been well established and frequently utilized
to manipulate micro- and nanoparticles in a microflu-
idic device based on different forces, such as acoustic
force [7, 8], optical forces [9], magnetic forces [10], and
electrical forces [11-20]. However, the acoustic approach
is ineffective for nanoparticles, because acoustic force
is proportional to particle diameter. Moreover, optical
methods are sometimes costly and challenging to utilize
with nanoparticles. Furthermore, magnetic effects can be
neglected in microstructures when compared to the elec-
tric field, since the energy stored in the magnetic field is
significantly lower than the energy stored in the electri-
cal field. Hence, electric forces are ideal for microfluidics,
because they can produce a high field strength with low
voltages across a wide frequency range [21].

Electrokinetics is a well-known phenomenon of parti-
cle transport in a solution in a microfluidic device due
to the interaction between an electric field and a fluid
or particle and can be achieved with a DC or AC field.
It is used because microelectrode structure integration
into microfluidic systems provides an opportunity to apply
electrostatic force to the working fluid or solid colloid
particles monodispersed inside [22, 23]. The AC electroki-
netics approach has several advantages over DC-based
techniques, such as electrophoresis, including a lower
temperature rise owing to Joule heating, lower solution
electrolysis, and less damage to target particles.

AC electrokinetics is an efficient approach for focusing
particles, in which particles are driven through a microflu-
idic device and forces such as dielectrophoretic (DEP) or
alternating current electroosmosis (ACEO) are applied to
the particles, restricting them to a narrow stream [24, 25].
DEP methods frequently require complicated electrode

designs and a rigorous particle size limit. Furthermore,
the DEP force is weak until a significant field gradi-
ent is produced [26]. On contrary, particle motion in the
ACEO technique is independent of particle characteris-
tics, because the particles are transported by a fluidic
motion. As a result, ACEO has advantages in particle
accumulation, particularly for submicron particles and
nanoparticles [27-29].

In this study, we focused on the ACEO technique to
accumulate nanoparticles. ACEO shows a field-induced
fluid flow formed by an interaction between the electric
double layer (EDL) and the tangential component of the
electric field [30]. When an electric field is applied to
electrode pairs, counterions of applied voltage create an
induced charge layer, and the electrodes are capacitively
charged. The counterions are movable and can migrate
under the influence of an electric field tangential compo-
nent, as illustrated in Figure 1A. The ACEO flow transports
particles from the bulk of the fluid surface to the stag-
nation point of the fluid motion. Although DEP force
should act on nanoparticles, especially near the electrode
edge, we could not find trapped particles there. There-
fore, DEP seems to exert a very weak effect. Furthermore,
since ACEO flow is tangential over the electrode surface,
delivered particles here are mainly affected by their spon-
taneous diffusion as a force normal to the surface. We
thus suppose that particle transportation is effective as
long as the ACEO convective motion outweighs the parti-
cle natural diffusive motion. Figure 1B depicts a schematic
model of the focusing phenomenon. The particles are con-
centrated at the location where the advective force and
diffusive behavior are balanced [24].

The ACEO flow carries particles in bulk to a high electric
field area and then to a lower electric field area along the
electrode surface. Under certain conditions, this unique
flow behavior enables particles to concentrate at a spe-
cific spot in a microchannel with an electrode array. Earlier
studies [28, 29, 31] investigated the efficiency of particle
concentration by ACEO around electrodes placed at par-
ticular positions in the microchannel, confirming that the
ACEO can accumulate particles toward a specific spot on
the electrode depending on the electrode array design.
The parallel double-gap (DG) electrode geometry allows
the majority of the suspended particles to be collected
at the center of the electrode. However, because of the
nature of the ACEO flow, as indicated in Figure 1C, a
dense area of particles is created at each side wall due
to the counter-ACEO flow. Consequently, when using a
DG electrode shape, a scattering area where particles are
dispersed is unavoidable at the outside edges of the con-
centrating area. Therefore, implementing an additional
scheme to control the initial particle position can reduce
the number of particles flowing in the scattering zone
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and improve concentration performance, as discussed in
our related work [32]. Using the concept of cascade elec-
trodes, we were able to accumulate microscale particles
for long-ranged concentration in a microfluidic channel
with an overall concentration rate of nearly 98% for flu-
orescent polystyrene particles with a diameter of 0.5, 1.0,
or 2.0 um. The particle size does not affect the ACEO flow
itself. However, for the particle accumulation using ACEO,
as indicated in Figure 1B, the particle transportation is
effective if the ACEO convective motion outweighs the dif-
fusive motion of the particles, which is sensitive to particle
size. It is difficult here to predict the effect of changing the
particle size theoretically. Thus, we tried experimentally
to investigate the applicability to accumulate submicron
size particles using the same electrode configuration that
was used in our previous study [32], an asymmetric elec-
trode combined with the DG electrode. However, as the
particle size decreased, the diffusive motion increased, and
thus the accumulation performance also decreased. We
found that to accumulate nanoparticles we need an elec-
trode structure with a shorter periodic arrangement than
the asymmetric electrode to minimize the effect of the
diffusion.

To broaden the scope of particle concentration by
ACEO flow to include rare sample detection, long-ranged
nanoscale particle concentration along the streamwise
direction in the flow channel must be verified. In this
study, we present a new nanoparticle concentrator based
on enhanced cascade ACEO (cACEO) that reduces appli-
cable particle size to the nanoscopic domain and per-
forms continuous nanoparticle concentration by three-
dimensional (3D) flow configuration. A combination of

ACEO flow induced by a chevron (CH) electrode pattern
upstream of the focusing zone and a DG electrode pat-
tern in the focusing zone. The CH electrode was used
to generate inward flow from the sidewall to the cen-
ter area to accumulate particles from the scattering area
efficiently; then, the DG electrode provides the neces-
sary ACEO to concentrate nanoparticles effectively. Thus,
the cACEO device was used to demonstrate the con-
centration efficiency of fluorescent latex nanoparticles,
metal nanoparticles, and liposomes with a size range of
20-50 nm.

2 | MATERIALS AND METHODS
2.1 | Device structure and chip
fabrication

The cACEO nanoparticle concentrator consists of two
parts: a PDMS microfluidic channel and a glass substrate
with two coplanar electrodes, as shown in Figure 2A. Elec-
trode geometry is shown in Figure 2B. The CH electrode
is located on the upstream side, while the DG electrode
is located on the downstream side. The CH electrode has
branches that generate inward flow from the sidewall to
the center of the channel. The DG electrode induces the
flow to concentrate nanoparticles in the center of the chan-
nel. The CH branches are 50-um wide with a 25-um space
inclined at 30°. The DGs are 75 um and are set parallel to
the main flow direction. The center electrode in DG has
a width of 200 um, and each side electrode is 75-um wide.
For convenient fabrication, a 90-nm-thick indium tin oxide
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FIGURE 2 (A)Schematic of
microfluidic particle concentrator. (B)
Cascade design of the electrode: chevron

(CH) and double gap (DG). The gap spacing
in the CH pattern is 25 um and 75 um in the
DG zone. In cascade ACEO (cACEO), CH is
located 2 mm upstream of DG, connecting
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(ITO) electrode was used, which allows easy optical access
through the substrate, because the ITO electrode is trans-
parent and particle images can be observed using inverted
microscopy. Sputtering was used to place the electrode on
the glass, and a standard wet etching process was used for
patterning.

The PDMS microchannel (Sylgard 184, Dow Corning
Toray, Japan) was fabricated using standard soft lithogra-
phy at 500 pym width, 50 ym height, and 50 mm length.
The PDMS channel was attached to a 0.7-mm-thick glass
substrate with a transparent ITO film electrode. Perflu-
oroalkoxy alkane tubes were connected at the inlet and
outlet, and a pressure-driven flow was generated by a dif-
ference in the liquid surface levels between the inlet and
outlet. The bulk velocity was set at <1 mm/s. A function
generator (AFG3022B, Tektronix, USA) connected to the
electrodes applied an AC electric field to the device with a
voltage 0f 1.0-10.0 V,,, at a frequency of 0.1-1.0 kHz.

2.2 | Sample preparation and
experimental method

To demonstrate the efficiency of cACEO in continuous
concentration, we used three types of nanoparticles: latex,
metal, and liposomes.

2.21 | Latex nanoparticles

The first sample included latex nanoparticles, which was
prepared using fluorescent polystyrene nanospheres (Flu-

oSpheres, Invitrogen, USA) with a diameter of 50 nm and
dispersed in KCI aqueous solution (Wako Pure Chemical
Industries, Japan). The fluorescent particles had excitation
and emission wavelengths of 505 and 515 nm, respec-
tively. The solution electrical conductivity was tuned to 4.4
mS/m. To avoid particle-particle interaction, particle vol-
ume in the working fluid was set to 0.01%. The fluorescent
nanoparticle analysis employed in this work was mostly
conducted for an image brightness analysis.

The behavior of polystyrene nanoparticles (PsNPs) was
visualized using inverted microscopy. Figure 2C illus-
trates the experimental setup used for observing latex and
liposome nanoparticle samples. A continuous mercury
lamp (Intensilight C-HGFI, Nikon, Japan) was used as an
illumination source. The filter cube with an exciter filter,
an emitter filter, and a dichroic mirror, which are tailored
for effective particle excitation and collection of fluores-
cent light, was included in the microscope. A scientific
complementary metal oxide semiconductor (sSCMOS) cam-
era (ORCA-Flash2.8, Hamamatsu Photonics, Japan) was
used to capture the images.

Figure 3A depicts the raw images of nanoparticle dis-
tribution inside a microchannel under two different con-
ditions: voltage off and voltage on. The images were
processed to obtain an average intensity value in the
streamwise direction. Hypothetically, when the voltage is
turned off, the particles and intensity should be evenly dis-
persed in the liquid. However, the intensity distribution
was slightly inhomogeneous due to the nonuniformity of
the illumination source and the low light absorption of
the ITO electrode, as seen in Figure 3B. As illustrated in
Figure 3C, a normalizing process was required to reduce



ABDELGHANY ET AL.

ELECTROPHORESIS pEc

FIGURE 3 (A)Raw images of
polystyrene nanoparticle (PsNP) distribution
under different conditions: voltage off and
voltage on. In the off case, intensity 100um

(A)

distribution is slightly inhomogeneous, due
to the nonuniformity of the illumination
source and the light absorption of the ITO
electrode, as seen in (B). The normalization
process reduced this effect, as shown in (C).
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this effect. The normalized fluorescence intensity indicates
how much the particle concentration changes, which is
defined as the concentration factor (CF). Here, the fluores-
cent intensity value distribution acquired before applying
voltage was used for normalization.

2.2.2 | Metal nanoparticles

ACEO flow can also be used to organize metal nanoparti-
cles. Gold nanoparticles (AuNPs) with diameters of 20, 50,
and 100 nm were used in this study (EMGC 20, 50, and
100, BBI Solutions, USA). In addition, cases using silver
nanoparticles (AgNPs) with diameters of 20 and 100 nm
(Sigma-Aldrich, USA) were also investigated. These par-
ticles were also visualized by using inverted microscopy
containing the above-described optical systems, except for
the fluorescence filter, as shown in Figure 2D. Here, the
surface plasmon resonance of metal nanoparticles due to
strong light absorption in a particular wavelength was used
to visualize and quantify particle concentration. Calibra-
tion curves of AuNPs and AgNPs in an aqueous solution
were produced for each diameter using a spectrometer
before the microfluidic experiments. Nanoparticle concen-
tration distribution could be then visualized via illumi-
nation using the light with the corresponding absorption
band. Figure 3D,E depicts the light absorbance behavior
of AuNPs with diameters of 20, 50, and 100 nm, as well
as AgNPs with sizes of 20 and 100 nm, at various sam-
ple concentrations. Regardless of particle size, AuNPs and
AgNPs followed a similar pattern. As the number of parti-

clesin the sample rises, the ability to absorb light increases,
appearing as a dark area in the image. Consequently, the
brightness intensity distribution derived from the acquired
images indicates the metal nanoparticle concentration dis-
tribution. Finally, we obtained a CF value using the same
normalization procedure as for latex nanoparticles.

2.2.3 | Liposomes

Liposomes are biocompatible bilayered spherical con-
tainers that have been extensively used as a biological
membrane model that imitates the lipid bilayer cell mem-
brane. They are also used for drugs, peptides, proteins,
plasmid DNA, or antisense oligonucleotides used in phar-
maceutical, cosmetic, and biochemical applications [33].
In recent years, applications as drug delivery carriers and
gene transfer systems have been actively studied using
their ability to uptake substances into the internal aque-
ous phase. When liposomes are used as substance carriers,
their membrane permeability is an important property,
which requires elucidation of the properties of solvents,
targets, and liposomes themselves. Maleic acid buffer
(1 mM) with 5% ethanol was used as a solvent. Lipid
concentration was adjusted to 0.125 mM, and 1% of the fluo-
rescent dye was used. In this study, liposomes were colored
with red fluorescent rhodamine-DOPE, and the excita-
tion and emission wavelengths were 546 nm and 576 nm,
respectively. Therefore, the fluorescent observation system
mentioned in Section 2.2.1 was also used here to obtain the
CF of liposomes in the microchannel.
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3 | RESULTS AND DISCUSSION

3.1 | Effective concentration of PsNPs

To demonstrate the feasibility of using cACEO in effec-
tive nanoparticle focusing, 50-nm PsNPs suspended in KCl
aqueous solution with a conductivity of 4.4 mS/m were
used as a benchmark. As mentioned in Section 2, CH
branches generate inward flow from the sidewall to the
center of the channel. To indicate the role of the CH elec-
trode, an experiment for nanoparticle accumulation using
only the CH electrode is conducted. The analysis area
was set downstream of the CH electrode, as illustrated in
Figure 4A. The experimental results shown in Figure 4B
indicated a higher intensity in the center of the channels
and lower intensity near the channel edge after apply-
ing voltage. Thus, the nanoparticles accumulated from the
sidewall in the direction of the channel center. Figure 4C-E
shows the accumulation behavior of nanoparticles in CH,
DG, and cACEO electrodes, respectively. A voltage of 6 V ,,
and a frequency of 100 Hz were applied to each electrode
pattern separately. When using CH electrodes, PsNPs con-
centrated around the center of the channel, at the peak
I position. Conversely, using DG electrodes enabled par-
ticles to concentrate at the center, at peak I, as well as
at two intermediate regions, indicated as peak II. The
peak III position near the sidewalls was attributed to the
counter-ACEO flow. Particle behavior near the channel
wall was described in detail in our related work [32]. To
avoid particle flow in the scattering zone when using DG,
the initial position of particles requires control. The CH
electrode could induce ACEO flow to collect particles from
the sidewall region to the center region to promote DG

concentration function. Therefore, the combined mode
was utilized by applying the same signal to each electrode
simultaneously. A higher fluorescence intensity appeared
at peak I. A comparison between the CF values of each
electrode pattern, CH, DG, and the combined pattern, is
shown in Figure 4F. The number of focused nanoparticles,
at the channel center, was much higher under cACEO than
that under DG alone. The intensity value near the sidewall
decreased significantly, compared with DG. Most nanopar-
ticles passing the entire spanwise area in the channel were
collected near the center area by the flow induced by CH
electrodes. Consequently, the CF value in cACEO reached
3.4. This shows an improvement in particle concentration
of 62%, compared with the use of DG electrodes alone. The
FWHM of concentrated nanoparticle distribution in the
cascade device was approximately 61 um, equal to 12.2% of
the channel width.

ACEO generates a 3D flow transporting suspended
particles to a certain location on the electrode surface
depending on electric field strength [34]. ACEO induced
around CH effectively concentrated particles to the cen-
ter of the channel, and induction around DG concentrated
particles to the electrode surface. However, as shown in
Figure 4E, high-intensity areas appeared far from the
center of the channel, indicated as peak II. For further
understanding, nanoparticle concentration was observed
from the cross-sectional direction of the microchannel.
To investigate the cross-sectional phenomenon and clar-
ify the source of peak II, this experiment was performed
using a stationary fluid over a DG electrode. Further-
more, wider space for the accumulation is given in the
middle electrode and smaller double-gap is used. Here,
the middle electrode width was 300 um and each gap
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FIGURE 5 (A) Successive
cross-sectional images of fluorescent
polystyrene nanoparticle (PsNP)
concentration profiles using cascade
alternating current electroosmosis (cCACEO)
under an applied voltage of 6 V|, and a
frequency of 100 Hz at t = 0, 0.25, 0.75, 1.25
and 1.75 s. (B) Cross-sectional view of
fluorescent nanoparticle distribution under
cACEO, arrows show the movement of the
nanoparticles under the applied voltage. (B)
Intensity distribution at the stagnation point,
Peak I
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width was 25 pm. The cross-sectional images of the fluo-
rescence intensity profile depicting the temporal change
in nanoparticle behavior after applying voltage are shown
in Figure 5A. These images were acquired downstream of
DG electrodes. These visualized images demonstrate that
the majority of nanoparticles suspended in the solution
could be focused in 3D on the surface area. The ACEO
transported particles to the stagnation point, bounded by
the dashed square at t = 0.25 s. After blowing up to the
upper section of the flow path at t = 0.75 s, nanoparticles
flowed in a ring shape into the gap at the electrode surface
at t = 1.25 and 1.75 s. Simultaneously, there was a dense
area of nanoparticles near each sidewall region, which can
be attributed to the counter-ACEO flow, as illustrated in
Figure 5B. This flow forms a peak at the gap when observed
downward, as shown in Figure 4E. Additionally, CF distri-
bution in the height direction acquired at the center of the
channel is shown in Figure 5C. The CF value in terms of
height of the channel at the peak I position was around
2.9.

3.2 | AuNP and AgNP focusing

Subsequently, to demonstrate the versatility of the pro-
posed device, we also investigated the efficiency of metal
nanoparticle focusing. Figure 6A, obtained in the DG
section, shows 50-nm AuNPs with an applied voltage
of 8 Vpp- When an electric field is introduced, accu-
mulated nanoparticles can be seen as a black region,
highlighted by a dashed rectangle in the image (“ON” in
Figure 6A). Figure 6B shows the CF for 50-nm AuNPs in
the cACEO device after applying an AC electric field at

2, 4, and 6 Vpp- Here, a brightness intensity was evalu-
ated downstream of the DG electrode section. The range
where sufficient absorption was observed for CF calcu-
lation was about 20 ym wide, which is almost the same
as the width of the region where the CF of fluorescent
PsNPs was >3. The FWHM of concentrated AuNP dis-
tribution in the cascade device was approximately 7 um,
equal to 1.4% of the channel width. Thus, it is more dif-
ficult to obtain the CF distribution of AuNPs than that
of the fluorescent particles. Therefore, we selected appro-
priate working conditions, such as voltage, to increase
the ACEO velocity and improve observation. Here, exper-
iments were conducted in the range of 4-10 Vips
considering electrode durability and function generator
stability.

The size-dependent CF of the metal nanoparticles was
calculated based on the corresponding calibration curves.
The CF showed a positive dependence on both the applied
voltage and the particle size. Figure 6C shows the CF of the
metal nanoparticles at different applied voltages. AuNPs
with a particle size of 100 nm and AgNPs with a particle
size of 100 nm had almost identical CF, and it could be
said that the effect of particle type on CF was very small.
On contrary, for 100 nm particles with 10 Vpp, CF reached
almost 67. The 20-nm AgNPs exhibited the same tendency,
that is, higher CF at higher voltages, in the introduced

voltage range. At a voltage of 10 Vy,, the CF reached 20.

3.3 | Liposome concentration
Figure 7A shows the results of liposome enrichment.

The applied voltage was 12 V,,, and the frequency was
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FIGURE 6 (A)Concentration of gold
nanoparticles (AuNPs) (50 nm) at the
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visualized using light absorption due to
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0.5 kHz. As liposome particle size was mostly around
50 nm, they could be treated similarly as fluorescent PsNPs.
Unlike other particles, maleic acid buffer containing 5%
ethanol was used as the solvent, and the conductivity was
9.3 mS/m. Figure 7B shows the CF of the liposomes. Since
the conductivity of liposomes solution is higher than that
of the aforementioned conductivity of PsNPs, and the high
conductivity leads to better ion dissipation that results in
weak ACEO flow, the CF of liposomes was lower than that
of PsNPs. The FWHM of concentrated nanoparticle dis-
tribution in the cascade device was approximately 26 um,
equal to 5.2% of the channel width. Although the CF value
was low, it increased significantly > 1, which is substantial
for all intents and purposes. As a consequence, we were
able to demonstrate that the devised device is effective in
concentrating biomaterials.

4 | CONCLUDING REMARKS

In this article, an effective method for continuous nanopar-
ticle concentration using cACEO was introduced. The
position where nanoparticles accumulate could be con-
trolled by the electrode pattern. Especially, the particles
in the scattering area were accumulated around the cen-
ter of the channel by using CH electrodes; then, further
concentration could be achieved using DG electrodes.
The experimental results showed that the proposed device
was effective in concentrating nanoparticles regardless of
particle size or electrical properties. The cACEO device
generates both horizontal and vertical concentrations on

the electrode surface at the center of the channel. Using
fluorescent PsNPs, the CF reached 3.4 when the con-
centrated nanoparticles were distributed in 12.2% of the
channel width. In the case of metal nanoparticles, a highly
efficient concentration performance for AuNPs with a CF
of 67 was confirmed. The AuNPs accumulated within
7 um, which represents 1.4% of the channel width. In
addition, cCACEO was utilized to accumulate biomaterials,
namely liposomes, to demonstrate its efficiency. Although
liposome concentration and results were not as good as
fluorescent PsNPs because the fluorescence intensity of
the liposomes was low, the CF value reached >1. There-
fore, cACEO can be applied for biomaterial accumulation.
Although there are many opportunities to refine and
optimize electrode shape and characteristics for target
nanomaterials, as we used the same device for all experi-
ments, the cACEO concentrator holds significant potential
to concentrate nanoscale samples, such as particles, rare
samples, and biomaterials.
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FIGURE 7 (A)Fluorescent images of liposome nanoparticles
in a cascade concentration device with and without voltage applied.
Concentration factor >1 is represented by the region in the outer
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the concentration value in the cascade device
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