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Abstract

A novel optically-induced dielectrophoretic (ODEP) device incorporating a gold nanofilm is proposed for the manipulation
of microparticles. The electrokinetic phenomena induced under different optical radial images are investigated both
numerically and experimentally. The results show that the gold nanofilm not only extends the operating frequency of the
ODEP device, but also prompts a change in the direction of the DEP force from the outward direction to the inward
direction at high frequencies. Consequently, particle concentration can be achieved in the high frequency range. Overall,
the proposed device provides a bi-directional and velocity/force-controllable approach for the manipulation of

microparticles in ODEP applications.

1 Introduction

The manipulation and separation of particles and cells is an
essential step in the sample pretreatment and diagnosis
procedures of many biomedical applications (Jager et al.
2000; Mello and Beard 2003); particularly those conducted
in microfluidic systems. The literature thus contains many
proposals for particle manipulation. For example, acoustic
waves (Shi et al. 2009) can be used to induce the contin-
uous separation of particles in a microfluidic channel via an
acoustophoretic effect. However, in implementing such an
approach, a tradeoff must be made between the resolution
and the throughput. Optical tweezers (Grier 2003) provide
a high-resolution approach for the manipulation of single
cells or particles. However, the intense localized heating
effect produced by the high optical power required to trap
the particles may result in the damage of live cells. Fur-
thermore, the complicated optical setup and expensive
instrumentation increase the system cost, and hence further
limit their practicality for microfluidics applications.
Magnetic manipulation (Nguyen 2012) provides a feasible
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approach for separating microparticles. However, it
achieves a poor performance in separating particles with
small size variations and degrees of magnetization. Fur-
thermore, the high device temperature induced under large
magnetic forces may damage biosamples. Consequently,
the use of dielectrophoretic (DEP) devices to perform the
relatively low-temperature manipulation and separation of
particles in microfluidic channels has attracted significant
interest in recent decades for a variety of applications,
including trapping/sorting (Huang et al. 2003; Gascoyne
and Vykoukal 2004; Grilli and Ferraro 2008), carbon
nanotube separation/assembly (Krupke et al. 2003; Gennari
et al. 2013), cell manipulation (Voldman 2006), self-
assembling of liquid crystal and nanoparticles (Merola
et al. 2012; Grilli et al. 2014), and quantum dots driven by
pyroelectric-dielectrophoresis (Nasti et al. 2018). DEP is
traditionally implemented by using a microelectrode and
non-uniform alternating current (AC) electric field to
induce the motion of polarized particles or cells. However,
the fabrication process for conventional DEP devices
usually requires complicated photolithography techniques
and the use of delicate thin-film deposition and etching
processes to pattern the microelectrodes (Pethig and Markx
1997).

Optoelectronic tweezers (OET), also known as opti-
cally-induced dielectrophoretic (ODEP) devices, manipu-
late the particles and cells using virtual electrodes produced
by simple optical images (Chiou et al. 2005). As a result,
they greatly simplify the fabrication process compared to
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conventional DEP devices with physical electrodes. In
ODEP, the light image is projected onto a photoconductor
material under an AC voltage, and the resulting non-uni-
form electric field distribution induces an ODEP force
which acts on the particles. Due to the high photocon-
ductive gain of amorphous silicon, a low optical intensity
(~ 10* W/m?) is sufficient to activate the virtual electrode
(Mishra et al. 2014). As a result, the operating temperature
is significantly lower than that of traditional optical
tweezers, and hence ODEP devices are more conducive to
the manipulation of live cells and biosamples. Furthermore,
each pixel of a liquid crystal display (Hwang et al. 2008),
or computer projector (Lu et al. 2006), can be individually
activated utilizing the ODEP method; resulting in the for-
mation of hundreds or even thousands of ODEP traps.
Consequently, ODEP provides the ability to dynamically
create real-time, reconfigurable virtual electrodes and a
DEP force over a large working area. It has thus attracted
great interest for a wide variety of applications in recent
years, including the separation of nanowires (Jamshidi
et al. 2008) and cells (Hwang et al. 2009), the dynamic
patterning of nanoparticles (Jamshidi et al. 2009; Mufioz-
Martinez et al. 2017), immobilizing and orienting Escher-
ichia coli bacteria (Miccio et al. 2016), and the sorting of
cancer cells (Zhang et al. 2018; Chu et al. 2019).

A typical ODEP device consists of a transparent glass
slide coated with indium tin oxide (ITO), a liquid layer
containing the cells or particles to be manipulated, and a
photoconductor substrate. The substrate typically com-
prises a thin layer of ITO doped with hydrogenated
amorphous silicon (a-Si:H) deposited on a glass surface.
Bulk-heterojunction polymers such as P3HT and PCBM
can also be used as light active layers to perform
cell/particle manipulation in ODEP devices (Wang et al.
2010). However, the associated fabrication process requires
complex chemical handling and thermal deposition pro-
cedures. Using titanium oxide phthalocyanine (TiOPc), a
photoconductive surface can be prepared in a single spin-
coating step. However, the stability of the TiOPc film
degrades over time (Yang et al. 2010). Various studies
have shown that oxide crystal can also be used as the
photoconductor substrate in ODEP devices (Esseling et al.
2012; Miccio et al. 2012). However, the response time and
trapping process are typically slower than those in a-Si:H-
based devices. Accordingly, the present study proposes the
use of a gold nanofilm to enhance the electrokinetic
manipulation ability of an ODEP device. The conduction
current and absorption spectrum of the gold nanofilm are
explored. In addition, the electrokinetic phenomena
induced in the proposed device under different radial
images are investigated both numerically and experimen-
tally. The purpose of this paper is to demonstrate the use of
a gold nanofilm ODEP device to induce a second frequency
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crossover point at higher frequencies. In other words, the
device provides both a negative DEP force (at lower fre-
quencies) and a positive DEP force at higher frequencies. It
is shown that the proposed device provides a promising
approach for the frequency-selective -electrokinetic
manipulation of cells or particles in a variety of microflu-
idic applications.

2 Materials and methods
2.1 Experimental setup

A gold nanofilm ODEP microfluidic system was designed
to provides a bi-directional and velocity/force-controllable
approach for the manipulation of microparticles in ODEP
applications. Figure 1 presents a schematic illustration of
the proposed ODEP chip consisting of two ITO-coated
glass plates (7 Q, 0.7 mm; Ritek, Taiwan) separated by a
thin liquid layer containing the microparticles to be
manipulated. As shown, the lower glass substrate is coated
with a thin (1-um) a-Si:H layer deposited by plasma-en-
hanced chemical vapor deposition (PECVD), while the
upper glass substrate is coated with a conductive gold
nanofilm prepared using a benchtop sputtering system with
high resolution thickness controller (Sputter Coater 108
Auto, Pentad Scientific Corporation, Taiwan), the thickness
is measured to a resolution of 0.1 nm. The liquid layer
(with a thickness of 100 pm) was fabricated by a combi-
nation of CNC machining and PDMS replica molding and
was filled with de-ionized (DI) water and polystyrene
particles with a size of 90 um. The present study
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Fig. 1 Schematic illustration of selective manipulation of polystyrene
particles by radial image projected onto ODEP chip
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considered three projected optical images with 8-radial,
16-radial and 32-radial patterns, respectively. The width
and length (radius) of the optical images are 20 pm and
1000 pm, for all three patterns. In performing the ODEP
trials, radial optical images were projected onto the surface
of the ODEP chip to form virtual electrodes and a particle
manipulation force was produced using a function gener-
ator (Model 282, Fluke, USA) connected to an amplifier
(Model 2100HF, Trek, USA). The resulting motion of the
polystyrene particles was observed using a charge-coupled
device (CCD)-equipped microscope (TrueChrome II,
Tucsen, China). For example, as shown in the illustration
of Fig. 1, particles can be manipulated by a radial image
projected onto an ODEP chip. The particles are attracted to
the center of the radial image since they experience a
positive DEP force. By contrast, for a negative DEP force,
the particles are pushed toward the outer region of the
projected radial image.

2.2 The photoelectric characteristics of the gold
nanofilm

Figure 2a shows the measured values of the conduction
current for ITO-glass substrates coated with gold nanofilms
with thicknesses ranging from 5~ 30 nm. For a bare ITO
glass substrate with no nanofilm, the conduction current is
just 24 pA. However, the current increases to 35, 38, 46
and 50 pA for gold nanofilms with thicknesses of 5, 10, 20
and 30 nm, respectively. In other words, a significant
improvement in the conduction current is obtained as the
thickness of the gold nanofilm increases. Figure 2b shows
the UV-NIR absorption spectra of the glass substrates with
different gold nanofilm thicknesses, as measured by a
commercial spectrometer (BRC112P-E, HMT, Taiwan). It
is seen that in the visible light range (i.e., 380 ~760 nm),
green light (~ 500 nm) has the minimum absorption
intensity in all five cases. For all of the substrates other
than that coated with the thickest gold nanofilm (30 nm),
the absorptivity increases after the red light region of the
spectrum (~ 600 nm). The average absorptivity of the
uncoated ITO glass substrate in the visible light range is
around 15%. However, for the substrates coated with gold
nanofilms with thicknesses of 5, 10, 20 and 30 nm, the
average absorptivity increases to 42%, 59%, 76% and 92%,
respectively. In other words, while a greater gold nanofilm
thickness is beneficial in increasing the conduction current
(see Fig. 2a), it results in an electrothermal effect and a
lower optical transmission. Therefore, nanofilms with a
thickness of 5 nm and 10 nm, respectively, were chosen as
acceptable compromises between the conduction current
and the optical transmittance for the ODEP chips used in
the remainder of the study.

3 Numerical simulations
3.1 Theory

For a homogeneous dielectric spherical particle immersed
in a conductive medium, the time-averaged DEP force can
be expressed as (Hughes et al. 1996)

Fpep = 2na38mRe[CM]VE2, (1)

where a is the radius of the particle, ¢, is the permittivity
of the medium, Re[CM] is the real part of the complex
Clausius—Mossotti (CM) factor, and E is the amplitude of
the electric field. In other words, the DEP force (Fpgp) is
proportional to the third power of the particle radius and
the square of the applied electric field amplitude. The
complex Clausius—Mossotti factor has the form

e —en
cm =2 2)
& + 2¢&*
14 m
o
i_ .0 3
€ =e—j_, (3)

where ¢ and o are the complex permittivity and conduc-
tivity of the medium, respectively; subscripts p and m refer
to the particle and medium, respectively; w = 2nf, where

f is the frequency of the AC voltage applied across the

liquid medium; and j is the imaginary unit. The DEP force
acting on the particle may be either positive or negative,
depending on the sign of the real part of the CM factor. For
a positive DEP force (see Fig. 1, for example), the particles
are attracted to the center of the radial image (i.e., the
region of high electric field strength) and hence undergo a
concentration effect. By contrast, for a negative DEP force,
the particles are pushed toward the outer region of the
projected radial image and undergo a separation effect.

3.2 Numerical characterization

As shown in Fig. 3, the present study considered three
projected optical images with 8-radial, 16-radial and 32-
radial patterns, respectively. For each image, the elec-
trokinetic phenomena induced in the ODEP chip were
examined numerically by COMSOL Multiphysics simula-
tions (COMSOL Inc., USA). In performing the simula-
tions, the physical and electrical properties of the
conductive fluid (DI water) and particles (polystyrene
beads) were specified as follows: p, = 1000 kg/m®,
p, = 1009 kg/m®, &, =80, ¢, =25, g, =0.005 S/m, and
0, = 0.0009 S/m (Chiou et al. 2013, 2016). Furthermore,
the amplitude and driving frequency of the AC electric
field applied between the two ITO glass substrates were set
as 20 Vpp and 300 Hz, respectively.
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Fig. 2 Measurement results for (a) 60
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Referring to Fig. 3a, it is seen that a non-uniform
electric field is formed at the optical virtual electrodes for
every projected pattern. Moreover, the maximum electric
field occurs at the center of each pattern and increases with
an increasing number of virtual electrodes. From inspec-
tion, the maximum electric field reaches a value of
2.69 x 10° V/m at the center of the 32-radial pattern by
numerical simulations. For all three patterns, the electric
field gradient between the virtual electrodes is highly non-

@ Springer

FeN
o
|

[®)
o
|

W ITO glass

B ITO+5 nm Au
ITO+10 nm Au

B ITO+20 nm Au
ITO+30 nm Au

Top substrate

M ITO glass

[ ITO+5nm Au
ITO+10 nm Au
M 1TO+20 nm Au
[ ITO+30 nm Au

400
Wavelength (nm)

600 800 1000

uniform in the circumferential direction. Therefore, the
particles not only are attracted to the radial direction of the
projected patterns, but also induce a moving in the cir-
cumferential direction, and resulting in the velocity of the
particles are affected. The non-uniformity is particularly
apparent in the pattern with 8 radial electrodes and is thus
not suitable for particle velocity analysis.

Figure 3b shows the simulation results for the variation
of the electric field intensity in the radial direction of the
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Fig. 3 Numerical simulation results for: a electrical field gradient
(Exy) contours induced by three different radial patterns, b variation
of electric field gradient over radius of virtual electrode, ¢ DEP force
for 16-radial pattern, and d temperature contours on liquid surfaces in

three projected patterns. For all three patterns, the electric
field strength decreases with an increasing distance from
the center of the pattern. Notably, the 16-radial pattern not
only induces a high electric field strength (2.54 x 10°
V/m) at the center of the projected image, but also exhibits
a linear distribution of the electric field in the radial
direction. It was thus selected for further numerical anal-
ysis and experimental investigation. Figure 3c shows the
simulation results obtained for the positive DEP force
vectors exerted on three 90-um polystyrene beads trapped
by the 16-radial pattern under an AC electric field of 20
Vpp and a driving frequency of 300 Hz. As shown, the DEP
force increases as the particle approaches the center of the
radial pattern due to the corresponding increase in the
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contact with ITO layer (left) and Au film (right). (Note that electric
field and driving frequency are 20 Vp;, and 300 Hz, respectively, in
every case)

electric field strength. From inspection, the magnitude of
the DEP force exerted on the particles ranges from several
to more than ten pico-Newtons has been obtained by
numerical simulations.

Due to the high thermal conductivity of the gold film
(318 W/mK), the temperature also has an important effect
on the behavior of the ODEP chip. When an AC electric
field is applied to the ITO or gold surface, it heats the
conducted area, which in turn heats the surrounding liquid.
Previous studies have shown that the conductivity and
permittivity of conductive fluids are both temperature-de-
pendent (Mishra et al. 2014). Accordingly, the temperature
distribution within the ODEP chip was evaluated using the
COMSOL Multiphysics heat transfer module with thermal
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conductivities of 0.75, 1.2 and 318 W/mK for the DI water,
ITO layer and gold film, respectively. Figure 3d shows the
temperature field distributions of the liquid surfaces in
contact with the ITO layer (left) and gold film (right). For
the considered electric field strength of 20 Vpp, the average
temperature of the liquid layer in contact with the ITO
surface is around 26.5 °C, and is thus only slightly higher
than the assumed room temperature (25 °C). However, the
average temperature of the liquid layer in contact with the
gold surface is almost 31 °C. Furthermore, a small
(~ 0.5 °C) difference is observed between the temperature
at the center of the projected 16-radial pattern and that at
the outside of the projected image.

4 Results and discussion

4.1 The electrolysis phenomenon and the ODEP
device without gold nanofilm

Figure 4a presents a series of experimental observations
showing the manipulation of a 90-pum polystyrene bead by
a negative DEP force in a conventional ODEP device with
no gold nanofilm. (Note that the electric field strength and
driving frequency are 20 Vpp and 30 kHz, respectively.) It
is seen that the polystyrene bead is pushed away from the
center of the radial pattern through a distance of 400 pm
over a period of 60 s; corresponding to an average particle
speed of 6.7 um/s. A further series of experiments was
performed using driving frequencies in the range of 100 Hz
to 70 kHz. The corresponding results are shown in the
upper panel of Fig. 5a. It is observed that a crossover
frequency occurs at approximately 400 Hz. In other words,
the particles experience a positive DEP force at driving
frequencies lower than 400 Hz, but a negative DEP force at
frequencies higher than 400 Hz. For an electric field
strength of 20 Vpp and driving frequencies less than
450 Hz, an electrolysis phenomenon is induced in the
liquid layer of the ODEP chip, as shown in the inset of
Fig. 4b. The resulting bubbles obstruct the manipulation of
the particles. Consequently, in conventional ODEP devices
(i.e. ODEP devices with no gold nanofilm), the manipula-
tion of polystyrene beads immersed in DI water is
restricted to negative DEP forces only (i.e., a one-direc-
tional operation ability) with driving frequencies greater
than 450 Hz. Figure 4b illustrates the variation of the
electrolysis frequency as a function of the driving voltage
in the range of 16 ~20 Vpp for ODEP devices with and
without gold films, respectively. It is seen that the elec-
trolysis frequency is near linearly related to the driving
voltage. In addition, the electrolysis frequency increases
with an increasing nanofilm thickness.
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Fig. 4 a Experimental observations of particle manipulation by
negative DEP force in ODEP device without gold film under electric
field of 20 Vpp and AC voltage frequency of 30 kHz. b Variation of
electrolysis frequency with driving voltage as function of gold film
thickness. (Inset shows the electrolysis phenomenon induced at
driving frequency of 450 Hz for ODEP device without gold film
under electric field of 20 Vpp)

4.2 The ODEP device with gold nanofilms

The middle and lower panels in Fig. 5a show the variation
in the direction of the DEP force in ODEP chips incorpo-
rating gold nanofilms with thicknesses of 5 nm and 10 nm,
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devices with and without gold film. b Experimental observations of
particle manipulation by positive DEP force in ODEP device with

respectively, as the driving frequency is increased from
100 Hz to 250 kHz. (Note that the electric field strength is
20 Vpp in every case.) It is seen that, compared to the
conventional ODEP chip, the inclusion of a gold nanofilm
extends the useable frequency range of the ODEP device
and introduces a second frequency crossover point at
higher frequencies. For the ODEP device with a 5-nm gold
film, the first crossover frequency and electrolysis fre-
quency are located at 500 Hz and 550 Hz, respectively. By
contrast, for the device with a 10-nm gold film, the elec-
trolysis frequency and first crossover frequency are located
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5-nm gold film under electric field of 100 Vpp and AC voltage
frequency of 200 kHz. ¢ Maximum manipulation velocity and ODEP
manipulation force under different AC voltages

at 1100 Hz and 1150 Hz, respectively. For both devices, a
positive DEP force cannot be used in the low frequency
range due to the occurrence of electrolysis. However, as the
frequency increases, a second frequency crossover point
occurs at 20.5 kHz (5-nm gold film) and 140 kHz (10-nm
gold film), respectively. In other words, the negative DEP
force is replaced by a positive DEP force at high fre-
quencies; indicating the feasibility for a bi-directional
operation. In general, the occurrence of a second frequency
crossover point indicates that the polystyrene particles are
more polarizable than the medium (DI water) in the high
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Table 1 Manipulation

. Gold nanofilm
frequency and maximum

Positive/negative DEP

Frequency (kHz) Max. velocity (Lm/s)

particle velocity for ODEP

. . : 0 nm Negative
devices with different gold .
nanofilm thicknesses 5 nm Negative

5 nm Positive
10 nm Negative
10 nm Positive

30 6.7
10 10
50 16.7
10 33
180 6.7

Note that electric field strength is 20 V,, in every case

frequency range. This phenomenon has been attributed to
the electrothermal effect induced in high thermal conduc-
tivity media and the light absorption effect of the gold film
(Wang et al. 2014). When an AC electric field coupled with
light is projected onto the gold surface, a heating effect is
induced in the illuminated area. This leads to a localized
heating of the surrounding liquid, which produces spatial
gradients of the conductivity and permittivity in the liquid
medium. Consequently, the particles are driven toward the
center of the virtual electrode.

Table 1 shows the manipulation frequency and maxi-
mum particle velocity in ODEP devices with different gold
nanofilm thicknesses. Note that the electric field strength is
20 Vpp in every case. As shown, the maximum manipu-
lation velocity (i.e., the maximum DEP force) is produced
in the device with a gold nanofilm with a thickness of
5 nm. Notably, the device provides not only a negative
DEP force at lower driving frequencies, but also a positive
DEP force at higher frequencies. Consequently, it provides
the ability to perform both particle concentration and par-
ticle separation on a single platform.

Figure 5b presents a series of images showing the
manipulation of a 90-um polystyrene bead by a positive
DEP force in the ODEP device with a 5-nm gold nanofilm.
Note that the electric field strength and frequency are 100
Vpp and 200 kHz, respectively. It is seen that the poly-
styrene bead travels in the inward direction through a
distance of approximately 1000 um within 10 s; corre-
sponding to an average particle speed of around 100 pm/s.
According to Stokes’ law, the drag force acting on a
spherical particle under continuous flow is given by

Fy = 6many, (4)

where a, 1 and v are the radius of the particle, the viscosity
of the fluid, and the terminal velocity of the particle,
respectively. According to Stokes’ law (Eq. 4), the
manipulation force acting on a particle can be assumed to
be equal to the hydrodynamic drag force exerting on a
moving particle. As a result, the manipulation force can
therefore be experimentally estimated through the maxi-
mum manipulation velocity of a moving particle. In this
study, experimental investigations were performed to
determine the quantitative link between the manipulation
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forces and the magnitude of electric voltage applied. For
this purpose, the maximum velocity of a moving particle
was experimentally measured to calculate the manipulation
force based on Stokes’ law.

Figure 5c shows the experimental results obtained for
the maximum velocity and induced DEP force acting on
the polystyrene beads in the ODEP device with a 5-nm
gold film and driving voltages in the range of 20~ 100 V.
For both a positive DEP force (pDEP) and a negative DEP
force (nDEP), the results shown in Fig. 5¢ are in good
agreement with the theoretical expression for the time-
averaged DEP force in Eq. (1). In other words, the results
confirm that the magnitudes of the maximum particle
velocity and manipulation force are both proportional to
the square of the applied driving voltage. This results also
useful for the live and dead cells in the two cell species
studied. Because of the DEP forces acting on the live and
dead cells could be different. It was reported previously
that the live and dead cells might experience positive and
negative DEP forces, respectively, under the same operat-
ing conditions in which the exerted DEP force attracted the
live cells but repelled the dead cells (Huang et al. 2014).

Overall, the results presented in Fig. 5 show that for an
ODEP device incorporating a gold nanofilm, the direction
of the DEP force can be controlled by adjusting the fre-
quency of the driving voltage, while the velocity of the
particles and the manipulation force can be controlled by
adjusting the strength of the driving voltage.

5 Conclusions

This study has presented an ODEP device incorporating a
gold nanofilm for microparticle concentration and separa-
tion purposes. The electric field gradient and DEP force
induced by three different radial light patterns have been
investigated by means of numerical simulations. It has been
shown that a light pattern consisting of 16-radial spokes
(16 virtual electrodes) not only produces a high DEP force,
but also a linear distribution of the electric feld strength in
the radial direction. The experimental results have shown
that the inclusion of a gold nanofilm in the ODEP device
increases the operating frequency range compared to that in
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a conventional device with no gold nanofilm and induces a
second crossover frequency point at higher frequencies. In
other words, the device provides both a negative DEP force
(at lower frequencies) and a positive DEP force at higher
frequencies. As a result, the device can support both par-
ticle separation (at lower frequencies) and particle con-
centration (at higher frequencies) on a single platform. It
has been shown that a gold nanofilm thickness of 5 nm
results in an acceptable tradeoff between the electrical
(conductive) and optical (transmittance) properties of the
ODEP chip and produces the maximum ODEP driving
force and particle velocity. Moreover, the DEP force and
driving velocity can be controlled approximately linearly
by adjusting the driving voltage. Overall, the results show
that the proposed ODEP device provides a highly
promising platform for sample separation and concentra-
tion in biomedical applications.
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