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1. Introduction

lab on-a Chip

A review of optoelectrowetting (OEW): from fundamentals to lab-
on-a-smartphone (LOS) applications to environmental sensors

Si Kuan Thio 2 and Sung-Yong Park *b

Electrowetting-on-dielectric (EWOD) has been extensively explored as an active-type technology for small-scale liquid
handling due to its several unique advantages, including no requirement of mechanical components, low power
consumption, and rapid response time. However, conventional EWOD devices are often accompanied with complex
fabrication processes for patterning and wiring of 2D arrayed electrodes. Furthermore, their sandwiched device
configuration makes the difficulty in integrating with other microfluidic components. More recently, optoelectrowetting
(OEW), a light-driven mechanism for effective droplet manipulation, has been proposed as an alternative approach to
overcome these issues. By utilizing optical addressing onto a photoconductive surface, OEW can dynamically control an
electrowetting phenomenon without the need for complex control circuitry on a chip, while providing higher functionality
and flexibility. Using commercially available spatial light modulators such as LCD display and smartphone, millions of optical
pixels are readily generated to modulate virtual electrodes for large-scale droplet manipulations in parallel on low-cost OEW
devices. The benefits of the OEW mechanism have seen it being variously explored in its potential biological and biochemical
applications. This review article presents the fundamentals of the OEW, discusses its research progresses and limitations,
highlights various technological advances and innovations, and finally introduces the emergence of the OEW technology as
portable smartphone-integrated environmental sensors.

including (1) no mechanical components (e.g., pumps or valves)
required for fluidic actuation, (2) extremely low power
consumption (in the range of ~uW), and (3) rapid response time

Droplet-based microfluidic systems have attracted significant
interests for various lab-on-a-chip (LOC) applications in past
decades.* By manipulating discrete droplets of biological and
chemical reagents in an immiscible phase, droplet-based
microfluidic devices offer several advantages over single-phase
continuous systems, such as rapid mixing, reagent transport
without dispersion, and minimization of cross contamination
issues between droplets.>? With these benefits, numerous
applications have been demonstrated on droplet-based
microfluidic devices, including single-cell encapsulation,8!!
pathogenic bacteria detection'?!* and polymerase chain
reactions (PCR) for DNA amplification.’>” One drawback
associated with such droplet-based microfluidic systems is the
difficulty to handle individual droplets driven by a continuous
oil flow confined along microfluidic channels.'82° To overcome
this challenging issue, various active-type droplet manipulation
mechanisms have been extensively developed, such as
dielectrophoresis (DEP),2123 electrowetting on dielectric
(EWOD),?4?7 thermocapillary force,?8-3% and magnetic force.31-33

Among these techniques, EWOD technology has been
widely developed for active droplet control. It offers several
unique advantages over other active-type mechanisms,
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in milliseconds. A wide range of applications have been
demonstrated, including lab-on-a-chip,3436 tunable optics,37-3°
thermal cooling of microdevice,*® 4! and energy harvesting?2-46
using EWOD technology. In recent years, many researchers
have investigated on optical control of the EWOD mechanism,
called optoelectrowetting (OEW) for effective droplet
manipulations with the benefits of device simplicity,
reconfigurability, flexibility, and functionality.#”-50 Since light
can be flexibly patterned and reconfigured on a
photoconductive surface of OEW devices, an electrowetting
phenomenon can be dynamically controlled without the need
for complex control circuitry on a chip typically required for
EWOD devices. Using commercially available spatial light
modulators such as liquid crystal display (LCD), digital
micromirror device (DMD), and smartphone, millions of optical
pixels are readily generated to modulate virtual electrodes in
parallel on low-cost devices. A variety of applications have been
involved with the OEW technologies, such as droplet dispensing
and merging,®> 32 integrated biosensing devices,53 54
smartphone-based detection of water quality,>> 3¢ as well as
biochemical and cell analyses.>7 58

This review paper highlights technological advances of
OEW and their applications as smartphone-integrated
biosensors. Since early OEW devices imitated EWOD, the basic
concept of the EWOD mechanism is first described in Chapter 2.
We further discuss about the fundamentals of the OEW
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Fig. 1 A working principle of the electrowetting on dielectric (EWOD) for droplet actuation. (a) When a liquid droplet is placed on a solid surface, it forms an initial contact angle
(6o) along a three-phase contact line at the equilibrium where three surface tension forces of ys, yss and y, at the solid-liquid (SL), solid-gas (SG), and liquid-gas (LG) interfaces are
balanced. (b) With an electric potential applied between the liquid droplet and electrode plate, the electric charges are re-distributed and modify the surface tension at the solid-
liquid interface, resulting in a decrease in the droplet contact angle. (c) An equivalent circuit model consists of two electric impedances of liquid droplet and dielectric layers. (d) To
actuate a droplet, a bias voltage is applied between the top electrode plate and the bottom pixelated electrode nearby the droplet. Then, it forms an advancing contact angle (6.q4,)
at the electrically activated electrode and a receding angle (6,.c) at the other side. This creates a pressure gradient inside the droplet and drives it towards the region electrically
activated. (e) Conventional EWOD devices typically encounter the issues of complex fabrication processes for patterning and wiring of 2D arrayed electrodes.

technology to explain how an OEW-based droplet actuation
principle works differently from the EWOD. Research progress
and limitations on different types of OEW technologies and
devices are detailed in Chapter 3. In Chapter 4, further
developments and technological innovations in the OEW are
presented. Finally, the emergence of OEW technology as
smartphone-integrated portable biosensors are introduced in
Chapter 5. A brief comparison of these OEW technologies and
devices is also summarized in Table 1.

2. Fundamentals of EWOD and OEW
2.1 EWOD-based droplet actuation

Since Lippmann’s first study in 1875,>° electrowetting (EW) has
been extensively explored as an effective means for small-scale
liquid handling due to the dominance of surface tension forces
over body forces in micro/meso scales. When an electric
potential is applied between a liquid droplet and a solid
electrode, the electric charges are re-distributed to modify the
surface tension at the liquid-solid interface, where the like-
charge repulsion decreases the work by expanding the surface
area. The resulting contact angle () of a liquid droplet can be

mathematically estimated using the Young-Lippmann equation
35260' 61

e, (AV)” (1)

cos@ =cosf, +
2716
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where 6, is an initial contact angle of the droplet with zero
potential application, y. is the surface tension between two
immiscible fluids (i.e., the liquid droplet and its surrounding
medium), cq is the capacitance of a dielectric layer per unit area,
and AV indicates the voltage drop across a dielectric capacitor.

Conventional EW uses electrolytes in a direct contact with
a solid electrode, where an electric double layer capacitor (EDLC)
is formed to hold the storage energy induced by applying an
electric potential. However, the thickness of the EDLC is
typically very thin (less than 10 nm), and susceptible to electric
breakdown.® 62 As a result, contact angle modulation of a
droplet was seriously limited in conventional EW as the process
is irreversible after electric breakdown. Later, the principle of
electrowetting-on-dielectric (EWOD) was implemented to
overcome this prevalent issue.3-6> With EWOD, large contact
angle modulation can be achieved by replacing the EDLC with a
thin dielectric layer between the liquid and the electrode, due
to its ability to hold large electrostatic energy.®® %7 Furthermore,
adding a hydrophobic coating to the dielectric layer can provide
large initial surface energy and high reversibility.?*

Fig. 1 presents a working principle of the EWOD
mechanism for droplet actuation. A liquid droplet sits on a
hydrophobic-coated dielectric layer below which an electrode
plate is placed (Fig. 1a). The droplet forms its initial contact
angle (6,) along a three-phase contact line at the equilibrium
where three surface tension forces (i.e., ys.0, ¥ss, and y.g) are
balanced. When a bias voltage is applied between the droplet

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 A working principle of the optoelectrowetting (OEW) for optical droplet actuation. (a) An OEW device is composed of a photoconductive layer inserted between the layers
of a hydrophobic-coated dielectric and an electrode. With an AC voltage applied between the liquid droplet and the bottom electrode, it forms its initial contact angle (6,) on the
solid surface under a dark state (i.e., no light illumination) (b) Upon the illumination of light from the bottom, the dominance of the electricimpedance shifts from the photoconductive
layer to the dielectric layer due to the increase in its conductivity. As a result, most of the voltage drop is created across the dielectric layer. This induces an electrowetting effect by
decreasing the liquid droplet’s contact angle to 6. (c) An equivalent circuit model of the OEW consisting of three electric impedances across liquid droplet, dielectric, and

photoconductive layers.

and the bottom electrode, the electric energy, c(AV)?/2, is
stored across the dielectric capacitor (cq). This storage energy
makes the electric charges re-distribute at the liquid-solid
interface and decreases the surface tension force from ygs to
ys.. This force modification leads to the contact angle change of
the droplet from 6, to & (Fig. 1b). Fig. 1(c) shows an equivalent
circuit consisting of two electric impedances across a liquid
droplet and a dielectric layer serially connected.

To accomplish droplet actuation, an EWOD mechanism
utilizes such an electrically controlled contact angle of the
droplet on a solid surface. As illustrated in Fig. 1(d), a
conventional EWOD device consists of two parallel plates
sandwiching a liquid droplet in between. The top plate is a
hydrophobic-coated electrode, while the bottom plate is
composed of 2D arrayed pixelated electrodes covered with a
hydrophobic-coated dielectric layer.87! To actuate a droplet on
an EWOD device, an electric potential is applied between the
top electrode plate and the bottom pixelated electrode nearby
the droplet. The droplet’s contact angle correspondingly
decreases to form an advancing angle (6.qy) On the electrically
activated electrode and a receding angle (0,..) at the other side
(Fig. 1d). Consequently, a pressure gradient is created inside the
droplet and drives it towards the region electrically activated.
To further implement droplet transportation, the foregoing
steps are repeated by sequentially activating nearby electrodes.
Thus, conventional EWOD devices are appended with several
drawbacks. Firstly, the minimum droplet size that can be
manipulated on a device relies on the size of the physically
pixelated electrode, limiting device versatility and
reconfigurability. Moreover, conventional EWOD devices come
with the drawback of device complexity led by complex
electrode patterning and wiring issues (Fig. 1e). While the
process of pixelated electrode patterning can be simplified with
the use of printed circuit boards (PCBs), a tedious process of

This journal is © The Royal Society of Chemistry 20xx

connecting each individual electrode to a wire may lead to
potential interconnection problems.”2 Such problems can prove
to be particularly susceptible when fabricating an EWOD device
where large-scale parallel manipulations of multiple droplets
are required. These issues can be further eliminated with wiring
connection by the via process, ultimately increasing the
fabrication cost and complexity of an EWOD device.”3

2.2 OEW-based droplet actuation

On the other hand, optoelectrowetting (OEW) technologies
have been proposed as alternative solutions to address these
fabrication issues arisen from conventional EWOD devices.
Instead of electric activation of individual electrodes on EWOD,
OEW makes use of optical addressing on a photoconductive
surface to induce an electrowetting effect. Fig. 2(a) shows the
structure of a typical OEW device. The main distinction from
EWOD is the use of a photoconductive layer between a
hydrophobic-coated dielectric layer and a bottom electrode. An
equivalent circuit model of the OEW shown in Fig. 2(c) can be
used to understand how an electrowetting effect (i.e., contact
angle change of the droplet) can be induced by light
illumination. It can be equivalently modelled to have three
electric impedances across the layers of a liquid droplet, a
dielectric, and a photoconductor, which are serially connected.
To achieve droplet actuation, an alternating current (AC)
voltage is applied between the liquid droplet and the bottom
electrode. However, the droplet remains close to its initial
contact angle on the solid surface under a dark state (i.e., no
light illumination), as illustrated in Fig. 2(a). This is because
majority of the voltage drop is occurring across the
photoconductive layer where electric impedance is dominant.
Hence, a very small amount of the voltage drop is created across
the capacitance (cy) of the dielectric layer, and the contact angle

J. Name., 2013, 00, 1-3 | 3
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remains almost unchanged as the initial value (6y). To induce an
OEW effect, light illuminates onto a photoconductive layer after
passing through a transparent electrode from the bottom (Fig.
2b). This generates excess electron-hole pairs at the illuminated
area, leading to an increase in the photoconductivity by several
orders. As a result, the electric impedance of the
photoconductivity layer significantly decreases to switch the
dominance of the voltage drop (AV) in the dielectric layer.
Correspondingly, the droplet’s contact angle becomes lowered
as estimated by the Young-Lippmann Eq. (1).

It is worthwhile to note that this light-enabled voltage
switching effect relies on the frequency of an applied AC
voltage. Using the equivalent circuit model presented in Fig. 2
(c), we have studied the frequency-dependent voltage drop
normalized to the input voltage. For this study, it was assumed
that the thicknesses of water, dielectric, and photoconductive
layers are 200 um, 1 um and 5 um, respectively. An electric
conductivity of a photoconductive layer was set to be oyak= 1.6
x 106 S/m at a dark state. Fig. 3 presents the normalized voltage
drop across a dielectric layer as a function of the AC frequency
for various photoconductivity ratios between illuminated and
dark states (i.e., b = Ophoto / Tdark). At the frequencies below 50
Hz, majority of the voltage drop is created in a dielectric layer
even under a dark state (i.e., b = 1). Therefore, effective OEW
modulation can’t be achieved for optical droplet actuation. For
the frequencies above 200 Hz, only a small amount of the
voltage drops across the dielectric layer in a dark state.
However, when light illuminates onto a photoconductive layer
(i.e., b > 1), its conductivity increases to switch the dominance
of the voltage drop to the dielectric layer. This voltage switching
effect continues to enlarge with the light intensity illuminated
(see Fig. 3). For example, at the AC frequency of 200 Hz, only
13% of the input voltage drops across the dielectric layer under
a dark state, leading to a negligible contact angle change.
However, when light illuminates with the photoconductivity

4| J. Name., 2012, 00, 1-3

ratio of b = 100, about 90% of the input voltage can be stored
across the dielectric layer to contribute to OEW modulation
even at the same input frequency of 200 Hz. This voltage
switching effect makes significant modification in the droplet’s
contact angle to be used for optical droplet actuation. Another
interesting observation from Fig. 3 is that the voltage switching
effect begins to saturate when 5 > 500 where the electric
impedance of the photoconductive layer become negligible.

To achieve droplet transportation, the OEW utilizes
sequential addressing of a light pattern onto a continuously
deposited (i.e., no patterned) photoconductive surface, instead
of sequential activation on pixelated electrodes nearby the
droplet on the EWOD. This OEW mechanism can offer device
simplicity by fully eliminating complex fabrication procedures
(e.g., photolithography) necessary for electrode patterning,
wiring, and interconnection typically faced by conventional
EWOD devices. Furthermore, the minimum droplet size to be
manipulated on the OEW device can be flexibly controlled by
simply adjusting the size of the light pattern, instead of the
electrode size physically patterned on an EWOD device.

3. Conventional OEW technologies

With the benefits of device simplicity and flexibility, OEW
technologies have been developed. This chapter will discuss the
fundamentals of conventional OEW devices and introduce how
OEW technologies have been advanced to offer device
simplicity and flexibility over EWOD devices.

3.1 Early-stage OEW devices

The concept of OEW as a light-driven droplet actuation
mechanism was first introduced by Chiou et al.%” Fig. 4 shows
schematic illustrations of the OEW device. This early-stage OEW
device was similarly structured to conventional EWOD devices
where a liquid droplet is squeezed between two parallel plates.
A top plate of the OEW device was composed of a hydrophobic-
coated electrode, while a bottom plate was much more
complicated than that of EWOD devices. The bottom plate
consisted of the electrowetting (i.e., 2D arrayed) electrodes and
the grid electrodes between which a photoconductive layer of
amorphous silicon (a-Si) was inserted. Subsequently, silicon
dioxide (SiO;) and Teflon layers were deposited on top of the 2D
arrayed electrode layer to provide dielectric and hydrophobic
properties (see Fig. 4a).

To implement optical droplet actuation, an AC bias voltage
was applied between the top plate and the bottom grid
electrodes (Fig. 4b). As discussed in the previous section, with
the absence of light illumination (i.e., a dark state), the electric
impedance is dominant across the a-Si layer, where majority of
the voltage drop occurs. Hence, a very small amount of the
voltage drop is created across the SiO; layer, resulting in the
negligible contact angle change with no droplet actuation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 An early stage optoelectrowetting (OEW) device. (a) A schematic structure of an early-stage OEW device consisting of two parallel plates. (b) Droplet actuation on the OEW
device, where a liquid droplet is sandwiched between two parallel plates. Reproduced with permission from Ref. 47

However, when an optical beam illuminates at one edge of the
droplet, the conductivity of the a-Si layer significantly increases
by several orders and switches most of the voltage drop across
the SiO, layer at the light illuminated area. This caused a local
electrowetting effect to form the advancing angle (6.q4,) of the
droplet. Consequently, a pressure gradient inside the droplet
gives rise to the droplet actuation towards the area the optical
beam illuminates (Fig. 4b). In experiments, the transportation
of a droplet (approximately 1.6 pL) has been optically
accomplished on an active device area of 1.0 x 1.0 cm? using a
4.0 mW laser (532 nm). By applying an AC voltage at 200 V,,
with a frequency of 500 Hz, a droplet speed of 7.0 mm/s was
demonstrated. Detailed experimental conditions and results
are provided in Table 1.

Chiou et al. went on to further develop the OEW
technology into a microfluidic system that can perform a
complete set of droplet manipulation functions such as droplet

injection, transportation, merging, mixing, and splitting using a
laser illumination controlled by programmable scanning
mirrors.”* Fig. 5 shows the device structure designed as a
sandwiched configuration. However, this OEW device offered
easy fabrication by patterning both the 2D arrayed
electrowetting electrodes and the grid electrodes on the same
plane of a glass substrate, unlike the previous OEW device
where the layers of the electrowetting and grid electrodes were
vertically separated by the photoconductive layer. Then, these
electrowetting electrodes were connected to the grid
electrodes via photoconductive bridges made of hydrogenated
amorphous silicon (a-Si:H), followed by the layers of SiO, and
Teflon to provide dielectric and hydrophobic properties (Fig.
5a).

The droplet actuation principle of this OEW device is like
previously discussed. An AC bias voltage at 500 Hz was applied
between the top and bottom grid electrodes. Under the

Amorphous
Silicon

(b)

Laser

Fig. 5 An OEW-based microfluidic system. (a) The complete set of droplet manipulation functions such as droplet injection, transportation, merging, mixing, and splitting have been
demonstrated using OEW technology as an active-type microfluidic system. (b) Droplet actuation on the OEW. Reproduced with permission from Ref. 74.
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Fig. 6 Continuous optoelectrowetting (COEW). (a) A COEW device configuration can be fabricated with several featureless layers by eliminating patterning processes. When a light
pattern is illuminated on a continuous photoconductive film, it creates a localized electric field concentration resulting in a net electro-mechanical force on the liquid droplet. (b) A
united COEW device enables bother OEW-based droplet transportation at /= 10 kHz and (c) dielectrophoretic (DEP) manipulation of single cells within the droplet at f'= 200 kHz by
simply adjusting the AC frequency applied at the same platform. Reproduced with permission from Ref. 58 76,

condition of no light illumination, the a-Si:H bridges would have
an electrical impedance a few orders greater than that of the
SiO, layer. As a result, the electrowetting electrodes could not
be activated, and the voltage drop across the SiO, layer became
negligible with no contact angle modification. However, when
light is illuminated near one edge of the droplet, the
photoconductivity of the a-Si:H bridges would significantly
increase to electrically activate the nearby electrowetting
electrodes at the light illuminated area (Fig. 5b). This optical
addressing on the electrodes makes majority of the voltage
drop across the top and bottom SiO, dielectric layers of the
device to induce an electrowetting effect. As the droplet
contact angles at both top and bottom plates decrease to form
the 6,4, an asymmetric droplet meniscus is created, where
surface tension forces resulted in a net pressure that makes a
droplet move towards the illuminated light beam.
Experimentally, various droplet-based microfluidic functions,
including droplet injection, transportation, splitting, multi-
droplet manipulations have been successfully demonstrated on
the OEW device with an active area of 1.0 x 1.0 cm?, using a 5.0
mW laser (532 nm) as the light source. A maximum droplet
actuation speed of 78 mm/s was achieved with a 0.4 uL water
droplet.

Drawbacks

By utilizing the optical method to activate the electrowetting
electrodes, these early-stage OEW devices eliminated complex
wiring issues typically faced by conventional EWOD devices,
such as the need to individually connect large numbers of the
2D arrayed electrodes. However, since these OEW devices were
similarly designed to EWOD, device fabrication was still
complicated due to the photolithographic processes required
for patterning of 2D arrayed electrodes and photoconductive
bridges.

3.2 Continuous optoelectrowetting (COEW)

To address the fabrication issue of the early-stage OEW devices,
a continuous (i.e., no patterned) optoelectrowetting (COEW)

6 | J. Name., 2012, 00, 1-3

mechanism has been proposed.”>’” It was designed as a
sandwiched configuration similar to the previous OEW,*” 74 but
with the photoconductive and electrode layers continuously
deposited. As shown in Fig. 6(a), the top plate consisted of a
transparent ITO electrode covered with a hydrophobic-coated
dielectric layer. The bottom plate, however, provided an OEW
surface made up of several featureless layers in the order of
hydrophobic-coated dielectric and photoconductive on top of
an electrode layer. Not only did these continuous layers fully
eliminate the need for patterning processes (e.g.,
photolithography) to facilitate device fabrication, they also
enable a droplet to be flexibly positioned at any location on the
featureless photoconductive surface to allow continuous
droplet transportation. The working principle of the COEW
device is similar to previous OEW devices. While applying an AC
bias voltage between the top and bottom electrodes, most of
the input voltage drops within the a-Si layer due to its dominant
electrical impedance under the condition of no light
illumination. This meant that the voltage drop across the SiO,
layer is a very small, resulting no droplet movement. To achieve
droplet actuation, a light beam illuminates nearby a droplet.
Thus, the photoconductivity of the a-Si layer locally increases by
several orders, forming a virtual electrode due to the
generation of excess electron-hole pairs at the illuminated area.
This significantly reduces its electrical impedance and shifts
most of the voltage drop to the SiO, layer. Consequently, the
droplet’s contact angle decreases to form an advancing angle
(B.qv), driving it towards the light illuminated area. Using a 0.8
mW HeNe laser (632 nm) as a light source, transportation of
droplets in a picoliter volume (10 ~ 50 pL) have been achieved
on a continuous photoconductive surface at a speed of 1.0
mm/s.

Later, Pei et al. improved the COEW'’s performance by
replacing SiO, with aluminum oxide (Al,O3) as the dielectric
layer deposited by an atomic layer deposition (ALD) method 78.
With the Al,03 layer offering a higher dielectric constant than
the SiO,, the magnitude of the AC bias voltage applied on a
COEW device could be reduced as low as 16 V. In addition,

This journal is © The Royal Society of Chemistry 20xx
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instead of a laser beam used in previous studies,*”- 74 an optical
projector with as much as a 85-fold lower light intensity was
used to induce virtual electrodes on the OEW surface of the
device. Experimentally, large-scale manipulation of liquid
droplets ranging from 5 nL to 2 pL have been demonstrated at
a droplet actuation speed of 2.0 cm/s on the COEW device
surface. Furthermore, Valley et al. have presented a unified
COEW platform that enabled both OEW and dielectrophoretic
(DEP) operations for on-chip manipulation of droplets as well as
particles by simply altering the applied AC frequency.>® The
device performed both OEW-based droplet manipulation in the
volumes ranging from 12.5 ~ 335 nL at 10 kHz (Fig. 6b) as well
as dielectrophoretic (DEP) manipulation of individual cells
(diameter ~10 um) inside the droplet at 200 kHz (Fig. 6c) using
an optical projector (< 1.0 W/cm?). Valley et al. have
demonstrated OEW droplet actuation at a speed of up to 8.0
mm/s.

Drawbacks

Compared to early-stage OEW devices designed with 2D
arrayed electrowetting electrodes and photoconductive bridges,
the COEW mechanism have offered easy device fabrication with
the featureless (i.e., no patterned) surface where a droplet can
be positioned at any location of the device. Furthermore, the
minimum droplet size governed by the size of the physically
patterned electrodes typically observed in early-stage OEW
devises has been fully eliminated on the continuous surface.
Nevertheless, the COEW device still faces the issue of device
interfacing with other microfluidic components due to its
sandwiched (i.e., closed) structure. This closed device
configuration seriously limited their flexibility and extensibility
with integration of external microfluidic components (e.g.,
external reservoirs, optical detectors).

3.3 Open optoelectrowetting (0-OEW)

An open optoelectrowetting (0-OEW) configuration has been
later proposed to eliminate this deficiency.5® 7° Unlike
previously discussed OEW works, the o-OEW device has an open
(i.e., single-sided) configuration, but still consisting of patterned
electrodes covered with a hydrophobic-coated dielectric layer
on a photoconductive (a-Si) layer. Its working principle is similar
to previously discussed. With an AC bias voltage applied to the
patterned electrodes, light illumination enabled to locally
modify the electrical impedance in the photoconductive layer,
and further dominate the voltage drop (AV) across the dielectric
layer at the illuminated area. This light-enabled switching effect
on the voltage drop makes the droplet’s contact angle decrease
for optical droplet actuation. Using a 3.0 mW laser (670 nm) as
a light source, droplet transportation at a speed of as fast as 3.6
mm/s was achieved. More recently, Loo et al. developed
another variation of 0-OEW by integrating a conductive metal
grid mesh on the OEW surface of the device.®! The device

This journal is © The Royal Society of Chemistry 20xx
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demonstrated OEW-based dispensing and merging of 1 pL
droplets using a 1.5 W/cm? optical projector, achieving a
droplet speed of 4.5 cm/s.

Drawbacks

Nevertheless, the 0-OEW still shares the limitations of early-
stage OEW devices. Not only are the patterning processes of 2D
arrayed electrodes still required, but the minimum droplet size
that can be manipulated on an o-OEW device has remained
constrained by the size of the arrayed electrodes

4. Further developments in OEW

The increasing attractiveness of optoelectrowetting (OEW) has
seen the technology progresses over the past few years. In this
section, further developments and advances in OEW
technologies will be discussed.

4.1 Single-sided continuous optoelectrowetting (SCOEW)

To overcome the main issues highlighted by all previous OEW
studies,*” 53, 58, 7479 park et al. have developed a new OEW
mechanism, called single-sided continuous optoelectrowetting
(SCOEW).8% This SCOEW mechanism combines the benefits from
both the COEW and o-OEW devices. It has a single-sided (i.e.,
open) configuration that ensures a flexible interface for easy
integration with other external microfluidic components (e.g.,
optical detectors, reagent reservoirs, microchannel devices,
etc.) and easy accessibility to reagent droplets placed on an
open surface. At the same time, a continuous and featureless
configuration offers device simplicity in fabrication as well as
high versatility and extensibility by eliminating the limitation of
the minimum droplet size and allowing droplets to be
continuously positioned at any location on a 2D planar surface.
More importantly, unlike all previous OEW devices, the
operation of the SCOEW mechanism is based on a lateral field
modulation. This SCOEW mechanism allows the use of low-
intensity light sources such as an LCD display (as much as 4
orders lower intensity than lasers or optical projectors
commonly used in previous OEW studies) without any
additional optical components such as lenses. These unique
aspects of the SCOEW will be detailed in following sections.
Fig. 7 shows schematic illustrations of the SCOEW device
single-sided continuous configuration. The device
fabrication begins with the deposition of a photoconductive (a-
Si:H) layer on a glass substrate using plasma enhanced chemical
vapor deposition (PECVD). On top of the a-Si:H layer, only two
aluminum (Al) electrodes are required to be patterned at both
edges of the device. Then, an amorphous fluorocarbon
polymer, called Cytop, was spun coated to provide hydrophobic
and dielectric properties. Compared to previous OEW devices,
the continuous configuration of the SCOEW offers simple device

in a
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Fig. 7 Single-sided continuous optoelectrowetting (SCOEW). A schematic of the SCOEW device is shown with its equivalent circuit model. (a) When a dark pattern symmetrically
illuminates in the middle of the droplet, the photo-resistance increases at the area illuminated by the dark pattern. However, AV across the capacitors at both edges of the droplet
increases by the same magnitude such that AV}, = AVy which corresponds to the droplet spreading out symmetrically to have its contact angle of . (b) When a dark pattern
illuminates onto one side of the droplet, the photo-resistance asymmetrically increases, causing a voltage drop difference at droplet edges (i.e. AVp. > AVg). As the contact angle
decreases to form an advancing angle, #.q4, the asymmetric droplet shape creates a pressure gradient inside the droplet that actuates it in the direction of the dark pattern.

Reproduced with permission from Ref. &,

fabrication without any photolithographic processes for
patterning and wiring of 2D arrayed electrowetting electrodes.

A droplet actuation principle on the SCOEW can be
qualitatively explained using an equivalent circuit model
presented in Fig. 7. Unlike previous OEW mechanisms, the
SCOEW utilizes a direct current (DC) bias voltage applied
between the two electrodes positioned at edges of the device.
Thus, a uniform electric field is generated along the lateral
direction to form a shunt circuit, where the photoconductive
layer can be equivalently modeled as photoresistors in a series
connection and the dielectric layer is equivalent to have
capacitors in a parallel connection. Since the electric
conductivity of the liquid droplet is much higher as compared to
the other layers, its electrical impedance can be neglected.
Under the uniform electric field distributed along a lateral
direction, a droplet remains almost symmetrically with its initial
contact angle 6, in an oil medium, resulting no droplet
actuation. When a dark pattern is illuminated in the middle of
the droplet (Fig. 7a), the photo-resistance of the a-Si:H
increases only at the area (between the nodes b and e)
illuminated by a dark pattern, and the voltage drop (i.e., AVpe)
correspondingly increases as well. However, this voltage drop
can be equally divided into across two capacitors of ¢, and ¢y at
the edges of the droplet (i.e., AV = AV4e = 1/2AV},.). These
equal voltage drops maintain the droplet symmetrically with
the same contact angles on both sides, leading to no droplet
movement. However, in the case of asymmetric illumination,
where a dark pattern is projected onto one side of the droplet
(Fig. 7b), the photo-resistance of the a-Si:H layer increases at
the dark illuminated area, resulting in an asymmetrical increase
in the voltage drop at the corresponding side of the droplet (i.e.,
AVye # AV4e). This leads to the formation of the advancing (6.qy)
and receding (6 contact angles to actuate the droplet
towards the direction of the dark pattern illuminated.

8 | J. Name., 2012, 00, 1-3

When compared to prior OEW studies,*”: 53 58 7479 the
SCOEW mechanism provides an important and unique feature
for droplet actuation. Due to the formation of a shunt
equivalent circuit composed of the dielectric capacitors and the
photoresistors (see Fig. 7), the electrowetting voltages across
the two capacitors of ¢, and cr are determined by the relative
ratio of photo-resistances between the nodes b and e, not by
their absolute values. Therefore, even a 2-fold ratio in the
photoconductivity between the illuminated and non-
illuminated sites, i.e., b = 2, is sufficient to induce droplet
actuation. This unique characteristic allows optical actuation of
droplets with a low optical intensity for large area
manipulations on a SCOEW device. With this interesting
characteristic, later SCOEW studies have demonstrated the use
of a smartphone as a low-intensity light source and the use of a
polymer-based low-quality photoconductive material to offer
cost-effective, portable, lab-on-a-chip (LOC) platforms.>% 55 56

Numerical simulation studies

The droplet actuation principle mentioned above for the
SCOEW has been validated by 3D simulation works
implemented using COMSOL Multiphysics.® For the simulation
studies, a hemispherical water droplet was modelled to be
positioned on the device composed of 10 um dielectric, 5 um
photoconductive, and 550 pm thick electrically insulating-
dielectric oil layers. With a DC bias voltage at 100 V is applied at
both end planes separated by a 1.0 mm gap to provide a
uniform electric field along a lateral direction. To represent a
low-quality photoconductive property, the electric conductivity
of the photoconductive layer was assumed as opnoto = 2 X 108
S/m at a photo state and oy = 1 x 108 S/m at a dark state with
an only 2-fold ratio (i.e., b = 2). Fig. 8 presents the simulation
results of the electric field distribution as the top and side views,
and voltage profiles under: (a) a symmetric illumination of a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 3D numerical simulation results showing electric field distribution and voltage profiles under various dark pattern illuminations. (a) When a dark pattern as wide as the base
diameter of the droplet is symmetrically projected in the middle of the droplet, the voltage drops are equal on both droplet edges (AV,. = AV4. = 38.6 V) as the droplet spreads out
symmetrically to have a contact angle of 90° with no droplet actuation. (b) When a dark pattern half the size of the droplet asymmetrically illuminates on one side of the droplet, the
resistance of the a-Si-H layer asymmetrically increases at the only area a dark pattern illuminated. As a result, the voltage drops at the droplet edges are differently created (i.e., AV},
=30.8 V< AV = 40.0 V), causing the advancing (6.4,) and receding (6,..) angles to optically drive the droplet towards the dark pattern projected. Reproduced with permission from

Ref. &,

dark pattern, and (b) an asymmetric illumination of a dark
pattern. The voltage distribution profiles extracted from the top
(solid lines) and bottom (dotted lines) surface of the dielectric
layer are depicted. The voltage differences between these top
and bottom surfaces of the dielectric layer indicates the voltage
drop, AV, and AV, at the left and the right edge of the droplet,
which determines the advancing (0,4,) and receding (6,..) angles
of the droplet as estimated by the Young-Lippmann Eqg. (1). In
Fig. 8(a), when a dark-bar shaped pattern is symmetrically
projected in the middle of the droplet, a 2-fold photo-resistance
increases only at the area where a dark pattern illuminates.
However, no droplet actuation can be achieved due to the equal
voltage drops (i.e., AV, = AVy4. = 38.6 V) at both edges of the
droplet. On the other hand, in Fig. 8(b), a dark pattern
asymmetrically projected to one side of the droplet causes an
increase in the photo-resistance only at the area illuminated by
the dark pattern. As a result, the droplet undergoes the
unbalanced voltage drop (i.e., AV, = 30.8 V < AVy4e = 40.0 V) at
its edges, causing the advancing (f.q,) and receding (6...) angles
to optically drive the droplet towards the dark pattern
projected. This simulation study has verified the droplet
actuation principle of the SCOEW that is based on relative
voltage control, as discussed in Fig. 7.

Experimental demonstrations

This journal is © The Royal Society of Chemistry 20xx

Fig. 9(a) and (b) depict continuous light-actuated droplet
transportation on a SCOEW device using a commercially
available optical projector as a light source to provide dynamic
light patterns. Interestingly, by simply adjusting the size of a
dark pattern, droplet transportation could be achieved in a wide
range of the doplet volumes from 50 pL (Fig. 9a) to 250 pL (Fig.
9b) on the same SCOEW device without any extra optical
components (i.e., light focusing). To further
demonstrate the requirement of a low-intensity light source,
Fig. 9(c) shows the device being gently placed on an LCD
computer monitor that provides the 4 orders lower light

lenses for

intensity than that of lasers or optical projectors commonly
used for previous OEW studies. With a 1.3 mm wide dark
pattern directly illuminated from an LCD monitor with any extra
lens, a 0.5 pL water droplet could be optically transported by at
a speed of 510 mm/s. Various other droplet manipulation
functions were demonstrated as well. Fig. 9(d) presents the
splitting of a 1 pL droplet by the sudden illumination of a 6 mm
wide dark pattern. In Fig. 9(e), two water droplets, one 0.5 uL
(dissolved with a green dye) and one 2 ulL, experienced
electrocoalescence for merging due to the dipole-dipole
interaction between the two droplets. To mix the contents in
the combined droplet, the droplet was optically driven across
the SCOEW device surface by a moving dark pattern. This
process created a shear force from the bottom, which caused
an internal flow to induce droplet mixing.

J. Name., 2013, 00, 1-3 | 9
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Fig. 9 Various light-driven droplet manipulations with the SCOEW. Experimental demonstrations of continuous transportations of a water droplet in a volume of (a) 50 pL and (b)
250 pL by simply adjusting the size of a dark pattern. (c) To realize the requirement of a low-intensity light source, actuation of a 0.5 pL droplet on an LCD display was conducted.
Other droplet manipulation functions such as (d) splitting of a 1 pL droplet and (e) merging and mixing of two droplets (0.5 pL and 2 pL) were also demonstrated. Reproduced with

permission from Ref. £,

The SCOEW'’s capability for integration with other
microfluidic components on a single-sided surface has also been
demonstrated. For example, the schematic illustration in Fig.
10(a) depicts an external sample reservoir being integrated with
a SCOEW device through a pin connector. With dynamic optical
patterns being programmed onto the SCOEW device, droplet
injection can be triggered from the sample reservoir. Fig. 10(b)
shows video snapshots of the light-triggered droplet injection,
where 2.5 pL water droplets were being continuously injected
from the sample reservoir into a SCOEW chamber at a constant
speed of 1 mm/s. To highlight precise droplet volume
dispensing on the SCOEW, digital images of the injected
droplets were analyzed with an image processing toolbox (using
MATLAB). As indicated in Fig. 10(c), it was examined that there
was less than 1% in volume variation between the injected
droplets. Further demonstrations on parallel light-triggered

droplet injection were presented in Fig. 10(d). Using two dark
bar conveyors moving at the speed but with different
periodicities, 1.8 uL (top conveyer) and 0.9 pL droplets (bottom
conveyor) were continuously injected from two separate
reservoirs and successfully transported along the SCOEW
surface.

Later, Shekar et al. developed another SCOEW device
using a 25 nm thin Al,O; layer as a dielectric.>2 This dielectric
layer helped to increase the effective capacitance of the
dielectric region, thereby reducing the required threshold
voltage for droplet manipulation by as much as 2 orders. The
device was patterned with multiple electrodes for multi-
directional droplet manipulations. By using a 1.5 W/cm? optical
projector with a lateral electric field of 24 V/cm, a maximum
transportation speed of 12 mm/s can be achieved with a 20 pL
droplet. More recently, Liu et al. demonstrated

Continuous
droplet dispensing

Fig. 10 The SCOEW’s capability for flexible integration with other microfluidic components. (a) A schematic drawing of an external sample reservoir being integrated with the
SCOEW for light-triggered droplet injection. (b) 2.5 pL droplets being continuously injected from the sample reservoir into a SCOEW chamber. (c) Image analysis of the injected
droplets with less than 1% in volume variation, demonstrating precise volume control of the SCOEW. (d) Experimental demonstrations of parallel light-triggered droplet injection
from two external reservoirs, where 1.8 pL (top conveyer) and 0.9 uL droplets (bottom conveyor) were continuously injected and transported along the SCOEW surface with different
periodicities. Reproduced with permission from Ref. &,
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Fig. 11 Light-driven 3D droplet manipulations with flexible SCOEW technology. (a) Experimental demonstrations of droplet transportations on various 3D terrains such as flat,
vertical, and upside-down surfaces. (b) 3D droplet transportation was also achieved on a curved surface. (c) Droplet-based functions of merging and splitting on a curved surface are
also demonstrated. Black arrows indicate locations of the projected dark patterns. Reproduced with permission from Ref. %,

multidimensional droplet manipulation along arbitrary
directions on a SCOEW device by projecting Z-shaped optical
patterns.8! In experiments with an applied electric field of 80
V/cm (in the x-direction), an 8 uL droplet can be transported in
the y-direction (perpendicular to the direction of the electric

field) at a maximum speed of 4.86 mm/s.

4.2 Flexible SCOEW device for 3D droplet manipulation

With technological advances in EWOD over the past few years,
research attentions have been further extended to three-
dimensional (3D) spatial control of droplets on a non-planar
EWOD surface. Not only can this 3D EWOD technology allow
larger volumetric capacities but also provide much more
flexibility and functionality than two-dimensional (2D) planar
devices. Relevant studies to 3D EWOD technology have been
widely demonstrated, including droplet actuation on uneven
terrains,8284 vertical translation,?>%8 droplet jumping,8°-°? even
in the form of wearable wristbands for portable point-of-care
(POC) applications,®® °* and new fabrication methods of 3D
devices.?>?7 Despite such numerous works on 3D EWOD
technology, it was challenging for OEW researchers to
demonstrate light-driven 3D droplet manipulations on flexible
substrates due the incompatibility of depositing
photoconductive materials that have been commonly used for
previous OEW devices onto flexible substrates. Park’s group has
recently presented a flexible SCOEW technology to overcome
this critical issue by utilizing a polymer-based photoconductive
material.>0

As discussed earlier, all previous OEW studies have used
the a-Si material to provide a photoconductive property.*7- 5358
74-80 However, an issue associated with the a-Si is the
requirement of conventional integrated circuit (IC) processes
such as chemical vapor deposition (CVD) or plasma enhanced
chemical vapor deposition (PECVD) for its thin-film layer
deposition.?®100 These IC fabrication processes typically require
complex and expensive laboratory setups like high vacuum
facilities and have to be operated at high temperatures of over
300 °C.100, 101 Nevertheless, most of the commercially available

This journal is © The Royal Society of Chemistry 20xx

flexible substrates such as polyethylene terephthalate (PET) and
polyethylene naphthalate (PEN) detrimentally experience
thermal deformation under such high-temperature conditions
over 300 °C.102, 103 Thjs compatibility issue has seriously
prevented OEW devices from being fabricated on flexible
substrates for 3D droplet applications. Jiang et al. overcame
such a compatibility issue by substituting the a-Si material with
titanium oxide phthalocyanine (TiOPc), which is a polymer-
based photoconductive material.>° The use of the TiOPc as a
photoconductive material has simple
fabrication on a flexible substrate via a low-cost, spin-coating
method, thereby fully eliminating the need for complex and
expensive high-temperature processes such as CVD or PECVD.
The concept of the flexible SCOEW technology has been
experimentally demonstrated, as presented in Fig. 11. In Fig.
11(a), liquid droplets were optically manipulated on various

enabled device

types of 3D terrains, including a flat surface (an inclined angle,
¢ = 0°), a vertical surface (¢ = 90°), as well as an upside-down
surface (¢ 180°). 3D droplet transportation on a curved
surface was experimentally demonstrated in Fig. 11(b). In
addition. The SCOEW’s capabilities for droplet merging and
splitting have been further demonstrated on a 3D curved
surface (Fig. 11c).
Previous OEW

studies have typically focused on
experimental demonstrations of droplet actuation in the
various device configurations, while Jiang et al. have
interestingly discussed about analytical studies to estimate the
light-induced EWOD force.>° This analytical prediction helped us
to understand an optimum size of the dark pattern relative to
the droplet size at a given value of b (i.e., a photoconductivity
ratio) to maximize an OEW force. With the small values of b less
than 10, which represents low-quality photoconductive
materials or low-intensity light illumination, the OEW force can
be peaked by a dark pattern in a half size of the droplet size. As
the value b increases, the force sharply raises up even at a small
pattern size. This is because the small dark pattern is sufficient
in creating a large voltage drop to maximize the OEW force due
to the large conductivity change between photo and dark states,
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Fig. 12 Plasmonic-enhance SCOEW technology. (a) Plasmonic nanoparticles are used to improve light absorption in the photoconductive layer of a SCOEW device. (b) With the
presence of a nanoparticle layer, light that are not absorbed by the TiOPc active layer will undergo plasmonic light scattering. As a result, their optical path lengths increase over a
wide angular spread as more light rays are redirected back onto the TiOPc layer, enhancing light absorption and OEW performance. Reproduced with permission from Ref. 107,

when the b value is high. For example, when b = 103,
representing high-quality photoconductive materials or high-
intensity light illumination, the OEW force is estimated as high
as 45 pN (>11-fold larger compared to when b = 5) by projecting
the dark pattern as wide as a tenth of the droplet size.

Drawbacks

With the use of the TiOPc as a photoconductive material, the
flexible SCOEW technology can offer several benefits over
previous OEW devices, such as low-cost and simple device
fabrication, device flexibility and functionality through 3D
spatial droplet manipulations on non-planar terrains. However,
it has one critical drawback with regards to its low-quality
photoconductive property. As reported in previous OEW
studies,*” 0 the photoconductive performance of the TiOPc is
not as significant as the a-Si. In the other word, the b value of
the a-Si is in the magnitude of a few orders, whereas that of the
TiOPc is in the range of a few folds. This poor photoconductive
property of the TiOPc material is caused by its limited charge
carrier mobility and low exciton diffusion length at the
donor/acceptor interface.10% 105 To facilitate charge transport, a
thin layer of TiOPc is required. However, a thin TiOPc layer will
result in insufficient light absorption.1% This greatly reduces the
effect of optical activation on the OEW device, which results in
a much smaller OEW force induced as compared to high-quality
photoconductors like the a-Si. Hence, OEW devices would not
be able to operate effectively as droplet manipulation tools.
This limitation in light absorption associated with the TiOPc has
been later overcome by utilizing plasmonic nanoparticles, which
will be detailed in the next section.

4.3 Plasmonic-enhanced SCOEW

Thio et al. have developed a plasmonic-enhanced SCOEW
technology to offer significant improvements in light absorption
of the TiOPc by using metal nanoparticles.1%” For this study, the

12 | J. Name., 2012, 00, 1-3

device was fabricated to have metal nanoparticles randomly
dispersed on top of the TiOPc layer via a spin-coating method
before deposition of a hydrophobic-coated dielectric layer, as
illustrated in Fig. 12. With the presence of nanoparticles, light
rays that have been transmitted (i.e., did not get absorbed)
through the TiOPc active layer will undergo plasmonic light
scattering, which effectively increases their optical path length
over a wide angular spread within the TiOPc layer. Thus, more
light rays can be redirected back onto the TiOPc layer and result
in a significantly enhanced light absorption to improve a photo-
state conductivity of the TiOPc. On the other hand, the dark-
state conductivity of the TiOPc at the dark illuminated area
remains unchanged. This enhanced conductivity switching
performance (b = Ophoto / Odar) Of the TiOPc can enlarge OEW
performance with much larger forces.

Several numerical simulation studies have supported the
phenomenon of plasmonic light scattering and redirection back
onto the TiOPc layer by adding a layer of conductive
nanoparticles. Fig. 13(a) presents how the optical path lengths
of incoming light rays have been increased after being scattered
by a single metallic nanoparticle (50 nm in a diameter) over a
wide angular spread. The scattered light intensity of each ray
matches well with the Rayleigh theory, which attributes light
absorption of a nanoparticle to its angular dependence on
plasmonic light scattering.1°% 10° From another simulation study,
Fig. 13(b) and (c) depict a total of 20 000 input light rays being
iluminated onto an array of uniformly distributed conductive
nanoparticles in 3 staggered layers. Results have shown that
only 22.05% of the input power emerged out from the top of
the nanoparticle array as transmitted rays (Fig. 13d), while
69.95% of the input power were detected from the bottom as
scattered rays. The remaining 8% of the input power were
accounted by the power lost due to the angular-dependent light
absorption properties by the nanoparticles (as described in Fig.
13a) as well as the continued propagation of rays within the

This journal is © The Royal Society of Chemistry 20xx
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conductivity. Reproduced with permission from Ref. 110,

nanoparticle arrays. These simulation studies demonstrated
how input rays are angularly scattered by the nanoparticle
before being redirected back onto the TiOPc layer to
additionally contribute to the layer’s light absorption and
photo-state conductivity.

The plasmonic-enhanced OEW performance was also
experimentally demonstrated. In Fig. 14(a), a
spectrophotometric absorbance study indicated the dramatic
enhancement in light absorption of the TiOPc layer with the use
of thicker layers of Al nanoparticles (at 2 wt% concentration).

Another study on a droplet’s static contact angle verified that
an increasingly larger contact angle modulation can be attained
with higher nanoparticle concentrations, showing as much as
58.9° (i.e., AG = 126.7° - 65.8°) more contact angle modulation
than the case without nanoparticles (Fig. 14b). These two
experimental studies demonstrated that the thicker or denser
layer of the nanoparticles, the more optical absorption onto the
TiOPc layer and the more contribution to an electrowetting
effect. Lastly, a light-driven droplet dynamics study in Fig. 14(c)
recorded a droplet instantaneous speed as high as 12.5 mm/s
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Fig. 14 Experimental demonstrations for plasmonic-enhanced SCOEW. (a) Spectrometric absorbance of a TiOPc layer when 2.0 wt% Al nanoparticles are randomly dispersed at
various thicknesses. Light absorption has been greatly enhanced because of plasmonic light scattering from the nanoparticles. (b) Measurements of a droplet’s static contact angle
indicating that a larger contact angle modulation can be attained with higher nanoparticle concentrations. (c) Light-driven droplet dynamics demonstrating a droplet speed as high
as 12.5 mm/s due to the presence of nanoparticles, which is 39 times faster than the case without the use of nanoparticles. Reproduced with permission from Ref. 107,
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Fig. 15 The smartphone integrated optoelectrowetting platform (SiOEW). The SiOEW platform is able to perform on-chip water sample preparation and on-site monitoring of water
quality. The smartphone is used to project low-intensity light patterns onto a SCOEW device for OEW-based droplet manipulation. At the same time, the smartphone allows on-chip
fluorescent microscope for the detection of target algae cells in water samples by mounting several optical components above its built-in camera to form a reversed lens microscope.
Finally, the smartphone can rapidly share its location and the captured data with a central host (e.g., an environmental agency). Reproduced with permission from Ref. %6,

with the presence of nanoparticles, which is 39 times faster
than the case without any use of nanoparticles.

The plasmonic-enhanced OEW technology
conductive nanoparticles to induce plasmonic light scattering
onto the TiOPc layer, thereby enlarging its light absorption and
photo-state conductivity. This technology provides a
significantly improved OEW performance for effective light-
driven droplet manipulation even with a poor-quality TiOPc
layer, thus offering cost effectiveness of devices in numerous
potential droplet microfluidic applications.

utilizes

5. OEW applications as portable smartphone-
integrated environmental sensors

Water is the most essential resource for all living forms on Earth.

There are various species in water systems even including
viruses and bacteria. Timely detection of any hazards (e.g., toxic
dinoflagellates, Vibrio spp., etc.) existing in water systems as
well as rapid communication of relevant information with a
central host are very important to properly manage water
quality without contamination and pollution of water
systems.!11. 112 However, conventional methods are inefficient,
costly, and labor-intensive, requiring large volumes of water
samples and time-consuming laboratory-level examinations for
water quality detection.113-115> To address these issues, several
smartphone-integrated SCOEW studies have been proposed. In
this section, the emergence of OEW technology as smartphone-
integrated portable biosensors will be introduced for
environmental applications.

5.1 A smartphone-based fluorescent microscope for real-time
and on-site detection of harmful algae cells

With the SCOEW'’s simplicity,
effectiveness, versatility, and flexibility, Jiang et al. developed a
smartphone-integrated optoelectrowetting (SIOEW) device to
offer a portable method that is low-cost and simple for on-site

benefits of device cost
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water quality detection.’® Fig. 15 shows a schematic of the
SiIOEW platform to work as a portable fluorescence microscope
for on-site detection of target cells in environmental water. A
commercially available smartphone, which is placed below the
SCOEW device, was being utilized as a low-intensity portable
light source (a few orders lower intensity than lasers and optical
projectors used for previous OEW studies) to illuminate
dynamic optical patterns onto a photoconductive surface of the
device. Using the OEW principle, various droplet-based
microfluidic functions (e.g., transportation, mixing, and
immobilization on a hydrophobic-coated detection zone) were
carried out for on-chip processing of water samples.

To equip the SIOEW with the capability for on-chip
fluorescence microscopic detection of the target algae cells in
water samples, a reversed smartphone lens microscope was
developed using two identical smartphone lens modules and a
green bandpass filter inserted between the lens modules.!16
This reversed lens microscope has ensured a full coverage of the
smartphone’s complementary metal-oxide-semiconductor
(CMOQOS) sensor due to the perfectly matched angular field of
views of the identical lens modules. With the presence of a blue
LED light bulb for fluorescent excitation, the only stained target
cells in water samples are detected by a smartphone’s built-in
digital camera after passing through the reversed lens
microscope that allows up to 45x magnification for on-chip
water quality analyses. Additionally, the smartphone is
equipped with various functions such as wireless
communications and global positioning system (GPS) capability.
These capabilities allow captured data (e.g., location tracking,
time of test conducted) to be shared instantly and wirelessly
with a central host (e.g., an environmental regulation agency)
for real-time monitoring and management of water quality.

To further improve device portability for on-site water
quality detection, Lee et al. developed a 3D-printed hand-held
SIOEW platform, where various optical and electrical
components such as smartphone, external lens module, voltage

This journal is © The Royal Society of Chemistry 20xx
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freshwater sample spiked with C. reinhardtii and (c) marine water sample spiked with Amphiprora sp. captured by an integrated smartphone. (d) Cell counting comparison between
a regular microscopy method using a hemocytometer and the SIOEW approach, showing cell populations in the same orders. Reproduced with permission from Ref. 117,

source and a SCOEW device were compactly assembled
together (see Fig. 16a).117: 118 This hand-held SIOEW platform is
capable of performing on-chip water sample preparation as well
as rapid and in-situ monitoring of viable algae in water samples
directly collected from local reservoirs and coastline. For
experimental demonstrations of on-chip fluorescent
microscopic detection, Fig. 16(b) and (c) present the digital
images of harmful algae cells in freshwater sample spiked with
C. reinhardtii and marine water sample spiked with Amphiprora
sp. that were captured by a smartphone’s digital camera. A
smartphone app was further used to count the populations of
the harmful algae cells in water samples. In Fig. 16(d), a cell
counting comparison between a regular microscopy method
(i.e., using a hemocytometer) and the SIOEW approach was
presented. The measured cell population data show that the
3D-printed SiIOEW platform can provide comparable results for
the target cell counting in the the
hemocytometer.

same orders as

5.2 A lab-on-a-smartphone (LOS) platform for on-site detection of
fecal contamination in water via LAMP assay

Being able to provide rapid and on-site detection of waterborne
pathogens in environmental waters essentially safeguards the
public health from the dangers of fecal contamination. In recent
years, Thio et al. developed another smartphone-integrated
SCOEW platform, called a lab-on-a-smartphone (LOS), as a
portable, low-cost, and fully integrated system that enables
rapid, in-situ monitoring of fecal indicator bacteria (FIB) and
their associated pathogens in environmental water without the
need for sophisticated laboratory equipment or skilled
personnel.>> The LOS was developed as a portable platform
where three main components, a plasmonic-enhanced OEW
device, a transparent heater, and a commercially available
smartphone, are compactly integrated to eliminate the need of
auxiliary optical and mechanical components (e.g., pumps and

This journal is © The Royal Society of Chemistry 20xx

tubes to feed individual reagents, microscope and CCD camera
for microscopic analyses) typically required for a conventional
lab-on-a-chip (LOC) setup. As shown in Fig. 17(a) and (b), a
plasmonic-enhanced OEW device performs pumpless and
tubeless droplet manipulations for on-chip water sample
preparations of fecal indicator bacteria (FIB) and corresponding
LAMP mixture in an oil chamber. Secondly, the integration of a
transparent heater to the bottom surface of the plasmonic-
enhanced OEW device equips the LOS platform with the
capability to conveniently perform LAMP assays for in-situ
analysis of water quality. This enabled on-chip isothermal
nucleic acid amplification at 65 °C without bulky and expensive
equipment like a thermal cycler (Fig. 17c). Lastly, various
features on the integrated smartphone can eliminate the need
for auxiliary equipment and components. For example, a
smartphone’s display screen serves as a low-intensity light
source to project dynamic light patterns onto a
photoconductive surface of the plasmonic-enhanced OEW
device for effective optical manipulation of oil-immersed water
samples. Due to the single-sided, open-chamber configuration
of the LOS, the smartphone can also be easily integrated as a
portable optical detector to conveniently implement on-chip
molecular detection of FIB (Fig. 17d). For a real-time
colorimetric assessment of the LAMP assay results, the
smartphone’s built-in camera was first used to capture digital
images of the target water samples. Next, its image processing
app was further used for quantitative analysis of time-
dependent color changes of the target samples by computing
their red-green-blue (RGB) values.

Fig. 18(a) shows an experimental demonstration of on-
chip E. coli sample processing on a plasmonic-enhanced OEW
device, where two droplets of 1.0 uL freshwater spiked with E.
coli DNA and a 1.5 puL LAMP mixture were successfully merged,
transported, and mixed when dynamic optical patterns were
projected from a smartphone placed below. Fig. 18(b) presents
the digital images of the droplet taken at 10 min intervals

J. Name., 2013, 00, 1-3 | 15
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Reproduced with permission from Ref. 5.

throughout the entire duration of the LAMP reaction using a
smartphone’s digital camera. The positive LAMP assay showed
the color of the reaction mixture gradually changed from pink
to yellow, indicating a successful DNA amplification. Using the
smartphone’s app, this colorimetric observation was further
quantified via the time-dependent RGB-based analysis. A
distinct difference in its RGB values was quantitatively indicated
to validate the successful amplification of the target DNA
sequence.

A SCOEW device can perform on-chip sample preparation
effectively with multiplexed droplet manipulation functions.
The integration of a smartphone with the OEW technology
promises a simple yet powerful, portable LOS platform that can
be greatly beneficial for numerous environmental applications.
This LOS platform is potentially useful for in-situ microbiological
monitoring of environmental water due to its ability to deliver
rapid and reliable test results in resource-limited settings
without requiring any bulky and complex laboratory equipment
or skilled personnel.

6. Conclusion and outlook

OEW technologies have been emerging as solutions for
effective light-driven droplet manipulations with the benefits of
device functionality, reconfigurability, adaptability, and cost
effectiveness and showing great promises for various lab-on-a-
chip applications. This review paper presents the fundamentals,

16 | J. Name., 2012, 00, 1-3

research progresses and innovations of OEW technologies.
Conventional OEW-based devices can be categorized into: (1)
early-stage OEW, (2) COEW, and (3) o-OEW. These OEW-based
devices have a similar droplet actuation principle, whereby the
optical addressing onto a photoconductive surface modifies its
electrical impedance and shifts majority of the voltage drop to
the dielectric layer to induce a localized electrowetting effect.
In early-stage OEW devices, a liquid droplet is sandwiched
between two parallel plates, with the bottom plate consisting
of an OEW surface and an array of 2D patterned electrodes.
However, it has several drawbacks, including complexity in
device fabrication and difficulty of interfacing with other
microfluidic components. In COEW, the patterned electrodes
have been replaced by a continuous (featureless)
photoconductive layer, where virtual electrodes can be created
on the photoconductive layer upon light illumination. This
allows continuous transportation of liquid droplets and
eliminates the issue with droplet size limitation. However,
COEW devices still face similar fabrication complexity and
interfacing difficulty due to their sandwiched configuration.
Such a deficiency was eliminated in o-OEW by adopting an open
(single-sided) configuration. Nevertheless, like the conventional
OEW, the physically patterned electrodes give rise to the issues
of device extensibility and flexibility by limiting the minimum
droplet size to be manipulated.

Further innovations to OEW-based devices have been
investigated. Notably, the development of the SCOEW

This journal is © The Royal Society of Chemistry 20xx
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Fig. 18 Experimental demonstrations on the LOS. (1) On-chip E. coli sample processing with a 1.0 pL freshwater droplet spiked with E. coli DNA and a 1.5 pL droplet of LAMP mixture.
(b) LAMP assay results and smartphone-based colorimetric detection. Reproduced with permission from Ref. 5.

eliminates the limitations due to its single-sided open
configuration structure, continuous photoconductive layer, and
no pixelated electrodes. The lateral field modulation in the
SCOEW allowed the use of low-intensity light sources such as an
LCD display for optical droplet manipulations without any
additional optical components. Next, the introduction of the
flexible SCOEW technology, which utilized the polymer-based
TiOPc as a spin-coatable photoconductive material, offers
several benefits over previous OEW devices, such as low-cost
simple device fabrication, device flexibility and functionality by
allowing light-driven 3D droplet manipulations on a flexible
substrate. Additionally, the use of plasmonic nanoparticles
further enabled to improve OEW performance by enhancing
light absorption and photo-state conductivity of the TiOPc layer.
The plasmonic-enhanced SCOEW technology has demonstrated
improvement in droplet actuation speed by as much as 39 folds.
With the benefit of effective optical droplet manipulation,
recent progresses have seen OEW devices being incorporated
with commercially available smartphones. Not only was a
smartphone’s display used as a portable, programmable, and low-
intensity light source for automated OEW droplet manipulations,
but also the vast capabilities of a smartphone and its wide range
of mobile apps allow it to work as an optical detector or a
convenient tool for instant wireless communication of the
detected information. Such capabilities enable smartphone-
integrated OEW devices to be reliable and portable environmental
sensors. This paper further reviews the plasmonic-enhanced
OEW device integrated with a smartphone, which has been
developed as portable biosensors that are capable of
performing accurate fluorescence microscopic detection
harmful algae cells as well as LAMP assays for rapid and in-situ
monitoring of fecal contamination in environmental waters.
Although the OEW technology has shown great promises
for potential LOC applications, it still has room for even further
developments if given considerable time and efforts. More
research efforts can be made to further improve several aspects

This journal is © The Royal Society of Chemistry 20xx

of the OEW technology, including low-cost fabrication
techniques, reliable device operation, and effective droplet
manipulation with low voltage and low power optics
requirements. Likewise, the OEW technology can be further
optimized to allow parallel manipulations of even larger arrays
of liquid droplets, thereby massively boosting its functionality in
environmental sensing applications. Moreover, by continuously
tapping into the vast capabilities of a smartphone, the
smartphone integrated OEW technology has the potential to
develop into low-cost, portable biosensors for a broad range of
future environmental and biomedical applications.
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Table 1: Table of comparison for various OEW technologies and devices
Light Applied voltage &
OEW Platform Droplet size Light source . - . frequency (AC)/ Active chip area  Actuation speed Reference
intensity oL
Electric field (DC)
200V, . o
Early-stage OEW 1.6 uL Laser (532 nm) 636 mW/cm? 500 Ha lcmx1lcm 7 mm/s Chiou et al.
200V, . 2
Early-stage OEW 0.4 pL Laser (532 nm) 636 mW/cm? 500 Hy lcmx1lcm 78 mm/s Chiou et al.
HeNe laser (632 ) 200 V,, Chiouetal.
COEW 10-50 pL nm) 254 W/cm 10 — 30 kHz Not stated 1mm/s Chiou et al. 7
) ) 52 Vi, .
COEW 5nL-2pL Optical projector 1.38 W.cm? 10 kHz 1.5cmx1.1cm 2cm/s Peietal. 8
12.5nL
(droplet) 40V,,, 10 kHz (OEW) 8 mm/s (OEW)
’ : ) opr 58
COEW + OET 10 um Optical projector 1.38 W/cm 10V, 200 kHz (OET) Not stated 60 pm/s (OET) Valley et al.
(beads)
Hela cells
) ) 188V, .
COEW 4 pL Optical projector Not stated 500 Ha Not stated 39 um/s Yuetal.
0-OEW Not stated Laser (670 nm) 15 mW/cm? :(2)3/:'; Not stated 3.6 mm/s ghuang etal.
’ ’ ) 53 Vims 51
0-OEW 1uL Optical projector 1.5 W/cm 10 kHz 1cmx1.5cm 4.5cm/s Loo etal.
250 pL ) . 102 um/s
SCOEW 0.5 uL ?(?SIZ?SI p|;0]ect0r Not stated Not stated (DC) Sacr';'l (electrode 510 um/s Park et al. 30
50 L piay gap 17.5 mm/s
SCOEW 200l Optical projector 1.5 W/em? 120V (DC) Z:F;’ (electrode 12 mm/s Shekar et al. 52
SCOEW 8L Optical projector ~ Not stated 200V (DC) 25 cm (electrode  4.86 mm/s Liu et al. ®
gap) (y-direction)
Flexible SCOEW 3puL Optical projector 13.6 mW/cm? 30 V/mm (DC) Not stated 3.3mm/s Jiang et al. 30
. 12.5 mm/s
Plasmonic-enhanced 1L Optical projector 13.6 mW/cm? 100 V/mm (DC) 2 cm (electrode (instantaneous Thio et al. 17
SCOEW gap)
speed)
SCOEW 5puL Smartphone 140 pW/cm? 35 V/mm (DC) ;ac:; (electrode 2.5mm/s Jiang et al. 3¢
SCOEW 1uL Smartphone 140 pW/cm? 120 V/mm ;ac:; (electrode 2 mm/s Lee etal. 7
Plasmonic-enhanced ) 4 cm (electrode ) ss
SCOEW 2.5puL Smartphone 140 pW/cm 100 V/mm gap) 1.21 mm/s Thio et al.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 21

Please do not adjust margins




