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The rapid development of micromanipulation technologies has opened exciting new opportunities for
the actuation, selection and assembly of a variety of non-biological and biological nano/micro-objects
for applications ranging from microfabrication, cell analysis, tissue engineering, biochemical sensing,
to nano/micro-machines. To date, a variety of precise, flexible and high-throughput manipulation
techniques have been developed based on different physical fields. Among them, optoelectronic
tweezers (OET) is a state-of-art technique that combines light stimuli with electric field together by
leveraging the photoconductive effect of semiconductor materials. Herein, the behavior of micro-
objects can be directly controlled by inducing the change of electric fields on demand in an optical
manner. Relying on this light-induced electrokinetic effect, OET offers tremendous advantages in
micromanipulation such as programmability, flexibility, versatility, high-throughput and ease of
integration with other characterization systems, thus showing impressive performance compared to
those of many other manipulation techniques. A lot of research on OET have been reported in recent
Received 6th May 2022 years and the technology has developed rapidly in various fields of science and engineering. This work
DOI: 10.1039/d2¢s00359g provides a comprehensive review of the OET technology, including its working mechanisms, experi-
mental setups, applications in non-biological and biological scenarios, technology commercialization

rsc.li/chem-soc-rev and future perspectives.

of this technology and its scientific impact. Although optical
tweezers are a useful and powerful tool, there exist several
Optical micromanipulation is a family of technologies that use challenges. For example, optical tweezers are only capable of

1. Introduction

light to trap and actuate tiny objects. The first optical micro-
manipulation technology, later named optical tweezers, was
invented by Arthur Ashkin in the 1980s." Since then, optical
tweezers have been widely used in many fields of physical,*™*
chemical’*™*® and biological sciences,'® ' fundamentally shap-
ing the experimental study in the microscopic world. In 2018,
the Nobel Prize in Physics was awarded to Arthur Ashkin for the
invention of optical tweezers,** demonstrating the significance

reliably actuating small objects (from nanometer size up to a
few tens of microns); this fundamental limit is a result of the
diminutive forces of optical tweezers, which are on the order of
picoNewtons (10~ ** N). Additionally, optical tweezers can only
manipulate objects that are transparent to the light beam,
which sets a firm limit on the materials of the objects. Last
but not least, optical tweezers require the use of high numerical
aperture lens and sophisticated beam-shaping optics, and also
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can induce a detrimental photothermal effect in biological
samples. These challenges are substantial and are at least part
of the reason that optical tweezers are still mostly used for
niche and high-end applications in research labs.

Inspired by optical tweezers and also driven by the need to
overcome the aforementioned challenges, substantial research
efforts have been devoted to the development of other optical
micromanipulation technologies, including optothermal
tweezers,”2® plasmonic tweezers,”*>* optoacoustic tweezers,**>*°
and optoelectronic tweezers (OET).””** Among these technologies,
OET is a promising one that has shown superior performance in
many aspects,”” ** and attracted much attention since its inven-
tion by Ming C. Wu and co-workers (Pei-Yu Chiou, Aaron
T. Ohta) in 2005.** OET is a powerful opto-electro-fluidic
technology that utilizes light-induced electrokinetic force to
control and actuate nanoscale and microscale objects. OET
combines the merits of photonics and electronics, and provides
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a user-friendly tool that enables flexible and parallel micromani-
pulation. Different from optical tweezers which rely on coherent
laser light sources, a standard LED light source combined with a
digital micromirror device (DMD) is mainly used in OET systems.
DMD can modulate the LED light and generate programmable/
animated light patterns on demand. By using an optical micro-
scope, the light patterns can be projected onto a photoconductive
substrate of an OET device. In the dark, the photoconductive
substrate has high impedance and behaves like a resistor; when
light is projected onto the photoconductive substrate, its impe-
dance drops significantly due to the photoelectric effect and it can
be seen as a conductor. Therefore, “light-induced virtual electro-
des” can be formed by projecting light patterns to create illumi-
nated and dark regions on the photoconductive substrate of an
OET device. The “light-induced virtual electrodes” can generate a
non-uniform electric field in the liquid medium to interact with
the samples, producing electrokinetic force that controls their
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positions. More importantly, the distribution of the non-uniform
electric field can be directly controlled by the light patterns
projected on the photoconductive substrate, which allows flexible
and rapid manipulation of many targets simultaneously. Com-
pared to optical tweezers, OET supports massively parallel manip-
ulation (e.g. 10000 traps at the same time),** and in addition can
exert a much stronger manipulation force for a given intensity of
light.***> Therefore, OET can be used for applications that optical
tweezers typically can not be used, such as massively parallel
manipulation of many targets simultaneously and moving objects
with a big size range from several tens of nanometers to several
hundreds of micrometers. In addition, OET does not require a
coherent light source and can work with a low light power density
(less than 1 W em™?). This feature makes OET an ideal tool to
manipulate heat-sensitive biological samples compared with other
heat-assisted optical micromanipulation technologies. To date,
there are demonstrations of OET manipulation of many different
kinds of nano-/micro-objects for important applications in biology,
chemistry and engineering physics.>”**

Here in this work, we present a comprehensive review of the
fundamentals, recent advances and state-of-the-art applications
of OET technology. As shown in Fig. 1, we first summarize OET
devices based on different photoconductive materials and explain
their working mechanisms. Second, we introduce the use of OET
for the assembly of non-biological objects for applications in
sensing and fabrication. Third, we describe the use of OET for
different biomedical research. Next, we summarize the integration
of OET with microfluidic technologies and platforms. Finally, we
overview the recent progress in the commercialization of OET
technology for pharmaceutical applications, and discuss its cur-
rent challenges and future perspectives.

2. Fundamentals of OET

OET can trap and manipulate nano/micro-scale objects via
locally generated electrokinetic force by imaging light patterns
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on semiconductor photoconductive substrates. Over the past
decade, substantial research efforts have been devoted to develop
OET with different materials, structures, and functions, making
them a highly versatile manipulation toolbox for different appli-
cations and scientific studies. In this section, we will introduce
OET technology with different device structures, diverse experi-
mental setups, and different working mechanisms.

2.1 Categories of OET devices

OET devices can be classified into two main categories based
on their operating principles. The first category is known as
the standard OET device, which requires the use of an external
voltage supply; the second category is known as photovoltaic
OET (PVOET), which does not require an external voltage
supply. More details of the standard OET and PVOET will be
presented in the following section.

2.1.1 Standard OET device. Standard OET can be further
classified into two sub-categories, vertical OET (VOET) devices
and lateral OET (LOET) devices,® as shown in Fig. 2(a) and (b),
respectively. A VOET device consists of two plates, which are
glass slides deposited with an indium tin oxide (ITO) layer. The
bottom plate has an extra layer made of a photoconductive
material on top of the ITO and the two plates are assembled
together via a spacer to form a chamber [Fig. 2(a)]. After
applying an external bias across the two plates, a vertical
electric field is formed inside the device chamber (vertical to
the device substrate), in which the micromanipulation is per-
formed. VOET devices are widely used for OET research and
over 90% of the published work on OET is based on VOET
devices (unless otherwise specified, OET in this review article
refers to VOET). Shown in Fig. 2(b) is a schematic of an LOET
device, which consists of two plates. The top plate is a glass
substrate (without an ITO layer) and the bottom plate is a glass
substrate coated with ITO and a photoconductive layer. Different
from VOET, the ITO on the bottom plate of the LOET device
is patterned into interdigitated structures. An external bias is
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Fig. 1 Schematic illustration of four aspects of OET, including electrokinetic mechanisms, device structures, applications and the commercialization of

the technology.

applied between the interdigitated ITO structures on the
bottom plate and the induced electric field is oriented parallel
to the device substrate (i.e., laterally).**™*° This lateral electric
field provides micromanipulation force in the LOET device.
Compared with VOET, LOET devices require additional micro-
fabrication of the interdigitated electrodes and also have a
small working area due to the limited space between the
interdigitated electrodes. More importantly, light can only
change the distribution of the electric field adjacent to the
interdigitated electrodes in LOET devices, making it difficult to
move objects freely in the XY plane. Therefore, most research
studies on OET use VOET devices instead of LOET devices.
However, for some specific applications such as nanowire
manipulation,* LOET devices are used because the LOET
electric field polarizes the nanowires along the XY plane and
make them lay on the LOET bottom plate. In this case, the
nanowires can be easily visualized and rotated along the XY
plane.*’

OET relies on the unique features of the photoconductive
layer, which are made of different photoconductive materials.
Due to the photoelectric effect, photoconductive materials can

9206 | Chem. Soc. Rev,, 2022, 51, 9203-9242

absorb light and harvest the photonic energy and transfer it
into electric energy. During this process, the electron and hole
pairs are generated in the illuminated region of the photo-
conductive materials, leading to a drop in its conductivity.
Therefore, to some extent, the illuminated region of the photo-
conductive materials can be regarded as a conductor while the
dark region of the photoconductive materials can be regarded
as an insulator. The conductivity differences between the two
regions lead to the generation of the DEP manipulation force in
the OET system. As shown in Fig. 2(a), hydrogenated amor-
phous silicon (a-Si:H) can be used to form the photoconductive
layer of an OET device. a-Si:H is a silicon-based inorganic
semiconductor material that is widely used for photovoltaic
applications. It can be deposited via plasma-enhanced chemical
vapor deposition (PECVD) in a cleanroom facility. Apart from
a-Si:H, organic photoconductive materials, such as titanyl phthalo-
cyanine (TiOPc)>*>* and bulk heterojunction (BHJ) polymer,> >
were also explored for OET research, as shown in Fig. 2(c). These
organic photoconductive materials can be dissolved in organic
solvent and spin-coated on ITO substrates to form the photo-
conductive layer of the OET device. OET devices based on

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 OET structures. (a) Schematic of a vertical OET device (with a thin layer of a-Si:H). (b) Schematic of a lateral OET device (with a thin layer of a-Si:H).
(a and b) Reproduced from ref. 46 with permission from IEEE, copyright 2009. (c) Schematic of an OET device with a thin photoconductive layer made of
TiOPc. Reproduced from ref. 51 with permission from American Institute of Physics, copyright 2011. (d) Photoconductivity per unit area of the
phototransistor and the a-Si:H as a function of optical intensity. (e) Schematic of a phototransistor-based OET device. (d and e) Reproduced from ref. 56
with permission from Royal Society of Chemistry, copyright 2010. (f) Schematic of a photovoltaic OET device. Reproduced from ref. 59 with permission

from American Institute of Physics, copyright 2007.

organic photoconductive materials are cost-effective and easy to
fabricate in a cleanroom-free environment, but suffer from larger
surface roughness and lower photo/water-stability.

Although OET devices based on a-Si:H or other organic
photoconductors have been demonstrated for many useful
applications, these devices cannot directly work with a high-
conductivity medium due to the limitation of photoconductivity.
For example, if an OET device based on a-Si:H is used to work with
a typical cell culture medium (conductivity around 1.4 S m™ "),
most voltage drop would occur on the a-Si:H layer (photo-
conductivity < 0.01-0.1 S m™ '), making it difficult to generate
the required non-uniform electric field in the cell culture
medium for micromanipulation. This is a major bottleneck of
OET, especially for biological applications requiring the use of
physiological buffer solutions with high conductivity. To solve
this problem, phototransistor-based OET (Ph-OET) devices
were developed.”®®” The NPN junctions of Ph-OET can amplify
the surface photocurrent induced by light, leading to a big
conductivity difference between the illuminated and dark
regions. Fig. 2(d) shows the measured photoconductivity per
unit area for the phototransistor and the a-Si: H layer as a
function of light intensity. It is demonstrated that the photo-
conductivity of a phototransistor is more than 500 times higher
than that of a-Si:H. More importantly, the conductivity of the
phototransistor in the dark state is lower than the conductivity
of the cell culture medium, but the conductivity of the photo-
transistor in the illuminated state is larger than the conduc-
tivity of the cell culture medium. Therefore, Ph-OET can
effectively manipulate cells in high-conductivity physiological
buffers. Fig. 2(e) shows the schematic structure of the Ph-OET
device. This device was demonstrated for manipulating HeLa
and Jurkat cells in Phosphate Buffered Saline (PBS) and

This journal is © The Royal Society of Chemistry 2022

Dulbecco’s Modified Eagle Medium (DMEM) with 5 W cm >

light intensity.>® Another type of Ph-OET was later invented by
Chiou’s group®® which can perform automatic trapping of cells
in the dark state and releasing of the trapped cells in the
illuminated state. As an important technology breakthrough,
Ph-OET plays a key role in the process of technology transfer
and commercialization of OET, which will be discussed in
detail in Section 5. Although Ph-OET is important for many
applications, the device requires many steps of microfabrica-
tion and semiconductor ion implantation, making it difficult
and expensive to fabricate, and inaccessible to most research
labs. While organic photoconductive materials are cheap and
easy to fabricate, they suffer from larger surface roughness and
lower photo/water-stability. Therefore, given the advantages of
material stability, robustness, fabrication simplicity and cost,
a-Si:H is by far the most widely-used photoconductive material
for OET research.

2.1.2 Photovoltaic OET device. In contrast to the aforemen-
tioned standard OET devices, photovoltaic OET (PVOET) is a
special type of OET device which can work without the use of an
external voltage supply. PVOET relies on the bulk photovoltaic
effect, in which light is projected to photorefractive crystal
materials to induce net directional carrier transport along the
crystal’s polar axis.>*”®> The directional drift of light-induced
charge carriers gives rise to a space—charge field along the polar
axis in the crystal [Fig. 2(f)], producing a highly inhomogeneous
electric field on the crystal surface which serves as the source of
actuation force for PVOET. Among different photorefractive
crystal materials with a bulk photovoltaic effect, lithium niobate
(LiNbOj3) with impurity doping (e.g. Fe and Cu) is the main material
choice for PVOET due to its superior performance in generating
a strong internal electric field (up to several kv mm ").%¢°

Chem. Soc. Rev,, 2022, 51, 9203-9242 | 9207
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To date, LINbO;-based PVOET has been used to pattern/assemble
many different kinds of nano-/micro-materials for engineering
physics and biology research.®”*® PVOET has the advantage of
generating a space—charge electric field without an external power
supply, but directing and localizing electric carriers with low light
power densities (the order 1-10 mW ¢cm™?) to generate the electric
field takes a relatively long time (several minutes).® This influ-
ences the temporal resolution of PVOET and sets a firm limit on
its ability for real-time micromanipulation using a low light
power. For real-time manipulation of particles and droplets with
PVOET, the required light power intensities are much higher®® "
(in the order of 1-100 W cm™?), making the technology challen-
ging to handle light-sensitive and heat-sensitive biological sam-
ples. It is expected that photorefractive crystal materials that can
work with low light power and have a more rapid response time to
form spontaneous electric field would facilitate more powerful
PVOET for micromanipulation applications. More details of the
PVOET technology can be found in previously published review
articles’>”* and this paper will not present in-depth overview of
the technology.

2.2 Experimental setup

Many different experimental setups have been built for OET
research. Shown in Fig. 3(a) is a standard OET setup,”® which
consists of a DMD projector, an upright microscope (with a
camera, filters, and a motorized positioning stage), a function
generator, an amplifier and a computer. The DMD projector is
controlled via a computer interface to generate light patterns,
which are projected through the objective of the microscope
onto the photoconductive layer of the OET device. Long pass
and short pass filters are used to allow enough light power to be
projected onto the OET device and manipulated objects are
clearly viewed through the microscope. The function generator
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provides an AC signal which is amplified by the amplifier to
drive the OET device. A motorized positioning stage is used to
control the position of the OET device. The position of the
trapped object in the OET device can be controlled by genera-
ting relative translation between the light pattern and the OET
device. This can be done by using animated light patterns while
keeping the OET device stationary, or by keeping the light
pattern stationary while moving the OET device through the
motorized positioning stage. The former approach only allows
the manipulation of objects within the field of view, while the
later approach allows the manipulation of objects beyond the
field of view. In addition, motorized positioning stage allows
accurate control of the translational speed of the trapped
object,”>””” which is important to study the exerted manipulation
force by the OET system. In some cases [Fig. 3(a)], light patterns
are projected onto the OET device from the top of the device,
which shares the same objective lens for observation and bright-
field illumination. In other cases [Fig. 3(b)], light patterns are
projected onto the OET device from the bottom of the device,
which is located on the opposite position to the objective lens for
observation and bright-field illumination.”®”® In the case of the
OET devices based on a-Si:H, TiOPc, and BH]J on ITO-coated glass
substrates, both the setups in Fig. 3(a) and (b) are applicable,
mainly due to the semi-transparent properties of these photo-
conductive materials in the visible spectrum. However, only the
setup in Fig. 3(a) can be used for the phototransistor-based OET
device, because it is fabricated on an opaque silicon substrate,
which blocks the light coming from the bottom.

Light source is a key component for the OET setup. Since
OET does not require coherent light sources and can work with a
low optical density (around 1 W cm™?), many different kinds of
light sources were used for OET research. Commercially-available
DMD projector and liquid crystal display (LCD) projector are the
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Fig. 3 Experiment setup for OET. (a) Schematic OET setup with light patterns projected from the top of the device. Reproduced from ref. 74 with
permission from John Wiley and Sons, copyright 2018. (b) Schematic OET setup with light patterns projected from the bottom of the device. Reproduced
from ref. 78 with permission from IEEE, copyright 2020. (c) Schematic OET setup based on a lens-free holographic microscope. Reproduced from ref. 96

with permission from Royal Society of Chemistry, copyright 2013.
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commonly used light sources for an OET platform.”*** Self-built
optical systems consisting of a DMD chip and a light source
(eg LED, laser, and Hg lamp) have also be used for OET
research.*%7%* These light sources are essentially optical displays
which are capable of projecting animated light patterns on the
OET device to generate “light-activated virtual electrodes” for
programmable manipulation. Apart from optical display, a
focused laser can project a light spot onto the OET device for
particle and cell manipulation.*>**®® In addition, Dawson’s
group reported the use of a miniaturized self-emissive optical
device based on micro-LEDs for OET manipulation and fluores-
cence cell imaging.*>°° These systems are useful, but require a
bulky and complicated optical setup, thus not applicable for
portable applications. To address this problem, an OET setup
that fitted within a briefcase was built.”* In this setup, a small
projector, a simple microscope built from optomechanics, and a
battery powered function generator were used. Park’s group also
reported a simplified OET setup by directly interfacing LCD
display with the OET device.”* This approach does not require
any optical components between the light source and the OET
device, and the LCD display can be a screen of a mobile phone or
tablet. However, this lens-free approach causes blurred images on
the OET device due to diffraction of light, influencing the
performance of the OET system. Therefore, a solution that can
simplify the OET setup while maintain desirable manipulation
performance was proposed, which is to use an LCD display or
micro-LEDs together with a simple optical lens to interface with
the OET device.”®® Shown in Fig. 3(c) is another simplified OET
system, which was built using a lens-free holographic micro-
scope.’® This system allows effective manipulation of thousands
of single cells and micro-particles over a large field of view (e.g
240 mm®). It is also worth mentioning that, in some cases, the
experimental setup for OET includes not only micromanipulation
functions but also detection and fabrication features. To date, laser-
based Raman sensing system,”” ultraviolet (UV) patterning system,”®
and microfluidic system® have integrated with OET platforms for
different applications and scientific studies. These hybrid systems
are also important and will be presented in detail in Sections 3-5.

2.3 Working mechanisms

Shown in Fig. 4(a) is a schematic of a typical OET device, which
will be used to explain its working mechanism. This OET device

(a ) Light pattern
|
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consists of two plates, both of them ITO-coated glass sub-
strates. The bottom plate is coated with an additional layer of
a-Si:H, which is projected with light patterns. Electrical leads
were interfaced with the ITO electrodes on the two plates
[Fig. 4(b)]. OET device was assembled by joining the top and
bottom plate by adhering them to spacer to form an enclosed
chamber [Fig. 4(c)]. Liquid medium containing nano-/micro-
objects was pipetted into the chamber of the OET device.'*
An AC voltage was applied to the OET device through an
external power supply and the waveform of the AC bias voltage
can be a sine function, square wave, or triangle wave. It is
demonstrated that, with the same peak-to-peak voltage and
frequency, an OET device powered by an AC bias with square
waveform can produce the highest manipulation force.'®*
The used frequency of the AC bias normally ranges from several
kHz to several hundreds of kHz, depending on the dielectric
and conductive properties of the liquid medium and the
samples.’®® For a-Si:H and other photoconductive materials
(TiOPc, BHJ, and phototransistors), the wavelength of the used
light can range from violet to red, which is due to the wide
absorption spectra of these photoconductive materials.>***
However, the absorption coefficients of these photoconductive
materials are different at different wavelengths. For example,
a-Si:H has larger absorption coefficients at shorter wavelengths
(violet-blue region), indicating that it can generate more elec-
tron-hole carriers and exhibit larger conductivity when shining
with a shorter-wavelength light.'°"'*® Therefore, the electric
field in an OET device is enhanced and stronger manipulation
force can be generated.

The photoconductive layer (in Fig. 4, a-Si:H) of an OET
device has unique characteristics. Without light illumination,
a-Si:H has high impedance, resulting in a drop of the AC
potential mainly across this layer. When illuminated with
light, the impedance of a-Si:H drops significantly (due to its
photoconductive characteristic), such that the voltage drops
predominantly across the liquid medium above the illuminated
area.'® As a result, a non-uniform electric field is produced in
the liquid medium above the illuminated and dark a-Si:H,
which interacts with the samples in the liquid medium and
produces the manipulation force. The manipulation force in
an OET device is based on different electrokinetic mecha-
nisms such as dielectrophoresis (DEP), electrophoresis (EP),

Fig. 4 OET device. (a) Schematic of an OET device. (b) Picture of the top and bottom plates of an OET device. (c) Picture of an assembled OET device.
(b and c¢) Reproduced from ref. 100 with permission from John Wiley and Sons, copyright 2019.
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AC electroosmosis (ACEO) and AC electrothermal (ACET),
which will be discussed in the following sections.

2.3.1 Dielectrophoresis effect. Dielectrophoresis (DEP) is a
phenomenon that polarizable particles experience electro-
kinetic force in a non-uniform electric field. In DEP, the
particles do not need to be charged and the used electric field
is mostly AC (from several kHz to several hundreds of kHz). The
strength of the DEP force depends on the frequency and
magnitude of the electric field, on the electrical properties of
the medium and the particle, and on the particle’s physical
properties such as shape and size. Since the DEP force in OET is
induced by projected light patterns, it is also known as optically
induced dielectrophoresis (ODEP). The most widely-used
method to calculate the DEP force in OET is using classic
dipole approximation and the force acting on a spherical

particle is given by*®'**

Fpep = 21 e Re[CM]V |E|?, (1)

where r is the radius of the particle, ¢, is the medium
permittivity, E is the applied electric field, and Re[CM] is the
real part of Clausius-Mossotti (CM) factor which is described as
below_39,104

CM = p—fm ®)
&, + 2y,

!

> and ¢ are the complex permittivity of the particle and
medium, which can be expressed as

where ¢

o

. ®)
o

€ =tm — ]Em, (4)

where ¢, and e, are the permittivity of the particle and
medium, respectively; o, and o, are the conductivity of the
particle and medium, respectively; and w is the angular fre-
quency. CM is a measure of polarizability and it determines
whether DEP force is positive or negative. Re[CM] > 0 refers to
positive DEP, ie., particles are more polarisable than the
surrounding medium and will be attracted to the illuminated
region, where the electric field is relatively higher than that in
the dark region. In contrast, Re[CM] < 0 refers to negative DEP,
i.e., particles are less polarisable than the surrounding medium
and will be repelled from the illuminated region. In the case of
cells with a cytoplasm and cell membrane that will differ greatly
in conductivity and permittivity; eqn (1) still applies but CM
needs to be adjusted based on the core-shell model, in which a
highly conductive core is surrounded by a single shell of low
conductivity material."*>'°® In addition, some cells have an
elliptical structure and the core-shell model needs to take this
into consideration.'®”'%®

While eqn (1) is intuitive and leads to the direct under-
standing of how various experimental factors affect the DEP
force, it is valid under certain restrictions and leads to quali-
tative results. For example, it assumes that the particle size is
much smaller than the scale of field non-uniformity and the
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DEP force acts equally on this particle. However, we often
observe different results in the experiments.””’®® A more
accurate model for the DEP force on an object can be derived
from Lorentz law forces by using Maxwell stress tensor as
followsz76,1097112

1 1 , o1,
i = e0EiE; + —BiB; — ~ | eo| E+—|B|* ) 85 5
Oij = &L /+ﬂ0 iDj 2(80‘ “"uo‘ |) i (5)

where o is the jjth element of the second rank Maxwell stress
tensor, &, and p, are the vacuum permittivity and permeability,
respectively, £ and B are the electric and magnetic fields,
respectively, and J; is the Kronecker’s delta. By integrating
the Maxwell stress tensor of the electromagnetic field (over the
surface area of the volume),”*'**™"? the manipulation force
exerting on a dielectric object inside an electromagnetic field
can be calculated as follows:

FDEP = J g - ndS, (6)

N
where S represents the surface enclosing the bead and n
represents the unit vector.

2.3.2 Electrophoretic effect. Electrophoresis (EP) refers to
the movement of charged micro-objects relative to a fluid under
the influence of an electric field at DC or low frequency
(i.e. <10 Hz). EP is originated from Coulomb force, which
can be described as follows:*

FCoulomb = E‘], (7)

where E is the electric field, and g is the net charge of the micro-
object. In general, most cells and biological molecules have a
negative charge. This is the basis of capillary or gel EP, for
example, to separate different DNA segments. In OET, EP force
only needs to be accounted for when driven by DC or AC signal
with frequencies lower than 10 Hz.

2.3.3 Electroosmotic effect. In OET, the application of an
electrical potential on an ionic fluid results in the formation of
an electric double layer (EDL) due to the accumulation of ions
at the interface between the OET bottom plate and the liquid
medium. In response to the tangential component of light-
induced electric field, ions in EDL will move, which exerts an
electrostatic force on the boundary between the OET bottom
plate and the liquid medium, inducing a fluid flow at a slip
velocity. In an AC electric field, this fluidic flow caused by the
motion of ions is known as AC electroosmosis (ACEO). While
for ACEO in OET, it is also known as light-induced AC electro-
osmosis (LACE).'**'"® Due to LACE, particles can move toward
to the illuminated region in OET and their moving speeds are
determined by the ACEO flow around the illuminated region.
The flow has a rectified slip velocity and is defined by the

Helmholtz-Smoluchowski equation:*%***?
em(E
USLIP = — mn ; (8)

where ( is the EDL’s zeta potential, ¢, is the medium permit-
tivity, E; is the tangential electric field, and # is the viscosity of
fluid. The optimal frequency for the ACEO flow ranges from
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several hundred Hz to several kHz, and it can be described
113
as:

Om /ld
2nem D

Sforr = ) 9)
where ¢, is the conductivity of the medium, /4 is the thickness
of EDL, &, is the permittivity of the medium, and D is the
thickness of the liquid chamber. In OET, ACEO flow can be
controlled by the light-induced electric field and push micro-
objects towards the illumination center. Since the ACEO flow
magnitude decreases along the vertical direction from the OET
bottom plate, the micro-objects would finally be concentrated
and located at the illumination center on the OET bottom plate.
It is demonstrated that ACEO can move objects that are far
away from the illuminated region (several mm away).’>'"
In addition, ACEO is more effective to move smaller
objects."*®> Therefore, ACEO can be used to sort particles of
different sizes®® and manipulate objects that are otherwise
difficult to control with ODEP forces, such as nanoparticles and
biomolecules."*?

2.3.4 Electrothermal effect. OET relies on the use of light to
generate a non-uniform electric field in the liquid medium.
However, light illumination can also induce temperature
gradient on the surface of the OET bottom plate, mainly due
to the phonon generation in the photoconductive layer. Light
absorption in the photoconductive layer will transfer its energy
not only to electron-hole pairs (i.e. photoconduction) but also
to phonons (i.e. heat). As a result, illuminated regions can have
a higher temperature than dark regions, which leads to spatial
gradients in the fluidic permittivity and conductivity. When the
fluid with these permittivity and conductivity gradients is
placed in an AC electric field, a fluidic motion is induced due
to a net body force."'*"'® This flow phenomenon is known
as AC electrothermal (ACET), which can be defined by the
following equation:'%*'*®
011’1811’1

1
FET = —Re

| .
_Imm o N (VT - E)E| — ~|EPkoc, VT
2 om+iwsm(K o)( ) 2| [Frecre

(10)

where o, is the medium conductivity, &, is the medium
permittivity, o is the angular frequency of the AC electric field,
T is the thermal field, E is the electric field, E* is the complex
conjugate of the electric field, k, and k, are constants which
represent the variations of the conductivity and permittivity
per-unit temperature. The ACET effect strongly depends on
the optical power density, which determines the temperature
gradient. For typical OET setup in which a low-power light
source (<100 W cm™?) is used, ACET has limited contribution
to the overall manipulation force.

In summary, the OET manipulation force relies on these
electrokinetic mechanisms. Depending on the frequency of the
electric field, the dominant mechanism can be different.'*?
In typical cases, DEP is the dominant manipulation force in
OET. However, forces based on ACEO and ACET also play a role
in OET manipulation. For example, ACEO and ACET can bring
a particle over a long distance to the illuminated region, where
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it is trapped by strong DEP force at the center of the light
pattern. However, not all forces are beneficial for OET mani-
pulation. Non-specific surface-particle adherence****® and
electrostatic particle-particle interactions'*! can undermine
the manipulation performance of OET. To minimize these
effects, various methods were developed, such as using a
chemical surfactant,”” antifouling coating,"*® lipid bilayer,®*
and novel device structure."* It is also worth mentioning that
the OET manipulation force for a specific target can be adjusted
by a variety of parameters, such as optical power density, light
pattern distribution, medium conductivity, frequency and mag-
nitude of applied electric field. Because of this, OET is a flexible
and versatile manipulation tool, which have been demon-
strated for many applications as presented in the following
sections.

3. OET for non-biological applications

In this section, we will overview the use of OET to manipulate a
variety of non-biological nano/micro-objects for applications in
micro-assembly and microfabrication.

3.1 Manipulation and assembly of nanoscale objects

OET has been used to manipulate and assemble a variety of
nanomaterials, including semiconductor and metallic nano-
wires,®»¥71?>123  carbon nanotubes,'**'*® graphene nano-
platelets, conductive nanoparticles,®*8%114 115,127,128
and metal ions.'****2 The size of the manipulated nano-
particles ranges from a few tens of nanometers to a few
hundreds of nanometers. Fig. 5(a)-(c) show the microscope
images of using a laser spot to trap an individual silicon
nanowire in OET.?* The silicon nanowire undergoes Brownian
motion when no voltage is applied (Fig. 5(a)). Once a voltage is
applied, the silicon nanowire’s long axis aligns with the electric
field (Fig. 5(b)) and the nanowire moves into the laser trap
(Fig. 5(c)). It was demonstrated that silver nanowires experience
stronger DEP force and thus move faster in an OET system
compared with silicon nanowires under the same experimental
conditions. This is mainly due to the high polarizabilities of
silver nanowires in an electric field. Therefore, it is possible
to separate/sort silver and silicon nanowires by adjusting the
scanning speed of the trapping laser, keeping the silver nano-
wires captured while leaving the silicon nanowires behind.®*
In addition, the positions and orientations of silver and silicon
nanowires trapped in OET can be preserved using a photo-
curable polymer solution. This process is achieved by polymer-
izing the solution with UV light to immobilize the trapped
nanowires.** Fig. 5(d) shows the simultaneous and parallel
trapping of multiple silver nanowires in the OET to form a
nanowire array, demonstrating the potential of using an OET
for large-scale assembly of nanowires. The nanowires in an OET
always align in the direction of the applied electric field. For
example, in a VOET device with a vertical electric field,**®” the
nanowires align vertically and form ‘“bottom-up” structures; in
an LOET device with a lateral electric field,*®*° the nanowires

100,126,127
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Fig. 5 OET manipulation and assembly of nanoscale objects. (a) The silicon nanowire undergoes Brownian motion when no voltage is applied. (b) The
long axis of the silicon nanowire aligns with the electric field when a voltage is applied. (c) The silicon nanowire moves into the laser trap. (d) Assembly of a
silver nanowire array in OET. (a—d) Reproduced from ref. 84 with permission from Springer Nature, copyright 2008. (e) SEM image of an electrochemical
sensor based on a single silicon nanowire. Reproduced from ref. 122 with permission from OPTICA Publishing Group, copyright 2014. (f) The illumination
of a suspension of graphene nanoplatelets with a light pattern depicting a positive “maple leaf” image. (g) The formed "maple leaf” pattern made of
graphene nanoplatelets after freeze-drying. (f and g) Reproduced from ref. 100 with permission from John Wiley and Sons, copyright 2019. (h) The use of
‘Nanopen’ to assemble gold nanoparticles into different micro-patterns. Increasing the exposure time expands the patterned area of gold particles.
Reproduced from ref. 114 with permission from American Chemical Society, copyright 2009. (i) Schematic setup of OET-integrated SERS platform, in
which a single laser source can be used for the assembly of gold nanoparticles and the in situ detection of SERS signal. Reproduced from ref. 86 with
permission from Royal Society of Chemistry, copyright 2011. (j) Optical and SEM images of the fabricated field-effect transistor consisting of silver

electrodes and carbon nanotubes in between. Reproduced from ref. 130 with permission from Springer Nature, copyright 2016.

aligns laterally and form “lying-down” structures. Fig. 5(e) shows
the scanning electron microscope (SEM) image of a pH electro-
chemical sensor based on a single silicon nanowire.'”* This
nanowire is controlled by ODEP force in an OET device and can
be placed close to a pair of Pt metal electrodes. The electrodes can
be turned on and exert conventional DEP force to the nanowire,
making it to bridge and connect the electrodes, thus forming the
electrochemical sensor."”* Carbon nanotubes™>*'** and graphene
nanoplatelets'®>*>*'?” also experience strong DEP force in OET
and behave similar to silver nanowires. Fig. 5(f) and (g) show the
microscope images of using OET to pattern graphene nanoplate-
lets to form a “maple leaf” structure.'® In this case, freeze-drying
is used to safely remove the liquid and keep the assembled
structure in place.

Micro-assembly of conductive nanoparticles is an important
application of OET technology. As shown in Fig. 5(h), OET can
be used as a ‘NanoPen’''* to assemble gold nanoparticles to
form the desired micro-patterns, which can be used as Surface
Enhanced Raman spectroscopy (SERS) hot spots with enhance-
ment factors exceeding 10’ and picomolar concentration

9212 | Chem. Soc. Rev,, 2022, 51, 9203-9242

sensitivities. Fig. 5(i) shows an OET-integrated SERS platform,
which can be used to assemble gold nanoparticles and detect
SERS signal simultaneously.®® Using a single laser source, this
platform can be used to assemble SERS hot spots at specific
regions and detect target molecules in a tiny amount of liquid
sample with SERS signal. Apart from applications on SERS
sensing, conductive nanoparticles can also be assembled by
OET to form electrodes and used for chemical sensing.'*>"?®
Another method to fabricate electrodes with an OET is using
light-activated ‘virtual electrodes’ to deposit metal ions through
an electrochemical reaction.'®™**? In this case, metal ions in
the liquid medium react with the trapped electrons on the
surface of the illuminated region in an OET. Under the effects
of dynamic electron transfer,'*” the metal ions are reduced to
atoms, which then crystallize and form metallic structures. This
OET-based electrochemical deposition method can be used to
fabricate highly-conductive microelectrode with the desired
layout and smooth surface within a few seconds."*” In addition,
the heights of electrodes can be controlled by adjusting the
deposition time and solution concentration. In some studies,
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OET was used to fabricate microelectrodes by the electro-
deposition of metal ions as a first step. After that, OET was
further used to assemble other nanomaterials in between the
prefabricated microelectrodes to form microelectronic devices.
One such example is shown in Fig. 5(j),"*° in which silver
electrodes were first fabricated using OET and carbon nano-
tubes were then assembled in between the prefabricated silver
electrodes, finally forming a field-effect transistor. Using
similar methods, OET has been used to fabricate field-effect
transistors based on metal electrodes and a variety of semi-
conductor materials including MoS, thin-film,*" ZnO thin-
film"*® and CuO nanowires."*' These results demonstrate that
OET is a useful tool for the assembly, integration and fabrication
of microelectronic devices made of nanomaterials.

3.2 Manipulation and assembly of microscale objects

OET has also been used to manipulate a variety of micro-
scale objects on the order of several microns to a few hund-

reds of microns, including dielectric/metallic micro-
particles’44,45,50,53—55,75—77,80,89,91—94,96,100—103,109,120,121,127,133—143
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oil/water droplets,"****° gas bubbles,”* and electronic/photo-
nic components.*””””'1%1>” For the OET research, the most
commonly used microscale objects are polystyrene spherical
microbeads, which have desirable shapes and dielectric properties
to work in OET systems. In addition, classic theories and equa-
tions (such as those in Section 2.3) can be applied to explain/
characterize the behaviors of polystyrene microbeads under OET
manipulation. Therefore, polystyrene microbeads have become
a standard test sample for OET research. For example, poly-
styrene microbeads were used to characterize the performance
of OET devices with different structures and made of different
materials;***>°%°37° to optimize OET systems based on different
experimental hardware;>*19%9496:120:127.133 an to study the elec-
trokinetic physics in an OET system under different experimental
Conditions.75’80’93'101_103’109'121'134_139’142'143

Shown in Fig. 6(a) and (b) are microscope images of multiple
and single 15 pm-diameter polystyrene microbeads undergoing
OET manipulation, respectively. For the parallel manipulation
of multiple microbeads, a dynamic “Roulette” light pattern was
used to rotate the microbeads while the motorized microscope
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Fig. 6 OET manipulation and assembly of microscale objects. (a) The use of a “Roulette”-shaped light pattern to rotate 15 pm-diameter polystyrene
microbeads. (b) Moving a 15 pm-diameter polystyrene microbead at a linear velocity of 500 um s™* using a “doughnut”-shaped light pattern. (a and b)
Reproduced from ref. 130 with permission from the OPTICA Publishing Group, copyright 2019. (c) Percentage of absorbed polystyrene microbeads and
(d) velocity of polystyrene microbeads according to their diameters in the conventional OET and 3D OET devices. (c and d) Reproduced from ref. 120 with
permission from American Institute of Physics, copyright 2008. (e and f) Separation of 10 um and 1 pm polystyrene microbeads in OET with a
“"doughnut”-shaped light pattern. (e and f) Reproduced from ref. 134 with permission from Elsevier, copyright 2013. (g) Bright-field microscope images
showing (left) the illumination of the polystyrene microbead suspension with a light pattern depicting a stylized caricature of Albert Einstein with the mass
energy equation, (middle) the assembled Einstein TMP in suspension, and (right) the assembled Einstein TMP after freeze-drying. (h) Image of a Canadian
$20 bill modified with a red-fluorescent TMP. (g and h) Reproduced from ref. 100 with permission from John Wiley and Sons, copyright 2019.
(i) Manipulation, transport and merging of multiple water-in-oil droplets with light patterns in an OET. Reproduced from ref. 144 with permission from
American Institute of Physics, copyright 2009. (j and k) Droplet manipulation using a PYOET-based optofluidic droplet router. Reproduced from ref. 148
with permission from John Wiley and Sons, copyright 2015.
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stage was kept stationary. For the manipulation of a single
microbead, the “doughnut” light pattern was kept stationary,
while the microscope motorized stage was programmed to
move linearly. With the motorized stage to control the speed
of the microbead, it was found that the manipulation force
imposed on the different-sized polystyrene microbeads did not
increase proportionally to the bead volume, primarily due to
the electric field’s non-uniform distribution above the photo-
conductive layer of the OET device.”” This size-scaling mecha-
nism also applies to cells of different sizes.”® In addition, it was
found that the polystyrene microbeads experience strong ver-
tical DEP force in an OET, which enabled the understanding of
a new “hopping” mechanism for particle-escape from the OET
trap.’°>'** Fig. 6(c) and (d) show the measured percentage of
absorbed polystyrene microbeads and their moving velocities
according to bead diameters in a conventional OET device and
a novel 3D OET device composed of two photoconductive
layers. Using polystyrene microbeads, it was demonstrated that
the 3D OET device shows a higher particle trapping efficiency
and less particle absorption rate."*® Polystyrene microbeads of
different sizes may behave significantly different in an
OET."”* "% As shown in Fig. 6(e) and (f), under an applied AC
voltage of 20 Vpp at 80 Hz, 1 um polystyrene beads experience
positive DEP force in an OET device and get trapped in the
illuminated region of the ‘donut shaped’ light pattern; while 10
um polystyrene beads experience negative DEP force in an OET
device and get repelled to the dark center of the ‘donut shaped’
light pattern."** This is mainly due to different CM factors of
polystyrene microbeads of different sizes."**"'** In other cases,
different-sized polystyrene microbeads experience negative
DEP force but with different magnitudes, allowing them to
have different moving speeds.'*”"**° Therefore, it is possible to
separate and sort polystyrene microbeads of different sizes in
an OET device. Polystyrene microbeads can also be assembled
into a variety of topographical micropatterns (TMPs) in
OET."**'*” As shown in Fig. 6(g), 10 um polystyrene microbeads
were assembled to form a TMP featuring stylized caricature of
Albert Einstein. After the assembly, a method based on freeze-
drying was developed to safely remove the liquid medium while
keep the assembled TMP in place. During this freeze-drying
process, the aqueous medium is flash-frozen, after which it
sublimates directly to the vapor phase. This process allows
good preservation of the TMP, while in a preliminary study with
room-temperature evaporation, the fluidic forces were found
to be substantially more disruptive.'® After freeze-drying, the
assembled TMP can be transferred to alternate substrates using
double side tape with the potential to serve as anti-counter-
feiting markers, as presented in Fig. 6(h). Similar results were
also reported for TMP assembled by OET but preserved via
photopolymerization.'®” Apart from polystyrene microbeads,
OET was also used to manipulate magnetic microbeads and
study their electrokinetic behaviors,**>*** which is useful for
the concentration and purification of biological substances that
can attach to magnetic microbeads. OET can also be applied to
manipulate gas and liquid phases, such as gas bubbles,>" water-
in-oil and oil-in-water droplets."**™**” Shown in Fig. 6(i) are

9214 | Chem. Soc. Rev,, 2022, 51, 9203-9242

View Article Online

Chem Soc Rev

microscope images of multiple water droplets transported and
merged in an oil medium using OET."** In addition, an opto-
fluidic droplet router was developed based on a PVOET device
integrated with microfluidic channels.’*® As shown in Fig. 6(j)
and (k), the droplets of Novec 7300 in a collinear stream of
tetradecane initially flow in the middle but can change direction
toward the right-hand side due to positive DEP force. These
results demonstrate that OET can manipulate not only a variety
of micro-objects in single-phase systems but also droplets and
bubbles in two-phase systems.

3.3 Fabrication of functional devices

An important application of OET is to assemble microscale
electronic and photonic components into functional devices.
Fig. 7(a) illustrates an “OET” pattern formed by Sng,PbzcAg,
solder microbeads attracted to the illuminated region.”® These
solder beads experience positive DEP force in OET and can be
manipulated by circular light traps, as shown by the micro-
scope images in Fig. 7(b). At an applied bias of 25 V at 15 kHz,
the bead can move at a max velocity of 2500 pm s, corres-
ponding to a DEP manipulation force of 2.9 nN. It is worth
mentioning that the solder bead experiences a very high DEP
force in the region of several nanoNewtons (10~° N), which is
over one order of magnitude stronger than the DEP force
exerted to similar-sized dielectric beads under the same experi-
mental conditions.”® This is mainly due to the influence of the
bead’s metal surface on the surrounding electric field. Fig. 7(c)
shows the simulated electric field around a metallic bead.
As shown by the simulation results, strong electric fields appear
in the region between the metallic bead and the OET bottom
plate, creating a large gradient of the electric field just next
to the bead and hence a large DEP force.”” With the strong
DEP force, it was demonstrated that the solder beads can be
positioned with sub-micron accuracy.”® Fig. 7(d)-(f) show the
process of using an OET to assemble solder beads into a
straight line to connect two isolated metal electrodes.'*® After
the assembly process, freeze-drying was used to remove the
liquid medium and keep the assembled solder beads in place.
Then, the assembled solder beads were heated and melted to
connect with each other. After heating the solder beads, the
surfaces of the beads became rough and physical connections
formed to bridge adjacent solder beads. Fig. 7(g) shows the I-V
characteristic of the isolated metal electrodes connected by
solder beads after heating."*° The resistance between the two
electrodes was measured to be 11.6 Ohm, suggesting the
assembled solder beads bridge an effective conductive path
between the metal electrodes. Similar results were also
achieved for solder beads assembled by a PVOET device.'*!
Apart from solder beads, OET can also be used to assemble
electronic and photonic components, such as capacitors””**’
and microlasers.*”"'® Fig. 7(h) shows the use of an OET to
manipulate a standard Fabry-Pérot InP semiconductor laser.™*°
The laser die is 250 pm across and 100 um thick, which can
be placed and rotated in an OET with a positional and
angular accuracy of 2.5 £ 1.4 pm and 1.4 + 0.4°. The laser
has a large volume, which is difficult to move with other optical
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Physics, copyright 2016. (c) Simulated electric field distribution in an OET device with a metallic bead. Reproduced from ref. 77 with permission from
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2017. (h) Picture of a standard Fabry—Pérot InP laser die (blue dashed contour) inside an OET trap (red dashed contour). Reproduced from ref. 110 with
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spectra of assembled microdisk lasers. (i—k) Reproduced from ref. 47 with permission from Springer, copyright 2009.

micromanipulation techniques. Shown in Fig. 7(i) and (j) are
microscope images of using a LOET device to place a 10 um-
diameter InGaAsP microdisk laser on top of a Si pedestal.*” The
positioning accuracy is 0.13 pm in the horizontal direction and
0.25 pm in the vertical direction. Similar results were also
achieved for 5 um-diameter InGaAsP microdisk lasers.*” After
assembly, the optical characteristics of the microdisk lasers
were investigated and the threshold pump powers were
found to be 0.85 and 2.5 mW for the 5 and 10 pm microdisk
lasers, respectively. More importantly, pre-assembled and the
assembled microdisk lasers show no significant difference in
terms of threshold pump power, indicating that the assembly
process does not influence the performance of the microdisk
lasers. Shown in Fig. 7(k) are the spectra of the assembled
microdisk lasers. For the 5 and 10 pm microdisk lasers, the
peak lasing wavelengths are measured to be 1558.7 and 1586 nm,
respectively. In addition, both lasers can work in the single-mode.
These results demonstrate that OET is a promising assembly
tool for the manipulation, alignment and integration of semi-
conductor photonic components over a wide range of sizes (from
a few microns to a few hundreds of microns).

This journal is © The Royal Society of Chemistry 2022

4. OET for biological applications

Since being invented, OET has been used for a variety of
biomedical applications such as cell sorting, cell analysis,
DNA transfection, etc. In this section, we will review the use
of OET for these biomedical applications and introduce the
related working mechanisms.

4.1 Concentration control of biological samples

OET has been used to manipulate DNA molecules directly, as
shown in Fig. 8(a). By patterning the fluorescence excitation
illumination light with an iris ring, A-phage DNA molecules can
be attracted to the illuminated region in the OET device.''?
In addition, the electric conductivity of DNA molecules can
be estimated by comparing the frequency-dependent moving
velocities of DNA with its CM factor."> Apart from directly
manipulating DNA molecules, OET can be used to manipu-
late DNA at a single molecule level using a microbead."?
As illustrated in Fig. 8(b), the ends of a single DNA molecule
are bound with a microbead, which is then manipulated by an
OET. This allows the single DNA molecule to be indirectly
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Reproduced from ref. 113 with permission from IEEE, copyright 2008. (b) Schematic images of stretching a single DNA molecule using microbeads.
Reproduced from ref. 153 with permission from OPTICA Publishing Group, copyright 2009. (c) Schematic setup of using an OET to tune the local
molecular concentration. (d) Fluorescence microscope images showing the increase in the FITC-dextran concentration in the illuminated area of the
OET device after applying an AC voltage of 10 Vpp at 1 kHz. (c and d) Reproduced from ref. 154 with permission from American Chemistry Society,
copyright 2009. (e) Schematic illustration of an OET-based immunoreaction system. In the system, light-induced ACEO flow transports analytes to the
assay spot on the OET top plate to enhance the immunoreaction rate. (f) Fluorescence immunoreaction results of active and passive modes. The
enhancement factor indicates the ratio of fluorescence intensity between to the active and passive modes. (e and f) Reproduced from ref. 156 with
permission from the Royal Society of Chemistry, copyright 2016. (g) Schematic procedures of immunoassay based on antibody-conjugated microbeads
in an OET system. Reproduced from ref. 97 with permission from American Chemistry Society, copyright 2010.

manipulated by the OET. Two types of manipulation modes,
specifically DNA elongation and rotation, were successfully
demonstrated and characterized. It was found that the maxi-
mum stretching force for a single DNA molecule can be as high
as 61.3 pN using a 10.1 pm microbead. OET was also imple-
mented to manipulate other biochemical substances, such as
polysaccharides, protein, and fluorophores.'** In these studies,
an OET device is placed on the stage of an epi-fluorescence
microscope and blue fluorescence excitation light is focused
onto the photoconductive layer of the OET device, as shown
in Fig. 8(c)."”* The blue light for fluorescence excitation was

9216 | Chem. Soc. Rev., 2022, 51, 9203-9242

applied for not only detection but also modulation of the
molecular concentration in the liquid sample. Shown in Fig. 8(d)
are microscope images illustrating the temporal change of the
chemical concentration of fluorescein isothiocyanate (FITC)-
labeled dextran in the illuminated region of the OET device.
With an application of a 10 Vpp AC voltage at 1 kHz, a combi-
nation of different electrokinetic mechanisms including ACEO,
DEP and electrostatic interactions can converge FITC-dextran
from the dark region into the illuminated region, inducing a
sudden increase of the fluorescence signal due to the increase of
molecular concentration. Frequency-dependent concentration of
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the FITC-dextran in an OET was also investigated.">* When the
frequency of the AC signal was set to 1 kHz and the light was
turned on, FITC-dextran was attracted to the illuminated region
and showed strong fluorescence intensities. When the light
was turned off, the concentration of FTIC-dextran showed a
sudden drop, indicating that the attraction force is weakened
without light illumination. When the frequency of the AC signal
increased from 1 to 10 kHz, it was found that there was a
significant decrease in the concentration of FTIC-dextran,
mainly due to the weaker ACEO flow around the illuminated
area at the high-frequency range. When the frequency of the
applied AC signal increased to 100 kHz, no obvious change of
the concentration of FTIC-dextran was found, very similar to
the case with no applied voltage. This was due to the frequency
characteristics of ACEO, which normally exists at the low
frequency range below 10 kHz. Similar results were also demon-
strated for fluorescein-conjugated bovine serum albumin (BSA)
undergoing OET manipulation.’®* Therefore, dynamic modula-
tion of the local concentration of biochemical substances can
be achieved in a temporal and spatial manner by controlling
the applied AC signal and the light pattern. Apart from con-
centrating biochemical molecules as demonstrated in Fig. 8(d),
OET can also be used to reduce molecular concentration within
the illuminated region, creating a molecular depletion area."*®
For example, it was demonstrated that a sudden decrease in
FTIC-dextran concentration occurred within the illuminated region
in the OET after applying a 10 Vpp AC voltage at 100 Hz.">® After
turning off the voltage, the dispersed molecules start to diffuse
into the molecular depletion region, resulting in the recovery
of the fluorescence signal. On the basis of these phenomena,
i.e., the fluorescence recovery in the molecular depletion area,
diffusion coefficients of various dextran molecules were success-
fully measured." Therefore, OET is capable of controlling
the local molecular concentration, which is useful for several
applications such as molecular patterning as well as studies on
molecular aggregation, molecular mobility and molecular diffu-
sion kinetics.

4.2 Immunoreaction analysis

Apart from controlling chemical concentrations, OET has been
used as an immunoreaction platform for biological assays.
Fig. 8(e) shows the schematic of the OET-based immuno-
reaction system.'>® The OET top plate consists of capture
antibodies and is employed as an antibody-immobilized assay
spot. When a light pattern is projected onto the assay spot
under an AC voltage, a non-uniform electric field is formed,
which can induce ACEO flow and thus generate counter-
rotating vortices to transport analytes from the bulk solution
to the assay spot. This configuration significantly increases the
binding efficiency of antibody-analyte and overcomes the slow
reaction problem of the standard immunosensing system
based on the diffusion effect. To investigate the enhancing
effect, heterogeneous immunoassays were performed using
immunoglobulin G (IgG) and anti-IgG. The IgGs were conju-
gated with quantum dots for fluorescence detection. Fig. 8(f)
shows the fluorescence immunoreaction results for the passive
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and active modes. Under the passive mode, molecules in the
chamber were transported via random diffusion. Therefore,
the analyte depletion caused by diffusion limitation became
intensified as time passed, resulting in a low reaction rate.
Meanwhile under the active mode, OET can induce strong
ACEO vortices to transport analytes to the assay spot. Since
the analytes were continuously transported to the assay spot,
the problem for a slow reaction due to the limitation of random
diffusion in the passive mode was solved. As a result, OET can
enhance the immunoreaction rate by a factor of 2.52 at 10 min
compared to the diffusion-based passive mode, as shown in
Fig. 8(f). It was also demonstrated that multiple assay spots can
be fabricated in a microarray format on the OET top plate, while
light-induced ACEO flow caused by a microarray-patterned light
can transport analytes to these assay spots simultaneously to
improve the assay efficiency.'” Using this configuration, the
immunoreaction time was reduced from more than 30 min to
10 min. More importantly, detection of multiple proteins using
different IgGs was successfully demonstrated, which proves that
multiple assays could be performed simultaneously on this
microarray-integrated OET immunoreaction platform.'> In
addition to surface-based immunoassays, OET can be used for
immunoassays based on antibody-conjugated microbeads.’”">®
Fig. 8(g) shows the schematic procedures for the microbead-
based immunoassay in an OET system. There are five steps in
the assay,” including (1) sample injection; (2) global concen-
tration of antibody-conjugated microbeads and mixing of the
samples; (3) washing of free analytes and probe nanoparticles;
(4) local concentration of the immunocomplexes; and (5) SERS
detection of the probe nanoparticles on the immunocomplexes.
Apart from step 1, other steps were performed using a light
pattern and an AC voltage with different frequencies. At different
AC frequencies, dominant electrokinetic mechanisms are differ-
ent in the OET system, which can implement different assay
steps.”” Based on the microbead-based immunoassay, quantita-
tive and automatic detection of alphafetoprotein (a human
tumor biomarker) has been conducted in a 500 nL sample
droplet. The lower detection limit is around 0.1 ng mL~" and
the whole assay can be accomplished within 5 min. These results
demonstrate that OET is a powerful optoelectrofluidic immuno-
reaction platform, which is capable of performing fast and
highly-sensitive detection of biochemical substances in tiny
sample volume.

4.3 Cell sorting

A major application of OET is for cell manipulation and this
field has attracted considerable research in recent years. Fig. 9(a)
shows the use of ‘doughnut’-shaped light patterns to manip-
ulate MCF-7 cells (human breast cancer cells) and ARPE-19 cells
(human retinal pigment epithelial cells).”* MCF-7 cells and
APRE-19 cells were prelabelled green and red using the Cell-
Tracker dye, respectively. As illustrated, a single MCF-7 cell and
a single ARPE-19 cell were positioned next to each other after
moving the two traps together. In addition, randomly distri-
buted MCF-7 cells and ARPE-19 cells were pushed together after
shrinking the OET trap. These results demonstrate OET is
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Fig. 9 OET for manipulation and separation of cells. (a) Bright-field and fluorescence microscope images showing the use of an OET to manipulate
MCF-7 human breast cancer cells (pre-labelled green) and ARPE-19 human retinal pigment epithelial cells (pre-labelled red). Reproduced from ref. 74
with permission from John Wiley and Sons, copyright 2018. (b) After moving a natural killer cell in direct contact with a target cell using an OET, the target
cell shows a normal morphology at t = 0 h, and chromatin condensation at t = 4 h. Reproduced from ref. 52 with permission from Royal Society of
Chemistry, copyright 2018. (c) Schematic process of using an OET to extract target cells in a microfluidic channel. Reproduced from ref. 164 with
permission from Royal Society of Chemistry, copyright 2013. (d) Measured moving velocities of MCF-7 cells versus the square of cell radius. Reproduced
from ref. 75 with permission from OPTICA Publishing Group, copyright 2019. (e) Measured moving velocities and manipulation force of PC-3 cells,
OEC-ML1 cells and leukocyte cells at different bias voltages. Reproduced from ref. 170 with permission from Royal Society of Chemistry, copyright 2013.
(f) Selectively concentrating live human B cells from a mixture of live and dead cells. Reproduced from ref. 44 with permission from Springer Nature,
copyright 2005. (g) Measured moving velocities of live and dead sperms. Reproduced from ref. 88 with permission from Royal Society of Chemistry,
copyright 2010. (h) Maximum moving velocities of live MES-SA and Dx5 cells before they were treated with drug (control); maximum moving velocities
of live and dead MES-SA and Dx5 cells after they were treated with drug (5.0 pg ml™* doxorubicin for 48 h) (NS: no significance, ****: p < 0.0001, **:

p < 0.01). Reproduced from ref. 99 with permission from Elsevier, copyright 2019.

capable of controlling single cell and multiple cells using
dynamic light patterns. Similar results were also demonstrated
for HeLa cells®® and human leukemia cell lines, including K562
and Jurkat cells.>” OET can also be used to manipulate cells to
achieve direct cell-cell contact, which is very useful to study the
interaction between immune cells and other cells for real-time
analysis of immune cells’ behavior. Fig. 9(b) shows the study on
immune cell cytotoxicity by moving a natural killer cell (NK-
92MI cell line) in direct contact with a target cell (K562-EGFP
cell line) using an OET.>> When NK cells came into contact with
the target cell, the target cell showed apoptotic characteristics
(i.e. cell shrinkage, blebbing and then death within a few
hours). It was also demonstrated that the percentage of target
cells killed by the NK cells based on the OET method was
almost twice those of the traditional assays.”” This is mainly
due to the advantage of OET, which can ensure direct cell-cell

9218 | Chem. Soc. Rev., 2022, 51, 9203-9242

interaction, whereas in traditional methods different cells
are mixed and interact with each other randomly. Therefore,
OET showed a great potential to enhance NK cell activity
and to study cell interactions in a controllable manner.
OET was also used to manipulate different cell types and study
how these cells behave under different experimental condi-
tions.’%:9%:105,137,159,160 11y gther studies, cells were used as test
samples to characterize and improve the performance of
different OET Systems‘46,58,89,90,94,96,119,135,1617163
are important for the development of OET as a toolbox for cell
manipulation.

The capability to manipulate cells make an OET an impor-
tant tool for application in cell sorting and cell separation.

These studies

Fig. 9(c) shows the use of an OET-integrated microfluidic device
to sort target cells from cell mixtures, in which the target cells
are fluorescent labelled.'®* In this process, cells were visually
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checked under a fluorescence microscope (step 1) and targets
cells were identified based on their fluorescence and moved
into branch channels using light spots (step 2). Then, airflow is
used to flush the main channel to generate nanoliter droplets
(step 3). Finally, the pneumatic valve is opened and the main
channel is flushed again with airflow. As a result, the airflow
generates air pressure in the branch channels that can push the
droplets to the outlets parallelly for highly-efficient extraction
(step 4). After extracting the target cells, downstream analyzing
techniques such as polymerase chain reaction (PCR) and DNA
sequencing can be used for cell analysis."®* This sorting
scheme relies on selectively labelling target cells with a fluor-
escent dye so that the target cells in the cell mixtures can be
identified in the first place and then sorted using an OET.
Using this scheme, immunofluorescence-stained circulating
tumor cells (CTCs) were successfully extracted and purified
from blood samples with 100% purity for gene expression
analysis.’®>'®® There are other methods to distinguish cells
based on their morphology and intrinsic physical properties
such as size.'”” OET can also perform label-free sorting of
different cells based on their sizes. Shown in Fig. 9(d) are the
measured velocities of MCF-7 human breast cancer cells as a
function of cell size under OET manipulation.”> Under the
same experimental conditions, the OET manipulation force is
proportional to the cell volume (i.e. Fpgp oc r°). Therefore,
larger cells experience stronger manipulation force and thus
can move faster under OET manipulation.”>'®®*% Fig. 9(e)
shows the moving velocities and manipulation forces for cells
of different species.'”® PC-3 prostate cancer cells and OEC-M1
human oral cancer cells have large sizes than leukocyte cells,
thus experiencing strong manipulation force and showing
larger moving velocities. Therefore, OET systems can be used
to effectively separate cells of different species based on their
size. For example, OET light patterns can be designed to trap
larger CTCs and allow smaller leukocyte cells to escape, extrac-
ting CTCs in a label-free and highly pure manner.'”%'"
In addition, cells of different species may have different polari-
zation properties due to their distinct morphology and dielec-
tric features (i.e. permittivity and conductivity), resulting in
different CM factors under specific frequency conditions. This
can cause differences in the manipulation force (i.e. Fpgp oC
Re[CM]) and be used to separate cells of different species.'%®
OET can also be used to separate live and dead cells. As shown
in Fig. 9(f), live human B cells were selectively concentrated
from a mixture of live and dead cells.** This is due to different
polarization properties of live and dead cells based on their
distinct membrane properties. For live cells, their cell mem-
branes function normally and are selectively permeable. This
means live cells can maintain an ion concentration difference
for intracellular environments and extracellular environments
through their cell membranes. However, the cell membranes of
dead cells cannot function properly. Therefore, if placed in a
medium with a low ion concentration, the ions inside the dead
cells will diffuse into extracellular environments and the interior
of dead cells will have similar electrical properties to those of
the isotonic medium. This results in a difference between the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review Article

polarization properties of live and dead cells. Because of
this, live cells experience strong manipulation force in OET,
while dead cells experience a much weaker manipulation
force.**'7>17* Based on this principle, live and dead cells (or
abnormal cells with damaged cell membrane) can be effectively
separated.*®'”*"'7" Fig. 9(g) showed the measured velocities of
live and dead human sperms, in which the live sperms demon-
strated a higher velocity than the dead ones.®® In this work,
OET was used to sort sperms and predict sperm viability based
on their kinetic response.®® More importantly, OET is cap-
able of sorting and separating drug-treated cancer cells with
different levels of drug resistance gene.’®'”® Cancer cells with
different levels of drug resistance gene suffer different damage
after drug treatment, resulting in differences in the integrity
and permeability of the cell membrane. Because of this, the
polarization properties are different for cancer cells with dif-
ferent levels of drug resistance gene after drug treatment,
resulting in different magnitudes of OET manipulation force
and moving speeds.’® Fig. 9(h) shows the measured velocity of
doxorubicin-treated Dx5 (i.e., cells with drug resistance) and
MES-SA (i.e., cells without drug resistance) cancer cells under
OET manipulation. Dx5 cells have much larger moving velocity
than MSE-SA cells after drug treatment, allowing the effective
separation of the two cell species.””*”* For cells of the same
type (i.e., drug-treated Dx5 cells), the results demonstrate that
OET was capable of separating them based on different cell
viabilities (because these cells have different drug resistance
capabilities). The sorting capability is useful for clinical appli-
cations and fundamental research. In addition to cells, bacteria
can also be manipulated and sorted using OET."””'7® For
example, OET was used to detect Escherichia coli heteroresistance
and select minor resistant strain within a bacterial clone.'”®
The working principle is similar to that of the work on sorting
drug-treated cancer cells, which is based on the different magni-
tudes of OET manipulation force exerted on the bacteria with
different viabilities. The viability differences of bacteria are
mainly due to different levels of antibiotic resistance.'”® More
recently, OET was also used to enrich and collect cell-released,
membrane-encapsulated extracellular vesicles for disease diag-
nosis and drug delivery applications."”

4.4 Cell analysis

OET is useful for cell analysis based on cell’s kinetic response
under different experimental conditions. For example, many
cells exhibit unique self-rotation behaviors in OET systems,
which can be used as a label-free biomarker to rapidly identify
and characterize cells of different kinds.'®™*%> Although the
mechanism responsible for self-rotation of cells in OET still
remains debatable,'®* %8 it is demonstrated that the rotation is
determined by the electric field (ie., frequency and field
intensity) and polarization properties of cells. Fig. 10(a)
shows self-rotational speeds of four kinds of cells (MCF-7 cells,
HEK-293 cells, L929 cells, and C2C12 cells) with respect to the
applied AC frequencies at a kept bias voltage of 10 V.'*°
Imaging-matching algorithms were developed to measure the
self-rotational speeds of these cells.'®3*8919 As illustrated in
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Fig. 10 OET for cell analysis. (a) Self-rotational speeds of MCF-7, HEK-293, L929, and C2C12 cells versus applied AC frequencies at a bias potential of
10 V. (b) Self-rotational speeds of drug-treated MCF-7 cells versus drug concentration. (a and b) Reproduced from ref. 180 with permission from OPTICA
Publishing Group, copyright 2020. (c) Measured crossover frequencies for Raji, MCF-7, HEK293, and K562 cells as a function of liquid conductivities.
Extracted (d) cell membrane capacitance and (e) conductance (c) of Raji, MCF-7, HEK293, and K562 cells. (c—e) Reproduced from ref. 193 with
permission from Cell Press, copyright 2017. (f) Comparison between standard images of polystyrene beads with known heights and dynamics images of a
moving bead during sedimentation to extract its motion with time. Reproduced from ref. 196 with permission from Royal Society of Chemistry, copyright

2014.

Fig. 10(a), four kinds of cells showed different self-rotational
spectra, which can be used for cell identification. The differ-
ences in self-rotational spectra are mainly caused by the
intrinsic dielectric parameters of cells (e.g. cell-membrane/
cytoplasm/nucleus capacitance and conductance), which result
in different polarization properties among different cell species.
In addition, the self-rotational behaviors of MCF-7 cells treated
with different drug concentrations were investigated,"®® as shown
in Fig. 10(b). The self-rotational speeds of MCF-7 cells decreased
with the increase of drug concentration, which is mainly due
to the influence of drug on the cell membrane. Higher drug
concentration is more likely to induce more severe damage to
the cell membrane, affecting the polarization properties of
cells. Consequently, the MCF-7 cells treated with a higher drug
concentration show lower self-rotational speeds. Based on a
similar principle, the self-rotational behaviors of red blood cells
(RBCs) were used to evaluate the quality of blood samples
stored at different storage times.'®" It was demonstrated that
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the self-rotational speeds of RBCs decreased significantly when
the storage time was over three weeks, indicating that the
qualities of RBCs that were stored for more than three weeks
were different from those that were preserved for a shorter
storage time. The decrease in the self-rotation speeds of RBCs is
primarily due to the change of polarization properties of RBCs,
caused by the depletion of adenosine triphosphate (ATP)
and 2,3-diphosphoglycerate (DPG)."*" Therefore, OET-induced
self-rotational behaviors of RBCs can be used to monitor and
evaluate the qualities of banked blood. Although self-rotational
behaviors were widely observed for many different cell species
in OET,'807183:190.191 5t g]] cells exhibit self-rotational beha-
vior. For example, it was demonstrated that non-pigmented
cells (e.g., A549 alveolar epithelial cells and HaCaT keratinocyte
cells) rarely rotate under OET manipulation, very different from
pigmented cells (e.g. Melan-A melanocytes cells and B16 cells).'®®
It was also found that the melanin content in pigmented cells
played an important role in the cell’s self-rotational behavior.
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For example, macrophages exhibit no self-rotating behaviors in
OET. However, after seeding melanin into macrophages, they
exhibit strong self-rotation behaviors.'®® Apart from melanin,
nano/microparticles (e.g. polystyrene microparticles and gold
nanoparticles) can also induce self-rotational behaviors of cells
after the cells uptake the particles.'®**'°> Although conclusive
mechanism for this phenomenon is still under investigation, a
reasonable guess is that the polarization properties of cells get
changed after the cells uptake foreign substances, which
increase the electrokinetic responses of cells in OET, making
them rotate faster.

OET can also be used to calculate the capacitance and
conductance of cell membrane, which are key parameters to
assess cellular phenotype and state. In terms of OET-based cell
manipulation, changed AC frequency can lead to a positive or
negative DEP force exert to cells, resulting in attracted move-
ment or repulsive movement of cells relative to the illuminated
region. The frequency that leads the DEP force shift from
positive to negative is known as the crossover frequency.
At the crossover frequency, the real part of the CM factor is
zero (i.e.Re[CM = 0]) and the cell experiences no manipulation
force. Using the core-shell model, the relationship between cell
membrane and conductance and other parameters (e.g. cross-
over frequency and liquid conductivity) can be expressed as
follows: %>

\/§ \/ZGmem

VL 11
ZTU'Cmem medium STEVCmeme ( )

.ﬂ:rossover =
in which fiossover 1S the crossover frequency, Gmeqium iS the
liquid conductivity, and Cpen and Gpyen are the capacitance and
conductance of the cell membrane, respectively. Since Gypen is
much smaller than Cpen, eqn (11) can be simplified as:
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According to eqn (12), cell’s crossover frequency would increase
linearly with the increase of the medium conductivity. Based on
this linear relationship, a slope and an f;;ossover-axis intercept
can be extracted and the capacitance of cell membrane can be
expressed as follows:
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Cmem =

and cell membrane conductance can be expressed as follows:
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(14)

Gmem =

r x slope

Shown in Fig. 10(c) are the measured crossover frequencies of
four different kinds of cells (Raji, MCF-7, HEK293, and K562) at
different liquid conductivities.">® The crossover frequencies of
cells have linear relationships with the liquid conductivities.
According to the data in Fig. 10(c) and eqn (13) and (14), the
capacitance and conductance of cell membrane can be
extracted, as shown in Fig. 10(d) and (e), respectively. The
effectiveness of this method was further proved by comparing
the extracted cell parameters to those presented in other works.
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It was found that drug-treatment can increase the membrane
capacitance of MCF-7 cells. In addition, the cell membrane
capacitance increases with the increase of drug concentration.'*?
For cells from the same species (e.g., lymphoma cells),'®*
found that the cell membrane capacitance decreases linearly with
the increase of cell diameter. More importantly, an OET system
was recently built to characterize the cell membrane capacitance
of individual cells automatically.”® In this system, a visual
tracking computer algorithm was used to control the frequency-
sweeping range and measure the crossover frequencies and
radius of cells. This automated system is capable of measuring
cancer cells (T24 and RT4) and normal urothelial cells (SV-HUC-
1) at a speed of 1 cell per second, with an accuracy of 0.2 pm for
cell size, and an accuracy of 1 kHz for the crossover frequency. By
utilizing the dual functions to characterize and manipulate cells,
the OET system was used for the detection and isolation of free
cancer cells from clinical samples, such as ascites and peritoneal
lavages.'®®

Apart from measuring the dielectric properties of the cell
membrane, OET can also be used to measure the mass and
density of single cells.’®®'%” To achieve this, cells are first lifted
by vertical OET manipulation force to a certain height and then,
“free fall” down to the surface of the OET bottom plate of the
cells is allowed, with competing buoyancy, gravitational, and
Stoke’s drag forces. Then, the mass and density of each cell
were rapidly determined using a computer vision algorithm.
This vision algorithm can accurately track the trajectory of the
moving cells and apply sedimentation theory to the measured
cells’ trajectory for the calculation of the cell mass and density.
To verify the accuracy and validity of this method, a polystyrene
microbead with a known mass and density was first tested, as
shown in Fig. 10(f).'°® After this, the mass and density of yeast
and leukemic cells were determined,"**'®” with results compar-
able to those reported in other works.

There are other methods that report the use of OET for cell
analysis. For example, it was demonstrated that Raji cells and
RBCs can be very well distinguished based on their different
transient responses under OET manipulation."®® In addition,
OET can be used to study the developmental stage of an embryo
based on its translational velocity, which is useful for applica-
tions such as in vitro fertilization (IVF) and embryonic stem cell
harvest.’®® As mentioned previously, OET-based cell analysis is
based on the cell’s kinetic response (e.g. rotational speed,
crossover frequency, motion trajectory, translational velocity,
etc.). Since different cells have different physical (e.g. size, shape,
density and mass) and dielectric properties (e.g. membrane
capacitance and conductance), they will exhibit unique kinetic
responses in OET systems, which can be used to identify cell of
specific phenotype and state or analyze cellular parameters of
interest.

it was

4.5 Cell electroporation

OET was also used for light-induced electroporation (LIE)
of cells. Electroporation is a widely used membrane poration
method, in which temporary permeation of the cellular membrane
is achieved by subjecting the cell to an electric field.*®>°%2*
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The cell’s bi-lipid membrane can be temporarily depolarized
by an electric field and small pores can form on the cell
membrane. Therefore, reagents, chemicals and molecules in
the extra-cellular space can pass through the pores and across
the cell membrane based on diffusion. If the field is properly
controlled, the pores can reseal (also known as reversible
electroporation) and the cell retains its viability. Electroporation
has many important biomedical applications such as gene
transfection, cell line development and regenerative medicine.
Compared to conventional electroporation methods requir-
ing fixed metal electrodes,*®*°° OET utilize patterned light to
create virtual electrodes that can locally concentrate the electric
field across the cell, resulting in electroporation. Therefore,
OET enable the operator to reconfigure the electrode geo-
metries and positions to perform electroporation in a much
more flexible manner, and parallel electroporation can be
performed on multiple sites simultaneously. More importantly,
OET can be used for both cell manipulation and LIE, and the
manipulation function can be easily switched to LIE function
by increasing the bias voltage. For example,*** it was demon-
strated that cell electroporation does not occur at low electric
fields (below 1.4 kV cm™"), while, in an electric field with a
field strength ranging between 1.4 to 2.3 kV cm™ ', reversible
electroporation occurs. However, if the field strength is above
2.3 kVem ™, the pores on the cell membrane will not reseal and
cell lysis occurs. Therefore, it is important to choose suitable
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electrical bias for LIE in OET systems. Show in Fig. 11(a) are the
bright-field and fluorescent microscope images of using OET to
perform LIE, enabling HeLa cells to uptake Propidium Iodide
(PI) dye from solution.?*> At a low electric field (0.2 kV em ™),
the system was working in the OET mode and was used to
manipulate cells to form a 2 by 2 array. It was found that
normal OET operation does not cause cell electroporation as
the fluorescent image shows no fluorescence signals inside the
cell. When a high electric field is applied (1.5 kV cm ™, 100 kHz,
5 s) and light patterns are projected on the two cells on the
diagonal, they were successfully electroporated, as indicated
by the fluorescence images. In addition, only cells that were
illuminated got electroporated while other cells were unaf-
fected. Finally, the remaining two un-electroporated cells were
illuminated and subjected to the electroporation bias. In this
case, all four cells showed red fluorescence, indicating success-
ful electroporation. To increase the throughput of LIE, a
channel microfluidic device with OET function was developed,
which was demonstrated for gene transfection for mammalian
cells in continuous fluidic flow.?°® In this work, three DNA
fluorescent plasmids were loaded along with different types of
mammalian cells. The used DNA plasmids are pEGFPC-1
(pGFP) carrying green fluorescence genes, pDsRed-express-1
(pDsRed) carrying red fluorescence genes, and pECFP-H2B
(pECP) carrying blue fluorescence genes; the used cells are
mouse bone marrow stromal cells (M2-104B), colon cancer cells

merie

i ECFP

Debris 20 um

Fig. 11 OET for electroporation, fusion and lysis of cell. (a) Microscope images showing the electroporation process of cells. Bright-field images are
shown in the top row. Corresponding fluorescence images are shown in the bottom row. Cells are manipulated to form an array using OET. Then, two
cells on the diagonal are subjected to the electroporation bias and light illumination. Finally, the remaining two cells are electroporated, resulting in the
fluorescence of all cells. Reproduced from ref. 202 with permission from Royal Society of Chemistry, copyright 2009. (b) Various types of cells were
transfected with plasmids carrying triple fluorescence. Reproduced from ref. 203 with permission from Royal Society of Chemistry, copyright 2014.
(c) Schematic process of cell fusion using OET. (d) Fluorescence intensity profiles and fluorescence images of a HelLa cell and an A549 cell fusing together
in OET. (c and d) Reproduced from ref. 205 with permission from Springer Nature, copyright 2016. (e) A series of images showing the lysis process of a
single fibroblast cell. Reproduced from ref. 209 with permission from American Institute of Physics, copyright 2009. (f) Bright-field microscope images
showing the use of light to selectively lyse an RBC that is sitting next to a WBC. The RBC is lysed and the morphology of WBC remains unchanged.
Reproduced from ref. 213 with permission from John Wiley and Sons, copyright 2014.
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(HCT-8), liver cancer cells (HepG2) and human pancreatic
cancer cells (BxPC-3). After LIE and culturing, successful trans-
fection of DNA plasmids was verified as green, red and blue
fluorescent proteins were expressed in live transfected cells,
as shown in Fig. 11(b). To improve the gene transfection
efficiency, the experimental conditions were optimized based
on the light exposure time and geometry of light patterns.
An improved version of microfluidic device with OET function
was also developed,*®* which can perform continuous LIE of
cells and automatic replacement of culture medium with
electroporation buffers. These results demonstrate that OET-
based LIE is an effective method to transfect different genes
and reagents into various types of mammalian cells.

4.6 Cell fusion and lysis

205,206 iy which different cell

OET was also used for cell fusion,
types are merged together to form a hybrid cell. Cell fusion has
many important biomedical applications such as monoclonal
antibody production, cell reprogramming, cancer immuno-
therapy, and tissue generation.?*>°® To achieve cell fusion in
OET, different types of cells are brought together to contact
with each other to form a cell pair. Then, the paired cells are
illuminated under an AC electric field in OET. This step results
in the electroporation of the cells, making the cell membrane
highly porous/leaky. The highly porous/leaky cell membrane
then permits cross-cellular cytoplasm exchange, inducing cell
fusion at the area of cell contact. Fig. 11(c) depicts the sche-
matic process of cell fusion in OET.**® In this process, OET was
first used to manipulate cells to form a cell pair, in which a red
cell and a green cell are later fused together to form a hybrid
cell. Shown in Fig. 11(d) is the change in fluorescence intensity
profile when a HeLa cell and an A549 cell fuse together in
OET.?% After the virtual electrode was generated (¢ = 0 hour),
the peak of green fluorescence (representing HeLa cells) and
the peak of red fluorescence (representing A549 cells) were
observed to move closer and merge. After a certain period of
incubation (¢ = 1 hour), the two peaks were observed to overlap,
indicating successful cell fusion. It is worth mentioning that
OET play two roles in this work: (1) manipulation of cells to
form a cell pair, and (2) light-induced electrofusion of paired
cells to form a single hybrid cell. While in another study, OET
only play a single role, i.e., manipulation of cells to form a cell
pair.”°® In this case, cell fusion is achieved by applying strong
DC pulses between the OET top and bottom plates to produce
an electroporation potential across the cellular membrane. To
facilitate cell pairing and prevent the paired cells from separat-
ing apart, cells were normally moved inside prefabricated 3D
micro-reservoirs, in which the cell fusion was performed.>*> 2%

Another important application of OET is cell lysis,*® which is
a crucial technique to extract proteins and nucleic acids from
inside a cell for a variety of research purposes. As mentioned
previously, if the electric field strength is above a certain
magnitude (e.g. 2.3 kV em™ %), electroporation-induced pores
on cell membrane will not reseal and cell lysis occurs. Based on
this mechanism, OET was used for light-induced electrolysis
of cells.?’*"* Fig. 11(e) shows the lysis process of a single
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fibroblast cell in OET.”® Before applying a non-uniform electric
field, the cell shows green fluorescence and remains viable.
However, when the cell is illuminated with a light beam, the
cell membrane is ruptured by the light-induced non-uniform
electric field and the cell releases some organelles. Finally, the
cell debris is shown, verifying that the cell is disrupted.
Although this method physically destroys the cell membrane,
it does not damage the nucleus.”*® Furthermore, it is demon-
strated that OET can be used to selectively lyse different types of
cells that are adherent or non-adherent at a single cell level
within a crowded environment.>’° This overcomes a major
bottleneck in the analysis of rare cells or targeted populations
in complex biological samples. In addition to the standard OET
device, a specifically designed microfluidic device with OET
function and cell counting function was also developed for cell
lysis.>"" In this device, hydrodynamic force can focus the cells
in the middle of the microfluidic channel and the integrated
optical fibers can be used to count the cells. Then continuous
cell lysis was achieved by projecting an optical image to induce
an electric field. Experimental data showed that the cells were
counted without any miscounts and 93.8% cells were success-
fully lysed. Apart from lysing cells, OET can also be used
to extract nuclei from the lysed cells. To facilitate nucleus
extraction, a microfluidic device with OET function and flow
control function was developed,>'? which automates the nucleus
extraction in three steps: (1) automatically focusing and trans-
porting cells, (2) lysing cells and releasing the nucleus, and
(3) separating the nucleus and cell debris based on different
OET manipulation force. Therefore, OET was used for both cell
lysis and separation of nucleus and cell debris. It was demon-
strated that this device can achieve efficiencies of 78.04 =+
5.70% and 80.90 + 5.98% for cell lysis and nucleus separation,
respectively. Therefore, an overall efficiency of 58.21 + 2.21%
can be achieved for nucleus extraction. OET was also used for
selective cell lysis based on cell shapes.*"* Shown in Fig. 11(f)
are bright-field microscope images of a smaller RBC and a
larger white blood cell (WBC) before, during, and after the light
and electric field are activated using an OET. In this case, only
the RBC is lysed while the morphology of WBC remains
unchanged. This phenomenon is mainly caused by the shape
of the cells (i.e., biconcave shape for RBC, spherical shape for
WBC), which influences the distribution of the electric field.
RBCs normally have wide and flat geometry. This leads to a
greater deflection and distortion of the electric field lines
around the cell surface and a concentration of electric fields
to form hotspots surrounding and beneath the RBCs, resulting
in a higher chance of electrolysis. Similar shape-dependent
cell lysis results were also observed for RBCs mixed with
parasites.>"®> More importantly, it was demonstrated that this
technique can be performed over large areas (several mm?) to
process many hundreds of cells simultaneously.

4.7 Cell patterning

Cell patterning is an important technique for biomedical
applications such as regenerative medicine, drug screening
and tissue engineering. OET has proved to be a useful tool
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for cell patterning,** due to its capability to manipulate
massive amount of cells simultaneously. Shown in Fig. 12(a)
are microscope images of human liver cells patterned in a
sucrose buffer in an OET system.>® Using a programmable light
pattern, thousands of human liver cells were patterned into a
snowflake shape within a few seconds. Similar results were also
demonstrated for other cell types in bio-friendly hydrogel
materials.*"® Fig. 12(b) shows the microscope images of chondro-
cyte-encapsulating hydrogel microbeads with different cell
densities.?'® In this work, a microfluidic-based micro-vibrator
was used to generate cell-containing hydrogel microbeads,
which were later assembled using an OET to form a sheet-like
cell culture construct. After the assembly, multiple sheet-like
cell culture constructs can be stacked to create a larger cell
culture construct, which shows similar 3D cell distribution to
that in native articular cartilage. Apart from the direct assembly
of cell-containing hydrogel microbeads, a more easy-to-use
cell patterning technique is developed based on an OET and
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a UV-curable poly(ethylene glycol) dicarylate (PEGDA) hydrogel.””
In this work, OET was used to pattern the cells in PEGDA
hydrogel, which was later polymerized using UV light. After UV
polymerization, a hydrogel sheet with an encapsulated cell pattern
was formed, which can be used for drug screening and tissue
engineering. A similar approach was recently developed to assem-
ble topographical micropatterns and an electronic circuit.'””
Fig. 12(c) shows the schematic of a high-throughput microfluidic
system that combines high throughput fabrication and assembly
of hydrogel microstructures. In this system, PEGDA hydrogel
microstructures were fabricated using a maskless photolitho-
graphy technique based on a DMD projector and a UV laser.”®
The DMD served as the reconfigurable mask that allowed for the
dynamic control of UV light to fabricate PEDGA microstructures
of different shapes.”®?'822° After fabrication, the polymerized
PEDGA microstructures were transferred to an OET device for
manipulation and assembly, as shown in Fig. 12(d). Furthermore,
cell-encapsulating PEDGA microstructures were fabricated with
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Fig. 12 OET for cell patterning and bio-fabrication. (a) Real-time image recording for liver-cell patterning by using dynamic light patterns in OET. Reproduced
from ref. 50 with permission from OPTICA Publishing Group, copyright 2010. (b) Bright-field and fluorescence microscope images of chondrocyte-
encapsulating hydrogel microbeads with different cell densities. Reproduced from ref. 216 with permission from Royal Society of Chemistry, copyright 2012.
(c) Schematic of the high-throughput fabrication and flexible manipulation system, which consists of two major units: a DMD-based hydrogel fabrication unit
and an OET-based manipulation unit. (d) Microscope image showing the use of an OET to construct a line with various PEDGA hydrogel microstructures.
(e) Assembly of cell-encapsulating PEDGA hydrogel microstructures. (c—e) Reproduced from ref. 98 with permission from John Wiley and Sons, copyright
2017. (f) Star-shaped PEDGA hydrogel pattern fabricated using an OET. The inset shows the image of the used light pattern. (g) Bright-field and fluorescence
microscope images of a star-shaped MCF-7 cell pattern. (fand g) Reproduced from ref. 221 with permission from Royal Society of Chemistry, copyright 2014.
(h) SEM images of various 3D PEDGA hydrogel microstructures. Reproduced from ref. 223 with permission from IEEE, copyright 2015. (i) SEM image of a PDMS
micro-pillar array. Reproduced from ref. 227 with permission from American Institute of Physics, copyright 2013.
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the designed shapes without affecting cell viability and prolifera-
tion. These cell-encapsulating micro-gels were later assembled into
desired geometries using OET, as shown in Fig. 12(e). Therefore,
UV/hydrogel-based fabrication and OET-based assembly demon-
strate great potential for creating functional biological structures.

In addition to UV-based polymerization of hydrogel, non-UvV
based electropolymerization and patterning of hydrogel were
demonstrated using an OET.?*'>?° This technique operates on
the principle of the photoelectric effect in an OET, which can
electrochemically trigger the polymerization of the PEDGA
hydrogel.”*>?>* Briefly, electrons generated from the photo-
conductive layer of the OET due to the photoelectric effect will
combine with the hydrogen ions in the PEDGA hydrogel,
making the ions reduce to hydrogen radicals. These hydrogen
radicals then trigger the PEGDA polymerization chain reaction
and make the hydrogel cross-linked. Using this method,
PEDGA hydrogel microstructures with controlled sizes, shapes
and thickness were fabricated using non-UV optical images in
the OET. As shown Fig. 12(f), a star-shaped light pattern is used
to fabricate a star-shaped hydrogel pattern, in which the dark
star is the bare a-Si:H surface and the green area (surrounding
the dark star) is the cross-linked PEGDA hydrogel.”*' After
fabricating the PEDGA hydrogel pattern, it was used as a
physical template to pattern cells. As shown in Fig. 12(g),
MCF-7 cells only adhere to the a-Si:H surface but not to the
hydrogel areas, forming a start-shaped cell pattern. The reason
for the cells selective growth is due to the intrinsic properties
of PEGDA hydrogel materials, which are resistant to cell
adhesion.??' Therefore, OET can be used to fabricate PEGDA
hydrogel microstructures, which can be used to pattern cells
into desired geometries. Furthermore, by tuning the light
exposure time and light distribution in an OET, complex 3D
hydrogel microstructures were successfully fabricated in a
layer-by-layer manner with controllable thickness, as shown
in Fig. 12(h).>*® Using a similar method, a hydrogel bio-scaffold
for tissue growth was created by a series of dynamically
modified images to form a 3D mesh-like hydrogel network with
tunable pores and gaps.”** In addition to the fabrication of
hydrogel microstructures, OET was also used to rapidly con-
struct organized micro-pillar array from a thin polydimethylsi-
loxane (PDMS) polymer film, as shown in Fig. 12(i).>*” This
work utilizes the electrohydrodynamic instability effect,?*” >*°
which is induced by the light-induced lateral electric field and
thermocapillary flow. Therefore, OET can be used to change a
PDMS film into periodic 3D pillar array, with voltage control of
the pillar diameter and light pattern control of the pillar
position,*?”>3° which offers a new method for efficient and
simple fabrication of polymer microstructures for many bio-
MEMS applications.

5. Integration of OET with other
technologies

Many applications described earlier rely heavily on OET integrated
with other technologies including microfluidics, conventional
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DEP, SERS, efc. In this section, we will overview the technical
details of OET integration with these technologies and explain
how the integration benefits relevant applications.

5.1 Integration with microfluidic systems

The importance of integrating OET with channel microfluidic
devices has been identified shortly after the invention of OET.
Channel microfluidic devices allow precise control and manip-
ulation of fluids that are geometrically constrained in a small
channel (typically sub-millimeter). Once being integrated
with OET, channel microfluidic devices can continuously deli-
ver and extract sample to the region where OET works, enabling
high-throughput OET-based sorting, separation and processing
of targets. The key step to integrate channel microfluidic
devices with OET is to fabricate a spacer with microchannel
features and use the spacer to bring the OET top and bottom
plates together, forming an enclosed channel. To fabricate
the spacer, different methods were developed. One method is
to create microfluidic channels on double-sided adhesive
tape,99,165,166,169—173,178,179,195,203—205,212,231—233 Wthh SandWiCheS
in between the top and bottom plates of the OET device, as
illustrated by the schematic in Fig. 13(a). Shown in Fig. 13(b) is
an image of the fabricated OET device with microfluidic
channels,"”® according on the schematic design in Fig. 13(a).
In this work, the hollow structures of microfluidic channels on
the doubled-sided tape was created by laser cutting. However,
some tapes experience burnt and melted edges after laser
cutting. To solve this problem, microfluidic channels on double-
sided tape were created using a “cookie-cutter” approach, in
which a custom-made metal mold was used to create a hollow
structure of the micro-channels on double-sided tape through
manual punching.’®'¢>*%%17> More recently, Xurography - cutting
with a blade - is emerging for integrating microfluidic channels
with OET devices.*** Using a high-resolution craft-cutter, micro-
fluidic features can be created on double-sided tape with smaller
feature size and smoother cutting edge as compared to laser-
cutting and metal mold punching. Generally speaking, these
methods of creating hollow structures of microfluidic channels
on double-sided adhesive tape are simple, cost-effective and
highly-efficient, thus being widely-used for the integration of
OET with channel microfluidics.

As an important UV-curable polymer material for microfab-
rication, SUS is also used for creating microfluidic channels in
OET.>0%206:211,234.235 Rio 13(c) shows the schematic of an OET
device, consisting of a SU8 layer with microfluidic channels
sandwiched in between the OET top and bottom plates.*** This
device is fabricated by first creating the SU8 microfluidic
channels on the OET bottom plate and then bonding the top
plate using epoxy. Shown in Fig. 13(d) is an SEM image of the
fabricated SU8 microchannel, integrated with a pair of optical
detection fibers.?** With the optical detection fibers, the SUS-
based OET-microfluidic device is capable of interrogating
micro-particle size and then sorting micro-particles based on
their sizes. Using the same fabrication method, an OET-
microfluidic device with optical detection fibers was developed
to perform hydrodynamic cell focusing, cell counting and
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Fig. 13 Integration of OET with channel microfluidics. (a) Schematic design of an OET-microfluidic device based on double-sided adhesive tape with

micro-channels. (b) Image of an OET-microfluidic device. The micro-channels in the device were created by laser-cutting a double-sided adhesive tape.
(@ and b) Reproduced from ref. 170 with permission from Royal Society of Chemistry, copyright 2013. (c) Schematic design of an OET-microfluidic device
with SU8 micro-channels and a pair of optical fibers. (d) SEM image of the SU8 micro-channels and the optical fibers. (c and d) Reproduced from ref. 234
with permission from Elsevier, copyright 2008. (e) Image of an OET-microfluidic device with SU8 micro-channels. Reproduced from ref. 235 with
permission from IOP Publishing Group, copyright 2020. (f) Schematic design of an OET-microfluidic device with PDMS top plate and PDMS micro-
channels. Reproduced from ref. 164 with permission from Royal Society of Chemistry, copyright 2013. (g) Schematic design of a hybrid microfluidic
device consisting of PDMS fluidic control module and OET-microfluidic micromanipulation module. (h) Image of a fabricated microfluidic chip consisting
of a PDMS fluidic control module and an OET-microfluidic manipulation module. (g and h) Reproduced from ref. 231 with permission from Royal Society

of Chemistry, copyright 2014.

continuous cell lysis.>'" A similar fabrication method was

developed by fabricating the SU8 layer with microfluidic
channels on the OET top plate, and then the OET top plate
was adhered to the bottom plate using UV-curable epoxy.*°® The
OET-microfluidic device fabricated using this method can
move cells and perform selective electroporation of single cells.
More recently, a slightly different fabrication method was
developed to create SU8 microfluidic channels in an OET
device.”®® In this method, the SU8 material is first spin-
coated on the OET bottom plate, and then the top plate with
inlet and outlet holes is placed on top of the bottom plate.
Therefore, a featureless SU8 layer is sandwiched in between
the OET top and bottom plates. Afterwards, the SU8 layer is
processed with baking and photolithography. Finally, unex-
posed SUS8 is removed by immersing the device in a developer
for an extended length of time with agitation/sonication. Using
this method, OET-microfluidic devices with different channel
heights were fabricated, which were demonstrated for focusing
and sorting micro-particles. Fig. 13(e) shows an example of
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an OET-microfluidic device, fabricated using this method.
Although not discussed in this work, the “extended length of
time” to develop SU8 materials sandwiched in between the OET
top and bottom plates can be days or even weeks if the channel
geometries are small. Apart from SU8, UV-curable PEGDA
polymer materials were also used for creating microfluidic
channels in OET devices.”*® The motivation for this work
stemmed from the fact that TiOPc is used as the photoconduc-
tive layer instead of a-Si:H, and the normal processing for SU-8
materials would damage the TiOPc layer.
Poly(dimethylsiloxane) (PDMS) is a silicon-based organic
polymer that is widely used for fabricating microfluidic
devices.**”**® By incorporating a gold mesh or carbon nano-
tubes on PDMS,'®*?*° an OET device with PDMS microfluidic
channels was developed. This device is different from other
OET-microfluidic devices as normally a spacer with micro-
channels is fabricated to bring the OET top and bottom plate
together. However, in this work, PDMS structures form both the
OET top plate and the spacer,'®* as shown by the schematic in
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Fig. 13(f). In addition, with an integrated pneumatic-controlled
value, this PDMS-based OET-microfluidic device is capable of
isolating and extraction single cells for downstream mRNA
analysis. Although this device demonstrates superior device
performance, the fabrication process of a PDMS-based OET-
microfluidic device is much more complex than the afore-
mentioned fabrication methods with double-sided tape and
SU8 materials. To solve this problem, hybrid microfluidic
systems were developed by interfacing PDMS microfluidic
devices directly with double-sided tape-based OET-microfluidic
devices.'79204212:231 1y this case, PDMS microfluidic devices
were used as modules for fluidic control while OET-micro-
fluidic devices were used as modules for target sorting/proces-
sing. As shown in the schematic in Fig. 13(g),>*' the two
modules were interfaced together by stacking the PDMS micro-
fluidic module on top of the OET-microfluidic module, with the
inlet and outlet holes aligning to each other. Fig. 13(h) shows
the image of a fabricated microfluidic chip consisting of a
PDMS fluidic control module and an OET-microfluidic sorting
module,”®*' according to the schematic design shown in
Fig. 13(g). This device combines the advantage of PDMS micro-
fluidic device in fluidic control and the advantage of OET in
micromanipulation, thus offering a powerful platform for con-
tinuous cell sorting and processing.

5.2 Integration with digital microfluidics and
optoelectrowetting technology

Digital microfluidics (DMF) is a liquid-handling technology
that enables individual control over discrete micro-droplets
on an array of electrodes,**° representing an alternative to the
conventional paradigm of channel microfluidics in which
fluids are transported in enclosed micro-channels. Show in
Fig. 14(a) is a schematic structure of the DMF device, which
consists of a bottom and a top plate, separated by a spacer. The
structure of DMF has some resemblance to that of an OET.
As shown in Fig. 14(a), the DMF bottom plate is composed of an
array of electrodes, a dielectric layer and a hydrophobic coating.
The DMF top plate is an ITO-coated glass slide with a hydro-
phobic coating, similar to that of an OET device. The working
principle of DMF refers to the electrowetting-on-dielectric
(EWOD) effect,** in which the hydrophobicity of a substrate
is controlled by an electrical field. The electric field can control
the contact angle of the droplet and create a surface tension
force that allows continuous movement of the droplet in
the DMF device. In simple words, activating a particular DMF
electrode causes the region above the electrode to change from
hydrophobic to hydrophilic, attracting nearby micro-droplets.
Although well suited for controlling micro-droplets (e.g. moving,
splitting, merging, and dispensing), DMF is unable to manipulate
the micro-objects inside the micro-droplet. Hence, there exists a
strong demand to combine DMF and OET together, allowing a
single chip to acquire both convenient fluidic control and effective
micromanipulation of micro-objects for a variety of applications.

The dielectric layer required for the DMF device is proble-
matic for OET operation. One way to integrate DMF and OET is
to partially remove the dielectric layer,>** as shown in Fig. 14(b).
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In this case, the bottom plate is identical to the bottom plate of
a standard OET device. The top plate contains patterned ITO
electrodes for DMF operation, with the dielectric layer selec-
tively removed at one of the electrodes, and at that electrode,
the cross section of the device is identical to that of a standard
OET device. The cross section of other electrodes is the same as
that of a typical DMF device albeit upside-down. This design
causes discrete areas of either droplet manipulation by EWOD
or particle manipulation by OET.>*" This design was further
improved by using a lateral OET device as the bottom DMF
plate, allowing simultaneous DMF control and OET manipula-
tion on the same area, as shown in Fig. 14(c). This DMF-OET
integration is useful for both droplet control and micro-object
manipulation.

Another solution for simultaneous droplet control and
micro-object manipulation is to utilize the optoelectrowetting
(OEW) effect.”**"*** OEW relies on light-induced ‘virtual elec-
trodes’, which can selectively change the hydrophobic surface
to the hydrophilic surface, thus attracting the nearby micro-
droplets. The OEW device is similar to the DMF device in terms
of the underlying physics with the only difference being the
electrodes in OEW are created by light. Shown in Fig. 14(d) is a
schematic of an OEW device, which consists of a top plate and a
bottom plate.?*> The top plate of the OEW device is identical to
that of a DMF device; the bottom plate of the OEW device is
similar to that of an OET device (with an additional dielectric
layer and a hydrophobic coating). This device can work under
the OEW mode to move droplets [as illustrated in Fig. 14(d)] or
under the OET mode to move micro-particles inside the droplet
[as illustrated in Fig. 14(e)], depending on the AC frequency and
light pattern being used. Just like in OET, organic photocon-
ductors such as TiOPc were also used for OEW to simplify
device fabrication and reduce device cost.>*® Single-sided lat-
eral OEW devices (in which electric field is applied laterally)
were also developed for the actuation of micro-droplets®*”:**8
and this approach requires very low light power density (less
than 1 W em™?). Shown in Fig. 14(f) is a schematic of a lateral
OEW device, consisting of a flexible PET substrate, two ITO
electrodes on the sides, a TiOPc photoconductive layer, a SU8
dielectric layer and a Teflon hydrophobic coating.**° This
single-sided OEW device works by illuminating the whole
device and moving the droplet with dark pattern. Using this
device, continuous droplet transportation were demonstrated
on various 3D terrains such as on flat (¢ = 0°), vertical (¢ = 90°),
and upside-down (¢ = 180°) surfaces. In addition, droplets can
be moved, merged and splitted on a curved surface, as shown in
Fig. 14(g). Using a similar design, a smartphone-integrated
OEW device was developed,”®® as shown in Fig. 14(h). In this
work, light from a smartphone screen was used to perform
OEW based microfluidic operations such as droplet transporta-
tion, merging, mixing, and immobilization (in an oil environ-
ment), allowing automated sample processing of marine water.
Furthermore, the smartphone camera can perform on-chip
microscopic evaluation of water quality by measuring the
population and fluorescence signals from the target cells in
water samples, offering a portable lab-on-a-chip system for
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Fig. 14 OET integration with DMF and optoelectrowetting. (a) Left: Top view of the DMF device showing an array of electrodes; right: the cross-
sectional view of a DMF device showing its detailed structure. Reproduced from ref. 240 with permission from Annual Reviews Inc., copyright 2015.
(b) Cross section of a device integrating OET and DMF operation. The device looks like an upside-down DMF device with the dielectric coating removed
at one of the electrodes, enabling OET operation. (c) Using lateral OET as the bottom plate, the integrated device allows OET and DMF operation
simultaneously. (b and c) Reproduced from ref. 241 with permission from Royal Society of Chemistry, copyright 2009. (d) Schematic of the device
working in the OEW mode (f < 100 kHz), causing aqueous droplets in the vicinity to move towards the light pattern. (e) Diagram of the same device
operating in the OET mode (f > 100 kHz). In this mode, particles within the droplet experience a DEP force when in the vicinity of light illuminated region.
(d and e) Reproduced from ref. 245 with permission from Royal Society of Chemistry, copyright 2011. (f) Schematic design of a single-sided OEW device
fabricated on a flexible PET substrate and its equivalent circuit and working principle. (g) Image showing the use of a single-sided OEW device for droplet
merging and splitting on a curved surface. (f and g) Reproduced from ref. 249 with permission from the Royal Society of Chemistry, copyright 2016.
(h) Schematic design of a single-sided OEW device, in which the droplet is driven by the light pattern from a smartphone screen. Reproduced from
ref. 250 with permission from Royal Society of Chemistry, copyright 2018.

monitoring water quality. More recently, the same research group
developed a TiOPc-based lateral OEW device while incorporating
plasmonic nanoparticles into the TiOPc layer to improve its light
absorption efficiency,”" resulting in a droplet movement speed of
12.5 mm s~ . OEW is an emerging new optofluidic technology for
droplet control that shares the same advantages as those of OET
in simplicity and flexibility. It is expected that OEW technology
will be further improved and explored for different uses in the
future.

5.3 Integration with other micromanipulation technologies

OET was also used in combination with other micromani-
pulation technologies for different applications. For example,
conventional DEP technology was integrated with OET for
nanowire assembly."*” In this work, a pair of metal electrodes
with a 10 pm gap were fabricated on top of the OET bottom
electrode. OET was first used to trap the nanowires and move
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them next to the fabricated metal electrodes. Then, an AC bias
was applied to the metal electrodes to generate DEP, which
attracted and aligned the nanowires to fill in the gap between
the metal electrodes. Another method to integrate conventional
DEP with OET is to fabricate patterned optoelectronic tweezers
(p-OET).”* As shown in Fig. 15(a), the photoconductive layer of
the p-OET device is patterned to expose the ITO electrode layer,
which is different from the conventional OET device with a
continuous photoconductive layer. Fig. 15(b) shows the numer-
ical simulations of the p-OET structure, which indicate that
strong non-uniform electric fields exist at the edges of the
patterned photoconductive layer. Therefore, the outer edges
of the patterns on the p-OET’s photoconductive layer can
generate DEP force to push away unwanted targets from the
area of interest. This solves the problem of “particle-crowding”
in a conventional OET device and generates a clear field for
particle observation and manipulation. In addition, the p-OET
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device allows the direct trapping and moving of particles into a OET was also integrated with acoustic tweezers (ATs) for
physical trap formed by a photoconductor surrounded by an  particle manipulation and cell lysis.>***** To integrate the two
exposed ITO electrode, as shown in Fig. 15(c). Even without technologies together, an OET device with the SU8 microfluidic
light illumination, particles can still stay in these physical traps channel was put on top of a surface acoustic wave (SAW)
due to negative DEP generated by the edge of the patterned transducer, as shown in Fig. 15(d) and (e).>*® AT is achieved
photoconductor. This feature can minimize the light-induced utilizing the SAW transducer which transmits ultrasound into
heating effect in a conventional OET as light needs to be “on” the OET device and forms a pressure standing wave under
all the time in a conventional OET to maintain the trapping resonance conditions. After the integration, the OET-AT system
force. Therefore, p-OET is similar to conventional OET in terms is characterized in terms of coupling of acoustic energy into the
of permitting flexible, parallel and reliable manipulation of chip as well as OET trapping efficiency. The individual control
microparticles, but also has a patterned photoconductive layer of each technique was demonstrated and applied for sorting of
that is useful for keeping selected microparticles in place by —micro-particles by DEP and acoustophoretic forces.**® In addition,
conventional DEP (even after turning off the light source). this OET-AT system can be used for continuous cell lysis.>**
Another OET system employing a non-uniform background Shown in Fig. 15(f) are microscope images of using AT to drive
electric field was recently demonstrated.>® The electrode layer RBCs to form a line and using OET to perform continuous lysis of
(beneath the photoconductive layer) of the OET device was RBCs. When an electric field is applied, RBCs disappear and get
patterned to generate a non-uniform background electric field. lysed when passing the illuminated area. It was demonstrated that
This background electric field’s gradient mainly changes along this OET-AT system has a cell lysis efficiency of > 99% for a
the specific axis. Influenced by the background DEP force and sample concentration of 10° cells per ml.

light-induced DEP force, particles can be trapped along an axis In addition to direct OET manipulation, OET can also be
around the edge of the light spot, resulting in an improvement of used to control microrobots, which are in turn used to mani-
the manipulation performance in terms of resolution and posi- pulate secondary objects.>*® Fig. 15(g) shows a representative
tion accuracy compared with the conventional OET technology.”®® SEM image of a “cogwheel’-shaped microrobot, bearing a
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Fig. 15 OET integration with other micromanipulation technologies. (a) Schematic of a p-OET device with a patterned a-Si:H layer on an ITO electrode.
(b) Simulations on the electric field and its distribution in a p-OET device (AC voltage: 7 Vpp, 25 kHz). (c) Microscope images showing the use of a p-OET
device to manipulate and trap a microbead. (a—c) Reproduced from ref. 74 with permission from John Wiley and Sons, copyright 2018. (d) Schematic of
an integrated OET-AT system. (e) Image of an assembled OET-AT system, placed under the objective, containing an OET-microfluidic chip and a SAW
device for AT. (d and e) Reproduced from ref. 253 with permission from SPIE, copyright 2012. (f) RBCs lysing under continuous flow (flow from right to
left). RBCs are concentrated along the pressure node by AT to form a line. Rectangular light pattern is projected in the microchannel. This is the area
where lysis is induced. Scare bar: 50 um. Reproduced from ref. 254 with permission from SPIE, copyright 2013. (g) SEM image showing the 3D structure of
a "cogwheel”-shaped microrobot. (h) Bright-field microscope image of a microrobot that carries a microbead. (i) Payloads can be loaded, translated and
delivered using a microrobot. (g—i) Reproduced from ref. 233 with permission from the National Academy of Sciences USA, copyright 2019.
(j) Microscope image showing a microgear train in operation. (k) Microscope image showing a micro-rack-and-pinion in operation. (j and k) Reproduced
from ref. 256 with permission from Springer Nature, copyright 2021.
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semienclosed central chamber with an opening on one side.
The microrobot is straightforward to manufacture and can be
programmed to carry out sophisticated, multiaxis operations.
Shown in Fig. 15(h) is a microscope image of using a light
pattern to control a microrobot, which carries a micro-particle.
The microrobot can be used to load, transport and deliver
a variety of micrometer-dimension payloads, as shown in
Fig. 15(i). In addition, parallel and independent manipulation
of multiple microrobots is feasible. More importantly, micro-
robots can be programmed to move and “scoop up” mammalian
cells such that they can be isolated and evaluated independently.
Microrobots programmed in this manner are much gentler on
fragile mammalian cells than conventional OET techniques. This
OET-based microrobotic system is capable of sorting and isolating
single cells for clonal expansion and RNA-sequencing, facilitating
cell-cell fusion and interactions, and extraction of precious
biomedical samples from complex micro-environment.>** More
recently, automatic control of multiple microrobots to simulta-
neously collect, transport and deposit microparticles was demon-
strated, based on an open-loop algorithm consisting of automated
targeting and path planning.”>® These results demonstrate the
feasibility of automating the OET-driven microrobots to carry
out micromanipulation tasks. In addition to the microrobot
technology, OET-driven microgears were also developed. These
microgears can be made to work together as microgear train
[Fig. 15(j)] and micro-rack-and-pinion [Fig. 15(k)],**® allowing
for 3D particle control, mechanical advantage, and microfluidic
valving behaviors to be realized. These multi-component micro-
mechanical systems represent an important step forward for
the microsystem community, suggesting great potential for
complex OET-driven micromachines and microrobots in the
future, for applications in micromanipulation, microfluidics,
life sciences and beyond.

6. Commercialization

The commercialization of OET started shortly after the inven-
tion of this technology in 2005. Ming Wu, the inventor of OET,
founded Berkeley Lights Inc. with Igor Khandros and William
Davidow in 2011.**” This California-based company has suc-
cessfully commercialized fully automated OET instruments to
enable the functional screening and selection of individual cells
for antibody discovery,”” % cell line development,*>”*°*2% cell
therapy development>’*%*2%* and synthetic biology.>*’

Fig. 16 provides an overview of the Berkeley Lights platform,
which uses “Opto-Electro Positioning”” (OEP) technology, the
company’s commercial name for its proprietary OET technology.
Fig. 16(a) shows a photograph of the Beacon instrument,
developed by Berkeley Lights, and a microfluidic device to work
with the Beacon instrument.>**¢> Berkeley Lights’ microfluidic
devices have up to 14 000 “NanoPen” chambers and a micro-
fluidic channel that connects all the ‘“NanoPen” chambers for
loading/extracting cells, beads, etc. and delivering reagents. The
volume of the NanoPens range from 250 pL to 2 nL depending
on the application. This small volume enables the rapid
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phenotypic characterization of single cells. Fig. 16(b) demon-
strates the manipulation of activated, individual T cells using
the Berkeley Lights OEP technology and subsequent clonal
expansion following 72 hours of culture.*®* Fig. 16(c) shows a
typical workflow using the Beacon platform for cell analysis and
selection.”®” Briefly, cells are loaded onto an OptoSelect Chip
(OET-microfluidic chip) and positioned inside the NanoPens
using light-induced dielectrophoresis. Following clonal
expansion, reagents are selectively introduced onto the chip
to characterize various phenotypic traits (e.g:, secreted proteins,
cytokines, surface protein expression, etc.). After phenotypic
characterization, selected clonal colonies are exported from the
chip for further off-chip processing, including genomic analysis
and/or downstream expansion in well plates. This process
enables the user to precisely link the phenotypes of individual
cells to a corresponding genotypic profile.

The flexibility of the Beacon system enables a variety of
applications to run on the same system ranging from the
discovery of antibody therapeutic candidates directly from B
cells to developing powerful cellular therapeutics by selecting
functional T cells.”®” Furthermore, the Beacon system can
significantly accelerate the discovery and development of cell-
based products.’®® For example, it usually requires 2-3 months
to discover antibodies from B cells using traditional methods
such as hybridoma. With the Beacon system, the screening
time is reduced to several days. In addition, the Beacon system
consumes less cells and reagents compared with traditional
methods. Therefore, the Beacon system helps users find the
best cells in a fraction of the time and cost of traditional
methods. Recently, in response to the COVID-19 global health
crisis, researchers have harnessed the Beacon system’s flexi-
bility and timeline compression to identify novel therapeutic
and vaccine candidates.”®®>°® The Beacon system is in active
use in a growing number of research institutions and bio-
pharmaceutical companies worldwide. While the Beacon system
is aimed at high-throughput, high-automation applications, a
smaller, less automated, but cheaper system, lightning, was
recently released by Berkeley Lights to address needs in the
research and academic markets.

In July 2020, Berkeley Lights executed an initial public
offering raising gross proceeds of approximately 190 million
USD, demonstrating strong market confidence in the compa-
ny’s future prospects (NASDAQ:BLI). In summary, with OET as
the core technology, it is expected that Berkeley Lights will
continue to grow and play important roles in the development
of cellular therapeutics, biopharmaceuticals, and other cell-
based products.

/. Future perspectives

Since the appearance in 2005, OET technology has attracted
significant academic and commercial interest and has been
used for different applications in a variety of fields and scenarios.
This paper comprehensively reviews the working principles,
experimental setups, applications and commercialization of the
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Fig. 16 Berkeley Lights’ Beacon system for cell screening and selection. (a) Photograph of the Beacon system. The samples are loaded on a proprietary
OET-microfluidic chip shown on the right. Reproduced from ref. 258 with permission from IEEE, copyright 2019. (b) Bright-field microscope images
showing the loading and culturing of single T cells in NanoPen chambers using the Beacon system. (c) Workflow for cell manipulation, analysis and
recovery using the Beacon system. (b and c¢) Reproduced from ref. 263 with permission from Springer Nature, copyright 2018.

OET technology. It is demonstrated in many aspects that OET is
a powerful micromanipulation toolbox for scientific research.
To date, most OET-based research focus on (1) the assembly of
micro/nano devices and materials, (2) the manipulation, sorting
and assay of chemicals, biomolecules and cells, (3) the acquisi-
tion and analysis of cellular properties, (4) the electroporation,
fusion and lysis of cells, (5) the fabrication of cell-encapsulated
biomaterials and biostructures, and (6) the development of
optofluidic devices for fluid transport. These applications are
summarized/classified in Table 1, which clearly demonstrates the
superior performance and unique versatility and flexibility of the
OET technology.

Although demonstrated for many useful applications, chal-
lenges do remain for OET to transform from a mainly lab-based
technique to a one that is widely used in practical applications.
Therefore, more improved approaches for overcoming some
challenges of the current state of the art should be carried out.
In the following text, we will discuss the major challenges of
OET and some possible solutions to further improve the
technology in the future. The search for new photoconductive
materials and phototransistor structures is highly desirable for
OET research. The performance of the OET device strongly
relies on the quality of the photoconductive material. Until
today, a-Si:H material is still a major choice to make a photo-
conductive layer OET device due to its high stability, good
light adsorption, reusability and biocompatibility. However,
the fabrication of a-Si:H materials is a laborious and expensive
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process, which requires well-trained personnel to use the
PECVD machine in a cleanroom facility based on a well-
developed recipe (e.g. optimized parameters for temperature,
pressure, gas flow rate, etc.). Although other organic photo-
conductive materials such as P3HT/PCBM polymer and TiOPc
have been developed to fabricate OET devices based on a
simple spin-coating process. Their relatively short lifetime
and poor stability after being exposed to water bring extra
problems. Moreover, due to the limitation of the photoconduc-
tivity of the a-Si:H material, the liquid medium used in OET
device must have a low electric conductivity. This is a major
bottleneck for cell-related research, as OET devices based on
a-Si:H cannot be used for direct cell manipulation in high-
conductivity cell-friendly buffers. Although using patterned
phototransistors as the photoconductive layer of OET device
can effectively solve this problem, it is still an insurmountable
challenge for most research groups to fabricate phototransis-
tors that involves ion implantation, photolithography and
multi-step plasma etching. To date only two research groups
in the world have the experience and facility to fabricate
phototransistor-based OET devices. It is worth mentioning
that Berkeley Lights has successfully commercialized a fully
automated OET instrument (i.e. the Beacon system and the
Lightening system), along with phototransistor-based OET micro-
fluidic chip matched to the instrument. The company’s OET chip
is for single use to avoid cross sample contamination. However, it
may be impractical to use the phototransistor-based OET device
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Device format Application

Ref.

Phototransistor-based optoelectronic
tweezers
Vertical OET device

microscale objects

Manipulation of biomolecules and

biochemical substances

Manipulation and separation of cells

Cell analysis

Manipulation/assembly of nanoscale objects
Fabricate highly-conductive microelectrode
and microelectronic devices

Manipulation and assembly of

Manipulation and separation of cells/particles 56-58
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for certain applications due to the high cost. Therefore, new
photoconductive materials and phototransistors structures that
can overcome these challenges would further evolve the field and
broaden the applications of OET.

In addition, more studies should be carried out to investi-
gate the underlying physics of OET to explain or predict target
behaviors under various experimental conditions. Main OET
working mechanisms including DEP, ACEO, ACET, and electro-
deposition, which are induced by light illumination, have been
extensively studied and well characterized for the case when
each mechanism occurs alone or dominate over others. However,
these mechanisms always occur in conjunction with each other,
resulting in complex behaviors of targets in practice that are
difficult to be explained using any of the current models. There-
fore, it is necessary to develop a complete theoretical model
that takes all mechanisms into consideration and can explain
and predict the behaviors of targets under OET manipulation.
Additionally, there are no conclusive explanations for some
important phenomena observed in OET systems, such as self-
rotation of certain species of cells, 3D movement of micro-
objects, and electrohydrodynamic interactions between polarized
micro-objects. More work need to be done to better understand
the mechanisms for these phenomena, which is important for
better use of OET in many applications.

Next, the capability of OET needs to be further explored in
several areas. OET is mainly considered as a 2D manipulation
technique, which has shown superior performance in many
aspects as reviewed in this paper. However, OET cannot be used
for reliable 3D manipulation, which is a major disadvantage
compared with optical tweezers. Hence, it is necessary to
develop new device or related technologies that support 3D
manipulation in OET systems. In addition, 90% of the related
research on OET to date have focused on vertical OET devices.
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There is still huge room to improve and explore the use of
lateral OET devices, which have shown superior performance in
the assembly of micro/nano optoelectronic components such
as micro-disk lasers and nanowires. Apart from lateral OET
devices, the research on OEW is insufficient and the capability
of this technology is not fully explored. To date, OET is mainly
used for manipulation and assembly in small areas (~ less than
2 em?) and it is necessary to explore its capability for manip-
ulation and assembly over large areas for manufacturing appli-
cations. Non-specific bonding of cells and micro-particles on
surface of the OET device remains a problem for OET research.
Therefore, relevant research needs to be carried out to develop
suitable coatings that can reduce non-specific bonding but
without harming the performance of OET. Moreover, it is of
great importance to integrate OET with other devices/sensor/
tools to detect, analyze, and measure micro/nano-objects. This
requires systematically combining OET devices with other
predominant characterization techniques, such as atomic force
microscopy, confocal microscopy, and Raman microscopy to
achieve multiparameter simultaneous acquisition, detection,
and analysis of targeted samples. Finally, fully automated and
cost-effective OET system is required. As mentioned previously,
Berkeley Lights has commercialized a fully automatic OET
system known as Beacon. However, the cost of this system is
significant. Primarily for this reason, the Beacon system is mostly
used in large pharmaceutical companies and the budgets of
many labs make it a purchasing challenge. Therefore, it is
necessary to develop a fully automatic cost-effective OET system
for research and academic uses. More recently, Berkeley Lights
developed another OET system known as the Lightning, which
has less throughput and automation than the Beacon, but comes
at a reduced price point. Such systems will be more affordable for
smaller research labs and institutions. In addition, it is necessary
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to develop supporting software and computer algorithms for
the OET system to allow image acquisition, target identification,
and automatic capture/manipulation of targets. It is expected
that such a system with high-degree of automation will greatly
benefit the OET research and attract more end users from various
research fields.

In summary, we present in this article a comprehensive
review of the OET technology, which offers tremendous research
benefits by providing a programmable, flexible and versatile
approach for parallel and multi-scaled micromanipulation.
Thanks to the great efforts to improve this technology by
worldwide researchers, we believe that OET research will con-
tinue to thrive in the near future and the technology will play an
increasingly important role in materials/biological/pharmaceu-
tical applications.
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