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Combining sensors and actuators with electrowetting-on-dielectric
(EWOD): advanced digital microfluidic systems for biomedical
applications

Typical forms of a combination of Electrowetting-on-dielectric
(EWOD) technology with sensing and other microfluidic
manipulation techniques are reviewed from a technical perspective,
including the purposes, significance, and biomedical applications
of different types of combined microfluidic systems. The image
conceptualizes the integration of optical and temperature-control
sub-systems on an EWOD chip, as well as the interfacing between
EWOD and channel-based microfluidics.

Image reproduced by permission of Shanghai Institute of
Microsystem and Information Technology, Chinese Academy of
Sciences.
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The concept of digital microfluidics (DMF) enables highly flexible and precise droplet manipulation at a
picoliter scale, making DMF a promising approach to realize integrated, miniaturized “lab-on-a-chip”
(LOC) systems for research and clinical purposes. Owing to its simplicity and effectiveness, electrowet-
ting-on-dielectric (EWOD) is one of the most commonly studied and applied effects to implement DMF.
However, complex biomedical assays usually require more sophisticated sample handling and detection
capabilities than basic EWOD manipulation. Alternatively, combined systems integrating EWOD actuators
and other fluidic handling techniques are essential for bringing DMF into practical use. In this paper, we
briefly review the main approaches for the integration/combination of EWOD with other microfluidic
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gration ranges from independently operating sub-systems to fully coupled hybrid actuators. The corres-
ponding biomedical applications of these works are also summarized to illustrate the significance of these
rsc.li/analyst innovative combination attempts.

1. Introduction

Digital microfluidics is a technology where discrete picoliter-
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other microfluidic technologies. In the past decades, multiple
actuation principles have been developed to realize DMF,
including EWOD,">* dielectrophoresis (DEP),” magnetic
force,® photo-actuation principles,” acoustic waves,® and
electro-dewetting,” among which EWOD is a well understood
and the most commonly applied method in recent studies.
Known as a reversible wettability shift induced by an electric
charge on a dielectric surface, the EWOD effect is quantitat-
ively described by Lippmann-Young’s equation,'® where the
droplet contact angle on the dielectric surface is controlled by
an applied voltage. To generate a functional EWOD-based
DMF substrate, an electrode array can be patterned by the
standard microelectromechanical system (MEMS) process,' ">
the thin film transistor (TFT) process,"”” "> and inkjet
printing,'®"” or be fabricated on a printed circuit board
(PCB),"®" along with dielectric layers such as SiO, or Al,O;
and hydrophobic coatings such as Teflon AF, Cytop and
FluoroPel. Droplets are either positioned directly on the open
substrate or sandwiched between the bottom substrate and a
conductive and hydrophobic top plate as the ground of the
DMF device (Fig. 1A). Droplets can then be actively dispensed
and manipulated (i.e., transported, merged, and split) on
these devices with a typical driving voltage of tens to hundreds
of volts (AC or DC) depending on the dielectric properties of
the device.

Owing to its simplicity and effectiveness, EWOD has a wide
range of applications such as circuit hotspot cooling,>>*!
liquid microlens,®*>* and electronic ink displays.”> More
importantly, as a fluidic manipulation technique, EWOD is
suitable for LOC applications, in which regular biomedical
analyses are miniaturized and integrated for point-of-care
(POC) diagnosis before treatment.>® To date, reports on EWOD
for LOC applications have covered a variety of biomedical
assays, ranging from simple sample preparation to an inte-
grated “sample in, result out” process, from instant manipu-
lation and rapid detection®® to long-term cell culture and con-
tinuous monitoring.””?® In addition to the extensive research
on LOC applications, EWOD-based DMF is also reaching its
mature state in commercialization,>® as recent disposable
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EWOD cartridges are being developed for immunoassays,***"
single cell sorting,*” and nucleic acid testing (NAT).**7°
However, new challenges emerge for EWOD systems as
more sophisticated sample handling actions (e.g., DNA/RNA
extraction and single cell isolation), real-time result readout
abilities, and higher integration levels are required for practi-
cal use under general laboratory or clinical conditions, which
cannot be achieved by mere EWOD-driven droplet move-
ments.'® Therefore, the integration of multiple external fields
plays a crucial role in achieving more complex LOC appli-
cations and expanding the functionalities of the basic EWOD
platform itself. Herein, we briefly review the main approaches
for the integration/combination of EWOD with other micro-
fluidic manipulation methods from a technical perspective, as
well as the significance of the integration for biomedical
(specifically, LOC) applications. For specified purposes, EWOD
platforms are generally combined with magnetic, optical,
acoustic, thermal, mechanical, and other electrical effects, as
well as integrated with sensor units for enhanced sample
handling and real-time feedback. Structurally, the combined
systems are classified into three categories (Fig. 1B-D) analo-
gous to those of integrated circuits, depending on how
coupled the integrated sub-systems are with EWOD actuators,
i.e., system-level integration, chip-scale integration, and hybrid
actuation.

2. System-level integration

External force fields and the corresponding actuators/sensors
may be integrated into EWOD fluidic handling platforms at a
system level by positioning exterior sub-systems around the
EWOD chip, providing additional control or monitoring for
fluidic operation. Such integration requires minimal modifi-
cation of the existing EWOD device (e.g., thickness, transpar-
ency, and heat conductance) but introduces complexity to the
external hardware system. Magnetic, optical, and thermal com-
ponents are typically introduced into EWOD systems in this
manner.
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2.1 Magnetic manipulation

The magnetic field is commonly used in liquid handling and
is a typical external field to combine with EWOD platforms for
practical biomedical analyses. Moreover, magnetic actuation,
which performs as a parallel strategy with EWOD in digitized
liquid manipulation, relies on magnetic particles (MPs, or
magnetic microspheres, magnetic beads) in the target dro-
plets,’” or magneto-responsive surfaces/liquids,*® known as
“magnetic digital microfluidics®”. Magnetic particles, on the
other hand, are an ideal carrier for affinity-based bioassays in
automated systems from the macroscale to the microscale,
owing to the high surface-to-volume ratio of the particles and
their ease of aggregation and resuspension in liquids. Instead
of the droplets being driven around, MPs in EWOD-driven
systems usually focus on binding and eventually enriching the
biomolecules with high specificity and flexibility.

Early reports on handling magnetic particles on EWOD-
based DMF consist of double-plated EWOD chips and regional
magnets positioned over or beneath the sandwiched EWOD
plates.**™** MPs suspended in the liquid droplet are aggre-
gated as the droplet moves partially into the magnetic field,
where droplet splitting could be performed by EWOD to trap
MPs in a smaller droplet with a high concentration.
Furthermore, fully automated “wash” steps of MPs on EWOD
are feasible by repeatedly aggregating and resuspending the
MPs with wash buffer.*> Under a similar principle, the combi-
nation of EWOD and MP handling has enabled integrated and
miniaturized biomedical assays such as cell manipulation,***®
31,4652 mags  spectrometry,”® nucleic acid
and sequencing.’**”*>° Meanwhile, efforts are
also made to enhance the sample handling and detection abil-
ities of EWOD platforms using MPs.

Shah et al.°>®" proposed an MP purification method via a
surfactant-mediated fluidic conduit between the source and
target droplets, which minimizes diffusion and mixing of the
two droplets. Chen et al.®” enabled intra-droplet MP manipu-
lation by adding current-carrying electric wires on EWOD
plates as micro-electromagnets. Huang et al.®® demonstrated
an efficient collection of MPs at a low concentration through

immunoassays,
extraction®*>’

Hongju Mao is a Professor at the
Shanghai Institute of
Microsystem and Information
Technology (SIMIT, CAS). She
received her PhD degree from the
University of Chinese Academy of
Sciences and has been a visiting
scholar at the University of
Leeds. Her research interests
include microsystems for liquid
biopsy, point-of-care diagnosis,
biochemical sensors, and
in vitro disease models.

Hongju Mao

This journal is © The Royal Society of Chemistry 2023

View Article Online

Critical Review
an asymmetric electrode design. Guo et al.** developed a bi-
directional separation method for MPs to achieve their high
retention efficiency and washing efficiency (Fig. 2A). Jin et al.>°
realized the “one-to-three” droplet splitting method on an
EWOD platform (ie., splitting one droplet into three sub-
droplets simultaneously) by placing a smaller active electrode
in the middle of two major electrodes dragging the droplet to
opposite directions. Such a design reduces the magnetic force
to retain MPs in the middle droplet and enables more stabil-
ized MP handling (Fig. 2B).

2.2 Optical manipulation

Combining optical components with the EWOD technique is
an effective approach to enhance fluidic handling functional-
ities in DMF. The complexity of the optical actuators in DMF
mainly lies in exterior systems instead of the chip structure. In
the past decades, principles such as optoelectrowetting,
optical tweezers, and optoelectronic tweezers have been
implemented for droplet actuation and particle manipulation
on EWOD platforms.”%

Optoelectrowetting (OEW) is a modification of traditional
electrowetting for droplet actuation via a combined external
voltage supply and light (laser) source. Chiou et al.®® estab-
lished the first OEW device by adding a photoconductor
(hydrogenated amorphous silicon or a-Si:H) layer under the
SiO, dielectric of a typical EWOD substrate (Fig. 2C). While
electrodes are active, voltage bias on the dielectric layer and
hence the droplet contact angle are controlled by the photo-
conductor layer, whose local impedance is governed by an
applied laser beam. OEW overcomes the limitation of circuit-
ing in EWOD and allows for continuous droplet manipulation
on a dielectric surface via a patterned light source®”®°
(Fig. 2D). Both enclosed (double-plate)®®”°”® (Fig. 2C) and
open (single-plate)’*7° (Fig. 2D) versions of this OEW tech-
nique are demonstrated. However, reports on OEW actuation
in LOC applications are rare compared to conventional EWOD
actuation.

On the other hand, optical tweezer (OT) and optoelectronic
tweezer (OET) techniques aim at the manipulation of dielectric
microparticles in a suspension. The earliest reports on OTs
can be traced back to Ashkin et al.,”””’® in which particles can
be trapped three-dimensionally by a laser beam directly
focused on the particle.”® For OT applications, Decrop et al.®°
realized OT integration on an EWOD device for the manipu-
lation of single MPs seeded in a microwell array by selectively
trapping and relocating individual MPs from one microwell to
another. Kumar et al.®' expanded this system for bacterial cell
sorting, where MPs, which are further seeded with antibodies,
are used for capturing bacteria (Fig. 2E). However, OETs gener-
ally have a different working principle, which was first demon-
strated by Chiou et al.®* The pinciple of OETs can be briefly
described as the light-induced DEP effect, where a laser beam
focuses on photoconductive materials in the device substrate
and triggers the local DEP effect. OETs largely reduce the laser
intensity required for particle manipulation compared to OTs
and have a similar double-plate structure to EWOD, making

Analyst, 2023, 148, 1399-1421 | 1401
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Fig. 1 Classification of the combination forms of EWOD-based DMF systems and their functionalities. (A) Cross-sectional schematic of typical
enclosed double-plated (left) and open single-plated (right) EWOD chip structures; (B), (C) and (D) conceptual models of combined EWOD systems
classified as system-level integration, chip-scale integration and hybrid actuation, respectively, depending on their degree of coupling. System-level
integration: exterior systems are built in addition to typical EWOD for improved non-contact control. Chip-scale integration: built-in components
and/or modifications are added to EWOD chips during fabrication. Hybrid actuation: interaction of EWOD with conventional channel-based microfl-
uidics is exploited, where systems include both EWOD and pumping actuators. NAT: nucleic acid testing; DEP: dielectrophoresis; EWOD: electrowet-

ting-on-dielectric.

OETs an effective tool to combine with EWOD actuation. For
OET applications, Shah et al® established an integrated
EWOD-lateral-field OET (LOET) device and realized cell collec-
tion within an EWOD-actuated droplet. LOETs were developed
as a single-plate version of OETs rather than a double-plate as
in EWOD, allowing for a minor modification to the EWOD
structure on another substrate (Fig. 2F). Valley et al.®*
grated OEW actuation with OET particle manipulation. This
unified OEW-OET device (Fig. 2G) enables continuous particle
concentration and liquid handling compared to EWOD-DEP
devices (see section 3.2) with predefined patterns of actuators.
Huang et al.®® combined OETs with real-time imaging via a
CCD/CMOS sensor array and implemented cell sorting.
Recently, Zhang et al.®® demonstrated OET-driven microscale
gears, racks, and other micro-mechanisms by light patterns,

inte-
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extending the flexibility of OETs as a non-contact manipu-
lation method in digital microfluidics (Fig. 2H).

In addition to general purposes such as droplet and particle
handling, external optical equipment may be used for more
specific situations. Lamanna et al'® performed single-cell
omics on an EWOD platform, where individual cells are identi-
fied and lysed by an external laser pulse prior to further
studies of cellular contents such as proteins and DNA (Fig. 2I).

2.3 Temperature control

It is crucial to maintain one temperature, or cycle different
temperatures for certain biochemical reactions. Hence, temp-
erature control abilities are essential for DMF systems in inte-
grated biomedical applications. So far, numerous temperature-
sensitive purposes performed on EWOD platforms are present,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Magnetic and optical manipulation of samples for DMF. (A) Bidirectional separation of magnetic particles on the EWOD platform using exter-
nal magnet and sequential electrode activation. Reproduced with permission from ref. 64. Copyright 2020, the Royal Society of Chemistry. (B) “One-
to-three” droplet separation where magnetic particles are retained at the center. Reproduced with permission from ref. 50. Copyright 2021, the
Royal Society of Chemistry. (C) Schematic structure of a double-sided OEW device with an electrode array. ITO: indium-tin oxide. Reproduced with
permission from ref. 66. Copyright 2003 Elsevier. (D) Schematic of the single-sided continuous optoelectrowetting (SCOEW) device. Droplets are
manipulated at an arbitrary position on the device surface by an optical projector. Reproduced with permission from ref. 67. Copyright 2010, the
Royal Society of Chemistry. (E) Cross-sectional view of bacterial relocation via an optical tweezer in an EWOD droplet. Reproduced with permission
from ref. 81. (F) Cross-sectional schematic of a lateral-field OET (LOET) integrated on EWOD for particle manipulation. Cytop: a hydrophobic
coating; a-Si:H: hydrogenated amorphous silicon. Reproduced with permission from ref. 83. Copyright 2009, the Royal Society of Chemistry. (G)
Schematic diagram of a unified platform for OEW and an OET, where the OEW force drives the droplet and the OET force manipulates particles
within the droplet. Reproduced with permission from ref. 84. Copyright 2011, the Royal Society of Chemistry. (H) Schematic of an OET device with
light-driven micro-gears. Reproduced with permission from ref. 86. (I) An EWOD platform with 2D cell culture and laser-induced single cell lysis.
From (i) to (iii): the process of the assay, including cell culture in the EWOD chip, selective lysis of the target cell by a laser, and collection of the
lysed cell contents. Descriptions of the virtual microwell can be found in Fig. 4A and in section 3.1. Reproduced with permission from ref. 12.
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Temperature control units are typically composed of micro-
heaters/coolers, thermal sensors, and microcontrollers to form
a close-looped control. Distinct strategies are adopted for inte-
grating temperature control capability on the EWOD platform,
namely, (1) placing heaters and sensors externally in the chip
holding structures (system integration),**%%9771% (2) fabricat-
ing heaters and/or sensors on EWOD substrates (chip-scale
integration),>”/8%9279496,1977199 a1 (3) using EWOD electrodes
for multifunctional heating/sensing.'*''*''* For strategy (1),
Shen et al.'®® patterned a resistive microheater on a separate
substrate (on the right) stacked and aligned with the EWOD
bottom plate (on the left) (Fig. 3A). Narahari et al.>* developed
a portable DMF platform for sampling and isothermal amplifi-
cation of viral RNA, where replaceable EWOD cartridges (not
shown) are clamped between the top and bottom heater plates
during the amplification (Fig. 3B). Hu et al.”” also used a sep-
arate temperature control unit in an integrated DMF system
for nucleic acid detection based on loop-mediated isothermal
amplification (LAMP). Sathyanarayanan et al'® used inkjet-
printed heating wires adhered to the EWOD bottom plate in their
study. For strategy (2), Chang et al°> fabricated EWOD bottom
plates with an additional metal layer for temperature control.
Norian et al."® demonstrated miniaturized EWOD and quantitat-
ive PCR (gPCR, real-time PCR) based on the complementary-
metal-oxide semiconductor (CMOS) process, as some individual
electrodes possess integrated heaters and sensors. For strategy
(3), Kalsi et al.** performed DNA recombinase polymerase ampli-
fication (RPA) on a TFT array EWOD platform, where the indium-
tin-oxide (ITO) top plate is connected to a second source for Joule
heating while grounded. Nampoothiri et al.'"> used EWOD elec-
trodes for direct Joule heating under high-frequency (w) signals
(Fig. 3C). Nelson et al.''*''* designed a specialized serpentine
actuation electrode for multifunctioning as a heater while con-
nected to a heating circuit. The multifunctional heater is used to
accelerate liquid drying and matrix crystallization for mass
spectrometry.

Decoupling temperature control units from the EWOD
chips (i.e., strategy 1) is more frequently observed in the recent
literature, as these control units possess more complete func-
tionalities and are closer to the actual point of care (POC)
applications. By comparison, in strategy 2, integrating heaters
and thermal sensors on EWOD substrates results in increased
fabrication cost, limited flexibility, and extra complexity to the
system, whereas the multifunction strategy (strategy 3) hinders
simultaneous actions of droplet manipulation and heating.

Specifically for assays requiring cycling temperatures (i.e.,
PCR), another two different approaches are developed and
validated: (1) continuously adjust the set value of a sole heater
on the anchored target droplet,>>3®*%193:1%4 55 performed in
commercial thermal cyclers; and (2) shuttle the target droplet
between different temperature regions on the chip by
electrowetting.®®8%19110%115 gor approach (1), Rival et al.** rea-
lized total messenger RNA (mRNA) extraction from a human

polymerase
amplification,
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cell line and reverse transcription quantitative PCR (RT-qPCR)
assay, in which parallel PCR blocks are designed on the EWOD
chip for 20 individual droplets to settle (Fig. 3D). For approach
(2), Ho et al.®® reported a PCB-based EWOD cartridge for RT-
qPCR detection of viral RNA, where 95 °C and 60 °C regions
on the PCB are established respectively for the required dena-
turation and annealing procedure in a thermal cycle (Fig. 3E).
Li et al.'®' demonstrated EWOD-based DNA melt curve analysis
comparable to the traditional qPCR method, by dispensing the
columns of picoliter-scale microdroplets from EWOD-driven
mother droplets along a temperature gradient generated by a
spatially gapped heat source and a heat sink (Fig. 3F). As deter-
mined by their distinct characteristics, approach (1) shows
simplicity over chip design but requires good heat conduc-
tance of EWOD substrates to enable rapid heating or cooling
of the sample, whereas approach (2) relieves the heating con-
figuration at the cost of higher requirements of the overall
reliability of EWOD actuation for droplet shuttling.

3. Chip-scale integration

Chip-scale integration refers to EWOD systems that have
additional components fabricated on the chip structure such
as detection sensors and dielectrophoretic actuators, which
often causes extra complexity to the chip fabrication process,
and the compatibility of the additive material and EWOD
structure is inevitably considered under such circumstances.
However, the combination of additive structures with the
EWOD chips is necessary when precision or direct contact
with samples is required for some applications that involve
sensors. Also, modifications to the chip structure allow for
specialized functionalities and maintain the exterior system in
a compact and user-friendly state. Representative criteria for
chip-scale integration include chip surface modification, inte-
gration of sensors, and combination with dielectrophoretic
actuators.

3.1 Surface microstructure/modification

One of the significant advantages of traditional channel-based
microfluidic chips for LOC applications is the use of patterned
microstructures or modifications as processing units in the
flow channel. Such structures are critical for mixing,''® sample
isolation & enrichment,''” capture,’*® detection,'*® and other
purposes at the microscale. As an active actuation approach,
digital microfluidics, however, no longer need microstructures
for basic fluidic manipulation. Nevertheless, structures fabri-
cated by micropatterning may still play a crucial role in the
EWOD systems for specialized key sample manipulation steps,
which combine the specialties of these microstructures with
the flexibility of the EWOD platform.

For surface modification, the patterning of hydrophobic/
hydrophilic sites on the EWOD chip surface is a strategy
widely accepted for droplet dispensing and the anchoring of
cells and analytes of interest. Barbulovic-Nad et al.'?° first
demonstrated adherent (2D) cell culture on the EWOD chip

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Integration of temperature control on EWOD. (A) Photograph of a serpentine heating wire (on the right) stacked with an EWOD bottom plate
(on the left) for temperature control. Reproduced with permission from ref. 100. Copyright 2021 American Chemical Society. (B) Cross-sectional
view of an EWOD hardware system for LAMP, where the chip (not shown) is sandwiched between two separate heaters. The motorized Z-stage and
the pelletizing magnet enable control of MPs for nucleic acid extraction. Reproduced with permission from ref. 33. Copyright 2022, the Royal
Society of Chemistry. (C) Schematic of an EWOD heater using high-frequency (»)-induced Joule heating. Reproduced with permission from ref. 112.
Copyright 2018 Elsevier. (D) Photograph and fluorescent (FAM) image of an EWOD chip for multiplexed gPCR. qRT-PCR (RT-gPCR): reverse tran-
scription quantitative polymerase chain reaction. Reproduced with permission from ref. 44. Copyright 2014, the Royal Society of Chemistry. (E) Top
view of an EWOD cartridge (chip) for gPCR with two temperature (60 and 95 °C) zones generated by external heaters (not shown). Reproduced with
permission from ref. 88. (F) Schematic of a DNA melt curve-analyzing device with a heat gradient along the droplet path. ITO: indium-tin oxide;
MCA: melt curve analysis; NOA68: a UV adhesive as an insulation layer. Reproduced with permission from ref. 101. Copyright 2022, the Royal Society
of Chemistry.

surface. As the Teflon AF surface does not support cell
adhesion, islands of extracellular matrix (ECM) proteins are
coated on the surface prior to cell culture. Eydelnant et al''
improved the cell culture ability of an EWOD device by a
process known as Teflon liftoff, creating on a Teflon-coated
device surface some hydrophilic sites, or “virtual microwells”

This journal is © The Royal Society of Chemistry 2023

(Fig. 4A), which is an approach adopted in numerous sub-
sequent works'>"*" (see also Fig. 21). Likewise, Xu et al.'*” rea-
lized single-cell RNA sequencing on an EWOD device, where
single-cell encapsulated droplets are passively dispensed by
moving the cell suspension droplets over a small hydrophilic

site and leaving a small droplet containing a single cell, pro-
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Fig. 4 Combination of microstructures, DEP and acoustic wave actuators with EWOD chips. (A) Schematic diagram of a double plated EWOD chip
with a hydrophilic site on the top plate and a virtual microwell for cell culture. Passive dispensing: the process in which an EWOD-driven droplet
passes through a hydrophilic site, leaving a column-shaped sub-droplet. Reproduced with permission from ref. 11. Copyright 2012, the Royal Society
of Chemistry. (B) Images of a hydrophilic site on an EWOD bottom plate for single cell isolation and lysis. Multiple cells (green dots) are transferred
by EWOD in a droplet, and a single cell is isolated at the hydrophilic site. Reproduced with permission from ref. 122. Copyright 2018 American
Chemical Society. (C) Conceptual diagram of a single cell trapping semi-closed microwell array on EWOD (pink, upper left). Reproduced with per-
mission from ref. 125. (D) Schematic of a jetting-based drug dispenser in which satellite drops are formed using a high voltage. Reproduced with per-
mission from ref. 128. Copyright 2021, the Royal Society of Chemistry. (E) Schematic diagram (left) and images (right) of an integrated micro-spray
hole on the EWOD top plate for in-line electrospray ionization mass spectrometry (ESI-MS). Reproduced with permission from ref. 130. Copyright
2022 American Chemical Society. (F) Image of a flexible microfluidic origami device for ESI-MS. Reproduced with permission from ref. 131.
Copyright 2013, the Royal Society of Chemistry. (G) Working principle of an EWOD-DEP chip for plasma separation from whole blood. Vi: high-fre-
quency voltage for DEP; V| ¢: low-frequency voltage for EWOD. Reproduced with permission from ref. 142. Copyright 2022 Elsevier. (H) Cross-sec-
tional schematic of an EWOD chip integrated with a bulk acoustic wave (BAW) sensor for a label-free immunoassay. The piezoelectric substrate for
the sensor also performs as the dielectric layer for EWOD. Reproduced with permission from ref. 147. Copyright 2018 American Chemical Society. (I)
Top view (top) and cross-sectional view (bottom) of a double-plate EWOD device interfaced with surface acoustic wave (SAW) transducers. EWOD
electrodes and SAW transducers share the same piezoelectric substrate. W, d, D, L, g: critical parameters for the EWOD and SAW electrodes.
Reproduced with permission from ref. 151. Copyright 2012 AIP Publishing.

vided an appropriate initial cell concentration is used
(Fig. 4B). Witters et al."> used the Teflon patterning technique
to create a microwell array for trapping of single magnetic par-
ticles (MPs) for fluorescence detection. Li et al'®' replaced
conventional Teflon coating on the surface of their EWOD
chips with novel superhydrophobic coating and patterned
superhydrophilic microwells to maximize the wettability con-
trast between the microwell and the surrounding, thus realiz-
ing efficient dispensing of an array of satellite droplets for
DNA melt curve analysis (Fig. 3F).
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For microstructures, patterning substantial micropillars
above the actuating electrodes is a facile approach to provide
extra control over the sample. Au et al.">* developed an EWOD
three-dimensional (3D) cell culture structure based on collagen
gel on an EWOD platform. The media exchange process in 3D
cell culture proved challenging as spheroids (along with the
collagen matrix) are free-floating within the media droplet.
Hence, SU-8 micro-posts are fabricated on the EWOD dielectric
layer as a retention barrier to form semi-closed wells. Zhai
et al.'>>'*® established a single cell trapping method on DMF,
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which also uses an SU-8 fence array to form rectangular semi-
closed wells for arrayed single cell capture and culture
(Fig. 4C). Drug toxicity assays can be conducted on such
devices with clear readings of cell viability due to drug action,
as individual cells are confined to each micropatterned well.
Ruan et al.'® presented another active single cell capture
approach on an EWOD platform, where a cell suspension
droplet is manipulated around a butterfly-shaped micro-post
array. The array traps only a single cell at a time, allowing for
further washing steps to remove surplus cells in the suspen-
sion droplet. Another work presented by Zhai et al.**® demon-
strated a micro drug dispenser based on EWOD droplet ejec-
tion, in which a pulse wave actuation signal is applied to the
reservoir droplet by a jetting bar electrode and causes the gene-
ration of multiple satellite drops. Micro-posts are fabricated as
fences around the reservoir droplet to prevent the drifting of
the reservoir droplet under the actuation signal (Fig. 4D).

Apart from the micropillars, another practical microstruc-
ture for the EWOD chips is through holes. Besides acting as
general liquid inlets/outlets, through holes on the EWOD sub-
strates are sometimes used for specialized purposes. Bender
et al."*® demonstrated the formation of cell spheroids on an
EWOD chip. The bottom plate of the chip contains through-
holes (1-3 mm in diameter) to form hanging drops, in which
the individual cells may aggregate and form cell spheroids
spontaneously. Das et al.'*° combined the electrospray ioniza-
tion (ESI) method for mass spectrometry (MS) with DMF using
a dry-etched micro-hole (10-40 pm in diameter) on the EWOD
chip top plate. The MS orifice is positioned above the top plate
in proximity to the micro-hole. Therefore, when a droplet con-
taining samples is parked under the micro-hole, a Taylor cone
for electrospray can be generated through the micro-hole by
applying a pulsed high voltage between the EWOD bottom
electrode and the MS orifice (Fig. 4E).

In particular, for EWOD chips built on flexible substrates,
the folding of the substrates provides a unique opportunity to
achieve specific functionalities. Kirby and Wheeler'®" devel-
oped a “microfluidic origami” device for the ESI. A conical
shape is folded out of a single polyimide EWOD substrate, and
the cone apex includes both the EWOD actuation electrodes
and a thin wire for the electrospray voltage. A Taylor cone is
generated through the apex when a high DC voltage is applied
to the droplet in the folded cone apex (Fig. 4F).

Overall, the surface modification and microstructure on
EWOD chips provide DMF systems with the ability to constrain
the manipulated droplet or the samples within. This strategy
is efficient under the circumstances such as the partitioning of
droplets and retention of large particles such as cells and MPs.
Compared with other chip-scale integration strategies, the
surface microstructure/modification is a passive method that
requires no extra establishments in the external system. The
mechanical constraints provided by the modification are rela-
tively reliable and friendly to biological samples. In addition,
the fabrication of the microstructure is well compatible with
the cleanroom process, where UV-curable gels (e.g:, SU-8
photoresist) may perform as both the microstructure and
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dielectric materials. However, the release of samples from the
microstructure or modification cannot be efficiently executed
by EWOD driving without additional force fields. This issue
makes the EWOD systems with surface microstructures or
modifications inconvenient for repeated operation, and limits
the potential of the sample for subsequent analyses.
Meanwhile, although modifications are applicable for most
EWOD substrates, further investigations are required to estab-
lish facile fabrication methods of microstructures on low-cost
substrates such as polymer substrates or PCB.

3.2 Dielectrophoretic manipulation

Electrophoresis is a phenomenon where charged particles are
subjected to an electric field, while DEP describes polarization
and directional movement of insulated particles in a non-
uniform field,"*> which is a practical approach accepted in
microfluidics for liquid handling and manipulation of biologi-
cal particles."®*'** As presented in previous studies, both the
liquid handling capability of DEP and electrowetting (EW) con-
tribute to liquid movement in electromechanically induced
(i.e., external voltage-based) DMF systems.'®® As either effect
may take major responsibility for liquid handling, devices with
DEP as the dominant effect are referred to as liquid dielectro-
phoresis (LDEP)-based DMF."*°

Besides being an independent actuation principle for DMF,
DEP may be tuned for the capture and separation of specific
particles in the sample fluid, thus performing as a comp-
lementary tool in EWOD-driven devices. Such EWOD-DEP plat-
forms possess enhanced sample handling functionality, while
no extra complex fabrication process is required to create these
platforms for chip-scale integration.

Fan et al."*” performed both the EWOD and DEP manipu-
lation on a double-plate electrode array platform, in which
EWOD controls a conductive droplet (water phase), and DEP
manipulates a dielectric droplet (oil phase), expanding the
controllability of DMF to non-conductive liquids on a typical
EWOD structure. In addition, Fan et al.**® demonstrated DEP-
based enrichment of microparticles within an EWOD-driven
microdroplet, via specially designed DEP actuators between
EWOD splitters. Similarly, Nejad et al**'° proposed a tri-
angular-shaped DEP trap and performed on-chip enrichment
of polystyrene particles.

For LOC applications, Nestor et al.'*' used an EWOD-DEP
platform to perform 3D cell culture. A GelMA hydrogel precur-
sor, along with suspended cells, is transferred to cell traps,
where cells subjected to DEP force are gathered in the round-
shaped traps, before the hydrogel is exposed to ultraviolet (UV)
for gelation. Komatsu et al."** implemented EWOD-DEP-based
separation of plasma from whole blood. The device uses Vip
on the EWOD to draw whole blood from the reservoir, and
apply DEP voltage (Vyg) on driving electrodes to force blood
cells back into the reservoir (Fig. 4G).

Compared to DEP adopted in conventional channel-based
microfluidics, EWOD-DEP integrated devices have a remark-
able advantage over complexity, for channel-DEP platforms
that require control of both passive liquid dispensing and
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voltage-based sample handling. However, as DEP and EWOD
effects are coupled upon actuation, droplet operation and DEP
activation may not be conducted simultaneously, affecting the
efficiency and throughput of the sample process in these
platforms.

3.3 Acoustic sensing and manipulation

Sensing and actuation using integrated acoustic transducers is
a non-contact and efficient approach for biological assays in
microfluidic systems. To realize acoustic sensing and actua-
tion, piezoelectric materials are required for the conversion of
energy between an electric signal and mechanical vibration.
For example, a typical surface acoustic wave (SAW) sensor con-
sists of a piezoelectric substrate, one or more interdigitated
transducers (IDTs, or interdigitated electrodes) on the sub-
strate, and a sensing layer.'** SAWs are excited when AC
signals are applied to one of the IDTs, and the waves propagate
along the surface of the substrate and can be detected by other
IDTs to identify the alterations of physical properties such as
the mass of the sensing layer.'** In contrast to sensing, acous-
tic transducers may cause droplet motion and are widely
implemented in particle manipulation and droplet handling.
Therefore, the use of acoustic waves is another potential
approach to realize DMF besides EWOD."*>14¢

The combination of acoustic transducers with EWOD is,
however, another promising approach to expand the function-
ality of DMF systems, where acoustic transducers are generally
used for sensing and enhancement of droplet manipulation.
For combined acoustic sensing, Zhang et al.'*”'*® integrated a
thin-film bulk acoustic wave sensor into a DMF system for a
label-free immunoassay in serum. The bulk acoustic wave
sensor is fabricated on a silicon-based EWOD bottom plate,
including a silicon substrate, a Bragg reflector layer, EWOD
electrodes, a piezoelectric layer, and a functionalization layer,
where the aluminum nitride (AIN) piezoelectric layer also per-
forms as the dielectric layer for EWOD (Fig. 4H). Direct mass
detection can thus be performed as the droplet is positioned
on the top of the sensor.

For enhancing droplet manipulation, the introduction of
acoustic wave mixers significantly increases the efficiency of
mixing compared to EWOD mixing (i.e., moving the merged
droplet back and forth). Lu et al.**® used a similar bulk acous-
tic wave transducer as a micromixer to promote liquid mixing
after droplet merging by EWOD. The functionalization layer of
the transducer is packaged with an additional SiO, layer to
prevent contact with the droplets. Madison et al.’>® reported
the integration of a lead zirconate titanate (PZT) transducer
into the top plate of an EWOD device as a micromixer, where a
through hole is drilled in the top plate to allow the adhesion
of the transducer to the EWOD ground film. Li et al'*“'"?
demonstrated the integration of SAW with EWOD on lithium
niobate (LiNbO;) substrates, where the SAW IDTs are fabri-
cated on the same layer as the EWOD electrodes (Fig. 4I).
Particle concentration, acoustic streaming, and mixing are
demonstrated using SAWs. Notably, SAWs may afflict damage
to the hydrophobic coating of EWOD if the power is too
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strong, as general hydrophobic fluoropolymers are not strongly
adhesive to the dielectric material. Chung et al'>*"* per-
formed acoustic droplet mixing on an EWOD device using an
injected air bubble into the droplet. As an acoustic wave
applied to the EWOD substrate vibrates the air bubble, the
bubble is stimulated and results in microstreaming within the
droplet, causing the contents to merge rapidly.

Besides, EWOD was implemented in the tuning of acoustic
fields by Bansal et al,'>® where a slit was made in a single
plate EWOD device and mounted by a droplet. The structure
acts as an active aperture for acoustic wave modulation.

Overall, acoustic waves are efficient tools for both conven-
tional channel-based microfluidics and DMF. Characteristics
such as non-contact and efficient are comparable to those of
magnetic, optical, and DEP manipulation methods. However,
the generation of acoustic waves relies on specialized piezo-
electric materials such as PZT, AIN, and LiNbO;, which mainly
increases the complexity of the design and fabrication of
EWOD devices on the chip scale.

3.4 Integrated sensing

Basic DMF devices, as actuators, possess only the ability to
handle liquid. Therefore, an essential step for bringing a
digital microfluidic technique into actual LOC applications is
integrating detectors into DMF systems. Ranging from the
measurement of physical to biochemical signals, these sensors
enable integrated sample detection and analysis and have the
potential for fully-automatic in vitro diagnostic systems for
clinical applications. To date, efforts on the chip-scale inte-
gration of microsensors on DMF platforms have included
mainly droplet position monitoring, electroanalytical measure-
ment, electrochemical analysis, and temperature sensing (see
section 2.3 Temperature control). In addition, integrated
acoustic transducers are capable of both actuation and
sensing, which are introduced in section 3.3.

One of the fundamental purposes for using integrated
sensors in DMF devices is droplet position sensing, which
allows for feedback control in droplet manipulation and even-
tually reliable large-scale and high-throughput DMF. To realize
a close-looped EWOD-based DMF system, the integration of
impedimetric (i.e., capacitance and/or resistance) sensors on
individual driving electrodes is a commonly applied
method.'”*™*® Gong et al.™® first suggested impedance-based
sensing for a double-plate EWOD chip. As the dielectric con-
stant differs significantly between droplets (water) and air, the
impedance between the device top plate and bottom plate
changes significantly at the location of the droplet.
Bhattacharjee et al'®® later proposed capacitance sensing
between the adjacent electrodes on the bottom plate, acquiring
continuous droplet position estimation as the droplet moves
between the electrodes. Shih et al.'®' implemented capacitance
sensing on cell growth monitoring on an EWOD device, where
the relationship between impedance and adherent cell density
is investigated. Scott-Murrell et al.'®* established models for
particle-containing EWOD droplet impedance concerning par-
ticle size and vertical distribution. Gao et al.*®® presented an
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intelligent EWOD system in which capacitance-based feedback
is enhanced by fuzzy control (Fig. 5A). The system was later
implemented in the ion detection of seawater.'®*"1%¢
Automated droplet routing experiments were carried out in
similar capacitance-based intelligent systems.'®'®* Recently,
Perry et al.'®>'** demonstrated feedback control over both the
liquid volume and the reaction temperature, with both a
syringe pump liquid dispenser and a microheater module
under PID control for stabilization of droplets during thermal
cycles. Additionally, for large-scale TFT-based devices,'*'* an
individual array element (electrode) is composed of separate
driving and impedance sensing regions. Compared to small-
scale EWOD devices, the large number of electrodes in TFT-
based devices allows for digitized sensing of droplets (Fig. 5B).
Other approaches for feedback control, such as image-
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Integrated electrical sensors in DMF also enable direct and
label-free detection of chemical and biological compounds in
a sample solution. Choi et al.'”" presented an EWOD device
with built-in field effect transistors (FETs) for antibody detec-
tion. The underlap FET biosensors are positioned at the
middle of the driving electrodes, where the dielectric and
hydrophobic coating on the drain electrode is removed for
direct contact between the antigen coated on the drain elec-
trode and the sample droplets. Drain current is monitored for
antibody measurement. Lei et al'’>"’* reported a micro-
nuclear magnetic resonance (UNMR) technique integrated
with the EWOD system, where the EWOD device is combined
with a transmitter magnet, an off-chip butterfly coil, and a
CMOS transceiver. Avidin concentration is measured in the
system by merging biotinylated magnetic particles with
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et al'”® demonstrated a fractal capacitance sensor on an
EWOD platform for the detection of C-reactive protein. As in
many impedance-based droplet position sensing platforms,
the specially designed driving electrodes perform both EWOD
actuation and capacitance sensing. With immobilized anti-
bodies on the electrode surface, the sensor detects the capaci-
tance shift during the binding of specific proteins. Yu
et al.'7®'”7 established an EWOD platform for dopaminergic
cell culture and continued dopamine monitoring, which per-
forms voltammetric sensing in the cell culture microwell via
electrodes on the EWOD top plate etched out of ITO coating
(Fig. 5C).

The electrochemical assay is another promising field of
application for DMF devices. For integrating a standard three-
electrode system for electrochemical detection on the EWOD
platform, either the EWOD top plate or the bottom plate needs
to be modified. Karuwan et al.'”® demonstrated early electro-
chemical integration on an open EWOD platform with detec-
tion wires externally placed on the contact surface. Shamsi
et al.'’® deposited detector electrodes on the device top plate,
while the bottom plate remains a typical EWOD layout. Rackus
et al.'® further enhanced the performance of a DMF-based
electrochemical assay by replacing conventional planar electro-
des with three-dimensionally grown nanostructured microelec-
trodes (NMEs). Yu et al.'®' also used integrated three electro-
des and grounding on the EWOD top plate. However, a conflict
emerges when the limited lifetime and flexibility of electro-
chemical sensors are compared with those of DMF, which is a
more durable and relatively high-cost platform. To address this
issue, Farzbod et al.'® demonstrated EWOD-actuated Ag/AgCl
electrode fabrication via electroplating and chemical oxi-
dation, extending the lifetime of the integrated device. Ruecha
et al'® fabricated paper-based printed EWOD chips with
replaceable electrochemical sensor modules positioned on top
of the droplets (Fig. 5D). De Campos et al.'®® presented an
interface between the EWOD platform and commercial electro-
chemical sensor strips, where a 1 mm x 1 mm KimWipe tissue
wick is used to absorb the dispensed sample and deliver it to
the biosensor plugged at the back of the EWOD top plate,
allowing for a rapid switch for the desired biosensor in
ongoing assays (Fig. 5E).

4. Hybrid actuation

A digital microfluidic device provides accurate and program-
mable manipulation over an individual droplet, making the
droplet appropriate for sequential biochemical reactions, but
the device is limited to a small volume of samples and
reagents. In contrast, conventional channel-based droplet
microfluidics is well-suited for high-throughput sample treat-
ment and flow-based analyses. A combination of both active
and passive actuation approaches on a single chip is originally
referred to as “hybrid microfluidics”, where the active (digital)
manipulation either runs separately and interfaces with pump-
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driven microchannels (passive) or serves as a supplementary
control in channel-based systems.

With hybrid actuation approaches, microfluidic systems
may possess both the ability of efficient batch treatment and
more sophisticated individual control, which further enhances
the integration and automation level for existing LOC systems.

4.1 Digital-channel interfacing

To utilize the advantages of both systems of DMF and channel-
based microfluidics, a significant approach is connecting the
two distinct systems with interfaces, where DMF is used for
either sample pretreatment or downstream analyses.

Digital-to-channel interfacing allows for integrated digital
sample pretreatment and channel-based downstream analysis.
To interface with DMF chips, microfluidic channels are posi-
tioned either on the same surface as the DMF bottom plate
(horizontal layout) or beneath the DMF layer (vertical layout).
Abdelgawad et al.'®* presented the first interface between a
single plate EWOD and a PDMS channel on a shared substrate,
where the open EWOD platform performs droplet merging
and transportation into the channel. Such a side-on interface
is facile yet may cause dispensing errors and evaporation pro-
blems. Watson et al'® improved this method by placing
EWOD actuators and microchannels in vertically stacked sub-
strates and created a multilayered hybrid device, enabling
interfacing of the top double plate (enclosed) EWOD substrates
with the bottom substrate of microchannels, thus allowing for
accurate droplet dispensing and reduced evaporation (Fig. 6A).
Abadian et al.*®® illustrated an interface between EWOD and a
microfluidic paper-based analytical device (uPAD). This filter
paper-based device uses a paper-folding style to create a
contact between the pPAD and screen-printed electrodes,
where droplets transported by the electrodes are adsorbed
onto the uPAD via capillary force. Gach et al.'®> demonstrated
the potential of a digital-channel hybrid device in complex bio-
medical assays, by establishing an automated microfluidic
system for on-chip gene editing for bacteria and fungi such as
E. coli and yeast (Fig. 6B). The system includes EWOD-based
heat-shock cell transformation and subsequent channel-based
cell culture and screening. The oil phase is continuously
induced from the digital-channel interface to prevent evapor-
ation, allowing for cell culture for up to 5 days. Recently,
Sathyanarayanan et al'’ demonstrated another digital-