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Abstract

Digital microfluidic (DMF) platforms have contributed immensely to the development of multifunctional lab-on-chip
systems for performing complete sets of biological and analytical assays. Electrowetting-on-dielectric (EWOD) tech-
nology, due to its outstanding flexibility and integrability, has emerged as a promising candidate for such lab-on-chip
applications. Triggered by an electrical stimulus, EWOD devices allow precise manipulation of single droplets along the
designed electrode arrays without employing external pumps and valves, thereby enhancing the miniaturization and
portability of the system towards transcending important laboratory assays in resource-limited settings. In recent years,
the simple fabrication process and reprogrammable architecture of EWOD chips have led to their widespread appli-
cations in food safety analysis. Various EWOD devices have been developed for the quantitative monitoring of analytes
such as food-borne pathogens, heavy metal ions, vitamins, and antioxidants, which are significant in food samples. In
this paper, we reviewed the advances and developments in the design of EWOD systems for performing versatile
functions starting from sample preparation to sample detection, enabling rapid and high-throughput food analysis.

Keywords: Digital microfluidics, Electrowetting-on-dielectric, Food safety, Biological assay, Lab-on-a-chip, Micro-
electromechanical system

1. Introduction been proposed such as pressure driven, capillary
driven, electrokinetic flow, droplet-based and
noncontact flow [8]. Irrespective of the flow

I n recent years, a significant number of minia-
mechanism, these microfluidic devices possess

turized microfluidic devices have been devel-

oped with the ultimate goal of amalgamating
entire analytical assays into a single chip-like
platform to replace time-consuming conventional
laboratory processes [1—5]. The primary advan-
tages of such devices include small sample vol-
umes, reduced reaction time, low waste
generation, rapid analysis and easier sample
manipulation, thereby making them an excellent
choice for performing biochemical/biological
studies [2,5—7]. To date, several mechanisms for
driving fluid flow in microfluidic devices have

the common feature of integrated external com-
ponents such as syringe pumps or other actuators
to push the samples through the microchannels
for biochemical reactions. Such external
modulus-controlled continuous flow devices
encounter certain challenges such as decreased
mixing efficiency, difficulties with flow regulation
and cross-contamination [1,4]. In addition, the
fabrication of such devices is complex, and the
device design is constrained to a particular
application [4]. To address these limitations,
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various studies have recently proposed the
manipulation of fluids in microchannels in the
form of droplets as an alternative to continuous
flow, thereby leading to the emergence of the next
generation of microfluidic devices known as dig-
ital microfluidic (DMF) systems [1,4,9—11].

These digital platforms consist of a definite array
of electrodes utilized for programmable fluidic
manipulation at the microscale without integrating
any external pumps [12—16]. Fabricated by the
traditional photolithography process, DMF devices
allow for multiple operations on a single platform
with high precision, thereby reducing the time
required for biochemical assays [8,13,17,18].
Recently, different techniques have been investi-
gated for manipulating individual droplets in DMF
devices,  namely, electrowetting-on-dielectric
(EWOD), dielectrophoresis (DEP), optoelectrowet-
ting, thermocapillary forces, and acoustic wave
forces [12,15,19,20]. EWOD provides the highest
flexibility and configurability for micro- or nano-
litre-sized droplet actuation controlled by an elec-
trical stimulus, which is widely employed for lab-
on-chip fluidic operations including creating, mix-
ing, transporting and merging droplets.

A typical EWOD system is comprised of lithog-
raphy patterned electrodes on a substrate enveloped
with a thin dielectric and hydrophobic top layer
[9,21—23]. Usually, a liquid droplet is placed in the
intermediate position by the electrode embedded top
plate covered with a hydrophobic layer, to which a
DC or AC voltage is applied [8,24,25]. This leads to the
generation of an electric field between the top elec-
trode and the liquid droplet, changing the wettability
at the dielectric/droplet interface and attracting the
droplet to the surface [24,25]. This phenomenon is
characterized by the Lippman-Young equation,
where the change in contact angle is attributed to the
applied voltage and hence the degree of wetting
[9,24—27]. In recent years, the configuration of EWOD
surfaces has transformed from bare to closed surfaces
with the inclusion of a dielectric layer, which plays a
crucial role by decreasing the leakage current be-
tween the electrodes and the droplet [28,29]. It is
noteworthy that the closed configuration of the
EWOD devices displayed stronger wetting perfor-
mance than its bare counterpart due to the applica-
tion of larger voltages [1]. Compared to other droplet
actuation mechanisms, EWOD has displayed several
advantages such as efficient mixing, faster reaction
time, lesser risk of contamination, precise control
over droplet size, enhanced sensitivity, higher selec-
tivity, simple system design and low-cost chip fabri-
cation, demonstrating its potential as an outstanding

analytical tool for biomedical, environmental and
food safety applications [1,9,30—32]. In particular,
some excellent review papers have highlighted
EWOD based chip fabrication protocols and sample
handling methods for biomedical applications. For
example, Shen et al (2014) reported the prospects of
biomedical assays on portable and disposable EWOD
chips based on target analytes (DNA, proteins or
cells) [9]. Despite the significant advantages of EWOD
systems, the integration of this technology with
existing chemical and biological detection methods
on smaller chip-based platforms is still the primary
challenge for this technology to enter the product
development phase.

Over the years, in addition to biomedical appli-
cations, EWOD-based microfluidic systems have
been increasingly used for monitoring food and
water contaminants for food safety applications
[9,33]. Various reports have suggested that food-
borne contaminants, especially bacterial pathogens,
pose a serious threat to human health. In addition,
the traditional methods for the detection of food-
borne pathogens are time consuming and laborious
and offer poor sensitivity that is not sufficient to
detect extremely low or even single copies of bac-
teria present in food samples as required by regu-
latory standards [34—36]. Therefore, to detect a
lower number of bacteria, the sample volume
should be large enough to avoid any false positive
results. Most of the currently available methods
require pre-concentration of samples to increase the
bacterial density prior to detection, hence increasing
the time and cost for the analysis platform [37—40].
With the advantage of single droplet manipulation,
EWOD systems stand out by further improving the
limit of detection for pathogens and other food
contaminant analyses. In this review paper, recent
advances in the current state of the art of EWOD
devices are presented for the first time for food
safety applications (Fig. 1). The main focus here is to
provide a comprehensive idea of the applications for
chip-based EWOD devices starting from the sample
preparation steps to the detection methods. In
addition, this review provides readers with an
imperative assessment of the potential of coupling
EWOD devices with existing detection methodolo-
gies such as PCR, MALDI-TOF and MS to monitor
target analytes in food and water samples with
higher precision. For a clear understanding, the
former sections highlight the basic concept of
EWOD and the design strategies favourable for its
utilization for real-time chemical/biological analyte
detection, followed by applications as sample
preparation modules, detection modules and other
functions significant for food safety monitoring.
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Fig. 1. Schematic representation of EWOD as a powerful food safety analysis tool. The application of the EWOD technology has been classified into
three groups-sample preparation platforms, sample detection platforms and other applications.

2. EWOD: Working principle and design
parameters

2.1. Working principle

The phenomenon of EWOD is based on the the-
ory of controlling droplet movement on an electrode
surface-modified with a hydrophobic dielectric
layer induced by an external electrical stimulus
(Fig. 2a) [9,22,41,42]. Earlier, electrowetting-based
devices had problems with electrolysis even beyond
few millivolts; therefore, several researchers came
up with the idea of encapsulating the dielectric layer
on the electrode surface, eliminating the problem
and forming the principle of EWOD [43]. Utilizing a
patterned electrode array, the motion of the
conductive droplet can be manipulated on the solid
surface without altering any chemical or material
compositions. The theoretical analysis of the elec-
trowetting phenomenon is based on the well-known
Lippmann-Young's equation, stated as —

1cV?

_ 1cv? 1
cos 6 Cosﬁo+2 e (1)

where 6y (°) is the initial contact angle before
applying voltage, ¢ (°) is the contact angle after
applying voltage, V is the applied voltage, .1,
(N-m™?) is the interfacial tension between the me-
dium and the conductive droplet and c is the dif-
ference between the capacitances of the droplet and
electrode [9,42—45]. According to the equation, the
application of electrical voltage leads to the accu-
mulation of charges at the droplet-dielectric inter-
face, changing the free energy of the dielectric,
reducing the interfacial tension, and hence changing
the contact angle of the surface (Fig.2b). However,
the relationship between the applied voltage and
change in contact angle fits well for lower voltages
[46—48]. Beyond a certain higher voltage, the change
in the contact angle reaches saturation [1,47,49,50].
This occurs because in field situations, various
practical factors such as the inaccurate conduction
of the droplet, ionic strength of the droplet, dielec-
tric material, electrification of the dielectric layer,
pH and edge effect of the capacitor contribute
immensely to determining the contact angle change
[1,47]. Studies on defining the mechanism are still
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Fig. 2. Design and performance of the EWOD chip. (a) Fabrication process of the EWOD chip. (b) Effect of applied voltage on the water contact angle.

ongoing and thus are far from reaching a
conclusion.

Owing to the gap in understanding the funda-
mentals, since the 2000s, there has been an upsurge
in the research groups around the world studying
the concept of EWOD and implementing it for
various applications. Since then, considerable
progress has facilitated the emergence of EWOD as
an important tool for droplet generation at the
microscale, providing a novel perspective for digital
microfluidic platforms. Various studies have re-
ported that the type of dielectric layer, electrode
configuration and applied voltage are extremely
critical for designing more reliable and robust
EWOD chips suitable for in-field applications
[51—-55]. Although recently more attention has been
paid to improving the design parameters of actua-
tors rather than solely focusing on the complexity of
assays, substantial effort has also been reported on
employing EWOD for applications primarily in the
biomedical field [9,56]. The highly flexible and
integrable nature of EWOD technology has been
demonstrated for enzyme assays, immunoassays,
DNA assays and tissue engineering [4,57,58]. The
success of this technology in biomedical research
has paved the way for applying this electrical actu-
ation-based wetting phenomenon to other related
disciplines such as food security.

2.2. Configurations of EWOD chip
There are two different configurations reported

for the EWOD device structure—closed (parallel-
plane) and open (coplanar) systems. The closed

configuration is a sandwich structure in which the
electrode arrays are used to actuate droplets posi-
tioned on the bottom plate, whereas the reference
electrodes are patterned on the bottom plate, with
dielectric and hydrophobic layers deposited on the
bottom plates [4,58—61]. The top plate is coated with
the conductive coating and behaves as the ground
electrode. Whenever an electrical voltage is applied
between the top and bottom plates, the droplet
moves due to the EWOD principle. On the other
hand, the open configuration consists of both the
actuation and reference electrodes positioned
together at the bottom plate of the EWOD chip
[4,57,61,62]. Similar to the closed configuration,
dielectric and hydrophobic layers are deposited on
the electrode layer, on which the droplet is placed.
The closed configuration has been widely used for
performing fully automated on-chip assays for food
safety analysis due to its easier droplet generation
and splitting ability and offers precise control over
the droplet size [58,63,64]. Moreover, the closed
design decreases the evaporation rate of the drop-
lets from the chip surface (Min et al, 2019). Addi-
tionally, the open configuration also has their
specific advantages such as the simple device
design, capability to move larger sized droplets,
higher mixing efficiency and compatibility with
optical detection modules [65]. Although the closed
system is studied by various research groups for on-
chip sample analysis methods, however their
application is limited for off-chip sample analysis
such as for MS detection and cell culture studies
(Wang.J et al, 2015) [66]. In such cases, the closed
EWOD chip is often integrated with its open
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counterpart, where the droplet manipulation is
carried out using the closed system and the analyt-
ical detection is done using the open system [66].
Regardless of the different advantages offered by
the two configurations, the basic constituents of the
chip are the same. All the EWOD devices incorpo-
rate three important parts: the electrode layer,
dielectric layer and hydrophobic layer. The next part
of the review describes the properties of the three
important layers important for fabricating electro-
wetting-on-dielectric chips for food safety and
monitoring applications.

2.3. Electrode layer

The basic EWOD operations starting from the
sample loading to the dispensing are usually per-
formed with an array of electrodes. Upon applica-
tion of electrical voltage to the electrodes, the
surface tension of the aqueous droplet contacting
the hydrophobic layer is changed, thereby driving
the droplet towards the neighbouring electrode.
Different materials such as gold (Au), chromium
(Cr), and indium tin oxide (ITO) are primarily
explored as active electrodes fabricated by photoli-
thography and wet etching [63,64]. However,
recently, these conventional techniques have been
replaced by newer methods, namely, screen print-
ing, due to their inherent ability to reduce produc-
tion time and costs [67]. Owing to their lower
electrical resistance, silver (Ag) and carbon nano-
tube (CNT) inks are used for printing electrode ar-
rays for lab-on-chip applications [68,69]. Apart from
the electrode material, many studies have reported
that the configuration of the electrode in the EWOD
chip is one of the major parameters influencing the
EWOD performance [56,71,72]. For example, elec-
trodes in an interdigitated manner resulted in
higher droplet velocity leading to smoother move-
ment owing to the enhanced driving forced origi-
nated from the improved contact length between
the droplet and the electrodes [73,74]. It was
observed that the droplet velocities doubled
(33.8 mm/s to 72.7 mm/s) when the square elec-
trodes were replaced with the interdigitated elec-
trodes [74]. In another study, hexagon and square
shaped electrode arrays were designed to achieve
faster and more accurate movement of the droplet.
Here, the authors suggested that the droplet
manipulation is better using the square electrode
pattern due to the larger contact area, which gen-
erates higher droplet velocity than the hexagon
patterns [56]. Nikapitiya et al proposed two novel
designs of the electrode pattern for specific droplet
manipulation [75]. The L-and Y junction electrodes

were designed for providing high droplet genera-
tion efficiency and rapid splitting of the droplets
into uniform parts respectively. Other electrode
configurations such as box-in-box patterns have also
been developed for electrowetting-based sample
purification platforms, which allow to-and-fro mo-
tion of the dispensing droplet from the sample site,
improving the robustness of the EWOD chip [58]. In
addition to the abovementioned straight edged
electrodes, serpentine patterns are becoming
increasingly popular for designing actuation elec-
trodes for food and medical applications. It has been
reported that the curved sides of serpentine elec-
trodes facilitate the continuous passing of the
droplet to adjacent electrodes, which is frequently
blocked for straight edges [69]. Consequently,
Samad et al reported that the electrode shape plays
a vital role in determining the minimum actuation
voltage required to move a droplet in a EWOD chip
[76]. The results prove that the overlapping adjacent
electrodes can displace the droplets at a lower
actuation voltage compared to the square-shaped
electrodes attributed to the reduced inter-electrode
gap distance. Moreover, the size of the electrodes
plays an important role in obtaining highly
controllable droplet sizes desirable for the detection
of chemical/biological analytes [77]. Despite prog-
ress, the current EWOD devices are limited by the
fact that independent manipulation of droplets via
individual electrodes is not possible with conven-
tional electrode array patterns. To address this
limitation, EWOD devices based on thin-film tran-
sistors (TFTs) have been proposed that consist of
two dimensional arrays of electrodes that can be
independently controlled for the individual manip-
ulation of droplets in two dimensions [78].

2.4. Dielectric layer

One of the key elements in EWOD microfluidic
chips is the dielectric layer, which separates the
liquid droplet from the actuation electrodes.
Choosing an accurate dielectric material is impor-
tant for determining the lifetime and durability of
EWOD devices [54,69,79—81]. To date, different
organic materials such as Parylene C [68,82] and
Teflon [27] and inorganic materials such as SiO,
[80,82,83] and SizNy [84] have been widely explored
as dielectrics for fabricating EWOD devices for food
safety applications. However, traditional dielectric
materials display certain disadvantages such as
complex device fabrication, low dielectric constant
and lower breakdown voltage, limiting their bio-
logical and environmental applications [58,85]. In
recent years, novel materials such as SU-8, which is
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a negative photoresist, have also proven to be
excellent dielectric materials for EWOD devices
[55,86]. As a photoresist, patterns can be directly
made on a spin-coated SU-8 surface, which reduces
the number of steps required for fabricating EWOD
devices. Moreover, SU-8 possesses a relatively high
breakdown voltage of 4 MV/cm and a high dielectric
constant of approximately 4, suitable for operating
EWOD devices [86]. Most importantly, it is reported
that the difference between the actuation voltage
and breakdown voltage is quite high when SU-8 is
used as the dielectric layer, which improves the
durability of the EWOD devices. The resilience of
SU-8 to actuation allows the electrowetting platform
to be reusable. Another novel dielectric material
that has captured the attention of the scientific
community is liquid-infused membranes (LIMs)
[58]. The flexible nature of LIM dielectric materials
is desirable because it can contribute immensely to
making the EWOD platforms more integrable with
the existing laboratory techniques, further boosting
its application scope [58] LIMs, usually prepared by
permeating liquids into the polymeric networks of
the PTFE membranes, possess excellent dielectric
properties and facilitate the reversibility of the
electrowetting behaviour. The flowable liquids in-
side the membrane contribute to a higher break-
down voltage by allowing the movement of trapped
charges to the bulk film. Furthermore, the thickness
of the dielectric layer is important for optimizing the
voltage required for droplet actuation using EWOD
chips [25,83]. Ugsornrat et al found in their study
that if the dielectric layer is thick, then the required
voltage for actuation is high [70]. Therefore, to
reduce the applied voltage, their work reduced the
thickness of the dielectric layer (PDMS) by simply
increasing the spin-coating speed. Typically, the
thickness of the dielectric layer utilized for electro-
wetting-based food and biological analysis is in the
range of 0.5-2 um. Although a thinner dielectric
layer is desirable for the majority of droplet
manipulation techniques, a thicker dielectric layer is
favoured for EWOD devices used to analyse liquids
with higher conductivities. In a study, Kim and co-
workers observed the problem of electrolysis in the
EWOD device, which results in restricted droplet
movement when conductive droplets are used [83].
The authors found that dielectric layers of with a
thickness of 0.8 um are better than those of 0.1 pm at
preventing electrolysis by using a higher electric
field to provide a higher actuation force.

2.5. Hydrophobic layer

The operation of the EWOD device relies on the
application of the electric potential to change the
wetting properties of the hydrophobic layer,
resulting in a change in the contact angle and
therefore actuating the droplet. Fluoropolymers
such as Cytop are the most commonly used hy-
drophobic material for developing EWOD devices
for both open and closed configurations [87]. In
addition, other polymers, such as Teflon and Plur-
onics, have been explored due to their excellent
hydrophobic properties by simply spin-coating a
layer of a few nanometres thick [87]. Various studies
have demonstrated that the surface roughness of the
hydrophobic layer is crucial for determining the
actuation voltage [55]. Highly hydrophobic mate-
rials with rough surface characteristics are not
desirable for EWOD droplet manipulation because
of the droplet-merging behaviour observed even
when a higher actuation voltage is applied [69,83]. In
such cases, a thin layer of lubricant is coated on the
hydrophobic layer so that the droplet can move
freely without sticking to the hydrophobic region. A
major roadblock associated with choosing an accu-
rate hydrophobic layer is the biofouling processes
observed when biological components such as
pathogenic bacteria and proteins are the target
analytes [4,88,89]. Biofouling is a phenomenon
where biological components non-specifically bind
to the hydrophobic chip surface and deteriorate the
performance of the electrowetting-based chip [88].
Therefore, it is important to select a hydrophobic
material that can remarkably reduce the adsorption
of biological samples and maintain performance for
droplet manipulation [89]. For example, Kaler and
co-workers designed a superhydrophobic surface
with a nanostructured morphology that displayed a
higher droplet angle during EWOD applications
with negligible biofouling of the surface [84]. Addi-
tionally, recent progress in the field has led to the
utilization of special materials such as LIMs as
hydrophobic layers for droplet manipulation, where
the device can operate at operating voltages as high
as 350 V and for multiple cycles without depleting
the device performance [57]. In addition to being a
dielectric material, LIMs are usually filled with
organic oils that are entrapped in the pores of
the PTFE membrane, forming a continuous mem-
brane that works as an excellent hydrophobic
material.
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3. Applications of EWOD
3.1. EWOD as sample preparation platforms

Conventionally, the preparation of the samples for
detection using microfluidic chips has been per-
formed in separate pre-processing chambers that
are not integrated with the detection systems or
channels. These two-step analysis platforms are
extremely complex and time consuming and
contribute to higher error rates, hence decreasing
the sensitivity of the detection assay. Over the years,
the evolution of EWOD technology has made it
possible to perform the sample processing steps
prior to the detection experiments in the same chip,
thereby remarkably reducing the assay time and
moderating the entire process. Therefore, the
following section focuses on the various salient
sample preparation techniques performed on
EWOD chips that have a notable influence on the
food quality monitoring sector.

3.1.1. Sample pre-concentration

One of the problems associated with assay-based
detection is that the typical concentrations of target
analytes such as pathogens and metal ions present
in food and water samples are quite low, making it
highly challenging to detect the original concentra-
tions without false positives [90,91]. The primary
techniques available for detecting relatively small
sample volumes such as the polymerase chain re-
action (PCR), which relies on amplifying the sample
copies, are tedious and time consuming [92—95]. In
the current scenario, one approach for analysing
lower concentrations of target analytes is to develop
highly sensitive techniques capable of detecting
considerable amounts directly from the samples.
Keeping this in mind, to complement the on-chip
chemical/biological assays, electrowetting-based
digital microfluidic systems have also been
designed to function as a sorting system for
obtaining highly concentrated samples for food
safety analysis [27]. For the pre-concentration pro-
cess, fluorescence microparticle suspended samples
were injected into a glass capillary, from which the
sample entered the inlet channel of the T-shaped
patterned EWOD chip positioned on the stage of a
fluorescence microscope (Fig. 3a). As soon as the
droplet entered the inlet channel, the EWOD elec-
trodes were activated by the computer-controlled
program to drive the droplet further to the detection
channel, where the fluorescence emission signal
was collected through a photomultiplier tube
(PMT). Based on the fluorescence signals, the
EWOD electrodes were triggered to determine the

appropriate EWOD direction—either the collection
zone or waste zone as shown in Fig. 3a. The photos
in the upper panel displays the movement of the
non-fluorescent particles towards the waste zone
and the lower panel shows the advancement of the
fluorescent particles towards the detection zone. In
addition, the fluorescence trace signals reveal the
high accuracy of sorting obtained with the as-
fabricated EWOD device. The authors anticipated
that this device can sort and deliver approximately
10 microparticles from a sample volume of 1 mL in
approximately 20 mins, eliminating the need for the
time-consuming  pre-concentrating procedures
generally used for detecting low concentrations of
foodborne pathogens in real samples.

The other approach relies on the two-step proto-
col, where the samples were first preconcentrated in
a sample preparation step and then used for bio-
logical or analytical detection. Most of these systems
are assimilated in a two-chamber platform; howev-
er, recently, few novel systems have been commer-
cialized that can combine all the steps from sample
collection to detection in a single tool. For instance,
the Autonomous Pathogen Detection System
(APDS) can couple the sample preparation stage
with integrated immunoassay and PCR detection
[96]. Although such systems can offer very high
sensitivity, they are quite bulky and are not suitable
for in-field applications. To best meet these pre-
requisites, EWOD has emerged as an autonomous
tool to generate highly concentrated samples for
further analysis in the same system, which is
currently the most advanced module for on-site
sampling. For instance, Foat et al reported the
development of an EWOD governed air sampler to
preconcentrate samples for bio-detection [97]. The
key advantage of the as-developed aerosol micro-
fluidic pre-concentrator is that the process consists
of transferring the collected sample into the water
droplet at the single step, thereby improving the
automation and configurability of the EWOD driven
sampler. In addition, the maximum concentration
rate was 1.7 x 10°/min and 6.9 x 10°/min when
operated at 5 L/min and 20 L/min respectively
which is several orders higher than the previously
developed ones. However, the charging of the
collected particles by the corona needles led to the
disfigurement of the hydrophobic layer of the
EWOD device, leading to the decreased efficiency of
the sampler. Moreover, the higher concentration of
the particles led to the attachment of the particles to
the hydrophobic layer of the EWOD chip, thereby
changing the hydrophobicity of the device and
deteriorating its functionality. Later, Coudron et al
integrated a similar design for an EWOD-based
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Fig. 3. Sample Pre-concentration as a sample preparation step on an EWOD platform. (a) EWOD-based microfluidic sorter for collecting fluorescent
microparticles contained in the sample solution. The design layout of the EWOD chip is shown. Movement of the nonfluorescent (upper panel) and
fluorescent droplet (lower panel) towards the waste and detection zone respectively and their corresponding fluorescent signals obtained from the
droplets in the detection zone of the EWOD device during the sorting process. The yellow dashed lines in the upper right figure indicate the cut-off
level required to actuate the EWOD chip for droplet movement. Modified and reprinted with permission [27]. Copyright 2018, MDPI. (b) Hybrid
effect of EWDO-DEP for the pre-concentration of waterborne parasites prior to their analysis. Schematic of the DMF chip with EWOD and DEP
electrodes and silicon cover to prevent evaporation of the samples. The selective concentration of the Cryptosporidium parvum oocysts in presence of
interfering species under the applied DEP actuation of 30 V is also displayed. Reprinted with permission [100]. Copyright 2018, Royal Society of

Chemistry.

aerosol sampler to produce highly concentrated
sample droplets that were used for the detection of
airborne pathogens in the same chip [82]. In addi-
tion, other methods of generating concentrated
samples based on droplet sweeping mechanism in
an EWOD chip have also been proposed [98]. The
working of the sampler is based on the sweeping of
the particles from the solid surface and their sub-
sequent loading into the liquid medium employing
the droplet driven by the EWOD actuation. For the
particle concentration, the top plate of the EWOD
chip was removed in order to enhance the evapo-
ration rate, resulting in concentrated particles. The
results display that the sampling was performed
with high accuracy (around 90%) even for smaller
volume of samples. Moreover, the EWOD mecha-
nism has also been combined with other DMF
techniques for improving the performance of the
on-chip sample preparation. Huang et al have
coupled the EWOD phenomenon with DEP for pre-
concentrating the cell samples [99]. The cell droplet
was transported to the integrated DEP electrodes
with the help of EWOD actuation. The application of
voltage over the DEP electrodes generated non-
uniform electric fields causing the directional

movement of the droplet, which was subsequently
split into two highly concentrated droplets with the
help of EWOD force. Although this device enabled
the simultaneous manipulation of the droplets and
the sample particles using the electrokinetic forces
of EWOD and DEP, but their application might be
limited due to the utilization of extremely high fre-
quency for actuating the DEP electrodes. Similarly,
the concentration of the droplets containing water-
borne parasites for further biological detection was
also done by utilizing the hybrid effect of EWOD
with DEP and electroosmosis (Fig. 3b) [100]. Using
the hybrid effect, the concentration efficiency was
increased to 4.5x compared to previously reported to
1.6x increase when only single DMF approach was
used (Fig. 3b).

3.1.2. Sample purification and separation

One of the most important steps prior to per-
forming the biochemical assay or detection is the
purification and separation of different kinds of
biomolecules and particles which are usually car-
ried out using external equipments such as elec-
trophoresis, centrifugation etc, therefore limiting
the practical reliability of the detection process. To



JOURNAL OF FOOD AND DRUG ANALYSIS 2020;28:595—621 603

address these constraints, various EWOD chip de-
signs have been reported which can perform on-
chip sample separation of micro-particles instanta-
neously. Cho et al have successfully demonstrated
the EWOD based binary separation of particles with
the help of negatively charged carboxylate modified
latex (CML) moieties and uncharged polystyrene
particles. During the process, the mother droplet
consisting of two different type of particles were
split into two daughter droplets each containing one
particle type by the EWOD actuation. Then, the as-
generated daughter droplet was driven by the
EWOD voltage to the detection zone in the chip for
further analysis [101]. The results indicate that the
66% and 68% of the CML droplets were separated
into each daughter droplets proving successful
EWOD based particle separations. Nevertheless, the
formation of the vortex phenomenon was observed
inside the mother droplet after sometime which
made the separation process uncontrollable and
decreased its effectiveness. Since EWOD displays
outstanding tendency to handle liquid volumes less
than 1 pL, it has proved to be an ideal analytical tool
for the detection of analytes that exist in small
quantities. These outstanding characteristic features
have enabled the integration of EWOD chips with
mass spectrometry (MS) for the analysis of small
molecules that are limited by volume. To date,
EWOD-MS coupled models have been mostly used
as a sample preparation tool for the characterization
of chemical and biological species present in food,
water and beverage samples, rendering them
important for food  safety  applications
[71,83,102—104]. A novel prototype was proposed by
Gorbatsova et al for MS analysis of vitamin samples
in an EWOD platform that was interfaced with
capillary electrophoretic (CE) separating chambers
(Fig. 4a) [105]. First, the vitamin mixture solution
was pipetted into the CE framework, from which
small droplets were generated at the CE outlet at
higher frequencies, transforming the electrophoretic
chamber into an array of droplets. These droplets
were then transported to the inlet of the storage
tube via EWOD-based droplet actuation, where they
were stored in the form of plugs for electrospray
ionization-based MS (ESI-MS) analysis. Instead of
the sampling tool reported in previous studies, the
EWOD device played the role of collector and
transporter of CE droplet fractions into the storage
tubes. The EWOD device was fabricated in the one-
plate configuration with 14 electrodes arranged in
an H-shaped pattern and was activated by supply-
ing a voltage of 100 V from a controllable AC source
for droplet actuation. After CE separation, the
EWOD platform was triggered whenever the

droplet touched the electrode surface and was
immediately transported to the storage inlet. Later,
the storage tube was connected to the inlet of the
MS detector where the mixture of vitamin solutions
was investigated in the CE droplet fractions based
on an ion-current strategy. The extracted ion current
signals (XIC) and MS analysis proves the successful
identification of the vitamins samples after droplet
fractionation on the EWOD device (Fig. 4a). The
primary advantage of this technique is that the
droplet fraction generated was 3 pL compared to the
previously reported size of 12-18 uL, which signifi-
cantly improves the MS analysis results. Even
though the detection limit of this proposed tech-
nique is quite high which can be further improved
by the design modifications, still this study has been
a stepping stone in designing an easy and cost-
effective method for splitting and transporting CE
output for MS analysis, eliminating the need for the
conventionally used robotic controllers and expen-
sive laboratory equipment. Similarly, EWOD based
protein and peptide sample preparation for MS
analysis is also reported [103,104]. For instance,
Nelson et al have designed a multi-functional elec-
trode based EWOD chip for exemplifying
completely automated sample preparation for
MALDI-MS analysis. Most importantly, the chip
have the function of integrated heater which is used
for droplet heating in order to accelerate the reac-
tion rates. For the sample preparation, two droplets
from different reservoirs were mixed and formed a
combined droplet, then the combined droplet is
loaded into the heating site where the sample vol-
ume is reduced due to the significant evaporation.
Later, the droplet from the third reservoir was
merged with the heated droplet restoring its initial
volume (Fig. 4b). Insulin disulfide reduction re-
actions were carried out to verify the function of the
coupled thermal component for sample preparation
in the temperature range of 22-70 °C and the results
prove that the designed EWOD chip shows high
efficiency in enhancing the reaction rates (Fig. 4b).
However, in this study the effects of fluctuating
temperatures during the reactions were not
considered which might result in higher error rates
in protein reactions where precise temperature
control is desired.

In addition, other sample preparation procedures
such as solid-phase extraction (SPE) commonly
used in the food sector for the purification and
extraction of chemical compounds suspended in
liquid mixtures of foods have been combined with
EWOD platforms for on-chip extraction and later
analysis of the extracted chemicals using gas chro-
matography and mass spectrometry. Lee et al
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results. Reprinted with permission [105]. Copyright 2015, Elsevier. (b) Proteomics sample processing including protein digestion reaction on an
EWOD chip for MALDI-MS analysis. The sample preparation steps displaying droplet generation, mixing, localized droplet heating and merging
based on the EWOD applied voltage. In addition, the MALDI-MS spectra for insulin samples heated on chip for the insulin disulfide reactions
petformed in the temperature range of 22- 70°C was obtained after the purification in the EWOD chip. Reprinted with permission [104]. Copyright
2017, Elsevier. (c) LLE of microliter samples based on EWOD actuation. The onchip LLE process is illustrated. The blue colour drop is the donor
which is consists of the solute represented by red which later merges with the extractant indicated by the green colour. The relationship between the
applied frequency and the extraction kinetics is also studied in which the red rectangle indicates the degree of extraction at the first minute of the
extraction process. Modified and reprinted with permission [106]. Copyright 2017, Elsevier.
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successfully extracted chemical warfare agent stim-
ulants using magnetic-bead-based SPE on a
completely automated EWOD-MS device [102].
Based on the two plate configuration, the EWOD
chip consisted of 14 actuation electrodes and 6
reservoir electrodes to which the sample solution
was loaded. The on-chip extraction of the stimulant
samples was based on the supernatant separation
protocol, where the samples mixed with reaction
solvents were first mixed with magnetic bead sus-
pensions. To drive the droplet from the reservoir
electrode region, a series of AC signals was applied
to dispense the bead suspended sample to the
collection zone for analysis using gas chromatog-
raphy-mass spectrometry (GC-MS). The reservoir
and the collection zone were connected using a
sequence of bridge electrodes that consisted of
magnets that were responsible for immobilizing the
magnetic beads from the suspension; hence, only
the sample in the form of supernatant was separated
and passed on to the collection area. Finally, the
sample obtained for GC-MS analysis was highly
concentrated and enriched, unravelling a novel
approach for the detection of chemical stimulants
with high accuracy and importantly, minimal
human intervention. Similarly, other designs of
EWOD chips have also successfully demonstrated
fully automated lab-on chip sample preparation for
high-throughput MS analysis [71,83]. The major
advantage of this integrated methodology is that on-
chip GC-MS detection limit significantly increased
compared to the off-chip detection using the
analytical instrument. However, the recovery rates
for the chemical stimulants was very low which can
be attributed to sticking of the analytes to the device
surface and faster evaporation rate of the analytes.
In addition, other studies have found that the
interfacial force prevailing at the droplet meniscus
in the EWOD device can increase the efficiency of
the magnetic bead based collection and separation,
thus making EWOD an important choice for car-
rying out micro-scale separation processes [105].
The results display that the collection efficiency was
improved from 73% to 99% when the meniscus force
was also considered along with the magnetic bead
assisted separation. Not only solid-phase, but also
liquid —phase extraction is demonstrated using the
EWOD principle [106,107]. The liquid-liquid
extraction (LLE) process of the acidic dye which is a
solute from the aqueous droplet which behaved as
the donor to the ionic liquid (extractant) was
exhibited by Moon and co-workers [106]. The
droplets of the immiscible liquids (donor and the
extractant) were moved and driven along the elec-
trode area using the EWOD actuation, which was

finally merged and mixed for the extraction process
that took place at the interface between the two
droplets (Fig. 4c) Following this, the extracted phase
was separated from the donor phase by fragmenting
the mother droplet (single-phase) into the daughter
droplets upon the completion of the extraction
process. The experimental results prove that the
higher frequency of the applied actuation voltage
plays a vital role in generating vigorous flow pat-
terns, thereby impacting the kinetics of the extrac-
tion process (Fig. 4c). The application of a very high
frequency for improving the extraction kinetics
might be a challenge for real-time sample separa-
tions procedures for food sample processing.
Recently, more advanced protocol for the on-chip
LLE was demonstrated by separating the specific
molecules from the binary solution [107]. Moreover,
for obtaining higher extraction yield, multiple cycles
of the extraction process were carried out. It is
clearly evident from the design and integration
steps in the listed examples that the concept of
sample preparation can be easily done on the
EWOD platform prior to the detection of various
chemical and biological analytes in the future.
However, the sample preparation on EWOD chip
prior to analysis is limited due to the additional
steps of sample transfer which causes cross-
contamination and sample loss. In addition, analysis
of the separated or processed samples using the off-
line instruments such as MALDI-MS, GC-MS etc
makes the entire process time-consuming and limits
the scope for real-time applications.

3.2. EWOD as sample detection tools

Owing to its highly versatile and flexible nature,
EWOD systems provide a promising alternative to
conventional laboratory techniques for performing
fully automated and controllable biochemical assays
in a miniaturized and portable platform. In this
section, the application of EWOD is classified based
on the type of analytes to be detected, biological and
chemical. In recent years, a number of EWOD sys-
tems have been developed for the detection of bio-
logical contaminants such as foodborne pathogens,
proteins, vitamins, and antioxidants that are very
significant for the food industry. Additionally,
important chemical analytes, especially heavy metal
ions and pesticides, increasingly found in food
samples are determined utilizing EWOD chips.
Using EWOD as the detection tool, the levels of such
analytes in food were analysed with less reagent
consumption,  higher  sensitivity, increased
throughput and, importantly, without incorporating
any external pumps or valves.
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3.2.1. Detection of biological analytes

In the last decade, EWOD-based digital micro-
fluidics have been used in conjugation with several
prevailing laboratory assays [1,3,10]. The major
reason behind this is the simple and straightforward
integration of EWOD systems with existing analyt-
ical procedures [108]. The type of detection assay is
chosen based on the target analyte. Typically, there
are three types of detection techniques: immuno-
assays, DNA assays and enzyme assays. The former
is wusually preferred for detection due to its
simplicity, speed and non-complex sample prepa-
ration steps.

In 2018, Coudron et al designed a fully stand-
alone EWOD chip for the detection of airborne
pathogens such as human serum albumin (HSA),
Escherichia coli (E. coli) and Bacillus atrophaeus (B.
atrophaeus) that critically impacts the food sector
[82]. The EWOD chip was designed based on a
parallel plate configuration that consisted of 47
embedded electrodes, and the droplet was placed
between the conductive cover plate located at the
bottom of the EWOD chip and the hydrophobic
actuation plate. The sandwiched droplet was actu-
ated by applying a local electric field using a
waveform generator, which was monitored using a
microcontroller and capacitive feedback measure-
ment system. Furthermore, an EWOD-based air
sampler was coupled to produce highly concen-
trated sample droplets. The immunodetection was
based on the binding of the target pathogen to the
antibody-coated magnetic beads, which were
further bound to the secondary antibody, leading to
the chemiluminescent reaction between the horse-
radish peroxidase (HRP) conjugated on the beads
and droplet luminol substrate (Fig. 5a). These
droplets were used to mix the beads forming the
luminescent droplets, which were actuated by
EWOD, to the photodetector for detection. There-
fore, rapid detection of pathogens was achieved by
magnetic separation of the target pathogens with
limits of detection of 30 ng ml™ %, 2 x 10” cfu ml*
and 4 x 10* cfu ml ™! for HSA, E. coli and B. atro-
phaeus, respectively with the average assay time of
only 6 minutes for different target pathogens
(Fig. 5b,c and d). Even though this work provided a
good example of carrying out sample preparation
and detection in the same EWOD chip, its signifi-
cance is undermined by the certain challenges such
as high limit of detection (LOD) and non-specific
binding of the antibody-HRP complex to the mag-
netic beads. The authors have suggested that the
replacing the current electrodes with the trans-
parent electrode material can help to increase the
sensitivity of the assay, hence the LOD by highly

increasing the optical signal. In the similar manner,
Liu et al have also demonstrated the ELISA process
on the EWOD chip using the closed configuration of
EWOD where the successful binding of the antigen-
antibody was detected via the electrochemical
impedance spectroscopy (EIS) [109]. Besides, the
mechanism of EWOD has also been combined with
other detection strategies for the high-throughput
analysis of important proteins and biomarkers
employing the immunoassay. For example, an
immunosensor based on the conventional biotin-
streptavidin interaction was developed operating on
the principle of DEP and EWOD. Here, the DEP was
used to separate the micro particles of different sizes
by application of electrical field. Further, the detec-
tion of protein functionalized on the streptavidin
molecules by the biotin labelled beads were carried
out by the EWOD actuation [110]. In addition,
instead of traditional electrodes, specifically
designed fractal capacitive electrodes were used as
actuation electrodes and also as the sensing elec-
trode for the EWOD system for the rapid immu-
nodetection of C-reactive proteins [111].

However, if higher sensitivity is required for
pathogen detection, then nucleic acid based analysis
is a suitable method [112,113]. EWOD based
microfluidic device consisting of 560 electrodes and
100 analysis spot patterned on the chip have been
used for conducting DNA hybridization assay. The
top and bottom plate of the EWOD chip consists of
the negative control and the DNA complimentary to
the target DNA respectively. Later, the fluorescently
labelled target DNA was actuated using the EWOD
principle to the detection zone for creating a con-
centration gradient leading to the hybridization re-
action. Apart from the simple DNA hybridization
assay, EWOD chips have also been used for suc-
cessful demonstration of PCR reactions with
enhanced sensitivity [9,84,117—120]. PCR is used for
the detection of bacterial or viral pathogens by
amplifying the target nucleic acids. Several digital
microfluidic devices for PCR assays have been re-
ported that portray certain advantages such as
reduced reaction time and requirement of small
sample volumes [14,114—116]. With advancements
in this field, novel designs for EWOD-controlled
PCR chips are proposed that ensure sample prepa-
ration and PCR detection on a single platform,
which is highly desirable for in-field food sample
testing. One such miniaturized design was reported
by Delattre et al in 2012, where multiple pathogen
samples were highly concentrated first using the
magnetic bead capture method and then analysed
using the PCR module [118]. In the sample prepa-
ration module, the DNA from the pathogens was



JOURNAL OF FOOD AND DRUG ANALYSIS 2020;28:595—621 607

-
1 H 1
(a) , ~ |t (b)  Human serum albumin (c) !
Magnetic bead suspension I 80+ > 9 :
. H o [C]=4pgmitn.=84s 5 o~ N=3 i
Wast Bead extraction : 2 6 o N=2 :
aste - A [C]=2pg/mltin.=160s =,
| Ze0q| -0 (C]= 2 pg/mi o= 84's z70 H
r Sample droplet 1 ; v [Cl=2pgmitin.=50s / ::-‘:60 :
1 32 L 3
1= 8- [C]=05pg/miti,.=84s A = 1
I 340 . s / 350 1
® ;o =
1 2 Vil 540 .
[ o e !
1 204 4 30
Waste lBead-amigen extraction 1 @ 4 e % !
& H & e 20 1
Detection antibody 1 9 g e g g o :
t/ HRP conjugate o ——————
: 10" 10° 10’ 102 10* 10* 10° 102 10° 10¢ 10° 10° 107 10%
@ 1 HSA concentration (ng/ml) BG spore concentration (cfu/ml) :
1
1 . 7 . !
O i (d)  Ms2 bacteriophage 45(e) E.Coli bacteria
Bead-antigen-detection antibody 7 3
e L e P ; ¥ ;
1 304 40
1= -~ 7 /
Wash buffer S / S E
O 1€ €35 f
c25 / =7
2 4 230 -
@ 3207 3 3
5 525 /
\Wast Bead-antigen-detection antibody 8 . s 1 /
b extraction 815 e £ /
® 2" }- ¥ Fi
a 17 T o 1 g
1/ O H,O,/luminol 10 ] .
N ) s ———r— —r— 10—
- = Detection 10 10* 10° 107 100 10° 10* 10° 10° 107 10° 109
N L s csamaaa B o2 concontration (Pluiml).___ oo E.; Coli concentrs ation (cfu/mi)

Fig. 5. Fully standalone EWOD chips are automated platforms for performing immunoassays for the rapid detection of a wide range of pathogens. (a)
Process flow of the immunoassay performed on the EWOD chip using a detection antibody-HRP conjugate. Detection of different antigens - (b)
human serum albumin, (c) BG spore, (d) MS2 bacteriophage and (e) E. coli bacteria using the EWOD immunoassay. Modified and reprinted with

permission [82]. Copyright 2018, Elsevier.

extracted, purified and concentrated and was then
mixed with the PCR reagents and pushed to the
transfer channel, from which the PCR mixture was
dispensed into the EWOD chip employing a pump.
The PCR detection chamber consisted of an EWOD
chip comprising an array of 130 electrodes and 13
reaction chambers with immobilized PCR reagents
(Fig. 6a). The PCRs were performed in the form of
64 nL droplets that were actuated using the EWOD
chip. The process of droplet PCR starting from
droplet dispensing to their displacement to the
mixing region comprising of embedded dry re-
agents is shown in Fig. 6a. The results shown in
Fig. 6a clearly manifests that PCR was performed
successfully on the EWOD chip for different DNA
copy numbers with high accuracy. Moreover, there
was no effect of increasing the cycle number on the
negative control curve, proving the absence of cross-
contamination between the droplets which is a key
advantage. However, the sample preparation mod-
ule involved the utilization of external pumps
instead of any DMF based technique which made
the system bulky and reduced the portability of the
device. Furthermore, specific types of PCR assays
known as quantitative reverse transcription poly-
merase chain reactions (qRT-PCRs) have been
demonstrated on microchips, where PCR droplets
were actuated using a combination of EWOD and

electrostatic methods [84]. In this work, the sample
droplet and PCR reagent droplet were mixed
properly by bidirectional actuation (EWOD/DEP) on
an EWOD electrode array shaped in the form of a
herringbone. Specifically, the novel design of the
parallelly arranged EWOD microelectrodes allowed
accurate multiplexed detection of target analytes by
performing multiple qRT-PCRs at the same time.
Several studies have reported that PCR assay can be
performed on the EWOD chip by manipulating the
surface characteristics [119,120]. The authors have
created a novel hydrophobic/hydrophilic interface
to generate the surface tension gradient for actu-
ating the droplets [119]. The key advantage of this
study is that the authors have integrated the micro
heater and micro temperature sensors in the chan-
nels of the EWOD chip in order to maintain the
constant temperature during the PCR reaction,
hence improving the efficiency of the reaction. Even
so, the possibility of multiplexing for simultaneous
detection of different nucleic acids have not been
addressed in this work which might be a set-back.
Further, valves operating on the mechanism of
EWOD have also been designed and coupled with
the paper-based lateral flow assays for the detection
of an important foodborne pathogen Saccharomyces
cerevisine rRNA sequences (Fig. 6b) [122]. However,
a major disadvantage of this study is that stronger
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were performed on EWOD chips for the identification of pathogens present in water samples. The shown design of the EWOD chip for carrying out
the PCR based detection assay was operated at an actuation voltage of 60 V rms for fluidic operations such as droplet movement and mixing.
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droplets when the PCR detection is completed Modified and reprinted with permission [118]. Copyright 2012, Elsevier. (b) EWOD controlled valve for
the controlled fluid flow in a paper-based microfluidic device. Flow of the fluid at different time intervals on application of the potential was recorded
to observed its effect on the valve opening. The results show that the time for the valve opening was decreased with the increase in the applied voltage.
Finally, the as-designed electrowetting based valve was used for the detection of S. cerevisiae rRNA in lateral flow assays. Modified and reprinted

with permission [122]. Copyright 2013, Royal Society of Chemistry.

fluid flow is required for washing of the samples,
which might influence the lifetime of the valve.
Nevertheless, a controlled fluid flow was achieved
using the EWOD technique for the first time in a
paper-based microfluidic device which is highly
desirable for performing complex biological assays.

Apart from detecting contaminants in food,
nutritional assessment of food products is of great
importance for analysing the quality of samples.
Identifying the sugar content (monosaccharides and
disaccharides) in food products via enzymatic as-
says is the standard for nutritional labelling. A va-
riety of enzymatic assays have been implemented
on EWOD chips for the detection of glucose levels

[21,73,123,124]. In 2011, Vergauwe et al performed a
D-glucose assay on an EWOD chip fabricated by a
standard photolithography technique where the
droplet was actuated by applying DC voltage [73].
The authors found that droplet size can be influ-
enced by manipulating the electrode size, actuation
time and activation time, ultimately impacting the
assay performance. To avoid any discrepancies of
unequal droplet size generation, a software-based
controller was utilized. The quantitative detection of
D-glucose was carried out by conversion of D-
glucose to NADPH by using two enzymes (hexoki-
nase and dehydrogenase) via a cascade reaction.
The EWOD chip consisted of reservoirs where the
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permission [123]. Copyright 2012, Royal Society of Chemistry.

droplets of glucose and dilution solution were
dispensed, merged and mixed, followed by
dispensing of the enzyme droplet and then mixing
with the glucose solution (Fig. 7a). The dilution
curve obtained from dispensing and splitting of
different sized droplets in order to generate
different concentrations of glucose for the assay is
shown in Fig. 7a. The limit of detection achieved was
25 mg/L, and the dynamic range was 25-150 mg/L,
which was on par with the those of existing assays

for glucose level analysis (Fig. 7a). The problem of
biofouling on EWOD chips has been addressed by
adding a group of triblock copolymers to the chip
surface. Due to the involvement of several droplet
dispensing and splitting steps, a little deviation from
the required actuation leads to significant decrease
in the assay performance, causing a major limita-
tion. Further, the design of the EWOD chip was
further improved for enzymatic detection by
replacing the traditional electrodes with the thin
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film transistor (TFT) electrode array which allowed
for independent manipulation of single electrodes
(Fig. 7b) [123]. This advanced EWOD chip design
contributing towards obtaining better detection
limit (5.9 mg/L) which is 5 times lower than the
previously reported studies (Fig. 7b). The key ad-
vantages of this work is that high flexibility of the
device, inbuilt feedback control and impedance
sensing functionality. In addition, during the enzy-
matic assay experiment, the enzymatic reagent was
diluted and loaded into the chip, otherwise their
performance was reduced due to the limited avail-
ability of the oxygen in the device. The aforemen-
tioned examples prove that the EWOD based
sample detection platforms for biological samples
have shown immense importance in the past few
years in terms of decreasing the assay time and
improving the overall detection performance, how-
ever the absorption of biological analytes to the
EWOD device surface causing the problem of
biofouling still remains a major challenge that needs
to be addressed in the coming years.

3.2.2. Detection of chemical analytes

Chemical contaminants, namely, heavy metal ions
such as mercury, cadmium, and arsenic, are highly
carcinogenic and are known to have adverse effects
on human health [125—129]. In particular, mercury
(Hg*") ions bioaccumulate in the human body
through the food chain and have the tendency to
damage DNA and the central nervous systems,
causing death [130,131]. By consuming sea foods,
humans are at high risk for exposure to mercury ion
contamination. Therefore, it is imperative to
monitor the levels of Hg*" ions in seafood and
drinking water to prevent any chronic effects.
Conventionally, the amounts of such chemical
analytes are quantified using sophisticated analyt-
ical instruments such as inductively coupled
plasma-mass spectrometry (ICP-MS), atomic ab-
sorption spectroscopy (AAS), and atomic fluores-
cence spectroscopy (AFS) [132—134]. Nevertheless,
these detection methods are time-consuming,
laborious, require trained professionals to operate
and are not compatible with in-field detection [134].
Owing to their miniaturization, portability and high
degree of flexibility, microfluidic devices are a
popular alternative for evaluating the concentra-
tions of analytes in food and water samples
[135—137]. Specifically, highly controllable and fully
automated EWOD-based devices that demand
samples in the form of droplets to further reduce the
sample volume have become efficient platforms for
metal ion sensing. Most of these detection strategies
are based on employing a selective probe in the

form of a droplet in the EWOD chip that can spe-
cifically bind to Hg*" ions, lowering the limit of
detection. Liu et al reported an open configuration
of an EWOD chip with boron-doped polysilicon as
the electrode array for Hg”" ion sensing [80]. For the
selective binding of the Hg>" ions, a complex of poly
(3-3-N, N, N- triethylamino-1'-pro-pyloxy)-4-
methyl-2,5-thiophene hydrochloride) (PMNT) and
mercury-specific oligonucleotide (MSO) was formed
by electrostatic interactions. The designed PMNT-
MSO probe bound specifically to Hg>" ions through
T-Hg>"-T interactions, causing a colour change
from red to yellow. First, a micropipette was utilized
to drop the PMNT-MSO solution and Hg*" solu-
tions on the EWOD chip. The PMNT-MSO detector
probe was fixed on the chip, and the actuation
voltage was applied to generate the Hg>" droplet
and transport it to the PMNT-MSO detector probe
solution, leading to the colorimetric reaction.
Though this work is pioneering in demonstrating
the possibility of naked eye, rapid and portable
detection of Hg”>" ions in an EWOD platform,
further modifications are required to lower the
detection sensitivity which is currently in the
micromolar.

In recent years, researchers have directed their
attention towards developing EWOD chips that are
more reliable for real-time detection of Hg*" ions
[55,58]. In the real samples, Hg2+ ions or even other
metal ions differ in their chemical composition
given that they are present in high saline conditions.
It is noteworthy that seawater droplets have
different conductivities, viscosities and permittiv-
ities, which in turn affect the EWOD actuation pa-
rameters. Therefore, amendments in the chip design
were implemented by integrating a feedback loop in
the EWOD chip to avoid any function failure. In
2019, Zhang et al studied the behaviour of high sa-
line Hg>" ion droplets in an EWOD chip for the first
time [55]. Based on the traditional parallel plate
configuration, the EWOD chip consisted of a
patterned electrode array with 5 reservoir electrodes
and 19 actuation electrodes, to which a tuneable AC
voltage was applied to move the droplets (Fig. 8a). In
addition, a novel feedback system based on capac-
itive scanning was combined with the EWOD chip
to analyse the position and movement of the
seawater droplet (Fig. 8b). Whenever a failure in
droplet movement was observed, the capacitive
charging time was increased until the droplet
reached the reservoir electrodes. The detection of
Hg”" ions was carried out using a selective fluo-
rescent probe known as 1-Rhodamine B hydrazide-
3-phenylthiourea (RS). The sensing mechanism was
based on the Hg*" ion-induced desulfurization of
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Fig. 8. Feedback-controlled EWOD technology coupled with a fluorescent sensor for the highly efficient detection of Hg*" ions in seawater [55]. (a)
Design of the EWOD sensor prototype consisting of three layers. The top layer is the chip holder, the mid layer is controller unit which can perform
droplet manipulation, feedback-control and switching between the actuation mode and sensor mode. (b) Droplet operations including droplet gen-
eration, transport, mixing performed on EWOD chip for mercury detection. (c) Fluorescence probe used for the detection of Hg* " ions in the droplets.
(d) Linear range graph obtained when the RS fluorescence probe bound to different concentrations of Hg” "ions. Reprinted with permission [55].

Copyright 2019, Elsevier.

the thiocarbonyl groups of the RS probe, causing the
spirolactam ring opening transformation process. In
the EWOD chip, the Hg>" ion droplet and RS probe
droplet were generated inside the reservoir elec-
trode region, followed by merging of the Hg*" ion
droplet with the probe droplet, and finally the
droplets were mixed properly to reduce the sensor
response time (Fig. 8b). Later, the reaction mixture
droplet was passed to the detection position, where
it was detected using the fluorescence detector. As
shown in Fig. 8c and d, the fluorescence signal in-
tensity drastically increases after reaction of Hg”"
ions with the RS probe evidencing the selective
sensing of Hg®" ions with a limit of 0.3 ppb. The
major advantage of this work show that the reaction
time was reduced to 3-5 s in the EWOD chip from
the 10-15 s of the traditional fluorescence assay. In
addition, the authors show that the seawater droplet
displays a frequency-dependent response with a
desirable range of 100 Hz to 1 kHz. Similar to the
previous work, this study also displays a challenge
in terms of the limit of detection. To detect con-
centrations below the limit of detection, further pre-
treatment of the samples is required which will in
turn increase the assay time.

Although several optical sensing systems have
been proposed for the highly sensitive detection of
toxic metal ions, the field deployability of such
prototypes still remains a major challenge. In this
regard, various research groups are approaching

more advanced optical designs that are easy to use
and portable. One such approach is based on an
optical microring resonator (OMR), operating on the
principle of optical absorption measurement, which
is utilized for the detection of heavy metal ions.
During the sensing process, small changes in the
refractive index are detected by the passing wave,
which is rendered into quantifiable values such as
ion concentrations. For example, Mezaine et al re-
ported the detection of hexavalent chromium (Cr®")
ions using the OMR technique [138]. Most impor-
tantly, the authors successfully showed the capa-
bility of combining an OMR sensing protocol with
an EWOD device to further improve the portability
of the sensor. The sensing principle relies on the
formation of the complex between Cr®* ions and 1,5
diphenylcarbazide (DPC), generating a colorimetric
reaction that causes a change in the spectral ab-
sorption and refractive index. Cytop and SU-8 were
chosen as materials for the OMR device design to
ensure high compatibility for future integration with
EWOD chips.

In addition to optical sensing modules, various
electrochemical sensors have been added to EWOD
chips for the low cost and robust detection of metal
ions. Novel electrochemical sensors known as ion-
selective electrodes (ISEs) have emerged as efficient
ion sensing tools that can be applied in different
fields including the food sector. Based on the poly-
meric backbone, these ISEs are composed of
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ionophores that are specific molecules for sensing
the target ion. Furthermore, these nanoporous
membranes contain charge carriers, which make
them quite simple to integrate with microfluidic
systems. Min et al designed an EWOD droplet
actuation-based digital microfluidic system that
employed ISE sensors for the detection of ammo-
nium (NHY) ions from a mixture of interference ion
solutions [69]. The use of fertilizers and pesticides
raises the amount of NHj in the soil, inducing
toxicity in grain crops and resulting in environ-
mental pollution. In this work, the microfluidic chip
for driving the droplet consisted of an ISE sensor,
microcontroller, voltage supplying cell and capaci-
tanceto-digital convertor (CDC). An array of eight
electrodes was designed in a serpentine pattern on
the EWOD chip, which included a region for droplet
initiation and the ISE sensing region (Fig. 9a). First,
droplets were placed at two different points inside
the droplet initiation region and moved towards
each other; the droplets then mixed and proceeded
to the sensing area. In order to facilitate the droplet
movement without the droplet merging character-
istics, silicone oil was used as a lubricant for the
hydrophobic layer. After applying the silicon oil, the
smooth movement of the droplet towards the
sensing area was observed as shown in Fig. 9b. The
droplets were driven using a voltage supplying cell
that could amplify the lower voltage to the higher

values required for droplet manipulation. The sys-
tem also integrated a capacitance sensing-based
feedback loop to monitor the movement of the
droplet employing the CDC system. The results
obtained showed highly controlled droplet genera-
tion capability along with precise speed control.
This advanced design demonstrated high sensitivity
towards the target ion, i.e., NHj ions in the dynamic
range from 10°%- 1M (Fig. 9¢). In addition, the
membrane shows excellent selectivity towards
detection of NHj ions even in presence of interfer-
ence ions, K and Ca®" (Fig. 9d). However, in
presence of the interference ions K*, the linear
response of the as-developed sensor decreases due
to the dominance of the interference ion which
forms a major disadvantage. Furthermore, analytes
such as L-ascorbic acid and nicotinamide adenine
dinucleotide, significant for food technology, were
detected electrochemically by employing a dispos-
able EWOD chip. The EWOD chip contained screen
printed electrodes arranged in the T-junction, inte-
grated with the working, counter and reference
electrodes for electrochemical detection located at
the end of the T-junction. Due to the EWOD actu-
ation, the analyte and buffer droplet were mixed
rapidly at different concentrations for immediate
detection using the electrochemical detector. The
results obtained display comparable sensing per-
formance with a total analysis time less than 14 s,
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Fig. 9. EWOD-governed ion-selective sensing systems for the selective detection of NH*‘ions from a mixture with interference ions. (a) Design of the
printed EWOD chip. (b) Movement of the droplet towards the sensing area. (c) Open circuit voltage generated during the detection of different
concentrations of NH*Vions at using the ISM coated on the EWOD chip with and without the silicon oil. (d) Selectivity study of ISM towards
NH*Vions in the presence of interference ions Ca>" and K*. Modified and reprinted with permission [69]. Copyright 2019, American Chemical

Society.
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suggesting an attractive alternative for low-cost
chemical analysis. The detection of chemical analy-
tes on EWOD chip have displayed rapid response
and high configurability for real-time detection,
however before commercialization of such devices,
the limitation of the detection sensitivity needs to be
resolved so that the sensor is at par with other op-
tical based chemical sensors.

3.3. Other applications

Over the years, researchers have started to
explore EWOD platforms to conduct on-chip
chemical reactions because such platforms allow for
precise control of droplet generation and mixing
and prevent any cross-contamination due to unde-
sired diffusion. In addition, EWOD systems abolish
the necessity of using mechanical pumps and
valves, thereby making them cost-effective
compared to other microfluidic reactors
[64,139—142]. Each droplet generated acts as a batch
reactor, which allows for simultaneous multiple re-
action steps suitable for combinatorial chemistry

[53,140]. Vaultier and co-workers have demon-
strated the on-chip chemical reaction utilizing ionic
liquids displaced by the EWOD actuation (Fig. 10a)
[139]. Room-temperature ionic liquids (RSILs) were
moved and mixed with other task-specific ionic
liquids (TSILs) droplets, each containing different
reagents for carrying out the organic synthesis of
tetrahydroquinolines. This work displayed for the
first time that not only aqueous liquids but also ionic
liquids can be subjected to EWOD actuation.
Moreover, the negligible volatile nature of ionic
liquids allowed movement of the low-volume
droplet in an open-type EWOD chip without using
any top cover or oil. The comparison of the chro-
matograms of the final product obtained from
EWOD actuation and at macro scale is shown in
Fig. 10b. Using the similar approach, Dubois et al
also studied the Grieco three-component conden-
sation reaction and found that the reactions in the
form of droplets in the EWOD chip are much slower
compared to the batch reactions. However,
enhancement of the droplet temperature resulted in
increasing the reaction kinetics which was almost
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Fig. 10. On-chip chemical-reactions performed on an EWOD chip. (a) Grieco's tetrahydroquinolines synthesis was carried out on the EWOD based
DMF chip. The chip design and mechanism of the chemical synthesis based on the EWOD voltage. The comparison of the MALDI-MS results of the
reactions performed at macro and micro-scale is also recorded. Reprinted with permission [139]. Copyright 2006, American Chemical Society. (b)
Esterification reaction demonstrated on the EWOD device based on the generation of an engine-cargo compound droplet. Steps of the esterification
reaction performed on the EWOD device was shown. The obtained MS results confirm the formation of acetylated methanol from methanol suggesting
the success of the on-chip esterification reaction. The on-chip esterification reaction of methanol was also performed in the presence of different

solvents — toluene, DCE, dioxane and N,N-dimethylformamide.
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equal to its batch counterparts [143]. Although many
EWOD systems have been developed for carrying
out chemical reactions, the use of EWOD for organic
solvents based reactions is limited. Most of the
organic solvents required for chemical reactions
possess lower surface tension than water, which
hinders their movement in EWOD chips, hence
reducing their applicability. To address this unre-
solved challenge, Torabinia and co-authors devel-
oped a new model known as the “engine and cargo”
system to electrically actuate the originally nonre-
sponsive organic liquid in the EWOD chip [144].
The design was based on the formation of composite
droplets of two immiscible liquids, where the “en-
gine” was defined as a liquid (ionic liquid here) with
electrowetting properties and the “cargo” was a
non-movable organic solvent (toluene here). Upon
application of the actuation voltage, the electro-
wetting nature of the ionic liquid caused it to
dispense from the reservoir channel of the chip; in
contrast, toluene remained unaffected. As soon as
the ionic liquid droplet approached the toluene
droplet, encapsulation of the engine droplet by the
cargo occurred, forming a composite droplet. To
demonstrate the functionality of EWOD chips for
chemical reactions, esterification reactions were
chosen as examples due to their significance in
organic synthesis, particularly for the synthesis of
food preservatives. For the model reaction, the re-
agent droplet was generated from the reservoir
channel and merged with the already generated
engine-cargo droplet, followed by mixing and initi-
ation of the esterification reaction (Fig. 10b). The
successful formation of the acetylated methanol
from methanol after the on-chip esterification re-
action was confirmed from the MS analysis
(Fig. 10b). The effect of solvents with different po-
larity index on the esterification reaction was also
studied. However, the results show that the polarity
of the solvents cannot be correlated to the
advancement of the esterification reaction. Further-
more, other reaction parameters such as the reac-
tion kinetics and catalytic loading efficacies were
studied in detail in order to prove the potential of
EWOD chips as rapid chemical reaction tools. The
key advantage of this EWOD driven chemical re-
action is that the on-chip reaction kinetics is similar
to the off-chip chemical reactions, but as the reac-
tion time increases the standard deviation also in-
creases for the on-chip reactions due to evaporation
of the solvent. In addition to the mentioned chem-
ical reactions, EWOD based platforms have been
extensively studied for the synthesis of positron
emission tomography (PET) tracers for imaging
applications [145,146].

The application of electrowetting-driven droplet
manipulation is also progressing towards under-
standing fundamental questions, such as by ana-
lysing microbial physiology in their
microenvironments, which have important impli-
cations for food quality assessment. One such
example was published by Wu et al, who studied
physiological processes such as germination of
Bacillus atrophaeus endospores in an EWOD plat-
form by detecting in situ conductivity changes
[147]. It is important to note that the germination
process in endospores is responsible for contami-
nation in food processing facilities; therefore, it is
highly critical to monitor the process. For this, a
Bacillus atrophaeus endospore droplet was mixed
with an Lalanine droplet through EWOD actuation
to trigger germination monitored using conduc-
tivity quantification. The EWOD chip consisted of
an electrode array arranged in a T-junction that
was incorporated with two parallel platinum elec-
trodes for conductivity measurements. The results
obtained indicated faster germination rates for on-
chip conductometry measurements than for off-
chip conductometry due to the larger intensity of
the electric field generated from the microelec-
trode array in the EWOD chip. Unlike the assay-
based EWOD systems, this study presented a
novel potential of the DMF technique not only
for the food industry but also for disease
diagnostics.

Apart from aforementioned examples, various
groups have studied the on-chip rheological prop-
erties using the EWOD device under stress condi-
tions [148]. The rheological properties namely the
fluidity, consistency and mechanical characteristics
are critical for food processing and quality control
since it helps to understand the food texture and the
determine the storage time. Nelson et al have
fabricated an extensional filament rheometer that
can be activated by EWOD device (Fig. 11a). The as-
fabricated EWOD chip can split the non-wetting
samples and induce spreading, thereby creating
shear-free liquids that is measured by LED based
optical micrometry. EWOD driven break-up test
was performed on the samples glycerol and Xan-
than gum at an applied voltage of 40-100 VDC for
few seconds (Fig. 11b). To carry out the capillary
break-up test, the samples was loaded by pipette,
followed by generation of a bridge between the
sample arms (Fig. 11c). On application of the
external voltage, the nonwetting fluids spreads into
the chip due to the draining of the liquid bridge.
When the shrinkage of the bridge reaches a
threshold value to generate an unstable filament,
capillary break up takes place.
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4. Conclusions and future outlook

To date, EWOD technology has been a stepping
stone in the lab-on-chip paradigm towards per-
forming a broad range of biochemical analytical
assays at the micro- and even nanoscale. Several
studies have successfully developed multifunctional
EWOD devices for on-chip biomedical applications,
which have further paved the way for utilization of
EWOD for related fields, most importantly food
safety and monitoring. Numerous research groups
have reported that the electrode geometry and the
selection of dielectric material are critical for
improving the performance of EWOD devices for
detecting food-specific analytes, which are usually
present in trace amounts [54,57,69,79,81]. Utilizing
these advanced design strategies, highly miniatur-
ized and integrated EWOD devices are fabricated,
which provides a novel perspective for on-field
detection of food samples. In this review, an over-
view of the recent developments in the field of
EWOD-based droplet manipulation processes for
the analysis of food contaminants has been pro-
vided. The applications of EWOD-based micro-
fluidic devices as portable sample-preparation

modules and as sample detection platforms are
summarized in this paper. Being fully automated,
EWOD systems require very small volumes and no
external pumps or actuators and display state-of-
the-art level sensitivity, which makes them prom-
ising candidates for commercialization that are
capable of replacing mainstream laboratory in-
struments for detecting chemical and biological
analytes in real samples. Despite its remarkable
progress, the potential of EWOD for executing
entire laboratory assays on chips remains under
question. The challenge arises when the target an-
alyte for detection is a biomolecule or an organic
compound that consists of complex matrices. Espe-
cially for the food sector, the determination of food
quality is time-consuming and laborious. In such
cases, it is desired to utilize completely automated
and programmed miniaturized devices that can
facilitate on-chip sample pre-treatment in addition
to sample detection in the same platform. To date,
very few sample preparation modules based on the
EWOD mechanism have been developed, as re-
ported in this paper. Integrating sample preparation
and detection in a single EWOD chip is a key aspect
for the successful transformation of laboratory-scale

=
=)
<
E
&
<
2
=]
=
=
&




=
&
=
5
=
>
=
=
@)
0
[ea}

616 JOURNAL OF FOOD AND DRUG ANALYSIS 2020;28:595—621

procedures into a single chip. Significant advances
have been made in improving the design of EWOD
chips for performing multiplex assays simulta-
neously; however, the durability of the chips re-
mains a major concern due to the adsorption of the
analytes present in food samples on the chip sur-
face. The anti-fouling coating materials currently
employed such as SLIPS and pluronics are not
robust enough for long-term usage. Therefore, it is
highly important to develop novel materials that can
completely eliminate the problem of biofouling and
make the device reusable. Another challenge asso-
ciated with EWOD is the high external bias required
to actuate the droplets, which is a major roadblock
in making the device portable. In most EWOD de-
vices, an AC or DC source is indispensable for
droplet manipulation, which is usually bulky and
requires high power, hence increasing the cost and
limiting the application scope of EWOD. To address
these constraints, some research groups have tried
to utilize a self powered triboelectric nanogenerator
(TENG) as a novel method to power EWOD chips
[149—151]. For example, a TENG was developed
based on electrospun MXene as the triboelectric
layer to power an EWOD chip [151]. In addition, a
solid-liquid TENG where water is used as one of the
triboelectrification layers has been reported as an
efficient power source for EWOD where the droplet
energy harvested by the TENG during droplet
sliding is used for powering droplet actuation [149].
Because the integration of TENG and EWOD is still
in the initial phase of research, there is still much
room to explore the parameters governing this
integration strategy, especially for solid-liquid
TENGs, which can enhance the potential of EWOD
for portable applications.
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