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Digital microfluidics (DMF) is an emerging liquid-handling technology based on arrays of microelectrodes
for the precise manipulation of discrete droplets. DMF offers the benefits of automation, addressability,
integration and dynamic configuration ability, and provides enclosed picoliter-to-microliter reaction space,
making it suitable for lab-on-a-chip biological analysis and applications that require high integration and
intricate processes. A review of DMF bioassays with a special emphasis on those actuated by electrowetting
on dielectric (EWOD) force is presented here. Firstly, a brief introduction is presented on both the theory of
EWOD actuation and the types of droplet motion. Subsequently, a comprehensive overview of DMF-based
biological analysis and applications, including nucleic acid, protein, immunoreaction and cell assays, is
provided. Finally, a discussion on the strengths, challenges, and potential applications and perspectives in
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1. Introduction

Digital microfluidics (DMF) as an emerging liquid-handling
technology has been established as a research field for over a
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decade. With the ability to precisely manipulate discrete
droplets in an integrated microfluidic device, DMF allows the
addressable picoliter-to-microliter-sized droplets to be
dispensed, moved, merged and split according to a preset
path programmatically."”* The actuation mechanism of DMF
includes electrowetting on dielectric (EWOD),*® magnetic,®’
and surface acoustic waves.®*’' Among them, although
EWOD-based force requires relatively more complicated
fabrication of multiple layers of structures and has less
tolerance to different types of liquid,® it is currently the most
popular technology due to its fast response, simple system
and high precision, which is the focus in this review.
Specifically, compared to other DMF techniques, the EWOD-
based DMF assay requires relatively complicated fabrication
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of multiple layers of structures including an electrode layer,
dielectric layer and hydrophobic coating. Moreover, EWOD-
based DMF is more sensitive to the surface tension,
conductivity and permittivity of the fluid, and hence has less
tolerance to different types of liquid. Alternatively, as one
type of microfluidic technology, DMF offers comparable
benefits with conventional microfluidics in terms of reduced
use of reagents, rapid heat transformation, and high
parallelism.” Furthermore, it does not require the use of a
micropump, microvalve and complicated three-dimension
flow channel, which simplifies the device, enables a dynamic
configuration and provides integrated capacity with external
light,">"* electron'® and magnet modules.”” Thus, due to
these advantages, DMF is suitable for lab-on-chip
manipulation and analysis, requiring high integration and
complex operations.

Over the past ten years, the tremendous development of
DMF has facilitated biomolecule analysis and applications,
including nucleic acids,"®"” proteins,"®*?° and hormones.*!
The tiny reaction volume in DMF can increase the
biomolecule concentration to maximize the reaction
efficiency, while the confined reaction space can exclude
exogenous contaminants. Similarly, dramatic advances have
been made in DMF-based cell assays. Due to the precise
manipulation capability and picoliter-to-microliter reaction
space of DMF, it is advantageous for cell culture,®*** cell
sorting® and even single-cell analysis.*>*® The universal
DMF bioassay has also given birth to a commercialized
platform for biological applications.”” The Food and Drug
Administration (FDA)-authorized ePlex system (GenMark
diagnostics, CA) is a representative DMF platform for
pathogenic bacterial detection.”® It integrates sample
extraction, polymerase chain reaction (PCR) amplification
and optical signal readout into a single cartridge to enable
the qualitative and quantitative measurement of pathogenic
DNA/RNA and has been applied for the detection of SARS-
CoV-2, respiratory pathogens and bloodborne bacteria. The
FDA has also cleared SEEKER (Baebies, NC) for clinical
applications to screen lysosomal storage disorders (LSDs) in
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Fig. 1 DMF-based bioassays including nucleic acid assays, protein
assays, immunoassays and cell assays.

newborns.”” SEEKER implements enzymatic activity analysis
in a single DMF device to complete screening within 3 h.
Another commercialized system named Aqdrop (Oxford, UK)
enables the manipulation of hundreds of droplets in one
chip, managing to explore a wide range of biochemical
applications in the study of cells, proteomes and genomes.*’
Digifluidic Biotech (Zhuhai, CN) analysed the DNA melting
curve on DMF for nucleotide detection, and is now working
on a coronavirus detection platform.*’ Commercial advances
in the construction of a DNA library based on DMF have also
been realized. For example, VoITRAX (Oxford Nanopore
Technologies, UK),”> NeoPrep System (Illumina, CA)** and
DNBelab D series (MGI and CN)** have integrated fully
automated DNA or RNA library preparation for downstream
sequencing. Consequently, DMF technology has fostered
biological analysis and applications in both scientific
research and industry.

Herein, we provide a comprehensive review of the state-of-
the-art EWOD-actuated DMF bioassay (Fig. 1). Initially, we
introduce the EWOD principle for droplet manipulation,
together with the droplet motion types. Then, we overview
the DMF-based biological analysis of nucleic acids, proteins,
cells and immunoreaction, highlighting its strengths,
challenges and potential applications. Finally, we summarize
the benefits of DMF bioassay and provide perspectives in this
field.

2. The basal constitution of DMF
devices

An EWOD-actuated DMF chip consists of several reservoirs
for reagent loading and sufficient electrodes to implement

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Different architectures of DMF device including A) passive
matrix electrode array and B) active matrix electrode array.

biological and chemical operations. According to the
architecture type, the DMF device can be classified as a
passive matrix electrode array (PM-EWOD) and active matrix
electrode array (AM-EWOD) (Fig. 2). In PM-EWOD, each
electrode is directly connected to the driving signal generated
by the peripheral control circuit, and thus the N electrodes
need N signal lines. Differently, AM-EWOD integrates thin
film transistors (TFTs) into each pixel electrode. Each TFT
consists of a gate (G), source (S) and drain (D), which is used
as an electronic switch. The gate manipulates the row signal,
the source manipulates the column signal and the drain is
connected to the pixel electrode. By controlling the TFT
switch, each pixel can be addressed by row-column scanning,
where the N (row) x M (column) array only needs N + M
signal lines.”> AM-EWOD has advantages of the reduced use
of signal lines, but its fabrication is difficult, thus it is less
applied than PM-EWOD.

According to the plate number, the DMF device can be
classified into the format of a single plate®® and two parallel
plates®” (Fig. 3). In both formats, the bottom plate is typically
comprised of four parts including a substrate, electrode,
dielectric and hydrophobic layers. In this case, materials such
as glass,*®* printed circuit boards (PCB),***' and paper®®
are widely utilized as the substrate. Among them, glass has
the advantage of stable chemical properties, good optical
properties, high chip fabrication precision, temperature
resistance and electrical insulation; nevertheless it suffers
from complicated fabrication processes and high cost. On
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Fig. 3 Schematic diagram of droplet actuation in A) two parallel plates
and B) single plate due to the asymmetric contact angle across the
droplet.
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the contrary, PCB and paper substrates benefit from low cost
and batch fabrication, yet they both have a low fabrication
precision.

The electrode layer is often metallic, such as chromium,
aluminum, gold, copper and indium tin oxide (ITO), which
can be fabricated on the substrate through photolithography.
Then, the dielectric layer is deposited on the electrode layer
using an SU-8 photoresist*>** or parylene.**** Su-8 has
excellent mechanical, insulation, optical and chemical
properties, and thus has been widely used as the dielectric
layer by the spin-coating strategy in recent years. Parylene is
beneficial due to its good electrical properties and heat
resistance, which is broadly used as coating layer by vapor
deposition technology. Finally Teflon AF or fluoropolyer is
coated on the surface as a hydrophilic layer to reduce the
surface tension for the actuation of droplets.

In the two-plate format, the top plate is made from ITO
conductive glass coated with hydrophobic Teflon-AF*®™*® or
CYTOP?**%9°° to serve as the ground electrode. Teflon-AF has
excellent chemical stability, light transmittance and electrical
properties, which is usually dissolved by FC-40 for utilization.
The contact angle in the Teflon-AF coating plate is larger
than that in the CYTOP coating plate, and thus has higher
efficiency in droplet actuation.®" The two-plate device is often
operated in the air or filled with other filler media, such as
silicone oil, to reduce the voltage necessary for droplet
movement and prevent droplet volatilization. In the single-
plate device, droplets are placed on the bottom plate with
both driving and ground electrodes.

The DMF device is typically coated with Teflon-AF, which
sometimes is susceptible to unwanted biomolecule
adsorption (e.g., proteins), hence causing sample loss and
cross contamination. Alternatively, careful modulation of the
applied voltage polarity can reduce biomolecule adsorption
by regulating the electrostatic attraction and repulsion.””
Specifically when the solution is negatively charged, the use
of a positive voltage polarity can reduce biomolecule
adsorption, whereas negative voltage polarity is beneficial in
a positively charged solution. However, this strategy is less
effective for complex solutions with different molecules
presenting diverse positive or negative charges at
physiological pH.** Alternatively, the use of Pluronics as an
additive to droplets is helpful, which consist of triblock
copolymers of poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) to reduce protein and cell adsorption to
surfaces.

3. Basic droplet manipulations on
DMF

Currently, the most fundamental droplet manipulation types
achievable by EWOD approaches include transporting,
splitting, merging, and dispensing. The droplets on a two-
plate DMF device can be dispensed, moved, split and
merged, whereas those on a single-plate DMF device cannot
be split and dispensed. However, one-plate devices facilitate

Lab Chip, 2023, 23, 169-1191 | 1171
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Fig. 4 Schematic diagram of manipulations on DMF including A) droplet transport, B) droplet splitting, C) droplet merging and D) droplet
dispensing. The square in the figure represents the actuation electrode unit, ON means electrical potential applied to the electrode unit, OFF
means switching off the electrode unit, and the arrow indicates the movement direction of the droplet.

the analyte observation and recovery and can manipulate
droplets of submicrolitres to tens of microliters, while two-
plate devices are suitable for droplet operation in the
picolitre to microliter range."®>* In this section, we describe
the underlying principles of the four basic manipulations of
droplets (Fig. 4).

3.1 Droplet transporting

Droplet transport is accomplished by controlling the
wettability of the droplets. When the droplet is located on
the boundary between the actuation electrode (A) and the
non-actuation electrode (B), the voltage applied on B actuates
the droplet to move toward B due to the asymmetric contact
angle in the droplet above A and B (Fig. 4A). Further, by
switching the voltage “on” and “off” between a series of
adjacent electrodes, the droplet can move along the trace of
the actuated electrodes.

3.2 Droplet splitting

As shown in Fig. 4B, to conduct droplet splitting, the droplet
is firstly located on the actuation electrode unit (B), in
contact with the electrode units (A and C), respectively. Based
on EWOD, when a certain amplitude of voltage is applied to
the electrode units (A and C), while switching off the
intermediate electrode unit (B), the contact angle on two
sides of the droplet will decrease. The driving force causes
the droplet to form a “rugby ball” shape on both sides, sag in

N72 | Lab Chip, 2023, 23, 1169-1191

the middle to form a “bottle neck”, and eventually separate
into two daughter droplets.

3.3 Droplet merging

Droplet merging can be achieved by transporting two
droplets to the same electrode. As shown in Fig. 4C, two
droplets are transported to the electrode units (A and C),
respectively, both in contact with electrode unit B. When
applying a voltage to electrode unit B, the two droplets can
merge to form a single larger droplet.

In the lab-on-chip device, the experimental processes
such as pretreatment, dilution, chemical reaction, and
supply of cell culture medium all require mixing operations.
However, achieving adequate mixing of the two droplets
after merging requires further consideration. The liquid
motion in traditional microfluidics is featured by laminar
flow, which makes liquid mixing difficult. In contrast, DMF
can realize the rapid and efficient mixing of droplets, which
is addressed by three strategies, including droplet
reciprocation, merge-split motion and loop motion
(Fig. 5).>° In contrast, loop motion can provide the highest
efficiency of droplet merging by inducing a stretching-
folding pattern.*

3.4 Droplet dispensing

Typically, droplets are formed by dragging the liquid from a
larger droplet, and then cutting it to generate a daughter

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Schematic diagram of droplet merging by reciprocating motion,

droplet. As shown in Fig. 4D, the electrode units are
sequentially switched on. Then, electrode unit (A) and
electrode units (C)-(E) are energized, while the other
electrode units are switched off. Consequently, the “liquid
column” will be pinched to generate a daughter droplet. To
increase the stability of the droplet generation process and
improve the volume precision and accuracy of the dispensed

merge-split motion, and loop motion.

droplets, an optimized electrode geometry in terms of shape
or size is required. For example, Wang et al. proposed the
introduction of circular arcs to eliminate the liquid tail after
droplet pinch-off and to fix the position of the pinch-off
point.*® Shih et al. optimized the size of the reservoir, middle
electrode and destination electrode to improve the
dispensing successful rate.””
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4. DMF-based nucleic acid assays

Nucleic acid analysis has been utilized in a variety of fields
including drug research, medical diagnosis, and forensic
identification with high sensitivity, high accuracy, and rapid
detection.® In these applications, the nucleic acids extracted
from tissues or cells are often in extremely minute quantities.
Conventional bench-top manipulation may cause loss of
nucleic acids due to nucleic acid adsorption during frequent
transfer. Moreover, it will produce a large number of DNA
amplicons during the amplification process, which are highly
susceptible to aerosol contamination once exposed to air,
resulting in a high background or false positive signals. DMF
is especially well-suited for the preparation and analysis of
trace or easily-contaminated nucleic acid samples due to its
efficient droplet manipulation, outstanding low adsorption
and excellent closure properties. In this section, we discuss
DMF-based nucleic acid applications in extraction,
amplification and sequencing (Fig. 6).

a) Nucleic acid extraction

Nucleic acid extraction and purification on a DMF device are
primarily based on solid-phase and liquid-liquid separation
methods, respectively. The solid-phase separation method
utilizes magnetic beads for nucleic acid manipulation, with
basic steps of nucleic acid binding, washing, buffer exchange,
and elution. Sista et al®® and Hung et al.®® extracted the
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whole genomic DNA from human whole blood using a DMF
platform with magnetic beads. The whole blood droplets
were mixed with lysis buffer to release DNAs, which were
then captured by the magnetic beads. When fixing the
magnetic beads by a magnet, the unbound supernatant
droplets could be dragged away. Subsequently, the magnetic
beads were washed several times to remove the residual
cellular debris, followed by the release of the purified DNAs.
Jebrail et al. developed a “world-to-DMF” integrated system to
effectively collect target analytes from a macroscale sample
and transport them to a DMF device for microscale volume
manipulation (Fig. 7A).°" This system consisted of three
distinct components including an extraction module for
macroscale RNA extraction, a purification module for
microscale RNA purification and concentration, and a
module interface for mediating the interaction between
modules. Pressure-driven samples of large volume were
delivered from the extraction module through the 10 pL
droplet region on the DMF purification module, and magnet-
mediated recovery of bead-bound analytes was achieved. By
using this system, RNAs were extracted from human whole
blood (110-380 pL) and purified in microscale volumes of 5-
15 pL. Compared to the traditional bench-top method, it
saved 2-fold processing time and 12-fold reagent
consumption. However, this solid-phase extraction method
requires specialized magnetic beads and an external
magnetic field, complicating the device to some extent.

B
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Fig. 7 DMF-based nucleic acid extraction. A) “World-to-DMF” integrated system effectively collecting target analytes based on solid-phase
separation. Copyright 2014, the American Chemistry Society.®* B) Liquid-liquid nucleic acid extraction by handling sample droplets and immiscible

extractant phases. Copyright 2021, the American Institute of Physics.%?
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Alternatively, liquid-liquid nucleic acid extraction handles
the sample droplets and immiscible extractant phases
without the use of magnetic beads and an external magnetic
field. Abdelgawad et al. purified the recombinant DNA from
cell lysates by liquid-liquid extraction on DMF.*® After the
sample droplet containing DNAs and proteins was driven into
a water-immiscible phenolic solution, phase splitting was
done to isolate the DNAs from proteins for further mass
spectrometry analysis. To improve the extraction efficiency,
Paul et al. optimized the mixing of the sample droplet and
extractant phase (Fig. 7B).®> By keeping one phase stationary
and moving the other phase continuously around, followed
by circular motion of both phases, a higher extraction rate
and better distribution of the extracted analytes could be
simultaneously achieved. Using this strategy, plasmid DNA
(pDNA) could be extracted from an aqueous sample into an
ionic liquid in the presence of proteins with high selectivity.
Nonetheless, liquid-liquid separation method is challenging
to separate targets from the same biomolecules, such as
specific DNA fragments. Therefore, the choice of nucleic acid
extraction and purification method should consider both the
sample and contents existing in the dispersion phase.

b) Nucleic acid amplification

The amount of nucleic acids extracted and separated from
biological materials is typically extremely minute and difficult
to detect directly using instruments. Therefore, it is necessary
to amplify the extracted nucleic acids for downstream
analysis. PCR is frequently employed for amplifying certain
nucleic acid sequences, which can produce millions of copies
from a tiny amount of starting templates.

The integration of PCR technology with the DMF platform
offers the following benefits: (1) approximately 100-fold
decrease in reagent and sample consumption, reducing the
reaction cost; (2) the small reaction volume improves the
efficiency of solute diffusion and heat transfer, hence
reducing the amplification time and increasing the reaction
uniformity; and (3) higher amplification efficiency is achieved
in small-volume PCR due to the enhanced template
concentration. Nevertheless, performing PCR on DMF
necessitates heat cycling management, which is often
addressed through two strategies.

The first involves maintaining the droplet in situ, while
varying the temperature in a single region. Chang et al
implemented the PCR process on a DMF chip using a single-
zone thermal cycling approach.®® Droplets containing cDNAs
and PCR reaction solution were dispensed individually from
the reservoirs, and then mixed and transported to the PCR
chamber. Two micro heaters and a micro temperature sensor
were integrated in the PCR chamber for precise thermal
cycling for PCR amplification. Ultimately, the products were
collected and verified through gel electrophoresis off-chip. To
further improve the processing throughput and avoid off-
chip product verification, Norian et al developed
complementary-metal-oxide semiconductor (CcMOS)

This journal is © The Royal Society of Chemistry 2023
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integrated circuit technology to perform quantitative
polymerase chain reaction (QPCR) on a DMF chip (Fig. 8A).**
Three electric heating modules and temperature sensor
modules were incorporated in a DMF chip to enable three
parallel gPCR processes, while single-photon avalanche
diodes were used for fluorescence monitoring. The device
was capable of quantifying DNA from Staphylococcus aureus
in 1.2 nL, with the sensitivity of a single copy per droplet and
a dynamic range exceeding four-orders-of-magnitude.

A second approach for PCR on chip involves varying the
temperature in different zones, while actuating the reaction
droplets in a closed-loop flow-through process. Sista et al
constructed two thermal zones with temperatures of 60 °C
and 95 °C, respectively, and shuttled a droplet between the
two zones. As a result of the fast heat transfer, the 40-cycle
real-time PCR was completed in 12 min.”® Based on this
technology, Hua et al incorporated a small fluorimeter
module for the fluorescence monitoring of qPCR and applied
it for the amplification of pathogenic nucleic acids and the
detection of infectious diseases.”> Ho et al. developed a
disposable point-of-care cartridge to detect the SARS-CoV-2N
gene by implementing qPCR on DMF (Fig. 8B).°°
Consequently, 40 cycles were conducted in 17 min by
actuating the droplets between two temperature zones of 60
°C and 95 °C, and the fluorescence after each cycle was
automatically recorded by the optical module. This DMF
cartridge featured multiple droplet tracks, enabling multiple
tests and controls to be conducted simultaneously. Yehezkel
et al. reported the de novo synthesis and cell-free cloning of
custom DNA libraries using single-molecule PCR
technology.®” Single molecules of the template were achieved
by serial dilution, and subsequently subjected to PCR
amplification through shuttling among three different
temperature zones in the PCR lane including 62 °C, 72 °C
and 95 °C. This system was designed with eight channels to
support twenty-four parallel reactions, allowing a higher
amplification throughput than the conventional tube-based
method of amplification.

Although PCR technology has high amplification
efficiency and specificity, the PCR process requires at least
two temperatures to achieve amplification, increasing the
complexity of the device and making it unsuitable for point-
of-care testing (POCT). Isothermal nucleic acid amplification
technology can address this problem by completing the
entire amplification at a constant temperature, hence
reducing the temperature requirements for devices, which is
particularly applicable in resource-constrained areas.
Hitherto, common isothermal nucleic acid amplification
technologies such as loop-mediated isothermal amplification
(LAMP), recombinase polymerase amplification (RPA) and
multiple displacement amplification (MDA) have been
effectively integrated with DMF.

Coelho et al firstly verified the feasibility of LAMP
amplification on DMF.®® Droplets of LAMP reaction reagent
and target DNA were dispensed from reservoirs and mixed
completely in the reaction zone for LAMP amplification at 65

Lab Chip, 2023, 23, 1169-1191 | 1175
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temperatures in a single region. Copyright 2014, The Royal Society of Chemistry.®* B) Disposable point-of-care cartridge implementing qPCR on
DMF with varying temperatures in different regions. Copyright 2022, MDPI (Basel, Switzerland).®® C) Palmtop sequencing platform based on
pyrosequencing and DMF device. Copyright 2019, Elsevier B.V.®* D) “Cell-in-library-out” single-cell transcriptome sequencing library construction
platform (Cilo-seq) integrating single-cell isolation, cell lysis, reverse transcription, cDNA amplification and final library preparation on a single DMF

chip. Copyright 2022, The Royal Society of Chemistry.®®

°C. DMF-LAMP demonstrated increased sensitivity when
amplifying target DNA at a concentration of 0.5 ng uL™" in
just 45 min with a reaction volume of 1.5 pL. The products
validated by off-chip electrophoretic analysis had a higher
normalized fluorescence intensity of the band than that from
bench-top amplification reactions, indicating the higher
amplification efficiency of DMF-LAMP. Wan et al. integrated
LAMP amplification and real-time product detection on DMF
using SYBR Green I, while implementing on-chip melting
curve analysis to accurately identify the product specificity
through the use of molecular beacon DNA probes with
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specific low melting temperature (T,,).”° Using purified
Trypanosoma brucei DNA as the target, the entire
amplification and detection processes were accomplished in
40 min with a detection limit of 10 copies per reaction.
Compared to LAMP, RPA permits nucleic acid
amplification at a lower temperature of 37 °C and a shorter
reaction time of 15 min. Kalsi et al. described a technique for
the detection of the blacrx.m-15 gene relying on RPA reaction
on a DMF platform with fluorescence readout.””
Comparatively, this system enabled fewer than 10 copies of
template to be detected with a hundred-fold improvement in

This journal is © The Royal Society of Chemistry 2023
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the detection limit compared to a bench-top assay. Unlike
LAMP and RPA, which could only amplify known DNA
sequences, MDA could carry out whole genome amplification
using a random primer and phi29 DNA polymerase. Liu et al.
demonstrated the amplification of bacterial DNA in a DMF
device for the rapid identification of bacterial species by
MinION sequencing.”” Using this system, 10 fg C. glutamicum
DNA could be detected within 3 h, resulting in a 100-fold
reduction in the detection limit compared to the in-tube
amplification approach. Overall, isothermal nucleic acid
amplification combined with a DMF device is robust and
sensitive, but its lower amplification specificity than PCR still
needs to be addressed.

¢) Nucleic acid sequencing

As an effective nucleic acid analysis method, sequencing
technology has been widely adopted for applications in
microbial community profiling, genetic abnormality
identification and pathogen discovery. Pyrosequencing is a
real-time  sequencing-by-synthesis method with high
sensitivity and speed. During DNA polymerization, the
enzyme cascade reaction triggered by inorganic
pyrophosphate (PPi) promotes the oxidation of luciferin for
chemiluminescent readout. The sequence of the template is
identified by the paired nucleotide, while the quantification
of chemiluminescent detection of PPi is proportional to the
number of bases incorporated in the synthesized strand of
DNA. Traditionally, pyrosequencing involves multi-step
incubation and washing steps, whereas DMF can automate
these processes by programmatically processing the reaction
droplets.

Welch et al. constructed a DMF-based pyrosequencing
system for the first time.”*> Droplets with different
concentrations of adenosine triphosphate (ATP) were mixed
with luciferin to establish the working curve of the
chemiluminescent intensity versus ATP concentration. This
system achieved a low detection limit of 7 nM, which was
much lower than that of ATP generated by single-base
binding, verifying the feasibility of pyrosequencing on DMF.
A further reduction in cost was achieved by Boles et al. by
performing pyrosequencing on printed circuit boards.”* DNA
templates were anchored to magnetic beads, allowing for
thorough washing between nucleotide additions, and then
the protocols and reagents were optimized to achieve a high
signal-to-background ratio, which ultimately generated 100%
accurate sequence determination of ~60 bases. Zou et al
reported a palmtop sequencing platform based on
pyrosequencing and DMF device for automatic, real-time and
portable analysis of DNA mutations (Fig. 8C)."*> During each
round of nucleotide addition reaction, the washing buffer,
enzymes, one type of dNTP, ammonium persulfate (APS) and
the single-stranded target DNA immobilized on magnetic
particles were placed in reservoirs, then dispensed, moved,
and mixed for chemiluminescent detection by an integrated
photomultiplier (PMT). After detection, the immobilized

This journal is © The Royal Society of Chemistry 2023
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beads were washed to remove the supernatant and
resuspended with reaction reagents for the next type of dNTP
addition, and this step was repeated three times per round.
This system enabled the sequencing of a DNA template of 53
bp with 100% accuracy in 2 h and was capable of detecting a
mutation in the KRAS gene with a limit of detection (LOD) as
low as 5% mutant level. Based on this palmtop sequencing
platform, Ruan et al expanded the application to DNA
methylation detection.”” The unmethylated cytosine of the
target DNA was transformed into uracil with the treatment of
bisulfite. During PCR amplification, the methylated sample
in the CpG sites remained as CG, while the unmethylated
sample was converted to TG. By immobilizing the PCR
products to magnetic beads and performing pyrosequencing
on DMF, the methylated site could be detected with an LOD
of 10 pg within 30 min.

A recent development in next-generation sequencing
(NGS), such as Illumina sequencing, has facilitated massive
parallel data collection, which allows genome or
transcriptome sequencing to be detected for a few thousand
dollars per run. However, the preparation of properly
formatted sequencing libraries, including steps of DNA
fragmentation, adaptor addition, library amplification and
size selection, is lengthy and expensive, necessitating a
streamlined method for preparing inexpensive sequencer-
ready libraries. To facilitate the construction of a DNA library,
Kim et al. demonstrated a droplet-based DMF platform for
the preparation of an Illumina sequencing library.”® The
DMF hub together with peripheral modules automated DNA
fragmentation, PCR enrichment, magnetic bead-based clean-
up and size-selection, yielding excellent sequencing coverage
with >99% alignment when using 5 ng bacterial genomic
DNA as the input. Recently, a commercial DMF platform
named AQdrop™ with 41 thousand independently
addressable electrodes was developed to prepare DNA
samples for Illumina next-generation sequencing.®’® In this
platform, two variable temperature zones and 3/8 magnets
were set for library reaction (e.g., amplification) and
purification/elusion, which supported 3 or 8 parallel library
constructions at once. Three different commercially available
kits including Kapa Hyperplus (Roche), Collibri ES (Thermo
Fisher) and NexteraFlex Enrichment kit (Illumina) were
translated in this platform and produced a comparable
library performance to the bench-top method. The 50-fold
decrease in volume scale and increase in the number of
samples processed per chip both contributed to reducing the
cost per sample of library preparation.

Zhang et al. further integrated single-cell isolation, cell
lysis, reverse transcription, ¢cDNA amplification and final
library preparation in DMF to achieve “cell-in-library-out”
single-cell transcriptome analysis (Cilo-seq, Fig. 8D).*° After
c¢DNA amplification, purification beads were utilized on chip
to adsorb long-chain cDNAs, while leaving short-chain
primers in the supernatant, facilitating the separation of
c¢DNA products. Afterward, library preparation reagents were
introduced in sequence for DNA fragmentation, adaptor
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addition, library amplification and magnet-aided product
purification. The final library was recovered from the chip
and processed by pair-end sequencing. The Cilo-seq platform
presented a 1.4-fold enhancement in gene detection ability
over the traditional pipetting-based method and was
successfully applied for the analysis of heterogeneous
genotypes in single circulating tumor cells. However, despite
the remarkable advancements, the development of hybrid
platforms integrating sequencer-ready library construction
and in situ high-throughput sequencing remains a challenge.

5. DMF-based protein assays

Protein-related processing such as sample pretreatment and
protein detection is typically time-consuming and inefficient,
and thus an automated platform is urgently needed to
improve the work efficiency. DMF is well suited for labor-
intensive protein-associated operations and applications due
to its high which  simplifies
experimental operations. In recent years, DMF has been
ligand screening””
and proteome purification and analysis®* (Fig. 9).

automation, complex

widely employed for enzyme detection,®!

5.1 Enzyme detection

Enzymes are special biochemical reaction catalysts that are
essential to the normal metabolism of organisms. Diseases
such as albinism and diabetes can be caused by abnormal
enzyme expression or impaired enzyme activity, and thus
enzyme detection is necessary. Enzyme assays usually rely on
the catalyzed reactions of enzymes, which are challenged by
stable conditions such as pH and temperature. Consequently,
the reproducibility of assays is crucial for multiple
measurements of enzymes. Accordingly, the uniform droplet
generation and parallel analysis capacities of DMF offer a
reliable platform for enzyme detection. Taniguchi et al
verified the feasibility of enzyme detection on DMF for the
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first time by moving and mixing droplets of luciferin and
luciferase for fluorescence readout.®’ By combining DMF and
a photodiode, Srinivasan et al reported the quantitative
detection of glucose based on an enzyme reaction, whose
results matched that produced by a spectrometer.®® Glucose
was first converted into gluconic acid and hydrogen peroxide
under the catalysis of glucose oxidase. Then, hydrogen
peroxide was reacted with 4-amino antipyrine and N-ethyl-N-
sulfopropyl-m-toluidine in the presence of peroxidase to form
violet-colored quinoneimine with an absorbance peak at 545
nm for quantification. Sista et al. presented a DMF platform
to perform the enzyme activity analysis of a-glucosidase acid
(GAA) and o-galactosidase acid (GLA), screening for Pompe
and Fabry disorders of lysosomal storage diseases (LSDs).**
The endpoint fluorescence was measured after the
incubation of GAA/GLA with the substrate, and the enzymatic
activities were identified as micromoles of substrate
hydrolyzed per hour of incubation per liter of blood. By
automating all the steps on a disposable cartridge, the lab-
on-chip multiplex fluorometric enzymatic assays could reduce
the incubation time from 6 h to 1 h but still produced the
same detection results as the traditional bench-top 96-well
microplate methods. The same group later expanded this
system to a 5-plex fluorometric enzymatic assay for the rapid
and high-throughput screening of 5 LSDs, including Pompe,
Fabry, Hunter, Gaucher and Hurler diseases. Sample
preparation to enzymatic activity could be completed within
3 h on each cartridge.®® Sathyanarayanan et al. reported a
DMF-based methodology for the biopsy-scale analysis of
human-derived hepatic cytochrome P450 (CYP) activity,
which is responsible for the intrinsic clearance of most
therapeutic drugs (Fig. 10A).”° Given that cytochrome P450 is
mainly located in the smooth endoplasmic reticulum of
hepatocytes and enriched in human liver microsomes (HLM),
in this study, HLMs were first isolated and immobilized on
magnetic beads. Then, the HLM-containing beads were
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Fig. 10 DMF-based protein analysis. A) A DMF-based methodology for biopsy-scale analysis of human-derived hepatic cytochrome P450 (CYP)
activities. Copyright 2020, the American Chemistry Society.”® B) Automatic biopanning platform based on DMF for phage display (auto-panning).
Copyright 2021, The Royal Society of Chemistry.”” C) Automated ligand binding affinity evaluation platform (Auto-Affitech). Copyright 2020, The
Royal Society of Chemistry.'?> D) Proteome pretreatment in a heterogeneous system by integrating cylindrical agarose discs coated with trypsin or

pepsin on DMF. Copyright 2012, John Wiley and Sons.”®

actuated to incubate with CYP enzyme specific model
compounds on DMF for fluorescence quantification when
translating prefluorescent substrates or the co-substrate
NADPH to fluorescein or resorufin to determine the CYP
activity. This method consumed only about 15 pg microsomal
protein per assay, and thus was technically adaptable to
screen CYP enzyme function from biopsy-scale liver samples.

The Shih group utilized DMF for endoglucanase detection.
Given that endoglucanase can catalyse the hydrolysis of the
(1,4)-glycosidic bonds in 4-methylumbelliferyl B-p-cellobioside
(MUC) to produce a methylbelliferone fluorescence product,
droplets containing MUC and the endoglucanase enzyme
were mixed, incubated, and then analysed via fluorescence to
determine the enzyme activity.®® A similar strategy was also
employed for the detection of fucosyltransferase.’” Overall,
integrated DMF systems are capable of providing enzyme
assays for a range of biochemical analyses, including glucose
monitoring and enzyme activity evaluation, which offer
substantial promise for medical and pharmaceutical
research.

This journal is © The Royal Society of Chemistry 2023

5.2 Ligand screening

Ligand screening in proteins plays a critical role in studying
molecular recognition mechanisms and regulating protein
functions. Established methods for screening ligands involve
highly repetitive, labor-intensive, and time-consuming
procedures. Biopanning based on phage display, for instance,
requires rounds of positive selection, counter selection,
washing, elution, and amplification to screen for a specific
ligand, the complexity of which has hindered the efficient
discovery of novel ligands. Thus, to address this problem,
Wang et al. developed an automatic biopanning platform
based on DMF for phage display (auto-panning, Fig. 10B).””
In this system, counter selection was firstly performed to
remove non-specific binding phages, and then positive
selection was carried out by mixing retained phages with
target-coated beats. After multiple washings to remove low-
affinity phages, high-affinity phages were collected. Following
rounds of selection, enriched clones were picked and
sequenced to achieve the affinity peptide sequence. Using

Lab Chip, 2023, 23, 1169-1191 | 1179
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this technology, a peptide ligand against the cancer marker
ephrin type-A receptor 2 (EphA2) was effectively screened
after three rounds of selection within 16 hours,
demonstrating higher screening efficiency than the
conventional bench-top method, which required nearly a
week of manual operation. Besides ligand selection, DMF can
also be applied for the evaluation of ligand binding ability.
Guo et al. demonstrated a DMF-aided automated ligand
binding affinity evaluation platform (Auto-affitech,
Fig. 10C)."”> Target-immobilized magnetic beads were
employed for binding biotinylated ligands, followed by the
signal translation using streptavidin-modified horseradish
peroxidase enzyme (SA-HRP) and a luminol substrate. The
chemiluminescence signal measured by a PMT was correlated
with the number of ligands binding to the target-beads,
allowing the characterization of the equilibrium dissociation
constant (Ky) when introducing different concentrations of
starting ligands. By using this platform, the K4 of an
aptamer-protein system and an antigen-antibody system was
evaluated with reduced manual labor, personal error and
analysis time. With the high integration of DMEF, it is
anticipated that ligand screening integrated with binding
ability evaluation on a single chip will be possible in the near
future.

5.3 Proteome purification and analysis

The analysis of proteome by mass spectrometry (MS) or other
detectors usually involves tedious and complex pretreatment
steps. For example, samples need to be dried and ionized
before MS in matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). Accordingly, to process samples
and transfer targets directly to MS, attempts have been
devoted to building protein sample preparation platforms on
DMF, involving sample purification by precipitation,®
disulfide reduction,®°° thiol alkylation,’®®* proteolytic
digestion,”%* etc. Luk et al. demonstrated the compatibility
of DMF to implement common protein sample preparation
steps including reduction, alkylation, and enzymatic
digestion.®® After off-chip desalting, the sample was
subjected to MALDI-MS for quantification analysis.
Chatterjee et al. performed lab-on-chip standard protein
digestion, followed by crystallization with a MALDI matrix for
in situ MALDI-MS analysis.”> However, the above-mentioned
protein digestion was handled in homogenous solution
conditions, where the enzyme concentration had to be kept
low to avoid autolysis. These low enzyme conditions resulted
in elevated temperatures and a lengthy incubation time, as
well as an increase in nonspecific cleavage. Thus, to address
this problem, Luk et al further demonstrated a
heterogeneous system by integrating cylindrical agarose discs
coated with trypsin or pepsin on DMF (Fig. 10D).”* When the
droplets containing proteome were exposed to the agarose
disc, the proteins were enzymatically cleaved, followed by
MALDI-MS for proteome analysis. After the optimization of
enzyme density in the agarose discs to improve the digestion
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efficiency and speed, an integrated proteomic sample
processing including reduction, alkylation and digestion was
carried out by DMF. The MS analysis revealed that this
system had higher coverage in model analytes than
conventional homogenous processing.

Despite the demonstrated suitability of DMF for proteome
sample preparation prior to MS, the presence of surfactants,
which is necessary for the facile movement of protein
droplets, sometimes results in considerable ion suppression
during MS analysis. Thus, to avoid the interference of
surfactants, Aijian et al. replaced the surfactants with
fluorinated solvents to facilitate droplet movement and limit
protein adsorption on the chip surface.”® The fluorinated
solvent could be evaporated so that it would not interfere
with MALDI-MS analysis. Leipert et al. developed a DMF-
based detergent-buffer system compatible with downstream
LC-MS analysis by introducing the single-pot, solid-phase-
enhanced sample preparation (SP3) approach.®> The SP3-
bead mixture with 0.08% Pluronic F127 was firstly loaded on
the DMF chip and mixed with the protein sample for the
combination of protein. Then, the supernatant was separated
from the beads after bead immobilization by a permanent
magnet, which allowed the removal of salts and anti-fouling
polymetric detergents. DMF-SP3 enabled proteomes from as
little as 100 cells to be detected by LC-MS, demonstrating its
great compatibility with low protein input. Overall, DMF has
shown potential as a miniaturized proteome sample
preparation platform and has been tailored for full device
integration and low sample input, reducing the protein loss
and improving detection sensitivity. Future work is
anticipated to increase the throughput of parallel analysis
and decrease the original input to lower levels, such as
single-cell level.

6. DMF-based Immunoassays

By utilizing the precise combination reaction between
antigen and antibody, immunoreaction has been developed
for the detection of trace analytes such as proteins,"
cytokines® and hormones.” Nevertheless, immunoassays are
cumbersome and time-consuming to operate, and the high
cost of detection makes them unsuitable for practical use. As
a new discrete droplet manipulation technique, DMF can
automate the steps and lower the reaction volume, which is
frequently used for constructing immunoassays. For
biomolecule detection, it is necessary to immobilize the
biorecognition layer in DMF platforms for target molecule
capture. Two different techniques are used, as follows: 1)
employing microspheres as solid supports and 2)
immobilizing the biorecognition agents on a surface
(Fig. 11).

Micron/nano-sized magnetic beads have been frequently
utilized as microspheres due to their high surface-to-volume
ratio, which can provide more binding sites and better
adaptability for sample washing with a magnet. Sista et al
reported a DMF-based heterogeneous sandwich

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Schematic diagram of DMF-based immunoassay.

immunoassay based on magnetic beads for the detection of
interleukin-6 and insulin.”®> This approach allowed the
magnetic beads to be retained up to 100% by a permanent
magnet, while removing the supernatant containing unbound
molecules. Then, the targets were resuspended from beads
and reacted with APS-5 substrate for chemiluminescence
signal readout. This type of immunoassay was also applied in
whole-blood troponin I (¢Tnl) detection with high recovery.”®
The Wheeler group performed DMF-based immunological
assays in a remote setting to detect measles and rubella
immunoglobulin G (IgG). In this study, paramagnetic
particles coated with viral antigens were used to capture
measles/rubella IgG from the sample. Then, anti-measles/
anti-rubella IgG, anti-human IgG-horseradish peroxidase
conjugate, luminol and H,0, were introduced and incubated
with magnetic particles on a DMF assay to generate a
chemiluminescent product. Finally, the droplets containing
the products were actuated to the detection zone for
chemiluminescent detection to quantify the target IgG. This
point-of-care system had sensitivities of 96% and specificities
of 80% compared with the reference tests processed in a
centralized laboratory, demonstrating the potential for global
serological surveillance especially in areas with limited
resources.”

Besides chemiluminescence, surface-enhanced Raman
scattering (SERS)’” and electrochemistry®® are also leveraged
as sensing techniques. Wang et al. demonstrated a highly
sensitive immunoassay based on DMF and SERS sensing for
quantifying the avian influenza virus H5N1 in human serum
(Fig. 12A).°” A core(Au)-shell(Ag) nanostructure as an SERS
tag was firstly constructed, and then embedded with
4-mercaptobenzoic acid as the Raman reporter. The target
H5N1 virus was captured by magnetic beads, and then
labelled by the synthesized SERS tags conjugated with
detection antibodies. In this instance, by measuring the
intensity of Raman scattering with a portable Raman

This journal is © The Royal Society of Chemistry 2023

spectrometer, the concentration of H5N1 was quantified.
This system could detect as low as 74 pg mL™" H5N1 in ~30
pL human serum with excellent sensitivity. Shamsi et al.
introduced the first DMF immunoassay based on
electrochemical detection.”® In this system, gold sensing
electrodes and silver counter/pseudoreference electrodes were
modified on the top ITO plate. After conjugating the primary
antibody with magnetic microparticles, antigen molecules

1580 cm*
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Fig. 12 DMF-based immunoreaction analysis. A) Highly sensitive
immunoassay based on DMF and SERS sensing for quantifying avian
influenza virus H5N1 in human serum. Copyright 2018, the American
Chemical Society.?® B) Heterogeneous immunoassays by immobilizing
capture antibodies on the hydrophobic surface of the top ITO plate.
Copyright 2011, Springer.**
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were captured by microparticles, and then labelled with a
secondary antibody modified with HRP. Given that HRP was
capable of catalyzing the oxidation of 3,3',5,5-
tetramethylbenzidine (TMB), the released electron could be
detected amperometrically. This electrochemical
immunoassay enabled the detection of thyroid stimulating
hormone with an LOD of 2.4 TU mL™, making it suitable for
clinical applications.

Another type of immunoassay relies on immobilizing
recognition molecules on the device surface. The transparent
top plate can also facilitate the direct visualization by
fluorescent readers or microscopy systems. Miller et al
developed heterogeneous immunoassays by immobilizing
capture antibodies on the hydrophobic surface of the top ITO
plate (Fig. 12B)." In this device, the top ITO glass was coated
with rugged Cytop instead of Teflon-AF, after which capture
antibodies were pipetted onto the slide to generate antibody
spots. These spots were allowed to air-dry, then rinsed with
0.1% Pluronic F-127 and left to air-dry again before use. After
droplets containing human IgG were actuated across
antibody-immobilized spots, the IgG could be captured by
the antibodies immobilized on the top plate. Then, the target
antigens  were  further labelled with  fluorescein
isothiocyanate-tagged secondary detection antibodies for
fluorescence intensity measurement. This DMF-based
immunoassay presented the rapid detection of IgG within 2.5
h and had a comparable dynamic range with well-plate
assays. In summary, directly functionalizing recognition
molecules on the device surface can eliminate the need for
an external magnet to immobilize the magnetic beads,
reducing manual intervention and simplifying DMF devices.
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However, the increased complexity of functionalizing
antibody on the plate still needs to be addressed. Moreover,
the antibody-coated hydrophilic surface on the top plate will
impede droplet movement to some extent.

7. DMF-based cell assays

The manipulation of cells, including cell culture, sorting, and
analysis, is an integral part of biological research and clinical
practice (Fig. 13). Ideally, a cell manipulation platform
should match the cell size, ensure accurate cell handling,
and provide a contamination-free 100,101
Traditional cell manipulation relies on liquid-handling
robotics, which is costly and consumes a great deal of
reagents. As an advanced discrete droplet-handling
technique, DMF can provide a tiny volume, support

environment.

noncontact space, diminish complicated manipulation and
integrate downstream analysis, and thus is well suited for

diverse and multi-step cell manipulation.'®

7.1 Cell culture

Unlike conventional cell culture, which utilizes cell culture
dishes and well plates, DMF permits the introduction of
various stimulation, the supplement of culture media, and
real-time  analysis and  observation. =~ With  high
biocompatibility and adaptability, DMF has been exploited in
suspension cell culture, two-dimensional (2D) and three-
dimensional (3D) adherent cell culture.

By introducing droplets of culture medium, DMF can
provide a static medium condition for suspension cells
without undesirable shear stress.”’ Barbulovic-Nad et al.
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Fig. 13 Schematic diagram of DMF-based cell assays including cell culture, cell sorting, and single-cell analysis.
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developed a cell-based DMF assay for the first time and  cells."® The cytotoxicity test in the DMF platform presented
verified that the actuation by DMF had no adverse effects on ~ ~20-times higher sensitivity than that in a traditional well-
the viability, proliferation and biochemistry of Jurkat T  plate assay, suggesting that DMF is a simple but versatile
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Fig. 14 DMF-based cell culture. A) DMF-based algae bioreactor to cultivate algae. Copyright 2021, WILEY-BLACKWELL.'®> B) Hydrophilic sites
patterned on the top plate enabling 2D cell culture for gene editing. Copyright 2018, The Royal Society of Chemistry.**® C) 3D gelatin methacrylate
hydrogel and planar trap-integrated DMF system developed for 3D cell culture. Copyright 2016, The Royal Society of Chemistry.*®
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analytical tool for cytotoxicity tests. In addition to
mammalian cells, DMF has also been used to cultivate
bacteria’® and yeast cells."® Gach et al. introduced a DMF
platform for the culture, transformation, and recombinant
proteins expression of bacteria, yeast and fungi. With a
channel to continuously replenish oil for oxygen supply, the
chip allowed approximately 5 days of cell culture and protein
expression observation after plasmid transformation.'®* In
another study, Wang et al created a DMF-based algae
bioreactor to foster algae (Fig. 14A).'°> The DMF chip
patterned with a 24-electrode array was connected to the
operation unit for position feedback and actuation and
mounted on a microscope. To compensate for the system
complexity and added cost, an electrode-saving strategy was
described, where electrodes for algae culture were connected
in a “finger-fringe” geometry instead of one or more interval
electrodes. This system allowed for all processes of nutrient
gradient generation, algae culturing and lipid accumulation
analysis to be performed on chip with less effort and reduced
time.

Compared to suspension cells, the culture of adherent
cells requires an appropriate hydrophilic-charged surface for
cell proliferation and adhesion. The hydrophobic surface of
DMF can be altered by adhesion factor adsorption,'®® dry
etching,’®” and wet etching’®® to produce suitable coating
surfaces for 2D culture of adherent cells. Barbulovic-Nad
et al. devised adhesion pads for adherent cell cultivation.'®
The adhesion pads were prepared by dispensing the
extracellular matrix (ECM) on the chip and allowing it to dry
to the surface for producing a hydrophilic zone. Using these
adhesion pads, Hela cells could be seeded and fed on the
DMF surface. Witters et al. introduced a dry lift-off method
by exploiting an easily-removable parylene-C mask to
generate spatially controlled micropatches of
biomolecules.'”” With the micropatches, the cells could be
arrayed as clusters on the DMF chip surface. Eydelnant et al.
devised a Teflon-AF lift-off protocol for hydrophilic site
patterning without the inclusion of additional biomolecules,
resulting in the formation of virtual microwells, which
enabled highly reproducible passive reagent dispensing and
cell adhesion."®® The cells cultured in the virtual microwells
were verified to have a comparable morphology and growth
rate with that cultured in well plates. These virtual
microwells could support over-week cell culture, and thus
were further applied in cell apoptosis, '’
immunohistochemistry*® and gene editing (Fig. 14B).""""?

Although 2D culture remains the most used technique in
laboratories, 3D culture is gaining popularity given that it
can recapitulate in vivo conditions and distribute cells in a
three-dimensional skeleton to maintain higher viability,"****
Hydrogels with high biocompatibility and flexibility are
frequently utilized as culture skeletons, such as agarose
alginate hydrogels,""® sol-phase alginate’®'” and gelatin
methacrylate (GelMA) hydrogel.'"*® Fiddes et al firstly
provided the proof-of-concept of 3D culture on a DMF chip
by introducing cylindrical agarose hydrogel discs. These discs
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allowed the systematically addressable droplets of reagent to
pass through for effective medium exchange, and thus NIH-
3T3 cells could be cultured for 7 days in the agarose hydrogel
discs."'® George et al. demonstrated alginate gelation on the
DMF platform and exploited alginate hydrogels for 3D cell
culture."”” This design allowed the gels to be retained in situ
during liquid delivery without the use of physical barriers or
hydrophilic ~ patterning.  The effects of  different
concentrations of dimethyl sulfoxide on 3D cells in alginate
hydrogels were investigated, suggesting the feasibility of
chemical screening in this platform. Nestor et al. patterned
planar traps in the electrodes and trapped cells in a 3D
GelMA hydrogel (Fig. 14C)."'® The cell-containing GelMA
hydrogel droplet was immersed in mineral oil and
transported to the trapping electrode. Upon reaching the
trapping electrode, dielectrophoresis (DEP) was initiated for
cell cluster patterning, followed by the use of ultra violet (UV)
light to crosslink the hydrogel and the removal of mineral
oil. With the specially designed trap, the cell survival of 78%
after 4 days of culture was achieved.

Cell invasion can also be studied through 3D cell culture
on DMF. Li et al reported cell invasion in a digital
microfluidic microgel system (CIMMS) with the ability to
isolate subpopulations of invading cells for RNA-seq analysis
(Fig. 15).>* In this system, microgels were first formed with
collagen I core surrounded by a shell of basement membrane
extract (BME). When droplets of cell suspension were
actuated touching the edge of microgels, the device was
rotated 90° to settle the cells on the microgel. As soon as the
cells were attached, the device was returned to its original
orientation, generating an invasion model for further analysis
by  confocal microscopy  and
transcriptome sequencing. For example, breast cancer
invasion models demonstrated differential expression of 244
genes between invading and non-invading cells. CIMMS was
also used for assessing the effects of aryl hydrocarbon
receptor (AHR) expression on invasion, where MDA-MB-231
cells with stable knockout of AHR presented enhanced
invasive ability and reduced proliferation.*’

Therefore, DMF provides a variety of cell culture
environments by automating media exchange, improving
surface modification, and introducing 3D skeletons. The ease
of observation and integration with other devices enables
downstream tests and analysis such as reagent effects,
protein expression, and behaviour states to be conducted on
DMF chips during cell culture. Using DMF as a tool, new
scientific questions related to cell growth, proliferation, and
invasion are anticipated to be answered in the future.

immunofluorescence

7.2 Cell sorting

Sorting and purifying cells are essential components of cell
analysis. Microfluidics has great value in cell sorting such as
the enrichment of circulating tumor cells, separation of
blood cells and isolation of stem-cell cells."**""**> Recently,
the integration of optical,"**"** electrical,'*> and magnetic'*®
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approaches with DMF for cell sorting and control has been
reported.

Tewari Kumar et al. combined DMF and optical tweezers
(OT) for the selective trapping and relocation of single
bacterial cells."®® In this system, a single bacterium was
captured in the microwell array of the DMF chip using
magnetic bead-conjugated antibody. Then, OT was utilized to
selectively capture the bacterium-bead complex of interest and
relocate it to a new microwell array, allowing for the spatial
organization of single bacteria. Fan et al. created dielectric-
coated electrodes by integrating DEP and EWOD on a single
chip to manipulate cells on different scales."* The proposed
chip was capable of selectively producing EWOD and DEP by
applying electric signals with different frequencies to
identical electrodes. With high-frequency signals, positive
DEP and negative DEP were used to concentrate mammalian
cells towards one side of a DMF droplet. Then, with low-
frequency signals, EWOD was used to split the droplet into
two daughter droplets with distinct densities. Shah et al
utilized antibody-conjugated magnetic beads (MB-ab) to
separate CD8" T-lymphocyte cells with high selectivity on the
DMF chip."®® Droplets containing the sample and MB-abs
were merged for the binding of CD8" T-lymphocyte cells, and
then MB-bound cells were separated with a magnet.
Consequently, the collected CD8" T-lymphocyte cells could be
lysed chemically for the downstream detection of mRNA or
proteins. In general, it is possible to selectively manage cells
in EWOD-driven droplets when implementing fluidic
functions such as mixing, splitting, and moving. However,

This journal is © The Royal Society of Chemistry 2023

the assistance of external force is required, which
complicates the device. In the future, it is envisaged that
new-type cell sorting methods will be developed using the
DMF platform alone.

7.3 Single-cell analysis

Single cell analysis is an essential tool for analyzing cell
heterogeneity, given that it may reveal critical markers that
are obscured by conventional population-average analysis.
Single-cell analysis is challenging due to the picoliter scale of
cells and the presence of traces of cellular content in each
cell. DMF platforms that can manipulate picoliter-to-
microliter droplets with minimal loss of biomolecules are
highly suitable for single-cell analysis. Based on different
single-cell isolation strategies, we categorized single-cell DMF
assays into hydrophilic adhesion capture, microstructure
capture, and integrated microfluidic combination.

7.3.1 Hydrophilic adhesion capture method. A hydrophilic
site enables cell isolation and adhesion when droplets of cell
suspension pass across and leave a sub-droplet under the
force of surface tension. The Wheeler group reported a digital
microfluidic immunocytochemistry in single cells (DISC)
system for signaling event analysis in single cells in situ.>®
The bottom plate with electrode arrays was utilized to seed
adherent cells, deliver stimuli and conduct
immunocytochemistry via droplet management. The top
plate was fabricated with eight hydrophilic sites by wet
etching and utilized for adherent cell culture. When the cell

Lab Chip, 2023, 23, 1169-1191 | 1185


https://doi.org/10.1039/d2lc00756h

Published on 16 Januarie 2023. Downloaded on 2026-02-22 4:15:40 vm..

Critical review

suspension passed across the hydrophilic sites, virtual
microwells were formed. Several cells adhered in the virtual
microwells were stimulated, fixed, and subjected to
immunocytochemistry for real-time protein phosphorylation
observation at single-cell resolution. This system was
exploited to investigate concentration- and time-dependent
effects of stimulation on platelet-derived growth factor
receptor (PDGFR) and protein kinase B (AKT). However, DISC
did not actually realize single-cell isolation or manipulation.
Further research by the Wheeler group introduced digital
microfluidic isolation of single cells for omics (DISCO,
Fig. 16A), successfully achieving single-cell lysis and cellular
content recovery.'*” Following cell adhesion, fixation and
staining in the hydrophilic site, high-energy laser pulse was
administered to the targeted cells, resulting in the generation
of highly localized plasma. The plasma-induced cavitation
bubble expanded and collapsed, ultimately disrupting the cell
membrane and releasing the cellular contents into the
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solution. Due to the precise localization of the laser with a
spot size of 0.8 um, it was incapable of disturbing
neighboring cells. Then, the solution comprising the whole
genome, transcriptome and proteome from the targeted cell
was recovered for next-generation sequencing or analyzed by
nanoflow liquid chromatography and tandem mass
spectrometry.

To further integrate single-cell sequencing library
preparation into a single chip, Xu et al. demonstrated a DMF-
dependent single-cell transcriptome sequencing platform
(Digital-RNA-seq, Fig. 16B).*> On the bottom plate, a circular
hydrophilic site was fabricated by lift-off technology for
single-cell separation in the sub-droplet, while removing
others. By optimizing the cell suspension concentration,
hydrophilic site size and droplet movement pattern, this
strategy enabled >95% single-cell isolation efficiency
regardless of the cell type and size."”®'*° Upon acquiring a
single cell, reagents of Smart-seq2 were sequentially placed
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Fig. 16 DMF-based single-cell analysis. A) Single-cell omics analysis platform (DISCO) featured by fabricating hydrophilic site for sub-droplet
generation and utilizing high-energy laser pulse for targeted single-cell lysis. Copyright 2020, Nature Portfolio.*?” B) Single-cell transcriptome
sequencing platform with DMF based on Smart-seq2 strategy (Digital-RNA-seq) for highly sensitive single-cell gene expression analysis. Copyright
2020, the American Chemical Society.>® C) Single-cell genome sequencing platform with DMF based on MDA strategy (Digital-WGS) featured by a
butterfly structure for single-cell capture. Copyright 2020, the American Association for the Advancement of Science.?® D) Hybrid microfluidic
method to manipulate addressable droplets by a co-planar electrode system. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA.?*
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onto the DMF chip to conduct reverse transcription and
c¢DNA amplification for single-cell transcriptome sequencing
library construction. The increased template concentration in
the confined nanoliter reaction space without exogenous
contamination contributed to higher sensitivity and accuracy
of transcriptome sequencing. A similar approach was also
used for measuring single-cell DNA mutations.'* After
isolating and lysing single cells, the whole genome was
amplified using the MDA method, and multiplex mutation
information was then obtained using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS). This method allowed for the profiling of
heterogeneous CTCs with Kirsten rat sarcoma viral oncogene
mutations, which had tremendous promise for the direction
of cancer therapy. Overall, hydrophilic site-based cell
isolation is flexible, rapid and simple to integrate with
downstream analysis. Nevertheless, isolating a single cell can
be random and time intensive. The assistance of image
processing based on artificial intelligence provides the
opportunity to increase the efficiency of target cell isolation,
saving manpower and achieving automation.

7.3.2 Microstructure capture method. The microstructure
on the DMF chip provides a physical barrier for cell capture,
and can be employed for single-cell capture with a suitable
design of size and graphics. Kumar et al. utilized the dry
etching method to construct microwell arrays with a height
of 1 pm on the DMF top plate. When droplets of yeast cells
passed through the arrays, the DMF device was inverted,
causing single yeast cells of matched size to be trapped in
the microwells. However, the etching on the top plate was
restricted to the microwell height of 1 um, which was only
suitable for bacteria and yeast. To trap mammalian cells,
Zhai et al reported the innovative fabrication of
micropatterned arrays on the bottom plate of a DMF chip.'*°
Microstructures of 10 um in height along the electrodes and
cell culture spots were constructed, forming a semi-closed
well between the walls. Single cells were initially captured in
the microwells with an efficiency ranging from 8% to 20%
with different cell densities. This technology demonstrated
equivalent drug sensitivity test findings to conventional
analysis in 96-well plates, indicating its considerable promise
in single-cell-level biological research.

Furthermore, Ruan et al. combined hydrodynamics and
surface wettability techniques to reach a high level of single-
cell isolation efficiency (100%) in the Digital- WGS platform
(Fig. 16C).>°> In this system, the butterfly structure was
designed in this system so that cells in the flow would be
focused and funneled into the weir in the middle of the
butterfly structure. When the weir was occupied by a single
cell, the flow resistance was increased through the weir,
redirecting subsequent cells to the slits on either side.
Simultaneously, hydrophilic sites were fabricated beneath the
butterfly microstructure, allowing the captured cell in the
weir to be retained for further investigation. This platform
was then coupled with single-cell whole genome sequencing
and achieved a low coefficient of variation and high coverage
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due to the sufficient cell lysis and lossless amplicon recovery
on the DMF chip. Nevertheless, despite the high efficiency of
Digital- WGS, the sample throughput is limited to nine
samples at one time. Therefore, it is intended that future
development of microstructure capture methods is directed
towards increasing single-cell manipulation and analysis
throughput.

7.3.3 Integrated microfluidics method. The integrated
microfluidics method combines traditional microfluidic
technology with a DMF chip for single-cell isolation and
manipulation. Shih et al wused conventional droplet
microfluidics for the generation of single-cell encapsulated
droplets, and introduced these droplets onto a DMF chip for
downstream reaction.”> However, this strategy was the simple
combination of two microfluidic technologies and unable to
fully utilize the benefits of DMF. Thus, to construct an
efficient integrated microfluidic system, Samlali et al
developed hybrid microfluidics to manipulate addressable
droplets by a co-planar electrode system (Fig. 16D).>* This
system consisted of three layers including a PDMS-based
channel layer, SU-8-based dielectric layer, and bottom digital
microfluidic layer patterned with electrodes for individual
control of the droplets in the channel layer. The device was
divided in a T-junction droplet generator and an array for
single-cell trap. To generate discrete droplets, co-planar
electrodes were utilized to actuate orthogonal continuous oil
flow to break the continuous aqueous flow. Single cells could
be captured by the array based on hydrodynamics, and then
encapsulated with picoliter-sized droplets generated in the
traps through an electrical potential to the electrodes.
Consequently, the droplets containing single cells were either
released, kept in situ or merged with other droplets by the
application of an electric field. This multi-functional hybrid
microfluidics system with high precision control capability
enabled the successful sorting and recovery of individual
cells. However, despite the enhanced functionality of
integrated microfluidics, this type of system requires
complicated fabrication techniques, restricting its extensive
applicability. Accordingly, it is essential to develop integrated
microfluidics that are both simple and efficient in the future.

8. Conclusions and perspectives

In this review, we overviewed EWOD-actuated DMF bioassays
by introducing the droplet movement mechanism and types,
as well as a variety of biological applications in nucleic acid,
protein, and cells. Compared with the traditional bench-top
method, DMF offers a superior platform with higher
sensitivity, accuracy, automation and integration. The overall
advantages of DMF to provide biological research tools are
summarized here, as follows: 1) a reduction in the
consumption of reagents and samples. Costly reagents and
limited samples pose challenges for biological analysis.
Although conventional microfluidics can also lower the liquid
requirement, the presence of dead volume leads to the waste
of reagents and samples. DMF not only can produce picoliter-
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Fig. 17 Challenges of DMF for biological analysis and applications.

to-microliter level droplets but also manipulate them with
minimized biomolecule adsorption due to its hydrophobic
surface, which enhances the sample and reagent availability.
2) Shortened reaction and analysis time. A small-volume
reaction is reported without limitation by the diffusion
kinetics, resulting in a much shorter reaction time.
Alternatively, DMF allows dynamic manipulation for faster
and more effective mixing of droplets, which can enable in a
significant reduction in detection and analysis time. 3) An
improved analysis performance. Given that the tiny volume of
droplets increases the contact between the liquid and the
environment, including an increase in heat transfer, it will
improve the reaction kinetics to achieve better analysis
performance. 4) Isolation from exogenous contamination.
DMF devices based on EWOD typically employ a closed two-
plate structure for oil filling. This type of design enables
excellent airtightness, thereby preventing direct contact with
other contaminants. 5) Automation by use-programmed
operation. With an electrical signal control system that
automates the movement of droplets, the DMF device is
suitable for reactions requiring repetitive and arduous steps,
such as sample pretreatment, immunoreaction and nucleic
acid extraction, making it an extremely versatile and
practicable device. In addition, DMF eliminates the
interference caused by random pipetting, thereby enhancing
the analysis capability with excellent stability and
reproducibility.

Nevertheless, there are still issues that need to be resolved
in future research (Fig. 17). Firstly, due to the limited

188 | Lab Chip, 2023, 23, 1169-1191

electrode number, the parallel analysis throughput is still
unsatisfactory. Thus, to further expand the scalability, the
active  matrix  electrowetting-on-dielectric =~ (AM-EWOD)
strategy’® is appropriate to provide more addressable
manipulation sites for the handling of thousands of droplets.
Secondly, the possible presence of biofouling such as enzymes
may induce sample contamination when reusing the chip,
and thus optimized Pluronic additives or hydrophobic coating
are required. Thirdly, the majority of contemporary DMF
devices still require a large bulky external power source and a
sophisticated circuit design, limiting further miniaturization
and portability. Future devices are expected to be controlled
by light, temperature or sound. Fourthly, flexible devices (e.g.,
wearable chip) provide great promise in POCT. Furthermore,
current methods are primarily confined to optical
technologies, which rely on expensive and cumbersome
optical instrumentation and are unavailable in resource-
limited areas. Consequently, portable signal readout devices
integrated with DMF are necessary. For example, smartphones
with high-quality camera lenses and imaging software make it
possible to bring screening tests in resource-limited areas.
Fifthly, advanced droplet routing algorithms are required to
assist in automatic path selection and droplet scheduling to
manage multiple droplet manipulation on a large scale from
their source electrodes to their target electrodes without
unexpected mixing."*" Overall, future work will witness the
continuously updated engines for DMF bioassay, which will
promote substantial advancements in the fields of biological,
medical and clinical applications.

This journal is © The Royal Society of Chemistry 2023
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