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A review of digital microfluidics as portable
platforms for lab-on a-chip applications

Ehsan Samiei,? Maryam Tabrizian® and Mina Hoorfar*?

Following the development of microfluidic systems, there has been a high tendency towards developing
lab-on-a-chip devices for biochemical applications. A great deal of effort has been devoted to improve
and advance these devices with the goal of performing complete sets of biochemical assays on the device
and possibly developing portable platforms for point of care applications. Among the different microfluidic
systems used for such a purpose, digital microfluidics (DMF) shows high flexibility and capability of
performing multiplex and parallel biochemical operations, and hence, has been considered as a suitable
candidate for lab-on-a-chip applications. In this review, we discuss the most recent advances in the DMF
platforms, and evaluate the feasibility of developing multifunctional packages for performing complete sets

Received 22nd March 2016, of processes of biochemical assays, particularly for point-of-care applications. The progress in the develop-

Accepted 31st May 2016 ment of DMF systems is reviewed from eight different aspects, including device fabrication, basic fluidic
operations, automation, manipulation of biological samples, advanced operations, detection, biological ap-

plications, and finally, packaging and portability of the DMF devices. Success in developing the lab-on-a-
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1. Introduction

In recent years, a prodigious number of studies has been de-
voted to advance microfluidic devices that can replace the
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chip DMF devices will be concluded based on the advances achieved in each of these aspects.

conventional laboratory processes performed by technicians
and experts in large scale laboratories." The primary advan-
tages of such devices are automation and reduction of the
consumed samples and reagents. In addition, the large
surface-to-volume ratio (reducing the reaction time) and high
controllability in sample manipulation are the other features
of such devices." These advantages have made microfluidic
systems suitable for performing biochemical experiments.
Following the first attempt in developing a microfluidic
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system in the 1950s,” several mechanisms have been used to
drive and control the flow in microfluidic systems."
According to Haeberle and Zengerle,' the seminal micro-
fluidic systems that have been developed for lab-on-a-chip
applications are categorized as: capillary driven test strips,’
pressure driven systems,® centrifugal microfluidic devices,’
electrokinetic platforms,® droplet-based (continuous and dig-
ital) microfluidic systems,”® and non-contact dispensing
systems.'® Despite the common features of these systems,
the mechanism of fluid manipulation and the application
range of each system are different, and consequently each
system has advantages and shortcomings compared to other
systems. The review of the aforementioned systems shows
that most of these devices have 3D geometries (including
pre-etched or machined microchannels/flow passages) and
integrated external modules (e.g., syringe pumps and electri-
cal actuators)®'® that make the fabrication of the device
complicated. Also, in most cases the platform is limited to
a certain application, and the device cannot be used for
multiple purposes. In addition, the miniaturization of all
the assay-processing steps on a single device, required for
developing a portable point-of-care device, is difficult. On
the other hand, digital microfluidics (DMF),”"*"** which is
a droplet-based microfluidic system with a planar geometry
can be simply fabricated by photolithography.’**> The fluid
manipulation mechanism on these systems (in the form of
actuation of discrete droplets) does not require external
modules or complicated geometries such as pumps or
valves.”'* Another unique feature of DMF is that the actuat-
ing electrodes on the chip can be fabricated on a 2D array
with a general electrode design, and as a result, a single
platform can be reconfigured for multiple applica-
tions."™'*>"® The droplet-based characteristics of DMF allows
for parallel operations on a platform,'®"” increasing the
speed of assay-processing steps.'” Furthermore, a signifi-
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cantly high precision can be achieved for sample prepara-
tion on such systems.'®° Therefore, DMF has the potential
to be further developed for mass production and be merged
as a device of choice for point-of-care applications. It has to
be emphasized that each of the microfluidic systems men-
tioned above are advantageous for certain applications, and
the purpose of this review is not to suggest DMF as a
replacement for other systems. This review rather intends to
evaluate DMF as a reliable system for future development
and commercial production for a wide range of
applications.

In digital microfluidic devices, which are categorized into
open and closed configurations,>>* droplets can be manipu-
lated using several different techniques such as electro-
wetting on dielectric (EWOD),”?* dielectrophoresis (DEP),>*>”
surface  acoustic ~ waves,”®**  magnetic  force,***!
thermocapillary force,**** optoelectrowetting®**> and mag-
netic actuation of liquid marbles.*® Despite the general suc-
cess of all of these methods, EWOD offers the most flexible
and best functionality for droplet actuation, and has been ex-
tensively used for lab-on-a-chip applications."""?

In EWOD-based DMF devices, the electrodes are patterned
on a substrate (normally a glass slide or a silicon wafer with
thermally grown oxide layer) using photolithography and
then covered with a dielectric and a hydrophobic layer.” In
the closed configuration, the droplet is sandwiched by a top
plate which is usually an ITO-coated glass slide used as a
transparent electrode, covered with a hydrophobic layer.
Droplet manipulation is performed by applying a DC or AC
voltage to the system.”'* A detailed review of EWOD can be
found in ref. 37 and the references therein.

After the introduction of the primary DMF platforms,
a large number of studies have been performed on enhancing
and advancing these devices for lab-on-a-chip applications.
The common purpose of these studies have been to develop
a package capable of performing a complete set of operations
required for biological assays, and in some cases, develop a
portable device for point-of-care applications. Multiple re-
views have reported earlier advances for general,'"***' or
specific applications of DMF in areas related to electro-
chemistry,** clinical diagnostics,*® cell-based applications**
and detection or sensing.*® In this review paper, the most re-
cent and major advances on all aspects of DMF and its appli-
cations in lab-on-a-chip devices are presented. Also, this re-
view provides a “critical” evaluation of the potential of DMF-
based lab-on-a-chip devices as multifunctional tools for
performing multiple biological assays as well as the possibil-
ity of the application of these devices for point-of-care appli-
cations. For this purpose, the advances in DMF-based devices
are categorized into eight major streams including device fab-
rication, basic fluidic operations, automation, manipulation
of biological samples, advanced operations, detection, biolog-
ical applications and packaging and portability. Each of these
streams is thoroughly evaluated to assess the future of the
DMF-based devices and their significance in point-of-care
applications.
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2. Device fabrication

Various substrates have been used for the fabrication of DMF
devices. Glass and silicon wafers with an oxidized layer (ther-
mally grown on the surface) are commonly used as the sub-
strate.””*® For the studies including packaging, the DMF
chips have been fabricated on printed -circuit boards
(PCB).">*° While such substrates are beneficial for non-
disposable chips, in recent years there has been a high de-
mand for developing DMF devices with disposable substrates.
Paper-based substrates are the most common disposable sub-
strates for chip fabrication.’** Although the quality and res-
olution of the fabricated electrodes are hindered on these
substrates, their low cost and ease of fabrication will allow
for replacement of the chip after each round of experiment,
and consequently, the chance of cross contamination will sig-
nificantly decrease. Most studies use screen printing for fab-
rication of electrodes on the paper-based substrates. Inject
printing has also been used for this purpose to enhance the
resolution of the fabricated electrodes as well as automating
the fabrication process.®® The applications of these dispos-
able devices were also shown for Immunoassays.>* Similarly,
disposable DMF chips have been fabricated using inexpen-
sive screen printing method on other flexible substrates such
as polyimide foils.>® Other than such flexible substrates, dis-
posable DMF chips have been fabricated using printed circuit
boards (PCB).”®"” Sista et al.>® used the PCB fabricated device
for diagnosing multiple newborn diseases.

Gold is the widely used material for the electrodes. How-
ever, as the adhesion of gold to the substrate is not sufficient,
a layer of chromium or titanium is usually deposited as the
base layer to increase the adhesion of gold to the substrate.®
Other materials such as ITO,*® chromium,*® silver, carbon?
and copper'’® have also been used for pattering the
electrodes. While the resolution of the electrode geometry
might vary for different materials used for fabrication, the
choice of the electrode material does not significantly alter
the durability of the device.

Unlike the electrodes, the choice of material and the qual-
ity of deposition for the dielectric layer is very important. The
required applied voltage for droplet transport and splitting is
significantly dependent on the dielectric constant of the ma-
terial, i.e. the higher the dielectric constant the lower the re-
quired voltage.’” Further, the uniformity and fineness of the
layer is crucial in preventing the dielectric breakdown in ap-
plying high voltages or for long actuation periods. The pri-
mary studies used the materials such as poly-
tetrafluoroethylene (PTFE),°® Parylene C* and SiO,.*
Parylene C and SiO, are the most common dielectric mate-
rials due to their stability and uniformity."**> Their dielectric
constant is in a low range of 2-4 and their reported thick-
nesses range between 0.1-15 pm. The minimum required
voltage for droplet actuation is reported as 60-80 V for 800
nm of parylene C and ~25 V for a 200 nm of SiO, layer.”>>%
However, this is the threshold voltage for droplet motion,
while splitting requires higher voltages to overcome the sur-
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face tension effect.'**® SU-8 and S1813 photoresists have
also been used in some studies for their ease of deposition
(spin coating). However, they have a low dielectric constant
which ranges around 3.>*°*®* Materials with a very high di-
electric constant have recently been used as the dielectric
layer for low-voltage droplet transport. Their high dielectric
constants prevent dielectric breakdown by requiring low
voltage for droplet splitting/dispensing. For instance, droplet
actuation with a voltage as low as 15 V has been performed
with (Bag;St3)TiO; (BST)®® (with dielectric constant of
~180) and Ta,O; (with a dielectric constant of 25-40)°%°”
when they are used as the insulating layer. Fig. 1i shows the
contact angle change versus the applied voltage for
(Bay ;Sr 3)TiO; compared to two other insulating materials
i.e., silicon dioxide and a Fluoropolymer. Such materials
with extremely high dielectric constants can be used for
EWOD applications requiring a low actuation voltage. How-
ever, the necessity of having the hydrophobic layer on the
chip as the final layer increases inevitably the required ap-
plied voltage.*® These hydrophobic layers are known to have
a low dielectric constant, and hence, the majority of the
voltage drop occurs across this layer. Consequently, the
minimum actuation voltage and breakdown of the device is
limited to the hydrophobic layer coated on the insulating
layer.*® For instance, the minimum required voltage for BST
(coated with a hydrophobic layer) is limited to 15 V.*>°°
Multilayer insulating layers were shown to function more ef-
fectively, and the devices are more durable with a much
longer time-dependent dielectric breakdown.*®®® For in-
stance, an insulating layer was formed using a layer of high
dielectric materials such as Ta,Os followed by a Parylene C
and a hydrophobic layer (Fig. 1ii and iii). Thermal treat-
ment of the Ta,05 layer significantly increased the electrical
properties and the durability of the device.*® Most recently,
Narasimhan and Park®® introduced an ion gel material with
a high dielectric constant as the insulating layer which can
be easily spin coated on the chip surface. The ion gel con-
sists of poly(vinylidene fluoride-cohexafluoropropylene)
[P(VDF-HFP)] as the copolymer, and 1-ethyl-3-methy-
limidazolium bis(trifluoromethylsulfonyl)imide [EMIM][TFSI]
as the ionic liquid.

The last layer in the fabrication of the DMF devices is the
hydrophobic layer commonly made of fluoropolymer-based
materials such as Teflon'* and CYTOP*>***® allowing for
droplet transport on the chip.”'* The contact angle reported
for water on these fluoropolymers is between 105-117°. How-
ever, when used with ambient oil or silicone oil, a contact an-
gle of up to 180° has also been reported.”® The layer formed
by such fluoropolymer is stable enough in aqueous solu-
tions.”” However, their hydrophobicity is compromised as
they become in contact with biological samples such as pro-
teins.”® This issue will be discussed in detail in section 5.

In more recent studies, fabrication of the DMF devices
with multilayer electrode-connection system has allowed for
patterning a 2D array of electrodes without any limitations
for the electrical access to the electrodes. In these devices,

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 i) Contact angle vs. applied potential for 700 A BST (solid squares), 1000 A silicon dioxide (solid circles) and 1200 A fluoropolymer (open
circles). All cases have a hydrophobic coating on top (reproduced from ref. 65 with permission from The American Institute of Physics). ii) A high-
resolution fabricated chip with 20 um electrodes and 1 um thick connection lines (reproduced from ref. 68 with permission from Elsevier). iii)
Schematics of the fabrication steps for a chip with multilayer insulating layer (reproduced from ref. 68 with permission from Elsevier). iv) Multilayer
electrode fabrication with the connection in the bottom layer and the electrodes on the top layer (reproduced from ref. 64 with permission from
The Royal Society of Chemistry). v) Use of printed circuit board (PCB) for multilayer chip fabrication (reproduced from ref. 71 with permission from
IEEE). vi) 2D array of electrodes fabricated with a thin film transistor (reproduced from ref. 72 with permission from The Royal Society of
Chemistry).

the connection lines are initially patterned on the substrate.  the dielectric layer, the electrodes are patterned which are
An intermediate dielectric layer is then deposited with pat-  connected to the connection lines through the holes in the
terned holes for accessing the connection lines. On the top of  dielectric layer."®**®® A sample chip with multilayer electrode

This journal is © The Royal Society of Chemistry 2016 Lab Chip, 2016, 16, 2376-2396 | 2379
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fabrication is shown in Fig. 1iv. Printed circuit boards have
also been used for multilayer chip fabrication (Fig. 1v),”*
where the electrodes can be patterned on the entire chip, en-
hancing multiple parallel droplet manipulation. It is also
shown that with the use of a thin film transistor array for
electrode fabrication, one can make a large number of
electrodes in a 2D array with the capability of capacitive drop-
let sensing for the control of the position and the size of the
droplet (Fig. 1vi).”>

Recent advances in opto-electrowetting has resulted in
emerging this technology for manipulation of droplets on a
light-actuated electrodeless platform.”>””” While the DMF
platforms with such light actuated system are not as popular
as EWOD-based devices, a great deal of effort has recently
been devoted to increase controllability in droplet manipula-
tion for promoting this technology for biochemical applica-
tions. This technology has benefitted from the development
of optically-sensitive polymers’> which potentially can also be
used for 3D configurations as well as wearable device
applications.

Fabrication of DMF devices in a 3D format has been illus-
trated in several recent studies’®®* implemented different
configurations of surface geometries of the DMF chip and
showed improvements in LOC applications using 3D biochips
in comparison with conventional 2D substrates. The 3D con-
figurations of their DMF chips reduced cross contamination
and improved the routing procedure for automation pur-
poses. Li et al.®"® developed a multilayer 3D fabrication
method to embed micro-heater and photodetectors in the
planar DMF chip. They successfully implemented such a
compact 3D configuration for on-chip polymerase chain reac-
tion (PCR) applications.

Digital microfluidics has also been interfaced with other
microfluidics systems.**®” Such hybrid microfluidic devices
provide the benefits of discrete format of DMF along with the
advantages of continuous microfluidics for sample process-
ing. To interface a pressurized flow within a microchannel
with a sandwiched DMF system, Ahamed et al.®* developed a
thermal passive microvalve to control the delivery of the liq-
uid sample from the microchannel into the DMF section of
the chip. The microvalve functioned based on EWOD actua-
tion of a thermo-responsive polymer for controlling the flow.
Banerjee et al.®® developed a programmable high throughput
hybrid systems including micro-channels interfaced with a
DMF platform. In order to achieve the high throughput sam-
ple processing platform, while benefiting from the advan-
tages of DMF, parallel channels were fabricated. The device
was programmed to generate droplets from the continuous
flow through each channel. After processing each droplet, it
was transferred and merged in to another channel. Shih
et al.*” interfaced a droplet microfluidic system with DMF for
single cell applications. Their device uses the advantages of
each system: the droplet microfluidic system is used to gener-
ate droplets which encapsulate single cells, and then the
DMF system is used for highly controlled manipulation of
the formed droplets.

2380 | Lab Chip, 2016, 16, 2376-2396
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3. Basic fluidic operations

Manipulation of droplets by EWOD began after the introduc-
tion of the technique by Berge®® who added an insulating
layer on the electrodes to separate them from the conductive
liquid and prevent the electrolysis problems. A review of early
studies on this phenomenon can be found in ref. 89; a more
thorough review on EWOD droplet actuation can be found in
ref. 37. As mentioned earlier, two categories of DMF devices
consist in open and closed (sandwiched) systems. While ac-
cess to the droplet (and sample delivery) is easier on the open
system, the closed system allows droplet manipulation (trans-
port and splitting) in more straightforward manner.**> Four
basic fluidic operations developed on DMF are droplet trans-
port, mixing, splitting and dispensing (Fig. 2i) which enable
the DMF devices for sample manipulation. Pollack et al.’
demonstrated that EWOD can be used to transport aqueous
droplets on the chip. Droplet splitting and mixing in silicone
oil were later introduced.>® The use of silicone oil facilitates
droplet manipulation on the chip as the contact angle be-
comes larger and contact angle hysteresis smaller."* The four
basic fluidic operations were performed and further studied
with air as the surrounding medium by Cho et al.'* Further
improvements in the device fabrication resulted in manipula-
tion of droplets with a voltage in the range of 20 V and a
transport speed of several cm s>’ Use of an AC applied volt-
age rather than a DC voltage resulted in reducing the contact
angle hysteresis and delaying dielectric breakdown.’”*° A
proper frequency of the applied voltage based on the system
properties was also found based on the theory introduced in
ref. 91 and 92. Their study showed that applying DC pulses
rather than an AC (or DC) voltage can prolong the chip lifetime
and increase the velocity of the droplet transport significantly.”
The primary technique for droplet mixing was moving the
droplet back and forth on an array of electrodes which took
several seconds.’® Subsequently, more advanced techniques
were developed for faster droplet mixing using enhanced
EWOD manipulation of droplets by monitoring the liquid
motion inside the droplet,”**> rotating the droplet over a 2D
array of electrodes,”® and frequency-dependent droplet oscil-
lation®”%® (Fig. 2ii), reducing significantly the mixing time.
Compared to droplet mixing and transport, droplet split-
ting and dispensing (from a larger mother droplet as a reser-
voir) are more challenging, as they require larger applied volt-
age and are limited to the geometrical parameters of the
device.'® Successful application of DMF for lab-on-a-chip ap-
plications depends on the precision of the device in sample
preparation. Therefore, high control on the droplet size is re-
quired when droplet extraction or splitting is performed.'®"’
In general, droplet splitting is carried out on an array of 3
electrodes. The droplet is placed on the middle electrode,
and by turning on the two side electrodes, the droplet will
pinch and then split.***>'% Droplet splitting depends on the
gap height between the top and bottom plates, the size of the
droplet and the electrodes, and the applied voltage."* Ber-
thier et al.’®>'°* developed an analytical model to determine

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 i) From left to right, schematic of droplet transport, merging, splitting and dispensing. ii) Fluorescence illustration of droplet mixing using
frequency-dependent droplet oscillation (reproduced from ref. 97 with permission from American Institute of Physics). iii) Theoretical graph of the
threshold splitting voltage versus the gap height (reproduced from ref. 102 with permission from Nano Science and Technology Institute).

the required voltage for droplet extraction from a reservoir as
a function of the gap height. They showed that for a certain
size of the electrodes, there is a limit for the gap height for
droplet extraction (Fig. 2iii). In recent studies conducted on
droplet splitting/dispensing, multiple approaches were
attempted to reduce the error of the droplet size to less than
1%. Gong and Kim'® developed a feedback control and ca-
pacitance measurement system (integrated into the DMF de-
vice) to control the volume of the extracted droplets by
adjusting the applied voltage to the activation electrodes.
Banerjee et al.'® and Liu et al.>® showed that using a contin-
uous reservoir as well as ramping down the applied voltage
to the middle electrode facilitates the generation of precise
volumes of droplets. Samiei and Hoorfar'® illustrated that ap-
plying a low voltage close to the threshold voltage required
for splitting results in a split/dispensed droplet with a precise
volume. They also showed that for specific electrode geome-
try, the relation between the threshold splitting voltage and
the gap height is linear, which facilitates the selection of a
proper voltage for precise splitting.

The developed techniques for precise and rapid droplet
manipulation discussed so far are not limited to conductive
and aqueous solutions. Manipulation of dielectric drop-
lets,'* organic and ionic solutions'® and biological sam-
ples®*'°® has also been performed in numerous studies, illus-
trating the significant progress in sample manipulation on
DMF systems.

4. Automation

Soon after the development of the basic fluidic operations
and successful droplet handling on DMF devices, feedback
control and sensing systems were integrated to these devices
to manage the droplet formation and to automate on-chip
processes. Image processing,'”’” thin film'®® and optical fi-
ber'® based sensing systems have been used for controlling
the droplet size and position (see Fig. 3i for droplet genera-
tion and Fig. 3ii for droplet size monitoring). However, most
of the developed sensing systems for controlling the sample

This journal is © The Royal Society of Chemistry 2016

manipulation of DMF devices have been based on capaci-
tance measurement to determine the droplet size and inter-
face position.””****** Multiple studies used the measurement
of the change in the capacitance between the top and the bot-
tom plates due to the presence of the droplet to automate
sample manipulation.*®**>''? Precise generation of droplet
volumes'®?® and control of the mixing process’'* have also
been performed using these feedback control and sensing
systems. In a different configuration, droplet sensing using
the co-planar electrodes, ie. using a pair of actuating
electrodes on the bottom plate, has been demonstrated
(Fig. 3iii) as an accurate way to monitor the droplet size and
position.' >

For parallelization on DMF devices, it is necessary to effi-
ciently allocate sites on the chip for droplet storage and ma-
nipulation, and identify the motion paths for performing a
large number of assay-related operations on a 2D array of
electrodes. Bohringer'® presented multiple algorithms for au-
tomating the parallel tasks performed on the chip. These al-
gorithms include the task and motion planning for manipu-
lation of several droplets simultaneously, as well as
approaches to transfer the laboratory protocols to control
commands compatible with DMF systems. Despite the gen-
eral success of these algorithms in providing efficient solu-
tions for performing parallel operations, they were not able
to identify the optimum solution due to a high number of
possible processes on a 2D array of electrodes. Taking advan-
tage of the strategies used in very-large-scale-integration
(VLSI) design for wire routing, Su et al''® developed a
routing technique for droplet manipulation on DMF systems
to minimize the number of electrodes used for the parallel
processes to achieve a high throughput device. In this study
the physical constraints imposed by the liquid and chip (such
as minimum distance between droplets to avoid accidental
coalescence) were also taken into account and the developed
algorithm was tested experimentally. This method resulted in
identifying the maximum number of parallel operations that
could be achieved with a given number of electrodes. In a dif-
ferent study conducted on parallelization on DMF systems a

Lab Chip, 2016, 16, 2376-2396 | 2381


https://doi.org/10.1039/c6lc00387g

Published on 31 May 2016. Downloaded by McGill University on 11/26/2020 1:58:56 PM.

Critical review

View Article Online

Lab on a Chip

P
Q
)
NS
0
o
2
o
g
?
2
S L% -
L 0.4 / @ without feedback
K 4 —— with feedback
N
S 024 /
E /
£ /
-
Z 0.0+ T T T T T T
o] 5 10 15 20 25 30

Time (min)

chip
cover

T
[
:electroﬁe
w — W, gt
substrate 2a off pGSIZI;/:rtlon
Cp £72.5
5011'2 5
ﬁ’z !:,c
£d,—80 L_ 2
I— ] [ al—— Co
C,

Wegr i W= Wepr p2

Fig. 3 i) Droplet generation aided by optical feedback control (reproduced from ref. 109 with permission from The Royal Society of Chemistry). ii)
(a) Sequences of an enzymatic assay, and (b) comparison of the outputs with and without feedback control (reproduced from ref. 113 with
permission of The Royal Society of Chemistry). iii) Control of droplet size and transport speed by capacitive feedback control using coplanar

electrodes (reproduced from ref. 117 with permission from Elsevier).

connect-5 structure of pin configuration was used to control
the droplet paths to minimize cross-contamination between
droplets."*® This method can also identify the optimum solu-
tion for performing parallel operations. Application of such
parallelization strategies have been shown for PCR®** and cell-
based” applications considering the cross contamination is-
sues and routing optimization. Such advances in parallelism,
along with the developed feedback control and sensing sys-
tems provide the capability of developing high throughput
DMF-based platforms for performing multiple biochemical
assays.

5. Manipulation of biological samples

When handling aqueous and non-biological samples, the hy-
drophobicity of the surface of the DMF devices prevents any
residue of the samples on the chip and consequently there is
no, or negligible cross contamination even in numerous cy-
cles of droplet manipulation. On the other hand, handling
biological samples leaves permanent traces on the hydropho-
bic surface of the chip, resulting in cross contamination and
hindering further sample manipulation.”® This is mainly

2382 | Lab Chip, 2016, 16, 2376-2396

caused by hydrophobic adsorption and electrostatic interac-
tion of the molecules such as proteins and lipids with the hy-
drophobic layer (deposited on the electrodes), which makes
the surface permanently hydrophilic.

Multiple techniques have been developed to prevent or
limit molecular adsorption to the surface of microfluidic de-
vices with more or less success. In the first attempt, devel-
oped by Yoon and Garrell,"*° the pH of the sample, as well as
the frequency, magnitude and the actuation period of the ap-
plied voltage were controlled to minimize the molecular ad-
sorption on the surface. The use of silicone oil to insulate the
sample droplet from the chip surface was another strategy
used for EWOD actuation of body fluids such as whole
blood.'®® This method was successful for transporting a
blood droplet over thousands of cycles without surface con-
tamination. However, sample contamination and subse-
quence detection of the targets can be a great concern.'*
Bayiati et al."*>* used plasma deposition technique instead of
spin coating for the hydrophobic fluorocarbon deposition on
the DMF and studied the decrease in the contact angle upon
applying the voltage. A significant reduction of the surface
contamination could be achieved with plasma deposition

This journal is © The Royal Society of Chemistry 2016
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method, after the solutions containing proteins were incu-
bated on the device for 5 minutes. In another study, the pro-
tein adsorption onto the surface was investigated in the pres-
ence of a low concentration of Pluronic F127.”° The sample
observation by confocal microscopy and mass spectrometry
allowed to conclude a reduced non-specific adsorption of pro-
teins event though a concentration of protein as high as 1
mg ml " was used (Fig. 4i). The mechanism for such antifoul-
ing effect was hypothesized to be the formation of a
Pluronics layer at the liquid phase boundary, similar to that
reported for the use of silicone oil. Yang et al.*>* developed a
strategy based on disposable polymer skins: after each experi-
ment the top layer is removed and a new layer is replaced to
eliminate cross-contamination and solve the device break-
down problems (Fig. 4ii). Despite the ease of this technique,
it is not practical for point-of-care applications as it requires
the manipulations to be performed in a cleanroom and the
device should be assembled by well-trained personnel. Gener-
ating nanostructured super-hydrophobic surfaces is another
method used for preventing surface biofouling.****® The
super-hydrophobicity of the surface significantly decreases
adsorption of biomolecules to the surface, providing anti-
biofouling properties. Prakash et al.'>> successfully used a
DMF platform equipped with such a nanostructured super-
hydrophobic surface for PCR detection of Influenza virus.

6. Advanced operations

Basic fluidic operations (droplet transport, mixing, splitting
and dispensing) are the key to the functionality of the DMF
devices for performing biochemical applications. However,
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performing complete biological assays on such devices will
not be feasible only by basic fluidic operations. The imple-
mentation of some strategies or integration of modules into
the chip has to be considered for advanced operations or pro-
cesses such as cell manipulation, particle binary separation,
heating and biochemical sensing. For some operations such
as particle manipulation, the DMF setup does not require
reconfiguration. Only by modulating the applied voltage to
the electrodes, the operations are carried out. Conversely, for
multiple other advanced operations the geometry of the pla-
nar electrodes has to be modified or some external modules
should be integrated according to the electrical, optical, and
biochemical properties of the sample and the chip.

One of the advanced and essential operations is the ability
to dispense variable volumes of samples or split a mother
droplet into two unequal (volume) daughter droplets. This
operation is important for particle and cell separation/con-
centration'**"'?” or sample dilution*”'*® for which the use of
equal droplet dispensing or splitting requires several repeti-
tions, increasing significantly the process time and errors in
the final product.’® An example of a technique for unequal
droplet splitting and dispensing variable volumes of droplets
was demonstrated by Samiei and Hoorfar."® This technique
works based on the geometrical modification of a conven-
tional electrode on the DMF chips. The normalized size of
the split droplets versus the number of actuated sub-
electrodes (area of the actuated region) using this method is
shown in Fig. 5i. In another study, voltage of different ampli-
tudes was applied to dispense variable droplet volumes from
a reservoir: the volume of the dispensed droplets was con-
trolled by a capacitive sensing and feedback control system
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Fig. 4 i) Confocal microscopy images of protein adsorption onto the surface with and without using Pluronic F127 (reproduced from ref. 70 with
permission from The American Chemical Society). ii) Disposable hydrophobic surfaces for DMF (reproduced from ref. 123 with permission from

The American Chemical Society).
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Fig. 5 i) Unequal splitting by geometrical modification of a conventional DMF electrode. Normalized surface area of the split/dispensed droplet
versus the number of the actuated sub-electrodes is shown to be linear (reproduced from ref. 18 with permission from Institute of Physics Publish-
ing). ii) Feedback control of the droplet size by capacitive measurement (reproduced from ref. 19 with permission from The Royal Society of Chem-
istry). iii) Particle focusing using a dielectrophoretic-gravity driven (DGD) technique: (a) initial droplet, (b) focused particles using DGD, (c) and (d)
splitting the droplet to two parts, one with a high and the other with a low concentration of the particles (reproduced from ref. 128 with permis-

sion from The American Institute of Physics).

(Fig. 5ii)."® Both studies have reported an error of less than
1% for the volume of the dispensed droplets.

Manipulation of micro-particles inside the droplet has
been performed in multiple studies for applications such as
particle focusing (Fig. 5iii),'"*® patterning'*® and separa-
tion."*>**! These techniques have been mostly applied to
microbeads which are important in several biological
applications.**** Similar strategies can be adopted for the
manipulation of cells and biomolecules, such as optoelectric
driven cell manipulation presented by Shah et al.*® The par-
ticle manipulation techniques developed for DMF function
based on optical,"*® magnetic,"**"*”**° hydrodynamic,"*°**>
electrophoretic’*® and dielectrophoretic'*®'2%12914%115 prop.
erties of the particles and or the medium (droplet). For in-
stance, using a dielectrophoretic-gravity driven (DGD) tech-
nique,'®® the particles could be focused on one side of the
droplet, and then by splitting the droplet into two smaller
droplets, two different concentrations (low and high) of parti-
cles with a focusing rate of over 90% were obtained
(Fig. 5iii). Zhao et al™' wused a traveling-wave
dielectrophoretic technique to separate two types of particles
by controlling the frequency of the applied voltage. Fig. 6i
shows the sequences of concentrating magnetic beads by
collecting them in one side of the droplet using an external
magnet, and then splitting the droplet. This allowed for con-
centrating over 90% of the beads in one of the split droplets
(Fig. 6i)."*° Focusing non-buoyant particles in a micro-droplet
using a hydrodynamic-gravity driven method is illustrated in

2384 | Lab Chip, 2016, 16, 2376-2396

Fig. 6ii."** Electrophoretic separation of one type of particles

along with the binary separation of two different types of par-
ticles with opposite charges was also performed (Fig. 6iii)."**

Ionic liquids have been used as microreactors on DMF, in
which such liquids are used as the soluble supports for
performing solution-phase synthesis.’*® The stability of these
liquids due to their low level of volatility makes them a
proper reactor for chemical applications in open systems.
The basic fluidic operations (transport, mixing, splitting and
dispensing) have been performed on micro air bubbles simi-
lar to those for droplets."*” This can provide a powerful tool
for gas analysis on DMF platforms. Most recently, a new sim-
ple method was developed*® to prevent evaporation prob-
lems on an open DMF system. This method was based on
just-in-time replenishment of the solvents to keep their vol-
ume large enough for the biochemical assay.

Sista et al.'*® and Li et al."®° reported the integration of a
heater to the DMF platform for the thermal control of the as-
says. The heaters are patterned on the chip similar to the
method used for electrode fabrication. In essence, a thermal
element is formed by a metal layer, and heat is generated by
passing a controlled electrical current through the electrode.

7. Detection

Sensing or detecting a biological event on the chip is an im-
portant and inseparable part of any biochemical assay. Nu-
merous investigations are dedicated to develop detection

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 i) Magnetic separation of particles inside the droplet followed by splitting, resulting in two daughter droplets with high concentration of
different particles (reproduced from ref. 130 with permission from Institute of Physics Publishing). ii) Gravity-driven hydrodynamic focusing of
non-buoyant particles (reproduced from ref. 140 with permission from The Royal Society of Chemistry). iii) Binary separation of particles using
electrophoresis (reproduced from ref. 143 with permission from The Royal Society of Chemistry).

systems being used with DMF platforms. A review of detec-
tion on DMF systems was performed by Malic et al.*® While
the majority of the approaches are based on fluorescent
microscopy,"®" other techniques such as mass spectrometry,
chemiluminescence and electrochemical systems have also
been used for detection of targets on DMF. As such, these
methods can be categorized in optical, electrochemical and
mass spectrometry according to their sensing mechanisms.
They can also be classified on their mode of detection, i.e.
off-line or off-chip and on-line or on-chip detection.*® While
the off-line mode is suitable for in-lab uses, on-line systems
are beneficial for packed and portable devices for point-of-
care applications.

Regardless of the transduction mechanism (electrical,
electrochemical, optical and mechanical), all biosensors re-
quire the modification of their sensing surface by
functionalizing it with selective bio-receptors as biological
recognition elements. Based on the surface modification
techniques, biosensors can be categorized'®*> as enzyme-
based,'>* > antibody-based,'”*'*” and aptamer-based">***°
biosensors. A review of different surface modification tech-
niques for biosensors integrated into microfluidic devices
can be found in ref. 152. Implementing similar techniques
for surface functionalization, many biosensors have been de-
veloped for DMF devices which are covered in this section.

Off-line detection based on optical methods'®" (such as
fluorescence,>>1%>1%3 apsorbance,'*”'*® and chemilumines-
cence'®’) along with mass spectrometry'®*°® are major sens-

This journal is © The Royal Society of Chemistry 2016

ing techniques to analyze samples extracted from MDF plat-
forms. Label-free optical detection such as surface plasmon
pesonance (SPR)'®”'®® has also been used. The reason be-
hind the popularity of the off-line methods is that the re-
quired equipment is readily available in most of laboratories
for biochemical or cell-based assays.*”>%%?

As for the online detection, the conventional design and
configuration of the detection systems have to be modified to
miniaturize them for integration into the DMF devices. Exam-
ples are fluorescence detection for the polymerase chain reac-
tion (PCR),"**'"° proteomics’”’ and enzymatic assays."®’
Other  optical methods such as chemilumines-
cence'*®137 149172 and absorbance®'*® have also been inte-
grated into DMF devices. The requirement for this integra-
tion is to leave the top or the bottom plate transparent (e.g.
the use of ITO as the electrode) in order to have optical ac-
cess to the sample. For instance, Fig. 7i shows a metal-
semiconductor-metal (MSM) photodetector fabricated on the
top plate of a DMF chip for chemiluminescence sensing.'*®
Fig. 7ii illustrates the schematic of an absorbance-based opti-
cal biosensor for the glucose assay integrated into a DMF
platform."®® The photodiode was placed on the surface of the
top plate and the electrodes were fabricated using ITO to al-
low the transmission of light from underneath the chip to-
wards the top plate. An electrochemiluminescence technique
was used on a DMF device for the detection of single nucleo-
tide mismatches of microRNA-143 (miRNA-143) in cancer cell
lysates with a high sensitivity."”® Similarly, miniaturized SPR

Lab Chip, 2016, 16, 2376-2396 | 2385
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i) Sequences of fabrication and on-chip integration of a metal-semiconductor-metal (MSM) photodetector for chemiluminescence detec-

tion (reproduced from ref. 108 with permission from IEEE). ii) Schematic of an optical absorbance detector integrated into a DMF chip (reproduced
from ref. 106 with permission from The Royal Society of Chemistry). iii) Schematic of a SPR biosensor integrated into a DMF chip (reproduced from

ref. 176 with permission from Elsevier).

(Fig. 7iii) biosensors have also been integrated into
DMF."7*7¢ A detection limit as low as 5 pM was achieved for
the DNA hybridization."”® Multiple studies report on the inte-
gration of mass spectrometry detection system into
DMF."” '8 Fig. 8i shows a nano electrospray ionization-
mass spectrometry system interfaced with a DMF chip used
for the analysis of dried blood spots (DBSs).'”® Interfacing be-
tween DMF and liquid chromatography-mass spectrometry
has further been demonstrated in ref. 181. A major issue with
such systems is that they cannot be miniaturized for com-
plete integration into DMF, and hence the on-line detection
mode has been performed by interfacing these systems to
DMF for real time detection.*® Unlike the optical and mass
spectrometry detection systems which require external de-
vices (light source, photo detector etc.) to be integrated into
the chip, the electrochemical sensing systems can be pat-
terned and directly integrated on the DMF chip along with
the actuating electrodes with a very easy and straightforward
fabrication method.*®***'82183 An example of such systems
is shown in Fig. 8ii in which the three-electrode sensor is
used for the detection of different concentrations (down to
500 nM) of ferrocenemethanol (FcM) and dopamine (DA).'**
One main problem associated with the integrated biosen-
sors into DMF is the hydrophilic nature of their sensing sur-
face, which hinders droplet actuation. Multiple studies
addressed such a problem by limiting the size of the sensing

2386 | Lab Chip, 2016, 16, 2376-2396

surface to minimize the amount of the sample liquid left on
the biosensor."”*'#>18% Most recently, the study by Samiei
et al."® highlights the effects of geometrical configurations
of the biosensors and the DMF platform on droplet manipu-
lation to achieve the largest possible surface area of the bio-
sensor for which droplet removal is performed after sensing.
According to this study, the biosensor (fabricated on the top
plate) is recommended to be patterned with a high aspect ra-
tio and aligned with the center of the actuating electrode on
the bottom plate. Also, the gap height between the two plates
should be set to the upper limit of the range which allows for
precise droplet manipulation. Fig. 8iii illustrates the se-
quences of droplet removal after sensing, along with their re-
sults of the capacitive detection of different concentrations of
Cryptosporidium.

Other than the optical, mass spectrometry and electro-
chemical detection methods, hydrodynamic properties of the
sample has also been used for detection."*® Using the
electrode configuration shown in Fig. 9i, a sample of polysty-
rene beads could be concentrated after spinning the droplet
for a certain period. However, when a small concentration of
DNA (18 ng pL ") was added to the sample, the focusing be-
havior was different and the microbeads left the central re-
gion of the electrode design.

Recently, integration of a field effect transistor (FET) bio-
sensor into DMF was performed. Results showed that the

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 i) Interfacing between a DMF setup and nano electrospray ionization-mass spectrometry using a capillary emitter (reproduced from ref. 178
with permission from The American Chemistry Society). ii) Integrated electrochemical detection electrodes fabricated on the top plate of a DMF
setup (reproduced from ref. 182 with permission from Institute of Physics Publishing). ii) Sequences of complete droplet removal after sensing,
along with the results of the capacitive detection of different concentrations of Cryptosporidium (reproduced from ref. 156 with permission from

Elsevier).

FET biosensor is a highly selective and sensitive on-chip de-
tection method for such an ultra-small scale (Fig. 9ii)."”” The
high selectivity and sensitivity, along with the miniaturized
geometry are the features that are pursued for the develop-
ment of many label-free nano-biosensors, particularly for
electrical- and optical-based sensors. The ultra-small size of
these sensors along with the use of biological receptors
immobilized on their surface make them very attractive for
the fabrication of an array of sensors'® for multiplexing and
for integration onto DMF. A review of the label-free biosen-
sors can be found in ref. 186.

8. Biological applications

Since the introduction of DMF, the remarkable functionality of
these devices and their high controllability regarding sample
manipulation motivated the development of devices compatible
with various biological applications,'"!>2342744:46,121,152,187,188 1,
general, these applications can be categorized as clinical diag-
nostics applications, enzymatic assays, tissue engineering and
cell-based applications, DNA-based applications, immunoassays
and proteomics."*®

For the clinical diagnostic applications, DMF was
employed in some studies only for partial sample preparation

This journal is © The Royal Society of Chemistry 2016

89) and in several stud-

(e.g. for detecting mycoplasma DNA
ies, it was further developed for performing a larger portion
of the diagnostic assay for lysosomal storage diseases,'®*'*!
dried blood spot (DBS) analysis'®> and estradiol detection.'®?
For instance, Fig. 10i shows a device developed for extraction
of samples from a dried blood spot (DBS) for amino acid
quantification by tandem mass spectrometry.'®> Such devices
can be used for a wider range of analyses on newborn DBSs.
In the study conducted by Ng et al., a complete sample prepa-
ration was performed on the chip for the detection of rubella
infection and immunity, and the chip was placed under a
chemiluminescence device for detection.'® For this purpose,
rubella virus immobilized on the magnetic beads were used
for capturing the analyte from the sample. Specific anti-
bodies with linked enzymes were used for generating the
chemiluminescence signal upon antibody-analyte binding.
Most recently, Millington et al. developed a DMF package for
multiple detection from the extracts of DBS for point-of-care
applications.'®® In this study, the entire sample preparation
and detection processes were performed on the DMF using
colorimetric and fluorometric techniques.

DMF has widely been employed for chemical and enzy-
matic assays for analysis of the reaction kinetics and develop-
ing new compounds."” The notable enzymatic assays were

Lab Chip, 2016, 16, 2376-2396 | 2387
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Fig. 9 i) Detection of DNA in the sample by monitoring the change in
the focusing behavior of the polystyrene microbeads after spinning on
the electrode configuration for 250 s (reproduced from ref. 140 with
permission from The Royal Society of Chemistry). ii) Schematic of an
integrated FET biosensor into a DMF platform (reproduced from ref.
157 with permission from The Royal Society of Chemistry).

performed for glucose detection,”® environmental applica-
tions,"*"'°®  diagnostics,"”” studying the kinetics of reac-
tions,"®*'”” synthesis of new compounds,'*®*'*®'% and for
chemical synthesis.”’>*”! For instance, Fig. 10i illustrates the
sequences of an assay for quantification of glucose on a DMF
device using an enzyme-kinetic based colorimetric method.>”

Several studies have been conducted for DNA-based assays
such as DNA purification,>**?%* detection of DNA hybridiza-
tion,"”#17%2%*  DNA  sequencing,”®®> and PCR.'>%"6320¢
Fig. 10iii shows partial sequences of the extraction of geno-
mic DNA from whole blood using magnetic beads. The proce-
dure required however the use of magnetic beads and multi-
ple washing cycles for purification of the extracted DNA.>

Application of DMF in tissue engineering and cell-based
assays has been reported in multiple studies.**>>%2077213
Fig. 10iv shows the application of DMF technology for cell
culture in which a DMF device is developed with the capabil-
ity of performing a complete set of processes for mammalian
cell culture.””” A DMF device was developed by Kumar et al.,
with a microwell array for trapping single non-adherent yeast
cells in femtoliter droplets which was used for cytotoxicity as-
says.”'® Bender et al.>'* used DMF for performing cell inva-
sion studies for spheroid-based invasion assays. They showed
human fibroblast spheroids invade collagen gels, and one
can improve or hinder their invasion by delivering exogenous
migration modulating agents.

2388 | Lab Chip, 2016, 16, 2376-2396
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Immunoassays have been extensively performed using
DMF systems.'?”'¢%157219 pjo 10y illustrates the steps of
multiple particle-based immunoassays performed on a DMF
platform. The assay includes parallel 17p-estradiol (E2) and
thyroid stimulating hormone (TSH) immunoassays using
magnetic beads followed by chemiluminescence detection of
the analytes using a well-plate reader.>"”

DMF has also been widely used for proteomics.
Luk et al.*** used enzyme immobilized hydrogels patterned
on a DMF chip as microreactors for proteolytic digestion. In
this study cylindrical agarose discs were used as a platform
for immobilizing trypsin and pepsin used for proteomic di-
gestion, and mass spectrometry was used to analyze the as-
say products. Mok et al.>** developed a DMF platform for
protein biomarker detection for quantifying protein abun-
dance and activity. In this study, interleukin-6 abundance
and Abelson tyrosine kinase activity were quantified with a
detection limit as low as 50 pM for interleukin-6 and 100
pM for kinase.

47,171,219-225

9. Packaging and portability

The devices developed by Gong et al.** and Gong and Kim"®
are likely the earliest attempts for a portable DMF package. A
2D array of electrodes was fabricated using a multi-layer
printed circuit board (PCB) and used land grid array sockets
for packaging the system. Although they performed multiple
fluidic operations, their device lacked a detection system re-
quired for biological applications. Sista et al.'*® fabricated a
portable DMF platform, capable of performing immuno-
assays, enzymatic assays and DNA amplification. The device
had a PCB chips (Fig. 11i) and integrated reservoirs for sam-
ple delivery using a pipette as well as waste buffer removal.
Magnetic and heating units required for performing the as-
says were embedded in the chip deck. Optical detection was
integrated using chemiluminescence detection and fluorime-
try units. Finally, an electrical controller unit was integrated
to the device for controlling the on-chip processes. This study
showed a successful attempt in developing a DMF based por-
table package for point-of-care applications (Fig. 11ii). Simi-
larly, Kim et al**® fabricated a DMF hub for DNA applica-
tions with a capillary-based interface for straightforward
sample delivery to and from the hub (Fig. 10iii). Most re-
cently, Millington et al."®® reported a portable device with the
capability of performing different biomarker assays on the ex-
tracts of a DBS. In another study, a smart phone-controlled
portable DMF platform was developed, in which open droplet
manipulation system was used for sample processing and the
detection was performed via a colorimetric method using the
images captured by the smart phone.”*” Most recently, a pro-
totype of a smart-phone-controlled low-cost portable DMF
platform was fabricated with integrated chemiluminescence
detection system.”*® The device was controlled using a DIY-
built application, enabling droplet manipulation as well as
on-chip chemiluminescence detection using a smart phone.

This journal is © The Royal Society of Chemistry 2016
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ried blood spots (DBSs) using mass spectrometry (reproduced from ref.

192 with permission from The Royal Society of Chemistry). ii) Sequences of an enzymatic assay for glucose detection (reproduced from ref. 59 with

permission from Elsevier). iii) Sequences of genomic DNA extraction and

purification from the whole blood using magnetic beads (reproduced

from ref. 203 with permission from Springer). iv) A DMF chip for mammalian cell culture (reproduced from ref. 207 with permission from The Royal
Society of Chemistry). v) Sequences of a particle-based immunoassay on a DMF platform (reproduced from ref. 217 with permission from The

American Chemical Society).

10. Discussion and future trends

After reviewing the main recent progresses and advances in
the development of DMF technology, the development of a

This journal is © The Royal Society of Chemistry 2016

‘portable’” DMF platform capable of performing the entire as-
say processes (from sampling to sensing) is still under ques-
tion. Certainly, for applications such as clinical diagnostics,
enzymatic assays and immunoassays, this goal is achievable

Lab Chip, 2016, 16, 2376-2396 | 2389


https://doi.org/10.1039/c6lc00387g

Published on 31 May 2016. Downloaded by McGill University on 11/26/2020 1:58:56 PM.

Critical review

ELECTRICAL INPUTS

ELECTROWETTING CHIP COVERILATE

i)
Top
Compressio!
Frame

)

Electrical

Sy

. - j -

View Article Online

Lab on a Chip

B T ]
] |
1

utV b

Fig. 11 i) Fabrication of a DMF multiwell plate using a PCB (reproduced from ref. 149 with permission from The Royal Society of Chemistry). ii)
Development of a portable DMF package for performing immunoassays, enzymatic assays and DNA amplification (reproduced from ref. 149 with
permission from The Royal Society of Chemistry). iii) Development of a DMF hub for DNA applications with capillary-based interface for sample de-

livery (reproduced from ref. 226 with permission from Sage Publications).

but certain obstacles in the areas of biological sample manip-
ulation, detection, and packaging and portability must be
overcome. The aspects related to fabrication, sample manipu-
lation, and automation have been well advanced. For in-
stance, high-resolution chips with the electrodes as small as
21 pm, capable of droplet formation with a volume as small
as 5 pL have been reported in ref. 68. Other robust fabrica-
tion techniques such as micro-contact printing®*® have also
been well developed for patterning different substrates. Con-
versely, multilayer chip fabrication has provided a large num-
ber of electrodes in a 2D array resulting in a high throughput
platform.”>”* Droplet manipulation is also performed with a
high accuracy of the sample volumes.'® Significant advances
have been made in regards to droplet sensing and control al-
gorithms permitting full automation and parallelization on
DMF devices."

Manipulation of biological samples on the chip has been
the subject of many studies. However, developing self-
cleaning surfaces with high durability and low of cross-
contamination is not achieved yet. Examples of efforts made
in this regard include the change in the pH of the solution
along with optimizing the frequency and amplitude of the ap-
plied voltage,"*® the use of plasma deposited fluorocarbon*
and the application of disposable polymer films.">* However,
neither of these methods can be used for development of per-
manent devices. For the long-term and especially for point-
of-care applications, silicone 0il'®® and Pluronic additives”

2390 | Lab Chip, 2016, 16, 2376-2396

can be used. However, the suitability of these approaches are
questionable due to sample contamination and limited
choice of the detection method as they form a layer at the lig-
uid boundary. In addition to these drawbacks, the durability
of the device after several cycles of operation and compatibil-
ity with some biochemical samples are yet to be proved for
Pluronic additives. Nano-structured super-hydrophobic sur-
faces have also been developed for self-cleaning purposes on
DMF"** However, durability of the surface after several cycles
of manipulation of biological samples must still be studied.
Other strategies developed for self-cleaning on non-DMF sys-
tems>*>**" have the potential to be used for DMF-based de-
vices. Nevertheless, these methods need to be studied in
terms of compatibility with DMF.

The on-line detection systems integrated into DMF plat-
forms revealed as an essential step for potable DMF sys-
tems. The recently developed miniaturized SPR and electro-
chemical biosensors that are quite practical for a large
number of detection cases'’®>*? along with the FET biosen-
sors are excellent choices for integration into DMF de-
vices."®® The main challenge still is the biological regenera-
tion of the sensor by recovery of the receptors immobilized
on the biosensors. Despite an incremental success made to-
ward the regeneration of biosensors for non-DMF applica-
tions,*** developing strategies and protocols for the recovery
of the receptors compatible with the DMF platforms needs
to be further investigated.

This journal is © The Royal Society of Chemistry 2016
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Finally, portable DMF platforms capable of performing
one or a series of biochemical assays'* can be developed by
the aid of multilayer chips with integrated controllers for par-
allel sample processing and miniaturized operators such as
detection systems and microheaters. Availability of electrical
circuits for generating high AC voltage from a low voltage
battery”>” and interfacing techniques for sample delivery to
the device®*® are the critical features to be considered for the
packaging aspect of DMF devices. Advances in 3D printing
technology®®** has made a new paradigm for cost-effective
packaging using different materials.>*> This technology can
readily be used for packaging DMF-based LOC platforms for
the development of portable devices for point-of-care
applications.

11. Conclusions

Remarkable progress has been achieved towards developing
multifunctional lab-on-a-chip packages capable of performing
complete sets of processes required for biochemical assays
using DMF technology. Numerous studies showed that fine
electrodes and dielectric features can be fabricated with
expected performance using the advanced microfabrication
technologies. Droplets of pico-liter to microliter sizes can be
created, transported and split with very high accuracy and in
an automated and parallel fashion. Multiple techniques have
been developed to reduce the rate of molecular binding to
the surface for the manipulation of biological samples. Tak-
ing advantage of these features, numerous biological assays
have been performed in DMF platforms. Similarly, multiple
operating procedures have been developed for particle and
cell manipulation, on-chip heating, unequal droplet splitting,
sensing etc. To achieve reliable, multifunctional and portable
DMF-based packages for point-of-care applications further
improvements such as the development of a more robust sur-
face coating are required to eliminate the problem of molecu-
lar binding and make the system reusable. The current
methods such as the use of oil and Pluronic, or plasma depo-
sition of fluorocarbons are not promising for long-term use.
Another critical aspect is the development of an array of sen-
sors for multifunctional and accurate on-chip sensing in
DMF set-up. Recovery of the detection system is crucial for
frequent uses of the device. Thus, the success in developing
the desired DMF packages for long term use with the capabil-
ity of performing a complete set of processes for multiple ap-
plications requires addressing limitations of the current tech-
nologies underlined in this review.
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