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8.1

Introduction

The roots of understanding the liquid behaviors date back to centuries ago.
Initial examples cover the studies by Hippocrates (400BC) and Galen (200AD)
who performed the colorimetric analysis of body fluids like urine to monitor
human physiology [1]. With the advancement of microfabrication methods
and tools, dexterous handling of liquids in small quantities and development of
small fluidic components (valves, pumps, etc.) were witnessed after the 1950s.
Seminal studies include the development of miniaturized gas chromatography
chip [2] and ink-jet printing technology [3]. In 1990, Andreas Manz proposed
the concept of the micro-total analysis systems (µTAS), addressing the possibility
that miniaturized integrated systems can be developed to perform biochemical
analysis with much lower sample volumes [4]. Then, microfluidics has
emerged as a discipline where very low volumes of fluids are manipulated and
studied, employing structures in micron length scales. Conventional photolithographic techniques used for silicon and glass wafers in microelectronics
and MEMS have been inherited for the fabrication of microfluidic chips.
Polydimethylsiloxane (PDMS) was utilized by George Whitesides for soft
lithography introducing rapid fabrication of microfluidic devices [5].
Years of research have shown that this elastomeric, optically transparent,
porous, and biocompatible material is suitable for many microfluidic applications.
The utmost goal of µTAS is to integrate laboratory tasks on a single chip,
namely, lab-on-a-chip (LOC). The LOC systems, once successfully established,
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have the benefits of low cost, automation, high throughput, multiplexing, and
portability. It is also critical to minimize the number of off-chip components
such as power sources and pumps to turn microfluidic systems into truly LOC
systems. This distinction is especially noteworthy for disease diagnostics at the
point of care (POC) where the ASSURED criteria are coined by the World
Health Organization (WHO) [6, 7]. The acronym stands for "affordable, sensitive, specific, user-friendly, rapid and robust, equipment free, and deliverable
to end-user:' Various body fluids such as blood, urine, or saliva can be used to
look for specific biomarkers. The most commonly investigated biomarkers
include proteins (especially for immunoassays), cells (circulating tumor cells,
red blood cells, platelets, etc.}, nucleic acids (DNA, RNA, etc.), metabolites
(glucose, lactate, etc.), and ionic chemicals (sodium, potassium, etc.) [8, 9].
Depending on the type of biomarker as well as the working mechanism of the
LOC platform, a number of detection principles can be proposed. The most
preferred ones include optical detection (colorimetric, spectroscopic, plasmonic,
fluorescence) and electrical detection (electrochemical, piezoelectric, impedimetric, potentiometric). This chapter discusses different LOC platforms that
are employed for the detection and diagnosis of diseases and are categorized
into six groups: continuous flow, paper-based, microdroplet, digital microfluidic
(DMF), compact disc-based, and wearable platforms. Each platform is explained
in the following subsections, and seminal studies as well as the state of the art
are discussed. Finally, a future perspective and outlook are provided.

8.2

Continuous Flow Platforms

Continuous flow microfluidic platforms are the conventional microfluidic
diagnostic systems where a single-phase fluid flow is controlled inside
microfluidic channels. The initial examples of continuous flow systems
were fabricated on glass using conventional microfabrication techniques.
The patterned glass layer is bonded with another glass piece, forming
micrometer-scale delicate structures. After the adaptation of polymers,
mostly PDMS, by the microfluidics community, the field witnessed an
explosion of research output all across the world. The integrated platforms
require on-chip pumps, valves, mixers, and sensors. There has been considerable effort on developing these individual components as summarized
in several review articles [10-14].
One of the earliest examples of continuous flow LOC detection systems is
the DNA analysis system [15] . It is designed for microfluidic DNA gel electrophoresis and contains sample preparation units such as sample metering,
mixing, and heating, as well as integrated fluorescence optical detection unit.
The system has a hybrid silicon/glass structure that is defined by photolithographic techniques. The system can meter a specific volume of DNA fragment
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solution, run it through an electrophoretic separation channel, and perform
fluorescent detection of the separated DNA segments.
With the wide use of PDMS in microfluidics community, the number of continuous flow diagnostic microfluidic systems has inflated. A cornerstone for
PDMS-related devices was the development of elastomeric valve. Later, these
microvalves have been integrated on a single device at a highly scalable level
that led to very-large-scale integrated valve-based PDMS microfluidic devices
[16]. The fundamental technology behind these systems is the development of
two-layer microfluidic systems that are fabricated using soft lithography. One
of the layers is utilized as the fluidic layer whereas the second layer is designed
as the control layer. The two layers were separated using thin PDMS elastomeric valves that can be actuated using increased pressures to seal the crossing
fluid layer.
These two-layer devices allowed exquisite control on the fluid motion along
a microchannel network that opened up a plethora of applications. An exemplary system is shown in Figure 8.1, which performs on-chip DNA isolation
from whole bacteria [17]. The system is composed of 54 elastomeric valves and
can perform parallel processing in three lines. First, a single cell is isolated
from a cell solution. Then, cell lysis is performed using a rotary mixer, which is
composed of a ring-shaped channel with three sequential valves. The operation of these three valves in a certain sequence results in peristaltic pumping
of the fluid, which is utilized as a rotary mixer, enhancing diffusion-limited
processes for such biochemical applications. After cell lysis, the mixture is
transferred to a DNA affinity column for purification and then transferred to
the system outlet. As seen in Figure 8.1, in an area of2cmx2cm, the system
integrates a complicated network of two-layer PDMS channels and achieves
sophisticated fluidic operations that can be programmed and scaled up in parallel. Such high-level integration of fluid control at microfluidic scale was a
revolution in the continuous flow systems and triggered several other advanced
detection and diagnostic devices such as fluorescence-activated cell sorting
[18] and single-cell enzyme screening [19].
Nucleic acid detection is a very sensitive and specific strategy that has been
successfully implemented on continuous microfluidic systems. Another challenge in the disease diagnosis is the detection of rare cells. Identification of
cells in a given solution, for example, blood, is performed using flow cytometers. There have been several remarkable examples of continuous flow cytometry systems [20]. However, detection of rare cells poses another level of
complexity since these applications require cell purification and high-throughput
analysis systems. Detection of circulating tumor cells (CTCs) is an excellent
example of rare cell detection, which is critical for early diagnosis of cancer.
Continuous flow LOC systems provide a very suitable platform for detection of CTCs. An outstanding example of such systems is developed by Prof.
Toner's group. They demonstrated a microfluidic system that is composed of
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Figure 8.1 Automated on-chip DNA purification. (a-e) The workflow summarizing the on-chip DNA isolation protocol. (f) Picture of the parallel DNA
purifier system that has a two-layer structure for fluid flow and valve actuation. Fluid channels and control channels have widths of 100 and 200 µm,
respectively. Source: Hong et al. [17]. Reproduced with permission of Nature Publishing Group.
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Figure 8.2 CTC isolation chip. Whole blood mixed with antibody-tagged magnetic beads is
sent to the channel in parallel with buffer solution. Deterministic lateral displacement
compartment of the chip enables the separation of white blood cells (WBCs) and CTCs from
the whole blood. Then, WBCs and CTCs are brought on a single line after passing
asymmetric focusing elements utilizing inertial microfluidics. Finally, magnetic force is
applied over centrally aligned cells that force magnetically labeled CTCs to a different
outlet, completing the isolation process. Source: Karabacak et al. (22]. Reproduced with
permission of Nature Publishing Group. (See insert for color representation of the figure.)

the integration of two devices in tandem [21, 22]. The first microfluidic chip is
a silicon/glass hybrid that is used to separate white blood cells and CTCs from
whole blood sample using size-based deterministic lateral displacement separation technique. Then, these separated cells are transferred to the second
PDMS microfluidic chip, which can align the cells using inertial focusing and
sort the CTCs by magnetophoresis. A schematic of the system is shown in
Figure 8.2. The system was built on a custom rig, and successful isolation of
CTCs from a very populated solution was demonstrated. Although not
demonstrated in this study, the identification and counting of CTCs can also
be integrated using the benefits of continuous flow platforms.
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The continuous microfluidic platforms also resulted in several commercial
products for disease diagnosis that are remarkable success stories in the field.
One of the earliest examples of such systems is Agilent's on-chip gel capillary
electrophoresis system, which is composed of a benchtop analyzer unit and
single-use cartridges for DNA, RNA, and protein studies (23]. The system
works with 1-5 µL of samples and dramatically reduces the sample and reagent
consumption. The channels are fabricated in glass and bonded to a plastic
housing containing wells for sample, gel solution, and control solutions as seen
in Figure 8.3. As the sample is electroosmotically run through a microfluidic
channel, separation is achieved, imaging is performed using a laser-induced
fluorescence unit, and the results are displayed as electropherograms. The
concentration of each sample is calculated by using the calibration control
standards. In addition to electrophoretic separation, a cell-based cartridge is
also developed for the same platform to monitor transfection efficiency and
protein expression and to study apoptosis and gene silencing mechanisms.
Another seminal example of continuous microfluidic platforms is i-STAT
whole blood analysis system. This handheld unit provides a platform for measurement of blood gases, electrolytes, cardiac markers, and coagulation factors
in the whole blood. The disposable cartridges require only a drop of whole
blood and perform amperometric/potentiometric measurement using microfabricated electrodes fabricated on silicon chips and integrated with polymer
microfluidic channels. The latest generation of i-STAT cartridges performs
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Figure 8.3 Agilent's capillary electrophoresis chip. (a) Sample is delivered to the junction
area. (b) Small amount of sample is metered into the detection channel. (c) DNA is
electrophoretically separated. (d) Separated DNA is fluorescently detected. Source: Mark
et al. [23]. Reproduced with permission of Agilent Technologies, Inc.
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ELISA assays using on-chip washing/labeling fluids, which proves a very strong
platform for the detection of biomarkers for rapid diagnosis of myocardial
infarction. These systems were inspiring platforms that fueled the microfluidics research starting from its early years.
A remarkable platform for one of the latest applications of continuous fluidic
systems is Ion Torrent's next-generation DNA sequencing system [24]. As
opposed to the optical detection-based sequencing technologies, Ion Torrent
provides a highly scalable and CMOS-based unit that provides rapid DNA
sequencing. The cartridges are composed of microwells with integrated
ion-sensitive field-effect transistors (ISFETs) that effectively work as micrometersize pH meters. Each well contains microbeads with different DNA templates.
The nucleotides are flushed sequentially over the wells, and the incorporation
of the nucleotide to the DNA strand in a specific well is detected as a pH change
as schematically summarized in Figure 8.4. The system has rapidly evolved
since 2010 with increased read lengths, higher number of wells, and improved
read accuracies.

8.3

Paper-Based LOC Platforms

The intrinsic properties of paper make it a unique choice for microfluidic
platforms designed for diagnosis. Paper is composed of entangled cellulose
fibers forming a porous structure that makes it hydrophilic. By capillary force, paper
can be used as a transport medium without any external power source. Besides,
paper is ubiquitous, cheap, biodegradable, and lightweight and can be modified
by chemicals; thus, it suits well for biomedical applications and diagnosis
[25-30]. Paper-based platforms have existed long before the birth of microfluidics due to the availability and remarkable benefits of paper. It is only after the
introduction of several LOC platforms that paper has been re-evaluated as a
separate platform that gave rise to Microfluidics 2.0 [31].
In order to control the fluid flow along paper, one needs to define channels
on the paper. Development of hydrophobic regions on paper with paraffin and
wax to obstruct fluid flow is not a new method and is patented a century ago [32].
It is difficult to spot the earliest functional paper-based diagnostic device due
to the lack of records. Yagoda's work in 1937 stands out since it demonstrated
the patterning of selected areas on paper using a paraffin stamping method
[33] similar to today's paper-based devices. Ring-shaped analysis spots were
defined on the paper and employed for the detection of nickel and copper
metal ion concentrations.
Conventional paper-based devices are categorized as dipstick and lateral
flow devices. The first examples of dipstick paper detection devices were
developed by a French chemist, named Jules Maunmene, in 1850 for urine
analysis. In order to measure pH of the blood, test strips were introduced in
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Figure 8.4 (a) Complete single-stranded DNA is cut into small pieces, and every piece is bonded on a single bead for amplification to cover all
surfaces of the bead where it is placed on a small pH sensitive well. (b) Nucleotides are flowed through the chip; if there is a conjugate base in the
well, then it is incorporated, releasing W ions. Changing pH, resulting from H+ ions, is detected by CMOS sensor underneath the well. (cl Signals
obtained from each well are encoded to obtain the DNA sequence. Source: Merriman et al. [24]. Reproduced with permission of John Wiley
& Sons.
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the 1920s and are still in the market. The widespread use of pH strips is due to
their simplicity. By dipping the strip into the solution of interest, the pH of the
solution (or for other assays, the analyte concentration) can be determined by
a color change on the strip. The pH value can be determined visually using the
reference indicator card. However, dipstick tests require manual sample preparation, incubation, and washing steps.
The introduction of lateral flow strips turned the simple dipstick assays into
sample-in-result-out paper-based integrated devices that can perform ELISA
tests. Lateral flow strips are composed of four main parts. The sample is introduced to the device from the sample inlet port. Then, the sample migrates
through the second component, the conjugate pad, which includes reagents
and allows for the interaction between the sample and the reagent. Moving
through the conjugate pad, the sample reaches the membrane that is generally
made of nitrocellulose. Across the membrane, two lines of capture antibodies
were immobilized, the first one being an indicator of the presence of analyte
and the second one indicating the successful transport of the sample along the
membrane. Finally, the sample is collected at the absorbent pad, which is used
to soak and store the leftover sample. Both sandwich and competitive assays
are implemented as lateral flow assays.
Recently, paper-based platforms have gained a momentum with the advancements in the field of microfluidics (34). Democratization of diagnostic platforms is an increasing need all across the world, which constrains the complexity
of microfluidic components on a single device when cost per test is a major
concern. Therefore, researchers moved to paper-based devices, and the field
has experienced the resurrection of 100-year-old paper-based systems with
advanced functionalities. The developments in microfabrication, printing
methods, microelectronics, and microfluidics opened new avenues for paperbased platforms that allow high-scale integration with improved sensitivity
and multiplexing (34).
The main enabling factor for the rebirth of paper-based platforms was the
development of various low-cost fabrication techniques. In the conventional
lateral flow strips, the paper channels were defined simply by cutting. However,
in the second-generation paper-based platforms, the channels are defined by
creating hydrophobic and hydrophilic regions across the paper (Figure 8.5). In
order to pattern the hydrophilic channel region surrounded by hydrophobic
barriers, there are fundamentally two approaches: physical and chemical modifications. The paper substrate can be physically modified by the impregnation
of hydrophobic materials such as wax, SU-8, PDMS, or polystyrene, which not
only turns the fibrous structure to hydrophobic but also blocks the pores.
Another approach is to chemically modify the paper using cellulose reactive
substances such as alkenyl ketene dimer (AKD). The choice of the fabrication
technique is usually dominated by the cost and the minimum feature size
required for the channels. Among physical modification techniques, wax
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Figure 8.5 Illustration of a single-layer microfluidic paper-based device fabricated by
photolithography. Source: Martinez et al. [35). Reproduced with permission of American
Chemical Society.

printing is favorable since it is cheap and practical to implement [29]. It only
requires a solid wax printer and an oven to first print and then reflow the wax
to be absorbed by paper, respectively. This method is mostly used when lowresolution channels suffice for the application. Similarly, PDMS dissolved in
hexane or SU-8 negative photoresist [35] is also used for the hydrophobization
of paper since these are commonly available materials across most microfluidics laboratories, thanks to the soft lithography process. However, compared to
wax printing, SU-8 and PDMS are much costly alternatives. An additional benefit of PDMS-modified paper structures is their flexibility for applications that
make use of foldable structures or 3D geometries [26]. The use of photoresist
patterning on paper is especially useful when obtaining fine features on paper
that are defined through photolithography.
For chemical modification of paper, AKD is the most commonly used agent
to create hydrophobic regions that are defined on paper directly using an
ink-jet printer [36]. This is a fairly low-cost single-step method. In comparison,
some studies demonstrated that the whole paper is turned hydrophobic first,
and then the hydrophilic regions are redefined by plasma treatment, employing a two-step method [37]. Among these fabrication techniques, printingbased methods are very advantageous for batch manufacturing of paper-based
devices. In addition, the printing technology can also be used for printing of
reagents required for the assay using a second head, which allows a fully integrated fabrication scheme that lowers the fabrication cost significantly.
Using the aforementioned techniques, several interesting paper-based
devices have been demonstrated, such as detection of glucose and proteins
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(Figure 8.5). In addition to these single-layer structures, stacked multilayer
paper devices were also demonstrated in more intricate geometries [38).
Similar to multilayer printed circuit boards, fluids can move across different
layers through hole-like connections that are similar to vias in printed circuit
boards. Such designs achieve complex fluid flow in a smaller footprint.
The most common detection methods used for paper-based platforms
are unarguably colorimetric (Figure 8.6a) and electrochemical detection
(Figure 8.6b). Colorimetric detection is mostly used for qualitative analysis
since it merely depends on a color change based on an enzymatic reaction. One
of the earliest demonstrations of colorimetric paper-based detection devices is
from Martinez et al., which demonstrates the detection of BSA and glucose
using a chromatography paper patterned with SU-8 photoresist. Using an artificial urine solution, detection of two analytes was demonstrated as a semiquantitative assay as seen in Figure 8.6a [39). Similarly, well-known enzymatic
colorimetric assays were implemented on paper demonstrating detection of
uric acid [41), human IgG (42), and bacteria [43].
In an attempt to obtain more quantitative results, electrochemical detection
has been developed on paper platforms. Dungchai et al. demonstrated detection of glucose, lactate, and uric acid by integrating electrodes on the paper
defined by SU-8 patterning as shown in Figure 8.6b [40). The low-cost
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Figure 8.6 Different detection methods used in a paper-based platform. (a) Colorimetric
detection of glucose and protein. Source: From Martinez et al. (39]. Adapted with permission
of John Wiley & Sons, Inc. (b) Electrochemical detection of three analytes implemented on a
single device. Source: From Dungchai et al. [40). Reprinted with permission of American
Chemical Society.
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fabrication of screen-printed carbon or Ag/AgCl electrodes was in line with
the benefits of paper-based devices. Therefore, this approach has been widely
adapted and opened another dimension for paper-based diagnostic devices.
Overall, paper devices are prone to variability due to environmental conditions such as temperature and humidity. Their clinical performance lags behind
other LOC platforms in terms of specificity and sensitivity. In addition, they
require larger sample volume due to the retention of the sample in the device
during fluid transport. Still, the facts that these systems do not require off-chip
components and are fairly low-cost compared to their counterparts indicate
that they are attractive alternatives for affordable diagnostic applications.

8.4

Droplet-Based LOC Platforms

Droplet-based platforms are based on the generation and control of minute
volumes of microdroplets (dispersed phase) within carrier liquids (continuous
phase) inside microchannels. Individual droplets with low volumes allow very
precise control over the concentration of the samples of interest as well as the
reaction times. In addition, rapid and extremely repeatable generation of
monodisperse droplets makes these systems suitable for high-throughput biochemical applications [44, 45]. Basic microfluidic operations that can be
carried out using these platforms include transporting, splitting, and mixing of
the droplet contents as schematically illustrated in Figure 8.7 [46-50]. In addition
to the basic operations, manipulations that change the phase of the droplets
can be performed. Some examples include chemical polymerization [51], cell/
protein/DNA encapsulation [52, 53], and particle synthesis [54].
Microdroplets are formed using two immiscible fluids using either passive or
active techniques [55]. Passive techniques lead to higher throughputs and are
more commonly used. The two most preferred geometries used for passive
microdroplet generation are T-junction [56] and flow-focusing [57) geometries
that can both operate in different flow regimes such as squeezing, dripping,
and jetting.
The introduction of the µTAS concept and the investigation of the fundamental physics of microdroplet formation led to the emergence of various
droplet-based microfluidic platforms, which are advantageous for reduced
processing time due to efficient micromixing inside droplets as well as performing operations (reaction, synthesis, etc.) using pico/nanoliters of liquids
isolated inside droplets in a parallel way [58]. For the application of dropletbased platforms for disease detection and diagnosis, optical and electrochemical detection systems are integrated into the LOC platforms. For example,
Boedicker et al. developed a system that measures antibiotic susceptibility of
bacteria inside microdroplets for drug screening studies [59]. Pekin et al. demonstrated a droplet microfluidic device for highly sensitive quantitative
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Figure 8.7 A collection of droplet unit operations: (a) droplet generation [46], (b) mixing
and generation [47], (c) fusion [48], (d) incubation, (e) storage (49], (f) detection, (g) sorting,
and (h) re-injection (46]. Source: From Kintses et al. (50]. Adapted with permission from
Elsevier. (a and h) Source: Schaerli and Hollfelder (46]. Reproduced with permission of Royal
Society of Chemistry. (b) Source: Huebner et al. [47]. Reproduced with permission of The
Royal Society of Chemistry. (e) Source: Courtois et al. (49]. Adapted with permission of John
Wiley Sons, Inc. (See insert for color representation of the figure.)

detection of mutated DNA within complex DNA mixtures as shown in
Figure 8.8 [60). The system performs digital PCR in millions of droplets with
picoliter sample volumes obtaining the required sensitivity and specificity to
detect rare tumoral DNA in diverse samples. Such an application is very critical
for diagnosis of genetic disorders.
Also, droplets can be used for the functional characterization of cell libraries
at high throughput by capturing single cells inside microdroplets. Debs et al.
developed a platform containing modules for the generation, incubation,
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Figure 8.8 Detection of mutated DNA using digital PCR in picoliter microdroplets. (a) An
overview of the system showing the production, mixing, and collection of droplets
containing DNA, PCR reagents, and TaqMan probes. (b) Thermocycling and amplification of
the emulsion. (c) Reinjection of droplets and analysis of the fluorescence signal of individual
droplets. Source: Pekin et al. [60]. Reproduced with permission of Royal Society of Chemistry.

fusion, and sorting of droplets for hybridoma screening [61]. Since individual
cells are isolated inside single droplets, molecules secreted from a single cell
can be attained in relatively high concentrations.
Using droplet-based platforms allows detection of diseases at extreme sensitivity
and specificity. For example, Juul et al. presented a novel system for the detection of single parasites that cause malaria (62] from a drop of whole blood and
saliva samples using in-droplet rolling circle DNA amplification, which does
not require thermal cycling. Marcali et al. developed a droplet-based impedimetric hemagglutination detection system that can potentially be used for any
agglutination-based study inside microdroplets. The system requires no sample
preparation and achieves side injection of blood sample into serum droplets
containing agglutinins that are proceeded by electrical detection of agglutination
of erythrocytes inside a nanoliter-sized droplet [63].

8.5 Digital Microfluidic-Based LDC Platforms

Despite the high sensitivity obtained using droplet platforms, their
commercialization stayed limited mainly due to the relatively complicated
system design and the need for several off-chip components. Bio-Rad and RainDance
Technologies are two leading companies that produce droplet-based digital
PCR devices. More recently, Sphere Fluidics has commercialized a droplet
microfluidic system for the analysis and detection of cellular genomic screening.

8.5

Digital Microfluidic-Based LOC Platforms

DMF-based platforms are based on electrowetting-on-dielectric (EWOD) that
allows precise and effective control of droplets (for transporting, sorting,
merging, etc.) without any need for microchannels (64]. On DMF platforms,
droplets are manipulated along virtual channels that are created by sequential
activation and deactivation of electrodes that are laid underneath the fluid
layer. This is unlike the droplet microfluidic devices explained in the previous
section where the liquids are carried inside microchannels and are driven by
pumping. This capability frees the DMF systems from all pump and valve units,
resulting in compact, electrically controlled LOC platforms as schematically
shown in Figure 8.9 (65]. Thanks to the droplet-based operation, DMF systems
also benefit from low reagent volume, efficient reagent mixing, and lower reaction times.
EWOD is a phenomenon where one can modify the interfacial tension of
polarizable and/or conductive droplets by applying an electric field to hydrophobic, insulated electrodes [66]. This change in the interfacial tension results

Figure 8.9 A sample digital microfluidic platform system that is capable of working with
multiple droplets without requiring any channels, pumps, or valves. Source: Jebraii and
Wheeler (65]. Reproduced with permission of Elsevier.
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in a change in the wettability, therefore contact angle, of the droplet on the
surface. This relation is described by the Lippmann-Young equation as follows:

cv 2

cosO(V)=--+cos00
2y

where (}0 and (} are the contact angles between the droplet and the surface
before and after the voltage application, respectively, C is the capacitance per
unit area of the dielectric and the hydrophobic layers, and r is the interfacial
tension between the droplet and the surrounding medium. By turning the voltage "on" and "off;' an interfacial tension gradient is formed. This allows the
individual droplets to move across the electrodes. Usually, AC actuation is
preferred over DC to avoid insulator charging. Based on the application, different media can be used for droplet manipulation. In order to tackle with the
evaporation problem, the system can be run in an oil bath.
DMF platforms have two main electrode configurations: single-plane and
two-planes (Figure 8.10). In the single-plane configuration, the actuation and
ground electrodes are on the bottom surface leaving the fluids of interest open
to air (open system). Alternatively, the fluids can be encapsulated by passive
covers without compromising system performance. In the two-planes configuration, the ground electrode and actuation electrodes are separated by a spacer
and are located on the top and bottom surfaces, respectively (close system).
The latter configuration is often used for automated manipulation of droplets
in biomedical and chemical fields. The fabrication processes of single-plane
and two-plane configurations are similar. Both configurations consist of a substrate, actuation electrodes, and dielectric surface, which are coated with
hydrophobic layer. The device can be partitioned into virtual channels in which
droplets are manipulated according to their different fluidic functions [67).
One of the earliest diagnostic examples of DMF systems was shown by
Richard Fair's group [68). They showed the colorimetric detection of glucose
from physiological samples such as serum, plasma, and urine. The system also
demonstrated that multiple solutions can be studied in parallel with a monolithic device. Another critical feature of DMF platforms is their reconfigurability. Sista et al. developed a device for the detection of cardiac troponin-I using
a magnetic bead-based immunoassay protocol [69]. On the same system,
reconfiguring the electrode actuation, that is, droplet generation/motion
sequence, they also implemented a real-time DNA amplification protocol by
moving the droplets across temperature zones. The system was used to perform
sample DNA amplification for methicillin-resistant staphylococcus aureus
(MRSA) detection as an exemplary unit for sample detection of infectious
disease [69]. In another example, Barbulovic-Nad et al. introduced a DMF system for complete mammalian cell culture including cell seeding, growth,
detachment, and reseeding steps [70). The system proved that adherent cells
can be cultured using this novel platform, which was verified by proliferation
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Figure 8.10 Digital microfluidic platforms: (a) Close system and (b) open system. (c) 2D
schematic illustration of digital microfluidic chip illustrating dispensing, merging, splitting,
and mixing units. Source: Malic et al. [67]. Reproduced with permission of Royal Society of
Chemistry. (See insert for color representation of the figure.)

studies on two cell lines. As a more recent example on cellular studies of DMFs,
Ng et al. demonstrated immunocytochemistry in single cells [71]. The assay
was performed on adherent cells that are fixed on the top plate. The system
was optimized so that shear stress is kept low during medium exchange over
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the cells while achieving precise and automated fluid delivery. This system can
be further extended as a universal platform to study single-cell protein expressions or cell signaling pathways.
A few companies have launched products based on DMFs for biological and
chemical detection (72]. It is especially noteworthy that due to the ease of platform construction, automation, and low-cost fabrication, these platforms possess the possibilities to be employed for the detection of a wide variety of
biomarkers (DNA, protein, cell, etc.) for disease detection (73]. For example,
Advanced Liquid Logic Inc., acquired by Illumina in 2013, developed a benchtop system that can perform DNA, RNA, and protein analyses, proving its high
potential as a multi-disease detection platform. Sci-bots is a recent spin-off
from Prof. Aaron Wheeler's group aiming for a customizable DMF platform
for biochemical diagnostics, cell-based assays, and chemical synthesis.

8.6

CD-Based LOC Platforms

Compact disc (CD)-based LOC systems function based on the rotational
motion of CD that creates an outward centrifugal force. Also known as labon-a-disc systems, they benefit from the absence of pumps, bubble-free liquid
motion, elimination of residual volume, and ease of parallelization (74, 75].
These systems are composed of microfluidic CDs that house the fluids and a
CD player-like device that regulates the centrifugal force by controlling the
rotation rate (rpm). The channels are mostly constructed using transparent
plastics (Figure 8.11) that enables optical detection using a hardware that is
similar to the readout units of CD players (76]. The sample is introduced to the
center of the CD and carried axially outward using centrifugal force.
Not too surprisingly, optical detection is the most commonly used detection
mechanism for CD-based LOC systems. For example, using a colorimetric
detection system, Nwankire et al. demonstrated a 5-parameter liver panel test
that operates with whole blood. The system integrates plasma separation,
which is trivial for CD microfluidic platforms, sample metering, aliquoting,
and parallelized detection, which completes the assay in 20 min using less reagent compared to conventional systems [77]. Similarly, fluorescence quantum
dots are employed for ultrasensitive detection of botulinum neurotoxin from
whole blood, serum, and saliva samples on a CD-based platform [78]. This
work presents the implementation of all immunoassay steps on the system,
which can readily be adapted for other biomarkers as well. These advanced
optical detection systems have their roots in one of the pioneering works in CD
microfluidic platforms used for label-free detection of biomolecules [79]. In
this study, ligands are immobilized on a CD for immunoassay capturing of
molecules. Using the optical setup within the optical disc drive, the error rate
of the CD was recorded, and a high correlation was found between the

(b)

Venting hole sealed by
filter membrane

Meterin chamber

Burst valve
Reaction well

section
C- C'

10mm

Figure 8.11 (a) Photograph of a CD microfluidic cartridge unit, reaction wells are filled
with dye solution. (b) Schematic of the microfluidic design showing some critical
components such as inlet, metering chambers, burst valves, and reaction wells. Source:
Focke et al. [76]. Reproduced with permission of Royal Society of Chemistry. (See insert for
color representation of the figure.)
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biomolecular concentration and the error rate. Centrifugal microfluidic
platforms can be used in conjunction with other microfluidic platforms as
well. For instance, in a recent study, a CD microfluidic unit is combined with
an immunochromatographic strip assay for the very selective detection of
influenza A (HlNl) virus detection (80]. The system uses reverse transcriptase
loop-mediated isothermal amplification and proves to be a dexterous platform
for high specificity pathogen detection.
In an interesting work, electrochemical detection was implemented on a CD
microfluidic platform (81]. Electrical slip rings were used to make contact with
the spinning disc for amperometric electrochemical detection. The presented
system improved the limit of detection for the measurement of C-reactive protein, which is a biomarker for cardiovascular diseases.
Optical disc drive technology that has been around since the 1980s can be
easily modified for the formation of CD-based LOC platforms. Optical disc
drives contain high-quality and fully integrated laser diodes, photodetectors,
lenses, and motors that facilitate the development process for the analyzer.
Then, what is left is the development of the CD-type cartridges, which inherit
the fabrication methodologies of CDs from the music industry. Therefore,
their commercialization was relatively easier compared to the other platforms
that require several off-chip components. One of the most well-known centrifugal-based microfluidic companies is Abaxis, which was founded in 1989.
Abaxis' Piccolo Xpress system provides a very wide variety of panel assays such
as metabolic panel, liver panel, general chemistry, electrolyte panel, and lipid
panel. Gyros is another leading company offering CD-based LOC systems
solutions targeting several applications ranging from immunogenicity, toxicokinetics, biomarker detection to pharmacodynamics, and impurity testing
for therapeutic studies.

8.7 Wearable LOC Platforms
Wearable LOC platforms have been receiving growing interest from academia
due to their capacity for reliable health monitoring of wearers. They enable us
to obtain information regarding an individual's state of health in a real-time,
continuous, and noninvasive manner (82]. Thus, what is aimed is an increase
in the quality of life as well as reduction in medical costs associated with diagnostics and therapy (83, 84]. The detection principle is mostly based on electrochemical sensing that provides vital information by measuring physiological
analytes from sweat, saliva, or tear. In particular, glucose and lactate are targeted for real-time disease monitoring (85]. Whole blood, serum, or urea,
which are mostly used by other LOC platforms, provide higher concentrations
and more precise measurements. On the flip side, it is very challenging to make
continuous analysis using these fluids. Sweat, saliva, and tear are relatively easy

8.7 Wearable LOC Platforms

to continuously sample and therefore can be potentially used for continuous,
noninvasive monitoring of analytes using wearable platforms. For example,
concentrations of the electrolytes (pH, sodium, calcium) and metabolites
(glucose, lactate) in sweat provide vital health information [84, 86). Moreover,
thanks to their printed embodiments, these platforms do not have to employ
optical or microelectromechanical components, leading to inexpensive and
robust sensing systems [87-89).
Saliva known as a very complex biofluid can be employed to monitor hormonal, nutritional, and metabolic parameters [90]. The first LOC platforms aimed
at monitoring plaque pH (for studying plaque acidogenicity) and fluoride (for
studying fluoride dentifrice efficiency) in saliva [91]. Recently, amperometric
saliva LOC platform with wireless transmission feature is fabricated, which
measures lactate concentration continuously and noninvasively [92). In
another study, antimicrobial peptides are transferred on a graphene-modified
silk substrate for continuous bacterial monitoring [93).
Human sweat can also be used to obtain very important information. For
example, sodium for electrolyte imbalance, lactate for cystic fibrosis, ammonium for stress, and calcium for bone mineral loss can be monitored [84].
Sweat can also be employed to measure toxicant [94) and drug-of-abuse concentrations [84]. Sweat-based wearable LOC platforms can be categorized into
two types: fabric/flexible plastic-based and epidermal-based LOC platforms.
In fabric-based platforms, there is a stable contact between skin and sensor,
which allows real-time and continuous measurement of targeted biomarkers in
the sweat. Flexible materials used within the platforms allow selective and
simultaneous measurement of glucose, lactate, sodium, and potassium ions, as
well as skin temperature [82]. Studies for monitoring sodium [95), potassium
[96], and chloride levels [97] are also available in the literature. Epidermalbased platforms are mostly tattoo-based LOC platforms where electrodes are
printed on temporary tattoos that can have intimate contact with the body for
electrochemical sensing [98]. These tattoos are biocompatible, single use,
highly resilient to mechanical deformation, and aesthetic, and they do not
interfere with the daily routine of the user [84, 86, 98]. The first tattoo-based
LOC platform was reported in 2012 [98]. Here, a Ag/ AgCl ink is screen printed
on a temporary tattoo as an electrode.
Tear contains peptide, electrolytes, lipids, metabolites, ocular epithelial cells,
and blood. As such, it is an attractive body fluid for health monitoring. Also,
glucose concentrations in blood and tear are shown to correlate well [99].
However, tear is prone to rapid evaporation in vitro, limiting its use for POC
platforms. The initial studies fabricated bare gold or platinum electrodes on
flexible substrates to form strip sensors using photolithography [100]. These
studies showed monitoring of transcutaneous oxygen and glucose. However,
they were designed such that they caused reflex tear and did not have integrated electronics [84). The Parviz group at the University of Washington
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developed a contact lens-based sensor integrated with wireless electronics
[101, 102]. The sensor employs glucose oxidase enzyme for continuous glucose
monitoring. Google (Alphabet Incorporation) is further developing this sensor
system. GlucoWatch is a commercial product that continuously monitors glucose level from interstitial fluid [103], which has been used to measure metabolic diseases, organ failure, drug efficiency, and glucose concentration. The
consumers have reported skin irritation, causing the withdrawal of the product
from the market. More studies are required to fully utilize interstitial fluid for
wearable platforms.

8.8 Conclusion and Outlook
The idea of forming miniaturized integrated systems for biomedical applications
has gained popularity within the past decades. Especially, the efforts to combine
numerous laboratory tasks on a single chip, that is, LOC, for more effective
medical research are noteworthy. This chapter summarized most common
LOC platforms that are of use for disease detection and diagnosis. Seminal
studies as well as the state of the art in literature were provided. Additionally,
successful commercial examples in the market were discussed.
The LOC platforms are promising alternatives to the bulky, lab-based diagnostic
equipment. So far, these systems have been mostly adapted in the developed
world for rapid diagnostic needs at emergency settings or for advanced
biochemical analysis. At the developing world, the driving force for the use of
LOC diagnostic platforms was their low cost and simplicity. In spite of the
diversity of LOC platforms and their ability to tap into different markets, the
number of commercial technologies that made it to the market is still limited
considering the wide variety of applications demonstrated in academic publications mainly due to the fact that the engineering of these platforms requires
multidisciplinary teams and considerable budget to allow the technologies to
move beyond clinical trials successfully. In order to compete with the status
quo, LOC platforms have to demonstrate either advanced functionalities or
significant reduction in cost. What is so motivating for the researchers in this
field is the potential of these technologies to give birth to niche applications.
The twenty-first century is witnessing a shift in the healthcare services. With
the increasing awareness of individuals on personal health and healthcare
technologies that allow continuous monitoring, our conception of diagnostics
will evolve radically. The increasing interest on personalized medicine and
telemedicine are some of the indicators of this upcoming transition. Real-time
investigation of the health status of a person without interfering with daily
activities holds great promise for early detection of a wide variety of abnormalities. This early detection, and therefore early medical intervention, has the
potential to dramatically decrease the burden of life-threatening diseases as
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aimed by wearable LOC platforms. In the near future, rather than using textile
or tattoo as a substrate, these platforms can be implanted into the body for
continuous monitoring of physicochemical conditions.
Since microfluidics and LOC systems were first introduced in the 1990s, we
have seen studies focusing on investigating individual cells in order to understand
the building blocks of tissues, organs, and organisms. More recently, a collective
approach has gained traction that aims to study the interaction of cells and
mimic the functionalities of organs on microfluidic platforms. These systems
are called organ-on-a-chip platforms. The ultimate aim of these studies is to
create a human-on-a-chip by constructing each organ on the same platform.
The human-on-a-chip will simulate the activities of individual organs as well as
their collective behaviors. This will revolutionize the position of LOC platforms
against conventional systems and the methods used for disease diagnosis as well as
personalized treatment.
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