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Preface

From the optical instruments that first provided a window into the microscopic
world, to molecular analysis tools that have helped clarify the genetic underpin-
nings of life, the most significant advancements in the biological sciences over the
past century have largely been driven by the availability of powerful new quanti-
tative tools. A more recent theme in biotechnology has been the miniaturization of
analytical tools, enabled in large part by adapting and developing the methods of
the microelectronics industry. Microfluidics as a field has experienced a period of
rapid development and evolution since the 1980s. Most of the early microfluidics
work focused on miniaturization of tools used in analytical chemistry (e.g., chro-
matography and electrophoresis). Microfluidics provided unparalleled flexibility
for miniaturization, integration, and automation. This permitted the creation of
devices that were substantially more sophisticated than tools used in conventional
analytical chemistry, and at a substantially lower cost of production and operation.
Seminal early efforts of the field led to major innovations in both material science
(e.g., the wide use of polydimethylsiloxane) and technology (e.g., two-layered
pneumatic valves). These important developments greatly expanded the applica-
tions of microfluidics and have underpinned a more recent renaissance in
microfluidics for biological applications.

With the explosion of genomics in the 1980s (and later of additional “omics”
fields), molecular biology has always been an important area of application for
miniaturized devices, given these devices’ unique access to the size scales relevant
to the function of cells. Protein/nucleic acid separation and PCR-based analysis are
widely practiced on microfluidic devices. Single-cell analysis has been an inten-
sively explored direction in recent years, due to the unique size advantage associ-
ated with microfluidics for single-cell manipulation. With the decreasing cost of
next-generation sequencing, recent years have witnessed substantial efforts directed
towards genome-wide studies (as opposed to investigations focused on
specific loci).

In parallel to new opportunities in basic science, there has been an increasing
demand for well-established and robust microfluidic technologies that may have a
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direct impact on clinical practice and therapies. Personalized Medicine (PM), more
recently re-branded as Precision Medicine, provides just such a unique opportunity.
PM is based on the premise that every patient is unique at the tissue, cellular, and
molecular level. Thus conducting molecular biology tests on patient samples is
essential for providing clinicians with genomics, transcriptomics, epigenomics, and
proteomics information that will ultimately improve their ability to optimize
decision making for individual patients. Microfluidics offers the ideal platforms
for handling and analyzing low quantities of cell/molecular samples to enable this
exciting personalized approach; however there remains much work to be done
before this paradigm is routine practice.

This book volume highlights recent progress on the topic of microfluidics for
molecular biology studies. We cover various aspects of current microfluidics
research in this growing field, which now spans the disciplines of biology, physics,
chemistry, forensics, engineering, earth and atmospheric sciences, and beyond.
Chapters are presented on various types of molecular analysis (genetic, epigenetic,
proteomic, and next-generation sequencing), use of model organisms and patient
materials, analysis at bulk and single-cell levels, techniques on cell culture and
isolation, and a variety of different platforms at the technological cutting edge of
these respective fields (flow, droplet, and paper-based microfluidics). We are
hopeful that new microfluidic tools will continue to enable new insights into
basic science as well as technology and biomedicine. To analyze molecular
populations at the resolution of single cells or even single molecules will undoubt-
edly provide new ways of understanding complex biological processes, for example
the dynamics of the adaptive immune system, or the role of tumor heterogeneity in
cancer. High-resolution tools translated to the clinic could enable entirely new ways
to treat a patient’s own disease, as opposed to treating a hypothetical average
patient as is the current pharmaceutical paradigm. We hope to provide a succinct
but comprehensive picture of the state of the art for microfluidic molecular assays,
and we look forward to the advancements yet to come in this exciting and rapidly
progressing field.

Blacksburg, VA, USA Chang Lu
December 15, 2015 Scott S. Verbridge
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Chapter 1
Microfluidic Platforms for Quantitative
Biology Studies in Model Organisms

Daniel A. Porto*, Tel M. Rouse*, Adriana San-Miguel*, and Hang Lu

Abstract The use of lab-on-chip tools has been adopted in a wide variety of
scientific fields. Hundreds of applications that speed up, miniaturize, or enable
otherwise unfeasible assays have emerged in the last couple of decades [1, 2]. The
microfluidic toolbox offers several advantages which make it a very attractive
resource for biological studies: reduced sample volume, control of spatiotemporal
chemical compositions, streamlined assays, precise and predictable fluid flow
regimes, portability, and integration with sensors, actuators, controllers, and auto-
mation systems [1-3]. The main drive of the field has thus far focused on the
development of microfluidic tools that replace conventional methods with proof-of-
principle applications. However, widespread adoption of these technologies for
fundamental research is still in progress. Microfluidics has nonetheless had a
significant impact in fundamental biological studies with model organisms [4, 5].
In this article, we provide an overview of the current state of the field, the impacts of
microfluidics in model organism research, and the outlook, challenges, and oppor-
tunities for the future.
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1.1 Introduction

The use of lab-on-chip tools has been adopted in a wide variety of scientific fields.
Hundreds of applications that speed up, miniaturize, or enable otherwise unfeasible
assays have emerged in the last couple of decades [1, 2]. The microfluidic toolbox
offers several advantages which make it a very attractive resource for biological
studies: reduced sample volume, control of spatiotemporal chemical compositions,
streamlined assays, precise and predictable fluid flow regimes, portability, and
integration with sensors, actuators, controllers, and automation systems
[1-3]. The main drive of the field has thus far focused on the development of
microfluidic tools that replace conventional methods with proof-of-principle appli-
cations. However, widespread adoption of these technologies for fundamental
research is still in progress. Microfluidics has nonetheless had a significant impact
in fundamental biological studies with model organisms [4, 5]. In this article, we
provide an overview of the current state of the field, the impacts of microfluidics in
model organism research, and the outlook, challenges, and opportunities for the
future.

Microfluidics takes advantage of the physics that govern fluids at small scales. The
most important phenomena that dominate at the micro-scale are laminar flow and
surface effects [6, 7] (Fig 1.1). Laminar flow entails a predictable stream behavior and
minimal mixing. Manipulation of fluids at the micro-scale thus becomes precise and
reproducible. These characteristics are useful to not only control spatiotemporal
chemical compositions [8§—12] but also to manipulate specimens via the exertion of
forces driven by fluid flow [13]. Operating in a laminar flow regime implies that
mixing of fluids requires special consideration, as this occurs solely through diffusion
and Taylor dispersion [7]. Hence some assays require the incorporation of channel
geometries that enable efficient fluid mixing within a desired residence time
[14, 15]. Surface effects refer to the high surface-area-to-volume ratio of fluids
constrained at the micro-scale [7, 16, 17]. These can be advantageous in the drawing
of liquid via capillary forces that act through surface wetting [7, 17], or through field
effects in electro-osmotic flows [16]. The high surface-to-volume ratio also facilitates
interfacial transport and reactions [17]. At the same time, the small length scales
enable fast changes in temperature and chemical composition. These, along with
small sample volumes, are some of the main advantages that microfluidics offers. In
particular, for model organisms such as bacteria, yeast, cells, nematodes, and some
higher-order organism, the length scales of microfluidic channels are comparable to
the specimen of interest (~ tens to hundreds of microns), providing the spatial
resolution required for individual trapping, handling, culturing, and perturbation.

Early microfluidic devices were made mostly of silicon and glass, as these
materials were ubiquitous in the semiconductor industry. Hard and brittle, silicon
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Fig. 1.1 Relevant phenomena in microfluidics. (a) Laminar flow. (b) Diffusive mixing.
(c) Surface effects enable draw of liquid by capillary flow through surface wetting. (d) The
High S/V (surface-to-volume) ratio enables fast heat transfer and easy mass transport across
interfaces

and glass microfluidic devices present several drawbacks for biological studies
[1]. Microfluidic devices are now mostly fabricated out of elastomers, plastics, or
paper. These are often inexpensive, easy to make, and single-use. Polydimethyl-
siloxane (PDMS) first appeared as an alternative to silicon and glass, which
revolutionized the field and greatly popularized soft lithography [18, 19]. The
fabrication of PDMS devices is a simple, well-developed process [18]. PDMS
enables fast replica molding from silicon or photoresist molds, as it conforms to
substrates with micro-scale features. Devices are cast and peeled off from a mold
typically made on a silicon wafer by photolithography (Fig. 1.2). After peeling,
inlet and outlet ports are created. PDMS devices are then typically bonded to a glass
slide or other materials for sealing. Being a flexible, optically transparent, gas
permeable, and biocompatible polymer, PDMS presents many advantages that
have made it the most popular material for lab-on-chip studies. The flexibility of
PDMS enables deflection of membranes, which has proven useful for the develop-
ment of on-chip valves. For some biological applications, particularly cell-based
studies, alternative materials are being explored. Polystyrene [20], polymethyl
methacrylate [21], and other thermoplastics [2] have been explored for their ability
to reduce transport and adsorption of small molecules through the device. However,
these additional properties sometimes come at the cost of losing optical transpar-
ency or material flexibility. Paper-based microfluidic chips have also gained great
popularity [22, 23]. Typically relying on capillary forces for fluid flow, paper
devices have found widest applications in biochemical assays and in inexpensive
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and disposable point-of-care (POC) diagnostic devices [24]. Overall, the choice of
material will depend on weighing the ease of fabrication and scale-up, component
interfacing, and specific assay requirements. Currently, given that PDMS is oxygen
permeable and enables the integration of on-chip valves, it is expected to continue
being the most widely used material for lab-on-chip experiments with model
organisms.

Microfluidic chips have also had a significant impact in many other fields of
biological research, in addition to studies with multicellular organisms. These
include applications in biochemical assays, single-cell analysis, organ-on-chip
platforms, (POC) diagnostics, and studies with cell aggregates [2, 25]. Not only
have these platforms enabled previously unfeasible biological studies [5, 26, 27],
but they have also facilitated high-throughput, high-content, and large-scale assays
[28-32]. Some applications where the field has had more impact hitherto are
molecular and biochemical assays, which benefit from reduced sample size require-
ments, decrease in reaction times, and parallelization and multiplexing capabilities
[25]. Some examples include PCR-on-chip [33], DNA sequencing [34], immuno-
assays and enzymatic analysis [2], transcriptomics [35, 36] and proteomics [37],
and POCs [38]. Microfluidic technology has also had a substantial impact in the
field of cell biology. Lab-on-chip platforms have been developed for the manipu-
lation, capturing, separation, and tracking of cells [12, 13, 26, 39]. Studies
performed with cells in microfluidic devices take advantage of well-controlled
chemical environments, mechanical control of samples via fluid flow, and increased
surface area. Some examples of fundamental biological studies include chemotaxis
and migration [10], cell adhesion [13], biophysics [40], and single-cell culture and
tracking [26]. As previously mentioned, microfluidic technologies have recently
found applications beyond biochemical assays and cell biology. The application of
lab-on-chip platforms for studies with model organisms has experienced a
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significant rise in popularity, and it is expected to open up a breadth of opportunities
to tackle thus far elusive scientific questions at the whole living organism level.

1.2 Model Organisms/Systems Amenable to Microfluidic
Manipulations

Model organisms are nonhuman biological specimens that are extensively studied
to gain knowledge on biological phenomena. These have been deliberately selected
due to their experimental advantages, to serve as a model that enables gaining
insight into fundamental biological mechanisms conserved in humans and other
higher level organisms. Many model organisms exist, ranging in complexity from
simple single-cell bacterium to the rhesus monkey. In this chapter, we will focus on
some of the most extensively studied model organisms: the nematode,
Caenorhabditis elegans, the fruit fly, Drosophila melanogaster, and the zebrafish,
Danio rerio (Fig. 1.3). These share many experimental advantages, such as
possessing some of the fastest generation times, being easily and inexpensively
cultured, being amenable to easy genetic manipulation, and possessing fully or

N

1mm 2.5mm 2.5cm 15cm

?O" @@o

(ii) (iii) (iv)

Fig. 1.3 Size scale of model organisms. (a) Size of adults of commonly used model organisms:
the nematode Caenorhabditis elegans, the fruit fly Drosophila melanogaster, the zebrafish, Danio
rerio, and the house mouse Mus musculus. Besides C. elegans, the other model organisms grow
beyond the micro-scale and adults are incompatible with microfluidics. (b) Model organism stages
that are applicable to microfluidics. C. elegans adults (i) grow up to 1 mm, and all life stages are
compatible with microfluidics. In the case of flies (ii) and zebrafish (iii), their embryos and larvae
have been studied in microfluidics. Mammalian embryos have also been studied in microfluidics,
as well as embryoid bodies (iv)

b
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partially transparent bodies throughout embryo development or into adulthood
[15, 41-45]. Most importantly, many mechanisms discovered in these model
organisms show conservation to higher level organisms and even to humans.
Notable examples include Nobel Prize-winning discoveries in genetic regulation
of organ development and programmed cell death [46—48] and RNA interference
[49] in C. elegans.

1.2.1 Worms

The nematode, C. elegans, is one of the most widely studied model organisms using
microfluidics [4, 50]. C. elegans has many practical advantages, such as ease of
maintenance, short generation times, and optical transparency into adulthood.
Additionally, extensive use in genetics studies [46] in recent decades has resulted
in well-established genetic manipulation techniques. This has led to the creation of
a multitude of transgenic strains, providing some of the latest, most powerful
biomolecular toolkits available. However, due to their small size (up to 1 mm in
length), nematodes are difficult to handle, which creates a bottleneck in many
experimental processes for large population studies. Additionally, their mobility
makes it difficult to image them in high magnification, typically requiring immo-
bilization through anesthesia or glues.

A number of microfluidic tools have been developed to overcome these and
other challenges, while enabling novel experiments. The primary advantage of
using microfluidic devices is the facilitation of worm handling; by taking advantage
of differential pressures, individual animals can be directed to and easily recovered
from specific chambers [51, 52] or imaging channels [53-56]. In order to overcome
the worms’ mobility in high magnification imaging, microfluidic devices have also
been used to immobilize animals through various methods including mechanical
compression [53, 56], cooling [54], carbon dioxide exposure [56], or pluronic
gelling [51]. Several research groups have integrated microfluidic devices with
peripheral hardware and software to allow for automated experiments, such as
calcium imaging [57, 58], laser ablations [59-61], and high-throughput genetic
screens [54, 55]. In these types of applications, microfluidic chips enable excep-
tional experimental control over perturbations, thus greatly improving the reliabil-
ity of the readouts as responses of the system under study. For example, on-chip
calcium imaging experiments enable understanding the quantitative nature of
neuronal responses under well-controlled chemical stimulation. The application
of microfluidics as controllable experimentation platforms for C. elegans thus allow
for obtaining deeper insights into the biological phenomena under study.
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1.2.2 Flies

Similar to worms, the fruit fly, D. melanogaster, is one of the most well-studied
model organisms. The fruit fly was one of the first model organisms used for genetic
studies; the work by Thomas Hunt Morgan using Drosophila established much of
our understanding of genetic transmission [62]. Fruit flies are a prominent model
organism because of their ease of culture, short life cycle, and simple diets. In
contrast to C. elegans, fruit fly adults can grow up to 2.5 mm, making them
incompatible to work with in microfluidics. However, various research groups
have utilized microfluidics to study flies in earlier stages of development
(Fig. 1.3). Embryogenesis is widely studied using D. melanogaster, which can
involve the characterization of morphogen and segmentation patterning through
development [62]. In order to study how these patterns are perturbed by external
cues, various devices have been designed to enable precise control of the embryo’s
surrounding environment [63, 64]. Conventionally, embryos are mounted on agar
pads and manually handled in order to orient them correctly for imaging. To
overcome this laborious and time-consuming procedure, advances have been
made using microfluidics to increase the throughput and quality of imaging by
using embryo arrays with specific structures [65]. These devices take advantage of
the specimen handling via flow control, the similar sizes of microfluidic chambers
and fly embryos, and laminar flow to control the spatiotemporal chemical environ-
ments that microfluidics enable. In addition, some groups have developed devices
to study fly larvae behavior [66, 67].

1.2.3 Fish

The zebrafish, Danio rerio, is another widely used model organism in biology
[68, 69]. Similar to worms and flies, they produce a large number of progeny, and
many transgenic animals have been developed. In contrast to worms and flies,
however, zebrafish are vertebrates. This makes them a popular model organism for
studying vertebrate development. As with flies, the large size of adult animals
prevents the use of microfluidics for studies in full-grown adults. However,
zebrafish embryos and larvae are small and optically transparent, making them
convenient and easy to work with in microfluidics (Fig. 1.3). Many advances have
been made in the application of microfluidics to improve the throughput of con-
ventional embryo culturing techniques [70], as well as the efficiency and quality of
imaging [71]. Zebrafish have also been used extensively for drug screens, and
various microfluidic devices have been developed to perform these assays in a
high-throughput fashion [72].
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1.2.4 Mammalian Systems

Although the above-mentioned model organisms are useful for providing insight
into conserved genetic mechanisms, there is still a need for studies specific to
mammalian systems. As mammals are much larger in comparison and are incom-
patible with aqueous environments, it is nonsensible to study adult animals in
microfluidics (Fig. 1.3). As with flies and fish, some efforts have been made to
develop devices for on-chip culturing of mammalian embryos [71, 73]. However,
mammalian embryos rapidly grow too large for most microfluidic systems, making
it difficult to culture them for a long period of time. In addition to embryos, many
research groups have also used embryonic stem cells and embryoid bodies (EBs) to
study early developmental biology in mammalian systems (Fig. 1.3). Several
research groups have developed devices for improving the generation and handling
of EBs, such as micropatterning of cell-adherent areas [74, 75] and physical
restriction by microwells [76, 77]. Several devices have been developed which
use laminar flow to deliver culture media to embryos or EBs with high spatial and
temporal precision [78, 79]. In addition to embryoid bodies, recent works have
focused on the development of organs-on-chip. These are systems consisting of
cultured living cells in a microfluidic device designed to model particular physio-
logical functions of interest. Microfluidics offers numerous advantages over con-
ventional methods of 3D cell cultures. Notable advantages include the ability to
precisely control transport phenomena and mechanical cues on the cells via fluid
flow through microfluidic channels, the ability to deliver physiologically relevant
cyclical perturbations to systems, and ease of observation and analysis of cell
response to perturbations [80].

1.3 Applications

Microfluidics has played a large role in addressing common bottlenecks in model
organism studies while also enabling additional experimental capabilities. There
are numerous applications where microfluidics has improved the standardization,
regulation, throughput, and/or integration of methods and technologies in biolog-
ical studies on small organisms [4]. We will address some of the most prominent
applications of microfluidics in biological studies on model organisms below.

1.3.1 Control of Flow

One of the most useful features of microfluidics is the predictable fluid mechanics at
the micro-scale. As stated earlier, laminar flow allows for repeatable and precise
stream behaviors, which can be used to deliver spatiotemporally precise chemical
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Fig. 1.4 Microfluidic platforms offer numerous advantages in the studies of model organisms. (a)
Laminar flow regimes in devices offer precise control over spatial gradients, which can be used to
study embryo development under differential chemical exposure. (b) Peripheral flow control
systems allow for temporal control of stimuli, which can be used to study behaviors in model
organisms, such as chemotactic responses to stimuli pulses in C. elegans in a microfluidic arena.
(¢) Microfluidic devices allow for rapid and delicate control of small model organisms, which
enables increased throughput for biological assays and screens. Organisms can be arrayed into
dense formations for imaging, long-term monitoring, and perturbation studies

perturbations to model systems, such as spatial gradients of chemicals, odors, or
temperature (Fig. 1.4). Microfluidic devices that allow for precise control of stimuli
have enabled studies on the environmental effects on development, behavior, and
many other biological outputs [57, 81-84]. For example, Albrecht et al. [11]
developed a device that employs a mixing tree to create various spatiotemporal
chemical patterns. This device has been used to study behavioral responses and
neuronal activity in C. elegans [85]. The predictable nature of flow patterns allows
control not only of chemical composition and shear rates but also of temperature.
For instance, the work in Lucchetta et al. uses laminar flow in a Y-junction to
deliver cold and warm media to a Drosophila embryo to investigate the effect of
temperature on morphogen gradients and development [63].

Microfluidic devices have also been useful to study effects of long-term pertur-
bations to model organisms. Although challenging in traditional culture systems,
controllable spatiotemporal exposure to stimuli for long periods is possible with
microfluidic devices. For instance, chips have been developed for life-long culture
and imaging of C. elegans under a variety of conditions such as exposure to
chemicals, immobilization for high-resolution imaging, and behavior tracking
[51, 52, 86-89]. These experiments, however, impose several difficulties. First, as
experiments run for longer times, the probability of clogging of micro-channels
increases, especially for experiments under constant perfusion of media and when
flowing liquids with suspended particles, such as bacteria. The introduction of
on-chip filters and bypass channels for periodic flushing and unclogging has been
useful for this purpose [51, 52, 89]. Another challenge in using chips for long-term
studies is the increased volume of data acquired, as imaging in the timescale of days
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can require extensive data storage capabilities. In order to accommodate for this,
many groups use sparse recording when making observations with low frequency.
In spite of these minor difficulties, microfluidic chips can be developed as part of
short- and long-term experimental platforms where the responses to spatial and
temporal stimuli (chemical, mechanical, and temperature) can be recorded for
single individuals in a high-throughput manner. These types of platforms allow
us to track responses and biological processes in single individuals throughout their
life span, enabling findings that range from the genetics and molecular phenomena
that govern cellular processes to the interplay of neuronal connections as a basis for
behavior.

1.3.2 Precise Manipulation of Samples

Aside from assisting in imaging and quantitative readouts, microfluidics also offers
unique solutions where precision control of samples is required (Fig. 1.4). Exam-
ples of precision manipulation include the rapid orientation and packing into dense
arrays of fly embryos for imaging [65], the development of an on-chip micro-
injection system for the genetic manipulation of C. elegans [90], and the develop-
ment of an on-chip laser ablation system for the rapid microsurgery of neurons on
C. elegans samples for neuroscience studies [30]. Interfacing microfluidics to other
technologies has enabled a variety of types of experiments to be performed on chip.
For instance, microfluidic devices have been applied to perform optogenetics
experiments on chip. Optogenetics involves the use of light-activated ion channels,
allowing for optical control of excitable cells like neurons [91]. The use of
microfluidic chips for optogenetics experiments enables isolation and tracking of
animals, while increasing yield through parallelization. For example, a microfluidic
device has been applied to study synaptic transmission in C. elegans in a high-
throughput fashion [32]. Because most devices are optically transparent, it is easy to
deliver light stimulus to samples in chips, while allowing individual tracking and
isolation of animals under study. Many of the platforms developed for precision
control and manipulation translate very laborious and difficult techniques that few
labs possess the skill to perform. These platforms offer the opportunity to deliver
simpler, sometimes fully automated, solutions to make these powerful techniques
more accessible to the research community.

1.3.3 Observations

One of the key applications of microfluidics is the improvement over conventional
methods in both the quantity and quality of observed measurements. Fluorescence
imaging enables the capability to contrast biological molecules and structures of
interest against background signals in a highly selective manner [92]. In the case of
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model organism studies where the embryo or specimen of interest is partially or
fully transparent, fluorescent dyes and genetically encoded fluorescent proteins
enable researchers to noninvasively quantify progressions of events throughout
the organisms’ tissues in vivo. However, despite partial or full transparency of
tissues, it is common that the organism or embryo must be properly oriented to
allow optimal imaging of the features. Conventional sample preparation steps for
model organisms often involve laborious and time-consuming protocols in which
samples must be manually oriented and fixed to a glass slide before imaging the
samples individually. Several microfluidic platforms have been developed to
address this rate-limiting step. Notable examples include the fly embryo array by
Chung et al [65]. A key technique in embryogenesis studies is the imaging of
morphogen and segmentation patterns in embryos via fluorescent markers. Con-
ventional methods for imaging embryos are laborious and time-consuming, requir-
ing manual manipulation in order to place them in the desired orientation. In order
to improve the throughput and quality of imaging embryos, Chung et al. have
developed microfluidic devices for handling and orienting a high number of
embryos [65]. The embryo array utilizes hydrodynamic focusing to passively and
rapidly position embryos in the vertical orientation necessary for the observation of
dorsal/ventral developmental morphogen gradients [65]. There have also been
microfluidic platforms designed to rapidly manipulate C. elegans into the field of
view in a manner that results in preferential orientation of the organism for
observation of key neurons or nerve cord puncta [93].

An application of fluorescence imaging that has been extensively used in
C. elegans is calcium imaging. Calcium imaging involves the use of calcium-
binding fluorescent proteins that allow for optical recordings of neuronal activity.
Conventionally, calcium imaging recording involves experimentally difficult and
laborious techniques, such as immobilizing animals with glue or anesthetics
[94-96]. Also, most recordings are done in high magnification, and sometimes
require careful manipulation to place animals in the correct orientation. In order to
overcome these challenges, various research groups have developed devices for
handling and immobilizing samples that enable high-throughput calcium imaging
experiments [57]. Additionally, laminar flow can be used to deliver chemical cues
[57, 97] or gradients [85, 97] while acquiring neuronal responses to stimuli via
calcium imaging (Fig. 1.5).

Model organisms are also commonly used to understand genetic factors affect-
ing behavior. Researchers analyze and quantify behavior patterns in model organ-
isms to better understand the underlying genetic and environmental factors. As
behavioral outputs are in many cases stochastic, behavior data tends to be extremely
noisy, and small variations in experiments can greatly affect measurements. Many
research groups have attempted to minimize this variability by using microfluidics
to better control the environment around samples. For instance, in the work
developed by Chung et al. [89], an array of traps allows tracking the behavior of
multiple worms trapped in individual chambers at the same time, under well-
controlled chemical perturbations. In this way, these types of devices enable
obtaining reliable behavioral readouts in a high-throughput, quantitative manner.
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Fig. 1.6 On-chip sorting. Microfluidic platforms offer flexible sorting solutions in which the user
can sort worms based on a variety of simple or complex metrics not capable by standard sorting
technologies such as flow cytometry. In the example above, a sample of worms in solution is sorted
into appropriate destinations through the alternation of on-chip pneumatic valves

1.3.4 Sorting

A special type of assay that has greatly benefited by microfluidic devices is
phenotyping and sorting (Fig. 1.6). Through the control provided by on-chip valves
and predictable fluid streams, microfluidic devices enable the isolation of speci-
mens of interest by routing them to holding chambers or outlets [31, 50, 54, 93,
98—100]. Sorting is essential in experiments that require the isolation and further
processing of organisms with special characteristics. For example, in drug or
genetic screens, the objective is to identify animals with a phenotype that differs
from a baseline due to drug exposure or a genetic mutation. In these experiments, it
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is necessary to rapidly assess phenotypes and make fast decisions on whether the
animal under analysis should be selected for desired traits. However, a major
limitation to throughput in traditional assays involving these model organisms is
the difficulty of manipulation, sample preparation for imaging, and phenotype
quantification. Traditionally, samples must be exposed to specific solutions, placed
on glass slides, and carefully oriented under a microscope to be imaged one at a
time. This can be extremely laborious and time-consuming, and can severely limit
the feasibility of studies where analysis of many of age-synchronized samples is
required [100]. Systems such as flow cytometry have been used for decades to sort
specimens (usually cells) based on varying physiological properties or molecular
readouts. In some cases, however, these commercial systems prove infeasible for
handling, obtaining nonstandard subcellular readouts of interest, or sorting samples
based on more complex metrics. An example of microfluidics application for
sample sorting was a genetic screen by Crane et al. where C. elegans were sorted
based on patterns of fluorescently labeled subcellular features, which are difficult to
quantify by qualitative inspection [54]. With the emergence of peripheral image
processing and behavior analysis systems to supplement microfluidic platforms
[11, 32, 101], we foresee future possibilities in animal sorting based on rapidly
acquired dynamic behaviors in a high-throughput fashion.

1.3.5 Interfacing

Microfluidics has proven to be a valuable component in the study of biology. It is
evident that microfluidic devices are often an integral component of larger, com-
plex platforms that incorporate peripheral technologies. The use of microfluidic
devices as true laboratory-on-a-chip platforms require the integration of compo-
nents necessary for complete analysis, and are hence referred to as Micro-Total-
Analysis Systems (WTAS). On- and off-chip sensors, pumps, mixers, membranes,
valves, heaters, and detection systems thus require interfacing to microfluidic
devices [28, 102]. In particular for biological studies of model organisms, the
most important components are on- and off-chip pumps and mixers. The control
provided by these systems, in terms of fluid flow and spatiotemporal control of
environmental stimuli, enables high-throughput analysis, individual tracking,
sorting, dynamic process monitoring, and multiplexing [29, 31, 32, 39, 50, 54, 89,
98, 103]. In order to maximize the benefits of these tasks on chip, automation of
assays via external hardware and software is desirable. Experimental control and
automation is typically accomplished by several key components: (1) image anal-
ysis, to monitor processes and enable decision-making, (2) temperature control
platforms, (3) computer-controlled pressure sources for fluids and valves, and
(4) custom software typically written in MATLAB® or LabVIEW. These setups
have dramatically increased the speed of experimentation while enabling studies
otherwise unfeasible with conventional techniques.
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1.4 Outlook and Opportunities

The development of microfluidic technologies aimed at facilitating biological
studies in model organisms has opened up a large number of opportunities. These
include previously elusive scientific questions, novel paradigms for experimental
procedures, and unimaginable large-scale approaches for data acquisition.
Microfluidic chips have enabled realizing studies with the utmost control of con-
centrations, reagents, temperatures, and external forces. Specimen handling has
become much easier and faster, and the data extracted per experiment has greatly
expanded through parallelization. The biggest challenge in the microfluidics field is
the widespread adoption of these technologies by classic biology laboratories. The
problem lies in nontrivial technology transferability and the common need for
experiment-specific tailoring. In order to address these limitations, it is necessary
to increase data and tool sharing, open access to chip designs, peripheral equipment
and interfacing instructions, and code for control and automation. We expect that
microfluidic platforms will become more modularized, allowing an easier devel-
opment of a tailored platform for the requirements of individual experiments.
Moreover, collaborative efforts by engineers and scientists can greatly speed up
the development of these tools and their use as a tool for fundamental studies. We
believe that the impact of microfluidic devices in the model organism community
will only continue to grow, and it will greatly benefit the field by enabling
fundamental studies otherwise unapproachable. In the future, it is expected that
the most benefit from on-chip biological studies on model organisms will be based
on automated experimentation platforms that enable large-scale high-content and
high-throughput analysis, venturing in areas of drug screening, large-scale geno-
mics, quantitative biology, large-scale data, and systems and synthetic biology.
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Chapter 2
Microfluidic Methods in Single Cell Biology

Arnab Mukherjee and Charles M. Schroeder

Abstract Stochastic variations within seemingly homogeneous cell populations
determine the emergent properties of complex cellular systems such as biofilms,
tumors, pluripotent stem cells, and multispecies ecosystems. The advent of
microfluidic technologies, coupled with rapid advances in fluorescence-based
molecular imaging and genomic, transcriptomic, and proteomic profiling tech-
niques, has spurred a revolution in biological analysis at the level of single cells.
Over the past decade, several microfluidic platforms have been developed that
enable the isolation, enrichment, and biochemical or genetic analysis of individual
cells with high spatiotemporal resolution in a fashion that is not achievable using
macroscale methods. In sharp contrast to population-averaged measurements based
on bulk-level techniques, microfluidic cell culture platforms permit the acquisition
of multiparametric and high-content information while preserving the identity and
monitoring the behavior of individual cells over time. In this way, microfluidics has
ushered in new frontiers in single cell biology with a direct impact on applied and
foundational studies in microbial ecology, systems biology, therapeutics develop-
ment, and clinical diagnostics. In this chapter, we describe the transformative
impact of microfluidics in single cell biology with particular emphasis on the
following areas: (1) microfluidic bioreactors for cellular analysis in dynamically
changing microenvironments, (2) microfluidic chips for in vitro drug screening, and
(3) single cell confinement and isolation microchips for sorting and profiling rare or
unculturable cells in complex environmental consortia.
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2.1 Introduction

2.1.1 Single Cell Biology

Cells are inherently noisy systems in that they exhibit significant off-mean excur-
sions in protein and RNA levels even in isogenic populations and in homogeneous
environments [1, 2]. The stochastic nature of gene expression and the resulting
variations in cellular phenotypes are exemplified by several biological phenomena
including microbial bet-hedging strategies to survive stressful environments, gen-
eration of drug-resistant tumor subpopulations, antibiotic persistence, aging, devel-
opment of multifunctional phenotypes of cytotoxic tumor-infiltrating lymphocytes
(CTLs), stem cell differentiation, and variable metastatic potential within a popu-
lation of circulating tumor cells (CTCs) derived from the same tumor [1-11]. Sto-
chastic fluctuations in gene expression are strongly affected by the architecture of
the underlying genetic network and are particularly relevant at low concentrations
of biomolecules. To this end, a quantitative resolution of cell-to-cell variations in
gene expression and associated phenotypes for natural and engineered cellular
systems constitutes a fundamental challenge for single cell biology [3, 4, 7]. Clas-
sically, biological noise has been studied using destructive end-point techniques
such as fluorescence-activated cell sorting (FACS) or time-lapse fluorescence
microscopy (TLFM) in combination with fluorescently labeled promoters, proteins,
or RNA molecules (typically labeled using fluorescence in situ hybridization or
FISH) [6, 12, 13]. FACS, however, is limited in its temporal resolution, while
conventional TLFM is limited in the throughput and information content accessible
from a single experiment. Furthermore, these approaches do not permit facile
manipulation of the cellular microenvironment using precise spatiotemporal cues,
which is critical for quantitatively interrogating single cell behavior.

2.1.2 Microfluidic Approaches to Single Cell Biology

Microfluidics broadly refers to the manipulation of picoliter to nanoliter-scale
volumes of fluids in flow channels, reagent wells, and reaction chambers with
dimensions ranging from a few to hundreds of micrometers [14—17]. Microfluidics
enables miniaturization of biochemical reactions by a factor of 103—106, which
greatly improves the sensitivity (by enhancing signal to background) of conven-
tional cellular and molecular biological assays, while also minimizing sample and
reagent consumption and reducing the overall experimental footprint. Microfluidic
devices are compatible with widely used assay readout technologies including
fluorescence, luminescence, surface plasmon resonance, and even mass spectrom-
etry. Importantly, fluid flow in microfluidic channels tends to be laminar (such that
viscous forces dominate over inertial forces), which facilitates the creation of
precise gradients in concentrations of reagents, thereby enabling spatially defined
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manipulations with cellular to subcellular spatial resolution [14-21]. Heat exchange
and mass transfer proceed rapidly owing to the large surface-to-volume ratios of
microfluidic devices, which is useful for delivering dynamic temporal stimuli to
cells. Finally, the small form factor associated with microfluidic devices provides a
useful framework to realize multiplexed systems integrating multiple steps in cell
biology including cell growth, sorting, lysis, and downstream analysis using quan-
titative PCR, FISH, and antibody labeling. Integrated microfluidic systems circum-
vent the need for off-chip procedures, thereby greatly improving speed and
precision of biological assays [14, 22, 23]. Furthermore, automation can be readily
achieved using inexpensive computer-controlled syringe pumps and air flow con-
trollers, which obviates the need for cost-prohibitive robotic liquid handling
systems.

2.1.2.1 Microfluidic Fabrication Techniques

Microfluidic systems can be constructed using a variety of materials including
silicon, glass, polycarbonate, parylene, polystyrene, polymethyl methacrylate,
water-in-oil droplets, and even paper [16, 24]. The material of choice for the vast
majority of microfluidic cell handling platforms, however, continues to be a
silicone elastomer—polydimethyl siloxane, commonly referred to as PDMS.
PDMS offers unique advantages for biological applications including nontoxicity
for cell growth, high gas permeability, optical transparency, and relative inertness
to most reagents typically employed in cell culture. In addition, PDMS enables
rapid prototyping of microfluidic devices using widely established soft lithographic
procedures. In this technique, a microfluidic relief pattern is first patterned on a
silicon wafer using a UV light source together with a photomask to spatially control
light exposure on a layer of photoresist-coated silicon wafer to produce a master
mold. Next, unpolymerized photoresist is dissolved away leaving behind a positive
or negative relief pattern on the silicon wafer, known as the master mold. The
master mold wafers are treated with a release agent (trichlorosilane) and spin coated
with a mixture of degassed PDMS and a curing agent and thermally cured for
several hours at 65-80 °C in order to polymerize the PDMS. Cured PDMS can be
detached from the silanized wafer and bonded to a glass slide that has been rendered
hydrophilic by exposure to oxygen plasma. In this way, a single master mold can be
used to rapidly develop up to hundreds of PDMS chips using replica molding [24—
27]. Active fluidic valves can be incorporated into PDMS-based microdevices by
fabricating multilayer chips, wherein PDMS layers are bonded to each other via
plasma treatment [24, 25, 28-30]. Typical multilayer microfluidic devices consist
of a fluid layer comprising the microfluidic channel network and arrays of reagent
chambers sandwiched between PDMS and glass. Importantly, the low Young’s
modulus of PDMS can be exploited to enable facile on-chip fluid routing through
the use of microfluidic valves, which can be pneumatically or hydraulically actu-
ated. In this approach, a second PDMS layer known as the control layer is aligned
and bonded above the fluidic layer. The control layer houses air flow lines that
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enable the regulation of fluid flow in the fluidic layer by pushing (actuate-to-close
vales) or pulling up (actuate-to-open vales) on the underlying PDMS layer at the
intersection points of the control and fluid layers [28, 31]. Furthermore, by assem-
bling and actuating valves in specified sequences or programs, peristaltic or rotary
pump action can be achieved on-chip. Indeed, soft lithography can be recognized as
the single most important factor responsible for the pervasive application of
microfluidics by facilitating rapid design-to-prototype transition without the
labor and expense associated with silicon microfabrication [16-18, 20, 21, 23-27,
30-32].

In the past decade, the vast majority of conventional macroscale technologies
employed in cell and molecular biology studies has been micro-engineered and
translated to microfluidic systems. This has led to the development of microfluidic
cell sorters, electrophoresis platforms, patch clamps, on-chip thermal regulators,
gradient generators, continuous and batch-mode cell culture systems, size-
exclusion filters, and cell traps. Recently, microfluidic total analysis systems have
been developed as miniaturized, self-contained platforms for cell culture and
downstream chemical cytometry [14, 17, 20, 21, 25]. In this chapter, we present a
broad overview of major advances in microfluidic applications for single cell
biology. In order to highlight the transformative impact of microfluidics, we
focus on key applications of novel microfluidic designs in first-of-its-kind studies
in synthetic biology, environmental microbiology, and therapeutics development.
Specifically, in Sect. 2.2, we describe the development and application of
microfluidic bioreactors and single cell traps for investigating temporal patterns
in gene expression. In Sect. 2.3, we review the application of microfluidics for
developing complex spatial gradients in order to interrogate cellular phenotypes
and gene expression in dynamic microenvironments. In Sect. 2.4, we discuss the
extension of microfluidics platforms for high throughput and high content in vitro
drug screening. Finally, in Sect. 2.5, we shift focus from microfluidic chips for
single cell studies to microfluidic platforms that enable single species isolation and
analyses. Here, we describe microfluidic devices that have been designed to isolate
and profile rare cells (e.g., unculturable microbes) from heterogeneous and
multispecies consortia. A unifying theme in the applications described in this
chapter is the critical need for single cell isolation and/or characterization, which
is uniquely enabled through the application of microfluidic technologies.

2.2 Microfluidic Platforms for Studying Gene Expression

An overarching goal of synthetic and systems biology is to achieve a quantitative
understanding of gene expression and cell signaling pathways underlying cellular
response in various conditions [ 14, 20]. At the heart of this approach is the ability to
develop rigorous models of transfer functions that map a genetic network’s output
to a set of input stimuli. Experimentally, this is achieved through the application of
defined perturbations to cells followed by a readout of cellular phenotype, typically
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using fluorescent reporters [3, 7, 12, 13]. Microfluidic lab-on-a-chip platforms
provide an ideal test bed for developing and testing such transfer functions because
they enable precise and reproducible spatiotemporal control over the cellular
microenvironment along with single cell resolution in experimental readout (e.g.,
using TLFM). Microfluidic approaches have several potential advantages compared
to widely used microtiter plate-based assays, flow cytometry, and microarrays, in
that microfluidics combines the benefits of fine-scale spatial and temporal control
over the cellular microenvironment while alleviating the ensemble-averaging
effects of population based assays. For these reasons, microfluidic chips have
been extensively used for functional interrogation of engineered or natural genetic
circuits in single isolated cells as well as in cell populations subjected to dynamic
gradients in space and time [14, 20, 21]. In the following sections, we describe a
few seminal studies in systems and synthetic biology that have leveraged the
aforementioned benefits of microfluidic technologies.

2.2.1 Microfluidic Dial-a-Wave Chip

A prolific example of the integration of microfluidics and synthetic biology is
afforded by the dial-a-wave microfluidic chip designed by Hasty and coworkers
[33]. In this design, a population of yeast cells is constrained to grow as a monolayer
in a microfluidic chamber, which is connected to feeding channels that supply the
cells with nutrients and media (Fig. 2.1). Importantly, the composition of the media
can be dynamically tuned using an upstream fluidic switch, which enables the
generation of a wide range of stimulus waveforms. The fluidic switch was
implemented using the principle of laminar interface guidance in which the laminar
interface between two parallel flow streams can be precisely modulated by adjusting
the respective flow rates. Hasty et al. used laminar interface guidance to control the
composition of the input stream by varying the relative pressure (and thus the flow
rates) between two reservoirs feeding the input lines (Fig. 2.2). Downstream of the
inlets, complete mixing of the laminar flow streams was achieved using chaotic
advection mixers that utilize the Coanda effect. In this way, a sinusoidal waveform
of glucose concentrations (ranging from 0 to 0.25 %) against a background of
constant galactose concentration (0.2 %) was generated and fed to the cell chambers.
Strikingly, the authors demonstrated that the yeast cells respond to dynamic fluctu-
ations in glucose concentrations by acting as low-pass filters, essentially filtering out
nutrient fluctuations at frequencies exceeding 0.2 mHz (5.6 rad h™') (Fig. 2.3).

2.2.2 Microfluidic Chemostat

A persistent issue with microfluidic cell growth chambers is the clogging of
microfluidic wells and flow lines by rapid cell growth and biofilm formation.
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Fig. 2.1 Microfluidic dial-a-wave. The microfluidic dial-a-wave chip can be used to expose a
monolayer of yeast cells to precisely defined waveforms in nutrient concentrations via feeding
channels that connect the cell growth chamber to a flow channel perfused with media. In this
example, Hasty et al. employed the dial-a-wave chip to subject cells to sinusoidal oscillations in
glucose concentrations against a constant background of galactose. Reproduced with permission
from Ref. [33]

kA

Fig. 2.2 Principle of laminar interface guidance. Laminar interface guidance works by guiding
the interface between two laminar input flow streams, across an output channel by adjusting the
relative flow rates of the input streams (stream 1 and stream 2 in the above illustration). In the
microfluidic dial-a-wave, the flow rates were adjusted by controlling the pressure difference
between the source reservoirs feeding input streams 1 and 2. Reproduced with permission from
Ref. [33]

With a view toward addressing this issue, Quake and coworkers developed a highly
integrated microfluidic chemostat for synthetic biology applications [34]. The
microchemostat features 6 nL cell growth chambers where each growth chamber
is essentially a microfluidic loop that employs on-chip peristaltic pumps to circulate
cells at flow velocities of 250 pm s~ '. Each growth chamber was further divided
into 16 individually addressable segments. Through the implementation of on-chip
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Fig. 2.3 Low-pass filtering action of yeast cells to dynamic fluctuations in glucose concentrations.
As the frequency of oscillations in glucose concentrations is increased, the cellular response
(quantified as normalized fluorescence on the y-axis) dies out indicating the robust filtering out
of high frequency oscillations. Reproduced with permission from Ref. [33]

valves, each segment could be periodically isolated from the rest of the growth loop
and washed with lysis buffer and sterile media in order to remove cells including
wall-adhering biofilms. In principle, this step served as the microfluidic equivalent
of continuous mode operation of a macroscale chemostat. Using the
microchemostat, the authors demonstrated robust cell growth at dilution rates
ranging from 0.072 to 0.37 h~'. Importantly, the authors leveraged the
microchemostat to sustain robust oscillations in a population of E. coli cells that
had been genetically engineered to express a population control circuit. Specifi-
cally, E. coli cells were engineered to produce a quorum-sensing molecule (acyl
homoserine lactone or AHL), which in turn could activate a toxic ccdB gene in a
concentration-dependent manner. Consequently, as cell density increased in the
microchemostat, the killer circuit was activated leading to a rapid decline in cell
growth. Once the AHL concentrations dropped, the cells could resume growth
again. Although several platforms for mimicking chemostat-like conditions
on-chip have been described in recent times, the microchemostat by Quake and
coworkers remains as one of the most intricate microfluidic cell culture platforms
that accurately replicates chemostat-like conditions and enables long-term cell
culture.

2.2.3 Microfluidic “Pin-Ball” Traps for Single Cells

Microfluidic live cell culture platforms such as the chemostat can be readily
adapted for quantifying gene expression with single cell resolution over a statisti-
cally significant number of cells. In some applications, however, it is desirable to
track gene expression or phenotype in a single cell over an extended duration, for
example, in studies on cell aging or antibiotic persistence. Microfluidic
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Fig. 2.4 Microfluidic pinball trap for single cells. (a) The pinball trap features cup-shaped PDMS
obstacles that reduce the channel height to 2 pm at the trapping zones. In the absence of cells, fluid
can flow freely through the reduced channel gap. (b) Upon encountering a PDMS post, a single cell
becomes trapped because the channel height is three to fourfold smaller than the diameter of
typical eukaryotic cells. Fluid flow is diverted around a cell trapped at the PDMS post, thereby
forming an effective seal at the trapping zone. (¢) Several PDMS posts are designed on a single
chip to develop a single cell trapping array. Reproduced with permission from Ref. [35]

technologies for flow-based cell trapping avoid the need for potentially perturbative
cell surface bonding approaches using electrostatic interactions or via chemical
cross-linking. To this end, Lee and colleagues developed a microfluidic single cell
isolation array that uses cup-shaped PDMS obstacles to function as physical
barriers for trapping cells flowed into the device, in a fashion reminiscent of
capturing balls in a game of pinball [35]. In this design, cells were flowed in
through 40 pm high channels towards the trapping region that featured an array
of suspended PDMS obstacles, which reduced the channel height to 2 pm
(Fig. 2.4a). As the channel height at the trapping post is significantly smaller than
the typical eukaryotic cell diameter (10 pm), cells were hydrodynamically trapped
against the suspended PDMS obstacles. Trapping of a cell against a PDMS pillar
effectively sealed the 2 pm high channel leading to highly efficient isolation of
single cells at each trapping zone (Fig. 2.4b). Furthermore, the depth of the trapping
pocket could be varied to tune the number of cells trapped in each obstacle, with
greater than 50 % of the traps harboring single cells for a 10 pm deep pocket. Each
microchip featured ~3300 PDMS obstacles per mm? of the device, which enabled
the isolation of several cells on a single chip (Fig. 2.4c). The authors employed the
microfluidic trap to isolate single HeLa, 293T, and Jurkat cells. Using this
approach, the authors quantified for the first time, intracellular enzymatic activity
of carboxylesterases using a fluorogenic substrate [35].



2 Microfluidic Methods in Single Cell Biology 27
2.2.4 Microfluidic Yeast “Jails”

In order to quantify stochastic variability in the expression of genes implicated in
aging in yeast, the ability to track a single yeast mother cell over several cycles of
budding is critical. Ryley and Pereira-Smith achieved this by designing PDMS
yeast jails to physically trap a yeast cell >4.5 um in diameter [36]. Optimal trapping
of single cells was achieved using square-shaped PDMS posts arranged to enclose a
space approximately 4.5 pm wide. Asymmetric cell division of a mother cell
trapped in between the square posts resulted in the budding of a daughter cell of
diameter < 4.5 pm, which could escape through the jail bars while the parent cell
remains trapped (Fig. 2.5). Using the microfluidic yeast jail array, the authors
demonstrated up to 92 % cell-to-cell variations in the levels of the RAS2 in yeast
cells trapped and observed via TLFM for 18 h. As RAS2 overexpression has been
demonstrated to enhance yeast life span by 2040 %, the cell-to-cell variations in
RAS2 levels observed by the authors could explain variations in life spans previ-
ously observed in isogenic yeast cell populations [36].

Fig. 2.5 Microfluidic yeast jails. A mother cell (>4.5 pm in diameter) is effectively trapped
between the walls of the PDMS blocks, though it is free to move within the space enclosed by the
PDMS posts. As the mother cell buds and produces a daughter cell, the smaller daughter cell is
able to squeeze in through the gaps between the PDMS pillars leaving the mother cell isolated.
Reproduced with permission from Ref. [36]
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2.2.5 Single Cell Microbioreactor

A common feature of the vast majority of microfluidic traps involves the mechan-
ical confinement of cells in PDMS microstructures (such as narrow grooves, jails,
posts) fabricated on-chip. In contrast, our group reported the development of a
contact-free microfluidic confinement approach for single cells and particles [37-
39]. Our single cell microbioreactor (SCM) is a two-layered microfluidic device
with the lower (fluidic) layer housing two inlet channels that converge at a 60 pm
deep cross-slot and diverge through two orthogonal outlet streams, thereby
resulting in an extensional flow at the cross slot. As a result, a stagnation point
(or point of zero fluid velocity) develops at the cross-slot, and the position of the
stagnation point can be precisely regulated along the direction of extensional flow
(i.e., the outlet direction) using on-chip valves located above the outlet streams in
the control layer (Fig. 2.6). Cells are introduced in the cross-slot through a separate
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Fig. 2.6 Single cell microbioreactor. (a) The single cell microbioreactor traps individual cells in
free solution at the saddle point of an extensional flow established in a microfluidic cross-slot. (b)
Rapid media switching is achieved by changing the composition of the fluid flow in the inlet
streams using programmable syringe pumps. (¢) Micrograph of the single cell microbioreactor
showing the fluid flow layers (filled with food coloring) and the control valves (in white) that are
used to control the position of the stagnation point to actively maintain a cell in the trapping zone.
Reproduced with permission from Ref. [39]
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Fig. 2.7 Cell division and growth in the single cell microbioreactor. Single cells that were
hydrodynamically trapped at the cross-slot are observed to grow and divide normally in case of
cells harvested from exponentially growing cultures. In some cases, particularly for cells harvested
from late stationary phase cultures, linear microcolonies resulting from chain-like growth were
seen to develop at the cross-slot. Reproduced with permission from Ref. [39]

inlet stream connected to one of the input lines. Robust and long-term trapping
(>3 h) of single cells at the cross-slot is achieved using a proportional feedback
controller that pneumatically regulates pressurization and depressurization of the
on-chip valve to precisely manipulate the position of the stagnation point within the
cross-slot. The microfluidic SCM was used to quantify cell elongation and division
rates in E. coli cells. Interestingly, we observed that single cells of E. coli adopt a
filament-like growth morphology (where cells string up without splitting) when the
mother cell is derived from a stationary phase culture whereas mother cells from
exponential cultures symmetrically divide into two daughter cells (Fig. 2.7). A key
advantage of the SCM is the ability to rapidly deliver nutrients and reagents on
demand using automated programmable syringe pumps at the two inlets, which can
be programmed to deliver precise stimulus waveforms. Media switching is accom-
plished significantly faster (=1 s) compared to macroscopic methods for buffer
exchange and other existing microfluidic cell culture chips, many of which rely on
diffusive rather than convective mixing to accomplish fluid exchange. Using our
approach, we investigated reporter gene expression in E. coli cells treated with a
step increase in inducer (isopropyl thiogalactopyranoside or IPTG) concentration as
well as a periodic square-wave form of IPTG concentration. We demonstrated that
cellular response to a periodic forcing function differs from its response to a step
function with respect to a delayed onset of gene expression as well as a slower rate
of expression in the former case. Finally, we demonstrated that the SCM could be
used to observe protein—-DNA interactions in single cells and in real time. Specif-
ically, E. coli cells were engineered to express the TetR repressor fused to a
fluorescent protein and localized to a tandem TetR operator sequence array inte-
grated in the chromosome. Focal spots of fluorescence localized at the chromosome
could be clearly identified in single cells trapped at the cross-slot. Upon rapid (=9 s)
stimulation with anhydrotetracycline, the fluorescently tagged TetR proteins could
be observed to unbind from the DNA and diffuse throughout the cytoplasm
(Fig. 2.8) [39]. Overall, the SCM enables highly precise estimation of the time
points of intracellular protein unbinding and diffusion, and we anticipate that the
SCM can be a valuable tool for probing intracellular dynamics with exquisite
temporal resolution.
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Fig. 2.8 Fluorescently tagged TetR proteins are observed to localize at the tetO binding array in
the chromosome in a single trapped E. coli cell (t=0 s). In approximately 9 s, the cell was treated
with anhydrotetracycline (aTc) by rapid media switching. aTc binds to the TetR protein and causes
it to unbind from its binding site at the DNA. At =51 s, the unbound TetR is seen to freely diffuse
throughout the cell cytoplasm. Reproduced with permission from Ref. [39]

2.2.6 Microfluidic Worm Trap

Although the focus of the chapter is on single cells, we note that microfluidic traps
have also been used to trap and study nematodes, zebrafish, and fly embryos [40—
43]. For example, Chronis and colleagues described a microfluidic device that
featured tapering channels, which gradually decreased in width from 70 to 40 pm
and enabled trapping young adult worms by slightly constricting the thickest part of
the worm body while leaving the head and tail free (Fig. 2.9) [43]. Microfluidic
worm traps such as the one described by Chronis et al. are less perturbative than
existing trapping techniques that employ potentially toxic glues to seal the worm
head to agar supports. The gently compressed worms in the microfluidic trap
retained the ability to propagate anterior and posterior traveling sinusoidal body
waves. In addition, the authors demonstrated that anterior traveling body waves
(which correspond to backward locomotion during crawling on agar plates) coin-
cided with peaks in calcium concentrations in the AVA interneurons. The same
work also described an olfactory chip that was used to locally stimulate the
chemosensory neurons in the olfactory region of a trapped worm to varying stimuli
(Fig. 2.10). The microfluidic device comprised four flow channels to subject the
worm head to stimulus or buffer solutions (Fig. 2.10a, b). Fluidic switching
between stimulus and buffer was achieved using two control channels on the side
that delivered dye filled fluids to push the buffer or stimulus flows toward or away
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Fig. 2.9 Microfluidic
worm behavior chip. A
young adult worm is
trapped at the constriction
zone of a microfluidic
channel using gentle
constriction applied at the
thickest part of the worm —
body. The worm head and
tail are free to move. (inset)
Fluorescence expression
from a calcium indicator
(GCaMP) could be readily
detected in the worm AVA
interneurons and correlated
with the development of an
anterior traveling wave
along the worm body. Scale
bars: 1 mm, (inset) 20 pm.
Reproduced with
permission from Ref. [43]

a

from the worm head toward an outlet (Fig. 2.10c). Using the olfactory chip, the
authors demonstrated calcium-dependent increase in fluorescence of a calcium
sensor expressed in the ASH neurons of the worm upon the delivery of 15 and
30 s square pulses of a hyperosmotic stimulus.

2.3 Microfluidic Platforms for Generating Spatially
Controlled Microenvironments

Although the microfluidic platforms described above are well suited for delivering
temporal variations in stimuli, a key appeal of microfluidic platforms for single cell
studies relies on the ability to generate highly precise and complex spatial gradients
of soluble and surface-adsorbed molecules [19, 21]. Both microbial and eukaryotic
cells frequently encounter complex spatial gradients in their native niches, which
can be accurately recreated using microfluidics. From this perspective, the ability to
generate controlled spatial microenvironments is critical for advancing fundamen-
tal understanding of several physiological processes such as chemotaxis in immune
cells and bacteria, wound healing, inflammation, cancer metastasis, axonal growth,
and stem cell migration. In the next few sections, we describe commonly used
microfluidic gradient generators for cell biology studies.
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Fig. 2.10 Microfluidic olfactory chip. The microfluidic olfactory chip has four flow lines that (a)
flow in media to (b) subject the head of a trapped worm to a defined odorant. (¢) Rapid switching
between stimuli is achieved via two flow lines on the side that are used to redirect stimulus toward
or away from the trapped worm. Reproduced with permission from Ref. [43]

2.3.1 Microfluidic PARTCELL

Concentration gradients in space are typically generated by exploiting the laminar
nature of microfluidic flows, which permits fluid streams containing different concen-
trations of reagents to flow in parallel over several hundreds of micrometers with
minimal diffusive mixing. Parallel laminar flow streams can therefore result in stable
gradients perpendicular to the flow direction. Flow rates required to maintain stable
gradient shapes in microfluidic channels can be determined by the Peclet number,
which quantifies the ratio of convective to diffusive flows and is determined by the
flow velocity, channel geometry, and the diffusion coefficient of the molecules in
question. Furthermore, laminar flow also allows the width of each of the parallel
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a Inlets

Fig. 2.11 Microfluidic PARTCELL. (a) A Y-shaped channel is used to establish parallel laminar
flows of different reagents through multiple inlets. (b) The parallel streams, which mix minimally
owing to the laminar flow regime, result in a concentration gradient perpendicular to the direction of
flow. A cell adhered to a cover slip is subjected to the concentration gradient resulting in spatially
selective exposure of the cell to various reagents. Reproduced with permission from Ref. [44]

streams to be precisely controlled by adjusting the relative flow rates, thereby enabling
an unprecedented degree of spatial control over length scales typical of most eukary-
otic cells (1050 pm) [14, 16, 29]. Whitesides and colleagues first demonstrated this
principle by developing the microfluidic PARTCELL (partial treatment of cells using
laminar flows) to selectively treat a part of a surface attached to a bovine capillary
endothelial (BCE) cell with various dyes and chemicals [44, 45]. In brief, Takayama
et al. used a Y-shaped microfluidic channel to flow in two reagents in parallel streams
over a surface-anchored BCE cell located =z 50-300 pm downstream from the fluid
inlets (Fig. 2.11). At these length scales, the width of the interface ranged between
1 and 10 pm. PARTCELL was used to selectively label mitochondria on each side of
the cell with different colored dyes. Progressive intracellular mixing of the dyes
throughout the cell was observed to proceed at rates determined by the intracellular
diffusion coefficient of the dye (=1 um? s '). Interestingly, the same work also
demonstrated spatially localized disruption of the cellular cytoskeleton by exposing
the right side of the cell to latrunculin B, which is a membrane permeable actin-
disrupting molecule (Fig. 2.12).

2.3.2 Y-Step Temperature Gradient Generator

Ismagilov and colleagues leveraged the Y-shaped microfluidic gradient generator
design described above to develop temperature gradients across a Drosophila
embryo attached to the floor of a microfluidic chip [40]. In particular, the authors



34 A. Mukherjee and C.M. Schroeder

Fig- 212 Spatially Media Latrunculin B

selective cell treatment
using PARTCELL. (a) A
bovine capillary endothelial
cell is adhered to the surface
and treated with media
flowing in parallel laminar
streams. Mitochondria are
labeled green and the
nucleus is labeled with an
arrow. In (a), the
composition of both media
streams is the same. In (b),
the media on the right side
of the cell is supplemented
with latrunculin B, which
disrupts the cellular actin
cytoskeleton on the right
side resulting in relocation
of the mitochondria and the
nuclei toward the left of the
cell. The relocated position
of the nucleus is indicated
by a blue arrow.
Reproduced with
permission from Ref. [44]

employed the Y-shaped microfluidic gradient generator to flow two converging
streams of liquid maintained at different temperatures, thereby subjecting each half
of the Drosophila embryo to a different temperature (Fig. 2.13). Thermal diffusion
across the 500 pm wide embryo was calculated to be limited to ~50 pm. In addition,
most of the heat was lost through the 1.5 pm thick eggshell, resulting in the
development of a tight step gradient in temperature across the width of the embryo.
By introducing two parallel streams maintained at 20 °C and 27 °C, the authors
demonstrated that the warmer half of the embryo developed more rapidly as
evinced by the greater nuclear density in the warmer region of the embryo. Next,
the authors followed dynamic expression of a key Drosophila developmental gene
(known as even-skipped) in the embryo subjected to the 20-27 °C step gradient in
temperature. In normally developing embryos, the even-skipped gene expression
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Fig. 2.13 Microfluidic temperature gradient generator. (a) By flowing cool and warm media
through a Y-shaped microfluidic channel, Ismagilov and colleagues were able to subject a surface-
attached Drosophila embryo to a step temperature gradient across the anterior—posterior axis of the
embryo. (b) The temperature gradients were visualized using thermochromic crystals. The green
stream is at 21 °C and the red stream is at 24 °C. Reproduced with permission from Ref. [40]
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Fig. 2.14 Expression of a Drosophila developmental gene (known as even-skipped) in embryos
subjected to a temperature gradient. Even-skipped gene expression (revealed by the striated
fluorescent patterns) was found to develop preferentially in the warmer half of the embryo first.
Strikingly, despite the deviation in the timing of even-skipped gene expression compared to a
normal embryo, the final expression pattern was consistent with embryos maintained at a uniform
temperature, pointing toward a regulated compensatory mechanism in cells. Reproduced with
permission from Ref. [40]

results in a striped pattern across the length of the embryo with the stripes appearing
in a precise temporal order. Strikingly, Luchetta et al. demonstrated that stripes
resulting from the even-skipped gene expression consistently developed in the
warmer half of the embryo first, although eventually the stripes developed across
the embryo in a normal fashion pointing toward the presence of a compensating
regulatory mechanism in the embryos (Fig. 2.14).

2.3.3 Microfluidic “Christmas Tree” Gradient Generator

A widely used microfluidic gradient generator design, first described by Jeon et al.,
involves a network of serpentine channels interspersed between channel branch
points arranged in a pyramidal or Christmas tree pattern [46]. The branch points
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Fig. 2.15 Microfluidic Christmas tree gradient generator. (a) A network of serpentine channels
interspersed between fluid branch points periodically split, mix, and recombine flows to develop a
concentration gradient across an output channel. (b) Neutrophils seeded on a glass coverslip at the
outlet channel are subjected to a concentration gradient across the channel. (¢) Linear concentra-
tion gradients are readily developed and stably maintained across a 500 pm wide output channel.
(d) Hill-shaped and (e) cliff-shaped gradients can be generated by placing two or more gradient
generators in parallel in a head-to-head or a head-to-tail configuration, respectively. Reproduced
with permission from Ref. [46]

serve to periodically split and combine flows comprising different concentrations of
reagents while the serpentine channels increase the effective distance in order to
ensure homogeneous mixing of flows between the branching junctions (Fig. 2.15).
In this way, several different concentrations are generated on-chip, which can be
directed to an output channel to produce stable spatial gradients. By adjusting the
inlet concentrations, channel geometries, and flow rates, complex spatial gradient
waveforms including linear and polynomial profiles can be generated. Cells are
introduced in the output channel via a separate side port in order to expose them to
the spatial gradient. Whitesides and colleagues used the Christmas tree gradient
generator to characterize neutrophil chemotaxis in varying gradient waveforms of a
soluble chemokine, IL-8. First, the authors quantified chemotactic flux in linear
gradients ranging from O to 5, 50, and 500 ng/mL IL-8 across an output channel
width of 500 pm (Fig. 2.15b). Next, the authors developed more complex hill-like
and cliff-like gradient patterns by juxtaposing two gradient generators in parallel in
head-to-tail (cliff) or head-to-head (hill) configurations (Fig. 2.15d, e). It was
demonstrated that neutrophils encountering a gradual drop in gradient steepness
(in case of a hill waveform, Fig. 2.15d) often overshot their preferred localization
zone at the region of highest concentration before returning. In contrast, a precip-
itous change in gradient (cliff configuration, Fig. 2.15¢) revealed a tighter chemo-
tactic control mechanism that resulted in the cells localizing at the highest
concentration zone without any overshoot. It is noteworthy that bulk chemotactic
assays involving concentration gradients developed in agar or agarose might have
failed to detect the overshoot response of a small number of neutrophils in gradually
varying spatial gradients that was observed in this study. The aforementioned
gradient generator represents a cornerstone of several highly significant
microfluidics-based studies on directed cell migration in tumors, stem cells, motile
microbes, and leukocytes.
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2.3.4 Microfluidic “Honeycomb” Chip for Antibiotic
Resistance Studies

A riveting example of the application of microfluidics to create complex spatial
environments is provided by the Goldilocks chip, which was developed by Robert
Austin and colleagues to charter the evolution of antibiotic resistance in bacteria in
a complex fitness landscape [8]. Austin’s device consisted of a honeycomb-shaped
microfluidic chip with 1200 hexagonal wells etched in a silicon wafer. The wells
were connected to their nearest neighbors via six microchannels, which allowed
motile bacteria to travel between the wells. Nutrient and media were flowed through
nanoslits etched in the side walls of the wells at the edge of the microfluidic array. A
stable gradient of a genotoxic antibiotic (ciprofloxacin) was established across the
array by pumping counter-flowing solutions of antibiotic-free bacterial growth
media and ciprofloxacin-containing medium at the opposite peripheries of the
array. GFP-labeled bacteria were inoculated at the center of the microfluidic
array. It was observed that within hours of inoculation, nutrient depletion along
with bacterial chemotaxis tended to concentrate an initial population of cells near
the peripheries of the array where the nutrient concentration was maximum. At
these so-called Goldilocks points, the stress gradients were the highest owing to the
convergence of the antibiotic-free and antibiotic-containing streams. Strikingly, it
was observed that antibiotic-resistant mutants fixed rapidly (within 10 h) at these
Goldilocks points and eventually resulted in bacterial invasion of the entire chip.
Removing the antibiotic gradient abolished emergence of resistance. Overall, the
unique microfluidic approach described by Austin et al. demonstrates the alarming
possibility of rapid development and fixation of antibiotic-resistant mutants in
complex fitness landscapes as are likely encountered by invading pathogens in
the human body [8].

2.4 Microfluidic Platforms for Drug Screening

A critical step in drug discovery and development involves the in cellulo toxico-
logical and pharmacological evaluation of lead candidates [32]. In cellulo evalua-
tion of potential therapeutics is conventionally achieved using high throughput cell
culture platforms together with expensive robotic manipulations for changing
media, adding reagents, and measuring cell viability or gene expression.
Microfluidics holds significant promise for revolutionizing traditional drug screen-
ing by allowing assays to be conducted at physiologically relevant microscale
dimensions and using ultra-low quantities of cells and test chemicals. Minimizing
sample and reagent consumption is especially crucial as lead drug candidate
molecules are typically available in miniscule quantities [47]. Furthermore, reduced
material requirement is highly desirable for screening rare or less-readily available
cell types such as patient-derived tissue constructs and hematopoietic stem cells.
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Finally, as discussed in Sect. 2.1, the low form factor of microfluidic devices
enables parallelization and multiplexed evaluation of several potential drugs and
combinations thereof in a convenient on-chip format that has significantly less
space and is cost-intensive compared to 384 or 1536 well based screens.

2.4.1 Microfluidic Living Cell Array

The advantages of applying microfluidic systems to drug screening are well illus-
trated by the microfluidic living cell array described by King et al., which enables
simultaneous functional interrogation of eight cell lines individually subjected to
eight different chemical stimuli (thus, a total of 64 distinct experimental conditions)
(Fig. 2.16a) [48]. To enable multiplexed measurements, the living cell array utilizes
a two-layered microfluidic design with the underlying fluid layer housing the cell
growth chambers, which are fed by a set of eight orthogonally arranged reagent
delivery channels. Each cell chamber consists of a 2 x 2 subarray allowing for
quadruplicate measurements. Each chamber is isolated from its neighbors using two
sets of valves fabricated in the control layer that rests above the fluid layer
(Fig. 2.16a). In contrast to widely used actuate-to-close valves (see Sect. 2.1),
King et al. employed actuate-to-open valves that can be opened by applying
negative pressure in dead-end control lines (Fig. 2.16b, c). The living cell array is
primed by first actuating the seeding valves and flowing in cells through eight
individual cell loading lines using a syringe pump. Subsequently, the negative
pressure (vacuum) applied to the seeding valves is released, which isolates the
individual cell chambers. Each group of eight cell growth chambers can then be
subjected to a distinct chemical stimulus by actuating a second set of stimulation
control valves and flowing in the chemical reagent in a fashion analogous to cell
loading (Fig. 2.16d, e). Using this approach, the authors quantified dynamic
responses of rat hepatoma cell lines stably expressing GFP under the regulatory
control of common eukaryotic transcription factors (NF-kB, STAT3, GRE) and
upon treatment with pro- and anti-inflammatory cytokines and dexamethasone, a
steroid-based drug. Importantly, the use of actuate-to-close valves enables facile
operation of the microfluidic living cell array without the need for bulky syringe
pumps, which significantly improves device portability and ease-of-use.

2.4.2 Microfluidic Antibiotic Susceptibility Testing

We recently developed a microfluidic antibiotic susceptibility testing chip that
incorporates actuate-to-open valves are screening for bacterial pathogens
(Fig. 2.17) [49]. Our device consists of a 4-by-6 array of microwells in the fluid
layer that can be loaded by actuating normally closed valves housed in the control
layer (labeled as 1 in Fig. 2.17¢c, d) [49, 50]. Each well is further subdivided into two
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Fig. 2.16 Microfluidic living cell array. (a) The microfluidic array consists of a 16 x 16 array of
cell growth chambers (shown in yellow) 50 pm in height and 420 pm in diameter that are supplied
by eight distinct flow lines for delivering stimuli. Cells can be drawn into the chambers through
eight inlets by applying negative pressure at the common outlet. Reagents or small molecule drugs
can be loaded in an analogous fashion. Each 2 x 2 subarray of cell growth chambers can be
isolated from its neighbors using two sets of control valves (shown in purple and green) fabricated
in the control layer. (b) The valves are designed in an actuate-to-open configuration. In the rest
state or under positive pressure, the PDMS membrane serving as the valve is in contact with the
glass coverslip sealing off adjacent chambers. (¢) Under the application of negative pressure, the
membrane deflects upward opening the valve. (d) In step 1, the device is first seeded with different
cell lines by releasing the cell loading valves (green) and flowing in up to eight different cell lines
(step 2). The cell loading valves are then allowed to close isolating each cell growth chamber from
its neighbors (step 3). After the cells are attached to the surface, the stimulus loading valves
(purple) are released (step 4) and up to eight different reagents are flowed in to the cell chambers
(step 5). (e) Optical micrographs of the microfluidic living cell array in the cell seeding (green cell
loading valves open), neutral (all valves closed), and stimulation (purple valves open) modes of
operation. Flow lines are filled with synthetic coloring to enable visual observation. Reproduced
with permission from Ref. [48]

compartments isolated by a normally closed mixing valve (labeled as 2 in
Fig. 2.17¢, d). Cells (e.g., derived from a clinical sample such as blood or sputum)
can be loaded in each of the half-wells by applying negative pressure (vacuum) to
release the cell loading valves. Antibiotics can be individually loaded in the
remaining four half-wells by actuating the antibiotic loading valves (similar in
principle to the stimulation valves described by King et al.). Finally, actuation of
the mixing valve brings the two half-wells in contact allowing the sample to be
individually tested against six antibiotics in quadruplicates (Fig. 2.17d). We showed
that on-chip mixing could be enhanced simply by repeated actuation of the mixing
valve (to introduce eddies) thereby obviating the need for complex microfluidic
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Fig. 2.17 Microfluidic antibiotic susceptibility testing (AST) chip. (a) The AST chip consists of a
4 x 6 array of wells that can be loaded with cells and reagents using actuate-to-open valves. (b)
Each chamber is further subdivided in two chambers that are (c) separated by a valve (labeled 2)
that is closed at rest. The loading valves used for seeding cells and adding media/antibiotics are
labeled as /. Adjacent chambers are loaded with cells (chambers in flow lines G-L ) and antibiotics
(chambers in flow lines A—F). (d) Actuation of the valve separating the cell and antibiotic
chambers is achieved by applying negative pressure, which results in mixing of the contents of
the adjacent wells. Reproduced with permission from Ref. [49]

mixers. Using this simple device design, we were able to infer microbial antibiotic
resistance profiles (also known as antibiograms) by quantifying the expression of
GEP in E. coli cells treated with various antibiotics and antibiotic combinations
[49]. Strikingly, microfluidic implementation of antibiotic susceptibility testing
enabled a tenfold improvement in turnaround time and a greater than 10* fold
improvement in sensitivity compared to current macroscale antibiotic susceptibility
testing methods. In addition, we demonstrated that antibiotic action is not strictly
synergistic as a combination of multiple antibiotics does not necessarily translate to
improved bactericidal activity [49]. From a clinical standpoint, the finding is
significant as it implies that therapeutic interventions involving the use of multiple
antibiotics in case of drug resistant infections may not always prove effective.

2.4.3 Organ-on-a-Chip Platforms for Drug Screening

Recently, microfluidic organ-on-a-chip devices have been garnering increasing
attention as potential test beds for pharmacokinetic and pharmacodynamic
(PK/PD) modeling of drug candidates. In their simplest form, organ-on-a-chip
microfluidics seeks to simulate the physiological distribution of a drug molecule
within various tissue compartments along with the pharmacological effects of the
drug on the tissue of interest. To achieve this, microfluidic chambers are
constructed to mimic tissues of interest (such as the liver, lungs, bone marrow,
tumor) with respect to conservation of liquid residence times and volumetric ratios
of the various organs. The compartments are then seeded with a physiologically
relevant density of a specific cell type (e.g., hepatic cells for liver-on-a-chip)
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Fig. 2.18 Microfluidic cell culture analog (WCCA). (a) The multilayer pCCA is assembled by
sealing a PDMS layer housing flow lines over a cell culture chamber. (b) Chambers and flow lines
are designed to mimic the distribution of fluid flow (and drug) between the various tissue types as
well as the pharmacodynamic effect of the drug on a specific tissue type. (¢) The final assembled
device is small, portable, and can be operated without the need for syringe pumps or vacuum
manifolds. Reproduced with permission from Ref. [52]

[32, 51]. The tissue-mimetic compartments are interconnected using microfluidic
channels designed to simulate physiological rates of fluid transfer between various
organs. Laminar flow rates ensure that the shear stress experienced by cells was
well within physiological levels (<2 dyn cm 2). In this way, the action of a
candidate drug molecule on target cells in the chip is affected by its absorption,
distribution, and metabolism within the various organ mimetic compartments,
thereby providing a reasonably accurate representation of the drug’s PK/PD param-
eters. For example, the micro-cell culture analog (WCCA) designed by Shuler and
colleagues simulates three organs on a chip: liver, a colon tumor, and bone marrow
(Fig. 2.18) [52]. Each tissue type is represented by a micro-compartment that is
molded in silicone and seeded with cells encapsulated in a hydrogel matrix. The
cell-loaded silicone layer is sealed against a PDMS layer that houses flow lines for
delivering media and drugs to the individual cell growth chambers. The flow lines
are constructed to mimic the relative partitioning of blood between the tumor, liver,
and bone marrow (24, 58, and 18 %, respectively). Reservoirs containing pure
media are located on the chip and fluid flow within and between compartments is
achieved using gravity-induced flow developed by periodically titling the
microfluidic chip on a rocking platform. By avoiding the use of external pumps
and pneumatic valves, the authors improve usability and portability of the platform
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as well as eliminate the notorious problem posed by air bubble formation in flow
lines. Shuler and coworkers employed their microfluidic device to quantify the
PK/PD profiles of a chemotherapeutic (5-fluorouracil) on the colon cancer cell
lines. Moving ahead, one can envision that microfluidic systems such as these could
serve as critical platforms for early stage drug testing in a PK/PD-based manner,
thereby avoiding the high attrition rates and consequent economic burden associ-
ated with the drug discovery pipeline.

In summary, the simple microfluidic platforms described in this section under-
score several key advantages of microfluidic cell culture arrays for drug testing,
including rapid assaying of different drugs with single cell sensitivity and under
physiologically relevant conditions in a convenient microchip format (~1 cm?
working area) using only a few microliters of the drug or the sample. Looking
ahead, microfluidic screening chips would be immensely beneficial for preclinical
drug screening applications, particularly in cases where sample and/or reagent
consumption needs to be minimized (as in the case for lead drug candidates or
clinical specimens) as well as for field deployment of microfluidic screening devices.

2.5 Microfluidic Technologies for Single Cell Isolation
and Analysis

Selective isolation and analysis of single cells has remained a long-standing chal-
lenge for sorting and studying rare cell types such as circulating tumor cells (CTCs),
fetal cells in maternal blood, and drug-resistant microbial persister cells [9, 53,
54]. The ability to isolate and profile single cells also underpins escalating efforts
aimed at identifying and genotyping unculturable microbes from microbiome col-
lections. In contrast to macroscale sorting technologies, microfluidics affords three
key advantages for analyzing complex consortia to isolate infrequently occurring
cell types: (1) microfluidic platforms are ideal for handling small sample volumes
that are typically obtained from clinical biopsies and environmental sample collec-
tions, (2) nanoliter-scale volumes of microfluidic chambers combined with the
ability to integrate several thousands of wells on a single chip enables stochastic
partitioning of individual cells from the parent population, and (3) the isolation of
single cells in nanoliter-sized wells greatly improves the speed and sensitivity of
analytical biochemical reactions such as PCR and FISH.

2.5.1 Microfluidic Platforms for Isolating “Rare” Eukaryotic
Cells

Rare eukaryotic cells such as fetal cells in maternal blood, drug-resistant hemato-
poietic stem cells in chronic myeloid leukemia patients, and circulating tumor cells
(CTCs) in cancer patients comprise between 107* and 1077 % of the total cell



2 Microfluidic Methods in Single Cell Biology 43

population in blood. Nevertheless, these rare cells are of tremendous diagnostic and
prognostic significance, respectively for prenatal diagnosis and for predicting
metastatic burden in cancer patients. Microfluidics has recently emerged as a
valuable platform for isolating and profiling clinically and therapeutically relevant
rare eukaryotic cells.

2.5.1.1 Microfluidic CTC Isolation Platforms

CTCs are responsible for establishing metastatic tumors at sites secondary to the
primary tumor and are recognized as the major cause of mortality in cancer patients.
For this reason, improved methods for the isolation and characterization of CTCs
from patient whole blood are critically required. The low concentration of CTCs,
however, makes their detection extremely challenging. Furthermore, even CTCs
originating from the same primary tumor vary considerably in their metastatic
potential and proteomic profiles, which highlights the need for single cell profiling.
To this end, several microfluidic platforms have been described for achieving
isolation of pure CTCs [10, 11, 55]. Here, we focus on the CTC chip described
by Toner and colleagues and a more recent integrated CTC-secretome profiling
microfluidic device described by Shi and coworkers.

The CTC chip, described by Toner et al., features a dense array of 78,000
microposts (100 pm in height and width) engraved using deep reactive ion etching
(DRIE) on a silicon wafer with an effective surface area of 970 mm? (Fig. 2.19)
[10]. The microposts are chemically functionalized with anti-epithelial cell adhe-
sion molecule (EpCAM) antibodies to facilitate affinity capture of CTCs, which are
known to overexpress the EpCAM cell surface antigen (Fig. 2.19d). The chip
design was informed by model-guided simulations and optimized to maximize
contact time between the CTCs and the capture antibodies as well as minimize
shear stress at the microposts, which is detrimental to CTC adhesion. Accordingly,
an equilateral triangle arrangement of microposts was employed and shown to
reduce the shear stress to 0.4 dyn cm 2 for a volumetric flow rate of 1 mL hfl,
thereby maximizing CTC capture with minimal shear-induced cell damage. Using
the optimized design, the authors successfully identified CTCs in 115 patient blood
samples in concentrations ranging from 5 to 1281 CTCs per mL of whole blood and
with purities of 52-67 % as determined by CTC-specific antibody staining. Inter-
estingly, the high sensitivity of the CTC chip enabled identification of CTCs in
patients with clinically localized prostate cancer vis-a-vis metastatic prostate can-
cer. Importantly, the isolated CTCs could be used for off-chip biochemical analysis
via immunostaining for cancer biomarkers (such as the prostate-specific antigen)
and RT PCR. The CTC chip outscores immunomagnetic bead-based isolation
methods commonly used in clinical applications in terms of the former’s high
sensitivity (1 in 10” cells), specificity (an improvement of two orders of magnitude),
and overall CTC yield (99 %). It is conceivable that in coming years, CTC chip
would become the platform of choice for detecting metastatic cancers and
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Fig. 2.19 Microfluidic CTC chip. (a) Circulating tumor cells are isolated using a simple work-
station in which whole blood (mixed continuously on a rocking platform) is pumped through the
chip (shown in b) using pressure-driven flow. (¢) Whole blood-loaded chip. (d) Scanning electron
micrograph of the CTC chip showing a lung cancer cell captured at an anti-EpCAM functionalized
post. Reproduced with permission from Ref. [10]

monitoring treatment progression, thereby obviating the need for cumbersome
tissue biopsies.

Shi and colleagues recently described a highly integrated microfluidic device for
the isolation and secretomic profiling of CTCs (Fig. 2.20) [11]. Fabricated as a
multicomponent glass-PDMS multilayer chip, the device combines four previously
described microfluidic designs to achieve integrated CTC isolation and analysis,
including selective isolation of CTCs, size-based removal of the smaller red blood
cells, immunomagnetic removal of leukocytes and granulocytes, and single cell bar
coding of the isolated CTCs to detect secreted cytokines (secretome profiling). For
the isolation of CTCs from blood, CTCs were selectively labeled using anti-
EpCAM antibodies (analogous to the capture antibody described above) that were
chemically conjugated to single-stranded DNA (ssDNA) using a photocleavable
linker. ssDNA-encoded antibody labeled cells were then affinity-captured by
flowing the samples through a microfluidic channel functionalized with comple-
mentary ssDNA. DNA hybridization was enhanced by incorporating a herringbone
chip design that maximized mixing by generating microvortices (Fig. 2.20b—d).
Erythrocytes were removed via size-based exclusion by flowing the samples
through spiral microfluidic channels. White blood cells were removed using
on-chip immunomagnetic pull-down, and CTCs were released from the ssDNA
capture probes using brief UV illumination to cleave the photolabile linker. Finally,
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Fig. 2.20 Microfluidic CTC isolation and secretome analysis workstation. (a) The integrated CTC
chip isolates CTC(s) from whole blood, while removing RBC(s) and WBC(s) and routes the CTC
(s) to a single cell barcoding chip for analyzing secreted proteins. (b—d) Herringbone patterns on
the chip generate microvortices, which improve efficiency of ssDNA hybridization-mediated
capture of CTC(s). Hybridized DNA (fluorescently tagged) in shown in (d) and indicates a high
density of DNA patterning on-chip. (e) A size-exclusion spiral chip is used to separate out the RBC
(s). (f) The single cell barcoding chip is basically an array of single cell isolation compartments
that are patterned with a panel of antibodies to identify the proteins secreted by the trapped cell.
Reproduced with permission from Ref. [11]

the released CTCs were routed to a single cell bar coding (SCBC) microfluidic
chamber for secretomic profiling (Fig. 2.20f). The SCBC, first described by Heath
and colleagues [56], is a microfluidic device consisting of an array of
microchambers (1 nL volume per chamber) for isolating single cells. Each
microchamber also contains a micropatterned antibody barcode attached to the
surface via DNA hybridization. CTCs are loaded and partitioned between the
antibody barcoded chambers following Poisson statistics (<2 cells per chamber).
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Poly-L-lysine coating of the glass layer improves CTC retention in a nanochamber.
Following cell culture, the secreted proteins are immobilized at the specific anti-
body sites in each reaction chamber. Detection is achieved by loading the
nanochambers with biotinylated secondary antibodies and probing with
streptavidin-conjugated fluorophores. In this way, each CTC is quantitatively
barcoded in terms of its secretome. The small volume of the reaction chambers
coupled with the high efficiency of antibody capture enables the detection of
secreted cytokines with exquisite sensitivity and specificity. Using this approach,
the authors demonstrated a high degree of heterogeneity between secreted levels of
IL-8 and VEGF among CTCs isolated from the blood of a cancer patient.

2.5.1.2 Microfluidics for Monoclonal Antibody Production

As a final example of the burgeoning importance of microfluidics for the isolation
and analysis of single eukaryotic cells, we describe the application of microfluidic
platforms for antibody production and screening. Monoclonal antibodies are high-
value bioproducts as therapeutics in a broad range of diseases. Current antibody
production technologies, however, generate polyclonal mixtures of antibody-
secreting hybridomas, which need to be laboriously screened to isolate the clone
producing the antibody of interest. Furthermore, during the lengthy screening and
clonal expansion process, clones of interest that produce the desired antibody are
often outcompeted by other members of the polyclonal consortia that have faster
growth rates. Love and colleagues addressed this challenge by developing a PDMS-
based microfluidic platform comprising 25,000 micro-engraved wells, each 100 pm
in diameter and height and spaced 100 pm apart from neighboring wells [57]. The
wells were loaded by pipetting a dilute suspension of mouse hybridomas on the
surface of the microwell array and letting it sit for 3 min. Poissonian partitioning of
the cells ensured that the majority of the wells received between O and 3 cells.
Excess liquid was removed using filter papers, and the microfluidic array was
inverted and clamped against a glass slide and incubated at 37 °C for a few
hours. The glass slide was pretreated and covalently functionalized with antigens
specific to the antibody of interest. Under these conditions, antibodies secreted by
cells in each microwell will adhere to the glass substrate only if it is specific to the
antigen coating of the glass substrate. Detection is achieved using fluorescently
labeled secondary antibodies and the glass slide is scanned using a microarray
scanner to identify the location of the fluorescent signal, which is spatially regis-
tered with the corresponding antibody secreting monoclonal cell bearing microwell
(Fig. 2.21). Following detection, the hybridoma cells of interest can be clonally
expanded for scaling up antibody production. In this way, a relatively simple
microfluidic platform (single layer and without valves, mixers, and pumps, fluid
loading by pipetting) greatly simplified a long-standing challenge for therapeutic
antibody production [57].
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Fig. 2.21 Microfluidic hybridoma screening chip. A microfluidic array of wells enabled the
isolation of single hybridoma cells based on Poisson partitioning. The seeded microfluidic array
was dewetted using a filter paper and inverted over a glass slide functionalized with antibodies to
detect a secreted antigen of interest. The glass slides were scanned using a microarray scanner to
identify the spatial position corresponding to the hybridoma secreting an antibody of interest.
Following detection, the hybridoma chip can be reused for detecting additional antigen producing
cells as well as to scale up production. Reproduced with permission from Ref. [57]

2.5.2 Isolation and Genetic Analysis of Uncultivated
Microbes

It is estimated that the vast majority of microorganisms are not amenable to
laboratory-scale cultivation techniques that frequently fail to faithfully replicate
the microbe’s native niche (e.g., a nontrivial dependence on host-derived factors)
[54]. In addition, cultivation of heterogeneous microbial consortia usually selects
for fast-growing strains, which rapidly outcompete other species. Unculturable
microbes, sometimes referred to as biological dark matter, represent an untapped
and poorly studied resource that is of tremendous clinical as well as industrial
significance. While metagenomic sequencing enables genetic analysis of heteroge-
neous environmental samples, the identification of species-specific genes and
genome sequences from complex metagenomic data is an intense and computa-
tionally challenging endeavor. Recently, several microfluidics-based cell isolation
platforms have significantly accelerated the discovery of novel microbes from
complex multispecies communities, as is described below.
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2.5.2.1 Microfluidic Digital PCR Chip

Leadbetter and colleagues described a multilayer microfluidic device that was used
to discern the genetic signature of a previously unknown bacterial species in the
termite gut [58]. The microfluidic chip comprised 1176 nano-chambers (6.25 nL
volume per chamber) separated by actuate-to-close micromechanical valves
connected by a single feed line. Termite hindgut luminal contents were diluted in
PCR buffer and loaded in the microfluidic chip to achieve a Poissonian distribution
of cells in the chambers, thereby ensuring that the majority of chambers housed
between 0 and 1 bacterial cell. Subsequent to loading, the individual chambers were
isolated from each other by pneumatic or hydraulic actuation of micromechanical
push up valves, which deflected the elastomeric PDMS membrane between the
upper flow layer and the bottom control layer. Each chamber was then used as an
independent PCR reactor to co-amplify bacterial 16 s DNA using broad-specificity
bacterial primers as well as the gene for formyltetrahydrofolate synthetase (FTHFS),
which is a key metabolic enzyme involved in bacterial homoacetogenesis and
hitherto unassociated with a specific species or clade in the termite hindgut
microbiome. Colocalization of spectrally separated fluorescence signals derived
from the amplification of bacterial rDNA as well as the FTHFS gene were used to
identify microfluidic chambers housing bacterial cells encoding the FTHFS gene.
PCR amplicons were retrieved using syringe needles, re-amplified, and sequenced,
which revealed that all the FTHFS-encoding bacterial 16 s rRNA sequences clus-
tered in four closely related groups within the Spirochaete cluster. Members of this
newly identified clade were not observed in microfluidic PCR chambers that failed
to amplify the FTHFS gene, suggesting that the Spirochaete cluster is the predom-
inant species responsible for homoacetogenic metabolism in the termite hindgut. In
this way, a relatively simple microfluidic design capable of achieving single cell
confinement and digital PCR enabled the clade-specific association of a key bacte-
rial enzyme affecting energy requirements of the microbiome’s termite host.

2.5.2.2 Single Cell Genome Amplification Chip

Quake and coworkers developed a more integrated version of the microfluidic
digital PCR chip detailed in the prior section in order to isolate and sequence the
genome of a novel bacterial species from a human subgingival swab sample
(Fig. 2.22a) [59]. The microfluidic platform integrated morphology-based cell
sorting, lysis, neutralization, and whole genome amplification in a single chip. In
this design, cell sorting, lysis, and neutralization chambers (each 3.5 nL in volume)
along with a larger (50 nL volume) whole genome amplification (WGA) chamber
are arranged sequentially and isolated from each other through the use of
micromechanical valves similar to the ones described above (Fig. 2.22b). Single
bacterial cells with a characteristic rod-like shape typical of the uncultivated TM7
phylum are manually identified using microscopy and mechanically trapped in the
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sorting chamber (Fig. 2.22c¢). A feed line is used to deliver lysis reagents to the cell
chamber and the lysis reaction mix is routed to the downstream lysis chamber via
actuation of an intervening valve (Fig. 2.22d). Following lysis, the reaction mixture
is neutralized (Fig. 2.22f) and routed to the reaction chamber for whole genome
amplification of a single bacterial cell (Fig. 2.22h). Reagents for neutralization and
genome amplification are delivered via the feed line, which is flushed in between
each step by routing the washing buffer to a waste stream through the actuation of a
separate valve (Fig. 2.22e, g). Amplified genomic DNA is retrieved and used for
16S rRNA sequencing to identify the clade corresponding to the isolated
rod-shaped bacterium. Using microfluidic sorting, genome amplification, retrieval,
and sequencing, the authors were able to assemble the genome sequence of the first
representative species of the TM7 phylum.

2.5.2.3 Microfluidic “SlipChip”

Recently, Ismagilov and coworkers adapted the SlipChip microfluidic platform
originally developed for protein crystallization and digital PCR to facilitate the
cultivation of a representative gut microbiome species (Fig. 2.23) [60]. The
SlipChip platform consists of two glass plates housing nanowells along with
microfluidic channels for loading the nanowells. The two plates can be moved

a .
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Fig. 2.23 Microfluidic SlipChip. (a) Wells engraved in one of the plates of the SlipChip can be
loaded with cells by flowing a cell-loaded solution through channels engraved in the other plate.
Slipping the plates relative to each other confines the cells in a microwell to form microcolonies. In
order to isolate the microcolonies, the plates are slipped back again to align the channels with the
wells. Colonies are collected by flowing a collection buffer through the channels. (b) Operation of
the schematically illustrated steps in (a) are visualized using a red dye. (¢) The SlipChip is slightly
larger than a US quarter and features 3200 wells for isolating and growing single cells. Reproduced
with permission from Ref. [60]
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relative to one another enabling the user to (1) align the nanowells in one plate with
microchannels in the other plate to accomplish well loading and (2) to bring the
contents in nanowells housed in the upper plate in contact with nanowells in the
lower plate to enable reagent mixing by diffusion (Fig. 2.23a, b). A key feature of
the SlipChip platform is that it allows fluidic routing without the need for pumps
and valves. SlipChips developed for microbial cultivation comprise approximately
3200 nanowells (6 nL volume) engraved in photoresist in a chromium-coated glass
substrate (Fig. 2.23c). In a typical operation of the SlipChip, the microfluidic
channels and nanowells are loaded with a bacterial sample from a clinical biopsy
(e.g., from the mucosal lining of human cecum). Slipping the bottom plate relative
to the upper plate results in confinement of the stochastically partitioned bacterial
cells in each nanowell, following which the cells are allowed to grow and establish
microcolonies. To collect the cells, the lower plate is slipped in order to realign the
wells with the channel and a buffer solution is flowed through the channel to collect
pooled bacterial colonies, which can be analyzed off-chip for 16S rRNA ribotyping.
A key feature of the SlipChip platform is that the top and bottom plates can be
separated from each other following the growth of microcolonies. In this way,
bacterial populations are partitioned between nanowells in the two plates, one of
which can be used for destructive genetic profiling off-chip while the other plate
can be retained to enable macroscale cell cultivation based on the genotyping
results, thereby providing a platform for targeted microbial cultivation. An added
advantage of SlipChip is that it expedites the investigation of diverse culture
conditions. This is readily achieved by slipping the bottom plate relative to the
upper plate to align the nanowells in the lower plate with the channels in the upper
plate, which can then be loaded with a specific conditioning reagent to facilitate cell
culture. As a powerful demonstration of the potential utility of the SlipChip cell
culture platform, Ma et al. employed SlipChip to cultivate the first species of the
Oscillobacter genus (classified among the “most wanted taxa” of the human
microbiome project) by conditioning the culture medium with autoclaved fluid
collected from the sampling site in a human cecum [60].

2.6 Conclusions and Future Outlook

In the preceding sections, we have described several significant advances in various
fields of biology that have been enabled and enhanced by microfluidic technologies.
Through these examples, we have attempted to highlight key advantages of
microfluidics that remain difficult or impossible to achieve using macroscale
technologies—for example, single cell resolution, precise spatiotemporal control
over reagent delivery, and on-chip integration of multiple steps. Nonetheless, the
application of microfluidic devices for studying single cell biology is not without
limitations. First, the laminar flow regime that predominates in microfluidic chan-
nels may pose a significant challenge in situations where rapid mixing is required.
Efforts to circumvent diffusion-limited mixing include the incorporation of passive
on-chip mixers such as herringbone grooves or serpentine channels that maximize



52 A. Mukherjee and C.M. Schroeder

contact time for mixing. Second, the large surface-to-volume ratios of microfluidic
devices result in enhanced absorption and adsorption of hydrophobic molecules to
the PDMS surface, which can perturb the concentrations of drugs and reagents. A
variety of surface passivation strategies have been described for minimizing bio-
molecular adhesion in microfluidic devices. Finally, despite the relative ease of
replica molding techniques, soft lithography is not yet established as a routine
technology in most biology laboratories. This often accounts for a certain degree of
inertia in adopting microfluidic technology as an everyday tool to answer the
biologist’s questions [15, 24]. Several efforts to address this have been undertaken
including the organization of microfluidic workshops aimed at biologists, central-
ized microfluidic fabrication facilities, as well as a rapidly escalating number of
companies that design, develop, and deliver microfluidic chips and flow control
apparati for academic research applications. However, for microfluidics-based
platforms to be adapted as everyday tools in cell and molecular biology labs, it is
imperative that newer as well as established microfluidic devices are used beyond
proof-of-principle experiments to tackle key challenges in systems and synthetic
biology, clinical diagnostics, and applied microbiology [15, 17].

In closing, the examples described in this chapter highlight several applications
and new discoveries that were uniquely enabled by microfluidics, the vast majority
of which could not have been readily realized using existing macro or microscale
alternatives. Taken together with escalating advances in high-throughput sequenc-
ing, transcriptome profiling, and genome editing and the development of improved
genetically encoded probes for functional imaging, it is clear that microfluidics is
ideally poised to address exciting new frontiers in the field of single cell biology.
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Chapter 3

Convective PCR Thermocycling

with Smartphone-Based Detection:

A Versatile Platform for Rapid, Inexpensive,
and Robust Mobile Diagnostics

Aashish Priye and Victor M. Ugaz

Abstract Development of portable PCR-based diagnostic instruments has potential
to greatly expand availability of advanced health care technologies. But issues
associated with cost, complexity, electrical power requirements, and product detec-
tion continue to make PCR challenging to deploy outside of conventional laboratory
environments. Here we review exciting recent progress toward development of
convective thermocycling approaches that promise to overcome these limitations,
laying a foundation for a new generation of inexpensive and greatly simplified
diagnostic tools that can be readily deployed in a host of field-based settings.

Key words Point of care « PCR « Portable diagnostics « Smartphone

3.1 Introduction

The polymerase chain reaction (PCR) is an established routine tool in molecular
biology, and provides the basis for a multitude of “gold standard” medical diag-
nostic assays. The PCR process exploits polymerase-assisted replication of DNA
achieved by repeatedly heating and cooling reagents through denaturing (95 °C),
annealing (55-65 °C), and extension (72 °C) temperatures, resulting in an expo-
nential increase in the concentration of a target sequence. Although reaction
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kinetics at each stage of the process are relatively fast [1], traditional thermocycling
instruments are limited in their ability to continually change the reaction temper-
ature, resulting in slow operation (timescales of ~ 1 h or more) and considerable
electrical power consumption. These considerations often render PCR unfeasible to
implement in a portable format, despite its potential to provide important diagnostic
information.

Efforts to overcome these limitations in thermocycling technology have largely
focused on miniaturization, with the goal of enhancing the heat transfer character-
istics to enable rapid thermocycling and reduced power operation. To this end, a
number of microfluidics-based approaches have been reported to enable stationary
[2, 3], continuous flow [4, 5], and thermal convection-driven [6—8] PCR. Contin-
uous flow systems offer advantages by enabling isothermal operation whereby the
instrument need only maintain spatially distinct surfaces at constant temperature, as
compared with traditional stationary designs where static reagent volumes are
cyclically heated and cooled. Isothermal operation significantly reduces power
consumption, while the miniaturized design simultaneously accelerates the reaction
due to more efficient heat transfer. However, the external components required to
mechanically pump reagents through the temperature zones relevant for PCR are
challenging to miniaturize and introduce additional complexity.

Thermal convection-driven approaches overcome these limitations by applying
a temperature gradient to drive a microliter-scale convective flow that transports
reagents through the denaturing, annealing, and extension temperature zones with-
out the need for external mechanical pumping, offering the advantages of isother-
mal operation in a greatly simplified format (Fig. 3.1a). This approach promotes
rapid thermocycling because fluid elements within the reagent volume quickly
attain thermal equilibrium with their surroundings as they circulate through the
thermal gradient. Greatly improved performance is therefore achievable because
the time and energy required to heat and cool additional inactive instrument
components is eliminated. Implementations of this simple yet effective concept
have been reported by establishing vertical temperature gradients (i.e., Rayleigh-
Bénard convection) [6, 9-11] (Fig. 3.1b), horizontal temperature gradients [7, 12,
13] (Fig. 3.1c), and in closed loop convection systems (i.e., thermo-siphons) [8, 14—
17] (Fig. 3.1d, e). More recently, capillary convective PCR platforms have been
introduced that impose vertical thermal gradients via heating the side walls of thin
capillary tubes containing the PCR reagent mixture [18-20] (Fig. 3.1f).

In all these convective thermocycling systems, a crucial roadblock to widespread
adoption has been the complex interplay that exists between the imposed temper-
ature gradient and the reactor geometry, both of which govern the internal convec-
tive flow field. In other words, this interplay implies that the system must be
redesigned to perform optimally each time a new primer set is used owing to the
different thermal driving force imposed at the new annealing temperature. In this
chapter, we describe recent efforts in our research group aimed at overcoming these
limitations to enable robust PCR performance in a greatly simplified instrument
format. When coupled with fluorescence detection using a standard smartphone
camera, convective PCR lays a foundation to deliver a versatile DNA analysis
platform that is ideally suited for portable for point-of-care applications.
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3.2 Design Considerations

To understand the interdependence between the internal flow field and the reactor
geometry, we consider reagents confined within a cylindrical cavity of diameter
d and height & that is heated from below (i.e., a Rayleigh-Bénard system). The
interplay between the destabilizing buoyancy forces and restoring action of thermal
and viscous diffusion within the cavity is expressed in terms of a dimensionless
Rayleigh number as Ra = [gf(T> — T )’ |/va, where f3 is the fluid’s thermal expan-
sion coefficient, g is the gravitational acceleration, T; and T, are the temperatures of
the top (cold) and bottom (hot) surfaces, respectively, a is the thermal diffusivity,
and v is the kinematic viscosity. This quantity, together with cavity aspect ratio (h/
d), uniquely specifies the spectrum of accessible flow states (Fig. 3.2a). For a given
h/d, the buoyancy driving force at low Ra is not strong enough to drive the flow. As
Ra increases at constant //d (i.e., moving vertically from bottom to top in Fig. 3.2a),
a critical Rayleigh number (Ra,) is reached beyond which the onset of flow occurs
accompanied by axis-symmetric periodic flow trajectories. Upon further increasing
Ra, the flow becomes non-axis-symmetric and quasi-periodic, followed by a tran-
sition to chaos where fluid elements no longer follow closed periodic paths.
Multiple flow trajectories emerge beyond this point, eventually giving way to
unsteady convective turbulence. Flow states can also be altered by changing the
aspect ratio at constant Ra (i.e., moving horizontally from left to right in Fig. 3.2a).
Convective flow at small //d (wider geometries) generates fluid trajectories that are
more disordered when compared to higher /4/d (taller geometries), attributable in
part to a stronger transverse flow component (in the horizontal plane) (Fig. 3.2b).

To elucidate the interplay between the flow field and the PCR reaction kinetics,
we developed a 3D computational fluid dynamics-based convective PCR model to
resolve the time evolution of DNA replication. The model yields predictions of the
DNA replication rate in terms of a characteristic doubling time (the concept of a
“cycle time” in convective PCR differs from conventional thermocycling because
all reagents do not follow identical flow paths through the temperature gradient).
The efficiency of convective PCR in different reactor geometries can then be
quantified in terms of a generation rate (i.e., number of doubling events per hour)
[9]. This analysis leads to counterintuitive design rules for selection of reactor
geometries optimally suited for PCR. One would naively expect that closed peri-
odic flows characteristic of taller (high //d) geometries may be best for convective
PCR because fluid elements experience a quasi-periodic thermal history similar to a
conventional thermocycler. But our experiments and computational simulations
surprisingly reveal that reactions are executed more efficiently in wider (low //d)
geometries where chaotic flow trajectories appear to lead fluid elements to experi-
ence more disordered thermal histories. More importantly, generation rates achiev-
able in the chaotic flow regime remain essentially constant over nearly two orders
of magnitude in Ra (Fig. 3.2¢), encompassing virtually any realistic combination of
temperature and reactor volume likely to be encountered during PCR. These new
results imply a level of versatility previously thought to be unachievable in con-
vective PCR, enabling a single reactor geometry to function optimally in much the
same manner as standard PCR tubes and multiwell plates.
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Fig. 3.2 Microliter-scale Rayleigh-Bénard convection embeds a surprisingly complex interplay
between reaction and flow. (a) 3-D computational fluid dynamics simulations enable a Ra versus i/
d parametric flow map to be constructed, revealing a spectrum of accessible convective flow states.
The shaded region in the map represents cylindrical reactors with volumes relevant for PCR.
Within this region, different combinations of size (Ra  h) and shape (h/d) of the cylinder yield
flows displaying periodic, quasi-periodic, and chaotic trajectories. (b) A strong transverse “cross-
flow” component in small aspect ratio cylinders gives rise to more disordered flow trajectories as
compared with high //d [9]. (¢) Microscale chaotic advection enables rapid DNA replication to be
robustly achieved. Simulated replication timescales are expressed in terms of a generation rate
(i.e., number of doubling events per hour). A zone in the chaotic flow regime enables accelerated
DNA replication to be stably achieved over a span of two orders of magnitude in Ra, suggesting
that reactors designed within this zone are capable of delivering consistent replication performance
under virtually any combination of temperature and reactor volume associated with the PCR
[9]. Panels (b) and (c) reprinted with permission from Ref. [9]. Copyright 2013 American
Chemical Society
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3.3 An Inexpensive, Portable Convective PCR
Thermocycler

We next sought to apply these newfound physical insights to design a low-cost
convective PCR thermocycling system suitable for portable operation (Fig. 3.3).
Specifically, we selected a reactor height / such that the top (annealing) surface
temperature is automatically achieved when the bottom (denaturing) surface is
heated to 95 °C (results reported here in Figs. 3.3, 3.4, and 3.5 were obtained
using cylindrical reactors of 7 =10 mm and d =2.5 mm constructed from 1 in dia.
polycarbonate rod stock). In this way, the PCR is actuated isothermally by
maintaining a single heater at a constant temperature, drastically reducing electrical
consumption to a level that can be supplied by standard 5 V USB sources that power
ordinary consumer mobile devices and solar battery packs. Thermal management is
achieved by using off the shelf ceramic resistors which convert current to heat via

a Smartphone (iPhone 4s) b

(o CHCHE] I 1007

60x mini- .! ]
microscope L ]
' ) & — grid (5V, 2 A)
530 nm bandpass ~ 1 —— solar battery
emission filter = 50 —— USB battery
i —— hand crank
Smartphone 25
mounting cradle o 2 4 & 8 10
t (min)
reactor
Blue LED _— .
Heater & -, S. aureus

Ebola .
USB USB hand
M battery battery crank

3D printed 200
printe —
enclosure 100

Fig. 3.3 An inexpensive low-power convective PCR thermocycler with smartphone-based fluo-
rescence detection. (a) A simplified design enables convective thermocycling to be performed
using only a single heater held at constant temperature. (b) The resulting low electrical power
consumption enables the instrument to be operated using a variety of on- and off-grid power
sources while achieving comparable heater performance. The device can operate using any
USB-compatible 5 V power source used to charge mobile phones. (¢) This simplified platform
enables successful replication of a 150 bp Ebola target and a 147 bp S. aureus target after 20 min
reaction time (lane M, FlashGel DNA marker) using off-grid USB battery and hand crank power
sources
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Fig. 3.4 A rugged and robust platform. Experiments and simulations show that product yields are
insensitive to the reactor’s orientation with respect to the vertical direction (tilt angle), as well as
the ambient temperature, over a wide range. Gel images show 25 min replication experiments of a
237 bp target sequence from a A-phage DNA template (lane M, FlashGel DNA marker). The
doubling time data (/eft) and parametric plot (right) show performance predicted via 3-D compu-
tational fluid dynamics simulations of a coupled reaction-flow model

joule heating to build a simple mini-hot plate. A sensor monitors the temperature of
the resistor and regulates the flow of current through a MOSFET-based feedback
loop programmed to maintain the temperature at 95 °C by means of an Arduino-
based microcontroller. A polydimethylsiloxane (PDMS) casing around the resistor
ensures insulation and efficient heat transfer to the reactor bottom. The circuit also
powers a blue LED light source for detection of PCR products in real time. The
conventional USB interface makes it possible to employ a variety of power supplies
suitable for use in remote settings, including battery pack, hand crank, and solar
chargers. Consistent reaction yield and heater performance are achievable regard-
less of electrical power source.

Another counterintuitive aspect of the convective thermocycler design is its
inherent robustness. The interplay between the thermal and flow conditions
would appear to imply sensitivity to factors such as ambient environment temper-
ature and orientation of the reactor relative to the vertical direction associated with
the gravitational driving force. But remarkably, we find that the opposite is true
(Fig. 3.4). Ambient temperature conditions impact thermocycling performance by
virtue of their influence on the thermal gradient established within the reactor under
the single heating source employed in our design. Experiments and computational
simulations both reveal that our system operates consistently across ambient tem-
peratures ranging from 5 to 35 °C. Reactions proceed most efficiently at 5 °C, with
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Fig. 3.5 Smartphone-based fluorescence detection offers portability and connectivity. (a)
A smartphone and accompanying PCR to Go analysis app (https://itunes.apple.com/us/app/pcr-
t0-go/id909227041?mt=8) enable control of image acquisition, processing, and data analysis. (b)
Smartphone-based quantification is demonstrated by replication of a 237 bp target sequence from a
A-phage DNA template. Sigmoidal fits are applied to the smartphone acquired real-time data, and a
standard curve is constructed using reaction times when fluorescence exceeds a threshold value of
20 U (inset, Cy=9.4, 11.8, and 13.3 min for starting DNA concentrations of [DNA],= 105, 104,
and 10% copies/uL, respectively). (¢) A benchtop real-time PCR instrument (LightCycler
96, Roche) generates comparable results with a nearly identical standard curve

performance dropping above 35 °C where it becomes difficult to maintain the
spatially distinct temperature zones required to actuate each stage of the reaction.
The reactor’s orientation with respect to the vertical direction would also intuitively
be viewed as an important consideration given the gravitational origin of the
driving force for convective transport. However, coordinated experiments and
simulations both confirm that this is not the case, revealing no appreciable change
in reaction performance as the reactor’s tilt angle is increased, even to nearly
horizontal levels. This invariance with spatial orientation is a reflection of the
chaotic advection regime’s inherent robustness, where consistent flow phenomena
are predicted over orders of magnitude in the thermal driving force [9]. The
combined influence of these factors can be quantified by performing simulations
to determine generation rates across a spectrum-relevant tilt angles and ambient
temperatures, yielding a parametric plot of reaction rate across the entire opera-
tional envelope.
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3.4 Smartphone-Based Detection and Analysis

Complete diagnostic utility requires the ability to perform quantitatively accurate
product analysis, but fluorescence-based approaches are often challenging to imple-
ment in a portable format due to issues associated with size, cost, and ruggedness.
Smartphones have become an ubiquitous devices that are not only an essential part
of daily communication but also provide state-of-the-art imaging, computation, and
data analysis capabilities. They are also inherently familiar to most users, reducing
the need for specialized training. These advantages have enabled smartphones to
emerge as promising analysis platforms for point-of-care diagnostic systems. We
incorporated a smartphone to image the top of the convective reactor to perform
SYBR Green-based fluorescence detection of PCR products (Fig. 3.5a). The reactor
is illuminated with a blue LED light source (480 nm, 5 mW) coupled with an
excitation band pass filter (480 nm), and the resulting fluorescence signal is filtered
through emission band pass filter (520 nm). A companion smartphone-based image
analysis application PCR fo Go was created to enable fluorescence analysis either in
an end point mode (yielding a yes-no result) or in real time (providing product
quantification) (Fig. 3.5b, c). The app accesses the phone’s optical hardware to set
the camera exposure time and focal length ensuring consistent readings, a feature
often disabled for built-in point and shoot photography applications. The camera’s
CMOS sensor array acquires images looking down at the top of the convective PCR
reactor, which is enclosed in an opaque 3D printed case to provide a dark room
environment for consistent lighting. Imaging from the top of the reactor also
ensures strongest fluorescent signal due to lower (annealing) temperatures at this
location. An interchangeable smartphone cradle ensures proper alignment of the
camera and optical components independent of the specific mobile device
employed.

3.5 Convective PCR Overcomes Cost and Performance
Barriers

Table 3.1 lists several commercially available thermocycling systems aimed toward
decentralizing molecular diagnostics from dedicated medical facilities to on-site
scenarios via compact and cost-effective platforms that can be operated without
specialized training. In environments with limited availability of electrical power,
battery-operated instruments limit reliance on unpredictable power grids resulting
in less downtime. The ability to deploy the instrument for field-based analysis is
also desirable because it lowers chances for contamination and degradation asso-
ciated with transportation of collected materials and reduces sample to answer time
scales leading to faster decision-making.

Instruments such as the GeneExpert [21, 22] (Cepheid), Liat Analyzer [23]
(Roche), ML Platform [24] (Enigma), and FilmArray [25] (BioFire Defense)
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Table 3.2 Methodology for assignment of portability scores in Table 3.1

Portability PCR time Form factor Power Sample

points (min) Detection | (Ib) source preparation

2 <30 Integrated | <1 Battery Integrated

1 30-45 Off- 1-10 External Off-device
device (grid)

0 >45 >10

perform conventional stationary PCR thermocycling in a format incorporating
integrated sample preparation and real-time fluorescence detection. Although
these devices provide a complete diagnostic solution, they are relatively expensive,
complex, and require specialized training, making them less attractive for deploy-
ment in resource-limited settings. A particularly novel approach recently reported
leverages a solar focusing lens to establish spatially distinct temperature zones
needed to perform continuous flow PCR [26]. Although heating occurs passively,
electrical power is required to mechanically circulate reagents through the
microfluidic network using a syringe pump, post-PCR detection is achieved
off-chip using a benchtop microscope, and effective operation is contingent upon
availability of sufficient ambient sunlight. The suitcase-sized POCKIT system
(GeneReach) is a commercial capillary convective thermocycler, but is of limited
utility for portable diagnostics due to lack of an integrated battery and limited
endpoint fluorescence detection. The Palm PCR instrument (Ahram Biosystems), a
competing capillary convection-based device, offers battery power but lacks inte-
grated fluorescence detection.

All the above-mentioned instruments offer potential to deliver advanced diag-
nostic capabilities, but to be applicable in low resource field-based settings, they
also need to be affordable, rugged, and easy to use. We evaluated their ability to
satisfy these constraints by quantifying portability using a weighing function that
considers form factor (size, weight), electrical power requirements (battery or grid-
based operation), speed, integrated detection, and integrated sample preparation
(Table 3.2). A cumulative portability score was assigned to each instrument and
cross-plotted against cost (Fig. 3.6). Despite their broader capabilities, systems
incorporating integrated sample preparation generally fall in the top-left quadrant
of the map due to a combination of high cost and reduced portability. Other
adaptations of convective PCR achieve moderate portability at the expense of
cost and integrated analysis functions (scattered across the middle of the map).
The $50 ($US) hardware cost of our instrument breaks existing price barriers by
several orders of magnitude. When combined with a simplified rugged design and
smartphone-based detection, our convective PCR approach delivers an ideal com-
bination of low cost and high portability (lower-right quadrant of the map). The
simplified imaging and device agnostic design makes it possible to leverage a
growing used smartphone marketplace to deliver affordable fluorescence detection.
Smartphone-based analysis also introduces extraordinary connectivity, making it
possible to tap into existing communication networks for real-time delivery of
analysis results.
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Fig. 3.6 Convective PCR thermocycling offers an attractive combination of portability and cost.
A selection of commercial systems were assigned a portability score based on form factor, power
requirements, run time, sample preparation, and detection capabilities (see Tables 3.1 and 3.2).
Mapping the cumulative portability scores against instrument cost reveals an opportunity for
convective technologies to surpass existing price, performance, and portability barriers. Instru-
ments are categorized according to those employing thermal convection (red), those incorporating
integrated sample preparation (blue), and systems involving stationary, flow, or mechanical
thermocycling (green). The numbers assigned to each instrument correspond to the entries in
Table 3.1

3.6 Conclusion and Outlook

Heightened concerns regarding recent infectious disease outbreaks [27] have led to
renewed calls for development of portable, rapid, and versatile diagnostic plat-
forms. Successful implementation of PCR-based nucleic acid diagnostics to meet
these needs in low resource settings requires that they be inexpensive enough to be
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widely deployed and simple to use with a high degree of ruggedness and robustness.
The United States clinical laboratory improvement amendments (CLIA) classify
clinical diagnostic tests as either high, moderate, or waived complexity based upon
the nature of the test performed [28, 29]. PCR-based diagnostics are currently
classified as high complexity due to prerequisite operational training and sophisti-
cated instrumentation, thereby making them expensive and impractical for mass
distribution in portable applications. New instrumentation leveraging low-cost
thermal convection-based thermocycling with integrated smartphone-enabled fluo-
rescence detection offers potential to enable PCR to be classified in the moderate or
waived complexity categories, opening the door for a new generation of fast,
accurate, and affordable diagnostic tools.
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Chapter 4
Forensic Typing of Single Cells Using Droplet
Microfluidics

Tao Geng and Richard A. Mathies

Abstract Short tandem repeat (STR) typing based on polymerase chain reaction
(PCR) is a powerful tool for forensic identification. However, it is challenging to
analyze low-quantity and low-quality evidence samples comprising mixture of cells
and/or DNA from multiple contributors. Herein we present a droplet microfluidics-
based technology for single-cell STR typing with high sensitivity, throughput, and
fidelity. In this approach, single cells are initially compartmentalized within
nanoliter agarose droplets using a microfluidic droplet generator. The transforma-
tion of the agarose into microgels enables the diffusion of cell lytic reagents into the
droplets for single-cell genomic DNA extraction, while PCR inhibitors are washed
away. Following the introduction of PCR components, massively parallel multiplex
droplet PCR is performed in oil emulsions to transfer the STR information from an
individual cell onto the co-encapsulated primer-functionalized bead. The amplicon-
carrying beads are then statistically diluted and reamplified in a secondary PCR.
The resulting transfer of STR products to free solution facilitates the detection by
conventional capillary electrophoresis (CE) fragment size analysis. This technol-
ogy is effective in preserving single-genome integrity when analyzing diverse
cellular materials yet insensitive to background DNA contamination. Target cells
are successfully identified from heterogeneous cell populations with a high (up to
10:1) background, mixtures of cells and cell-free DNA, and samples contaminated
with high concentrations of PCR inhibitors.
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4.1 Introduction

Driven by the remarkable advances in modern molecular biology technologies,
forensic DNA analysis has been emerging as an essential and routine tool to assist
in identifying perpetrators, victims, and suspects in crimes [1-5]. Over the past
decades, diverse DNA typing approaches have been validated for robust analysis of
the genetic polymorphisms of materials collected in criminal investigations, among
which short tandem repeat (STR) typing has become the gold standard since its first
implementation in 1991 [1]. STRs, also termed microsatellites, are noncoding DNA
regions consisting of contiguously repeated short sequences that are typically 2—-6
base pairs in length, and account for ~3 % of human genomic DNA [3]. The number
of repeat units in a STR locus is highly variable among different individuals, and
hence STR typing is especially suitable for human identity testing [3]. In the USA,
the FBI has established a Combined DNA Index System (CODIS) containing
13 core STR loci as standard markers for forensic identification. Simultaneous
typing of all these STR loci plus a sex marker Amelogenin dramatically reduces the
random match probability in the whole human population, thereby improving the
power of discrimination [3].

Current forensic STR typing relies on multiplex polymerase chain reaction
(PCR)-based DNA amplification followed by capillary electrophoretic separation
and fluorescent detection to determine the size of STR amplicons and the repeat
numbers [3, 4]. Conventional PCR techniques yield reliable results from concen-
trated and purified DNA samples. However, it is challenging to apply standard
protocols to biological evidence samples that are found in complex environments at
a crime scene. Such samples are usually compromised in both quantity and quality,
and contaminated or degraded by environmental factors and certain potent PCR
inhibitors [6—8]. These challenging samples lead to partial STR profiles or even
false-negative results due to different degrees of PCR failure such as peak imbal-
ance, and allelic dropout and drop-in [8]. In addition, mixed specimens are fre-
quently involved in common forensic samples, such as those collected from sexual
assault scenes, and touch evidences that are often contaminated with cellular
materials from other contributors [6, 7]. Although several statistical methods have
been employed to interpret the DNA mixture profiles, it is technically difficult to
type trace samples due to stochastic allele height variation and samples involving a
large number of contributors [9, 10].

To address these limitations, a variety of strategies have been developed for
forensic DNA profiling. Novel DNA purification techniques have been developed
to remove impurities prior to STR amplification [11-22]. PCR processes have also
been modified to mitigate PCR inhibition effects through dilution of DNA tem-
plates [23, 24], utilization of DNA polymerases resistant to PCR inhibitors and
optimized buffer systems [25-29], and addition of amplification facilitators [23, 24,
30, 31]. Moreover, target cells have been sorted from mixtures prior to DNA
processing using diverse cell separation techniques to eliminate the complicated
procedure of mixture interpretation [32-36]. However, these analytical techniques



4 Forensic Typing of Single Cells Using Droplet Microfluidics 73

require a large amount of cellular material, and still suffer from limitations such as
low sensitivity, low throughput, less universality, high sample contamination pos-
sibility, and high process complexity.

Single-cell analysis is a powerful approach for probing individual cells within
heterogeneous cell samples [37-39]. Forensic typing of single cells represents a
conceptually straightforward and versatile method for forensic identification of
size-limited and mixed samples. Micromanipulation [40-42] and laser capture
microdissection [43—45] have been used to retrieve single cells from forensic
samples to perform microliter-scale PCR reactions for DNA profiling at the
single-cell level. However, the two techniques are of low throughput (a few cells
per hour), and require manual operation and complex instrumentation. The large
reaction volume of PCR also compromises its efficiency when starting with a single
cell or a low-copy sample. Furthermore, these single-cell PCR reactions are sensi-
tive to minute amounts of DNA contaminants, causing amplification problems.

Recent innovation in microfluidic technologies has opened up a wealth of new
opportunities in single-cell isolation, manipulation, and analysis because of com-
parable dimension (micrometers) and volume scales (picoliters to nanoliters) to a
single cell [37-39]. Microfluidics offers inherent advantages for single-cell analysis
including high throughput, improved sensitivity and reaction efficiency, and pro-
cess integration. In this process, single cells are compartmentalized by either single-
phase microfluidic systems incorporated with integrated microvalves [46] or
two-phase microdroplets [39]. Although the microsystems featuring nanoliter
chambers created by microvalves have great analytical power and now have been
commercialized by Fluidigm, the complicated fabrication procedures and high cost
hinder its wider applications. In contrast, droplet-based microfluidic techniques
enable the handling of individual cells with higher throughput, enhanced accuracy,
and reduced reagent and fabrication cost [39, 47, 48]. The basic principle of this
method is that highly uniform water-in-oil droplets can be produced from
microfluidic channels, and subsequently each droplet serves as an isolated minia-
turized reactor and a large number of independent reactions can be performed in
parallel. The well-defined droplet dimension enables precisely tuned and quantita-
tive analysis of droplet content, while the compartmentalization by oil reduces the
risk of sample contamination. These unique characteristics make droplet
microfluidics a valuable tool for diverse single-cell applications, including enzy-
matic reaction assays, drug screening, and genetic analysis [49-59].

In this chapter, we describe a microfluidic droplet-based method for compart-
mentalizing single cells and performing forensic STR typing at single-cell resolu-
tion. This method is built upon our previous work on single-cell and single-
molecule PCR in microfluidic nanoliter droplets that combines the benefits of
emulsion PCR and microbead-based solid-phase PCR [60-63]. This technology
has shown effectiveness and fidelity in analyzing cell mixtures, cell/DNA mixtures,
and PCR inhibitor-contaminated cell samples, thereby providing a novel tool for
analyzing low-abundance, low-quality, and mixed forensic samples [64, 65].
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4.2 Droplet-Based Single-Cell STR Typing

The droplet-based single-cell STR typing method comprises multistep molecular
biological reactions involved in standard PCR-based STR typing (i.e., cell separa-
tion, cell lysis and DNA extraction, multiplex PCR, and post-PCR cleanup) in an
array of suspended nanoliter-volume droplets. The core of this technology is the
utilization of thermosensitive agarose droplets that are produced by microfluidics
and then serve as reaction compartments. The analytical process, outlined in
Fig. 4.1, can be generally divided into three stages: (1) single-cell compartmental-
ization and genetic sample preparation; (2) massively parallel emulsion droplet
PCR for multiplex STR target amplification; and (3) detection of single-cell
amplicons. The total procedure could be completed in about 22 h including 3.5 h
of working time and 18.5 h of waiting time for cell lysis and DNA extraction
(~10 h), droplet PCR (3.5 h), secondary PCR (3 h), and capillary electrophoresis
(CE) fragment analysis (2 h). For more detailed description of experimental pro-
cedure and results see our previous papers [64, 65].

Single Cell/Bead Compartmentalization Agarose Gelation, Droplet Cell Lysis &
Extraction & Clean-up DNA Extraction
Droplet Primer Bead h

S

ﬂ PCR Mixture }
Introduction

No Cell CellType1 Cell Type 2

Fig. 4.1 Workflow for single-cell forensic STR typing. Single cells along with primer-
functionalized microbeads are first compartmentalized in agarose droplets during droplet gener-
ation on a microfluidic chip. After agarose gelation, the droplets are extracted from oil, and PCR
inhibitors are cleaned up. Single-cell genomic DNA is then released upon cell lysis and entrapped
in the gel matrix. Following the introduction of PCR components, multiplex droplet PCR is
performed in oil in a highly parallel manner. The beads are recovered by melting the agarose,
and reamplified under statistical dilute conditions for a low-gain secondary PCR that is insensitive
to intrinsic or background DNA contamination and inhibitors. Fragment analysis using a conven-
tional CE system reveals that each cell type yields distinct single-cell STR profiles, while empty
beads and reactions generate null results
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In the first stage, monodisperse aqueous agarose droplets are continuously
produced in fluorinated oil using a polydimethylsiloxane (PDMS)-glass
microfluidic droplet generator constructed with standard soft lithography. The
architecture of the microfluidic device features a flow-focusing channel geometry
consisting of a cross-junction created by three input channels and one output
channel. Pre-warmed agarose solution admixed with cells and beads is injected
into the central input channel, while the immiscible fluorinated oil mixture flows
into the two orthogonally oriented side channels. The two phases are then forced to
flow through a nozzle channel located at the downstream of the three channels
where the inner agarose stream is hydrodynamically focused into a thin thread and
then broken owing to the pressure and viscous stresses exerted by the outer oil
streams, and the droplets flow out of the chip through the output channel (Fig. 4.2a).
Droplet size and generation frequency are dependent on the channel geometry, the
volumetric flow rates of the two streams, and the physical properties of the liquids
such as viscosity. Stable fluidic physics in the device ensures high uniformity of
droplets. Nozzle channels with a dimension of 125 pm (width) x 130 pm (height)
can generate 1.5 nL droplets containing 1.5 % (w/v) of agarose at a high rate of
444 droplets per second at the flow rates of 40 pL/min for aqueous phase and
100 pL/min for oil phase. Meanwhile, single cells (or DNA fragments) along with
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Fig. 4.2 Microfluidic droplet generator design and agarose droplet generation. (a) Droplets are
generated in a flow-focusing channel geometry with oil flowing into two side channels and agarose
flowing into a central channel. Cells and beads are compartmentalized within the droplets. (b)
Gelled agarose droplets are uniformly suspended in oil. (¢) Droplets are intact after 32 cycles of
PCR in oil. Reproduced from Ref. [64] with permission from the American Chemical Society
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Sepharose (a trade name for a cross-linked form of agarose) microbeads are
statistically dispersed in the agarose solution and encapsulated within the droplets
according to Poisson distribution, thereby isolating individual cells into droplet
reactors. The narrow distribution of the droplet size enables precise control over
cell and bead occupancy by tuning their concentrations in feeding agarose solutions
or the solution and oil flow rates. The beads are conjugated with multiplex primers
for targeted STR regions via N-hydroxysuccinimide chemistry to function as
binding substrates for PCR amplicons from single cells while maintaining the
monoclonality of the STR information. Beads with an average diameter of 34 pm
are used, because their relatively large surface area provides sufficient spaces to
link ample (i.e., at least 100 attomoles) PCR product for downstream analysis [60].

The key feature of agarose droplets is their sol-gel switching in response to
thermal treatment, overcoming the limitations of traditional droplet techniques in
which the contents in a reaction cannot be completely removed. Agarose gel allows
flexible transfer of the droplets between the oil phase and the aqueous phase as well
as free exchange of low-molecular-weight reagents (e.g., salts, mono- and oligo-
nucleotides, chemicals, and some proteins) between the exterior and interior of the
droplet reactors. Type IX ultra-low-gelling temperature agarose with a gel point of
8—17 °C and a remelting point of <50 °C is employed to eliminate potential agarose
gelation during on-chip droplet generation and detrimental effects on droplet
uniformity. After collecting the aqueous droplets from the microfluidic chip via
plastic tubing, the agarose droplets rapidly transform into microgels by immedi-
ately cooling to 4 °C while maintaining high uniformity (Fig. 4.2b). Unlike aqueous
droplets, the gelled droplets can be simultaneously processed by various mechan-
ical manipulations, and 1.5 % agarose provides sufficient mechanical strength
without limiting molecular diffusion.

Following agarose gelation, the gelled droplets are isolated from the oil by
filtering using a nylon mesh with a pore size of 40 pm, and then extensively washed
with water. This step will also efficiently remove PCR inhibitors entrapped in the
droplets. To liberate tightly packaged genomic DNA from cell nuclei, cell-
encapsulated gelled droplets are incubated in cell lysis buffer containing 0.5 %
sodium dodecyl sulfate (SDS), 0.1 mg/mL proteinase K, 100 mM EDTA, and
10 mM Tris—HCI, pH 8. Proteinase K is included to digest histones and other
DNA-associated nuclear proteins for efficient release of genomic DNA. Lytic
reagents diffuse into the droplet through the cross-linked porous matrix structure,
whereas the high-molecular-weight DNA polymer chain is retained within the
1.5 nL droplets. After DNA release, the droplet cleanup is conducted by sequen-
tially rinsing with various solvents to remove residual chemicals (e.g., SDS and
proteinase K) and cell lysate, which are potent PCR inhibitors.

In the second stage, a number of gelled droplets containing single-cell genomic
DNA and primer beads are mixed with PCR cocktail to allow the transport of PCR
components into the agarose matrix. The PCR mixture includes 1x AmpliTaq®
Gold PCR buffer, 1.5 mM MgCl,, 200 pM dNTP, 0.2 U/pL AmpliTaq® Gold DNA
polymerase, 4 pg/pL heat-inactivated bovine serum albumin (BSA), 0.01 % Tween
80, and primer mixture. BSA forms a capsule layer at the interface between the
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droplet and oil during thermal cycling to eliminate droplet coalescence, and the
addition of Tween 80 further enhances the thermal stability of the droplets. Since
only a single copy or two copies of each DNA template is involved in single-cell
PCR, AmpliTag®™ Gold DNA polymerase, which is inactivated unless exposed to a
high temperature, is used to improve the yield and specificity of PCR reactions. In
addition to fluorescent dye-labeled primers with the reverse direction of the
corresponding primers coupled onto beads, the primer mixture is also composed
of a small amount of free primers having identical sequences to the bead oligonu-
cleotides. Although the concentrations of these primers are only 1/10 of their
corresponding fluorescently labeled reverse-direction primers, they help to initiate
the reaction in free solution and increase the efficiency of primer extension by
binding more products onto the primer-immobilized beads. The presence of 1.5 %
agarose has no impact on the efficiency of PCR amplification.

To perform emulsion PCR, the gelled droplets are re-dispersed in carrier oil
(either fluorinated or silicone oil mixture) by mechanical vibration at a high
frequency to form compartmentalized nanoliter PCR reactors. Surfactants are also
included in the oil mixture to ensure the structural integrity of water-in-oil emul-
sions. PCR reagents outside of the microgels are formed into extremely small
emulsions with diameters of less than 1 pm, termed microfines, which will enhance
agarose droplet stability during PCR reactions. Massively parallel multiplex PCR
combining both emulsion-based PCR and on-bead solid-phase PCR is then
implemented in a standard PCR tube using a conventional thermocycler. The
microgels melt at the hot start stage for DNA polymerase activation and remain
aqueous throughout the whole thermal cycling process, maximizing the mixing of
reagents and amplicons and hence the PCR reaction rates. The information on STR
markers is transferred from the single-cell genomic DNA onto the bead
co-encapsulated within the same droplet, and one bead corresponds to the STR
information from a single cell. With the optimized recipes of PCR reagents and oil
as well as the PCR cycling conditions, droplet merging is minimized to eliminate
cross-contamination between amplicons from different cells. Immediately after
PCR thermal cycling, the droplets are re-gelled and remain intact, as shown in
Fig. 4.2c. The microgels are harvested by centrifuging and washing with various
reagents (i.e., 100 % isopropanol, 100 % ethanol, and buffer solutions) to
completely remove the oil. The amplicon-carrying beads are recovered by melting
the agarose to disrupt the droplets, followed by cleanup of the beads through
extensive washes.

In the final stage, the genetic information from an individual cell is transferred
from the amplicons immobilized on the beads into free solution to facilitate
conventional PCR detection. This is achieved by statistically diluting the
DNA-carrying beads at appropriate concentrations in standard PCR well plates
and using them as the DNA templates for a low-gain (25 or 23 cycles) secondary
bulk PCR. The amplicons in free solutions are processed for conventional CE-based
fragment size analysis to identify the differences of STR markers among different
cells. The efficiency of this secondary PCR process could also be improved by
sorting and amplifying only the positive STR-carrying beads.
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Translating traditional STR typing to microfluidic droplet format offers several
benefits. First, the sensitivity and selectivity of the assay are significantly improved
owing to its efficient sample-handling ability. Multiple steps from single-cell
isolation to STR amplification can be accomplished in a droplet, and high single-
cell PCR efficiency results from the high concentration of starting genetic materials
confined into the nanoliter reactions. Second, this superior approach does not
involve the utilization of sophisticated and expensive instrumentation, such as
those required for single-cell separation methodologies including micromanipula-
tors, fluorescence-activated cell sorters, and laser capture microdissection systems.
In contrast, the disposable microfluidic droplet generators can be manufactured
with low cost. As such, it could be immediately applied to forensic analysis using
commonly available experimental setups in standard forensic laboratories, and in
the future the streamlined workflow can be integrated and optimized for automatic
processing. Third, the droplet-based strategy, in principle, can be extended to
simultaneously analyze multiple types of cells with any ratios simply by
re-amplifying more beads in the secondary PCR. Moreover, the ability of the
agarose droplet microfluidics to dilute extracellular contaminants (e.g., exogenous
DNA fragments, PCR inhibitors, and other environmental elements) and wash them
from microgels enables typing of complex forensic samples.

4.3 Method Validation

Our single-cell STR typing method is validated based on a 9-plex STR system
composed of 8 core STR loci from the CODIS database including D3S1358,
D5S818, D7S820, D8S1179, D13S317, D21S11, vWA, and THOI and the sex
marker Amelogenin. Pure cell samples of two standard cell lines, GM09947 female
and GM09948 male human lymphoid cells, are tested to verify the effectiveness of
single-cell droplet PCR-based STR typing. To reduce the frequency of more than
one cell in a droplet, the cell samples are substantially diluted to 0.15 cells and 0.9
primer beads on average in each droplet. At this cell occupancy, it is expected that
14 % of the beads would be positive with STR amplicons according to Poisson
statistics. In the secondary bulk PCR, beads collected from droplet PCR are
statistically diluted into 30 wells and amplified at a bead concentration of 0.9
beads/reaction corresponding to 0.126 (0.9 x 14 %) positive beads per reaction,
ensuring that only one positive bead is included in each PCR reaction. As shown in
Fig. 4.3a, b, 4 positive results and 26 null results are obtained for GM09947 female
cells, while 2 positive results and 28 null results are for GM09948 male cells. The
numbers of positive results are in good accordance with the theoretical value of 3.54
(30 x 11.8 %) following the Poisson distribution. All positive results obtained from
the single cells of both cell types exhibit full STR profiles without allelic drop-in
and dropout (i.e., 13 and 15 peaks for the 9 STR loci of GM09947 female cells and
GMO09948 male cells, respectively), and all alleles are correctly called in agreement
with the well-established STR locus information. The results confirm the ability of
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Fig. 4.3 Method validation. (a) and (b) Single-cell STR typing of pure GM09947 female (a) or
GM09948 male (b) lymphoid cells. The procedure comprises 30 cycles of emulsion PCR using
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the agarose droplets to transfer STR information from a single cell to the
co-encapsulated bead while preserving single-genome integrity throughout various
mechanical manipulations and reactions. In addition, using carefully optimized
PCR cocktail and cycling conditions, the STR peaks are generally balanced, and
the stutter products for all allelic peaks can be regarded as biological artifact
because of their low percentage (below 15 %). It is also worth noting that the
optimal amplification protocols overcome the limitations of bead-based solid-phase
PCR, as the solid-phase surface may reduce PCR efficiency due to steric hindrance
and charge repulsion. In contrast, no peaks are observed in all profiles of the
negative samples including samples amplified with negative beads, demonstrating
that there is no sample cross-contamination among the array of compartmentalized
droplet reactors.

Single-molecule droplet PCR is also conducted with 9947A female genomic
DNA to further evaluate the sensitivity of the method. On average 0.2 copies of
genomic DNA (i.e., 1.8 alleles) and 0.9 beads are entrapped in a droplet, leading to
the probability that 83 % of the beads would be conjugated with one or more STR
products. The secondary PCR is carried out at a significantly diluted bead concen-
tration of 0.15 beads/reaction. In this case, 13 % of reactions contain solely one
bead, and only 1 % of reactions would amplify from more than one bead. Unlike
single-cell typing, DNA molecule-encapsulated droplets exhibit partial STR pro-
files with different genotypes, because the different allele templates are each
statistically distributed into the droplets. Only one to three peaks are profiled
from an individual bead due to the extremely low DNA concentration, as shown
in the three representative profiles in Fig. 4.3c. The incomplete profiling is expected
because the fragments of DNA template are stochastically distributed in the drop-
lets with a probability of 9.5 % for each unique heterozygous STR allele and a
possibility of 18 % for each homozygous STR allele. Moreover, the STR markers
are all located on different chromosomes. These results reveal the intrinsic nature of
digital amplification of single-copy DNA in the droplet-based approach, and dem-
onstrate the advantage of single-cell forensic identification over conventional
approaches.

<
Fig. 4.3 (continued) droplets with 0.15 cells and 0.9 beads per droplet on average, followed
by 25 cycles of secondary PCR. (c) Single-cell STR typing of 9947A female genomic DNA.
The procedure contains 30 cycles of emulsion PCR using droplets with 0.2 copies of DNA and 0.9
beads per droplet on average, followed by 25 cycles of secondary PCR. Different colors
represent products labelled with different fluorescent dyes. Blue: 6-FAM (6-carboxy-
fluorescein); black: TAMRA (carboxytetramethylrhodamine); and green: JOE (6-carboxy-4/,
5'-dichloro-2',7'-dimethoxyfluorescein). Reproduced from Ref. [64] with permission from the
American Chemical Society
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4.4 Single-Cell STR Typing of Cell Mixtures

One benefit of our droplet-based single-cell STR typing method is its good selec-
tivity when processing heterogeneous cell populations, eliminating the subsequent
complex statistical mixture interpretation. This is demonstrated with four sets of
GM09947 female and GM(09948 male human lymphoid cell mixtures at female-to-
male cell input ratios of 1:1, 2:1, 5:1, and 10:1. A dramatically diluted total cell
concentration is tested at 0.01 cells/droplet on average while keeping the bead
concentration at 0.9 beads/droplet. As such, this strategy ensures that no cell
aggregates are trapped in the droplets, although PCR products will be bound onto
only 1 % of the beads during emulsion PCR and the majority of the beads are
empty. To reduce the required reaction number of secondary PCR, the bead
concentration is accordingly increased to 20 beads/reaction, resulting in 0.2
(20 x 1 %) positive beads/reaction. 40-100 reactions are carried out according to
the cell ratios. As illustrated in Fig. 4.4, a standard curve is established at a constant
total cell concentration in the single-cell regime but distinct relative concentrations
of the two cell types. The relationship between the observed female-to-male
cell number ratios and the corresponding input ratios exhibits a near-perfect
linearity (R*=0.9917), testifying to the accuracy and reliability of our assay in
the range of the tested ratios.

16

14
12 Y = 1.2539X -0.2501
RZ =0.9917

10--‘

8
6
4]

2 4

Observed female/male cell ratio

0 T x T % T x T ' T
0 2 4 6 8 10

Input female/male cell ratio

Fig. 4.4 Single-cell STR typing of the GM09947 female and GM09948 male lymphoid cell
mixtures. The experimental female-to-male cell number ratio is plotted against input female-to-
male cell number ratio. The procedure comprises 30 cycles of emulsion PCR using droplets with
0.01 total cells and 0.9 beads per droplet on average but varying female-to-male cell ratios (1:1,
2:1, 5:1, and 10:1), followed by 25 cycles of secondary PCR. Each data point is based on three
independent assays. Reproduced from Ref. [64] with permission from the American Chemical
Society
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When the mixed sample has equal amounts of two cell types, 40 secondary PCR
reactions yield 9 positive results and 31 null results (Fig. 4.5), which aligns
perfectly with the theoretical prediction of 18 %. Of the nine positive results, we
identify the presence of full STR profiles of four single GM09947 female cells and
five single GM09948 male cells, and the absence of mixed genotypes. The exper-
imental female-to-male ratio of 4:5 is close to that expected. Although the hetero-
zygous peaks for some STR loci such as Amelogenin and THOI are not perfectly
balanced due to the stochastic effects in single-copy DNA molecule amplification,
the identified STR profiles from this extensively diluted cell mixture do not show
significantly compromised quality with respect to stutter formation (below 15 %)
and allelic drop-in and dropout compared with those obtained from a pure cell
population. When the female-to-male cell input ratio increases, more secondary
PCR reactions should be carried out to identify the rarer cells. For instance,
100 PCR reactions are conducted at the ratio of 5:1, and 19 positive STR profiles
are discovered including 16 from GMO09947 female cells and 3 from single
GMO09948 male cells. The best performance in cell identification is achieved from
the cell mixtures with female cells ten times more prevalent than male cells using
100 PCR reactions. In principle, the single-cell method enables the target cells to be
detected in the presence of even more background cells by simply running more
secondary PCR reactions.

4.5 Single-Cell STR Typing of Cell/DNA Mixtures

Extracellular cell-free DNA has been reported to be present in diverse biological
fluids such as blood, sweat, urine, semen, and saliva which are important sources of
evidence samples in crime scenes [66, 67]. In other cases, cell-free DNA from other
contributors may contaminate the target cells in a forensic sample. Profiling the
cellular STR is challenging, especially when the extracellular DNA is much more
prevalent than the target cellular DNA. Droplet microfluidics enables not only
minimal interference with each droplet PCR reaction by contaminating DNA due
to statistical dilution of the fragments together with the target cells, but also a
simple genotype interpretation procedure. The contaminating DNA peaks can be
easily ruled out from the target cellular peaks by aligning and comparing all STR
profiles obtained from distinct droplets and then identifying the contaminating
DNA peaks which will not appear in all profiles.

The impact of cell-free DNA on the STR typing of the target cells is examined
using a model system containing GM09947 female lymphoid cells admixed with
9948 male genomic DNA. Comparisons between the known STR profiles of
GM09947 cells (13 peaks) and 9948 genomic DNA (15 peaks) demonstrate that
six alleles (Amelogenin-Y, D3S1358-17, D5S818-13, THO1-6, D21S11-29, and
D8S1179-12) belong exclusively to 9948 genomic DNA, while the other nine allele
peaks (Amelogenin-X, D3S1358-15, D5S818-11, vWA-17, TH01-9.3, D13S317-
11, D21S11-30, D8S1179-13, and D7S820-11) overlap with those of the GM09947
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Fig. 4.5 Representative single-cell STR profiles typed from droplets containing a mixture of
GMO09947 female and GM09948 male lymphoid cells. The procedure comprises 30 cycles of
emulsion PCR using droplets with 0.01 total cells and 0.9 beads per droplet on average at a female-
to-male cell ratio of 1:1, followed by 25 cycles of secondary PCR. Reproduced from Ref. [64] with
permission from the American Chemical Society
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cellular profile. Each droplet averages approximately 1 GM09947 female cell,
varying copy numbers (0.1, 1, 1.5, 2, and 3) of 9948 genomic DNA, and 0.9
microbeads. In total 70 secondary PCR assays are conducted for each condition
at the bead concentration of 0.6 beads/reaction. Consequently, it is theoretically
predicted that 63 % of beads will be linked with all 13 STR products from the single
genome of GM09947 female cells, and the chances for 9948 male DNA amplicons
to be immobilized on beads are determined by the input DNA amount. At a lower
concentration of 0.1 copies/droplet, the percentages of beads positive with any of
the 15 9948 DNA products and the 6 9948 DNA-specific products are 59 % and
26 %, respectively. Apart from that case, almost all beads should be positive with
increasing DNA concentration, and 95, 98.89, 99.75, and 99.99 % of the beads are
expected to be bound with at least one of the 9948 DNA-specific STR products for
1, 1.5, 2, and 3 copies/droplet, respectively. However, the number of amplicons on
each bead will fluctuate due to the random encapsulation of DNA molecules within
the droplets.

As expected, the cell/DNA mixtures yield mixed STR profiles of GM09947
female cells and 9948 male DNA and partial genotypes of 9948 genomic DNA
fragments. The percentages of profiles containing all 13 allelic peaks from
GM09947 cells and a given number (0, 1, 2, 3, 4, 5, or 6) of 9948-DNA-specific
peaks in the total of profiles containing the entire set of GM09947 cellular peaks are
plotted as a function of the number of 9948-DNA-specific peaks (Fig. 4.6). A low
level of cell-free DNA does not significantly affect the STR genotypes, because the
majority (82 %) of the profiles exclusively contain GM09947 cellular peaks and
only 18 % of profiles have one additional 9948-DNA-specific peak at 0.1 copies/
droplet. When the background DNA concentration increases to 1 copy/droplet, only
mixed genotypes could be detected. Nevertheless, still 30 % of the profiles contain
solely one additional 9948-DNA-specific peak, in which the contaminating DNA
peaks can be easily excluded (Fig. 4.7). When the DNA concentration jumps to 1.5
copies/droplet, most GM09947 cellular profiles contain three to four 9948-DNA-
specific peaks. It is clear that the increase in background DNA loading results in a
rise in the percentages of profiles containing more 9948-DNA-specific peaks. At
2 copies/droplet, 32 % of the profiles contain six 9948-DNA-specific peaks, and two
additional 9948-DNA-specific peaks were detected in 5.3 % of the profiles. With
highly concentrated DNA contamination at 3 copies/droplet, 78 % of the profiles
have all six contaminating peaks (Fig. 4.8). If sufficient reactions are performed in
the second round of PCR amplification, the target cellular STR profile could be
ultimately inferred from the profiles with fewer than six extra peaks. This is because
the secondary PCR is performed at low gain (25 cycles) and the contaminating
DNA is statistically distributed by allele template site. Therefore, our single-cell
method is relatively insensitive to background DNA contamination.
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Fig. 4.6 Single-cell STR typing of the mixtures of GM09947 female lymphoid cells and cell-free
9948 male DNA. The percentage of profiles containing all GM09947 cellular peaks and a given
number (0, 1, 2, 3, 4, 5, or 6) of 9948-DNA-specific peaks in all profiles containing all GM09947
cellular peaks is plotted against the number of 9948-DNA-specific peaks at varying 9948 DNA
concentrations. The procedure comprises 30 cycles of emulsion PCR using droplets with 1 cell and
0.9 beads per droplet on average but varying concentrations (0.1, 1, 1.5, 2, and 3 copies/droplet) of
DNA, followed by 25 cycles of secondary PCR. Reproduced from Ref. [64] with permission from
the American Chemical Society
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Fig. 4.7 Representative STR profiles typed from droplets containing a mixture of GM09947
female lymphoid cells and 9948 male DNA. The procedure comprises 30 cycles of emulsion PCR
using droplets with one cell, one copy DNA, and 0.9 beads per droplet on average, followed by
25 cycles of secondary PCR. Red-filled peaks indicate randomly distributed 9948 DNA-specific
peaks. Reproduced from Ref. [64] with permission from the American Chemical Society
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Fig. 4.8 Representative STR profiles typed from droplets containing a mixture of GM09947
female lymphoid cells and 9948 male DNA. The procedure comprises 30 cycles of emulsion PCR
using droplets with one cell, three copies DNA, and 0.9 beads per droplet on average, followed by
25 cycles of secondary PCR. Red-filled peaks indicate randomly distributed 9948 DNA-specific
peaks. Reproduced from Ref. [64] with permission from the American Chemical Society

4.6 Single-Cell STR Typing of Cells Contaminated
with PCR Inhibitors

The agarose droplet method also offers a robust technology to overcome PCR
inhibition resulting from interference with template DNA, primers, DNA polymer-
ase, and their cofactors (e.g., Mg®") by the presence of inhibitors in forensic
samples [68, 69]. The mitigation of inhibition effects is achieved through the
combination of two processes: inhibitor removal and dilution. Due to the difference
in molecular size between template DNA and common inhibitory substances, the
agarose gel matrix enables the efficient removal of the contaminants while retaining
DNA molecules. Prior to performing droplet PCR, the microgels containing both
cells and inhibitors are stringently washed both before and after the cell lysis step to
remove small molecules from the agarose. Moreover, the PCR inhibitory molecules
are significantly diluted to a statistical limit along with the target cells during
droplet generation, thereby minimizing the inhibitory effects for each droplet
PCR reaction. Unlike dilution of bulk samples, the template DNA concentration
in a droplet is not reduced, while only the inhibitor concentration is decreased.
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Furthermore, the droplet format ensures that the inhibitors that are not removed will
only be able to inhibit single droplet amplification. Thus, this method is practical to
analyze low-abundance samples.

The ability of this technology to circumvent PCR inhibition is demonstrated with
three commonly encountered PCR inhibitors (i.e., urea, tannic acid, and humic
acid). Urea is a soluble small molecule (66.06 g/mol) and the major element of
urine. Tannic acid is a larger polyphenol (1701.20 g/mol) commonly found in
leather and some plant materials. Humic acid, primarily existing in soil, is a mixture
of phenolic compounds with a broad molecular weight distribution from a few
hundred to tens of thousands [70]. Droplet PCR is performed with droplets
containing 0.6 GM09948 male lymphoid cells and 1 bead per droplet for 32 cycles
of emulsion PCR, followed by 23 cycles of secondary PCR at 1 bead/reaction. Two
tube-based bulk PCR controls are conducted for comparison using the identical
PCR cycling condition. “Bulk PCR-1" is accomplished with 32 cycles of PCR from
0.5 ng 9948 genomic DNA prepared with a commercial kit. Bulk PCR-2 is a
biphasic PCR process in which 0.5 pL of PCR products generated from 32 PCR
cycles (i.e., bulk PCR-1) is used as the template for the second round of 23 PCR
cycles in anew 12.5 pL reaction, eliminating the impact of total PCR cycle number.

The inhibitory level is quantified by the percentage of alleles called for each cell
sample (not a single cell) (Fig. 4.9). For all three inhibitors, droplet PCR success-
fully yields full STR profiles in the range of tested concentrations. However, the
bulk PCR reactions are completely inhibited in the presence of high concentrations
of inhibitors, although full genotypes can be acquired at lower amounts of inhibi-
tors. Partial profiles are observed in both bulk PCR methods with moderate inhibitor
contamination. The introduction of the second-stage bulk PCR enhances the per-
formance to some extent. With 100 mM of urea, the allele recovery rate of bulk
PCR-2 (93 %) is higher than that of bulk PCR-1 (67 %). By increasing the urea
concentration to 200 mM, biphasic bulk PCR recovers 60 % of the alleles, whereas
no STR loci are detected with only one round of bulk PCR. With 200 ng/pL of
tannic acid, bulk PCR-1 and bulk PCR-2 recover only 37 and 55 % of the alleles.
With 50 ng/pL of humic acid, the allele recovery rates are 47 and 87 % for bulk
PCR-1 and bulk PCR-2, respectively. When humic acid is increased to 100 ng/pL,
only 23 % of the alleles are called with bulk PCR-2, and bulk PCR-1 is completely
inhibited. Therefore, compared to standard bulk PCR, our agarose droplet-based
method has 20, 10, and 16 times improved tolerance for PCR inhibition by urea,
tannic acid, and humic acid, respectively.

In our agarose droplet-based method, all single-cell STR profiles obtained from
samples contaminated with urea and tannic acid exhibit full genotypes, possibly due
to their small size and solubility in wash buffers. However, allelic dropout occurs
with humic acid concentrations higher than 200 ng/pL. A representative full profile
and partial profiles acquired in the presence of 500 ng/pL humic acid are shown in
Fig. 4.10. It is observed that larger STR loci more easily drop out. Additionally, the
percentage of complete STR profiles among all obtained profiles decreases with
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Fig. 4.9 Single-cell STR
typing of GM09948 male
lymphoid cells
contaminated with (a) urea,
(b) tannic acid, and (c)
humic acid. The percentage
of alleles called in a sample
is plotted against the
concentrations of PCR
inhibitors under three
different amplification
conditions. In droplet PCR,
the procedure comprises

32 cycles of emulsion PCR
using droplets with 0.6 cells
and 1 bead per droplet on
average but varying
concentrations of PCR
inhibitors, followed by

23 cycles of secondary
PCR. In bulk PCR-1,

32 cycles of bulk PCR are
conducted with 0.5 ng 9948
male genomic DNA in

12.5 pL reactions. In bulk
PCR-2, 0.5 pL PCR
products from bulk PCR-1
serve as the DNA template
for the second round of

23 cycles of bulk PCR in
12.5 pL reactions. Each data
point is based on three
independent assays.
Reproduced from Ref. [65]
with permission from
Elsevier
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Fig. 4.10 Representative single-cell STR profiles typed from droplets containing GM09948 male
lymphoid cells contaminated with humic acid. The procedure comprises 32 cycles of emulsion
PCR using droplets with 0.6 cells and one bead per droplet on average at 500 ng/pL humic acid,
followed by 23 cycles of secondary PCR. Reproduced from Ref. [65] with permission from
Elsevier

more input inhibitor (Fig. 4.11a). As an example, the percentage changes from 72 to
57 % when the concentration increases from 200 to 500 ng/pL. Nevertheless, the
percentage of alleles called at the single-cell level did not change significantly
91 %/70 % for 200 ng/pL and 91 %/81 % for 500 ng/pL) (Fig. 4.11a). In contrast,
increasing the concentration to 800 ng/pL leads to a drastic drop in both rates
(Fig. 4.11). The different effects of humic acid from other inhibitors are attributed
to its complex nature of heterogeneous and polydisperse chemicals, and possible
direct binding to template DNA molecules.
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Fig. 4.11 Single-cell STR typing of GM09948 male lymphoid cells contaminated with humic
acid. (a) The percentage of complete STR profiles. in all positive profiles is plotted against the
concentration of humic acid. (b) The percentage of alleles called at the single-cell level is plotted
against the concentration of humic acid. It is obtained by dividing the number of peaks in all
(including full and partial) STR profiles (black bars) or in partial STR profiles (grey bars) by the
total peak number (15) for each genotype, and then calculating the mean. The procedure comprises
32 cycles of droplet PCR using droplets with 0.6 cells and one bead per droplet on average but
varying concentrations of humic acid, followed by 23 cycles of secondary PCR. Each data point is
based on (a) three independent assays and (b) 20-30 single-cell STR profiles. Reproduced from
Ref. [65] with permission from Elsevier

4.7 Conclusions

In conclusion, our technology combines the advantages of droplet microfluidics,
agarose chemistry, and emulsion PCR for forensic STR typing at the single-cell
level. The sensitivity and throughput are greatly improved owing to the ultralow
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PCR reaction volume and the ability to manipulate the droplets in a highly parallel
fashion. The permeability of agarose allows the free introduction of reagents for
multiple biochemical steps and efficient removal of PCR inhibitors while
entrapping the macromolecules (e.g., genomic DNA). Compared to other droplet-
based PCR methods typically yielding 1-2 products, the PCR multiplexing level is
increased to nine due to the utilization of beads functionalized with multiplexed
primers. Mixed cell populations, mixtures of cells and genomic DNA from different
individuals, and PCR inhibitor-contaminated cell samples have been successfully
typed, and the digital amplification simplifies the mixture interpretation process.
The technology paves the way for dealing with the casework involving
low-abundance forensic samples with multiple contributors. The ability to detect
multiple genetic loci in parallel from single cells will also be valuable in exploring
cellular heterogeneity in phenotypically identical cells and probing rare cells from
complex biological mixtures in biotechnological and medical applications.
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Chapter 5

Microfluidic Approaches to Fluorescence In
Situ Hybridization (FISH) for Detecting RNA
Targets in Single Cells

Robert J. Meagher and Meiye Wu

Abstract Fluorescence in situ hybridization (FISH) is a powerful molecular tech-
nique in cell biology and microbiology for detection and localization of a nucleic
acid target within an intact cell or chromosome spread, based on hybridization of a
fluorescently labeled nucleic acid “probe” to its complementary target. In some
instances, FISH analysis is performed on intact samples—whether thin tissue
sections, or environmental samples, allowing the nucleic acid target to be localized
in context with other cells. FISH evolved from in situ hybridization (ISH) tech-
niques utilizing radiolabeled probes. By comparison, FISH typically utilizes small-
molecule fluorophores. This labeling approach eliminates the hazards associated
with radioactivity, and allows analysis with common laboratory instrumentation,
including epifluorescence or laser-scanning confocal microscopes, or flow
cytometers. Unlike PCR, sequencing, or most other nucleic acid analysis methods,
FISH is fundamentally a single-cell measurement technique. Whether using imag-
ing or flow cytometry as a readout, the signals from FISH are detected and analyzed
on a cell-by-cell basis, affording a unique capability for studying rare events or
heterogeneity within a population. Coupling of FISH with flow sorters also affords
a unique capability for enriching cell or chromosome populations or even isolating
single cells based on presence of specific nucleic acid targets [7, 10, 43].
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5.1 Introduction

Fluorescence in situ hybridization (FISH) is a powerful molecular technique in cell
biology and microbiology for detection and localization of a nucleic acid target
within an intact cell or chromosome spread, based on hybridization of a fluores-
cently labeled nucleic acid “probe” to its complementary target. In some instances,
FISH analysis is performed on intact samples—whether thin tissue sections, or
environmental samples, allowing the nucleic acid target to be localized in context
with other cells. FISH evolved from in situ hybridization (ISH) techniques utilizing
radiolabeled probes. By comparison, FISH typically utilizes small-molecule
fluorophores. This labeling approach eliminates the hazards associated with radio-
activity, and allows analysis with common laboratory instrumentation, including
epifluorescence or laser-scanning confocal microscopes, or flow cytometers. Unlike
PCR, sequencing, or most other nucleic acid analysis methods, FISH is fundamen-
tally a single-cell measurement technique. Whether using imaging or flow
cytometry as a readout, the signals from FISH are detected and analyzed on a
cell-by-cell basis, affording a unique capability for studying rare events or hetero-
geneity within a population. Coupling of FISH with flow sorters also affords a
unique capability for enriching cell or chromosome populations or even isolating
single cells based on presence of specific nucleic acid targets [7, 10, 43].

FISH can be used to detect both DNA and RNA targets within cells. FISH for
DNA targets is used both for research and clinical applications, including creation
of physical maps of chromosomes, copy number analysis of genes, and other
applications in cytogenetics. FISH for RNA targets is more typically used as a
research technique, e.g., to study gene expression at the single-cell level, or
detection of small RNA within cells. FISH for ribosomal RNA (rRNA) as well as
functional gene (mRNA) targets is a long-standing technique in microbial ecology
for analyzing uncultured microbial communities. Bacterial rRNA and mRNA FISH
has also found application in clinical microbiology, for rapid identification of
bacteria from positive blood cultures and other clinical specimens [21, 28].

Labeled probes for FISH may be long (>100 bp) double-stranded DNA probes
(sometimes referred to as polynucleotide probes), or short oligonucleotides (typi-
cally <30 bases) of DNA or RNA. Nucleic acid analogs such as peptide nucleic
acids (PNA), locked nucleic acids (LNA), or morpholino oligomers can also be
incorporated into FISH probes. Polynucleotide probes often bear multiple fluores-
cent labels along the length of the probe, with labels incorporated enzymatically
(e.g., by PCR or nick translation using dye-modified dNTPs), whereas oligonucle-
otide probes are typically labeled at one or both ends, with dye labels incorporated
during solid-phase synthesis. Polynucleotide probes are most typically used for
labeling DNA targets, whereas oligonucleotide probes can be used for either DNA
or RNA targets. A variant approach to dye-labeled probes is to use probes labeled
with a hapten (e.g., biotin) or an enzyme (e.g., horseradish peroxidase), allowing
post-hybridization labeling with a variety of signal amplification techniques, as will
be discussed subsequently.
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Whether for DNA or RNA targets within eukaryotic or prokaryotic cells, FISH
protocols share certain steps in common. These generally include fixation and
permeabilization of cells, hybridization with probes, multiple wash steps with
increased stringency to remove unbound or nonspecifically bound probes, in
some cases a post-hybridization signal amplification with additional wash steps,
and finally analysis by microscopy or flow cytometry. The specific protocols for
sample prep, hybridization, signal amplification, and analysis are often quite dif-
ferent for DNA or RNA targets. Regardless of the specific protocol, FISH is
inherently a complex, multi-step procedure with expensive reagents. FISH is thus
a natural protocol to miniaturize and automate onto microfluidic devices. Even
conventional FISH (on a microscope slide) is “microfluidic” to the extent that
protocols frequently utilize simple hybridization chambers, gaskets, or frame
seals adhered to microscope slides. These simple devices reduce the volume of
reagents used for hybridization, although the protocol is still manual to the extent
that reagent addition and removal are performed using pipettes. Microfluidic flow
control offers the possibility of automating multiple steps of the protocol, as well as
potentially enhanced mass transfer to improve the efficiency of the experiment. Our
review will focus primarily on the use of microfluidics in RNA-targeted FISH,
along with a review of techniques used for RNA FISH that may be amenable to
microfluidic automation. Microfluidic approaches to DNA FISH will be reviewed
to the extent that similar techniques might be amenable to use with RNA FISH. For
a more general treatment of RNA FISH in eukaryotic cells, we recommend the
reviews by Itzkovits and van Oudenaarden [9] and Crosetto et al. [4], as well as the
review by Urbanek et al. [36] specifically for small RNA FISH. For a general
treatment of advanced FISH techniques in microbiology we recommend the review
by Amman and Fuchs [1].

5.2 FISH Methods and Translation to Microfluidics

FISH labeling has been applied to a wide variety of cell types including both
eukaryotes and prokaryotes, for both DNA and RNA targets. We review below
some of the methods most applicable to labeling RNA targets within mammalian
cells as well as bacteria, and provide examples where these protocols have been
translated to microfluidic devices.

5.2.1 Microfluidic FISH and Sample Preparation
Jor Mammalian mRNA and smRNA FISH

Fluorescent in situ hybridization for RNAs in mammalian cells can be performed on
either solid tissue sections mounted on slides for microscopy analysis, or in
suspension cells for flow cytometry analysis (flow-FISH). The flow cytometry-
based RNA-FISH sample preparation methods are the most amenable to adaptation
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to microfluidic miniaturization due to the fact that suspension cells are easier to
manipulate in narrow fluidic channels.

The key to successfully preparing cells for flow-FISH analysis is the optimiza-
tion of cellular integrity, probe design, probe stability, and signal-to-noise ratio.
Cellular integrity can be difficult to maintain in conventional bench-scale protocols
due to the cell lysis that result from repeated centrifugation and aspiration steps
required for lengthy FISH protocols. Cell morphology can also be affected due to
fixation and permeabilization steps, and the accessibility of target RNAs can be
blocked by cellular components such as protein complexes and organelles. There
are several recent advances in probe chemistry and commercially available flow-
FISH kits that address the technical issues that surround RNA-FISH in mammalian
cells. A typical RNA flow-FISH protocol contains several steps: first, fresh cells are
stained with fixable viability dyes before fixation and permeabilization. The opti-
mal fixation and permeabilization agent and duration need to be determined empir-
ically for each cell type. Typically fixation is performed using 1-8 %
paraformaldehyde, for at least 5-10 min. Methanol can be used to both fix and
permeabilize cells in a single step, but methanol treatment will destroy cell surface
antigens. Methanol treatment should thus be avoided if multiplexed detection of
protein and RNA is desired. For multiplexing of cell surface and intracellular
protein staining and RNA FISH, it is advisable to perform cell surface protein
immunostaining prior to fixation, and use mild permeabilization agents such as
Triton X-100 or saponin after cell surface immunostaining. After the fix and
permeabilization step, the cells go through FISH hybridization and signal amplifi-
cation steps, and the design of FISH probes along with the method of amplification
varies greatly depending on the type of RNA target as well as the abundance of
RNA signal. Triton X-100 is the permeabilization agent of choice when performing
immunostaining or FISH in adherent cells or mounted tissue slices, but with
suspension cells, permeabilization with Triton X-100 followed by centrifugation
will lead to cell lysis. Saponin as a permeabilization agent is widely used for sample
preparation for flow cytometry analysis, but saponin permeabilization is reversible.
Once saponin is introduced in the sample preparation protocol, it must be included
in every subsequent step to ensure that the cells remain permeable throughout the
protocol. One very practical advantage of adapting flow-FISH into microfluidic
systems is the elimination of centrifugation steps, which allows the use of a single
Triton X-100 treatment step to gently and effectively permeabilize the cells while
preserving the cell surface antigens for multiplexed immunostaining and FISH
detection.

Aside from preserving cell integrity and optimizing permeabilization conditions,
the specificity of the oligonucleotide probe used for flow-FISH is crucial in the
success of FISH-based detection. Advancements in the novel probe and signal
amplification chemistries have greatly enhanced the functionality of RNA FISH
assays. Modified nucleic acids, specifically locked nucleic acid (LNA), have
become increasingly popular in flow-FISH applications [31]. LNAs are synthetic
nucleic acid analogs that contain a methylene bridge between the 2'-oxygen and
4’'-carbon, resulting in a strained or “locked” C3’-endo conformation [29]. The
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constrained structure of the LNA provides stability to Watson-Crick pairs by either
pre-organization or increased base stacking. Each LNA incorporated into an oligo-
nucleotide will increase the melting temperature of the probe/target duplex by
1-8 °C to DNA and 2-10 °C to RNA [38], and therefore drastically increasing
the signal-to-noise ratio of FISH assays. LNA probes have been used to detect
difficult-to-access targets such as microRNAs or miRNAs [19], single-nucleotide
polymorphisms [13], and viral RNAs [27]. LNA probes have further been com-
bined with rolling circle amplification (RCA) to achieve single-transcript detection
sensitivity [12]. The combination of LNA containing probes and RCA has been
demonstrated in microfluidic system to detect microRNAs and proteins in single
cells [40], making it possible to study the spatiotemporal resolution of miRNA
expression in its native cellular context, as illustrated in Fig. 5.1. While technical
advances in probe and detection chemistries have greatly enhanced the specificity
and sensitivity of RNA-FISH assays, the cost of proprietary FISH reagents can
quickly amount to unsustainable levels. The savings offered by microfluidic scale
RNA-FISH sample preparation methods become very substantial, in most cases
over 90-95 % cost reduction, making microfluidic based RNA-FISH analysis an
attractive avenue for further development.

5.2.2 Microfluidic FISH for Microbial RNA

FISH has long been utilized as a culture-independent technique for analyzing
microbial communities. The 16S rRNA has been widely adopted as a target
molecule for FISH, usually with dye-labeled oligonucleotide probes, for two
reasons. Firstly, the 16S rRNA has been widely adopted for understanding micro-
bial phylogeny, and extensive databases of 16S rRNA sequences have been col-
lected, allowing design of FISH probes targeting groups of bacteria at the genus or
species level. Secondly, the rRNA is the most abundant nucleic acid species within
most cells, with several hundred up to tens of thousands of copies, meaning that
there is a large multiplicity of labeling sites within the small confines of a microbial
cell (on the order of 1 fL. volume). The large number of rRNA targets allows for a
bright signal, if a high efficiency of labeling can be achieved. rRNA-directed
microbial FISH is summarized schematically in Fig. 5.2.

Environmental microbes may have low copy numbers of rRNA, particularly for
slowly growing microbes in nutrient-poor environments, which presents a chal-
lenge for achieving bright labeling when using simple dye-labeled oligonucleotide
probes. Labeling mRNA from functional genes in bacteria is also highly challeng-
ing, due to the inherently low copy number of most bacterial mRNA, which are
transcribed in bursts and degrade quickly. mRNA copy number for many genes is
<10 per cell, and may be zero in the majority of cells at any given time, for many
genes. Both for the case of bacterial mRNA and for bacterial species with low copy
number of rRNA, a variety of signal amplification techniques have been employed.
The most popular of these is catalyzed reporter deposition (CARD), using
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Fig. 5.1 miRNA flow-FISH was performed in a 10-chamber microfluidic chip (top left), where T
cells were stimulated for 0, 8, 16, 20, and 24 h with phorbol myristate acetate (PMA) and
ionomycin. The resultant upregulation of miR155 was detected using LNA-FISH coupled to
rolling circle amplification. The cells and reagents were moved on and off by the chip by positive
pressure through tubing connected to electronic valves (fop right). The multiplexed detection of
miR155 (green) with early T cell activation cell surface marker CD69 (red) was demonstrated by
imaging as well as flow cytometry (bottom). Scale bar 5 pm. Adapted from [40] with permission of
the authors in accordance with the Creative Commons Attribution (CC BY) license

fluorescently labeled tyramide signal amplification (TSA), in which an enzyme
(horseradish peroxidase, HRP) results in precipitation or covalent linkage of dye
labels in the vicinity of the enzyme [14, 23]. In the microbial FISH literature, the
technique is frequently called “CARD-FISH,” and less frequently “TSA-FISH.”
CARD-FISH requires an HRP-labeled FISH probe, which can be achieved either by
direct covalent conjugation of HRP to the FISH probe or by use of a biotinylated
probe followed by addition of streptavidin-HRP conjugate. In either event, the
microbial cell membrane must be sufficiently permeabilized to allow passage of
the bulky enzyme, or even bulkier streptavidin-enzyme conjugate without
completely lysing the cell and releasing its contents or losing the cell morphology.
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Fig. 5.2 Conceptual illustration of rRNA-directed microbial FISH, illustrating detection by either
flow cytometry (flow-FISH) or epifluorescence microscopy. Adapted by permission from Mac-
millan Publishers Ltd, from Ref. [1], copyright 2008

One common approach is to embed the microbial cell in a thin layer of agarose.
CARD-FISH is difficult to perform in suspension, being almost exclusively
performed on microscope slides or filter membranes. The large number of steps
involved (with additional signal amplification, washes, and blocking steps, beyond
the conventional FISH hybridization) makes CARD-FISH a more challenging
protocol than conventional FISH. We are unaware of reports demonstrating auto-
mation of CARD-FISH on a microfluidic platform, but such an approach could
conceivably save both labor and costly reagents on this procedure.

Other approaches to achieve bright labeling for bacterial mRNA include the use
of multiple probes per target, such as Stellaris FISH which uses up to 48 probes
hybridizing along the length of the target RNA [25, 33], or use of multiply labeled
polynucleotide probes [45]. In situ PCR or in situ LAMP, followed by hybridization
of labeled probes, has also been reported with bacterial cells [18]. However, we are
aware of relatively few applications of microfluidic technologies to microbial
FISH, either mRNA or rRNA. The earliest example we are aware of is the use of
the Agilent Bioanalyzer 2100 flow cytometry chip, to perform flow analysis of
FISH-labeled marine microbes [6], or FISH-labeled Pseudomonas cells in milk
[42]. However, in these examples, FISH hybridization was performed in a conven-
tional protocol using microbes in suspension, or enriched on a filter membrane,
followed by resuspension of microbes and introduction into the Bioanalyzer chip.
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In this respect, the Bioanalyzer chip simply functions as a surrogate for a conven-
tional flow cytometer.

In an example of a more fully integrated analysis, Liu et al. demonstrated
on-chip FISH labeling and analysis of defined mixtures of cultured microbes, as
well as environmental microbes, with on-chip flow cytometry analysis [15]. This
microfluidic device, which is described in Fig. 5.3, relied upon electrokinetic forces
to mobilize negatively charged bacterial cells and oligonucleotide FISH probes
within the device. Bacteria and probes were concentrated together in a “hybridiza-
tion chamber” bounded by two photopatterned semipermeable hydrogel mem-
branes. The direction of the electric field was periodically reversed to maintain
the cells in suspension and prevent clumping. With the short length scales of the
device, a diffusion-based washing protocol was utilized, relying upon the relatively
fast diffusion of excess probe out of the hybridization chamber, while the much
slower diffusing bacteria remained essentially stationary. Following this wash step,
the bacteria were mobilized to a detection zone, where a “pinching” electric field
focused the bacterial cells into a single-file line. A custom-built detector detected
both forward scatter and fluorescence, for a flow cytometry-like detection. This
device was capable of analyzing very small numbers of input cells (100-1000 per
sample), which is well suited to environmental samples with low microbial density,
presumably following a concentration step (e.g., by centrifugation or filtration). The
device was used to detect Pseudomonas species bacteria in groundwater collected
from a chemically contaminated waste site, as part of a bioremediation study.

FISH detection on a microfluidic device using an 18S rRNA-directed probe was
combined with immunostaining for detection of cysts of Giardia lamblia, a proto-
zoan parasite [44]. These cysts have characteristic dimension of approximately
10 pm, an order of magnitude larger than the microbes in the examples described
above, and presumably with correspondingly larger rRNA content. An array of
micropillars acts as a filter to trap the cysts from a flowing suspension, while a
coarse pre-filter upstream of the micropillars prevents clogging of the device with
debris. Dual-mode labeling was performed by flushing the device successively with
solutions containing the Cy3-labeled FISH probe and a quantum dot-labeled anti-
body, with brief intermediate wash steps. The on-chip labeling required less than
30 min, with washing steps significantly accelerated relative to conventional tube-
based processing which requires multiple centrifugation and pipetting steps. The
FISH probe and quantum dot-labeled antibody were detected by imaging with
different fluorescent filters, allowing identification of cysts based on both RNA
content and surface markers.

Besides these examples of FISH utilizing cytometry or imaging for single-cell
detection of microbes, several examples of FISH or FISH-like protocols have been
demonstrated in microfluidic devices, with detection of an integrated signal to
detect the presence and/or concentration of specific microbes. Another example
of electrokinetic-assisted concentration and on-chip labeling of bacterial nucleic
acid was demonstrated by Packard et al. [22]. In this device, bacteria from a dilute
suspension are labeled with a nonspecific nucleic acid stain (SYTO 9), and con-
centrated greater than 400-fold using dielectrophoresis in a microchip with
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patterned microelectrodes. The cells are then lysed, and nucleic acid is labeled by
hybridization using a target-specific oligonucleotide probe, labeled with HEX,
which accepts as an acceptor dye for FRET, using the SYTO 9 as a donor. This
assay, termed “FRET-ISH,” is not performed with a single-cell counting or imaging
readout would be typical for FISH, but rather an integrated signal representative of
the fraction of target bacteria in a mixed population.

Although not performed on a chip, FISH analysis of bacteria in a glass capillary
was reported by Lantz et al. [11]. Rapid hybridization and wash steps were
performed on suspensions of cultured Salmonella Typhimurium, either alone or
in mixed culture, followed by analysis of the resulting microbial suspension by
capillary electrophoresis. Addition of the cationic surfactant CTAB to coat the
cells, in combination with a discontinuous buffer system in the capillary, results in
focusing of a wide variety of microbial cells into a single narrow zone. The
presence of the target bacteria (S. Typhimurium) is detected by the presence of a
bright fluorescent signal, using on-capillary LIF detection.

5.3 Detection Modalities in FISH

Traditionally FISH has relied on two distinct approaches to provide data with
single-cell resolution: imaging by fluorescence microscopy (either wide field or
confocal), or flow cytometry. Of the two approaches, flow cytometry offers much
higher analysis rates, with commercial instruments routinely capable of
>100,000 cells/s, with 10 or more fluorescence and light scattering parameters,
allowing complex multiparameter experiments. The combination of flow cytometry
with RNA FISH is sometimes referred to as flow-FISH, although in some contexts
the term FlowFISH is used specifically to refer to a cytogenetic technique in which
flow cytometry is combined with telomere-specific PNA FISH probes to quantify
telomere length [2]. In flow cytometry, a flowing stream containing cells is hydro-
dynamically focused such that cells stream single-file past a laser, allowing fluo-
rescence information to be collected one cell at a time. However, fluorescence
information from each cell is typically reduced to a single integrated value per
channel, which means there is no information about subcellular localization of
fluorescence. The logarithmic signal amplifiers commonly used in flow cytometers
offer a wide dynamic range of signal intensity, but lack the quantitative precision
required for counting individual transcripts. Some commercial flow cytometers are
also configured for flow sorting, allowing unique subpopulations of cells, or even
individual cells, to be enriched or isolated based on FISH signals.

Fluorescence imaging, by contrast, yields a wealth of information about the
subcellular localization of fluorescent probes, as well as spatial relationships
between labeled cells within heterogenous tissues or microbial communities. Indi-
vidual probe-labeled RNA transcripts can be identified and counted as bright,
diffraction-limited spots with high-resolution fluorescence imaging. The location
of fluorescently tagged molecules in relation to other cellular components or
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structures can also be revealed. Conventional epifluorescence microscopy based
upon band-pass filters and dichroic mirrors to separate light into spectral compo-
nents is typically limited to 3—4 fluorescence channels, whereas multispectral
approaches (increasingly available with laser scanning confocal microscopes) can
offer a much greater degree of spectral multiplexing. Combinatorial labeling and
spectral imaging FISH (CLASI-FISH) has been demonstrated, for example
allowing identification of 15 pylotypes of bacteria in a biofilm from the human
oral microbiome [37]. Although fluorescence microscopy has traditionally been a
low-throughput, labor-intensive technique, a wide variety of laboratory automation
is now available, ranging from motorized stages and filter changers to fully auto-
mated laser scanning image cytometers, enabling higher throughput, high-content
imaging, although automated imaging does not yet approach the analysis rates of
flow cytometers.

Both imaging and flow cytometry modalities have been adapted for use with
FISH in microfluidic chips. Within academic research groups, the stage of an
inverted microscope equipped with a CCD camera is frequently the “platform”
for testing and development of microfluidic devices of all sorts, and fluorescence
imaging of chip-based FISH is thus a natural development. High-resolution imag-
ing of cells (whether by FISH or otherwise) is best performed with high-numerical-
aperture (NA) oil immersion objective lenses, which are almost exclusively
designed to work optimally with #1.5 (0.17 mm thick) glass cover slips. These
objectives can have NA > 1.3 and achieve lateral resolution of <0.3 pm. Thicker
glass substrates necessitate using longer working distance dry objectives, often
fitted with correction collars for different thicknesses of glass; these objectives
typically have NA < 0.7 which limits resolution to approximately 0.5 pm. Optically
clear plastics such as PMMA, polycarbonate, or COC can be used to construct
microfluidic chips designed for imaging, and these materials may be available in
coverslip thickness, allowing oil immersion lenses to be used. However, the
refractive index of plastic materials typically differs from that of glass. Modern
objective lenses are designed to correct for aberrations, based on the assumption
that only materials between the objective and the specimen are glass and the
immersion medium (i.e., index-matched immersion oil or air). Using materials of
differing refractive index may introduce aberrations into the image.

Microfluidic devices constructed from PDMS can readily be bonded directly to
glass cover slips, using an oxygen plasma treatment to oxidize the PDMS surface
prior to bonding. This offers a straightforward approach to constructing
microfluidic chips compatible with FISH with high-resolution imaging. Direct
fabrication of glass microfluidic devices with coverslip-thickness substrates is
less common. Micronit Microfluidics BV offers custom fabrication of glass chips
with coverslip-thickness bottom substrates. Another approach that we have
employed is to manufacture or purchase glass chips fabricated from thicker sub-
strates, and then grinding and polishing the bottom substrate to coverslip thickness,
although the resulting thinned chips are more fragile than the original (thicker)
devices.
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A variety of flow cytometry-like detectors have also been described for
microfluidic chips, either for flow-FISH or other types of analysis. Detectors
described in academic publishing literature tend to be custom-built laboratory
prototypes, which are frequently much more limited in throughput and spectral
channels than the detectors available in commercial flow cytometers. The cylindri-
cal sheath flow geometry of most commercial flow cytometers has enabled unique
arrangements of filters, dichroic beam splitters, and PMTs fully surrounding the
sheath flow. For example, eight fluorescence channels may be interrogated from a
single 488 nm laser, with detectors placed in an octagonal arrangement around the
sheath flow. Multiple lasers are used to interrogate cells at separate positions in the
sheath, with multiple “rings” of detectors. Such a compact arrangement is impos-
sible with planar microfluidic chips, particularly for laboratory prototypes built
around an inverted microscope with a single objective lens used in an
epifluorescence configuration, and using commercial off-the-shelf optics. Coupling
lasers and detection optics with chips can also be achieved by carefully embedding
optical fibers directly into the chip [16], which necessarily increases the complexity
of device fabrication. Most examples of chip-based flow cytometry detectors that
we are aware of are limited to one or two lasers, and 2—3 fluorescence and scatter
channels. An alternative approach that enables more spectral channels is to replace
the cascade of filters and photomultiplier tubes with a spectrograph (e.g., a diffrac-
tion grating and a multianode PMT or CCD detector), enabling collection of an
entire fluorescence spectrum for each cell, with multivariate curve analysis to
resolve individual spectral components [8, 20]. A variety of cell sorting modalities
based on optical trapping [24], valving [5], deflection with a piezoelectric trans-
ducer [3], or electrokinetics [34] have been coupled to chip-based flow cytometry,
and these are expected to be compatible with FISH detection. In general chip-based
cytometers and sorters operate at much lower flow rates than commercial flow
sorters, with sort rates of a few to tens of cells per second, as opposed to tens of
thousands of cells per second. The low throughput of chip-based systems may
actually become an advantage when dealing with very small populations of cells
that may get lost in the noise of a high-throughput sorter, or when dimly labeled
cells require longer interrogation times that are afforded by low flow rates.

Besides construction of an LIF point detector (with the associated challenges of
fast data acquisition), the other main challenge for a microfluidic flow cytometry
detector is focusing cells into a single-file line. This is accomplished in commercial
flow cytometers using a sheath flow cuvette, which focuses the cell-containing
“core” into a narrow cylindrical stream, with average flow velocities on the order of
10 m/s [30]. In planar microfluidic chips, using either hydrodynamic flow or
electrokinetic forces, it is much more straightforward to achieve a
one-dimensional (1D) focusing, in which a flowing stream is “pinched” into a
narrow plane between two flowing streams from the side. Although cells are not
confined within two dimensions along the center of the flow channel, good optical
performance can still be achieved if the depth of the microfluidic channel is roughly
the same as the depth of focus of the objective lens.
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A separate concern is presented by the nonuniform velocity profile within the
microchannel when using hydrodynamic forces to achieve one-dimensional
(1D) focusing: the velocity at the centerline of the channel is higher than velocity
at either the top or the bottom. If cells are focused in two dimensions only, cells
traveling near the center are traveling faster, and thus interrogated for a shorter period
of time, than cells traveling near the top or bottom of the channel. This may confound
interpretation of results, as more signal will be collected from cells that move slowly
through the illuminated region, compared to cells at the center of the channel that
travel quickly through. One approach would be to normalize the integrated intensity
of each event by the length of the duration (measured, for example, by the duration or
peak width of a coincident light scattering signal). A second approach would be to
combine 1D focusing with a spatial filter (i.e., a confocal pinhole) to reject signals
arising out of the plane of focus of the laser, although this would result in a fraction of
the flowing cells being ignored by the detector. Although numerous papers have
described flow cytometry based upon 1D hydrodynamic focusing, it is not clear
whether the effect of nonuniform flow velocity is typically considered. We note thata
purely electrokinetic flow (either electrophoresis or electroosmosis) gives rise to a
much more nearly plug-flow profile, with no velocity gradients across the channel. A
1D electrokinetic focusing should not be problematic from the point of view of
velocity gradients, although heterogeneity in surface charge of cells may still result in
variations in transit time through the beam.

Several approaches to achieve a two-dimensional hydrodynamic focusing in
microchannels have also been reported, with the intent of approaching the cylin-
drical focusing achieved in a sheath flow cuvette. We note that examples cited
below of flow focusing in microfluidics are not exclusively limited to flow
cytometry applications. One approach has been to design channel structures with
multiple inlets that pinch the cell stream in two dimensions (i.e., from the top and
bottom as well as the sides) [26, 32], resulting in a roughly rectangular stream at the
center of the channel. A second approach has been to simply introduce cells through
a narrow capillary or needle, threaded into a microfluidic channel network, which is
similar to a conventional sheath flow cuvette. A third approach is to use a technique
called “microfluidic drifting,” relying upon inertial effects within curved
microchannels in laminar flow at high Reynolds number [16, 17].

5.4 Comparison to Other RNA-Based Detection
Technologies

Of the microfluidic methods that profile RNA expression, single-cell RNA-FISH
has some distinct advantages as well as drawbacks. The most high-profile methods
in single-cell genomic analysis are single-cell RT-PCR and single-cell RNA
sequencing (RNA-seq) using next-generation sequencing (NGS). Single-cell
whole RNA-seq holds an advantage over FISH due to its comprehensive nature.
Single cells can be sorted and placed into microfluidic reservoirs and automatically
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lysed, and made into sequencing libraries for comprehensive gene expression
analysis of the entire genome or transcriptome. No prior information about gene
targets is required, and the RNA-seq is capable of producing sensitive and theoret-
ically unbiased profile of “omic” information of any cell. We note that, in principle,
FISH labeling can be used as a selection technique for FACS with single-cell
deposition, to allow targeted single-cell RNA-seq. As of the writing of this chapter,
there are two limitations to single-cell RNA-seq: 1) the degree to which cDNA must
be amplified in order to yield enough material for NGS. The degree of amplification
required to generate enough cDNA for NGS library preparation will introduce
significant bias from trace contamination of genome amplification reagents and
bias related to different rates of degradation of mRNA transcripts, along with
inherently high variability due to stochastic transcription of some genes. The
large experimental error from cell to cell will necessitate sequencing hundreds
perhaps thousands of single cells to generate statistically meaningful results, and
this may be prohibitively expensive even as sequencing costs per base continue to
drop. 2). The vast quantity of RNA-seq data generated from each cell, times several
hundreds or thousands of cells, presents a significant challenge in bioinformatics
expertise and computing infrastructure.

In contrast to sequencing, both single-cell RT-PCR and single-cell RNA-FISH
are target-driven techniques where prior knowledge of the gene target must be
available in order to design primers for RT-PCR and FISH, and therefore provide
more specific information regarding the transcriptome, but not “omics”-level inter-
rogation afforded by single-cell RNA-seq. Dynamic arrays for microfluidic single-
cell RT-PCR commonly use matrices with fluid channels containing individual
DNA samples of interest with gene expression assay channels [35, 39]. The
throughput of single-cell RT-qPCR is limited by the number of unique sample
channels that can be fabricated onto a single-chip setup—typically tens to hundreds,
and each microfluidic sample channel can perform as many as 96 PCR assays.
Single-cell RNA-FISH is limited to much fewer RNA targets labeled with
fluorophores of different colors. Conventional RNA-FISH is limited to three or
less RNA targets/cell, and with spectral barcoding techniques there can be up to
dozens of RNA targets interrogated in the same cell. Though single-cell RNA-FISH
has limited bandwidth in terms of number of targets/cell, there are two key
advantages to performing single-cell RNA-FISH. (1) There is no need to sort and
separate single cells from a mixture in order to perform single-cell RNA-FISH, as
the subsequent analysis (imaging or flow) is inherently single cell in nature; (2) -
single-cell RNA-FISH does not require the lysis and extraction of RNA, and
therefore the RNA-FISH can be multiplexed with protein immunostaining, with
the RNA and protein targets unified within the same cell. Elimination of the cell
sorting step prior to RNA analysis is a great benefit because not all cell types are
amenable to sorting. Some cell types, such as primary cells, exhibit adverse
response to the sorting process, and functional assays using sorted cells can be a
challenge. Also, cells from solid tissue samples are often incompatible with cell
sorting, and laser microdissection of solid tissue will yield samples with hundreds
of cells, but not single cells. Hence, the elimination of sample sorting prior to
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RNA-FISH means that all cell types, including tissue slices, can be used for
RNA-FISH. In addition, if a functional assay is to be performed prior to
RNA-FISH to monitor the upregulation of several known RNA targets in response
to stimulation, RNA-FISH is the method of choice.

The multiplexing capability presented by RNA-FISH is significant especially for
small noncoding RNAs such as miRNAs, whose expression and function are tissue
specific. The same miRNA can exert opposite modulatory effects on signaling
pathways, modulate entirely different signaling pathways, or have no effect, all
depending on the tissue type and cellular context. Without the ability to monitor
mRNAs, proteins, and transient signaling events along with miRNAs in the same
cell, it is very difficult to ascertain what relationship, if any, miRNA expression has
to health or disease of that cell. Bulk profiling methods such as RNA-seq and
RT-PCR can provide measurements of numerous RNA and DNA species from
single cells, but the relationship between miRNA expression levels in relation to
their mRNA targets and protein indicators of the cellular physiological state is lost
in the sample preparation process. FISH allows for multiplexing of different
categories of targets in their native context, including proteins, and posttransla-
tional modifications, with RNA and DNA detection [41], which makes FISH unique
in its ability to preserve the cellular context and single-cell resolution.

5.5 Future Outlook for Microfluidic FISH

FISH remains a common and useful technique in cytogenetics, biomedical research,
and microbial ecology. RNA-directed FISH specifically is proving useful for
understanding the dynamics of gene expression at the single-cell level. While
there have been relatively few examples to date of fully integrated RNA-directed
FISH on microfluidic devices, we believe that microfluidics offers several advan-
tages. First, the inherently small volume of microfluidic devices allows experiments
to be performed on small numbers of cells, without loss of cells associated with
handling at large volumes. This is particularly valuable for unique, rare, or limited
cell types, such as primary cells or patient samples, or low-cell-density samples
such as environmental samples. Second, FISH protocols, particularly those involv-
ing signal amplification such as mRNA or miRNA FISH, tend to involve several
steps, with multiple intermediate washes. These protocols are tedious and time
consuming when performed manually, but are amenable to automation using
microfluidic devices with programmable pumps and valves, or programmable
power supplies (enabling electrokinetic FISH protocols). Further, the combination
of RNA-directed FISH and protein labeling affords the ability to study both gene
expression and protein expression simultaneously; such complex multi-step label-
ing protocols are greatly simplified when using a unified microfluidic device.
Further, microfluidic chips are uniquely capable of offering both common detection
modalities for FISH—high-content fluorescence imaging and flow cytometry—on a
single platform.
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Despite its great potential, microfluidic FISH for RNA targets faces dual chal-
lenges. RNA-directed FISH itself is a complex task, with multiple possible labeling
strategies, requiring extensive optimization and validation for each target. New
labeling and signal amplification approaches are still reported periodically,
suggesting that existing approaches are sometimes inadequate, whether in sensitiv-
ity, simplicity, or reliability. The second challenge is that many microfluidic
systems for working with cells are relatively primitive. ‘“Proof-of-concept” devices
have been demonstrated mostly in academic research labs, and these custom-built
devices require significant engineering expertise to fabricate, set up, and operate.
Microfluidic FISH has thus far lacked the extensive development and optimization
(and private-sector investment) that are required to move an engineered device
from the proof-of-concept stage to a commonly accepted, user-friendly tool that can
be used by (and taken for granted by) biological or clinical researchers. Given the
vast array of different protocols and applications for FISH in research labs, the
research laboratory market is likely too diverse to be served by any one commercial
device or kit for microfluidic FISH. Clinical diagnostic applications may thus be a
more attractive market for commercial investment in microfluidic FISH. Clinical
diagnostics based on FISH currently exist for cytogenetics as well as microbial
identification. If these applications can be simplified or made more reliable using
microfluidic automation, then these may represent sufficient incentive for commer-
cial investment in microfluidic FISH. For clinical applications specifically targeting
RNA, such as quantifying gene expression, qRT-PCR is currently the technique of
choice, and is characterized by exquisite sensitivity and good reproducibility, but
faces challenges with certain sample types such as formalin-fixed paraffin-embed-
ded (FFPE) tissues. Any clinical diagnostic for gene expression based upon FISH in
general, or microfluidic FISH in particular, must show compelling advantages over
qRT-PCR in terms of speed, simplicity, and predictive value, or otherwise improve
patient care over and above current techniques. As academic research groups
continue to push the limits of FISH for RNA detection, it is possible that we are
only a single killer app away from “FISH and Chips” in every clinical laboratory.
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Chapter 6
Microfluidic Multistage Integration
for Analysis of Circulating Exosomes

Mei He, Andrew Godwin, and Yong Zeng

Abstract The study of circulating exosomes has received growing interest in fields
of biology and medicine. Exosomes, small (50-150 nm) membrane vesicles of
endocytic origin, have emerged as new mechanisms for regulation of a wide range
of biological processes, including intercellular communications, immune response,
and cancer metastasis. Molecular analysis of exosomes is an emerging paradigm for
noninvasive cancer diagnosis and monitoring of disease treatment; however,
exosome analysis is challenging due to current low-efficient isolation and molec-
ular measurement approaches. In this chapter, a novel microfluidic strategy is
described for rapid, quantitative isolation and analysis of exosomes, as well as
intravesicular markers directly from human blood. This microfluidic platform
enables multistage integration of immunomagnetic isolation and enrichment, chem-
ical lysis, and immune-sandwich chemifluorescence probing in one sequential
process. The developed microfluidic exosome profiling platform has been
employed to measure expression levels of total and phosphorylated IGF-1R in
non-small-cell lung cancer patient plasma-derived exosomes, thereby opening a
new avenue for monitoring IGF-1R and its activation status in a noninvasive
manner (i.e., liquid biopsy). This developed microfluidic exosome profiling
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platform shows great potential for forming the basis of a critically needed infra-
structure to advance the biological and clinical utilization of exosomes.

Keywords Exosomes ¢ Biomarker ¢ Cancer diagnosis * Microfluidic multistage
integration ¢ Intravesicular marker

6.1 Introduction

6.1.1 Microfluidic Exosome Analysis

Microfluidic technology has shown tremendous capability in applications of molec-
ular biology, medicine, and bioanalytical chemistry, including single molecule/cell,
high-sensitive detection, rapid speed for efficient analysis, and automated operation
with microliter consumption [1-6]. Multistage functional integration in
microfluidic technology has been of a long-standing interest which is essentially
needed for processing complex biological samples. Although recent advances in
microfluidic technology have significantly impacted many areas of biology, only
several initial attempts have been made to accelerate exosome analysis. Chen
et al. first reported a microfluidic isolation system for affinity capture of serum
microvesicles using CD63 antibody immobilized on the microchannel surface
[7]. In contrast to targeting surface biomarkers of microvesicles, a physical method
has been developed to purify nano-sized extracellular vesicles by employing a
microfluidic filtration system integrated with a monolithic porous polymer mem-
brane [8]. Although microfluidic systems demonstrated superior isolation perfor-
mance compared to bench-top centrifugation methods, most of these microfluidic
platforms still rely on conventional bench-top techniques for downstream charac-
terization of isolated microvesicles. Recently, Shao et al. presented the first dem-
onstration of microfluidic molecular microvesicle analysis using a miniaturized
nuclear magnetic resonance (UNMR) sensor to detect immunomagnetic bead-
labeled microvesicles [9]. Im et al. developed a label-free detection approach called
nano-plasmonic exosome (nPLEX) assay (nPLEX) to analyze ascites-derived
exosomes in ovarian cancer patients [10]. In order to gain accurate definition of
microvesicles in particular exosomes and a deeper understanding of exosome
biological functions, comprehensive characterization of molecular composition of
microvesicles must be enabled by advantageously utilizing microfluidic technol-
ogy. Multistage integration in microfluidic technology significantly contributes to
efficient processing and analysis of exosome samples.

Cells secrete numerous membrane-derived vesicles, which are mainly composed
of 10-1000 nm exosomes and other microvesicles [11]. Exosomes differ from other
microvesicles in their cellular origin, abundance, and biogenesis. Exosomes com-
monly recognized as membrane vesicles derived from the endolysosomal pathway
have a size range of 30-150 nm and are abundantly found in the plasma and
malignant effusions derived from cancer patients [12—14]. Exosome populations
share certain common characteristics, including shape, size, density, and general
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protein composition [15]. Exosomes have been found to mediate cellular commu-
nications via transfer of cargo consisting of an array of proteins, selected functional
cellular RNAs [16, 17], and mitochondrial DNA [18]. Due to the constitutive
release and enrichment of certain proteins in exosome populations, exosomes
have been considered novel and promising biomarker resources for cancer diagno-
sis and prognosis [19, 20]. However, despite the potential for cancer research,
progress in clinical utilization of exosomes is still slow [11]. Conventional exosome
isolation and analysis approaches are of low throughput and they are time consum-
ing, consequently posing a significant technical barrier for processing such nano-
scale and molecularly diverse vesicles. Improvement and standardization of
approaches for exosome isolation and analysis are urgently needed. Current
exosome purification methods, including ultracentrifugation and sucrose gradient
ultracentrifugation, are tedious, time consuming (>10 h), and unable to completely
discriminate exosomes from other membrane vesicles [21, 22]. Most importantly,
differential ultracentrifugation co-purifies multiple extracellular vesicles that are
secreted by variable intracellular mechanisms, thereby potentially masking disease-
related biosignatures [23]. Conventional filtration has been used to isolate
microvesicles in uniform sizes of less than 150 nm [24]. However, forced filtration
and shearing force may cause membrane fusion and integrity loss in vesicles.
Molecular analysis of isolated microvesicles is primarily performed using Western
blot, ELISA, and mass spectrometry, which require lengthy processes and concen-
trated exosome samples (purified from more than 3 mL plasma or 300 mL cell
culture media), thereby limiting progress in clinical investigation and utilities of
exosomes [21, 25]. For precise quantitative measurement of exosome size and
concentration, nanoparticle tracking analysis (NTA) requires a large amount
(on the order of mL) of purified and concentrated vesicles (~109 mLfl) and is
less reliable for analyzing polydisperse system [26]. Flow cytometry analyzes small
particles, but it is limited for quantitative measurement of particles below 300 nm
[27]. Transmission electron microscopy (TEM) and atomic force microscopy
(AFM) have recently been utilized in order to investigate exosome morphology
and size distribution [28]. However, microscopic protocols do not lend themselves
to the high throughput and rapid measurement. In this chapter, a “sample-in-
answer-out” microfluidic exosome profiling approach is described that integrates
immunoaffinity isolation of plasma exosomes with quantitative characterization of
exosomal phenotypes. A cascading microfluidic circuit is introduced for
streamlining multistep assay, including exosome isolation and enrichment, online
chemical lysis and target capture, and sandwich immunoassay assisted by
chemifluorescence detection.

6.1.2 Exosomes in Blood-Based Cancer Diagnosis
and Prognosis

Development of noninvasive blood-based tests is extremely appealing, especially
for diseases in which biopsy is difficult, costly, and sometimes impossible.
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Probing circulating exosomes is an emerging paradigm for noninvasive cancer
diagnosis and monitoring of disease treatment. Lung cancer is the leading cause
of cancer-related deaths worldwide [29]. Non-small-cell lung cancer (NSCLC)
accounts for approximately 85 % of lung cancer cases, with an overall 5-year
survival (stage IITA) rate of only 15 % [30]. This fact highlights the need for
advanced diagnostic and prognostic biomarkers, therapeutic targets, and molecular
targeted anticancer agents [31]. Type 1 insulin growth factor receptor (IGF-1R) has
attracted increasing interest as a promising therapeutic target in NSCLC and other
cancers because of its implication in promoting oncogenic transformation, growth,
and survival of cancer cells [32]. However, current clinical assessment of IGF-1R
expression primarily relies on immunohistochemistry (IHC) of tumor tissue sec-
tions [33], which is invasive and contains several disadvantages. Because a major-
ity of NSCLC patients present with unresectable advanced disease, acquisition of
adequate tissue for diagnosis can be challenging. Furthermore, it is extremely
difficult to obtain tissue biopsies prior to each therapy and therefore histologic
and molecular information is substantially limited [34]. Although the insulin-like
growth factor-1 (IGF-1), insulin-like growth factor-2 (IGF-2), and insulin-like
growth factor-binding protein-3 (IGFBP-3) are circulating in blood, their plasma
levels do not always correlate well with cancer diagnosis and prognosis [35]. The
expression of specific circulating exosomal miRNAs in lung cancer has been
emerging as a potential surrogate of tumor miRNA expression, suggesting a new
paradigm that includes use of exosomes for noninvasive early diagnosis, prognos-
tics, and therapeutics [36, 37]. The diagnostic and prognostic value of exosomal
proteins has recently been increasing dramatically in cancer research [38—40]. In
this chapter, exosomal IGF-1R and its prognostic value in NSCLC patients are
discussed. The developed microfluidic platform can be used to measure expression
levels of total and phosphorylated IGF-1R in NSCLC plasma-derived circulating
exosomes, opening a new avenue for noninvasive monitoring of IGF-1R and its
activation status. Overall, the ability of microfluidic technology to detect specific
circulating microvesicular markers directly from patient plasma samples has been
demonstrated. The possibility of using circulating microvesicles to monitor the
status of IGF-1R during targeted therapy in NSCLC patients is also discussed in this
chapter.

6.2 Methods

6.2.1 Microfluidic Device Fabrication

The microfluidic exosome profiling platform was a hybrid device composed of a
glass slide bound with a layer of poly (dimethylsiloxane) (PDMS) membrane. The
PDMS layer with microfluidic channel network was fabricated using standard soft
lithography. A master was the patterns of SU8 photoresist on a 4-in. silicon wafer
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and was silanized to facilitate removal of PDMS. Negative PDMS replicas were
made by pouring a 10:1 mixture of PDMS base with the curing agent over the
wafer, followed by curing at 60 °C overnight. After removing the replicas from the
master, fluidic interfacing via holes were drilled on the PDMS layer at the desired
location. The PDMS layer was bonded to a clean glass substrate to form enclosed
microchannels immediately after exposing to UV ozone for 3 min. The surface of
the PDMS microfluidic channel was treated using (3-aminopropyl) trimethoxy
silane. The PDMS microfluidic channel was continuously flushed with a mixture
of H,O/H,O,/HCI (in a volume ratio of 5:1:1) for 30 min to obtain the hydrophilic
silanol-covered surface. After purging the microchannel with deionized water and
dry Ar, the neat (3-aminopropyl) trimethoxy silane (Sigma-Aldrich) was pumped
into the microchannel sequentially to perform a silanization reaction at room
temperature for 10 min. Unreacted silane was flushed out using deionized water
mixed with ethanol (1:1) in order to generate the hydrophilic surface. The
nonspecific binding was further minimized by employing the blocking buffer
(1 % BSA containing 0.1 % Tween 20) and washing buffer (1x PBS buffer,
0.01 % Tween 20).

6.2.2 Immunomagnetic Beads and Antibody Conjugation

Exosome capture beads (Dynal beads M-270 Streptavidin, 2.8 pm in diameter)
were purchased from Invitrogen. Antibodies against o-IGF-1R, EpCAM, CD?9,
CDS81, and CD63 were conjugated to the Dynal beads through biotin-streptavidin
linkage per vendor’s instructions, generating typical binding capacity of ~10 pg
biotinylated antibody per 1 mg of beads. Relative lower concentrations of capture
beads demonstrated higher capture efficiency. The 20 pL of antibody-coated beads
(1 mg/mL) were premixed with 150 pL human plasma for 30 min and then mixture
was introduced into microfluidic device. The local magnetic field was generated
using a disk magnet (Licensed NdFeB, Grade N40, 2 mm in diameter, poles on flat
face). Although the diameter of the magnet was 2 mm, which is smaller than the
capture chamber, the extended magnetic field right covered the full chamber region
as empirically optimized. IGF-1R capture beads were generated by coupling mouse
monoclonal IGF-1R antibody to surface-activated Dynabeads (M-270 Epoxy,
2.8 pm in diameter) through epoxy-amine covalent bonds. The epoxy coupling
reaction was performed at 37 °C overnight with gentle shaking. Typical binding
capacity is ~5-8 pg antibody per 1 mg of beads, according to the vendor’s
instruction. The specificity of antibodies to IGF-1R/pIGF-1R was tested using
ELISA.
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6.2.3 Transmission Electron Microscopy and Exosome
Characterization

Agar and resin embedding protocols were employed to ensure that exosome
morphology was maximally maintained under TEM imaging. Exosome-bead com-
plexes were fixed in 2 % (v/v) glutaraldehyde in PBS for 3 h, followed by two
15-min washes in PBS. Beads were resuspended in 4 % agar. After cutting the agar
into 1 mm pieces, the specimen was fixed overnight in 2 % (W/v) osmium tetroxide
in 0.1 M cacodylate buffer kept in the refrigerator. The specimen was rinsed two
times for 15 min each with distilled water and then dehydrated in a graded series of
ethanol: 30 % for 10 min, 70 % for 10 min, 95 % for 10 min, 100 % for 30 min, and
100 % for 30 min. The specimen was then placed into a graded series of mix of pure
L.R. white (hard grade) and 100 % ethanol: 1:2 for 30 min, 1:1 for 30 min, and 2:1
for 30 min. Then three changes of ethanol-free pure L.R. white were conducted for
30 min and kept overnight. The resin-embedded specimen was polymerized at
60 °C for 24 h. Ultrathin sections (80 nm) were cut on Leica Ultracut-S Ultrami-
crotome and counterstained with 4 % (w/v) aqueous uranyl acetate for 5 min,
followed by 3 min with a solution of lead acetate. Sections were viewed after
counterstaining in a JEOL JEM-1400 Transmission Electron Microscope (equipped
with a Lab6 gun) operating at 80 kV. Micrographs were prepared to a known scale,
and diameters of vesicles bound to the bead surface were measured. Exosome sizes
were measured and calculated using JEM-1400 TEM software with ruler function at
20 K magnification and normalized to the scale bar.

Other methods and protocols, including exosome isolation using differential
ultracentrifugation and nanoparticle tracking analysis (NTA), are detailed below.
Exosome microvesicles were prepared from fresh frozen blood plasma (2 mL).
Differential centrifugations were carried out of the collected plasma or cell culture
media in order to obtain exosomes. The plasma was centrifuged for 45 min at
10,800 rpm using ultracentrifugation at 4 °C (Thermo Scientific SORVALL WX
ULTRA series centrifuge). Supernatants were purified by two successive centrifu-
gations for 2 h each at 35,800 rpm. Pellets were resuspended in 20 pL PBS and
washed once in a second 20 pL. PBS. The amount of pellet proteins recovered was
measured by Bradford assay (BioRad). Exosome microvesicles were conserved at
—80 °C until use. Exosome microvesicles purified by ultracentrifugation were
collected and diluted in 1:50, 1:125, 1:250, and 1:500 in 1x PBS buffer. The size
and concentrations of diluted microvesicles were counted using NanoSight follow-
ing standard protocols. By monitoring the trajectory of microvesicle movement,
particle numbers within the size range of 0-500 nm were estimated under serial
dilutions. Concentrations were calibrated back to the plasma concentration. For
consistent reading, measurement settings were optimized and five replicas were
performed to obtain average measurements.

Western blotting was performed following standard protocol using Tris-glycine
pH 8.3, 4-12 % precast polyacrylamide slab mini-gels with Blot Module (BioRad).
Samples were prepared by adding running buffer (0.1 % SDS) and heating at 65 °C
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for 5 min. After electrophoresis at 125 V for 2 h, gels were electrotransferred to
cellulose membranes (0.2 pm) at 25 V for 2.5 h. After twice washing (1x PBS,
0.5 % Tween 20, pH 7.4), the membranes were blocked with 5 % dry milk overnight
at 4 °C with shaking. The solution of primary antibody (1:1000) was added into
blocking buffer for 2-h incubation with shaking at room temperature. After incu-
bation, the membrane was washed three times for 10 min each. The secondary
antibody streptavidin-HRP (Invitrogen, ELISA grade, 1.1 mg/mL) diluted 1:2500
in the blocking solution was added for 1-h incubation at room temperature with
agitation, and then the washing step was repeated three times. The membrane was
subsequently developed with Chromogenic Substrate Reagent (BioRad) until
desired band intensity was achieved. Imaging was performed using FluorChem E
(ProteinSimple) with a proprietary filter.

6.3 Microfluidic Multistage Integration

A PDMS microfluidic device was fabricated that contained a cascading
microchannel circuit for streamlining multistage analysis of exosomes directly
from human plasma, including exosome isolation and enrichment (1* stage cap-
ture), exosome lysis, fluidic mixing and immunomagnetic capture of intravesicular
targets (2" stage capture), and protein immuno-assays. The device architecture and
multistage procedures are detailed in Fig. 6.1. The two cascading magnetic-bead
capture chambers were 4 mm in diameter, capable of capturing up to 10° 2.8 um
microbeads each. The plasma sample premixed with antibody-labeled magnetic
beads was introduced through sample Inlet #1 into the first capture chamber in
which the magnetic beads with bound exosomes were isolated and washed by PBS
washing buffer. The lysis buffer was introduced through Inlet #2 and incubated with
captured exosomes in the first chamber by stopping the flow. The lysate then flowed
into a serpentine microchannel along with antibody-labeled magnetic beads intro-
duced from two side channels in order to specifically capture released intravesicular
proteins (Fig. 6.1). The protein capture beads were magnetically retained in the
second chamber in which detection antibodies (Inlet #3) and chemifluorescence
reagents (Inlet #4) were introduced to perform sandwich immunodetection of
captured intravesicular protein markers. The complete analysis, including
two-stage immunomagnetic capture, was completed in ~2 h (0.5 h off-chip incu-
bation and ~1.5 h on-chip assay) with as low as 30 pL plasma samples.

Multiple fluidic introductions were precisely controlled at a certain flow rate
using a 4-syringe programmable pump system (HARVARD Pumpl1 Elite) with
pico-litter resolution. Plasma samples (150 pL) premixed with immunomagnetic
microbeads were introduced through Inlet #1 into the first-stage magnetic capture
chamber at a speed of 2 pL/min for exosome immunomagnetic isolation. The lysis
buffer was passed into the first-stage magnetic chamber after exosome capture and
stopped in order to complete lysis. The lysate was then washed out from the first-
stage magnetic capture chamber and subsequently flowed into the serpentine
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Fig. 6.1 Multistage integrated microfluidic exosome profiling platform. (a) Image of the proto-
type PDMS chip containing a microchannel network for cascading exosome profiling. (b) Sche-
matic illustration of streamlined on-chip immunomagnetic isolation of exosomes, chemical lysis,
and intravesicular protein analysis. (¢) Workflow and operation procedures of microfluidic
exosome profiling (reproduced from He et al. 2014)

mixing microchannels designed for immunomagnetic binding of potential
exosomal protein markers. After capture of target exosomal protein, the microbeads
were collected at the second-stage magnetic chamber for total IGF-1R antibody
(1:100 dilution) probing. The secondary antibody anti-rabbit IgG-AP (1:100 dilu-
tion) was introduced for chemifluorescence detection. The fluorogenic substrate
DiFMUP was introduced through Inlet #4 for quantitative and sensitive detection of
target protein marker. The washing buffer (1x PBS, 0.01 % Tween 20) was
employed for 5 min between each step. Fluidic exchange was performed carefully
to avoid any unwanted air bubbles.

6.3.1 Flow Conditions for Exosome Capture and Processing

The magnetic capture of beads has been investigated, because it dictates the
overall performance of exosome isolation and molecular analysis. Beads suspended
in a buffer solution were infused into the chamber and retained by the magnet
placed underneath the centerExosomes:flow conditions of of the chamber
(Fig. 6.2a, inset), forming a field-induced aggregate due to dipolar interactions
between the beads. Previous research reported that the amount of magnetically
captured beads in a microchannel can be represented by the size of bead aggregate
that increases linearly with time at a constant flow rate [41, 42]. This approach was
adopted in order to estimate the amount of beads captured in the chamber as a
function of total sample infusion volumes, as summarized in Fig. 6.2a. In this case,
flow rates used to reach total volumes were randomly varied during bead capture
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Fig. 6.2 Optimization of flow conditions for microfluidic immunomagnetic capture of circulating
exosomes. (a) Plot of the amount of beads captured in the chamber represented by the aggregate
area fraction as a function of total infusion volume and flow rate. The error bars are the standard
deviation of three replicates. Inset: Bright-field microscopic photograph of magnetic bead capture
in the first magnetic capture chamber. Scale bar is 100 pm. (b, ¢) Representative TEM images of
exosomes from NSCLC patient plasma on-chip isolated by immunomagnetic beads and ultracen-
trifugation. (d, e) Large aggregates (d) and other membranous particles (e) presented in
ultracentrifugation-purified exosomes indicated by white arrows

(Fig. 6.2a, dash line). Results showed that the size of aggregate normalized to the
chamber size was linearly dependent on the total sample infusion volume regardless
of applied flow rates (1-10 pL/min). This observation was consistent with the
reported simulation and experimental results [43]. Linear volume dependence
indicated the well-maintained capacity and efficiency for bead capture using devel-
oped microfluidic platform, thereby ensuring quantitative measurement of
exosomes from biological samples. The very low flow rates were chosen for
exosome capture and intravesicular protein capture in both chambers (2 and 1 pL/
min, respectively). The bead recovery rate was determined to be >99 % by
counting residual beads in the elute volume. In order to investigate the effects of
flow conditions on exosome immunomagnetic capture, the morphology of bead-
captured exosomes has been examined using TEM imaging. Several representative
TEM images are shown in Fig. 6.1b, ¢ for on-chip immunomagnetically isolated
plasma exosomes as compared to ultracentrifugation-purified plasma microvesicles
(Fig. 6.2d, e). Immunomagnetic isolation revealed a population of vesicles in a
typical round, homogenous morphology with a major size distribution of
40-150 nm, which is consistent with reported exosome morphology [44]. The
cup-shaped morphology is often erroneously considered to be a typical appearance
of microvesicles resulting from membrane collapse during sample drying for TEM
without embedding and sectioning. Relatively large aggregates were often
observed, as well as other membranous particles (arrows in Fig. 6.2d, e) in a
heterogeneous population of vesicles purified by ultracentrifugation, although
ultracentrifugation is the most commonly used technique to isolate exosomes.
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Fig. 6.3 (a) Representative TEM images showing enriched exosomes on the surface of antibody-
conjugated beads from NSCLC and ovarian cancer (OVCA) samples. Significantly fewer vesicles
from healthy plasma and almost no vesicles on the negative control beads without specific
antibodies were observed. (b) Representative size histograms of on-chip isolated exosomes from
NSCLC (EpCAM+, n=130) and OVCA (CA125+, n=130) compared to that of
ultracentrifugation-purified NSCLC vesicles measured by NTA using NanoSight (insets). Sizes
were obtained by averaging five measurements. Red dot plots are log-normal fitting (R* > 0.98).
Scale bars: 100 nm

On-chip purification of exospores was performed from NSCLC and healthy
plasma using beads labeled with EpCAM, a-IGF-1R, or CA125 antibodies. As
demonstrated in Fig. 6.3, TEM examination of collected microbeads showed that
bead surfaces were densely coated with numerous round vesicles, approximately
50-150 nm in diameter, in patient samples, while significantly less vesicles from
healthy plasma and no vesicles for the negative control beads without antibody
conjugation were observed. In addition, most bead-bound vesicles remained round
in shape and only very few appeared irregular, indicating the high integrity of
exosomes [13, 45]. These results suggest that flow conditions used effectively
minimized nonspecific binding while preventing specifically captured exosomes
from being eluted out by shearing force. On-chip capture performance was further
characterized by size distribution of individual exosome subpopulations isolated by
targeting tumor-associated markers (EpCAM, a-IGF-1R, and CA125) and common
exosomal markers (CD9, CD81, and CD63). Size is the most acceptable criterion
for exosome identification and differentiation from other extracellular vesicle types.
The current consensus is that exosomes originated from multivesicular endosome
fusion are typically smaller than 150 nm, while a majority of microvesicles derived
from plasma membranes are relatively larger (150-2000 nm). Compared to nano-
particle tracking analysis (NTA) using NanoSight, which requires ~1 mL of con-
centrated vesicles (~10° mL™") for accurate size determination, TEM provides a
robust means of sizing and counting exosomes in small volumes collected from
microfluidic isolation without significant dilution (~30 pL). Most immunocaptured
exosomes were found to be smaller than 150 nm, with a notably smaller size range
(e.g., 97 % of EpCAM+ and CA125+ vesicles <150 nm) than those exosomes
obtained by ultracentrifugation (72.1 %) (Fig. 6.3). Current “gold standard”
approaches based on ultracentrifugation yield a mixed population of various extra-
cellular vesicle types with a wide size distribution. NTA analysis of
ultracentrifugation-purified vesicles yielded a broader size variation and no distinct
profiles between healthy and NSCLC cases (Fig. 6.3). These findings suggest that



6 Microfluidic Multistage Integration for Analysis of Circulating Exosomes 123

this microfluidic immunocapture method provides a more specific means of puri-
fying exosomes than ultracentrifugation.

6.3.2 Microfluidic Streamlined Chemical Lysis of Exosomes

In order to chemically lyse captured exosomes, lysis buffer was pumped to fill the
first capture chamber and then stopped to incubate with the immobilized beads. A
mild nonionic detergent, Triton X-100, was used because it is one of the most
widely used surfactants to lyse cells but retain activity of released proteins. The
lysis conditions, including Triton X-100 concentrations and incubation times, were
characterized. As shown in Fig. 6.4, TEM examination suggested that incubation
with 5 % Triton X-100 for 5 min is sufficient to completely lyse the exosome cluster
bound on the bead surface in comparison to control beads collected before lysis.
After lysis of exosomes, the lysate was flushed into a serpentine microchannel to
mix with magnetic beads conjugated with specific antibody in order to capture

Fig. 6.4 .(a) Exosome- a Before 5% Triton X100 10% Triton X100
bound microbeads before lysis
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released intravesicular proteins of interest. In order to facilitate fluidic mixing, a
microchannel configuration was employed such that bead suspension was injected
(Inlet #3) from the two side channels in order to flank the main stream of exosome
lysate (Fig. 6.4b, left), thereby reducing the cross-sectional distance for mass
transfer [46]. The effect of flow rate on mixing was characterized in the serpentine
channel by co-flowing a 0.1 pM solution of FITC-labeled BSA and the bead
solution. The injected beads were well mixed to randomly distribute across the
channel width (200 pm) within a short flow travel distance of ~10 mm (Fig. 6.4b,
right). Fluorescence imaging showed that uniform BSA concentration across the
channel can be obtained within a flow travel distance of 11 mm at a flow rate of
1 pL/min (Fig. 6.4c, inset). The minimum travel distance was measured for
complete mixing at a flow rate range of 0.5-6 pL/min (Fig. 6.4c), which exhibited
a linear response. This result provided a guidance for determining suitable flow rate
under given microfluidic dimensions for efficient mixing and protein capture. A low
flow rate of 1 pL/min was chosen, resulting in an estimated incubation time of
3.8 min when flowing through a 25 cm long mixing channel and the second
magnetic capture chamber. This extensive incubation aided by convective mixing
allowed efficient mixing and solid-phase affinity capture inside microchannels
[47, 48]. In order to maximize recovery of released exosomal proteins, a total
volume of 30 pL buffer was continuously infused to wash the exosome-binding
beads captured in the first chamber. The exosome-binding beads were then mixed
with the protein-binding beads and finally collected in the second chamber for
downstream protein assay.

6.4 Profiling Exosome Subpopulations

6.4.1 Microfluidic Isolation of Exosome Subpopulations
Based on Surface Markers

Exosomal protein signatures derived from the plasma of cancer patients have
shown promising potential for cancer research and clinical diagnosis [49—
52]. Using optimized isolation conditions, plasma-derived exosomes were charac-
terized from stage II NSCLC patients and healthy controls. Based on exosome
surface protein topography, variable exosome subpopulations can be identified.
Microfluidic isolation of individual exosome subpopulations was conducted by
targeting commonly used surface markers (e.g., CD9, CD81, and CD63) [15]. Epi-
thelial cell adhesion molecule (EpCAM)-positive exosomes have been recently
reported in lung cancer [53]. a-IGF-1R, the extracellular alpha-subunit of
IGF-1R, is involved in tyrosine kinase signal transduction pathways in NSCLC
[54]. TEM visualization of the bead-exosome complex allows morphological
identification and abundance analysis of exosome surface protein expression.
Exosome size is a commonly used, yet arguable, criterion for differentiating various
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components in extracellular vesicles and for defining exosomes [55]. Current
consensus is that exosomes originated from multivesicular endosome fusion are
typically smaller than 150 nm, while a majority of microvesicles derived from
plasma membrane are relatively larger. The log-normal fitted size distributions (R*
>98 %) were obtained for individual exosome subpopulations (EpCAM+,
o-IGF-1R+, CD9+, CD81+), as summarized in Fig. 6.5. Results showed that
targeting various surface markers leads to considerable variation in exosome
subpopulation isolation: ~97 % of EpCAM+ and CD9+ exosomes are smaller
than 150 nm (Fig. 6.5a, c) as compared to 80 % in a-IGF-1R+ and CD81+ sub-
populations, respectively (Fig. 6.5b, d). For comparison, NTA analysis of
ultracentrifugation-purified vesicles was performed and found no distinct size
distribution profiles between healthy and NSCLC samples (Fig. 6.5¢, f). Compared
to ultracentrifugation, microfluidic immunoaffinity isolation of EpCAM+ and CD9
+ exosome subpopulations yielded notably narrower size distributions with a higher
percentage of exosomes smaller than 150 nm (~97 % vs. 72.1 %). Based on general
size criterion to define exosomes, the results suggested that the EpCAM- or
CD9-based microfluidic immunoaffinity capture provides a more specific approach
to identify and purify exosomal subpopulations in NSCLC compared to
centrifugation-based methods. This conclusion is consistent with the report by
Tauro et al. which observed better homogeneity and more than twofold higher
exosomal proteins associated with exosome biogenesis from immuno-captured
exosomes than ultracentrifugation and density gradient-purified exosomes [56].

In order to demonstrate the ability to detect exosomal expression patterns
associated with cancer, the relative quantification of five exosome subpopulations
defined by individual surface markers was conducted using TEM. Figure 6.6
illustrates tested representative patients and controls. NSCLC patients typically
exhibit distinct exosome expression profiles compared to healthy controls, with a
three- to fivefold increase in exosome abundance except when captured with CD63.
CD63, commonly thought to be expressed in exosomes, has been a universal
surface marker for exosome isolation and profiling in cell lines and biopsies of
various cancers [57, 58]; however, observations developed here suggested differ-
ently. The number of CD63+ exosomes in the plasma from NSCLC patients
compared to other surface markers was universally low, indicating inefficiency of
CD63 capture for exosome purification. The adaptability of developed microfluidic
approach was further demonstrated for other cancers by testing OVCA with the
tumor markers (EpCAM and CA125) and exosomal markers (CD9, CD81, and
CD63). OVCA samples also provided a positive control for NSCLC studies because
CD63 was found to be highly expressed in OVCA exosomes. As expected, high
CD63 expression was observed, thereby validating developed method and
supporting the observation of low CD63 expression in NSCLC cases. The ability
to discriminate disease from healthy subjects and detect differential expression of
markers (e.g., CD63) in cancers indicates high specificity of the microfluidic
method.

In order to validate microfluidic results, parallel measurements of
ultracentrifugation-purified vesicles were performed using standard analytical
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Fig. 6.5 Size distributions of exosomes isolated from NSCLC plasma by microfluidic
immunomagnetic capture and the ultracentrifugation-based method. (a—d) Size histograms of
exosome subpopulations isolated by targeting four exosomal surface proteins: EpCAM,
a-IGF-1R, CDY9, and CD81, respectively. A total of 130 captured vesicles were measured for
each marker. Insets: Representative TEM images of exosomes from each subpopulation. Scale bar
is 100 nm. (e, f) Size histograms of ultracentrifugation-purified vesicles from (e) healthy and (f)
NSCLC plasma. NTA by NanoSight was employed to analyze microvesicle sizes. Insets show the
movement trajectory of microvesicles (in color). Size was obtained by averaging five NTA
measurements. The dotted red lines are log-normal fitted plot (R* > 0.98)

methods. Exosome abundance in patient plasma measured by NTA showed a ~4-
fold increase on average compared to healthy controls (p=0.0001, Fig. 6.6b),
thereby agreeing with total protein levels estimated by the Bradford assay. Results
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Fig. 6.6 Microfluidic isolation and surface phenotyping of circulating exosomes in cancer. (a)
The scattered dot plot of abundance of bead-bound exosomes from NSCLC, OVCA, and healthy
plasma obtained by TEM (n =25). A panel of surface markers (EpCAM, a-IGF-1R, CA125, CD9,
CD81, and CD63) were used for exosome isolation. The dashed line indicates the highest exosome
counts observed for healthy controls. (b) NTA analysis of size distribution and abundance of
vesicles purified from NSCLC and healthy controls by ultracentrifugation. The error bars are the
standard deviations. The dashed lines are log-normal fitting (R* > 0.98). (¢) Bradford assay of total
proteins in ultracentrifugation-purified exosomes from NSCLC patients (stage II) and healthy
subjects (p =0.0007)

of the Bradford protein assay (Fig. 6.6¢) showed significantly higher total exosomal
protein levels in NSCLC patients than the healthy controls (3.9-fold increase in the
averaged concentration, p =0.0007). The change of total exosomal protein associ-
ated with disease status correlated well with the microvesicle quantity determined
by NTA, collaboratively validating the ability of developed microfluidic method to
detect disease-caused variations in exosome expression.

6.4.2 Exosomal Surface Protein Expressions

In order to determine if plasma-derived exosome subpopulations show similar
protein profiles as the tumor origin in NSCLC, the three-color immunofluorescence
histological (IFH) study of patient-matched lung tumor tissues was performed, as
presented in Fig. 6.7. EpCAM, a-IGF-1R, CD9, and CD81 were found to be highly
expressed in tumor tissues from patients, supporting the corresponding plasma
exosomal subpopulation profiles generated by microfluidic technology (Fig. 6.6a).
A high expression of four markers was also found in the tumor tissue collected from
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Fig. 6.7 (a) Representative IFH images of matched tumor tissue from NSCLC patient #1 in
Fig. 6.6a, showing high expression of biomarkers except for CD63. (b) Immunofluorescence
analysis of NSCLC tumors (patient ID 1385, 1357, 1076) for exosome-specific markers
(EpCAM, a-IGF-1R, CD9, CD81, CD63) found in matching plasma-derived exosomes. CD63
protein levels were not readily detected in the examined NSCLC tumors, which is consistent with
the on-chip observation of patient-matched plasma exosomes in Fig. 6.6a

Patient #1076 before treatment, in contrast to the low-abundance exosome subsets
found in plasma sampled after the completion of surgery and chemotherapy. This
result suggests the feasibility of microfluidic method for diagnosis and monitoring
residual disease after surgery and tumor progression during subsequent therapy.
Finally, the expression level of CD63 was considerably low in tumor tissues from
all three NSCLC cases, further confirming results of microfluidic-based analyses.
The matched molecular profiles between circulating exosomes and tumor tissues
suggested the possibility of exosomal profiling as a noninvasive blood-based test
for cancer diagnosis and monitoring of cancer treatment. The studies in this chapter
also provided more experimental evidences that support recent questions regarding
the use of CD63 as a general surface marker for unbiased isolation of
exosomes [59].

In order to confirm the microfluidic study of exosomal surface protein expres-
sions, protein composition of plasma vesicles from various NSCLC stages and
healthy controls was analyzed by Western blotting, as presented in Fig. 6.8.
Differential expression of tested protein markers agreed well with variation in the
abundance level of exosome subpopulations detected by the microfluidic approach.
In order to verify detection of CD63 expression, an ovarian cancer cell line (C30)
known to produce CD63+ exosomes was included as the positive control. All
NSCLC cases in various disease stages (e.g., stages I, II, and IV) and healthy
cases showed indiscernible or low CD63 levels as opposed to the ovarian cancer
cell line (Fig. 6.8). Overall, the microfluidic and centrifugation-based methods
showed significant elevation in exosome concentration in NSCLC patients as
compared to healthy controls, proving clinical relevance of circulating exosomes
in cancers. Matched molecular profiles between circulating exosomes and tumor
tissues suggest the possibility of exosomal profiling as a noninvasive blood-based
test for cancer diagnosis and monitoring of cancer treatment. The studies in this
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exospores. Microfluidic protein topography profiling technology revealed more
detailed molecular signatures associated with cancer, which is inaccessible to
centrifugation-based methods.
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6.5 Noninvasive Analysis of IGF-1R in NSCLC Through
Microfluidic Exosome Profiling

6.5.1 Microfluidic Chemifluorescence Detection
of Intravesicular Markers

The cascading microfluidic immunomagnetic capture strategy enables integration
of intravesicular proteomic assays with upstream exosome subpopulation isolation
in order to confer a “sample-in-answer-out” exosome analysis capability. To
demonstrate this capability, a complete assay was performed that combined
exosome subpopulation isolation and enrichment, chemical lysis, flow mixing for
intravesicular protein capture, and chemifluorescence-based sandwich immunoas-
says in order to quantify total IGF-1R and phosphorylated IGF-1R in EpCAM+
NSCLC exosomes. The on-chip immunomagnetic sandwich assay and
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chemifluorescence detection were optimized using a matched antibody pair of
rabbit anti-total IGF-1R and alkaline phosphatase (AP)-conjugated anti-rabbit
IgG, as well as the substrate DIFMUP. The incubation time was an important factor
for enzymatic chemifluorescence detection in microfluidic system because the
second capture chamber was not completely closed after the flow stopped.

According to the Michaelis-Menten equation below [60], the turnover rate of an
enzyme was fastest and became independent of the substrate concentration at the
maximum concentration of substrate (saturation). In the equation, V,,,x represents
the maximum rate achieved by the system at maximum (saturating) substrate
concentration [S]. The Michaelis constant Ky, is the substrate concentration at
which the reaction rate is half of V,,:

Cd[P] VilS]
T dr Km+ S

Because of enzyme-limiting conditions, the turnover rate rose linearly with
increased enzyme concentration, as reflected by the conversion of more DiIFMUP
substrate to strongly fluorescent DiFMU product. Therefore, application of approx-
imately saturating DIFMUP concentration allowed acquisition of a linear relation-
ship between the rates of product conversion and the amount of enzyme presented
in the third-stage magnetic chamber. In order to achieve a saturating substrate
concentration at the site of the reaction chamber, a 1000 pM DiFMUP solution
diluted from 10 mM stock solution of DIFMUP in dimethyl sulfoxide (DMSO) was
introduced through a syringe pump for 5 min and then stopped for a quiescent flow
condition. Product DiFMU accumulation during the assay occurred linearly after
the introduction of DiFMUP and then reached maximum as the equilibrium was
achieved (Fig. 6.9). Product DIFMU was imaged using a UV filter cube (excitation
325-375 nm, emission 435-485 nm). The fluorescent signal reached maximum
after 6-min incubation (Fig. 6.9) as a possible result of the balance between
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Fig. 6.9 Integrated microfluidic platform analysis of exosome intravesicular marker. (a) Sche-
matic of transmembrane IGF-1R in exosomes. The extravesicular IGF-1R o unit and phosphory-
lated f domain inside the vesicle were targeted for surface phenotyping and intravesicular protein
analysis of exosomes. (b) The effect of incubation time on chemifluorescence detection using
alkaline phosphatase and substrate DiFMU. (¢) Calibration of on-chip capture and detection of
IGF-1R and p-IGF-1R. (d) Calibration of quantitative detection of total IGF-1R and phospho-IGF-
IR using the standard 96-well microplate ELISA kit



6 Microfluidic Multistage Integration for Analysis of Circulating Exosomes 131

enzymatic conversion and diffusion of the fluorescent product out of the chamber.
The generated blue fluorescence throughout the entire reaction chamber was col-
lected to eliminate spatial nonuniformity in the system and normalize to back-
ground. Image analysis was conducted using ImageJ in order to obtain average
intensity. The calibration curve was developed for on-chip IGF-1R and pIGF-1R
assays by conducting the entire process, except the lysis step, using standard human
IGF-IR and pIGF-1R. As plotted in Fig. 6.9 (linear range over employed concen-
trations, R* > 0.98), the microfluidic assay achieved quantitative detection of total
IGF-1R and pIGF-1R with a limit of detection of 8.43 fg and 11.5 fg, respectively
(S/N =3), equivalent to plasma concentrations of 0.281 pg/mL and 0.383 pg/mL.
Such sensitivity was at least 100-fold higher than commercial ELISA Kkits [3].

6.5.2 Microfluidic Profiling of Exosomal IGF-1R
for Noninvasive Prognosis

The integrated microfluidic profiling has been demonstrated directly using human
plasma for noninvasive measurement of IGF-1R in pretreatment stage Il NSCLC
patients. Therefore, we examined total IGF-1R and pIGF-1R levels of EpCAM+
exosomes in each sample (30 pL) and compared to parallel standard ELISA
measurement of ultracentrifugation-purified exosomes from the same patient
plasma (2 mL). As shown in Fig. 6.10, microfluidic analysis showed a significantly
higher average total IGF-1R expression (EpCAM+) for NSCLC patients compared
to healthy individuals (p=0.0001), as verified by ELISA results (p =0.0097)
(Fig. 6.10b). This finding of exosomal total IGF-1R level was consistent with
observations reported from NSCLC cell lines and tumor tissues [61-63]. Moreover,
ELISA analysis of ultracentrifugation-purified vesicles showed significant patient-
to-patient heterogeneity in IGF-1R expression with a coefficient of variation
(CV) of 56.4 %; microfluidic approach revealed fairly consistent protein profiles
(CV=11.2 %) by confining the exosome target to the EpCAM+ subpopulation.
The detected IGF-1R concentration was found to correlate linearly with the total
abundance of plasma vesicles determined by NTA, while microfluidic approach
measured a fraction of the circulating vesicles (Fig. 6.11). In addition, quantitative
detection was achieved for vesicle concentrations much lower than healthy levels.
These results validated the method for sensitive and quantitative characterization of
circulating exosomes in clinical samples. IGF-1R overexpression was also evident
in ELISA results presented in Fig. 6.10 (p < 0.01), consistent with previous obser-
vations reported for NSCLC cell lines and tumor tissues. ELISA detects the total
IGF-1R level in all vesicle types co-purified by ultracentrifugation, while the
microfluidic approach enables characterization of molecularly defined subpopula-
tions. Many factors can contribute to the observed patient heterogeneity, including
distinct exosome subpopulation composition, differential protein expression in
subpopulations, and other types of extracellular vesicles. As demonstrated in
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Fig. 6.10 Quantitative detection of total IGF-1IR in circulating exospores directly from clinical
plasma samples. (a) Results of integrated microfluidic analysis presented in the bar (leff) and
scattered dot (right) plots show significant overexpression of IGF-1R in EpCAM+ exospores of
NSCLC patients compared to healthy controls (p =0.0001, CV =11.2 %). (b) Parallel ELISA
analysis confirmed the overexpression of IGF-1R in total exosomes purified from the same
subjects by ultracentrifugation (p =0.0097, CV =56.4 %). The error bars are standard deviations
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Fig. 6.12 Quantitative analysis of intravesicular p-IGF-1R in circulating exospores using the
same clinical samples as in Fig. 6.10. (a) Bar (left) and scattered dot (right) plots of microfluidic
results show no significant difference of the p-IGF-1R level in the EpCAM+ exospores between
NSCLC and healthy subjects ( p =0.46). (b) No correlation between the p-IGF-1R level and the
disease state was verified by ELISA analysis (p =0.31). The error bars are standard deviations
(n=3) in all cases

Figs. 6.10 and 6.11, the microfluidic approach allows interrogating these factors in
well-defined conditions.

In addition to total IGF-1R, the phosphorylation profile of exosomal IGF-1R was
evaluated from corresponding patient plasma samples. No correlation was found
between pIGF-IR and total IGF-1R levels in EpCAM+ exosomes and
ultracentrifugation-purified vesicles (Fig. 6.12). Previous studies have also shown
lack of correlation between the pIGF-1R level, the total IGF-1R level, and the
response to treatment in NSCLC [64—66] and other cancers. One proposed expla-
nation was the cross-reactivity of the pIGF-1R antibody with the phosphorylated
insulin receptor (IR) that has close homology to IGF-1R [67]. In this study, the
cross-reactivity of anti-IGF-1R and anti-pIGF-1R antibodies from different sources
has been investigated using a commercial ELISA kit for IR (regardless of phos-
phorylation state). Results showed no discernible cross-reactivity between IGF-1R
antibodies with IR, while considerable cross-reactivity between pIGF-1R anti-
bodies with IR was observed. Because beads conjugated with a specific IGF-1R
antibody, in order to capture the total IGF-1R released from exosomes, microfluidic
approach developed in this chapter should rule out the possibility of IR interference
with the detection of pIGF-1R. However, understanding the regulation of IGF-1R
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and its phosphorylation level in cancer requires mechanistic studies of IGF-1R
signaling pathways, which is beyond the scope of this work. Overall, microfluidic
technology demonstrated in this chapter enables sensitive and specific proteomic
profiling of exosomes in well-defined conditions to facilitate elucidation of biolog-
ical functions and clinical implications of circulating exosomes.

6.6 Discussion

Exosome analysis is an emerging paradigm in clinical care, especially for nonin-
vasive diagnosis and monitoring of patient response to disease treatment, due to the
fact that exosomes are abundant in plasma and malignant effusions and contain a
selective repertoire of enriched proteins that reflect their cellular origin [68]. Cur-
rently, lack of technologies for efficient isolation, molecular classification, and
comprehensive characterization of these nanosized vesicles remains a major hin-
drance in the field. Microfluidic technology offers a unique solution to surmount
this technical obstacle because of its inherent merits in manipulation of small-scale
particles and biochemical analysis. However, limited efforts have been made to
improve isolation of microvesicles or quantitative detection of microvesicle num-
ber and surface protein expression. The developed microfluidic system in this
chapter has a threefold distinction: (1) it offers a “sample-in-answer-out” capability
for high-performance total analysis of exosomes by integrating cascading steps for
isolation and molecular profiling of circulating exosomes in one microfluidic device
(Fig. 2.1); (2) it enables profiling of subpopulation landscapes in patient-derived
exosomes defined by surface protein expression patterns (Fig. 6.6); and (3) it allows
in-depth proteomic characterization of selectively isolated subpopulations
(Fig. 6.10), allowing new opportunities to facilitate molecular definition of extra-
cellular vesicles and identification of biomarkers and therapeutic targets for cancer.
Compared to conventional bench-top methods, the microfluidic exosome analysis
platform increases assay sensitivity and reduces assay time and sample requirement
by at least two orders of magnitude (Fig. 6.10). These advantages are beneficial for
large-scale, comprehensive studies of exosomes at the system level.

Size characterization has shown that the microfluidic method that targets certain
surface markers was able to purify exosome subpopulations from plasma with
notably narrower size distributions than the ultracentrifugation-isolated vesicles
(Fig. 6.5). These results suggest that microfluidic technology provides a means for
more selective isolation of exosomes than the ultracentrifugation-based approach
that is known to exhibit a mixed population of various extracellular microvesicle
types with a wide size distribution. By selecting tumor-specific biomarkers,
microfluidic approach allows for isolation and phenotyping of tumor-derived
exosomes from patient plasma. This study demonstrated the ability to detect
distinct landscape profiles of exosome subpopulations from pretreatment and
treated NSCLC patients and control subjects by probing a panel of five exosomal
and tumor-specific markers. Thus, this surface protein-based subpopulation
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profiling method should provide a useful approach for identifying exosomal signa-
tures that indicate disease status. Furthermore, comparative analyses confirmed that
subpopulation landscapes of NSCLC exosomes reflect protein profiles of patient-
matched tumor tissue biopsies (Fig. 6.7). Results in this chapter supported potential
use of tumor-derived exosomes as noninvasive surrogate biomarkers for clinical
care. Accumulating evidences have shown markedly differential response to anti-
IGF-1R therapy depending on molecular characteristics of NSCLC subsets. Advan-
tages of microfluidic approach in differentiation and selective isolation of exosome
subpopulations would be beneficial for deconvoluting the complexity of extracel-
lular microvesicles and identifying molecular determinants of sensitivity to
IGF-1R-targeted therapy.

Relevant to future clinical indications, microfluidic exosome analysis technol-
ogy enables investigation of IGF-1R, an emerging pathway for targeted therapy in
cancer. The IGF-1R pathway plays important roles in tumorigenesis and metastasis.
Phosphorylation of IGF-1R, initiated by binding of ligands such as IGF-1 and
IGF-2, is required for activation of MAPK, PI3K, AKT, and other signaling
pathways involved in cell proliferation and survival [69]. Consequently, intense
interest has arisen regarding the study of IGF-1R and pIGF-1R as predictive
markers and therapeutic targets [70]. In lung cancer, expression levels of IGF
ligands and IGF-1R have been associated with disease risk, clinical benefit of
therapy, prognosis, and resistance to anticancer therapy [71]. However, IHC of
tumor tissue currently predominates clinical assessment of IGF-1R expression,
which is invasive and problematic for regular monitoring of disease progression
and treatment. Microfluidic exosome analysis allows more accurate and noninva-
sive prognosis.

Rapid and sensitive analyses of total IGF-1R and its phosphorylation level in the
EpCAM+ exosome subpopulation in a “sample-in-answer-out” manner have been
demonstrated, proving the feasibility of microfluidic exosomal profiling technology
for noninvasive monitoring of potential tumor burden in patients with NSCLC.
Many more patients collected on clinical trials will be needed in order to evaluate
the ultimate utility of this technology. Moreover, the ability to combine selective
subpopulation isolation with intravesicular analysis of exosome contents would
broadly impact the development of effective biomarkers and therapeutic targets.
Clinical value of the IGF-1R family as a predictive biomarker and targeted therapy
remains invalidated, and mechanisms underpinning resistance to anti-IGF-1R ther-
apy are still unclear. Significant efforts have been focused on rational combination
therapies that target various pathways activated by or interacting with the IGF-1R
pathway, such as PI3K-AKT pathway and EGFR pathways. Microfluidic method-
ology developed in this study could be readily adaptable for implementation in
various assays in order to probe various combinations of signaling proteins and
their activated forms in exosomes for noninvasive evaluation of combination
therapies. Although this work focused on NSCLC as the disease model for the
proof-of-concept study, this microfluidic platform should yield a general approach
that can be adapted for various cancer types by choosing tumor-associated bio-
markers for exosome isolation, subpopulation profiling, and intravesicular protein
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probing. In order to demonstrate generalizability of the technology, some results
from investigation of circulating exosomes in ovarian cancer patients have been
shown. The microfluidic platform was scalable in nature in order to integrate
simultaneous measurements of multiple exosomal markers for high-throughput
screening of cancer as well as non-cancerous diseases. Therefore, this advanced
methodology holds the potential to accelerate the study and utilization of exosomes
in cancer research and clinical tests.
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Chapter 7
Microfluidic Single-Cell Functional
Proteomics

Shay Mailloux, Lisa Ramirez, and Jun Wang

Abstract We review an emerging microfluidic single-cell functional proteomics
field and the associated technologies. Functional proteins, such as secreted signal-
ing proteins from immune cells and phosphoproteins in cancer cells, refer to those
that play important roles in promoting live cells’ physiological activities. Assay of
single-cell functional proteins can be carried out by either cytometry or newly
developed microfluidic tools, each of which possesses its own advantages and
disadvantages. The use of microfluidic chips brings benefits of high multiplexity,
low cost, and high flexibility to integrate various cell manipulation strategies into
one platform, while such platforms are normally less developed and automated. We
focus the discussion specifically on single-cell barcode technology, which has been
more mature than others, and is able to quantitate up to 42 different functional
proteins from single cells. This platform has also been uniquely extended to the
study of cell—cell interactions. Quantitative analysis of the single-cell functional
proteins offers new perspectives of biological systems and provides a conduit
between biology and the physicochemical laws. And finally we discuss the chal-
lenges and future of the microfluidic single-cell functional proteomics field.
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7.1 Introduction

Cellular heterogeneity occurs intrinsically and universally at the genetic level, the
epigenetic level, and the protein level in otherwise identical cell populations
[1, 2]. The protein level’s heterogeneity is of particular importance because func-
tional proteins carry out a multitude of cellular activities such as signal transduc-
tion, cytokine/chemokine secretion, cell migration and invasion, and other
physiological processes [3]. Moreover, disease status is often reflected by aberrant
signaling pathways, which can be studied by quantitating levels of signaling pro-
teins. In recent years, functional proteomics has constituted an emerging research
area that is focused on monitoring and analyzing the spatial and temporal properties
of molecular networks and fluxes involved in living cells [4-7]. The information
obtained from those studies overcomes the old paradigm “one gene-one protein”
that does not reflect the real nature of the cell system. Since functional proteins are
on the frontier of cell response to environmental stimuli (e.g., signaling cues from
neighboring cells), studying cellular heterogeneity in the functional proteome
would be expected to be crucial for understanding the societal aspects of a cell
population. Considering that the single-cell proteomics field has only been in
existence for a few years, the new format of data produced by single-cell tools
presents a challenge to the available analytical tools for protein quantitation. Of
immense value is the analytical ability to exploit single-cell data and measurements
for use in generating conclusions about the whole picture of a multicellular sys-
tem—such an approach is frequently ignored in bulk cell measurements [8].

This chapter offers a review of single-cell proteomics technologies that have
emerged recently, focusing on microfluidics and microchip-based methods. Appli-
cations to cancer and immune biology are discussed, as well as the approaches for
carrying out analyses on the large body of data generated from these technologies.
Two-cell heterogeneity is also discussed here as a study that bridges the gap
between single-cell proteomics and whole population studies.

Single-cell proteomics challenges the field of proteomics, pushing technology
towards innovative solutions for technical and biological problems. There is a
constant drive towards miniaturization, and in parallel multiplexing, while increas-
ing sensitivity and maintaining robustness. With advances in these categories, the
need for more extensive tools in data collection and analyses becomes more
imperative [6]. Such challenges must be addressed and overcome in order to
develop useful single-cell technologies. Further, the cost of the method must also
be minimized in order for the technology to gain widespread use, encompassing the
broadest sectors of research and clinical audiences. Single-cell methods have the
opportunity to revolutionize cell studies, by not only providing deeper understand-
ing of intracellular processes and cell—cell interactions, but also serving as impor-
tant tools for the discovery of new information in research areas like the cancer
microenvironment and targeted therapy.
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7.2 Single-Cell Functional Protein Detection

Major functional proteins are secreted proteins and intracellular phosphorylated
signaling proteins, both of which can be associated with signaling networks stim-
ulated by growth factors. Secreted proteins such as cytokines also have well-studied
roles in immune response. The choice of which proteins to detect in single-cell
functional proteomics assays is dependent on the specific goals of the proteomic
study. For instance, signaling networks within cell populations may be investigated
by detecting proteins involved in signaling pathways.

A single-cell functional proteomics assay has to be sensitive enough to detect
and measure even very low quantities of proteins; protein copy numbers are
determined for isolated cells, for two-cell systems, or for other small groups of
n cells. Another key challenge lies in recapitulating the physiological conditions
under which the protein is activated or produced. The in vivo microenvironment for
cell populations is always complicated, and some in vitro artifacts from proteomic
techniques, when not accounted for in data analysis, may threaten the validity of the
research method. Moreover, the biological heterogeneity across individual cells
might be masked by the noise of detection measurement; this is where single-cell
statistics is crucial. Finally, it is important to be aware of the kinetics associated
with both the generation and degradation of the protein sample—the proteomics
assays described here are typically carried out in under 12 h. If these factors are
carefully considered, along with more general knowledge like cell phenotypes, and
culture conditions, it is possible to carry out single-cell functional proteomics
assays for a wide range of applications.

7.2.1 In Immune System Studies

Immune system studies are essential for the understanding of immune defense
mechanisms, as well as the exploitation of our own immune functions for disease
treatment. Of particular interest in immune studies are leukocytes, or T cells from
blood and tissue, specifically the quantities of specific cell subsets, secretions,
transcriptional states, and their proliferative profiles [9]. T cells are naturally
heterogeneous; that is how they are able to recognize numerous pathogens and
other invaders by surface T cell receptors (TCR) [10]. The different T cell types and
their functions are conventionally defined by surface markers such as cluster of
differentiation 4 (CD4) and CDS [7]. However, those functions, often indicated by
secreted effector proteins that mediate the tasks of target killing, self-renewal,
inflammation, and cell communications, are not always consistent with surface
markers. Recent studies show that only a small subset of T cells of a particular type
can secrete large amounts of cytokines and chemokines, and therefore such a subset
serves as the major player in the immune response [11, 12]. In addition, the
secretion profiles of different types of T cells defined by surface markers have
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significant overlaps. It is also found that a portion of hematopoietic stem cells and
progenitor cells are the active responders in immune defense against pathogen
invasion [13]. Thus, single-cell functional assays on immune cells are highly
demanded, which would fundamentally refresh knowledge of our immune system.

7.2.2 In Cancer Biology Studies

The hallmarks of cancer include sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angio-
genesis, and activating invasion and metastasis [14], all of which involve aberrant
signaling pathways where functional proteins are activated. These signaling pro-
teins have been considered as drug target candidates in cancer treatment, ideally to
minimize the drug side effects [15]. Although pharmaceutical companies and
institutes are investing billions each year to develop targeted therapeutic agents,
most of these therapies only minimally improve the overall survival rate. The major
challenge here is that cancer cells are highly heterogeneous, and a specific drug may
only influence a portion of tumor cells while the rest still sustains the growth of the
tumor. In addition, cancer cells possess the ability to employ alternative pathways
to survive once a pathway is shut down; in some cases other functional proteins may
be activated and the drug targets are shifted. Those factors will ostensibly cause
drug resistance, and the cancer treatment will eventually lose efficacy
[16, 17]. Therefore, it is urgent to have effective single-cell functional proteomic
tools for detecting the tumor-specific drug targets and for tracking target shifting in
cancer cell signaling [18, 19]. Proteomics strategies have hitherto been lacking
these important features. Conventional proteomic tools, unfortunately, are limited
in their capacity to delineate cellular heterogeneity in cancer studies.

In the following content, we discuss the use of single-cell barcode chips as
alternatives to conventional proteomic tools and as useful devices for fulfilling the
abovementioned purposes.

7.3 Single-Cell Functional Proteomic Tools

7.3.1 Flow Cytometry Methods

Flow cytometry methods, including fluorescence flow cytometry (FFC, or fluores-
cent activated cell sorting—FACS) and time-of-flight mass cytometry (Cytof), have
become the standard in single-cell protein detection. In FFC, cellular proteins are
detected using fluorophore-labeled antibodies (Fig. 7.1) where each type of
antibody corresponds to one type of fluorophore, limiting the technology in terms
of multiplexing (<17) due to the overlapping of fluorescence spectra [20, 21].
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Fig. 7.1 An overview of three technologies used for single-cell functional proteomics. The cell
suspension of interest (a), which is stained (b) (i) for flow cytometry (ii) and detected by a scanner
to generate a flow cytometry scatterplot to show the correlation of two proteins (iii). The
microengraving method begins by isolating cells into chambers functionalized with capture
antibodies (¢) (i) where the secreted protein levels are then read using fluorophore labeled
secondary antibodies (i7) and the data is analyzed (ii7). Finally, the SCBC assay involves isolating
single cells into respective chambers of the chip (d) (i), using the barcode method to analyze
species of interest (if), and perform statistical analysis (iii). Reprinted with permission from
“Microchip platforms for multiplex single-cell functional proteomics with applications to immu-
nology and cancer research,” by Wei, W. et al. 2013, Genome Med 5. Copyright 2013 by BioMed
Central

Mass cytometry allows an approximate twofold increase of multiplexing due to its
use of transition metal mass labels [22-24]. However, disadvantages of the latter
technology include the use of costly equipment and the requirement of extensively
trained technicians.

7.3.2 ELISpot Method

Surface methods for single-cell proteomics include the enzyme-linked immunospot
(ELISpot) technique, a well-established, inexpensive, and simple method for
detecting protein secretions from live cells [25]. This method resembles
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enzyme-linked immunosorbent assay (ELISA): cells are immobilized on a surface
coated with antibodies and sandwich-immuno-assays are performed to detect
secreted proteins. Signals are detected near the immobilized cell, resulting in
single-cell protein detection. The major limitation is low multiplexity: usually,
only one secreted protein is detected for one cell. The sensitivity at the single-cell
level is also very low, so most studies are conducted on a few single cells.

7.3.3 Microfluidics Methods

Microfluidics tools offer unique advantages over conventional technologies, such
as being inexpensive to manufacture, low consumption of reagents for analysis, as
well as versatility and customizability, to name just a few [26]. In regard to single-
cell proteomics there are two distinct classes. The first uses antibody staining of the
cells of interest—a method similar to flow cytometry—while the second involves
surface-based immunoassays to measure proteins released from the cells—a
method similar to ELISpot.

The flow-based fluorescence assays on microchips are essentially small-scale
versions of FACS [27]. Fu et al. developed a platform that could separate E. coli
that expressed green fluorescent protein from a larger population of the bacterium.
This basic approach and its afforded versatility led to important advances where
cells could be spatially separated into specific arrays (Fig. 7.2) [28], or even
entrapped in droplets [29]. These methods allow specific control over the cell
before the screening process; however, because they are based on staining, the
multiplexing capacity is limited. This limitation may be overcome with new
imaging techniques and dyes, with the challenge being in maintaining the simplic-
ity and low cost of the technology.

The second class of microfluidics methods, based on surface-confined immuno-
assays (Fig. 7.1c, d), has several advantages and therefore is more advanced, with
two specific methods having been reported; these technologies include the single-
cell barcode chip (SCBC) [30] and the microengraving technique [31]. Advantages
of these techniques include a higher level of multiplexing, and the ability to assay
for secreted cytoplasmic and membrane proteins as well as still being able to
fluorescently stain the cell. These methods also enable the incorporation of cell
interaction parameters into protein measurements.

The operation of microengraved single-cell proteomics chips is performed by
trapping cells on a specially designed antibody-coated chip containing hundreds of
thousands of nanowells, all of which are collectively sealed by an antibody-coated
glass slide. The cells in nanowells can be cultured on-chip for hours to allow
cytokine release, and these cells are also accessible to immunostaining. This
technology can detect approximately three secreted proteins using sandwich-
ELISA, as well as permit the culture and recovery of specific cells [31]. Thus,
this technique possesses notable similarities with ELISpot. Also of note is the
ability to perform single-cell kinetic studies [32] on the temporal secretion of
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Fig. 7.2 Anillustration of single-cell intracellular protein analysis (a) where intracellular proteins
are analyzed by lysing the cells and allowing the released proteins to bind to a DNA-antibody
conjugate in a barcode pattern within the chamber. V1 is the valve for lysis buffer release, V2 is the
valve for chamber isolation control, and R1 is a DNA barcode array converted to an antibody array
using DEAL. (b, ¢) are contrast-enhanced images of the barcode using a successful surface
chemistry (b) and an unsuccessful surface chemistry (¢) while (d) represents the respective
fluorescence intensity profile. Reprinted with permission from “Chemistries for Patterning Robust
DNA Microbarcodes Enable Multiplex Assays of Cytoplasm Proteins from Single Cancer Cells,”
by Shin YS et al. 2010, Chemphyschem 11. Copyright 2010 by John Wiley and Sons

cytokines; this is carried out by replacing the glass cover of a microchip after
designated periods of time.

The single-cell barcode chip (SCBC) is a similar but more advanced technology.
The operation of the chip, processing of SCBC data, and applications in cell
interaction studies will be discussed in later sections of this chapter. In general,
capture antibodies are patterned in an array fashion and such antibody arrays are
supplied to single-cell microwells or microchambers, allowing for high-throughput
immunoassays on the entrapped single cells (Fig. 7.1d). The platform may be
extended to include analyses of pairs or larger groups of cells, thus providing
information on cell-cell communication. A single microchip can contain as many
as 10* microchambers for analysis with volumes ranging from 0.1 to 2 nL
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[12, 33]. The method allows for sandwich-type ELISA of membrane proteins as
well as secreted proteins and intracellular proteins [18].

7.4 Microchip Single-Cell Technologies

7.4.1 High-Density, Multiplexed DNA Barcode Microarray

Multiplexing is an essential component of emerging biotechnologies in both bio-
logical research and clinical studies because of the complex interconnectivity of
biomolecules found within the biological systems under study [34-37]. The con-
ventional, standard multiplex technologies are based on commercially available
antibody microarray slides generated from array printers. There have been some
successful integrations of microarrays with microfluidics [38], although the practice
is not commonplace. However, a major concern that remains with the incorporation
of such microarrays into microfluidic devices is the stability of antibodies
immobilized on the microarray substrates, as it is well known that antibodies can
be degraded easily when taken out of physiological conditions and can lose their
binding affinity. This stability factor subsequently translates to the sensitivity of
immunoassays. In contrast to antibodies, single-stranded oligonucleotides
(ssDNAs) are more relatively stable under ambient conditions in a laboratory
setting. Hence, a feasible approach is to pattern ssDNA arrays first, and then only
right before the single-cell immunoassay is carried out will the ssDNA arrays be
converted into antibody arrays. The conversion is achieved through the hybridiza-
tion of complementary DNA-antibody conjugates with the ssDNA array—this
technique was established with the generation of a DNA-encoded antibody library
(DEAL). Bailey et al. demonstrated this approach by patterning arrays in a barcode-
like fashion using microfluidics, resulting in antibody arrays at 10x higher density
that what could typically be generated [34, 39]. The careful design and screening of
ssDNAs in conjunction with the multiplexity of this method have given rise to
reliable platforms for analyzing proteins with high sensitivity. For the single-cell
measurements, however, the higher multiplexity requires proportional increase of
barcode array dimension, which will adversely affect the sensitivity when assaying
only hundreds of copy numbers of functional proteins. Thus, the current method
limits the detection multiplexity to 42 [40].

There are two formats of barcode arrays developed: 1D array and 2D array.
While the 2D array is relatively difficult to fabricate and the procedure is lengthy,
the array size is ~10 times less than that of 1D array, leading to significantly
enhanced detection limits when assaying single-cell proteins using a SCBC chip
integrated with a 2D array. To fabricate the barcode array, ssDNA is patterned on a
glass substrate modified with poly-L-lysine (PLL). The PLL coating renders a
positively charged surface to the glass substrate. Microfluidic patterning is done
by flowing parallel channels of ssDNA to form specific bands of immobilized DNA
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on the glass surface to generate a 1D barcode-like pattern. Flow is directed using
specially fabricated molds to form polydimethylsiloxane (PDMS) chambers for
guiding the fluid. After the 1D barcode is generated with the first PDMS mold, the
substrate is baked to ensure strong adsorption of the ssDNA to the PLL layer. To
proceed from 1D array to 2D array, a second mold is then used to flow ssDNAs
perpendicularly to the previously patterned barcode, resulting in a 2D array (n X m)
patterned at high density [41]. The array results from the points where these two
patterns intersect with each element having a “unique” molecular identity.

Surface chemistries for use in small scale but highly multiplexed technologies
can present a challenge. Uniformity and reproducibility are the key factors for
quantification of low copy numbers of proteins from single cells. To address this
problem, Shin et al. explored several different chemistries, all done in microfluidic
chips, to pattern the protein microarray [42]. Ultimately, it was discovered that by
patterning the primary ssDNA in dimethyl sulfoxide by flowing the oligonucleo-
tides on a poly-L-lysine-modified surface and then drying and baking the barcode
chip, they could develop a uniform surface using the DEAL technique in more than
90 % of the trials with a process with the potential to be automated. They tested this
technology by detecting eight proteins from a single-cell lysate, as well as nine
proteins from five cells (Fig. 7.2). Their research resulted in the generation of high-
density, high-uniformity DNA barcode patterns and served as the backbone for
further microfluidic microchip protein detection.

The DNA array elements were initially 20 pm wide with 50 pm pitch [42]. These
DNA barcodes were subsequently converted to antibody microarrays using DEAL
[39]. Using these antibody microarrays, proteins are typically detected in a
sandwich-type assay, where they are captured by the arrayed antibodies and then
recognized by biotinylated detection antibodies. Subsequently, a fluorophore-con-
jugated streptavidin is used for visualization. Such microarrays can be easily
customized due to the use of DNA-antibody conjugates made in-house.

7.4.2 The Single-Cell Barcode Chip

The single-cell barcode chip (SCBC) is a revolutionary microfluidic technology
advancing the field in high-throughput multiplexing. In this technology, a micro-
chip is integrated with a barcode antibody microarray that is formed using perpen-
dicular flow patterning of a DNA library followed by conversion to an antibody
microarray using the aforementioned DEAL technique [34, 39, 42]. Each chamber
encapsulates a complete set of the microarray, so that all the microchambers of a
chip are subjected to exactly the same sandwich-ELISA procedures. A single or
specific number of cells can be entrapped within microchambers with a total
volume of <2 nL for detection of analytes of interest. To assay secreted proteins,
cells are incubated in the SCBC for at least 6 h, and then the microarray slide is
developed. To assay intracellular proteins, cell lysis buffer supplemented with
phosphatase/protease inhibitors is introduced into the microchambers of SCBC
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after a sufficient incubation period, after which the microarray slide readout is
generated. In combination with microscopy imaging, single cells fluorescently
stained in microchambers could be counted, and their corresponding microchamber
addresses can be recorded. Such information is needed in correlating cell number
with the protein signal. The microchambers with O cell number are usually taken as
the background or the base line against which protein signals will be measured.

The first version of SCBC had relatively low throughput—it was able to analyze
about 100 cells per chip [18], with each specific protein being analyzed twice to
generate statistically representative data. This generation of SCBC operated using a
system of microfluidic pneumatic valves and a two-layer microfluidic assembly
[43]. It featured a total of 120 isolated microchambers for the entrapment of single
or multiple cells on one microchip. The downside to having two or more array
repeats per microchamber (relatively larger than later versions, this microchamber
had a volume greater than 2 nL) is that it usually gives rise to fluctuations in the
fluorescence readout. One complete set of the array may not have the same
fluorescence intensity as the next array repeat, because a single cell might be in
closer proximity to one of these sets, and consequentially more proteins are
captured on that specific set. Shi and Wei carried out a thorough study on data
analysis approaches that take these fluctuations into account [19]. They applied
Monte Carlo simulations in order to extract the real biological signals while
excluding measurement noises.

7.4.2.1 Valveless Microchip Design

A more novel variation of the SCBC has a sophisticated microchip design that
obviates the need for pneumatic valves [33]. The valveless method allows 30-fold
more cell assays than the previous design. The access of cells, buffers, and antibody
solutions, etc. to microchambers is controlled by altering the height of PDMS posts
in the microchip. The main points of contact of the microchip with the slide are
these PDMS posts, which are deformable and able to be compressed under mechan-
ical stress. When there is no pressure applied, the posts are non-deformed, resulting
in an open state where all of the microchambers are open to allow flow of solutions
and cells through the chip. Cells are loaded onto the chip in this open state. When
slight pressure is applied, the PDMS posts are compressed; this is referred to as the
close-I state and it enables chemical communication between the microchannels
and microchambers without allowing the cells to move between chambers. Upon
application of sufficiently high pressure, the PDMS posts completely collapse,
allowing the main body of the microchip to be in contact with the glass substrate,
thereby sealing microchambers. This is referred to as the close-II state. Cells are
incubated in the close-II state while the antibody array captures secreted proteins.
The application of pressure is regulated using a setup with adjustable screws that
control glass pistons or clamps that press against the microchip. Specific angles of
rotation for the screws correspond to different states of the microchip.
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The operation of the clamp setup must be optimized for the microchip device, and
the switching between states must be normalized.

7.4.2.2 Multiplexed Single-Cell Detection

Using the valveless SCBC, protein detection limits are usually in the hundreds of
copies per cell, and this is comparable to conventional ELISA. In this platform, the
array readout is consistent across the entire microchip, which is important for
generating large amounts of data for statistical analysis. In order to translate
fluorescent signals into protein copy numbers, calibration curves must be generated
with known concentrations of recombinant proteins. These calibration curves
would also provide the linear detection range for each protein.

Considering that assays for multiple proteins are carried out simultaneously, it is
crucial to evaluate the platform for cross-reactivity. Validation procedures should
be performed at the DNA patterning level and at the sandwich-ELISA stage.
Moreover, the ssDNA building blocks for the arrays should have orthogonal
sequences to minimize cross talk between array elements.

7.4.3 Quantifying Cell-Cell Interactions in Microchip
Platforms

Cell—cell interactions play a significant role in a range of physiological processes.
Research in the past decade has shed light onto a number of cell-cell interactions
within a tumor microenvironment that have been found to influence metastasis,
angiogenesis, and regulation of immune response [44]. Some notable examples are
chemokine signaling between tumor-associated macrophages and cancer cells, as
well as interactions between nonmalignant cells and malignant tumor cells. Tradi-
tionally, these interactions are studied through the analysis of the transcriptome or
proteome of different cell types cultured together [45, 46], as compared to cultures
of pure cell types. Microchip-based technologies allow for an alternative to these
bulk measurement procedures. Through microchip platforms, the cellular systems
under study may be reduced to smaller sizes (e.g., two-cell systems; Fig. 7.3).
Intercellular distances between interacting cells can be quantified with the use of
simple microscopes and conventional cell-staining procedures. The panel of anti-
bodies on the array supplied to the microchip can be chosen to consist of key
players in signaling pathways. Typically, antibodies against phosphorylated pro-
teins and secreted proteins are included. Quantitation of cell-cell interactions is
performed by measuring copy numbers of such signaling proteins in every n-cell
system as a function of intercellular distance [33].

A single high-throughput microchip experiment may yield data sets for varying
numbers of interacting cells (e.g., 0=3 cells per microchamber). Although cells are
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Fig. 7.3 An overview of the SCBC platform. (a) A digital photo of the PDMS microchip with a
fluorescence micrograph of a 20-microchamber unit (there are 435 of these per individual chip)
with the central channel housing the cell lysate. (b) Schematic of the chip operation from the fully
open to closed state. Cells are loaded in the open state, lysed in the close state I, and completely
isolated in the close state II. (¢) The stepwise illustration of protein capture and detection using a
sandwich-type immunoassay, detecting secreted, cytoplasmic, or membrane proteins. (d) Fluo-
rescence data collected from each microchamber, including the position of the cells and the
fluorescence intensity from the respective assays. (e) Fluorescence intensity data for analyzed
proteins, specifically secreted interleukin-6 (IL-6), and cytoplasmic phosphorylated signal-related
kinase (p-ERK). Reprinted with permission from “Quantitating Cell-Cell Interaction Functions
with Applications to Glioblastoma Multiforme Cancer Cells,” by Wang, J. et al. 2012, Nano Lett
12. Copyright 2012 by the American Chemical Society

randomly loaded into each microchamber, the number of cells enclosed per
microchamber may be regulated by controlling the total cell count of the cell
suspension introduced to the microchip. For a typical distribution, 2000
microchambers contain one cell, 1000 chambers contain two cells, 500 chambers
contain three cells, etc. Microchambers that do not contain cells can be used for
measuring background signals in fluorescence measurements. Protein detection is
achieved through sandwich-ELISA performed on-chip. Each n-cell experiment is
subjected to the immunoassay; thus each microchamber should be supplied with at
least one complete antibody panel. Cells are incubated in the microchip for a fixed
period of time, after which levels of secreted signaling proteins are quantitated. To
measure copy numbers of intracellular phosphorylated proteins, cell lysis buffer
supplemented with phosphatase and protease inhibitors may be added to the chip.
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The protein copy numbers obtained in these n-cell experiments can provide
insight into the intricacies of the cell—cell interactions. Interactions may be char-
acterized by the inhibition or activation of signaling proteins. For two-cell interac-
tion studies, inhibition is observed when the average copy number of a given
protein for a two-cell system is lower than that corresponding to two one-cell
(isolated) cultures. On the other hand, when the two-cell system yields a higher
average copy number, the protein (i.e., its secretion by the cell or its phosphoryla-
tion) is regarded as “activated.”

7.5 Data Collection, Analysis, and Model Development
for Single-Cell Technologies

Microchip platforms call for extensive data collection and processing methods
owing to the large body of data obtained from multiplexed on-chip assays. Some
general approaches for gathering microarray fluorescence readouts and tracking
cells in microchips are described here. Comparison and quantitation of fluorescence
intensities are discussed. A guide for formulating algorithms that can translate
fluorescence readouts into protein copy numbers is provided. Finally, the develop-
ment of a particle interaction model applicable to cancer cell—cell interaction
studies is discussed.

7.5.1 SCBC Data Collection and Statistical Analysis

On-chip single-cell experiments require imaging the microchip to determine the
cell population corresponding to each microchamber and to measure intercellular
distances in microchamber co-cultures. Conventional cell imaging methods such as
phase-contrast microscopy or fluorescence microscopy may be easily employed to
track cells in the optically transparent PDMS microchip. Cell suspensions may be
incubated with tracker dyes such as calcein AM or 5-chloromethylfluorescein
diacetate (CMFDA) before loading to the chip. Positions of cells may be recorded
at various time points as required in distance-dependent interaction studies.

After performing sandwich-ELISA on-chip, the microarray slide is detached
from the PDMS microchip and carefully washed in preparation for fluorescence
scanning. A microarray scanner such as Axon GenePix is used to generate the
fluorescence readout of the slide with two excitation wavelengths, one that corre-
sponds to cyanine-3 dye (532 nm, for visualizing the spatial reference array
element) and another wavelength that corresponds to the streptavidin-conjugated
fluorescent label used for binding with biotinylated detection antibodies on the
sandwich-ELISA platform. As an example, when streptavidin-Alexa-Fluor-647 is
used in sandwich-ELISA, the microarray scanner may be set to an excitation
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wavelength of 635 nm. Microarray slide images are digitized (e.g., 16 bits with a
scale of 0—65535) and the scale is selected depending on the requirements of
subsequent data processing procedures that utilize custom-made programs for
protein quantification.

Custom algorithms may be developed with computational tools such as Matlab.
Automation of the data processing is achieved by using an algorithm that can
associate microarray spots with microarray address labels and protein
identification tags.

Statistical analysis is performed for comparing protein copy numbers under
different conditions. Statistical tools should be used to establish statistical unique-
ness of 0-, 1-, 2-, 3-cell, etc. data sets. For interaction studies that relate protein copy
number with intercellular separation, there is a need to validate the uniqueness of
different pairwise interaction data sets as a function of intercellular distance.
Two-tailed student’s ¢ test assuming unequal variance is used to evaluate whether
the difference in copy number is significant. A P value less than 0.05 % is taken as
statistically significant. Other values such as P <0.01 and P <0.001 are also
typically used. Mean protein levels are also reported with standard error of the
mean, which is defined as the standard deviation of the mean copy number divided
by the square root of cell number.

7.5.2 Cell-Cell Interaction Model Development

Wang et al. further extended cell—cell interaction quantitation by developing a
model that is able to predict three-cell interactions from two-cell experiments
[33]. In the model, each cell is treated as a particle that is able to exert some
“force” or influence other particles as a function of distance. Protein levels are taken
as a measure of such influence or strength of interaction, and are correlated with
intercellular separations. Data from two-cell experiments are used to give rise to
protein-dependent interaction functions. Normalized protein levels are plotted
against separation distances and the relationship is expressed in the form of a
quadratic equation (see Eq. 7.1) where a, b, and c are fitted constants and Lag is
cell—cell separation distance:

f(Lag) = a+ b(Lag) + c(Lag)* (7.1)

So far, this model has been applied to glioblastoma multiforme cancer cells and is
limited to protein copy numbers from 6-h incubation periods.
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7.5.3 Signaling Networks Generated by Single-Cell Data
Analysis

The fluctuations of functional proteins across many cells imply the protein-protein
connections and how a signal is transduced. For example, in a cell population, the
copy number ratios between protein 1 and protein 2 remain approximately the same
for all the single cells. Then with enough statistics, it is safe to conclude that protein
1 and protein 2 are in one signaling pathway. This is a simple approach to
understand the network generated by single-cell functional protein assays. How-
ever, a signaling protein might be the joint point of multiple signaling pathways,
and therefore the ratios between protein copies may not be exactly integers. This is
confirmed by the single-cell network analysis results (Fig. 7.4). The thickness of
connection lines and the color of edges reflect the strength of protein-protein
correlations and the relative abundance of those proteins, respectively. The cutoff
threshold is usually set at 0.5. Under various conditions, the correlation maps, or
signaling networks, are significantly changed, indicating that two individual cells
are strongly influencing each other by communications.

As mentioned above, each functional protein may take part in multiple signaling
pathways, and the signal flow between any two proteins might be mediated by
others. Therefore, the more meaningful derivation of signaling networks is via
decomposition of the whole network into different tiers to approach the real picture
of signaling flow. Shin et al. employed information theory, specifically Le
Chatelier’s principle, to profile the signaling networks from single-cell data, and
provided an approach to quantitatively predict the role of pertubations and charac-
terization of a protein-protein interaction network [47]. The theoretical prediction is
made by seeking that distribution of copy numbers that is of maximal entropy,
meaning that the distribution is as uniform as possible subject to a given mean
number of copies. This means that at the very global maximum of the entropy, the
probabilities of the different proteins are not equal. Rather, as in any
multicomponent system at thermal equilibrium, each protein will be present in
proportion to its partition function where the partition function is the effective
thermodynamic weight of a species at thermal equilibrium (for supplementary
reading on partition functions, the reader is referred to Statistical Mechanics
(2011) by Pathria and Beale). The whole system, a single cell (or a small colony),
is regarded as not being in an equilibrium state because it is under the action of
constraints. When the constraints are present the system is in that state of equilib-
rium that is possible under the constraints. Here a single cell is a confined system,
and the protein copies in this confined system are quantitated, so the modified Le
Chatelier’s principle combined with certain mathematic manipulations leads to
newly constructed signaling networks with multiple tiers, with each tier
representing the weight of the sub-network in the whole system. This theory has
been successfully applied to phosphoprotein networks in response to hypoxia [19]
as well as cancer cell interactions at various distances [48].
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Fig. 7.4 Comparisons of noninteracting U§7EGFRVIII single cells with interacting cell pairs. (a)
Mean values of protein levels, as measured for U§7EGFRVIII single cells, are compared against
measurement of those same proteins for cell pairs, at cell separation distance ranges close to the
steady state (80—100 pm for US7EGFRVIII cells) or deviating significantly (20-30 pm for
US7EGEFRUVIII cells). (b) Protein—protein coordination maps were generated using US7EGFRVIII
two-cell and single-cell data. The thickness of the lines encircling the protein names reflects the
relative abundance of those proteins. The thickness and color of the edges reflect the extent of the
protein—protein coordination (P < 0.05) as provided in the key below the networks. Reprinted with
permission from “Glioblastoma cellular architectures are predicted through the characterization of
two-cell interactions,” by Kravchenko-Balasha, N. et al. 2014, Proc Natl Acad Sci USA 111.
Copyright 2014 by the National Academy of Sciences

7.6 Conclusions and Perspectives

The advances in single-cell proteomics technologies have been rapid within recent
years, with a few fresh perspectives offered on cellular heterogeneity and cell—cell
interactions. These technologies are essential for advancing cell signaling studies,
and have important potential in clinical and diagnostic applications. The clinical
and biomedical drivers of this technology are propelling this field at an ever-faster
rate, aiming at inexpensive and easy-to-use methods that will be available to a
broad audience. So far, only a few microfluidic proteomics methods including the
SCBC have matched the statistics and throughput of cytometry tools. Moreover, the
robustness of these methods still have some room for improvement. The single-cell
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barcode technology affords the capability to enhance the multiplexity to 42 proteins
detected simultaneously, higher than the most state-of-the-art multiparameter flow
cytometry. It is likely that, in the future, the multiplexity of a single-cell proteomic
technology can advance to over 100, as the newly introduced Cytof already
demonstrates such a capacity. Beyond 100, all single-cell technologies including
microchips and Cytof will be limited by the availability of antibodies and their cross
talk, which is a common problem in the multiplexed assays [49]. Thus, the
development of high-performance, inexpensive, and robust antibodies is equally
imperative. Compared with genomic analyses, the cost of protein assays per amino
acid is generally 100 times higher.

The future of single-cell functional proteomics technologies is expected to be
more diversified. The reason is that many microfluidic tools are developed specif-
ically to address certain technology bottlenecks and are driven by clinical needs,
which are changing over time. For instance, the rapid growth of the immunotherapy
field has pushed forward the two-cell functional proteomic assays [50]. The increas-
ing use of targeted drugs in cancer therapies, coupled with modest performance of
those drugs in the clinic, requires point-of-use single-cell tools to analyze phos-
phoprotein signaling networks that are targeted by those therapies. Furthermore, the
major proteomics tool, mass spectrometry, has been becoming more accurate and
quantitative for clinical diagnostics, and may continuously place a key role in
single-cell analysis in the future.
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Chapter 8
Microfluidics for DNA and Protein Analysis
with Multiplex Microbead-Based Assays

Wangqing Yue and Mengsu Yang

Abstract Early screening and diagnosis of diseases require the development of
sensitive, reliable, and inexpensive high-throughput assays. There is a growing
need for innovative diagnostic technologies that provide accurate detection of a
broad range of diseases and enhance laboratory productivity. Developments in
micro- and nanotechnology have advanced the “lab-on-a-chip” concept towards a
new generation of point-of-care diagnostic devices that enable parallel detection of
multiple analytes in small-volume samples with high sensitivity in a short time.
These features fulfill some of the important criteria of bioanalysis used for bio-
chemical studies, environmental analyses, and clinical diagnostics. However, the
multiplexing capability of microfluidic-based assay is limited compared to conven-
tional flow cytometric assays, particularly for encoded microbead-based assays,
which are capable of simultaneously analyzing multiple analyte. It is possible to
incorporate the microbead-based assays into microfluidic devices in order to retain
all the advantages of the microdevice and significantly improve multiplexing
capability. In this chapter, we summarize the latest development in microbead-
based assays and discuss the integration of the microbead technology with
microfluidic devices. Applications of the integrated approach in multiplexed pro-
tein and DNA analysis are growing rapidly in the areas of biomarker research,
cancer screening, and disease diagnosis. The prospects for future development and
commercialization of these microbead-based microfluidic devices are also
discussed.
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8.1 Introduction

Micro total analysis systems (LWTAS) [1] have been rapidly developed during the
last 20 years, which integrate sequential analytical processes including sample
pretreatment, separation, reaction, detection, and data analysis in a single minia-
turized chip [2, 3]. The highly integrated microfluidic devices featured significant
advantages including low reagent consumption, high-throughput analysis, and
portability for in situ use, which have played an important role in combinatorial
screening for catalyst generation [4], cell-based assay [5], as well as molecular level
analysis of DNA [6, 7] and proteins [8]. Confined in the microscale structures, the
behaviors of flow deviate from those in macro-scale [9], which provides an oppor-
tunity to control fluid and transport soluble factors to specific locations for precisely
creating artificial environments for analytical requirement. Microfluidics technol-
ogy enables rapid and reproducible measurements of small volumes of sample
while eliminating the labor-intensive procedure and potentially error-prone manip-
ulation. Moreover, miniaturized devices with low power consumption have poten-
tial applications for point-of-care diagnostics. Commercially available products
from companies such as Agilent and Fluidigm are equipped with measuring sys-
tems and custom-design microfluidic chips feasible for clinic applications.

Early screening and diagnosis of diseases require the development of sensitive,
reliable, and inexpensive high-throughput assays [10—15]. High-throughput analy-
sis can be achieved by parallel detection of one analyte for multiple samples, or by
simultaneous detection of various analytes from one sample [16]. Bead-based
assays, by which different specific probes are tethered on encoded particles via
chemical or physical means [13] and detected with flow cytometric methods, have
demonstrated feasibility and versatility in multiplex analysis of biomolecules such
as genotyping [17], gene expression profiling [18], enzymatic assays [19], and
immunoassays [20].

An alternative approach to implement microbead-based assays is to incorporate
the assays in microfluidic devices [21, 22], which is accomplished by manipulating
the microbeads in a microfluidic device for decoding and quantification of multiple
analytes [13]. The main advantages of integrating microbead-based assays into
microfluidics are short analysis time, small volume, and high sensitivity. Due to the
large surface-to-volume ratio, fast reaction kinetics and high binding capacity
enable the microbead-based assays in microfluidic format to be suitable for rapid
and sensitive detection of various biomolecules [13]. Moreover, compared with
surface-treated microfluidic-based analysis, analytical targets are easily expanded
by addition of extra microbeads conjugated with relevant probes, making the
multiplexing easily achievable in the microfluidic-based platform. Furthermore,
the low cost and better quality control of the beads offer a flexible selection of probe
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sets for analytes [14]. These advantages are vital for rapid and accurate detection of
disease biomarkers to provide point-of-care testing for clinical diagnoses. Sensitive
detection of pathogenic viruses and bacteria also demands these qualities for early
warning and preparation against biological warfare or epidemic outbreak.

In this chapter, we discussed the working principle and the latest progress in the
integration of the microbead-based assay into microfluidic devices. While the
potential applications of such an integrated platform are numerous, we focused
on applications in multiplexed protein and DNA analysis which are important for
biomarker research, cancer screening, and disease diagnosis. We also presented an
outlook for future development and commercialization of these microbead-based
microfluidic devices.

8.2 Microbead-Based Technology

8.2.1 Barcoding of Microbeads for Multiplex Assays

Multiplex assays refer to the capability of measuring multiple analytes from the
same biological sample in a single test. Microbeads with different labels and
surface probes have been demonstrated as a promising approach to accommodate
simultaneous detection of multiple analytes. Microbeads could be optically
barcoded that are identified by specific spectra, or graphically barcoded that are
identified by deciphering the specific geometric patterns. Chromophores,
fluorophores, or quantum dots are tethered on the surface of microbeads or incor-
porated inside the microbeads to optically encode microbeads, which could be
identified by the spectrum and/or the intensity of the colors [23, 24]. Organic
fluorescence dyes [25], quantum dots (Fig. 8.1a) [24], styrene monomers with
different Raman spectra (Fig. 8.1b) [26, 27], and DNA-based monomer fluorescent
nanostructures [28] have been reported to optically barcode the microbeads. By
loading microbeads with precise proportions of two or more types of dyes, a group
of microbeads could be created and mapped in a bead mixture by measuring the
intensities of individual dye (Fig. 8.1c) [29, 30]. Instead of fluorescent dyes,
quantum dots have also been used to identify microbeads. Quantum dots have
narrow and symmetric emission spectra with high stability against photo bleaching,
which have more than 20 times brighter emission than organic dyes. The emission
wavelength of quantum dots can be controlled by varying the diameter and only a
single light source is required for simultaneous excitation of different quantum dots.
The use of 1.2 pm polystyrene beads encoded with quantum dots was demonstrated
for multiplex assays, in which quantum dots with six colors and six intensity levels
were used as barcode to generate more than 10,000 different codes [24]. Subse-
quently, quantum dots encoded mesoporous polystyrene beads and surfactant-
coated quantum dots were developed, which could be analyzed by flow cytometer
with the detection capability of 1000 bead/s [31].
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Fig. 8.1 Different barcoded microbeads for multiplex assays. (a) Quantum dot-encoded polysty-
rene microbeads. Reprinted by permission from Macmillan Publishers Ltd: Nature Biotechnology
[24], copyright (2001). (b) Raman mapping of the barcoded microarray. Reprinted from [27],
Copyright (2007), with permission from Elsevier. (¢) Microbead encoded by two fluorescent dyes
with the emission wavelengths of 650 nm and 710 nm, respectively. The detection signal was
recorded by the labeled fluorescent molecules with the emission wavelength of 575 nm on the
surface of microbeads. Reprinted from [30], Copyright (2014), with permission from Elsevier. (d)
Graphically and optically patterned microbeads made by magnetic photonic crystals. Reprinted by
permission from Macmillan Publishers Ltd: Nature Materials [32], copyright (2010)

Graphically encoded microbeads are often tens to hundreds of microns in
diameter or length with a well-defined orientation in order to be accurately decoded.
Recently, the combination of optically and graphically barcoded microparticles has
been reported and the barcoded microparticles were read out by an optical imaging
platform (Fig. 8.1d) [32, 33]. Theoretically a larger pool of beads could be
constructed by quantum dots and/or graphically encoding technology, with several
unique codes generated by increasing the number of dyes, controlling the ratio, and
creating various patterns. However, many limitations in the compatibility of dyes,
manufacture feasibility, and detection sensitivity reduced the number to around
100 unique groups available for coding and decoding. Currently, commercially
available microbead-based assay kits, such as xXMAP (Luminex, TX, USA) and
Cytometric Bead Array CBA (BD Bioscience, CA, USA), are using this barcoding
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technique, which enable simultaneous measurement of cell signaling molecules,
cytokines, and antibodies in various types of body fluids.

8.2.2 Surface Functionalization of Microbeads

A variety of biocompatible materials have been used for fabrication of bead-based
solid support for capture of target biomolecules, such as silica [34], polystyrene
(PS) [35], agarose [36], and paramagnetic materials [37]. Methods for increasing
the binding capacity in beads have also been intensively studied, which focused on
modifying the chemical functionalization of the bead surface, tuning the bead size,
and physically compressing the bead. Using different surface chemistry such as
UV/ozone treatment [38], silanization [39], covalent coupling [40], and adsorption
[41], a vast number of molecules including antibodies, antigens, DNA, RNA, and
other small molecules can be easily attached to bead surface. Covalent coupling is
the most popular approach for immobilization of biomolecules. The solution-based
binding kinetics has been extensively studied, making the coupling approach
available for different applications [42, 43]. Covalently coupled, probes are favor-
ably presented on the surface of the bead, leaving the binding moieties available for
interaction with target molecules. Specific coating of probes on designated
microbeads eliminates the “cross talk” between microbeads, allowing multiplexed
analysis in one sample. As the probe molecules are permanently bound, they will
not desorb or leach over time [44]. Recently, physical compression of beads has
been reported to enhance binding capability in beads. A twofold increase in mass
transfer rates for binding of biotin-functionalized quantum dots to streptavidin-
coated agarose beads has been achieved by periodically compressing and
expanding the beads [45]. Similarly, the adsorption rates could be increased when
compressing chitosan beads in solutions containing dye molecules or nanoparticles
[46]. Diameter of the beads is also critical for surface modification. Smaller size of
beads presents larger surface area per unit weight while larger beads present more
surface area per bead, such that the amount of reagent required for coating is
different. In addition, solid beads could be porous and nonporous. The porous
beads can be densely packed with immobilized probes due to their large surface-
to-volume ratios than nonporous counterparts [47, 48]. The microporous geometry
allows for greater capture efficiency and has potential to offer lower limits of
detection compared to nonporous beads [49].

The principles of biomolecular recognition are applied to design the probes on
the microbead surface for detection of analytes. Recognitions between antigen and
antibody, hybridization of DNA strands with complementary sequences,
DNA-protein interaction, as well as sugar-lectin binding have been widely used
in the design of microbead-based assays. Moreover, the combination of DNA
amplification techniques and microbeads has been reported. For example, Li
et al. developed a platform for quantification of single-nucleotide polymorphisms
(SNPs) in clinical samples by microbead-based rolling circle amplification assay
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(RCA) [50]. Similarly, the presence of a protein and DNA could also be simulta-
neously detected on microbead surfaces [51]. In this approach, a two-layer sand-
wich assay was performed on the antibody-modified microbead for detection of
protein and the presence of DNA in the same sample could be captured and detected
by RCA strategy (Fig. 8.2a). Capture antibody-conjugated microbeads are used to
detect target protein followed by binding of biotin-labeled secondary antibodies.
Biotinylated capture DNA probes, which act as recognition element and amplifi-
cation primers, are then attached to the secondary antibodies via a biotin-avidin
bridge. A padlock probe is then hybridized onto the primer and terminated in the
presence of a target DNA sequence, followed by ligation as a loop by a DNA ligase.
During RCA, fluorescently labeled signal probes are hybridized to each amplified
sequence and the microbeads could be imaged by a fluorescence microscope.
Simultaneous detection of IL-8 and target DNA were evaluated and the detection
limits were down to 10 fM and 1 pM for protein and DNA, respectively. This tool
offers the capability of measuring various combinations of analytes to provide both
proteomic and genomic information with a single test. Moreover, as the microbeads
are individually identified, multiplexed assay is readily performed by using an array
of microbeads with different capture antibodies and fluorescent-labeled probes.

Single-molecule assay could be accomplished in which the readout is based on
counting microbeads tethered to DNA molecules. Tethered bead technology was
initially developed to study biophysical properties of DNA molecules and enzymes
that act on DNA, at the single molecule level [52-54]. DNA molecules of known
length are attached via one end to a surface and the other end attached to a micron-
sized bead that can be pulled to stretch the DNA. Pulling can be effected via liquid
flow (drag force on the bead), laser trapping, or magnetic force if the bead is
paramagnetic. Tethered beads exhibit damped and confined Brownian motion in
the absence of external force, which are easily identified in light microscopy. The
motion of tethered beads in flow is recognizable with a low-power optical micro-
scope and distinguishable from that of beads that stick nonspecifically to the
surface. Recently, a proof-of-principle immune sandwich assay was described for
detection of single immune complexes based on the above principle [55].

To further decrease limit of detection and increase sensitivity, signal amplifica-
tion strategies incorporated with nanoparticles [56, 57] have also been intensively
used in the microbead-based assays. We have reported a method based on
multienzyme-nanoparticle amplification for sensitive bead-based virus genotyping
(Fig. 8.2b) [17]. The microbeads were functionalized with the capture probes and
electron-rich proteins, and employed the HRP-functionalized gold nanoparticles as
label on a secondary DNA probe. By using “sandwich” hybridization, the enzyme-
functionalized gold nanoparticle (AuNPs) labels were brought close to the surface
of microbeads. The oxidation of biotin-tyramine by hydrogen peroxide resulted in
the deposition of multiple biotin moieties onto the surface of beads. The detection
signals were amplified where the large surface area of AuNP carriers increased the
amount of HRP bound per sandwiched hybridization. The approach could discrim-
inate and genotype 10 copies/uL HPV genomic DNA. This assay was further
integrated into a microfluidic device and the enzyme-nanoparticle-conjugated
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Fig. 8.2 (a) Microbead-based rolling circle amplification (RCA) assay for simultaneous detection
of target DNA sequence and protein. (1) Monoclonal antibody-conjugated microbeads captured
the target protein followed by secondary biotin-labeled antibodies. (2) The biotinylated DNA
probes are captured via a biotin-avidin bridge and the padlock probes are then hybridized onto the
DNA probes. (3) The padlock probes are terminated in proximity by the target gene. (4) The
padlock probes are ended by DNA ligase, followed by capture probe extension by polymerase.
(5) Rolling circle amplification of the ligated probes proceeded on the bead surface. (6) The
Cy3-tagged detection probes are hybridized on the RCA product. Reprinted with permission from
[51], Copyright (2009) American Chemical Society. (b) Multienzyme nanoparticle amplification
for sensitive bead-based genotyping. Reprinted from [17], Copyright (2011), with permission from
Elsevier
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assay could discriminate as low as 1 fM HPV DNA, which was 1000 times more
sensitive than that of the off-chip assay.

8.2.3 Recognition of Microbeads

Flow cytometry presents a powerful platform for microbead-based assays. Luminex
has developed flow cytometry-based instrument for multiplexed microbead-based
assays (Fig. 8.3a). The instrument consists of one flowing stream system and two
laser beams. One beam decodes the microbeads and the other provides the quanti-
fication information by measuring the reporter fluorescent intensities
[58]. Microdroplet technology has also attracted great interests for single-cell
analysis, protein crystallization, enzyme kinetics, and cellular bioassays [8]. With
the combination of microdroplet technology, BEAMing (beads, emulsion, amplifi-
cation, and magnetics) related strategies (Fig. 8.3b) [59-63] have been extensively
explored to analyze human genetic variation [59]. Streptavidin-labeled magnetic
beads coated with oligonucleotide primers were mixed with template DNA and
PCR components, and trapped into the emulsion droplets, each of which containing
less than one template and one bead on average. PCR reactions were carried out by
thermal cycling of the emulsions, followed by subsequently breaking the droplets
and collecting the magnetic beads, which contained multiple copies of the DNA
fragment identical in sequence to the original template. Recovery of the magnetic
beads allowed hybridization of fluorescent-labeled oligonucleotide probes capable
of specific detection and quantification of genetic sequence variants [59, 64], direct
determination of polymerase error rates, and identification of transcription factor
targets [60].

Other optical reading platforms such as microscopic imaging system and fiber-
optic system have been introduced for microbead analysis and decoding. Walt’s
group developed an optic fiber platform and demonstrated its feasibility for geno-
mic and proteomic analysis of clinical samples [51, 65-68]. The core of individual
fibers was selectively etched to generate wells of predefined depth, which were used
to assemble microbeads in array on the distal end of the fiber. Thousands of
individual fibers embedded with one type of microbeads were further assembled
as fiber bundles, which enables massive detection in parallel. The feasibility of this
approach has been demonstrated by multiplexed analysis of DNA and protein in
human saliva sample. For DNA detection, hybridization of fluorescent-labeled
target to the probe with complementary strand was performed in the high-density
microbead array. Each specific hybridization event was detected by emission of the
fluorescent signal localized to the probe during the hybridization process. This
platform has also been demonstrated for immunoassays, in which target-specific
monoclonal antibodies were immobilized on the surface of the different microbeads
in the fiber bundles for simultaneous measurement of multiple proteins [66, 69].
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Fig. 8.3 (a) Flow cytometry of the multiplexed bead analysis. Two laser beams were equipped in
the system. One laser beam decodes the microbeads and the other provides the quantification
information by quantifying the reporter fluorescent intensities. Reprinted from [58], Copyright
(2001), with permission from Elsevier. (b) Schematics of BEAMing (beads, emulsion, amplifica-
tion, and magnetics) technique. (1) Biotinylated oligonucleotides (oligos) are bound to magnetic
beads through biotin-streptavidin bridge. (2) Microemulsions are generated by stirring oligo-
bound beads, PCR components, and template DNA with an oil-detergent mixture. On average,
each aqueous compartment contains less than one template and one bead. (3) PCR is performed in
the microemulsions in compartments with both bead and DNA template. (4) The resulting
emulsions are broken and the beads are purified with a magnet. (5) After denaturation, the beads
are incubated with oligos that can distinguish between the sequences of templates and fluorescent
labeled. (6) Fluorescent beads are counted with flow cytometry [59], Copyright (2003) National
Academy of Sciences, USA
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8.3 Microbead-Based Assays in Microfluidics

8.3.1 The Integration of Microbeads into Microfluidics

A flow cytometer can rapidly process microbeads, but the high cost and lack of
portability hinder its applications. An alternative approach towards microbead-
based arrays is integrating in microfluidic devices [21, 22, 70]. There are three
major advantages in incorporating microbead technique into microfluidics:
increased surface-to-volume ratio for microfluidics, easy control of microbeads,
and flexible multiple functionalities. Firstly, the surface-to-volume ratio of beads is
much greater than the surface of flat microchannels. For example, 1 g of microbeads
with a diameter of 0.1 pm has a total surface area of 60 m? [71]. Higher efficiency of
interactions between samples and reagents would increase the sensitivity of the
detection platform. Secondly, the similar dimension of microchannels and beads
enables easy and precise manipulation of beads in microfluidics. Many different
strategies to immobilize and release the beads in the channels have been developed
[72, 73]. Last but not least, the flexibility of surface modification of microbeads
enables multiple analyte detection in a single microfluidic design by simply
employing different types of encoded microbeads with various target-specific
probes.

When integrating a microbead-based assay into a microfluidic device, the
microbeads are stationed in microfluidic structures while free-flowing analytes
are transported by diffusion- and convection-driven flow to the bead surface. The
binding kinetics on modified bead surfaces in a microfluidics context was investi-
gated by Thompson et al. [74]. Target analyte binding to the surface of beads was
monitored using streptavidin-coated agarose beads immobilized on microwells and
biotinylated quantum dots as a label. The results indicated that a single quantum dot
occluded multiple receptor sites, which is commonly overlooked in most kinetics
models. This should be taken into consideration in assays where a large binding
partner, such as antibody and quantum dot, may block multiple receptor sites.

8.3.2 Manipulation of Microbeads in Microfluidics

Microfluidics allows the transport, manipulation, and analysis of microbeads in the
flow channels with the dimension of microns. Flow in microfluidics can be gener-
ated by mechanical forces, electrokinetic forces, capillary forces, or centrifugal
forces. Manipulation of microbeads by microfluidic devices enables multi-func-
tionalities of mixing, sorting, isolation, immobilization, and detection of
microbeads.

The most common method of trapping microbeads is the use of a mechanical
barrier based on the size of the particles, where microbeads could be isolated in
special constriction structures, such as microfilters [75, 76], microwells [77, 78],
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double grooves [79], dam structure [80, 81], sandbag [82] and sieving microstruc-
ture [83], and single mechanical trap array [84, 85]. Microfilters featured with a rain
drop bypass architecture configuration were designed [76] to have a substantially
lower pressure drop to trap protozoan cells with high efficiency. Poly(ethylene
glycol) (PEG) microwells within microfluidic channels were fabricated by capillary
force lithography [77] to dock microbeads within predefined locations. Double
microgrooves [79] with various depth ratios were developed by two-step process
to achieve controlled double-level cell trapping with shear protection. Particle
retention in the double grooves depended linearly on inlet flow speed, with the
slope inversely proportional to the sheltering due to the groove geometry. A grid of
pillars fabricated by deep reactive etching was used to confine the beads for reaction
and analysis [86]. We have designed a dam structure [80] in parallel to the fluid flow
as shown in Fig. 8.4a for docking and alignment of microbeads and biological cells.
Two parallel channels were separated by a dam, which allows particle docking in
desired locations while exposing to minimal stress. Hydrodynamic analysis [81]
was carried out to compare the effects of dam dimensions on microbeads and cell

Fig. 8.4 Manipulation of microbead in microfluidics. (a) Simulated dam structure for particle
entrapment. Reprinted with permission from [80], Copyright (2002) American Chemical Society.
(b) Sieving microstructure for microbead with different sizes. Reproduced from [83] with per-
mission of The Royal Society of Chemistry. (¢) Five “sandbag” elements for individual micro-
particles and cell entrapment. The scale bar is 100 pm. Reprinted from [100], Copyright (2010),
with permission from Elsevier. (d) Digital microfluidic printing of single superparamagnetic bead
array. The scale bar is 8 pm. Reproduced from [102] with permission of The Royal Society of
Chemistry
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docking and behaviors under different flow velocities and shear stress. While most
of the physical components require microstructures with fine resolution, we have
further developed a single-step microfabrication method to prepare constriction
microstructures on a printed circuit board (PCB) master (Fig. 8.4b). The constric-
tion microstructures were generated by controlling the etching time of two
microchannels separated by a finite distance on the PCB and the PDMS replica
featured microsieves that could be used for size-dependent trapping of micro-
spheres, biological cells, and formation of water-in-oil droplets. Such constriction
microstructure enabled trapping of microbead entities with diameters of 1-10 pm,
which is suitable for most microbead-based bioanalysis [83].

Recently, optical manipulations have been combined with microfluidics for
biophysical and biomechanical characterizations of particles and cells [87-
89]. Optical tweezers use a highly focused laser beam to trap small dielectric
spherical particles, which experience both scattering force produced by the photons
striking the particles along the propagation direction and gradient force induced by
a gradient of field intensity. Scattering and gradient forces employed on the
microbeads depend on the wavelength of the laser beam and the particle size.
When the size of particles is much larger than the wavelength of the irradiation,
the particles are tethered to spheres or ellipsoids and located in the center of the trap
field [90]. Integrated with microfluidic device, optical tweezers have been widely
applied to position beads in nano/microscale [91-95]. Optical tweezers offer high
resolution for microparticle trapping, but have limited manipulation area due to
tight focusing requirements [93]. The scaling limitation could be overcome by use
of a diode laser bar for rapid manipulation of multiple particles in microfluidic
device [94]. An integration of plasmonic traps with microfluidics [95] has been
developed to immobilize dielectric spheres and yeast cells. An optofluidic chip was
designed with three layers: plasmonic substrate, flow layer, and control layer. After
laser excitation, plasmon resonant excitation of the free electrons in gold produced
strong and localized electromagnetic fields for particle entrapment. However, the
sophisticated optical setup, complex operation, and expensive instrumentation limit
the application of optical trapping of microbeads in microfluidics.

An external magnetic field could be applied to a microfluidics system to immo-
bilize and release paramagnetic beads [96], which was demonstrated to capture and
enrich rare events in blood samples [97]. With the help of external magnetic field,
the positions of biotinylated magnetic particles are controlled in the microfluidic
channels, and sequentially exposed to various flow streams including sample, wash
buffer, and labeling solution. The continuous-flow magnetic bead reactor enables
the detection of 20 ng/mL of streptavidin using biotinylated beads and FITC-biotin
to capture streptavidin in solution in a sandwich ELISA assay within 60 s [98]. This
approach gives an added advantage of capturing and releasing the beads with target
analytes and performing the wash, concentration, and other procedural steps in the
microfluidics by simply controlling the position of the external magnetic fields.

Single-bead manipulation has become very important in biological research
particularly in single-cell analysis. Many microfluidic structures have the
capability for individually manipulating single microbeads or cells. For example,



8 Microfluidics for DNA and Protein Analysis with Multiplex Microbead-Based Assays 173

a high-density cell isolation array [84] was developed where individual particles
were trapped and occluded the open region, decreasing the fraction of streamlines
through the two-layer cup-shaped PDMS trapping sites, which resulted in the self-
sealing quality for high quantity of single-cell isolation. The high-density single-
cell array was applied to determine single-cell enzyme kinetics with fluorescence
labeling and washing technique. We have designed sandbag structures [82] during
the isotropic etching process by undercutting effect in a single-step photolithog-
raphy. The sandbag structures (Fig. 8.4c) were utilized to immobilize microbeads
and cells for high-throughput assays [99, 100] and cell communication
studies [101].

8.3.3 Droplet Microfluidics for Microbead Analysis

Droplet microfluidic systems enable the formation of high-density microreactors
with the sample volume of pico- or nano-liter, thus allowing fast mixing, enhancing
thermal transfer and chemical reaction rates, and preventing cross-contamination
and sample loss [8]. When trapped in droplets, microbeads can be transported back
and forth over an array of hydrophilic entrapment units to obtain high loading
efficiencies with single bead. Reagents can be transported over the beads several
times while capillary and/or magnetic forces hold the beads into place. Witters
et al. introduced droplet microfluidics for manipulating single superparamagnetic
beads in femtoliter-sized wells for single-molecule detection [102]. They developed
an electrowetting-on-dielectric-based digital microfluidic chip, in which femtoliter
droplets can be generated in a high-throughput fashion by transporting microliter-
sized droplet containing superparamagnetic beads over a Teflon-AF surface that
contains hydrophilic-in-hydrophobic micropatterns. By exploiting the selective
wettability of the hydrophilic patches, thousands of picoliter- to femtoliter-size
droplets were passively generated per second, each of which containing a single
superparamagnetic bead. Loading efficiencies of single beads in microwells were
obtained as much as 98 % with a CV of 0.9 % in less than 1 min (Fig. 8.4d), which is
much higher than previously reported methods (40-60 %). The superparamagnetic
beads were used for capturing single-protein molecules by fluorescent detection of
biotinylated enzyme f-galactosidase on streptavidin-coated beads with a linear
dynamic range of 4 orders of magnitude ranging from 10 aM to 90 fM.

Another high-throughput immunoagglutination assay that relies on a combina-
tion of magnetic beads, droplet microfluidics, and magnetic tweezers has been
developed in a fully automated manner (Fig. 8.5a) [103]. Water-in-oil droplets
containing antibody-coated magnetic beads (MBs) and analytes were generated and
transported in Teflon tubing. When passing in between magnetic tweezers, the MBs
in the droplets were magnetically mixed with analyte such that the agglutination
rate and kinetics were enhanced. When released from the magnetic field, the
internal recirculation flows in the droplet-induced shear forces that allowed MBs
redispersing in the droplet. In the presence of a specific analyte, MBs stayed in the



174 W. Yue and M. Yang
Syrigge Teflon '

Q'\USBcamera
~
H—3—O e
] T
1 = X

\ Lamp
Magnetic v
tweezers \

'
0

-

Droplet -
P

< Amplifier

Water sample \

(Target +MB) '
Target

.

MB

A

Before magnetic During magnetic After magnetic
confinement confinement confinement

Target
0nM

B
Target
2nM
D) E) F)

Fig. 8.5 Magnetic bead-based immunoagglutination in droplets. (a) Droplets are generated in
Teflon tube sequentially as aspirating defined volumes of oil and water sample containing target
analyte and magnetic beads. The droplets are transported towards the magnetic tweezers, which
generate magnetic field in the confinement to enhance the aggregation. After the magnetic
confinement, the magnetic beads are redispersed due to the internal recirculation flows (dotted
lines). (b) Bright-field micrographs of magnetic bead agglutination with analyte in droplet with the
concentration of 0 and 2 nM before, during, and after magnetic confinement. Reproduced from
[103] with permission of The Royal Society of Chemistry



8 Microfluidics for DNA and Protein Analysis with Multiplex Microbead-Based Assays 175

aggregated state while in the case of a nonspecific analyte, redispersion of particles
occurred (Fig. 8.5b). The feasibility of the approach was demonstrated by the
detection of biotinylated phosphatase alkaline in 100 nL sample volumes with the
sampling size of 300 assays per hour and the limit of detection down to 100 pM.
This immunoagglutination assay offers major advantages regarding the reagent
consumption and the platform cost.

8.4 Applications of Microbead-Based Assays
in Microfluidics for Bioanalysis

8.4.1 Immunoassays

Immunoassays, such as the enzyme-linked immunosorbent assay (ELISA), are the
most commonly used biochemical test in medical diagnosis. Traditionally, these
assays are carried out without sample replenishment in microliter-volume wells.
Recently, microfluidic-based immunoassays have been developed with fluoromet-
ric and colorimetric measurement, electrochemical detection, and surface plasmon
resonance. Direct functionalization of microchannel surface with antibodies to
capture biomolecules in the sample is one of the common approaches of performing
an immunoassay in microfluidics. For multiplexing, multiple microchannels con-
jugated with distinct antibodies are required to enable the detection of different
targets in the same sample. Although many surface patterning methods, including
photolithography liftoff techniques [104, 105], micro-contact printing [106, 107],
and fluidic patterning [108], are available to pattern proteins on the substrates,
sophisticated patterning procedure and flow control are required for multiplexed
analysis. Barcoded microbead-based microfluidics immunoassay enables
multiplexed analysis in microchannels without the need for surface patterning. In
addition, the sensitivity could be enhanced by at least two orders of magnitude with
the capability of minimal consumption of reagents in microfluidics [109].

A microfluidic fluorescence bead assay has been developed to accurately mea-
sure antibody-antigen binding kinetics [110]. The association and dissociation rate
constants from antibody-antigen interactions spanning nearly 4 orders of magnitude
in equilibrium binding affinity (30 pM—100 nM) were measured. Complete
antibody-antigen binding kinetics were measured as little as 8 x 10* antibodies
(~132 zeptomoles) immobilized on a single bead and less than 2 x 10° antibodies
(~3 attomoles) loaded into the microfluidic device. A reduction in detection limit
and sample consumption of 4 orders of magnitude could be achieved when com-
pared to surface plasmon resonance (SPR) spectroscopy and alternative measure-
ment techniques. By use of bead-based assays in microfluidics, multiplexed protein
detection of TNF-a, CXCL2, IL-6, and IL-1b has been reported [111] with the
sensitivity of 1000 pg/mL with the sample volume of 4.7 nL. A capillary-based
system (~100 pm diameter), in which the antibody-coupled microbeads were
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captured on a 0.5 pm filter, was developed to detect protein expression of receptor
tyrosine kinase in breast cancer tissues [112]. Our group has developed a
microfluidic platform for immobilization of single-layer microbead array for
multiplexed high-throughput analysis of biomolecules [30]. The microfluidic
device comprised eight microbead-trapping units, where microbeads were
immobilized in a linear array format by the exertion of a negative pressure in the
control channel. Multiplexed assays were achieved by using a mixture of different
spectrally encoded microbeads functionalized with specific probes, followed by
on-chip reaction and detection. Six cancer biomarkers including leptin,
carcinoembryonic antigen (CEA), carbohydrate antigen 125 (CA125), interleukin
8 (IL-8), hepatocyte growth factor (HGF), and human epididymis protein (HE4)
have been simultaneously discriminated with good correlation with flow cytometry
system. Compared with the off-chip protocols, the on-chip analysis exhibited better
reacti on efficiency, higher sensitivity, and wider linear detection range.

With the advances in both microfluidic synthesis and analysis, sensitive and
high-throughput multiplexed detection of clinically relevant protein panels in
complex media has been demonstrated [37]. Stop-flow lithography method was
leveraged to simultaneously synthesize and functionalize particles with a fluores-
cent barcoded region and a spatially segregated probe region embedded with
different capture antibodies (Fig. 8.6a). Covalent binding of capture antibodies
using a heterobifunctional poly(ethylene glycol) linker enabled one-step synthesis
using only small amounts of reagents. The functionalized hydrogel particles were
incubated with the sample to capture the analyte and measured using fluorescent-
labeled detection antibodies for quantification. The feasibility of the device was
demonstrated by detection of 1-8 pg/mL amounts of three cytokines (interleukin-2,
interleukin-4, and tumor necrosis factor alpha) in multiplexed assays without the
need for filtration or blocking agents [113].

Ultralow concentration of proteins could also be discriminated using aforemen-
tioned multienzyme-nanoparticle amplification and quantum dot labels
[114]. Based on a dual-signal amplification strategy, a microfluidic bead-based
immune sensor was developed to discriminate as low as 0.2 pg/mL AFP in 10 mL of
undiluted calf serum. A 500-fold decrease in detection limit compared to the
off-chip test and 50-fold decrease in limit of detection were demonstrated compared
to microfluidic bead-based immunoassay using single-labeled HRP-conjugated
capture antibody. Otieno et al. incorporated an online chamber to capture cancer
biomarker on magnetic beads with 300,000 enzyme labels and 40,000 antibodies
into a microfluidic immunoarray [115]. Protein analytes are captured from serum or
other biological samples in the stirred magnetic bead in the capture chamber. In the
detection chamber, the beads were captured on gold nanoparticle film sensors
pre-coated with antibody and detected by amperometry. Detection of 5 fg/mL for
interleukin-6 (IL-6) and 7 fg/mL for IL-8 in serum was demonstrated in the
microfluidic system, with good accuracy and correlations with standard ELISAs.
In the microscale, fluids exhibit laminar flow, i.e., fluidic streams flow parallel to
each other, and mixing occurs only by diffusion. Although diffusion distance in
microchannels is significantly reduced compared to conventional microliter well
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plate, diffusion is still the determent step in terms of detection time at low sample
concentration [116], such that incubation step is still required for capture analyte
and fluorescent labels. One of the strategies to improve the analyte capture and
detection of antibody binding is to integrate mixing elements in the microfluidic
device [117]. Cohen et al. integrated microbead-based assay in a well-mixed
microfluidic device, which enabled near-real-time diagnostics of clinically relevant
analytes [118]. The diffusion-controlled immunoassays could be overcome by
introducing the microbead-based assay into the mixing microchannels with turbu-
lent flow profiles. The flow profile in the developed microfluidic device consists of
laminar flow and turbulent profiles in distinct regions of the device (Fig. 8.6b).
Laminar flow occurs when beads stream and detection antibody streams in parallel
layers with no disruption between the layers. The fluid flow was altered markedly
when it travels over an abrupt serpentine feature. The narrowing U-shape serpentine
geometry causes a change in the flow profile from diffusion-controlled laminar
profile to turbulent well-mixed solution in the incubation channels. Using this
integrated microfluidic device, the detection of tumor necrosis factor (TNF)-a
cytokine was achieved in seconds in the flow through incubation channel, compared
to 1-2 h in the non-mixed solutions, such as ELISA, thus allowing near-real-time
detection.

8.4.2 DNA Analysis

Nucleic acid analyses have been widely used in clinical diagnostics, food safety,
and forensics. Integrated with microbead-based assay, the microbead-based
microfluidics has been widely applied to nucleic acid sample preparation and
detection. Solid-phase extraction (SPE), in which DNA samples are usually
absorbed onto solid insoluble materials to remove impurities, and eluted out later
with buffer, is the most common method for DNA purification. The SPE of DNA
samples could be implemented in microfluidic devices. Christel et al. fabricated
arrays of high-aspect-ratio oxidized silica pillars as solid phase for DNA binding
[119]. The DNA binding capacity was improved in silica-coated pillars where the
surface areas within the channel were increased by 300-600 % [120]. Although the
micropillars increased the purification efficiency, the process of deep reactive ion
etching for fabrication of the oxidized silica pillar is complex with very high
fabrication costs. To reduce the complexity and cost for SPE of DNA samples in
microfluidics, a capillary-based microfluidics device packed with silica microbeads
was developed, which is capable of adsorption and desorption of pictogram to
nanogram amounts of DNA samples [121]. The feasibility of the device was
demonstrated by extraction DNA from white blood cells with an efficiency of
70 % while removing 80 % of proteins. A method named laser-irradiated magnetic
bead system (LIMBS) was reported that combined laser irradiation and magnetic
beads to rapidly and efficiently extract DNA from biological samples and perform
rt-PCR in one device [122]. By integrating it on a centrifugal microfluidic device,
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pathogen DNA isolation from whole blood sample was achieved [123]. A
microfluidic magnetic particle-based device was developed with the
multifunctional units of genomic DNA isolation, asymmetric PCR, and electro-
chemical sequence-specific detection, which was capable of multiplexed pathogen
identification [124].

Single-nucleotide polymorphisms (SNPs) could also be identified in microbead-
based microfluidic analysis systems. An automated magnetic bead-based
microfluidic platform was reported with the integration of leukocyte purification,
genomic DNA extraction, and on-chip PCR [125]. Two types of magnetic beads
were utilized in the system, one for leukocyte purification and the other for DNA
purification. Based on the apyrase-mediated allele-specific primer extension with
quantum dots as labels [126], single-nucleotide discrimination was demonstrated
with high discrimination specificity and sensitivity of 0.5 pM in a microbead array
microfluidic platform. Another genotyping approach has been developed by incor-
porating solid-phase-based extraction reactions and PCR in a single microfluidic
chamber, which is further coupled to MALDI-TOF MS, where the nucleotides at
SNP site on both a mutated and an unmutated HBB gene were recognized [127].

Advances in modern genomic research depend heavily on applications of vari-
ous devices for automated high- or ultra-throughput assays. A bead-based
microfluidic platform for fully automated and programmable DNA microarrays
has been developed, where the use of beads as solid support for DNA immobiliza-
tion and hybridization offers a high surface-to-volume ratio and makes the
microfluidic chips completely reusable [128]. Uniform microfluidic architecture
for large-scale integration and automation of DNA microarrays was demonstrated
and applied for single-nucleotide polymorphism analysis and DNA sequencing by
synthesis without the need for fluorescent removal step.

8.4.3 Other Biomolecules

While proteins and DNAs are two major classes of important biomarkers in blood
or serum, other small molecules such as metabolites, lipids, and hormones regulate
physiological and behavioral activities in human body. Microfluidic devices in
combination with microbeads can be applied to detect small molecules using
enzyme-based or fluorescent readouts with sensitive detection ranges. For example,
a microfluidic device integrated with glass beads with enzymes was developed for
the detection of glucose in the range of 1-10 mM. The hydrogen peroxide generated
from the enzyme reaction between glucose in the sample and glucose oxidase
immobilized on the surface of microbeads could be quantified by Amplex Red
with fluorescent readout [129].

For small molecule analysis, it is necessary to utilize signal amplification
strategies in order to detect trace amount of target analyte. Zhang et al. developed
an aptamer-mediated microfluidic bead-based sensor for simultaneous detection of
adenosine and cocaine using multienzyme-linked nanoparticle amplification and
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quantum dot labels [130]. Microbeads functionalized with the aptamers and mod-
ified electron-rich proteins were arrayed within a microfluidic channel and were
connected with the horseradish peroxidases (HRP) and capture DNA probe deriv-
ative gold nanoparticles (AuNPs) via hybridization. The conformational transition
of aptamer induced by target—aptamer complex contributes to the displacement of
functionalized AuNPs and decreases the fluorescence signal of microbeads. In this
approach, increased binding events of HRP on each nanosphere and enhanced mass
transport capability inherent from microfluidics are integrated for enhancing the
detection sensitivity of analytes. The developed aptamer-based microfluidic bead
array sensor could discriminate as low as 0.1 pM of adenosine and 0.5 pM cocaine,
and showed a 500-fold increase in detection limit of adenosine compared to the
off-chip assay.

8.5 Conclusion and Future Perspectives

In this chapter, we have summarized recent breakthroughs in integration of
microbead-based techniques with microfluidic devices for multiplexed detection
of various clinically relevant agents, from barcoded technology for multiplexed
microbead-based assay to bead functionalization approaches, and from manipula-
tion of microbeads in microfluidics to practical applications of these devices in
bioanalysis. We believe that the combination of these two technologies can create
powerful devices that may overcome the limitations in current diagnostic strategies
in terms of portability, cost, sensitivity, and reliability. While many proof-of-
concept prototypes have been demonstrated using low-cost portable microbead-
based device for multiplexing analysis of biomolecules, there are many issues and
challenges for successful application of multiplexed microbead analysis in
microfluidic devices. The extent of multiplexing is limited by the number of unique
codes that can be generated by both encoding and decoding strategies, and the
sensitivity of detection equipment. Many barcoding technologies have shown
promise for multiplexing, but their performances in practical applications are
seldom evaluated, as most microfluidic prototypes only employed a few types of
encoded microbeads, which is far beyond the coding capability of the multiplexing
technologies.

Currently, highly integrated microdevices with optical, electrical, hydrody-
namic, magnetic, mechanical techniques have been widely applied in microbead
manipulation research. Optical and/or magnetic forces manipulate microbeads
without contact and contamination, but complicated setup and expensive instru-
mentation limit their application in portable devices. Physical entrapment is pre-
ferred to manipulating microbeads in a simple and effective way, but in most
microfluidic devices, microbeads are captured for collective measurement. These
methods created a mass of entrapped microbeads in cluster that cannot be easily
analyzed individually, which would pose a problem in multiplexed analysis when
encoded microbeads are incorporated, as the fluorescent interference from other
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beads might affect the decoding of the microbeads, thus causing inaccuracy of the
multiplexed analysis. Single-layer bead array or other highly ordered array pat-
terned with individual microbeads are preferred. In these approaches, the optimal
size of the encoded beads is with a diameter of a few microns to submicrons for easy
manipulation in microchannels as well as optical identification and quantification.
While many approaches have been developed for immobilization and patterning of
individual beads under flow conditions in bench scale, the next obstacle in the
commercialization of microbead-based microfluidic device would lie in the
manufacturing process of such device and automatic bead immobilizations for
massive production.

In addition, lab-based optical or fluorescent microscopes are used in most pro-
totypes of microbead-based microfluidic devices for bioanalysis. It is essential to
develop portable fluorescent detectors with bead visualization function integrated
in microfluidic devices for the purpose of point-of-care diagnostics. Alternatively,
novel strategies for bead recognition and quantification with reliable validation
which are compatible for integration in portable device are preferred. Lastly, in
order to create the “sample-in-result-out” platform for sensitive detection of bio-
molecules, multifunctional modules including sample preparation, accumulation,
separation, and analyte capture should be integrated into one microfluidic device.
As the feasibilities of many prototype microfluidic devices have been demonstrated
to achieve one or more functions, it is promising to develop novel microfluidic-
based platforms integrating microbead-based assay for practical point-of-care test-
ing. There is no doubt that additional efforts should be placed on fundamental
research and practical application of multiplexed microbead-based microfluidic
device.
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Chapter 9
Single-Cell Phenotypic Screening in Inverse
Metabolic Engineering

A.E. Vasdekis and G. Stephanopoulos

Abstract Contrary to classical approaches centering on debottlenecking flux-
limiting steps in a metabolic pathway, inverse metabolic engineering (IME) aims
at identifying and modulating all gene factors that contribute to an optimal pheno-
type. Within IME, mutant libraries are generated and screened in order to select
mutants with the desired phenotype. The screening process is traditionally
performed using microtiter well plates, a laborious and expensive process of limited
throughput. Here, we review emerging screening methods that address these
throughput and cost-effectiveness shortcomings, but also operate at the single-cell
level. We discuss the importance of single-cell analyses in IME and detail two
specific single-cell screening approaches: the first is fluorescence-activated cell
sorting for phenotypic discrimination based on cytosolic or cell-membrane-bound
products. The second is droplet microfluidics for screening of cells capable of
overproducing secreted products or overconsuming substrates, properties that
require confinement to isolate mutants with specific secretory phenotypes.

Keywords Metabolic engineering ¢ Single-cell analysis ¢« Microfluidics * Flow
cytometry

9.1 Introduction

Substantial advances in DNA technology have enabled the successful reconstruc-
tion of the genomes of many organisms in recent years [1-4]. As first demonstrated
by Cohen et al., similar DNA technologies have also enabled the insertion of new
genes into host organisms to perform novel functions, or incapacitate existing ones
[5]. In addition to numerous biomedical applications (e.g., immunoengineering and
phage therapy [6]), such genome engineering approaches have permitted the
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transformation of living cells to biochemical factories for producing high-value
organic compounds. In essence, the design of the intracellular reaction networks
forms the field of metabolic engineering, typically implemented through protein
knockout, modification, or overexpression [7-9].

9.1.1 Rational Metabolic Engineering

As a result of rapid advances in biotechnology and computational methods facili-
tating strain construction, physiology description, and function prediction, several
metabolic engineering strategies have become possible [9]. Among them, the most
traditional approach is to first identify and then modulate flux-limiting steps in a
metabolic pathway. This—classical strategy—is termed “rational” or constructive
metabolic engineering [10—12]. Rational metabolic engineering has met with suc-
cess, but is limited to those cases with well-identified kinetics and regulation, such
as amino acids, products of central carbon metabolism, antibiotics, and others
[13, 14]. Furthermore, it is now known that the desired overproducing or over-
tolerant phenotype does not originate from a single gene, but is rather a multigenic
trait [15]. Such high-order interactions between genes are not completely under-
stood to date, thereby placing limitations on the overall potential of recombinant
technologies and rational design.

9.1.2 Inverse Metabolic Engineering

Combinatorial metabolic engineering is another approach towards strain construc-
tion. This takes the aforementioned complex gene interactions into account [16]
and accelerates strain evolution through genome shuffling, error-prone PCR, and
other random mutagenesis until the desired phenotype is expressed [17]. Several
successful strain improvements of this type have been reported, such as the tylosin
production in Streptomyces fradiae [18], penicillin production in Penicillium
chrysogenum [19], as well as acid and ethanol tolerance in Lactobacillus [20] and
Escherichia coli, respectively [21]. To a similar end, inverse metabolic engineering
(IME) emerged approximately a decade ago. In IME, mutational strategies can be
very targeted to specific places of the chromosome and the generated libraries are
screened in a high-throughput fashion to identify the optimal phenotype, followed
by cloning to the target strain [12]. Typically, IME is implemented through the
following four steps (Fig. 9.1):

1. Selection of a mutational strategy that induces a large enough phenotypic
diversity, the size of which is proportional to the probability of generating the
desired phenotype
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Fig. 9.1 A block diagram
illustrating the steps mutational
involved in an inverse strategies
metabolic engineering

strategy (vertical blocks)

along with the

biotechniques associated

high-throughput screening

with each step (horizontal optimal
arrows on the right) ‘ phenotype
sequencing
genetic
l potential
cloning
transfer to

industrial host

2. Identification of the desired phenotype through high-throughput screening of the
generated mutant libraries

3. Determination of the genetic potential of the optimal phenotype by sequencing
and quantitative polymerase chain reaction (QPCR)

4. Cloning to confer the genotype of the ideal phenotype to another strain

All four IME steps are of critical importance. Of special note is selecting the
mutational strategy, which traditionally has been performed by adaptation and
selection under specific growth conditions [21], the use of mutagens [22], or
more modern approaches such as the global transcription machinery engineering
(gTME) [23, 24]. Covering such aspects however is beyond the scope of this
chapter, and several recent reviews are available on the topic [9, 25, 26]. Here,
our objective instead is to review phenotypic screening technologies, with a focus
on ultrahigh-throughput ones operating at the single-cell level. For completeness,
we first discuss the importance of phenotypic screening at the single-cell level, as
well as some of the foundational and most recent biophotonic screening methods.
The chapter continues with a detailed overview of fluorescence-activated cell
sorting (FACS) and droplet microfluidics, as well as their applications in IME.
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9.2 Screening: Why at the Single-Cell Level?

Single-cell analysis has recently received considerable attention, ranging from
sequencing to physiological characterizations, such as intracellular protein copy
numbers, growth rates, stress response, and productivity. Several excellent reviews
cover these topics [27-33]. For completeness, we summarize below the main
advantages of single-cell analyses specific to IME. We term these as PUB, standing
for precision, uniqueness, and biotechnology:

(a) Precision: Population-level characterizations (e.g., HPLC or NMR) typically
report the median phenotypic property of a cell population due to the inherent
averaging over the entire population. This is critical in determining the
diversity between wild-type and engineered strains (dotted lines—Fig. 9.2)
[24]. On the contrary, single-cell analysis determines not only the diversity
between strains but also the phenotypic distribution within [34]. This is
illustrated in the histograms of Fig. 9.2, where “strain 1” does exhibit a
lower median productivity, in agreement with the population-level character-
ization. However, a subpopulation of insignificant size contains cells that
clearly exceed the productivity of all cells in “strain 2.” Identifying such
subpopulations is critical in precision diversity characterization between
strains.

(b) Uniqueness: During directed evolution, mutations take place in individual
single cells at a specific rate, occasionally enabling a phenotype of improved
performance. Similar to “a,” such occurrences can be rather insignificant,
shown to be as low as 1 in 10* cells [35]. Such rather infrequent individuals
may or may not give rise to subpopulations that are detectable through
conventional bulk cell screening techniques. In essence, this forms a “needle
in the haystack” challenge that can be only addressed through single-cell
measurements.

(c) Biotechnology: Single-cell analyses uniquely combine sensitive cell charac-
terization and manipulation strategies. These range from advanced mass
spectrometry [36] to sophisticated microfluidic architectures capable of
dynamically handling one cell at a time [37-39]. It thus becomes clear that
the need to detect and isolate low-abundance phenotypes necessitates signif-
icant advances in biotechnology, with implications in other life science fields.
A representative example to this end is the emergence of single-cell sequenc-
ing [40, 41]: the development and sensitivity improvement of such detection
methods eventually lead to the noninvasive genome analysis of fetal cells in
the maternal blood for genetic disease screening [42].
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Fig. 9.2 A hypothetical model of cell-to-cell heterogeneity in two populations of “strain 1”
(lower) and “strain 2” (upper); such phenotypic heterogeneity may manifest itself in traits such
as growth rates and enzyme productivity. The histograms of the phenotypic distribution (right)
illustrate the outcome of a single-cell characterization and contrast it to population-level charac-
terizations as noted by the dotted lines in the same graphs

9.3 Biophotonics: High-Throughput Screening

Phenotypic screening is arguably one of the most important steps in IME, and
possibly one of the most challenging [9]. This is due to the fact that conventional
screening techniques, such as H'- and C'*-NMR, liquid chromatography (e.g.,
HPLC), and mass spectrometry (e.g., GC-MS), are not yet compatible with high-
throughput implementations. Secondly, detecting the production of small mole-
cules does not comply with conventional fluorometric or colorimetric assays since
such bioentities are typically non-light emitting. Finally, IME investigations gen-
erally cover a wide range of cell types and products. This hinders the development
of a global screening approach, but rather enforcing the need for tailored ones for
each specific case.

To address the aforementioned challenges, photonic biosensors have been
developed and implemented for high-throughput IME applications. Such biosen-
sors are chemical moieties that respond to both the copy number of the produced
molecules and light, thereby indirectly reporting productivity through optical
means. One of the foundational reports on high-throughput screening through
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Fig. 9.3 L-Tyrosine production in five Escherichia coli strains (A to E). L-Tyrosine is linked to the
black and diffusible pigment melanin through the introduction of a heterologous gene encoding a
tyrosinase, thereby enabling visual distinction of the overproducing strains. Reproduced with
permission from [43]

visual means was on the directed evolution of Escherichia coli for enhanced L-
tyrosine production [43, 44]. To visualize tyrosine production, the authors
implemented the heterologous expression of tyrosinase, a catalyst in the conversion
of L-tyrosine to melanin. Melanin is a black, diffusible pigment that can be detected
through both optical and spectroscopic means. In these embodiments, the product
(L-tyrosine) to pigment (melanin) conversion enabled the indirect detection of L-
tyrosine production—a colorless compound—through the visible melanin levels
(Fig. 9.3).

More recently, whole-cell biosensors have been developed for detecting the
intracellular levels of a produced compound. In these, the compound itself regulates
the expression of a fluorescent protein vector linked to a promoter that is in turn
transcriptionally regulated through the intracellular concentration of metabolites
[45]. Consequently, transcription factors regulate the expression of a fluorescent
protein in response to the intracellular metabolites (Fig. 9.4). Such promising
approaches have been successfully employed in various applications, including
the Corynebacterium glutamicum production of lysine [46], L-valine [47], and L-
methionine [48]. While such sensors are extremely practical, care needs to be taken
in their implementation with a focus on sensitivity, dynamic range, and protein
maturation kinetics, which have been shown to vary even between closely related
strains [49].

The melanin and whole-cell biosensor paradigms are merely two examples of
how fusing biological engineering and photonics enabled screening platforms for
identifying overproducing phenotypes. Several reviews and more complete articles
are available on this topic [27, 50], including specific ones to flow cytometry and
enzyme production quantification [51-53].

9.4 Fluorescence-Activated Cell Sorting

While flow cytometers (FC) emerged more than 50 years ago [54, 55], today they
are still the cornerstone of most biotechnology laboratories. A typical flow
cytometer is comprised of a “flow-cell,” a microfluidic system that selects
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Fig. 9.4 Cytosolic L-lysine concentration in five different C. glutamicum strains. All strains carry
the biosensor pSenLys (inset) with a specific fluorescence output from an eYFP protein (y-axis)
coupled to the LysG transcriptional regulator that responds to different levels of intracellular
lysine concentration (x-axis). Reproduced with permission from [46]

individual cells from a population and forces them to flow in a serial fashion in front
of a source detector apparatus (Fig. 9.5a). In this way, the response from individual
cells is measured over three different detectors, each collecting a specific optical
signal, namely the fluorescence emanating from a fluorescent marker, side scatter-
ing (“SSC”—proportional to cell size) and forward scattering (“FWS”—propor-
tional to internal cell complexity) [27, 56, 57]. In FC, individual cells are screened
based on their morphological properties and intracellular or membrane-bound
fluorophores at rates higher than 10* cells per second. Such high screening rates
in turn enable an impressive ultrahigh-throughput analysis of up to 10® mutant
variants per day.

In a minor modification to a typical FC apparatus, the cells may also be sorted
depending on their fluorescent or light scattering properties (Fig. 9.5a). This
modality, termed as FACS, has been particularly pertinent to directed evolution-
mediated metabolic engineering [51, 59]. This is due to FACS’ capability of both
high-throughput screening and sorting, enabling thus consecutive rounds of diver-
sification and selection. To this end, FACS has been critical in identifying genomic
variants that are linked to metabolite overproduction, as recently demonstrated in L-
lysine [46] and L-methionine [48] production using the whole-cell biosensor
approach discussed in the previous section.

FACS has also been critical in directed enzyme evolution, whereas enzyme-
producing cells are screened and selected based on their productivity of both
membrane-bound and intracellular enzymes [52, 53, 60]. Both cases however
necessitate intelligent fluorogenic substrate designs with enhanced selectivity,
both spatially and chemically. Two representative examples include the
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Fig. 9.5 (a) A typical flow cytometer apparatus, including a flow cell where individual cells flow
in series, an excitation laser of a range of wavelengths, a collection lens, and three detectors
measuring the fluorescence, side scattering and forward scattering. Reproduced with permission
from [58]. (b) Product entrapment within cells through enzymatic modification of product
membrane permeability, whereas enzymatic cleavage forbids the fluorescent product to escape
the cell [53]; copyright (c) 2009 Wiley-VCH Verlag GmbH

membrane-bound protease production in Escherichia coli [61] and the intracellular
glycosyltransferase production in Campylobacter jejuni [62]. In these, enzyme
activity was, respectively, inferred through enzyme-catalyzed resonant color
change of the substrate and through enzyme-modulated membrane permeability
enforcing permanent cytosolic entrapment of the fluorescent product (Fig. 9.5b).

Finally, FACS has also been critical in ultrahigh-throughput screening of pop-
ulation response to extracellular stresses, such as solvents, acids, and high substrate
concentrations [63—65]. It is worth noting that in such embodiments it is critical to
include more than one physiology indicator, thus establishing substantial discrim-
ination between physiological states. Such approaches are termed multiparametric
flow cytometry, detailed in this recent review [51].

9.5 Droplet Microfluidics

While flow cytometry enables both high-content and high-throughput analysis of
single cells, it is limited to probing biochemical events occurring within the
intracellular environment and/or the cell membrane. This is due to the fact that
prior to flow-through and detection, the cells are homogeneously mixed, thereby
giving rise to a similarly homogenous extracellular environment. Therefore, the
signature of individual cells is lost and thus flow cytometry is unable to interrogate
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extracellular events at the single-cell level, such as enzyme, metabolite, or product
secretion and consumption [66].

On the contrary, droplet microfluidics do not suffer from such shortcomings.
Therein, cells are individually compartmentalized within micro- to picoliter drop-
lets of one fluid (typically buffer) within another immiscible one, such as oil
[67]. This form of compartmentalization enforces no (or limited) exchange between
the intra- with the extra-droplet environment, thereby ensuring that cells grow
within a personalized environment, and that their extracellular phenotypic signature
is preserved [68]. It is worth adding that droplet microfluidics not only enable
directed evolution experiments of enzyme production that are not possible other-
wise, but also are very effective in enhancing the throughput efficiency and cost-
effectiveness by more than two orders of magnitude.

9.5.1 Droplet Formation

Making droplets (or drops) necessitates a junction between three (or four)
microfluidic channels. One microchannel carries the formed droplets, another
introduces the oil phase (or continuous phase) into the junction, and the remaining
one (or two) introduce the aqueous phase [69, 70]. As illustrated in Fig. 9.6, a
variety of junction geometries for droplet formation exist: the coaxial injection
(Fig. 9.6a), the T-junction (Fig. 9.6b), and flow-focusing geometry (Fig. 9.6¢c)
[71]. At this microfluidic junction, and strictly under passive means (i.e., no
actuation necessary) as well as appropriate dimensional and flow field conditions,
a continuous and evenly spaced series of droplets is formed. It is also possible to
accurately control the dimensions of the individual droplets. In practice, this is
achieved through the ratio of flow rates, viscosities, and dimensions of the dispersed
and continuous-phase microchannels [72]. It is worth noting that a remarkable
volume homogeneity between droplets is possible—typically within 1-3 %
[73]—a significant parameter in the phenotypic comparison between single encap-
sulated cells as discussed in more detail below.

9.5.2 Droplet Microfluidics in IME

Droplet microfluidics have been critical in many aspects of life sciences, such as the
directed in vitro enzyme evolution [74, 75] and single DNA molecule analysis
[76]. In this section, we detail the use of single-cell droplet microfluidics for high-
throughput analysis in IME. Generally, the first objective in single-cell analysis
using droplet microfluidics is to accurately encapsulate one cell per droplet
[67, 77]. However, this poses a challenge given that cell loading into droplets is
random, governed by Poisson statistics. The latter dictates that under typical cell
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Fig. 9.6 (a—c) Schematics indicating the possible geometries for generating droplets in
microfluidics, namely (a) the coaxial injection geometry, (b) the T-junction, and (c¢) the flow
focusing geometry. Time-lapse microscopy images of a microfluidic channel in the flow-focusing
geometry during droplet formation: (d); the junction comprises of two dispersed phase channels
(buffer) and one continuous-phase channel (oil) (e). At an appropriate flow rate ratio between the
three microchannels, a droplet is formed at the junction, and flows within the main channel (f)

density conditions, the probability of having one cell per droplet is significantly
smaller than having zero cells, but higher than having two.

Two approaches have been proposed to address this shortcoming and ensure that
single droplet screening coincides with single-cell screening. The first is to simply
utilize low cell densities prior to encapsulation. This, in agreement with the loading
Poisson distribution, ensures that the majority of observations stem either from
empty droplets (87 %) or from droplets of single occupancy (16 %) [78]. This is
particularly pertinent in experiments where it is possible to achieve very rapid
droplet flow, thus addressing the low probability of one cell per droplet, whilst
preserving high signal-to-background ratio. Another more elegant solution to
ensuring single-cell occupancy per droplet is to organize the position of cells within
the aqueous channel prior to droplet encapsulation. This is typically achieved by
forcing the cells to travel at very high flow rates in microchannels with dimensions
comparable to the cells. Such simple selection rules have been shown to enable
single-cell loading efficiencies per droplet that exceed the 90 % levels [79].
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Fig. 9.7 (a) A typical assay in directed evolution using droplet microfluidics: following the
generation of a mutant library, the droplets are loaded with cells and a fluorogenic enzyme
substrate to quantify the levels of production through changes in the droplet’s fluorescent proper-
ties. Following incubation, the droplets are introduced into a dielectrophoretic sorter, to isolate
mutants of enhanced performance [80]—Reproduced by permission of The Royal Society of
Chemistry. (b) The xylose consumption rate as a function of culture time for the yeast strain
H131-A31. In comparison to the control strain, the plot confirms the xylose overconsumption in
the selected mutant through droplet microfluidics (W2), as well as the strain harboring the W2
genotype (retransformed W2). Reprinted by permission from Macmillan Publishers Ltd: Nature
Biotechnology [35], copyright (2014)

Specific to using droplet microfluidics in directed evolution, the droplets also
need to contain a fluorescent sensor to quantify the levels of metabolite and enzyme
secretion or consumption [50]. Subsequently, the cell-loaded droplets can be
incubated for controlled durations, ranging from seconds to days, either on-chip
or off-chip chambers, such as Eppendorf tubes or syringes. This conveniently
separates cell loading from cell incubation and cell screening. Following a selected
incubation time the cell-loaded droplets can be reintroduced in a microfluidic chip
(or alternatively in a flow cytometer), rapidly flown through an optical detection
apparatus and then sorted using dielectrophoretic means based on their optical
properties (Fig. 9.7a).

Recently, droplet microfluidics has been successfully implemented in enriching
enzyme-overproducing or substrate-overconsuming microbes. In the first embodi-
ment, Wang et al. employed single-cell droplet microfluidics to screen mutant
libraries for selecting as low as 1 cell per 10* of xylose-overconsuming Saccharo-
myces cerevisiae and L-lactate-overproducing Escherichia coli [35]. Following cell
loading and a 2-day-long microanaerobic incubation off-chip, the cell-loaded
droplets were reintroduced in a microfluidic chip and fused with droplets containing
a fluorogenic enzymatic assay. In this way, the compartmentalized cells were
screened and sorted based on their metabolic profile as determined by the
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fluorogenic assay. Subsequently, the authors performed genetic screening by
sequencing and quantitative polymerase chain reaction (qQPCR). This identified
the types and copies of genes responsible for the enhanced mutant phenotype,
which was subsequently conferred to the original strain to confirm its enhanced
performance (Fig. 9.7b).

In a second recent embodiment, Sjostrom et al. adapted droplet microfluidics to
enrich yeast overproducing the a-amylase enzyme [80]. To this end, a yeast library
was generated by UV mutagenesis, followed by co-encapsulating single cells with a
starch fluorogenic substrate in individual droplets and off-chip incubation for fixed
amounts of 1-2 h (Fig. 9.7a). The droplets were subsequently reintroduced in
microfluidics, analyzed through optical means, and finally sorted based on their
fluorescence properties. In this way, the authors demonstrated the evolution and
selection of a stable strain with more than a twofold increase in o-amylase
production.

9.6 Conclusions

With the advent of modern recombinant DNA technology, new ways have been
identified to improve or modify cell function. However, the metabolism of a cell is
highly complex, thereby placing strong limitations into the improvement possibil-
ities using rational engineering approaches. Combinatorial and inverse approaches
emerged to address these limitations, where directed evolution is employed to
generate a large library of mutants. Such mutants are subsequently screened to
isolate the ideal candidate, identify its genotype, followed by conferring this genetic
potential to other strains.

Here, we reviewed ultrahigh-throughput screening methods that operate at the
single-cell level. Our focus was primarily on flow cytometry, as well as droplet
microfluidics that screen and select mutants based on their intracellular or extra-
cellular phenotypic signature, respectively. Traditional screening approaches have
been based on the compartmentalization of clonal populations using microtiter
plates (96 or 384 wells). Therein, automation through colony pickers or liquid-
handling robots enables a screening throughput of approximately 10* clones per day
[81]. Flow cytometry and droplet microfluidics, however, have greatly surpassed
that by achieving screening throughputs of approximately 10® variants per day, or
10 cells per hour [35, 53, 80, 82]. Such impressive metrics are not only applicable
to fundamental research, but also greatly exceed current automation standards
employed in industry.
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Chapter 10

Microfluidic Paper-Based Multiplexing
Biosensors for Electrochemical Detection
of Metabolic Biomarkers

Chen Zhao, Martin M. Thuo, and Xinyu Liu

Abstract Paper-based microfluidic devices, which have emerged as a low-cost
analytical platform technology, promise simple yet powerful solutions for point-of-
care (POC) disease diagnostics. In this chapter, we present a microfluidic paper-
based electrochemical biosensor array capable of multiplexed detection of physio-
logically related metabolic markers. Compared with existing paper-based electro-
chemical devices, our design consists of a multiplexing array of eight
electrochemical biosensors and works together with a portable, custom-made
potentiostat for signal readout. The integrated platform, including the paper-based
biosensor array and the portable potentiostat, is able to detect multiple target
markers from one sample and carry out multiple measurements for each marker.
Based on this platform, we conduct the detection of three metabolic biomarkers
(i.e., glucose, lactate, and uric acid) in artificial urine, and achieve analytical
performance comparable to existing commercial and paper-based analytical
devices. As an integrated electrochemical system, the proposed multiplexing bio-
sensor array will permit rapid and inexpensive disease diagnosis at the POC and/or
in resource-limited regions.
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10.1 Introduction

The control and treatment of infectious and noninfectious diseases require accurate
quantification of disease-relevant biomarkers in human fluids such as blood, urine,
and saliva. The current state-of-the-art diagnostic technologies depend on sophis-
ticated clinical equipment and laboratory resources (e.g., electricity and clean
water), and require long turnaround time and relatively high assay costs; thus,
they cannot meet the requirements of medical care in rural areas and in the
developing world, where low-cost, point-of-care (POC) diagnostic tests are
urgently needed. For disease diagnosis in resource-limited settings, microfluidic
paper-based analytical devices (WPADs), initially emerged as a low-cost diagnostic
alternative for developing countries, have attracted significant interests worldwide
due to their unique characteristics such as low cost, high portability, equipment
independency, and ease of operation [1-5]. MicroPADs can be fabricated using
simple and cost-effective facilities and operated by less-skilled users, which lowers
the requirements for device manufacturing and medical personnel. These devices
compose of single and multiple layers of paper substrates, can transport fluids in
predefined two-dimensional (2D) and three-dimensional (3D) paper channels
autonomously (by capillarity), and permit quantitative biomarker detections using
different biosensing (e.g., colorimetric, electrochemical, and fluorescent) mecha-
nisms [6—12].

Among the biosensing techniques explored in pPAD designs, colorimetric
detection, a common method employed in the optical identification of chemical
reactions, has been very popular in both qualitative and (semi-)quantitative paper-
based tests in virtue of its simplicity and compatibility with camera-phone-based
telemedicine [6, 13—15]. The electrochemical detection, which relies on electrically
triggered chemical reactions for quantitative biomarker measurements, is attracting
more and more research interests in pPAD designs because of its superior analytical
performance such as high accuracy (reflected by limit of detection—LOD) and
sensitivity [11, 16—18]. Through various electrochemical techniques, existing
pPPADs are able to provide more detailed information about the reaction process
and the electron transfers among the analytes, including the current-time relation-
ship, the electrochemical cell impedance, and the redox potentials of the reactive
species [11, 18-21]. Electrochemical pPADs have been reported with much lower
LODs and higher sensitivity than pPADs employing colorimetric detection. More-
over, electrochemical detection is not sensitive to ambient illumination conditions
and impurities in samples (e.g., dust and insoluble particulate), making it particu-
larly suitable for use in the field and/or dirty environments [22, 23].

Traditional electrochemical pPADs usually rely on a benchtop precision
potentiostat for signal measurement, which is too bulky and expensive to use in
resource-limited environments and at the POC. Handheld potentiostats are com-
mercially available, but their costs are still relatively high (>$1000), making it less
affordable in the developing world. Commercial products and custom-made solu-
tions have been explored to further lower the equipment cost of electrochemical
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biosensors. The integration of electrochemical pPADs with a commercial glucose
meter, a highly mature and inexpensive electrochemical reader, was proposed to
detect different types of analytes other than glucose [24-27]. The “CheapStat,” an
inexpensive and open-source potentiostat, was also developed from a
microcontroller-based electronic circuit [28]. It can be programmed to generate
electrical waveforms for multiple electrochemical mechanisms, such as cyclic
voltammetry, square-wave voltammetry, and anodic stripping voltammetry, and
provides satisfactory analytical performance in electrochemical biosensing.

Even though the experimental strategies of using glucose meters and the
CheapStat platform show great promises for low-cost and accurate bioanalysis on
electrochemical pPADs, these instruments only accept one electrochemical cell at a
time. Hence, repeated human operations (for changing devices, pipetting reagent
solutions, and reading output signals) are needed while performing a large number
of measurements. This hampers the throughput of disease diagnoses that require
large-volume tests of multiple biomarkers, such as the clinical identification of
some unknown symptoms that can be related to different diseases. For instance, a
patient with long-lasting fever may need to undergo molecular diagnostic tests for
several possible diseases such as tuberculosis, human immunodeficiency virus
(HIV), and mononucleosis. To meet the potential requirement of using pPADs for
high-volume diagnostic tests, we develop a paper-based electrochemical biosensor
array, working with a custom-made, inexpensive electrochemical reader, for
performing multiplexed biomarker detection in eight human fluid samples within
a single run. Using the biosensor array, we demonstrate the simultaneous concen-
tration measurements of three metabolic markers (glucose, lactate, and uric acid) in
artificial urine (AU). A single biosensor array device can generate multiple data
points for each of the three analytes, with comparable analytical performance to
commercial meters and existing pPADs.

10.2 Materials and Methods

10.2.1 Materials

All chemicals were used as received without further purification. Potassium ferri-
cyanide, D-(+)-glucose, sodium L-lactate, uric acid, glucose oxidase (from Asper-
gillus niger, 147.9 U/mg), lactate oxidase (from Pediococcus sp., ~39 U/mg), and
uricase (from Candida sp., >2 U/mg) were purchased from Sigma-Aldrich (Oak-
ville, ON, Canada). The AU solution was made according to a previously reported
recipe [11], which contained 1.1 mM lactic acid, 2.0 mM citric acid, 25 mM sodium
bicarbonate, 170 mM urea, 2.5 mM calcium chloride, 90 mM sodium chloride,
2.0 mM magnesium sulfate, 10 mM sodium sulfate, 7.0 mM potassium dihydrogen
phosphate, 7.0 mM dipotassium hydrogen phosphate, and 25 mM ammonium
chloride. All the chemicals for making AU were mixed in deionized (DI) water
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and the pH of this solution was adjusted to 6.0 with hydrochloric acid and sodium
hydroxide. Chromatography paper (Whatman 1 Chr) was obtained from Sigma-
Aldrich (Oakville, ON, Canada). Carbon ink (E3456) and silver ink (E1660) were
purchased from Ercon (Wareham, MA). All electronic components for constructing
the electrochemical reader were purchased from Mouser Electronics (Mansfield,
TX), and printed circuit boards (PCBs) were fabricated through RushPCB Inc. (San
Jose, CA).

10.2.2 Device Design and Fabrication

Figure 10.1a and b illustrates the photographs of a microfluidic paper-based bio-
sensor array and a portable, custom-made potentiostat with a biosensor array
inserted, respectively. Each biosensor array includes eight electrochemical cells
patterned on a piece of cellulose paper, which are used to quantify three metabolic
biomarkers including glucose (three measurements), lactate (three measurements),

Glucose sensors Lactate sensors Uric acid sensors

Paper device inserted
in the device slot
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Fig. 10.1 Photographs of the paper-based electrochemical biosensor array and a custom-made
handheld potentiostat for multiplexed detection of metabolic biomarkers. (a) A paper-based
biosensor array including eight electrochemical cells. (b) A microcontroller-based multiplexing
potentiostat with a paper-based biosensor array inserted in its device connection slot. The
potentiostat has eight measurement channels of electrochemical signals, and each channel is
connected to a group of three sensing electrodes of an electrochemical cell through metal clamps.
CE counter electrode, WE working electrode, RE reference electrode
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and uric acid (two measurements). As shown in the inset of Fig. 10.1b, each
electrochemical cell consists of a patterned hydrophilic paper channel (as the test
zone) and three screen-printed carbon electrodes (for electrochemical biosensing).
The working electrode (WE), counter electrode (CE), and reference electrode (RE)
were patterned on top of the paper test zone via stencil printing, and the paper
channel was created by wax printing [29]. Silver strips were also screen-printed
underneath the carbon electrodes (inset of Fig. 10.1b) to minimize the contact
resistance between the electrodes and the metal clips on the circuit board of the
potentiostat. To detect glucose, lactate, and uric acid in AU, we employed enzy-
matic reactions, which involve enzyme-catalyzed redox reactions of the three
analytes and produce free electrons for electrochemical measurement. We
pre-stored the corresponding enzymes and electron-transfer mediators in the test
zones to react with the target analytes.

To fabricate a biosensor array device, the patterns of microfluidic channels and
electrodes were firstly laid out in AutoCAD. We then printed wax patterns defining
barriers of the microfluidic channels (unprinted areas correspond to the channels)
on a piece of chromatography paper (Whatman 1 Chr) using a commercial solid
wax printer (ColorQube 8570, Xerox). With the printed paper, we baked it on a hot
plate at 150 °C for 2 min, during which the wax was melt and vertically penetrated
the paper substrate to form complete hydrophobic barriers of the channels. After
that, we sequentially patterned the silver strips and carbon electrodes on the surface
of the chromatography paper through stencil printing [24]. According to the
designed patterns of electrodes and silver strips, we cut out printing windows on
single-sided adhesive stencil films (Grafix Frisket™ film) with a laser cutter
(VersaLASER VLS2.30, Universal Laser Systems). Then, we taped a stencil film
on top of the wax paper (with the printing windows aligned with the test zones),
filled the printing windows of the stencil with carbon or silver ink, removed the
extra ink from the windows using a printing knife, peeled the stencil film off the
paper, and finally baked the paper device on a hot plate at 65 °C for 20 min until the
ink was dried. Both the printing and baking processes were conducted in a venti-
lated environment. The whole fabrication process can be completed in an hour, and
five 1 x 8 array devices are typically fabricated from a single batch. Figure 10.1a
shows a photograph of the paper-based biosensor array device.

10.2.3 Potentiostat Design

To expand the capabilities of the electrochemical detection on pPADs, we custom-
made a low-cost, handheld potentiostat capable of conducting a variety of electro-
chemical detection protocols. The potentiostat has eight measurement channels and
interfaces with the multiplexing biosensor array through a plug-and-play device
slot. The potentiostat circuit was designed based on a microcontroller unit (MCU)),
with a similar architecture to the CheapStat [28]. Figures 10.1b and 10.2a show



210 C. Zhao et al.

a sv [ Power 3.3 I
controller vee
DAC
_. Use Control e
Data s«ialpmlanc

-

il

Fig. 10.2 (a) Schematic diagram of the potentiostat circuit architecture with eight measurement
channels. (b) A multiplexing paper device held by fingers. (¢) A photograph of the potentiostat
inserted with a paper-based biosensor array

photographs of the potentiostat and its design schematic diagram. On the
potentiostat, a low-power MCU (ATMEGA32, Atmel; with 12-bit A/D converters)
is programmed to generate voltammetric waveforms for electrochemical excita-
tions, and acquire resulting currents in response to the electrons transferred during
redox reaction of the analytes. In contrast to the single-channel CheapStat [28], we
add multiplexing capability to the potentiostat by integrating a multiplexer chip into
the circuit, which enables automated electrochemical measurements from the eight
electrochemical cells of the biosensor array. We designed a plug-and-play device
slot to electrically interface the 24 electrodes of a 1 x 8 biosensor array device upon
insertion, making the device connection fairly easy.

The potentiostat was set with six measurement ranges of the electrochemical
currents (=10 pA, £60 pA, =100 pA, 400 pA, +600 pA, and £1 mA) to
accommodate different redox reactions that generate different levels of electro-
chemical current. These ranges can be easily adjusted via onboard jumpers. The
smallest current measurement resolution is 39 nA with the measurement range of
0-10 pA. In the current design, we powered the handheld potentiostat through a
universal serial bus (USB) cable (Fig. 10.1b), which also transmits acquired data to
a host computer for analysis. To improve its portability, one can also program the
MCU to directly display the results on the LCD screen, integrate a battery as the
power, and add wireless communication module to eliminate the usage of USB.
Figure 10.2c shows a photograph of the handhold potentiostat with a paper-based
device inserted on the right side. The total cost of the electronic components used to
construct the potentiostat is ~CAD $90 (based on commercial prices in small
quantities).
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10.2.4 Marker Detection Principles

As a proof-of-concept demonstration, we performed concentration measurements
of D-glucose, L-lactate, and uric acid in AU samples, using a time-current mecha-
nism (chronoamperometry). Corresponding enzymes such as glucose oxidase,
lactate oxidase, and uricase and an electron-transfer mediator (potassium ferricya-
nide—K;[Fe(CN)¢]) were pre-stored in the test zones (Fig. 10.1b) of the eight
electrochemical cells in a dry form. To perform a test, we added a 4 pL drop of
spiked AU sample to the inlet of each electrochemical cell, to allow the sample to
wick to the test zone and react with the stored reagents. During the reaction, the
enzyme catalyzed the oxidation of corresponding analyte into their oxidized prod-
ucts (glucose to gluconic acid, lactate to pyruvate, and uric acid to allantoin), with a
concomitant reduction of Fe(CN)s°>~ into Fe(CN)g*~ (Egs. 10.1-10.3). The gener-
ated electrons were transferred between the WE and CE and quantified using
chronoamperometry:

Glucose + 2K [Fe(CN),] + Hy0 “ Gluconic Acid + 2K, [Fe(CN),]  (10.1)
Lactate + 2K3 [Fe(CN)4| + H,0 O pyruvate + 2K, [Fe(CN),] (10.2)

Uric Acid + 2K; [Fe(CN),] + H,0 “% Allantoin + CO,
+ 2K4 [Fe(CN),] (10.3)

10.2.5 Device Preparation

After device fabrication, test zones of the device were washed with 10 pL of alcohol
to remove potential contaminants introduced during fabrication, and dried at room
temperature. The alcohol was added carefully to prevent the etching of wax barrier.
To prepare the device for experiments, reagent mixtures of enzymes and the
electron-transfer mediator (K;[Fe(CN)¢]) were freshly prepared at the following
concentrations: (1) 250 U/mL glucose oxidase in 600 mM K;[Fe(CN)¢] and 1 M
KCI; (2) 50 U/mL lactate oxidase in 200 mM Kj3[Fe(CN)¢] and 1 M KCI; and
(3) 27 U/mL uricase in 100 mM K;[Fe(CN)¢] and 1 M KCI. Four microliter drops of
particular reagent mixtures were added to the test zones of the device. After dried in
a light-resistant incubator at 4 °C for 20 min, the device was ready for electro-
chemical detections.
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10.3 Results and Discussion

10.3.1 Characterization of the Device Electrochemical
Behavior

Before applying the paper-based biosensor array to detection of the three analytes in
AU, we firstly characterized the electrochemical behavior of individual cells with
the handheld potentiostat. Using 10 mM Kj3[Fe(CN)g] in 1 M KCI as a model
electroactive compound, each electrochemical cell on the array device was exper-
imentally characterized through cyclic voltammetry (CV). In the characterization, a
6 pL drop of 10 mM K;[Fe(CN)g] in 1 M KCl solution was firstly added to the inlet
of an electrochemical cell and wicked to the test zone autonomously. Upon the
application of a CV waveform, the Fe(CN)s>~ was reduced at the cathodic elec-
trode and the resultant Fe(CN)64_ was oxidized at the anodic electrode. The
potentiostat was programmed to provide CV waves with six scan rates (50, 100,
200, 300, 400, and 500 mV/s) to the WE (vs. the graphite pseudo-RE), and
measured the generated electrochemical currents in the current range of £10 pA.

The current-potential data were acquired and analyzed on a computer connected
with the potentiostat through the USB interface. A group of typical cyclic
voltammograms are shown in Fig. 10.3a. The ratio of cathodic peak current (i)
and anodic peak current (ip,,) was calculated to be close to the unity (ip/ipc = 1.0)
for all the scan rates between 50 and 500 mV/s. The peak shapes of the cyclic
voltammograms reveal typical reversible (Nernstian) electrochemical reaction
[30]. For an n-electron-transfer process, the polarization overpotential (the differ-
ence between potentials at ip. and ip,,) is |1Ey. — Epal =57 mV/n theoretically. The
number of transferred electrons in the redox-active couple of Fe(CN)63 “/Fe(CN)¢ —
is n=1, giving an overpotential value of 57 mV. However, the polarization
overpotential values measured from our devices ranged from 80 to 250 mV due to
the wave shifts at the reduction and oxidation peaks. The shifting was attributed to the
uncompensated resistance between the WE and RE, and also the relative instability of
the graphite pseudo-RE in multiple CV scans. In this regard, we observed that
different electrochemical cells in the same device and from different devices revealed
fairly small variations in the overpotential value, when used at the first time. Since
these paper-based devices were designed for one-time uses, the peak-shifting issue
did not induce significant measurement errors in our experiments. Using fresh
devices, we performed the experimental data of measuring glucose, lactate, and
uric acid in AU (as presented in Sect. 10.3.2), and demonstrated reproducible
analytical performance. Therefore, it is concluded that our paper-based biosensor
array devices possess reliable biosensing capabilities for single-use diagnostic
applications.



10 Microfluidic Paper-Based Multiplexing Biosensors for Electrochemical. . . 213

35

Fig. 10.3 Electrochemical

w50 MV/s
characterization of the 25 b 100mV/s
paper-based biosensor ’ e 200 mV/s
array. (a) CV curves of 15 b = 300mV/s
10 mM potassium = * 400 mV/s
ferricyanide in 1 M = 05f 00 mvfs
potassium chloride solution 2
. . = 05
in an electrochemical cell of ]
the array device at six 15 F
different scan rates. (b) A
plot of the cathodic peak 25|
current ip. versus the square 35 N N .
root of the scan rate v'/2, 450 -250 -50 150 350
measured from the cyclic Potential (mV)
voltammograms (n=5) b 1s
(reprinted with permission
from Ref. [31]. © 2013 14
National Institute for i
Materials Science) :
-@ 1
=
o 0.8
0.6
0.4
0.2 -
5 10 15 20 25
\Jlf?{mvfs}lfz

10.3.2 Multiplexed Detection of Glucose, Lactate,
and Uric Acid

Based on the biosensor array device and the handheld potentiostat, we quantified
the concentrations of three clinically relevant metabolic markers (glucose, lactate,
and uric acid) in AU using chronoamperometry. From a 1 x 8 biosensor array
(Fig. 10.1a), three electrochemical cells were utilized for glucose detection, three
cells for lactate detection, and two cells for uric acid detection. Chronoam-
perometry was chosen for analyte detection because it offers better accuracy and
sensitivity than CV, and is easier to implement than other electrochemical tech-
niques [11, 32]. In a chronoamperometry measurement, a 500 mV step potential
was applied to the WE (vs. the graphite pseudo-RE), and generated the resulting
current as a function of time. For the current device design, we observed that the
current decayed from an initial high value to a low steady state within 90 s after
applying the step potential. By taking the average of current values measured in
90-95 s post-step potential, we measured the steady-state Faradaic currents in
detection of all the three markers at different concentrations.
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The measured Faradaic current forms a linear relationship with the concentration
of target analyte, which can be described by the Cottrell equation [30]. To accom-
modate the current levels in the detection, we adjusted the current measurement
ranges to be 60 pA for glucose and lactate, and +10 pA for uric acid. The AU
samples were prepared by adding the three markers to AU at concentrations in the
ranges of 0-20 mM (glucose), 0-25 mM (lactate), and 0—10 mM (uric acid). These
concentration ranges covered the possible levels of the three markers in clinical
urine samples. To start a marker detection test, we inserted the device into the
device slot of the potentiostat, and then pipetted 4 pL of spiked AU sample to the
eight inlets on the biosensor array. We waited for 2 min to allow the sample to wick
to the reaction area and thoroughly react with the pre-loaded reagents. Finally, a
500 mV step potential of chronoamperometry was applied to each electrochemical
cell, and the experimental data of the electrochemical current vs. the time were
collected to the host computer.

The typical chronoamperometric curves (at different concentrations) and the
calibration plots for multiplexed detection of glucose, lactate, and uric acid in AU
were shown in Figs. 10.4, 10.5, and 10.6. The experimental data reveal a linear
relationship between the measured current and the analyte concentration for all the
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three markers. The LOD was calculated to be the concentration that generated a
current three times the standard deviation of currents measured in zero-
concentration AU samples. In Table 10.1, we summarize the analytical perfor-
mance of the biosensor array for detecting the three markers. The linear measure-
ment ranges of our device cover the clinical relevant ranges of all three metabolic
markers in clinical urine samples. The LOD values of our device for glucose
(0.35 mM), lactate (1.76 mM), and uric acid (0.52 mM) were found to be compa-
rable to those of commercial meters (glucose: 0.83 mM and lactate: 1.1 mM) and an
existing pPAD (glucose: 0.21 mM, lactate: 0.36 mM, and uric acid: 1.38 mM).
These results prove the sufficient biosensing capability of our device for quantita-
tive detection of the three metabolic biomarkers. We believe that this multiplexing
paper-based biosensor array and its handheld potentiostat will also be useful for
performing electrochemical detection of other biomarkers in human fluids (e.g.,
antigens/antibodies, virus, and DNA segments) and chemicals/pollutants in envi-
ronmental samples (e.g., heavy metal ions, bacteria, and toxins).
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Table 10.1 Summary of the analytical performance of the biosensor array device and its
comparison with that of commercial meters and an existing pPPAD

Analytical performance (mM)

Clinically LOD LOD LOD
Dynamic linear relevant ranges (this (commercial (Ref.
Analyte |range (this work) [18] work) meters [24]) [18])
Glucose | 0-20 0.1-0.8 0.35 0.83 0.21
Lactate |0-25 5.5-22 1.76 1.1 0.36
Uric 0-10 1.54.4 0.52 N/A 1.38
acid

10.4 Conclusion

In this work, a microfluidic paper-based electrochemical biosensor array (1 x 8)
was developed to perform diagnostic tests of multiple biomarkers in a multiplexing
and high-throughput fashion. To use the paper-based biosensor array for electro-
chemical detection at the POC, an inexpensive, handheld potentiostat was
constructed. The electrochemical pPAD biosensor array and the potentiostat form
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a portable, self-contained, easy-to-operate electrochemical biosensing platform,
which is particularly useful for low-cost diagnostic applications in resource-limited
settings and/or at the POC. As a proof of concept, we used the platform for
multiplexed detection of three metabolic markers including glucose, lactate, and
uric acid. The experimental results showed that our device provides sufficient
analytical performance (LOD and dynamic linear range) for clinical assays of all
the three markers. This paper-based biosensing platform will have promising
applications in POC diagnosis and on-site environmental tests.

In the current design, we used a USB cable to power the potentiostat, and
transmit measured data to a host computer for analysis. We will soon integrate a
battery into the potentiostat for self-powering and a Bluetooth module for wireless
data transmission to a cell phone or a computer, and implement data analysis codes
in the MCU to display the concentration data on the LCD.
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Chapter 11

Droplet Microfluidics for Screening

of Surface-Marker and Secretory Protein
Expression

Pooja Sabhachandani, Saheli Sarkar, and Tania Konry

Abstract Current techniques of biomarker detection employ population-based
studies, which fail to provide information on cellular and molecular heterogeneity
and variances in functional behavior, which is important for diseased state charac-
terization. Additionally, low concentration of samples in biological fluids creates
hurdles in detection using these methods. Thus, improvement in detection tech-
niques of clinical biomarkers has become imperative to halt disease progression at
the earliest possible stage. Droplet microfluidics has become quite popular as a
diagnostic platform due to its ability to sensitively detect low volume of clinical
samples in a rapid and high-throughput manner. These advantages make the
droplets an ideal platform for low-abundance biomarker detection. This chapter
focuses on various techniques for detection of surface and secreted protein bio-
markers using droplet microfluidics platform.

Keywords Droplet microfluidics ¢ Diagnostics ¢ Single cell analysis ¢ Surface-
marker proteins ¢ Secretory proteins

11.1 Introduction

Since the initial emergence of micro Total Analysis Systems (WTAS) [1], the last
two decades have seen diverse applications of “lab-on-a-chip” (LOC) devices in
biomedical research. This system has shown great potential not only in sample
manipulation and handling but also created a reputation for itself in being able to
integrate multiparametric analysis in single platforms. LOC microfluidic devices
have found a major niche in various facets of biochemical research including drug
discovery [2, 3], diagnostics [4-8], single cell analysis [9-11], single molecule
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detection [12-14], chemical synthesis [15, 16], and other biological and chemical
assays [17-20].

These technologies manipulating fluid flow at micron and submicron level
enjoys considerable benefits when compared to conventional assay techniques.
One of its most prominent advantages is reduction of sample and reagent quantities,
which is of consequence when dealing with low quantities of samples available for
analysis. Also, reduced volumes ensure faster reaction rates, which results in
reduced reaction time [21].

Droplet microfluidics is a distinct class of microfluidic technologies that deals
with compartmentalization of reagents into monodisperse droplets using immisci-
ble liquid phases driven through microchannels. This system, in addition to the
advantages presented by other microfluidic technologies, is capable of conducting
biological assays in droplet micro-reactors in a massively parallel fashion with high
throughput and precise control over reaction conditions [22, 23]. Introduced for
biochemical applications in 2001 [24], the complexity of assays performed in
droplet microfluidic platforms has since increased with impressive tools being
employed to study complex, multistep reactions [25]. The recently developed
droplet platforms are capable of performing a wide variety of droplet manipulations
like merging [26], mixing [27], splitting [28], reagent addition [29], and sorting [30]
as per the assay requirements.

Generation of femtoliter to nanoliter volume droplets using microfluidic tools
has exhibited the capability to isolate single molecules/cells into these microscopic
bioreactors in a highly reproducible manner. In comparison to traditional protein
detection assays, nano-compartmentalization reduces reagent volumes to 10,000
times the original. Constricted volumes ensure fast reagent mixing, which acceler-
ates the reaction kinetics and reduces the detection time from hours to minutes
[31]. Also, due to the immiscible nature of the continuous phase and the dispersed
phase, any kind of diffusive loss of the secreted proteins is minimized. Thus
constricted volume in droplets allows for ultra-sensitive detection of minute con-
centrations of secreted proteins and low-abundant surface-marker proteins, which is
imperative for diseased state diagnostics and has thus gained considerable momen-
tum in the field of biomolecule and biomarker detection. These advantages make it
one of the most extensively researched platforms for studying myriad of biological
applications involving genomic, proteomic, and metabolomics detection.

Explorations of cellular and molecular diversity are important factors to be
considered for improvement of diagnostic and therapeutic techniques. Analysis of
clinical biomarkers for diseased states sheds light on disease progression, cellular
mechanisms, and pathways at play, which can help develop more efficient and
targeted identification and therapeutic platforms.

Genomics biomarker characterization using droplet-based PCR (polymerase
chain reaction) techniques has been widely researched in the past few years
[22, 32, 33]. These methods are effective, but require complicated microchips
capable of efficiently executing multiple processes involved in PCRs including
thermocycling steps [22]. Although DNA and proteins can both be used as bio-
markers for disease characterization, anomalies in mRNA expression and
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subsequent protein generation can only be accounted for during protein biomarker
detection [34]. Also, according to the widely accepted paradigm, one gene can
contain code for many proteins, and these proteins may undergo alternative post-
translational modifications relevant for certain pathophysiological indicators of
diseased states. Thus proteins, being the ones that directly execute the biological
processes, are more effective biomarkers compared to DNA [35].

Current protein biomarker detection techniques provide information based on
population-averaged studies like ELISA and western blot, which are unsuccessful
in providing key information regarding heterogeneous molecular variations and
differences in functional behavior between individual cells or molecules. Also,
isolation and high-throughput analysis of single cells and single molecules is
difficult with traditional methods, as they require high sample volumes for efficient
detection [36]. Apart from heterogeneity concerns, serum concentrations of many
biomarkers are extremely low at the commencement of the disease and are pro-
gressively amplified. Traditional immunoassay techniques for diseased state bio-
marker detection need protein concentrations above 107'> M for conclusive
detection since signal generated from these low concentrations will diffuse into
large assay volumes (minimum 50 pl) and will provide a very weak, virtually
undetectable signal compared to background [37, 38]. Another consequence of
traditional methods due to sample dilution is longer incubation times which leads
to delayed detection. Thus, the need for improved assays for detection of protein
biomarkers has become imperative to halt disease progression at the earliest
possible stage.

In this chapter, we will focus on recent advances made in the field of biomarker
detection in droplet microfluidics, with emphasis on screening of secreted and
surface marker proteins as disease biomarkers.

11.2 Droplet Device and Experimental Design
Considerations for Biochemical Applications

Droplet microfluidic devices used biological assays that are typically made up of
glass-polydimethylsiloxane (PDMS) by soft lithography method [39]. PDMS is an
inert elastomer, which is nontoxic to cells and gas permeable. Other materials such
as silica, resin, glass, polymethyl methacrylate (PMMA), and polystyrene have
been used occasionally in instances where PDMS may be adversely affected like in
incidences where organic solvent has to be employed [40, 41].

The effectiveness of droplet-microfluidics system relies on its principle to
generate monodisperse droplets of uniform size and volume. The most common
techniques of droplet formation rely on fluid shearing in T-junction and flow-
focusing methods [23]. These channel design variations have been employed to
generate water-in-oil (W/O) or oil-in-water (O/W) emulsions as well as complex
multiple phase emulsions [42]. For stable droplet formation, the fluid flow into the
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microfluidic device must be steady, to maintain uniformity in terms of size,
contents, and reagent volume. Fluid phases can be driven by passive techniques
like syringe pumps (flow-controlled), pressure regulators, vacuum, or centrifugal
forces [43]. Other methods to generate droplets include Dielectrophoresis (DEP)
and Electrowetting on dielectric (EWOD). These methods are comparatively
low-throughput compared to non-electrohydrodynamic methods.

Dynamic properties of droplet formation like size and rate of formation are
determined by dimensionless constant capillary number. This quantifies the rela-
tionship between viscosity, velocity of flow, and interfacial tension between the two
liquid phases [44]. The critical capillary number provides the break-off point for the
droplets and varies with varying device geometry, and droplet generation phenom-
enon such as dripping and jetting are based on the increasing values of the critical
capillary number respectively [45, 46]. Once the reagents have been compartmen-
talized, there is a need for stable docking of droplets for variable periods of time
depending on the kinetic and dynamic assessment needs of applications. On-chip
docking for spatiotemporal monitoring of preselected droplet over time and
off-chip incubation and processing of droplets has both been utilized extensively.
On-chip droplet incubation systems have been developed bypass traps, vertical
posts, side wells, and top wells [47-50]. Droplet traps ensure stable droplet reten-
tion but may also be employed to release droplets from docking sites upon flow of
continuous phase for further droplet processing if required [51]. Large droplet
docking arrays called Dropspots were designed where droplet-docking sites were
connected by constricted channels [52]. A highly sophisticated and programmable
droplet docking and merging microchip was designed by Hansen et al. to study
phenotypic and genotypic characteristics of bacterial cells by manipulating wetting
properties in a controlled fashion [53]. A recent publication reported the develop-
ment of a 6000-site droplet-trapping array combined with an automated image
analysis program for single cell viability studies [54].

Another important parameter is the emulsification system for droplet formation
in biochemical assays (i.e. continuous phase, dispersed aqueous phase, and surfac-
tant). The continuous phase and the surfactant must be biocompatible to ensure
inertness at the oil-water interface, which is of utmost importance for the protection
of droplet contents. Mineral oils have been widely used for droplet generation but
their application is limited in reactions with incubation times ranging from minutes
to a few hours [55]. For long-term cell survival in droplets, emulsification systems
containing fluorinated oils have been most successful owning to their inherent
property that permits gas exchange [52, 56]. The primary function of surfactant in
the emulsion system is to prevent droplet coalescence and promote stability of
droplet micro-reactors. For hydrocarbon oils like mineral oil, standard surfactants
such as span and tween have been routinely employed. For fluorinated oils, the
range of surfactants is limited since fluorosurfactants like PFPE (perfluoropo-
lyethers) have questionable biocompatibility. Chemical modifications to generate
biocompatible derivatives of PFPE and other fluorosurfactants have been successful
and commonly employed in droplet-based biochemical assays [57, 58].
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11.3 Detection of Cell-Surface Proteins

Cell-surface proteins have been established as an important class of biomarkers,
which function as useful and clinically relevant indicators of disease state, for
example, Her2 in breast cancer [59].

Traditional methods of detection are centered on principle of flow cytometry
where cells containing biomarker cell-surface proteins are sorted from complex cell
populations. Although high-throughput, flow cytometry fails to offer sensitivity
when detection is aimed at cells expressing low copy number cell-surface marker
protein, which maybe important for early disease prognosis and detection [60]. It is
also detrimental to cells since they are exposed to high shear and voltage, which
may provide faulty results when dealing with fragile stem cells and make post-
processing and further use of these samples impossible. Droplet microfluidics offers
advantages over flow cytometry on these accounts and thus researchers are looking
for novel methods for detection of cell-surface proteins using droplet platforms.

One of the first instances of utilization of cell-surface protein for identification
and sorting of rare progenitor cells from cell population in droplet microfluidics was
described by Srisa-Art et al. [S50]. Periosteal cells from periosteum tissue were
extracted and used as cell source due to its widely heterogeneous nature consisting
of phenotypically distinct populations of mesenchymal and hematopoietic cell
types, including a small subset of stem cell-like cells, at various stages of differen-
tiation. Also, its therapeutic potential in musculoskeletal tissue repair and regener-
ation made it a lucrative candidate to be studied. Fluorescence detection of cell-
surface proteins, alkaline phosphatase (ALP), and Stro-1 was targeted to differen-
tiate cells based on stages of maturation and lineage commitment, where Stro-1 is
cell-surface marker for mesenchymal stem cells with osteogenic potential and ALP
is an established surface marker for cells to be differentiated into osteoblasts. They
targeted multiplexed fluorescence detection of the two cell-surface markers, and
three phenotypically distinct cell populations were identified based on differences
in expression these surface proteins.

Cells emitting coincident fluorescent signals for ALP and Stro-1 were identified
as pre-osteoblast cells and the other cells were classified as either progenitor or
osteoblast cells depending on the emitted fluorescence. The comparison between
data obtained from flow cytometry was identical when compared to expression
levels obtained by droplet microfluidic platform. They were able to effectively
identify subtle changes in cell-surface marker expression levels in a donor-
dependent manner. Thus, they paved the way for use of droplet microfluidics for
cell sorting and phenotypic classification based on cell-surface marker proteins.

Joensson and colleagues used enzyme amplification as a tool for detection of low
copy number cell-surface marker proteins in single cells (Fig. 11.1A). They first
labeled the surface proteins with specific biotinylated antibody, which was conju-
gated to streptavidin-coupled p-galactosidase. Subsequently, the cells labeled with
fluorescent markers called Qdots (Quantum dots) for identification. The enzyme-
labeled cells were injected in microfluidic device and co-encapsulated in droplets
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Fig. 11.1 Droplet microfluidics for the detection of cell-surface marker proteins. (A) Schematic
of detection of low-abundant surface markers CD19 and CCRS using enzyme amplification as
described by Joensson et al. [61]. (B) Illustration of the RCA strategy for detection of
low-abundance cell-surface marker protein EpCAM on human prostate cancer cell [62]. (a)
Schematic of the droplet generation and sorting device, (b) 5, encapsulated cells in droplets; 6,
fluorescence image at time 0; 7, images of fluorescence expression of cell-surface marker protein
after 1.5 h of incubation with RCA reagents (copyright—Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced from Refs. [61] and [62] respectively with permission)

with fluorogenic substrate. They multiplexed the detection of two biomarkers on a
human monocytic cell line: CCRS, a low-abundance cell-surface receptor in HIV-1
infection and a B-cell lineage marker, CD19. They also devised an optical color-
coding scheme in droplets to allow for concurrent analysis of multiple samples. A
comparative FACS study was conducted which validated the droplet system as
more accomplished in terms of signal resolution [61].

An interesting approach was to exploit the Rolling circle amplification technique
(RCA) for the detection of low copy number cell-surface markers in cancer, as
described by Konry et al. [62]. RCA is a simple, isothermal method combining
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specific antigen—antibody interaction with DNA amplification. Briefly, the process
involves binding of DNA tags to low-abundant expressed cell-surface marker
proteins via specific antigen—antibody complexes. These DNA tags serve as scaf-
folds for directed RCA assembly to bind and subsequently produce million of DNA
mini circle replicas called RCA amplicons. These replicas are constructed from
fluorescently labeled nucleotides, which allow for direct detection of these ampli-
fied surface markers via optical methods. This method allows for a 1000-fold
amplification of the surface marker to allow for single-target molecule detection.
Konry et al. performed proof-of-principle study with amplification of epithelial cell
adhesion molecule (EpCAM) on PC3 human prostate cancer cell line (Fig. 11.1B).
EpCAM is of consequence in the detection of circulating tumor cells (CTCs) but its
expression is below detection limit for conventional flow cytometry platforms.
Detectable fluorescence signal could be visualized in less than 2 h, where local
clusters of amplicons were represented as unambiguous bright dots on cell surfaces.
Single molecule detection on single cells, as described above, is important for
detection of response of heterogeneous cell populations toward therapeutics for
efficacy screening. Although all the methods described here show tremendous
advancement in the field of cell-surface biomarker detection, improvements in
terms of throughput, robustness, and ease of experimental setup would make it a
preferred system over FACS for personalized and point-of-care diagnostics appli-
cable in clinics.

11.4 Detection of Secreted Proteins

Secretomes are another important class of biomarkers for diagnostic and therapeu-
tic characterization since they help comprehend the effect of inter-, intra-, and
extra-cellular environment on intracellular functions. Traditional, well-established
secretome analysis techniques have low limits of detection, which is of conse-
quence when the detection is aimed at low-abundance secreted proteins. Also, these
methods detect bulk behavior, which masks the responses of cellular subpopula-
tions, and lack the capability to dynamically detect changes in the secretory profiles
of proteins [63]. Thus, detection of picomolar concentrations of secreted proteins
and characterizing the secretory behavior of these atypical cellular populations has
become of increasing importance. Droplet microfluidics provides a valuable tool
for secretome detection based on these shortcomings. Apart from the
abovementioned functions, it also has the capability to monitor dynamic changes
in phenotypic behavior of these subcellular populations, which together with
secretome profiles provides a complete picture of multiple cellular processes
concurrently in a single platform.
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11.4.1 Cellular Encapsulation and Protein Detection
in Droplets

In 2008, Huebner et al. described a static droplet microarray platform for bacterial
cell isolation in individual droplets and measure time-dependent enzymatic activity
in picoliter volumes [51]. Since then, the droplet platform has been used extensively
for single cell isolation and protein detection in bacterial infection [52, 64], cancers
[65, 66], hybridoma screening [30, 67], and immunology [68—70].

Shim et al. developed a droplet microfluidic platform for compartmentalizing
single bacteria in droplets and measuring secretory enzyme activity of individual
clones in a time-dependent fashion [49]. Individual E. coli clones, with a capability
to secrete Alkaline Phosphatase (AP), were co-encapsulated in droplets, along with
fluorogenic substrates to measure and quantify AP activity of individual clones.
They were able to successfully distinguish between the wild-type clone from
mutant clone by quantifying the rate of AP release and their semiautomated system
was able to accrue data from 4000 droplets over a total experimental time frame of
20 h. Gelled microdroplets have also been used to encapsulate individual bacterial
cells and measure enzyme secretion [64]. This method is preferred over aqueous
droplets when (1) the assay workflow requires multiple reagents need to be diffused
into the droplets; (2) the cells need to be incubated for an extended period of time
where the hydrogel matrix would allow for nutrient and gas exchange to maintain
cellular health; (3) recovery of microdroplets from the continuous oil phase can be
easily achieved with centrifugation and washing and; (4) subsequent post-
processing of microdroplets with encapsulated cells by FACS is more robust due
to increased droplet stability.

Cytokines are an important class of secretory biomarker proteins involved in
various cellular processes such as growth, metabolism, lineage progression, and
intercellular signaling [71, 72]. Changes in cytokine secretion profiles are important
indicators of pathophysiological conditions such as inflammation, sepsis, trauma,
and cancers [72]. The secretory profiles of cytokines may vary depending on
disease progression, site of inflammation or infection, and cellular heterogeneity.
Thus, compartmentalizing cytokine producing cells in picoliter droplets to measure
dynamic cytokine secretion is of great consequence. Konry et al. encapsulated
primary regulatory T cells (CD4+/CD25+) in droplets along with functionalized
microspheres-based sensors and fluorescently labeled reporter antibody for IL-10
detection [68]. The droplets were incubated for 1 h and optical measurements based
on change in fluorescent intensity on microbead surface were correlated with
quantity of cytokine released (Fig. 11.2A).

They performed subsequent studies with simultaneous detection of surface
marker CD86 on dendritic cells and secreted cytokine, IL-6 upon dendritic cell-T
cell immune synapse (IS) formation in droplets [69]. This system facilitated the
dynamic and simultaneous detection of cell-surface markers and secreted cyto-
kines, with concurrent monitoring of phenotypical changes upon IS formation while
accounting for heterogeneity in the cell population. This work, in the future, could
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Fig. 11.2 Single cell secretome analysis using droplet microfluidics. (A) Droplet microfluidic-
based detection of IL-10 cytokine from T cells [68]. (a) Schematic illustration of device used for
droplet generation, incubation, and fluorescence-based sorting, (b) fluorescence expression due to
IL-10 detection in droplets (reproduced from Ref. [68] with permission from Elsevier). (B)
Schematic overview of detection of cytokines from single cells entrapped in agarose droplets
[70]. (a) Single-cell and cytokine detection beads co-encapsulation in a agarose hydrogel droplet,
(b) secretion and (c) capture of cytokine on detection bead, (d) detection of captured cytokines
using fluorescently labeled reporter antibody (reproduced from Ref. [70] with permission from
The Royal Society of Chemistry (RSC))

be used for correlation of secretory profiles with phenotypical changes, which occur
concurrently in many cellular processes like cell division, apoptosis, and necrosis.

In a similar approach, agarose hydrogel droplets were utilized to detect cytokine
release profiles from single cells (Fig. 11.2B). Briefly, activated jurkat T cells were
encapsulated in a droplet together with functionalized microspheres for cytokine
detection. The droplets were incubated off chip for 18-24 h for cytokine production
and capture by detection microbeads. The agarose droplets were then polymerized
and incubated with reporter antibody for detection of IL-2, IFN-y, and TNF-a
secretions. They monitored over 7000 cell-containing agarose beads for fluores-
cence intensity via flow cytometry [70].

Antibodies, produced by immune cell innately, are important diagnostic and
therapeutic tools. Therapeutic monoclonal antibodies are the most researched class
of therapeutics today, with a special emphasis in the field of cancer immunotherapy.
These monoclonal antibodies are conventionally prepared by hybridoma cell tech-
nology, which involve complicated processes of clonal expansion and cell immor-
talization to obtain detectable quantity of the antibody. As a result, only a few
thousand antibody-producing clones can be screened. Droplet microfluidic platform
seems promising for screening of hybridoma cells on a single cell level.
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Debs et al. developed a microfluidic platform to screen 300,000 hybridoma cells
in a day to sort for cells producing antibodies to inhibit angiotensin-converting
enzyme 1 (ACE-1) from a heterogeneous hybridoma cell population [67]. In a
similar study, single mouse hybridoma cells were encapsulated in 50-pL droplets
with streptavidin-coated microspheres for secreted antibody capture and detection.
The droplet also contained a fluorescent reporter antibody for fluorescence mea-
surement to distinguish between active and non-active cells. The droplets
containing active cells were sorted at the rate of 200 Hz [30].

11.4.2 Detection of Secreted Proteins from Biological
Samples Using Droplets

Apart from single cell capture and its secretome analysis, droplet microfluidic
platform has been used for detection of low-abundance protein biomarkers from
various biological samples using numerous strategies, some of which are
highlighted below.

Mazutis et al. described a method for in vitro transcription and translation for
cotA laccase gene in droplets, using a series of three devices performing six on-chip
and two off-chip operations, the end point being the kinetic catalytic activity of the
secreted laccase enzyme found in many microorganisms including fungi [25].

Chen et al. proposed the use of Matrix metalloproteinases (MMPs) from cellular
supernatant as biomarkers as they are key operators in extracellular matrix and play
a significant role in tumor progression and metastasis [66]. They developed a single
microfluidic device with a biomolecule concentrator and a droplet generator for
enhancing the detection sensitivity of the low-abundance MMPs. For biomolecule
concentration, they utilized electrokinetic force opposing the pressure-driven flow
to concentrate the low-abundance MMPs at the droplet formation junction, where
they are mixed with the substrate and co-encapsulated in a droplet. This method
resulted in decrease of reaction time by tenfold using about 25 pl of cellular
supernatant for detection. They also developed an integrated platform with droplet
generation, picoinjection, and droplet barcoding capabilities for multiplexed detec-
tion of multiple MMPs and their activity from 20 pl of peritoneal fluid obtained
from endometriosis patients (Fig. 11.3) [73].

Another group developed a digitalized droplet-based ELISA platform using
bead-based sensors for the detection of Prostate-specific antigen (PSA). The detec-
tion sensitivity was about 1000-fold higher compared to standard ELISA detection
platforms and concentrations as low as 46 fM could be detected by compartmen-
talizing them in these femtoliter droplets [65]. Similar bead-based immunosensors
were used for the detection of anti-tetanus immunoglobulin (IgG) from spiked
human sera as a proof-of-concept study using one-step co-encapsulation in a simple
droplet microfluidic device [74].
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Fig. 11.3 Droplet-microfluidic-based detection of proteins from clinical samples. (a) Droplet-
based workflow for detection of MMPs from peritoneal fluid [73]. Various protease substrates and
inhibitors are used to generate droplet libraries (b); Clinical sample containing MMPs are
introduced into the droplets via picoinjector (c¢); multiplexed identification of various reactions
are detected using fluorescence determination (d) (reproduced from Ref. [73] with permission
from American Chemical Society)

11.5 Conclusion and Future Perspectives

Use of droplet microfluidics for protein biomarker characterization has become one
of the most powerful tools in diagnostics due to the various advantages the platform
provides. Measurement of surface and secreted proteins on single molecule and
single cell resolution has been rendered achievable by use of this technology by
providing lower detection limits along with dynamic monitoring of phenotypic and
secretory profiles with superior sensitivity. Although many techniques and methods
for protein detection using droplet microfluidics have been discussed in this chap-
ter, translation into highly robust and fully automated systems still remains a
challenge. Also renovation of these technologies for point-of-care personalized
diagnostics in clinics is important, with special focus on developing compact and
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portable systems. Despite the current predicaments, droplet microfluidics offers
enough incentives for it to be developed into real-world applications for biomarker
detection.
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Chapter 12
Wire-guided Droplet Manipulation
for Molecular Biology

Dustin K. Harshman and Jeong-Yeol Yoon

Abstract Wire-guided droplet manipulation (WDM) is a simple method of manip-
ulating liquid droplets in a hydrophobic environment to conduct experiments,
reactions, and assays. In WDM, a wire (or needle tip) manipulates microliter-
sized liquid droplets within an immiscible liquid or on a hydrophobic surface.
The attributes of this format for liquid handling address some of the challenges
facing the use of conventional techniques. Specifically, WDM provides solutions
for development of automated, sample-to-answer, point-of-care systems with
potential applications in medicine, life science research, forensics, veterinary
diagnostics, and disease control.

The widespread applicability of this technique is due to its inherent simplicity
stemming from the attractive force between the droplet and the wire. The physics of
this interaction will be explained in this chapter. WDM can be applied to standard
protocols and is easily reprogrammable for different liquid handling applications.
Dilution, mixing, centrifugation, and thermocycling have all been automated by
WDM (You and Yoon, J Biol Eng 6:15, 2012). If desired, the principles of droplet
manipulation can be easily integrated into the common scientific automation
strategy, using commercially available robotic pipetting systems. WDM is auto-
matable, reprogrammable, easy to use, and robust. These are essential features of
rapid, all-in-one, sample-to-answer systems to be used at the point-of-care.

The applications of WDM within molecular biology that have been demon-
strated include DNA extraction (lysing, precipitation, washing, and rehydration),
nanoparticle surface deposition for fabrication of a protein nanoarray, immunoas-
say, PCR thermocycling, and real-time PCR.

Keywords Wire-guided  droplet  manipulation e«  Electrowetting
Superhydrophobic ¢ Sessile droplet ¢ Contact angle ¢ Work of adhesion ¢
Electrospinning ¢ Pendant droplet ¢« Polymerase chain reaction (PCR) ¢ Rapid
thermocycling ¢ Sample preparation « PCR inhibition ¢ Protein nanoarray e

D.K. Harshman, Ph.D. ¢ J.-Y. Yoon, Ph.D. (b))

Biomedical Engineering Graduate Interdisciplinary Program and Department of Agricultural
and Biosystems Engineering, The University of Arizona, 1177 East 4th Street, Room 403,
Tucson, AZ 85721-0038, USA

e-mail: dustin.harshman@ gmail.com; jyyoon@email.arizona.edu

© Springer International Publishing Switzerland 2016 235
C. Lu, S.S. Verbridge (eds.), Microfluidic Methods for Molecular Biology,
DOI 10.1007/978-3-319-30019-1_12


mailto:dustin.harshman@gmail.com
mailto:jyyoon@email.arizona.edu

236 D.K. Harshman and J.-Y. Yoon

Particle immunoassay * Endpoint detection * Real-time quantification * Interfacial
effects « Water-in-oil emulsion

12.1 Droplet Manipulation in Molecular Biology

Liquid droplets are used in molecular biology to take advantage of their potential as
discrete reaction vessels [1]. Droplets can be manipulated in microfluidic channels
[2] or by surface-based manipulations [3]. These manipulation strategies strive to
conduct droplet operations such as actuation, fission, fusion, mixing, and immobi-
lization. While droplets are isolated from other droplets and from their environ-
ment, they do interact with their environment at an interface. For this reason, the
choice of droplet milieu and an understanding of interfacial effects are critical for
the success of these technologies.

Various surface-based droplet manipulation methods have been demonstrated
and provide a particularly promising opportunity to develop miniaturized diagnos-
tic systems for point-of-care applications [3]. These methods include
electrowetting-on-dielectric (EWOD) [4, 5], magnetofluidics [6, 7],
magnetofluidics with surface energy trapping [8, 9], electrospun fiber mats [10],
light-induced dielectrophoresis [11], optical trapping [12], pneumatic actuation on
a thin superhydrophobic membrane [13], actuation by vibration [14], heater con-
trolled surface tension gradients known as thermocapillary forces [15], and wire-
guided droplet manipulation (WDM) [1, 16—-18]. The high degree of interest in
developing new droplet manipulation technologies follows from their importance
in advancing molecular biology and its applications.

12.2 The Physics of Wire-guided Droplet Manipulation
(WDM)

WDM operates on the principles of interfacial tension (y; mJ/m? = mN/m), which is
defined as the interface energy (mJ) per interface area (m*). When a liquid droplet
rests on a surface as illustrated in Fig. 12.1, it is known as a sessile droplet.

The contact angle (0) between a liquid and a surface can be described by Young’s
equation (Eq. 12.1). The contact angle is measured at the three-phase borderline,
where an equilibrium is established between the surface tensions between liquid—
vapor (yLv; approximated to yp, since vapor can be approximated as vacuum),
surface—vapor (ysv; approximated to ys), and surface—liquid (ysp ).

YsL =7¥s —rL cos 0 (12.1)

The work of adhesion is central to WDM [16] and can be described by the Dupré
equation (Eq. 12.2) and the Young-Dupré equation (Eq. 12.3) [19]. The work of



12 Wire-guided Droplet Manipulation for Molecular Biology 237

—->

Vst Vs

Fig. 12.1 Illustration of a liquid droplet resting on a solid surface, known as a sessile droplet. The
contact angle (@), the interfacial tension between liquid—vapor (yy; approximated to y), the
interfacial tension between surface—vapor (ysy; approximated to ys), and the interfacial tension
between surface—liquid (ys; ) are represented

wire

>

Vst Ys Vst Vs

Fig. 12.2 Tllustration of the work of adhesion of a liquid droplet to a surface and to a metal wire
guide. In the case shown, the contact angle is sufficiently large so that the magnitude of the work of
adhesion between the droplet and the wire is larger than the work of adhesion between the droplet
and the surface. In this situation, the wire can be used to move the droplet across the surface

adhesion is inversely related to the contact angle: surfaces with higher contact
angles have lower works of adhesion (Fig. 12.1).

Wa=rs+r —rsL (12.2)
Wy =y.(1+ cos 0) (12.3)

In the case of WDM, the work of adhesion of a liquid droplet to a surface must be
overcome by the work of adhesion of the liquid droplet to a wire (Fig. 12.2).
Surfaces with the highest contact angles (i.e., superhydrophobic surfaces) are
ideal for most applications of WDM since they minimize the work of adhesion of
the liquid droplet to the surface. In one unique example of droplet manipulation
demonstrated by Nicolini et al. [10], a surface of electrospun PCL fibers is used
to achieve droplet immobility for assays that are impervious to external vibration.
This surface has an apparent hydrophobicity (8 = 119°) due to air pockets
between the fibers, while maintaining a local hydrophilicity for droplet adhesion.
Even though droplets bead up on this surface, the work of adhesion is sufficiently
high to resist droplet movement.

In an extreme case, droplet contact with the surface is lost completely and the
work of adhesion of the liquid droplet to the surface becomes zero. This situation,
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Fig. 12.3 Illustration of
pendant droplets with the
upward acting work of
adhesion (W,) of the droplet
to a wire or to a needle and
the weight of the droplet
(mg) acting downward

needle

<« >

illustrated in Fig. 12.3, is known as a pendant droplet and can be described by the
Young-Laplace equation (Eq. 12.4). The Young-Laplace equation relates interfacial
tension to droplet shape and shows that the pressure difference across the interface
(Ap) is equal to balance of the effective weight of the droplet (pgh) and the
interfacial tension (y) times the radii of curvature (R, and R5). The radii of curvature
can be determined and used to calculate the interfacial tension by computer-aided
image processing from images of the pendant droplet from the side view [20].

For the case of a pendant droplet, the maximum size of a droplet that can be
manipulated by WDM using a round tip is described by Tate’s Law (Eq. 12.5)
[21]. Tate’s Law describes the maximum weight of a liquid pendant droplet (mg)
with interfacial tension (y) that will not fall from the tip with radius (r).

11
Ap = pgh —y| — + — 12.4
P =pg 7<R1 Rz) (12.4)
mg = 2xry (12.5)

During the following discussion of applications, we will see the roles that these
physical principles play in the practical uses and advantageous attributes of WDM.

12.3 Applications of Wire-guided Droplet Manipulation

12.3.1 Electrowetting

An early use of WDM and precursor to its invention is the use of electrowetting to
study biomolecular adsorption to a surface such as a microfluidic chip [22]. In this
application, sessile droplets of protein solutions rested on a hydrophobic dielectric
surface and a voltage was applied across the surface and a platinum wire in contact
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with the top of the droplet. This electrical potential causes the contact angle of the
droplet to change according to the Young-Lippmann equation (Eq. 12.6).

1 eg
cos0, = cos Oy + -

2 7vd V2 (12.6)

where 6 and 6, are the contact angles before and after applying voltage, € and g are
the dielectric constants for the insulating layer of the electrode surface and the
surrounding environment (air or oil), d is the thickness of insulating layer, and V is
the applied voltage. Application of a potential can also cause biomolecules to
adsorb to the surface through electrostatic attractions changing the contact angle
over time and negatively affecting the performance of EWOD-based devices
[22]. Additionally, it is known that proteins adsorb at water—oil interfaces [23],
which can cause complications in EWOD-based devices, but we will see that WDM
has been used to leverage this interfacial protein adsorption toward sample purifi-
cation, PCR efficiency enhancement, and sequestration of PCR inhibitors.

12.3.2 Particle Immunoassay

It has been demonstrated that WDM could be used for repeated movement and
merging of 5-20 pL droplets on a superhydrophobic surface [16]. This is possible
because the work of adhesion of a 10 pL droplet to a superhydrophobic surface
(@ = 155°) is 14 nJ, which is overcome by the work of adhesion to a metal wire
(@ = 10°) of 57 nl. In this format, the liquid droplets have minimal contact with
solid surfaces, and biofouling is therefore minimized. A three-axis manipulator
was programmed to move droplets, merge a droplet containing the target with a
droplet containing antibody-conjugated particles, mix the merged droplet by
mechanical vibration of the wire, and position the droplet at a detection site
(Fig. 12.4). The particle immunoagglutination assay was conducted by WDM
and achieved detection of bovine viral diarrhea virus (BVDV) with a detection
limit of 2.5 TCIDso/ml (TCIDsg = 50 % of tissue culture infectious dose) and
detection of E. coli with a detection limit of 85 CFU/ml.

12.3.3 Protein Nanoarray

In order to create a high-density protein array, nanowells were created by electron
beam lithography (EBL) on a polymethyl methacrylate (PMMA)-coated surface
and 100 nm protein-conjugated beads were deposited into the nanowells by
vibrated-wire-guided droplet manipulation (Fig. 12.5) [24]. The beads were
suspended in a 0.5 pL droplet and passed over the surface three times to achieve
optimal array saturation. The wires were vibrated to provide necessary energy to the
protein-conjugated beads to be deposited and patterned into the nanowells. The
linear movement of a droplet over a nanoarray surface functioned as washing steps.
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Fig. 12.4 Snapshots from preprogrammed wire-guided droplet manipulations including (1)
catching a 10 pL droplet, (2) linearly moving a 10 pL droplet, (3) merging two 10 pL droplets,
and (4) linearly moving a 20 pL droplet. (5) Rapidly mixing the merged droplet by mechanical
vibration of the wire. (Images taken from [16], with permission, © Yoon and You)
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Fig. 12.5 (1) Three-axis manipulator with vibration motor mounted on the wire for droplet
vibration. (2) Droplets containing a bead suspension on a polymethyl methacrylate (PMMA)
substrate with a nanometer well array created by electron beam lithography (EBL). The droplets
are vibrated to produce high-density arrays of 100 nm beads in nanowells. (3) The vibrated droplet
is moved across the surface. (4) SEM image of the high-density nanowell array with 100 nm beads.
(Images taken from Ref. [24], with permission, © Springer)

12.4 Polymerase Chain Reaction (PCR)

12.4.1 PCR Theory

The polymerase chain reaction (PCR) is a molecular biology technique to specif-
ically amplify DNA fragments enzymatically [25]. PCR is a technology that is used
ubiquitously across the life sciences and in medical diagnostics. Some of its
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Fig. 12.6 Schematic illustration of the polymerase chain reaction (PCR). In cycle 1, the target
sequence is denatured, primers anneal, and the sequence is enzymatically extended. In cycle 2, the
process continues and the first fragments of known length are generated. In cycle 3, the amplicons
begin to accumulate, and in subsequent cycles the amplicons are exponentially amplified

applications include pathogen detection, infectious disease diagnosis, organism
genotyping, genetic mutation detection, DNA fingerprinting for forensics, and
cloning.

PCR is a cyclical reaction with three phases: double-stranded DNA (dsDNA) is
denatured to single-stranded DNA (ssDNA), primers (oligonucleotides typically
20-30 base pairs or bp in length) are annealed to their target sequences, and DNA
polymerases extend the amplicon (Fig. 12.6). A forward and a reverse primer are
designed to be complementary to the DNA template and flank the target sequence to
be amplified. The extension products resulting from the hybridization of each
primer are complementary, meaning that it is possible to double the concentration
of the amplified product every reaction cycle.

12.4.2 Rapid Thermocycling

PCR thermocycling is the process of heating and cooling the reaction mixture:
denaturation (90-98 °C), annealing (50-70 °C), and extension (70-80 °C)
(Fig. 12.7). At temperatures above 90 °C, there is enough thermal energy to disrupt
the hydrogen bonding interactions between conjugate base pairs of the two
strands. While most proteins will also be denatured at temperatures exceeding
90 °C, the DNA polymerase used in modern PCR, Tag polymerase, is thermally
stable [26]. Tag polymerase was isolated from a thermophilic bacterium, Thermus
aquaticus, discovered in thermal springs [27]. The thermal stability of Tag poly-
merase enables thermal cycles to proceed continuously without the need to replen-
ish the enzyme.

PCR is widely used and many of its applications are highly urgent, so it is highly
desirable to decrease the reaction time. Thermocycling of the reaction mixture
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Fig. 12.7 Representative temperature profile for the first five cycles of a PCR. The phases of the
reaction are denaturation at 90 °C, annealing at 60 °C, and extension at 72 °C

between three different temperatures is the most time-consuming process. Conven-
tional PCR methods require two to three minutes per cycle, due to limitations in
conductive heating and cooling. To increase the speed of DNA analysis by PCR,
many researchers have focused on developing rapid thermocycling technologies to
achieve thermal cycle times as low as 10 s [28-30]. There are several limiting
factors in achieving such extreme thermocycling speeds. The primary obstacle has
been the need for instrumentation capable of rapid heat transfer. This limitation can
be eased somewhat by designing PCR primers with higher melting temperatures to
allow for annealing and extension at the same temperature (65—75 °C) and decreas-
ing the magnitude of temperature change required for thermocycling. DNA dena-
turation and primer annealing take place in less than 1 s [31]. Since the time
required for annealing is partially limited by diffusion, minimum annealing times
can be ensured by the use of high primer concentrations. The enzymatic elongation
of the target sequence is limited by Taqg polymerase activity, which has an extension
rate of 60—120 bp per second at 72 °C [32]. With these limitations in mind, many
different strategies have been employed to achieve rapid thermocycling.
Conventional thermocyclers use a thermoelectric heating element for active
heating and cooling of a metal heater block that makes contact to plastic tubes
containing 10-100 pL reactions. Heat transfer is made by conduction through the
walls of the plastic tube. Thin walled tubes are important for minimize heat transfer
resistance in conventional thermocycling. Many innovative strategies have been
conceived for more efficient heat transfer and amplification at accelerated speeds.
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In WDM, a 5-10 pL pendant droplet is submerged in heated oil and continuously
moved so heat transfer occurs by convection [17, 18]. A computational fluid
dynamics study showed that thermocycling in this manner can theoretically be
achieved at 13 s/cycle and amplification was actually demonstrated at 13.7 s/cycle
using an automated 3-axis computer numerical controlled (CNC) system for droplet
positioning [17]. PCR amplification with WDM, using a circular robotic position-
ing system, was demonstrated at the quicker speed of 8.67 s/cycle [18].

12.4.3 Sample Preparation

It is important not to overlook the time requirement for sample preparation prior to
PCR thermocycling. PCR can be inhibited in several ways including incomplete
cell lysis for DNA extraction, interference with DNA capture, DNA degradation,
and inhibition of polymerase activity [33]. Sources of PCR inhibitors come from
sample matrices such as bodily fluids, food samples, wastewater samples, and
culture media [33, 34]. Specifically, blood and tissue samples contain inhibitors
such as cellular debris, bile salts, heparin, and proteins (especially hemoglobin,
lactoferrin, and bilirubin) [35].

Typically, PCR workflows have obligatory DNA extraction procedures to purify
DNA and remove any PCR inhibitors. Sample preparation, including DNA extrac-
tion, has been previously demonstrated using WDM (Fig. 12.8) [1]. Serial dilution,
centrifugation, and DNA extraction were demonstrated for extracting genomic
DNA from E. coli culture using WDM on a hydrophobic surface. A syringe needle
was utilized to add/remove reagents and buffer solutions, rotate the droplet at high
rpm (through vibrating the needle), and transport/merge droplets.

12.4.4 Inhibition Relief

Since DNA extraction procedures are not perfectly efficient, with carryover
reagents inhibiting PCR [34], direct amplification from cell lysates has been
attempted. This direct amplification may also benefit from the reduced time and
effort for sample preparation. To this end, oil overlays are used, initially to prevent
evaporation [36], but later used to enable this direct amplification from cell lysates.
The observed increase in specificity and yield results from the action of oil overlays
to segregate detergents used for cell lysis at the oil-water interface. This segrega-
tion minimizes their inhibitory effects and disruption of primer annealing specific-
ity. While proteins can act as an inhibitor, the most abundant blood protein,
albumin, has been shown to facilitate amplification in the presence of common
inhibitors [37].

In different systems and at different concentrations, the same substance can be
either an inhibitor or a facilitator [33]. A good example of this duality is
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Fig. 12.8 (a-h) Images from a protocol for serial dilution of E. coli by WDM including droplet
splitting, moving, and mixing. (al-a8) Images from a DNA extraction protocol by WDM
including cell lysis, heat incubation, washing, drying, and resuspension. (Images taken from
Ref. [1], with permission, © You and Yoon)

biomolecular adsorption, which can pose a challenge to microfluidic PCR strategies
and limit PCR efficiency [28]. In contrast, in WDM, biomolecular adsorption is
used advantageously to separate contaminant molecules at the oil-water interface
[18]. Simultaneously, the adsorption of contaminants to the oil-water interface
competitively prevents adsorption of critical PCR components (Fig. 12.9). While
many efforts have been made toward rapid thermocycling, rapid PCR workflows
with minimal need for sample purification must also be developed to decrease real-
world sample-to-answer times. This is achieved by WDM in which it has been
demonstrated that PCR efficiency is actually enhanced by the presence of tissue
contaminants [38].
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Fig. 12.9 (1) Circular WDM apparatus for rapid PCR thermocycling. The pendant droplet is
moved continuously in the heated oil baths maintained at discrete temperatures. Molecular
partitioning occurs at the oil-water interface by self-assembly. (2) PCR with different contami-
nants was conducted by conventional and WDM thermocycling, gel band intensities were quan-
tified and normalized to compare the inhibitory effects between the two thermocycling methods.
(3) In the presence of 10 % whole blood (WB), the WDM PCR efficiency is enhanced when
compared to pure reaction mixtures and compared to conventional PCR. (Images taken from Ref.
[18], with permission, © Elsevier)

12.4.5 Real-Time PCR (qPCR)

Quantifying the extent of PCR amplification had been limited to endpoint analysis
[39], but in 1992, Higuchi et al. [40] described a method for real-time quantitative
PCR (qPCR) in which the fluorescence signal from a DNA intercalating dye,
ethidium bromide, was monitored each thermal cycle. Subsequently, many other
chemistries have been developed and used for qPCR including nonspecific DNA
labeling dyes [41], adjacent hybridization probes with resonance energy transfer
[41], primer-based fluorophores [42], molecular beacons [43], and hydrolysis
probes [44]. The most common qPCR chemistries are TagMan probes, a type of
hydrolysis probe, and SYBR Green I (SG), a dsDNA intercalator with fluorescence
1000 times greater when complexed with dsDNA [45] but not ssDNA.

An endpoint detection strategy has been demonstrated on a WDM PCR platform
where the droplet is immersed in silicone or coconut oil and rests on a heated,
hydrophobic surface [46]. The droplet is thermocycled by moving it over three
different heaters, merged with a droplet of SG, and positioned for fluorescence
detection by a smartphone-based fluorescence microscope (Fig. 12.10). This system
has the added benefit of being shock and vibration resistant because the droplet is in
contact with the surface and the thermocouple. The use of coconut oil makes this
device particularly portable. These unique features mean this surface-heated WDM
PCR platform can be used in the field or in a moving vehicle.

The exponential amplification of PCR, as monitored in real time, can be
described mathematically [40, 47] by Eq. (12.7), where E is the reaction efficiency,
C,, is the number of cycles, N is the initial number of target sequences, and N,, is the
number of amplicons after n cycles.
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Fig. 12.10 (1) Schematic of the droplet resting on the surface and manipulated by the thermo-
couple wire-guide, which also provides droplet temperature feedback. (2) Schematic illustrating
the operation of the surface-heated WDM PCR device for endpoint detection. A disposable
cartridge is prefilled with oil and is loaded to the device platform. Heating commences, melting
the coconut oil, and the preloaded PCR mixture becomes available to be merged with the target
droplet. A thermocouple loop acts as the wire-guide during thermocycling across the different
temperature regions. After thermocycling, the droplet is merged with a droplet of SYBR Green I
(SG) and is positioned at the detection site and dislodged from the thermocouple loop with a
pipette tip. Endpoint detection of the amplified DNA is achieved by a smartphone-based fluores-
cence microscope. (Images taken from Ref. [46], with permission, © Elsevier)

N, = No(E + 1)< (12.7)

For fluorescence-based monitoring of PCR amplification, a threshold () is chosen
to calculate the corresponding threshold cycle (C,). The threshold cycle is defined
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Fig. 12.11 Representative amplification curve monitored in real-time using SYBR Green 1. From
0 to 15 cycles, the fluorescence signal is at baseline, and eventually begins to rise exponentially. A
fluorescence threshold (F,) is set such that a threshold cycle (C,) can be calculated. During higher
cycles, an amplification plateau is reached

as the theoretical fractional thermal cycle when the fluorescence signal rises to the
threshold (Fig. 12.11). Since the fluorescence is dependent on the number of
amplicons, the number of amplicons at C; (N,) is the same for any Ny. A standard
curve for a given reaction can be established by calculating the C, value for known
Ny and plotting the logarithm of N, against the corresponding C,. The equation of
the standard curve follows the log—linear relationship in Eq. (12.8).

logNg = —Clog(E + 1) + logN, (12.8)

While gPCR detection modalities have been limited primarily to fluorescence,
gPCR has been achieved by WDM by monitoring interfacial effects [38]. This
methodology is termed droplet-on-thermocouple silhouette real-time PCR (DOTS
gPCR), and it monitors the size of the droplet over the course of thermocycling.
DOTS gPCR was invented based on the observation that PCR amplification in the
presence of SYBR Green I (SG) by droplet-on-thermocouple thermocycling is
accompanied by a change in droplet volume and a decrease in interfacial tension.
It was also observed that water-in-oil emulsion droplets were forming in the oil
phase (Fig. 12.12).

This WDM gPCR approach is sensitive to changes to the molecular composition
of the droplet over the course of thermocycling, and detection at early PCR thermal
cycles is achieved (Fig. 12.12). The droplet height is monitored by a smartphone
camera every five thermal cycles, and the change in droplet height is used for
amplification detection. Real-time quantification of bacterial genomic DNA in the
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Fig.12.12 (1) DOTS gPCR device for real-time PCR by WDM monitoring interfacial effects. (2)
Water-in-oil emulsion droplets found in the oil phase after PCR amplification in the presence of
SYBR Green I (SG). (3) Schematic depiction of inhibition relief and droplet volume decrease by
colloid formation. (4) Standard curve for DOTS qPCR showing quantification is achieved during
early thermocycles. (5) Standard curve for fluorescence PCR for comparison. (Images taken from
Ref. [38], with permission, © Harshman et al.)
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concentration range, 1.5 X 10%-1.5 x 10° genomic copies, is demonstrated
(Fig. 12.12). DOTS gPCR is the first demonstrated use of interfacial effects for
sensing of PCR amplification and could further the goal of point-of-care pathogen
detection.
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Chapter 13
Mechanical and Electrical Principles
for Separation of Rare Cells

Elisa M. Wasson, Temple A. Douglas, and Rafael V. Davalos

Abstract Early detection of disease has long been a goal of many research projects
and public health initiatives, as prevention from disease advancement is one of the
most effective cures. Many diseases that are difficult to treat in late stage such as
melanoma, pancreatic cancer, and highly metastatic tumors are treatable with a
much better prognosis in early stage. One method of interest in early cancer
detection has been the isolation of circulating tumor cells (CTCs) from the blood.
By isolating CTCs, we can determine the presence of cancer from only a blood
sample rather than requiring multiple screening modalities be performed on a
patient. In addition, cancers without effective screening modalities, such as pan-
creatic cancer, may produce CTCs while the patient is asymptomatic, allowing for a
much earlier start to treatment and improved prognosis [1]. In this chapter, we
present several approaches that employ microfluidics to separate rare cells of
interest. We start with a basic overview of fluid dynamics that includes scaling
analysis and several solutions to the Navier-Stokes equations. We then introduce
mechanical and electrical separation techniques along with an overview of their
respective theories and several examples of each.

Keywords Inertial microfluidics ¢ Dielectrophoresis « DEP « Circulating tumor

cells (CTCs)

13.1 Introduction and Brief Description of Chapter

Early detection of disease has long been a goal of many research projects and public
health initiatives, as prevention from disease advancement is one of the most
effective cures. Many diseases that are difficult to treat in late stage such as
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melanoma, pancreatic cancer, and highly metastatic tumors are treatable with a
much better prognosis in early stage. One method of interest in early cancer
detection has been the isolation of circulating tumor cells (CTCs) from the blood.
By isolating CTCs, we can determine the presence of cancer from only a blood
sample rather than requiring multiple screening modalities be performed on a
patient. In addition, cancers without effective screening modalities such as pancre-
atic cancer may produce CTCs while the patient is asymptomatic, allowing for
much earlier start to treatment and improved prognosis [1].

One of the key challenges in isolating CTCs is their rarity. The presence of CTCs
in the blood is thought to be at concentration 1-10 cells in 10 mL of whole blood
[2]. Without some method to specifically isolate these cells from a sample, their low
concentrations make them almost impossible to detect. While many successful
microfluidic devices use biomarker-specific analysis to detect the presence of
cancer, the focus of this chapter will be microfluidic techniques that provide
label-free isolation and enrichment with high cell viability, allowing them to be
cultured for further analysis and potential targeted treatment.

This chapter focuses on the isolation of rare mammalian cells as opposed to
viruses and bacteria. First, a brief overview of microfluidic theory will be given
including scaling laws, several analytical solutions to the Navier-Stokes equations,
dimensionless parameters used in microfluidics, as well as Stokes law and drag
force. Next, particle dynamics will be discussed using a force balance approach for
both passive and active methods. Mechanical (passive) and electrical (active)
methods of separation will be discussed in depth, giving several examples and
their limitations for each technique. Implications for the future of microfluidic
technologies to separate rare cell populations are also discussed.

13.2 Basic Physics in Microfluidics

Microfluidic devices allow researchers to replicate conditions found inside the body
in order to investigate mammalian cells in their natural environment. Devices
typically have length scales and dimensions that are comparable to fluid flow
systems in the body such as arteries (0.1-10 mm), alveoli in the lungs (200 pm),
as well as sinusoids (30—40 pm) and lobules in the liver (500-1000 pm). Parameters
such as geometry, shear stress, flow rate, oxygen concentration, and pulsatile flow
can be precisely controlled and modified to replicate conditions found in vivo using
an in vitro platform. These capabilities of microfluidic devices give researchers the
power to investigate the cell’s role in diseases such as cancer [3—5], malaria [6-8],
and HIV [9-11]. Microfluidic devices can also take advantage of physical phenom-
ena that occur at the microscale, lending to cell separation techniques that have the
potential to lower the cost, time, resources, reagents, and lab infrastructure neces-
sary to operate many of the current clinical separation technologies [12—16].
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Therefore, when separating and analyzing mammalian cells using microfluidic
devices, it is necessary to have a firm grasp of the physics and forces that dominate
at the microscale.

13.2.1 The Continuum Hypothesis

Particle spacing and scale play an important role in determining how to model a
fluidic system. Consideration should be given to what physics must be captured in
order to scale the system accordingly. It is important to choose the relevant
characteristic length scale that describes the phenomena of interest within the
system. For example, if you are interested in particle dynamics, the diameter of
the particle may serve as the best characteristic length. On the other hand, if you are
interested in the fluid flow in a microfluidic device, the channel diameter should be
chosen as the characteristic length. The physics of a system may have different
influence at varying scales. If there is a nanofluidic channel with a characteristic
length scale defined as the channel diameter, on the order of a few nanometers, the
particles in the fluid experience forces differently than particles in a flowing river
with a characteristic length scale defined as the width, in kilometers. Intermolecular
forces, such as van der Waals attraction and Brownian motion, influence the flow in
a way that can be considered negligible in the flowing river. This difference is due
to the continuum assumption, which is defined using the dimensionless Knudsen
number:

K, = (13.1)

A
L
For microfluidics, the Knudsen number is the ratio between the intermolecular
distance of water (1) and the characteristic length scale of the system (L) which is
usually the diameter of the device channel. If K,, < 0.01, the continuum hypothesis
is valid [17]. Water has an intermolecular distance of 0.3 nm [18], meaning that a
water molecule must travel this distance before colliding with its neighbor. There-
fore, if the characteristic length scale is on the same order as the intermolecular
distance, like the nanofluidic channel, the fluid can no longer be considered
continuous and there may be a point in the fluid that does not have a finite value
defined for properties such as density and velocity. These physical properties are
then considered discontinuous and the continuum assumption breaks down. On the
contrary, if the characteristic length scale of the system is much larger than that of
the particle spacing, it can be assumed that the fluid is continuous and all physical
properties are averaged over many molecules. While the elements of fluid being
analyzed are large enough to consider mean representations of molecular effects,
they are also small enough to allow them to still be considered differential elements.
This allows for spatial and temporal variations of fluid properties to be investigated
using continuum mechanics. Microfluidic devices are typically tens to hundreds of
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Table 13.1 Knudsen values

N . K, <0.01 Continuum model, non-slip flow
for different flow regimes 001 <K, <1 Continuum model, slip-flow
1<K, <10 Transition region
K, > 10 Free-molecular region

microns in size resulting in K,, < 0.01 allowing continuum mechanics to be used. A
nanofluidic device, on the other hand, with a diameter of 10 nm will have a Knudsen
number of 0.3 which is greater than 0.01. This leads to slip-flow where the
molecules of the fluid may collide with channel walls before they interact with
each other, therefore inducing discontinuities in properties (i.e., density, velocity) at
the fluid-solid surface.

Systems with a Knudsen number higher than one no longer satisfy the continuum
assumption. At this scale, complex collisions occur and intermolecular forces
between particles must be considered. In order to analyze a non-continuum system,
deterministic or statistical molecular models must be used which require extensive
computational resources [19-21]. Non-continuum models are complicated and
difficult to solve whereas continuum is not only easier to compute, but well
characterized and more predictable [17]. As summarized in Table 13.1, the Knud-
sen number, along with several other parameters discussed in a later section, can be
a powerful tool in classifying the flow of the system and determining the correct
modeling approach needed to solve the problem. Depending on the scale of the
system, the relevant physics at each regime will vary, demanding a closer look at
the effects scaling can have in microfluidics.

13.2.2 Scaling Laws

As demonstrated by the continuum hypothesis, taking a macroscopic approach to
define a system can lead to a drastically different outcome than applying a micro-
scopic approach to an identical system. This is apparent when administering drugs
to patients of different sizes. A man who is 6 feet tall and weighs 200 1b is typically
going to need a larger dose of the same drug than that of a small boy who weighs
70 1b. This is due to differences in their size and metabolism. The same is true for
other physical phenomena. At the macroscale, volumetric forces such as gravity
and inertia typically dominate the physics that occur on a day-to-day basis. If we
were to apply these macroscopic principles to objects at the microscale, it will lead
to detrimental errors in our calculations. In order to avoid this, it is necessary to
develop a method to scale physical parameters and gain a more accurate under-
standing. This is known as scaling analysis and can be classified as either geometric
or dynamic [22].
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13.2.2.1 Geometric Scaling

Geometric scaling relates directly to the size of an object. Table 13.2 lists scaling
laws for length, area, volume, weight, and mass. Despite the simplicity of these
laws, they provide immense insight for dynamic systems involving rules that are
more complex.

One example of geometric scaling is to compare a human to the Brazilian pygmy
gecko. This 4 cm long reptile resides in the Amazon jungle, and in order to survive
the large amount of rainfall, has adapted to its climate by developing the ability to
float on water while standing. Its small stature and hydrophobic skin help to repel
water and prevent its body from breaking the surface tension of puddles on the
jungle floor [23]. If we approximate the small gecko with a cube having a side
length of 4 cm, we can calculate both its surface area and volume to be 96 cm?® and
64 cm’, respectively. The ratio of its surface area to volume is found to be 1.5. This
is obviously oversimplifying the analysis, but for demonstrating purposes shows
how drastically size can affect the behavior of an object at different scales. If a
human attempts to walk on water, the outcome is not as favorable as that of the
gecko. This is due to the fact that an average male who is 170 cm tall has a surface
area-to-volume ratio of 0.035. In order for a person to have a chance of walking on
water, they would need to have a surface area 42 times larger than what it currently
is. From Table 13.2, we can see that surface area is a second-order scaling law
whereas volume is a third-order law. If the length of the man were to double, his
surface area would quadruple and his volume would octuple. Therefore, for larger
objects, volume will always increase faster than surface area and lead to a smaller
ratio of the two. At the microscale, the surface area-to-volume ratio is large and
hence surface forces and effects dominate over volumetric forces. Sometimes it is
useful to create a visual representation of scaling parameters in order to gain an
intuition for how small objects will behave. Figure 13.1 shows the surface area-to-
volume ratio for a cell, the nematode Caenorhabditis elegans (C. elegans), the
Brazilian pygmy gecko, and an average-sized man.

As described previously, the pygmy gecko has a surface area-to-volume ratio
42 times larger than the average-sized man, therefore making it possible for it to
stand on water without sinking. The adult nematode, C. elegans, is on average 1 mm
long and has a surface area-to-volume ratio of 60. This nematode is capable of
swimming in highly viscous fluids due to its small size and the undulations it
undertakes to propel itself forward. Finally, a single cell with an average diameter
of 10 pm has a surface area-to-volume ratio of 6000! Clearly, a single cell
experiences forces differently than an average-sized man at the macroscale. Scaling
laws of these different forces are discussed in the next section to understand just
how much of an influence macroscale forces have at the microscale.

Table 13.2 Geometric

) Name Formula Order
scaling laws Length (L) o] ]
Area (A) A~ 2
Volume/weight/mass (V') V~P 3
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Fig. 13.1 Surface area-to-volume ratio for different organisms

13.2.2.2 Dynamic Scaling

In dynamic scaling, the laws of motion come into play and forces need to be scaled
in order to understand their behavior at the microscale. Starting with Newton’s
second law, we can determine the scaling laws for both the acceleration of an object
(a) and the time (t) it takes to get from point A to B in terms of force (F'), mass (m),
and length scale (/) [24]. Based on Newton’s second law:

F
a=—~FI (13.2)
m

Taking this a step further to determine the scaling law for the time (¢) it takes an

object to move from one point to another, we can denote displacement as / and use
the following kinematic equation:

1
[ = v0t+§at2 (13.3)

Assuming that initial velocity, v,, is equal to zero, we are left with an equation for
time:

0.5
t= (ﬁ) ~PF9 (13.4)
a
Depending on the force causing motion of the object, time and acceleration will
scale differently. Table 13.3 summarizes the scaling laws for various forces and
parameters that play a key role in microfluidics. For example, if we were interested
in the effect a volumetric force, such as gravity, (F ¢ = pVg) has on the time it takes
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Table 13.3 Dynamic scaling laws

Name Formula Variables Scaling | Order
Gravity/inertia \%4 V—volumetric force P 3
Surface tension F = 2nor o—surface tension Ik 1
r—contact radius
Reynolds number | Re=2Y2 p—density P 2
" V—uvelocity
D—diameter
n—dynamic viscosity
Viscous forces F= A’Y% A—area Jiru 14+u
n—yviscosity
dx—distance from body
u—yvelocity
Magnetic force F = iLpy(4)i |i—current I 4

L—TIlength of wire
n—# turns in wire
Ho—permeability

Kinetic energy F=1m? m—Mass P 3
v—velocity

Resistance R =pk p—density ! -1
L—Ilength
A—area

Capacitance C = g"% A—area Ik 1

e—permittivity
x—distance between source and ground

Electric field E = % V—electric potential ! -1
x—distance between source and ground
Electrostatic _ &A(AV)’ | A—area P 2
F= 2d*

AV—potential
d—distance between source and ground
e,—permittivity of free space

an object to move from one place to another, force would scale as /° and time would
scale as I°°. Most forces tend to scale as order two; therefore microscale objects
tend to accelerate faster than macroscale objects [24]. As objects become smaller
(1)), the time it takes for them to get from one point to another also decreases. For a
force that scales as second order, the object will have a time scale of the first order.
Therefore, if one object is ten times larger than another object, it will take ten times
as long to travel from one point to another.

It is important to keep in mind that these scaling laws can be applied using the
length scale of the particle being investigated, or as an alternative may be applied
using the characteristic length of the channel itself. When using scaling analysis, it
is necessary to be aware of the physics you are interested in capturing, what is being
scaled, and then scale the system accordingly. As a result, the scaling laws found in
Table 13.3 may vary slightly depending on what is being scaled.
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13.2.3 Fluid Dynamics
13.2.3.1 Navier-Stokes Equations

Since most microfluidic devices have a Knudsen number less than 0.01, continuum
mechanics may be used and the Navier-Stokes equations become the governing
equations. The Navier-Stokes equations consist of three nonlinear, partial differen-
tial equations with five unknown parameters where the velocity vector is denoted by
i and has xyz components, p is pressure, and p is density. The constants g and 1 are
defined as gravity and dynamic viscosity, respectively. In order to solve for all of
the parameters, we need a fifth equation to fully define the system. We can assume
that the flow is incompressible and therefore define density, p, to be constant,
making it spatially uniform. This fifth equation of state, along with conservation
of momentum (continuity), now provides a complete description of fluid flow for
incompressible, Newtonian fluids.

Mass conservation (continuity):

V.i=0 (13.5)

Navier-Stokes:

—

p%+pﬁ-Vﬁ:—Vp+nV2ﬁ+p§ (13.6)
The first term in the Navier-Stokes equations is the unsteady, local inertial term.
The second term is the convective inertial term and is responsible for nonlinear
behavior in the fluid flow. The right-hand side of Eq. (13.6) contains both body
forces (gravity) and surface forces (shear stress and pressure) of the fluid. It is
possible to solve the Navier-Stokes equations analytically for different conditions
by making some basic assumptions about the flow or geometry of the system and
applying the no-slip boundary condition.
No-slip boundary:

ii=0 (13.7)

This equation states that the velocity of the fluid at a motionless wall is zero. This
holds true for most devices at the microscale because the length scale of the system
is generally larger than the intermolecular spacing and continuum applies. In the
following section, we discuss the solutions for different geometries that are com-
mon in microfluidic devices.
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13.2.3.2 Analytical Solutions for Different Geometries

Most microfluidic channels have cross-sectional areas that are either circular or
rectangular due to photolithography and etching techniques used to fabricate the
devices. Solutions to the Navier-Stokes equations for these two geometries can be
found analytically using integration or through series expansion methods. As seen
in Table 13.4, a channel with a circular cross section of radius R is often approx-
imated as a cylindrical tube with length L and its velocity equation is solved for
analytically using cylindrical coordinates. The Navier-Stokes equations in cylin-
drical coordinates can be found in Munson, Young Okiishi, and Huebsch’s “Fun-
damentals of Fluid Mechanics” [25]. Assuming steady, incompressible, laminar,
fully developed, and axially symmetric flow and applying the no-slip and symmetry
boundary conditions lead to the following equation that describes the velocity
profile.
Velocity profile (cylinder):

u(r) :i?(r2 —R?) (13.8)

Here pressure is defined as p and # is the viscosity of the fluid. We can also define
the pressure gradient and calculate flow rate by integrating the velocity over the
differential area. Note that the pressure gradient is negative because pressure
decreases in the direction of flow.

Pressure drop (cylinder):

op _Ap
Volumetric flow rate (cylinder):
R R RiA
0= Ju:(l‘) dA = 2nJuZ(r) rdr == san (13.10)
0 0

This results in the familiar Hagen-Poiseuille equation whose step-by-step deriva-
tion can be found in Munson’s “Fundamental Fluid Mechanics” [25]. We can see
that for a given pressure drop, flow rate scales as I since the flow rate is propor-
tional to the radius to the fourth power. As a channel gets smaller, the flow rate will
decrease drastically, therefore making it difficult to drive fluids in microchannels
using conventional pressure drop methods. High pressures are necessary to obtain
high flow rates due to the fluidic resistance of the channels. Table 13.4 summarizes
the resistance of different shaped cross-section microchannels which can be deter-
mined using an analogous form of Ohm’s law. In this equation, voltage is
represented by pressure drop (Ap), current is represented by flowrate (Q), and
resistance (R) is defined as fluidic resistance. Techniques such as electrokinetic
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flow where fluid is driven by the movement of molecules in an electric field either
by electroosmosis and electrophoresis are commonly used in microfluidic devices
for this reason [26].

Due to standard fabrication techniques, many microchannels are not circular but
instead have a rectangular cross-sectional area with width w and height 4. The
solution for a rectangular channel is a bit more involved than a circular channel
because it is a two-dimensional, elliptic partial differential equation. Therefore,
integration cannot be used to solve directly for the velocity profile, but instead a
Fourier series expansion is used. Assuming steady, laminar, fully developed, and
incompressible flow leads to a reduced form of the Navier-Stokes equations.
Performing a Fourier series expansion and applying the no-slip boundary condi-
tions at each surface yield the equation for the velocity profile derived in full by
Bruus’ “Theoretical Microfluidics” [18].

Velocity profile (rectangular):

Mx‘(y7z):4h2£ Y l 1_M Sin (ﬂﬂz) (1311)
’ cosh (nm}y) h

In order to find an equation for the flow rate, we need to integrate the velocity

equation over the area of the channel. This results in a complicated solution, but we

are able to simplify this even further by assuming that our channel is going to be

very wide and flat where the width is much larger than the height (2 — 0) [18].
Flow rate (rectangular):

0~ PwAp
2L

[1 — 0.630q (13.12)
w
Flow in a microchannel can also be approximated as a 2D flow where we can model
the channel walls as two infinitely long parallel plates with a height, /, separating
them. In this instance, we have pressure-driven flow and consider the same assump-
tions. Flow is steady, incompressible, fully developed, and laminar, therefore
reducing the Navier-Stokes equations significantly and leaving a balance between
pressure and shear stress. Solving through integration and applying the no-slip
boundary condition [25] at the top (y = &) and bottom walls (y = 0), we can obtain
the equation for the velocity profile, flow rate, and pressure drop in the channel.
Velocity profile (parallel plate):

) =2 2[(2) - () (1313

Pressure drop (parallel plate):

dp Ap

_r_ 13.14
dx L (13.14)
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Flow rate (parallel plate):

1 Ap

Q=1L

(13.15)

Table 13.4 summarizes the results found by solving the Navier-Stokes equations for
a cylinder, rectangular, and parallel plate channel. The geometry of the system is
defined as well as the velocity profile, flow rate, and fluidic resistance equations.

13.2.3.3 Nondimensionalization and Stokes Flow

In order to gain a better understanding of the Navier-Stokes equation and deduce
which forces become important at the microscale, it is necessary to nondimen-
sionalize the equation. As with any engineering system, nondimensionalization
provides a method to gain a better intuition for what is happening in the system.
If viscous forces are large, how large are they? In relation to what? These are all
questions that can be answered by taking a nondimensional approach. To start our
nondimensionalization, we need to pick characteristic values in order to form the
correct dimensionless variables, which will be represented with an asterisk.

Here, we choose a length scale of / to nondimensionalize our spatial variables, a
characteristic velocity, U, to nondimensionalize our velocity terms and a time that
scales as velocity over distance (t* = #) We choose to use viscous pressure

(p* = ,%) instead of dynamic pressure (p = since, through our scale analysis,

P
pU?
we have determined that inertial forces will become negligible at small scales in
comparison to viscous forces which will dominate [27, 28]. For this reason, we also
assume that body forces such as gravity are negligible. If we were to choose
dynamic pressure and follow through with the nondimensionalization, the pressure
term will be eliminated from the equation. Yet we know that pressure does in fact
play a role at the microscale and this would result in an inaccurate solution.
Substituting these dimensionless variables into the Navier-Stokes equations and
simplifying gives the following equation:

%2 _,*

Re (a” + i V*ﬁ*) —— VP + V (13.16)

a *
The dimensionless number that is present, Re., is the channel Reynolds number and

is one of the most widely used parameters in the microfluidics field. The channel
Reynolds number is the ratio of inertial forces to viscous forces and is defined as

inertial forces _pUl l pUDy

Re. =
viscous forces 7 n

(13.17)
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where [ is the characteristic length and is usually defined as the hydraulic diameter
of the channel which is dependent on area, A, and perimeter, P (Dh = %A), when
analyzing fluid flow. Since microfluidic devices have relatively small diameters
(10-100 pm) and low velocities (1 pm/s—1 cm/s), the Reynolds number is typically
between 10~ and 1 for most devices, making the majority of flow laminar and
viscous dominated [29]. In this case, it is possible to simplify the governing
equation even further. Taking the limit of Reynolds number as it approaches zero
results in the following simplified momentum equations in three dimensions:

%2

0=— VP + Vi (13.18)

This is known as Stokes flow for low Reynolds number (Re. < 1). The governing
equation has been simplified greatly, eliminating the convective inertial term and
nonlinearity of the system. Typical boundary conditions are no-slip at the wall
interface, but nonlinearities may still be introduced through boundary conditions
and surface interactions found at small scales. If we were analyzing a nanofluidic
channel for instance, the slip boundary condition may need to be taken into account.

13.2.3.4 Dimensionless Parameters
13.2.3.4.1 Particle Reynolds Number

While channel Reynolds number is important when analyzing flow conditions that
occur in a microchannel, particle Reynolds number is a crucial dimensionless
number when analyzing particle dynamics in the channel. In many of the passive
and active separation techniques that will be discussed in the following sections,
particle Reynolds number defines the way forces influence motion of particles:

@ pua®

Re, = Re.— =
P ‘Dpr  nDy

(13.19)

Here a is particle radius, p is density, u; is fluid velocity, # is viscosity, and Dy, is the
hydraulic diameter of the channel. When Re, < 1, viscous forces dominate particle
motion whereas when Rep, >> 1, inertial forces dominate [30, 31]. The influence of
these inertial forces is discussed in Sect. 13.4.

13.2.3.4.2 Blockage Ratio

The size of the particle in relation to the channel dimensions will also play a role in
flow/particle interactions [30]:

k=2 (13.20)
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Here a is particle radius and Dy, is hydraulic diameter of the channel. This will again
have an influence on the migration of particles when both Reynolds numbers are
greater than one and inertial forces dominate flow.

13.2.3.4.3 Dean Number

Some microfluidic devices have Reynolds numbers close to or greater than one that
cannot be approximated using Stokes flow. This is a result of induced inertial
effects caused by certain channel geometries and flow conditions. If a microfluidic
device has a curved channel, where the radius of curvature (r) is larger than that of
the channel radius (R), fluid with a higher velocity in the center of the channel
will be carried to the outer wall due to an induced centrifugal force on the fluid.
Fluid at the walls, which is usually stagnant, will now recirculate inward to the
middle of the channel causing two symmetric vortices that rotate in opposite
directions to form. This secondary flow phenomenon is known as Dean flow. The
magnitude of Dean flow can be characterized by the dimensionless Dean number
which was first developed by Dean in 1928 [32] and investigated further by Berger
et al. in 1983 [33]:

D\ 2
De = Re.| — 13.21
= rec(3) (1321)

The Dean number depends on channel Reynolds number (Re.), hydraulic diameter
(Dy,), and radius of curvature (r). As the Dean number increases, the vortices will
shift their centers closer to the outside wall and a boundary layer will develop.
While this secondary force can help to increase mixing at the microscale, it can also
be tuned to separate heterogeneous populations of cells. Several examples of this
application are discussed in Sect. 13.3.1.3.

13.2.3.4.4 Péclet Number

Since most microfluidic devices have a low Reynolds number and Stokes flow is
applied, inertial forces are negligible and mixing is very difficult since diffusion
becomes the main method of transport. Mixing in a microfluidic device can require
very large time scales, which can be either desired or undesired depending on the
application. In the case of devices used for rapid detection of viruses such as HIV, it
is imperative that mixing of reagents and samples takes place in a timely manner.
The gold standard in detection, known as an ELISA (enzyme-linked immunoassay),
requires several mixing and washing steps. Therefore, in order for a microfluidic
device to be successful in detecting the virus, it must be capable of replicating some
of these steps. On the other hand, for devices whose main objective is to separate
rare cells, it is imperative to control mixing. Keeping subpopulations of cells



13 Mechanical and Electrical Principles for Separation of Rare Cells 267

separate is crucial to the success of the devices. One way to determine the amount
of mixing that will occur is to use the ratio of convection to diffusion [34], which is
described using the dimensionless Péclet number (Pe):

convection Uw

Pe=Siffusion ~ D (1322)

where width (w), velocity (U), and the diffusion coefficient (D) comprise the
equation. Since the Pe number depends on the diffusion coefficient of objects,
this alone can be used to separate cells of different sizes and diffusion constants.
According to Stokes-Einstein relation, the diffusion coefficient of a particle is
inversely proportional to its size

kT _1
D= - (13.23)
6rna a

where & is Boltzmann’s constant, T is temperature, 1 is dynamic viscosity, and a is
the radius of the particle. Therefore, since large objects typically have smaller
diffusion coefficients and diffuse slower than small objects, this phenomenon can
be used to separate cells of different sizes. In 1996, Brody et al. developed a simple
H-filter capable of separating molecules such as solute ions (¢ =0.1 nm) from
viruses (100 nm) and mammalian cells (10 pm) [35]. A small particle such as a
solute ion has a high Pe number characterized by a large diffusion coefficient and
small diameter, whereas a mammalian cell has a large Pe. This results in the small
particles diffusing to one side of the channel while the larger particles are restricted
to the opposite side. The mean square distance (width) the particles will travel in the
microchannel can be defined as

w = 2Dt (13.24)

where w is width, D is the diffusion coefficient of the particle in the media, and 7 is
the time it takes the particle to reach the other side. It is possible to determine the
time it takes particles to diffuse a certain distance using this equation:

5]

w
T 13.2
5 (13.25)

13.2.4 Particle Dynamics

Now that we have gone into detail about the fluid dynamics of the system, it is
important to look at what is happening to the cells as they are flowing down the
length of the channel. We will do so using a force balance analysis on a single cell
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in order to determine which forces dominate and how they play a role in separation.
For simplification purposes, a cell is assumed to take the shape of a sphere.
Realistically, many of the cells we are interested in separating, such as red blood
cells (RBCs) and cancer cells, are not spherical in shape and have the ability to
deform. In order to generalize the balance of forces for many different cases and to
simplify calculations, a sphere will be sufficient [27, 28]. The cell will be consid-
ered much smaller than the channel it is traveling in as a way to reduce any local
effects that may be induced in the overall flow. This is a realistic scenario since cells
typically have diameters of 8—10 pm whereas channel width and height are usually
100 pm. First, we will derive Stokes drag and expand from there.

13.2.4.1 Stokes Drag

If we revisit Stokes laws to describe a particle of radius a moving in a fluid, we can

solve for the radial and colatitudinal velocities, in spherical coordinates, analyti-

cally as demonstrated by Kirby’s “Micro- and Nanoscale Fluid Mechanics” [27].
Radial velocity:

3a 1d°
Mr:McCOSQ<1—§;+§r—3) (1326)
Colatitudinal velocity:
. 3a 1d°
Ug = —ucsm9<l _Z_Zr_3> (13.27)

where u. is the velocity of the cell and a is the radius of the cell. Following Kirby
[27] we can use these equations to calculate the pressure and viscous shear stress
associated with Stokes flow around a sphere.

Pressure:
3a
Ap = —hiey cos 6 (13.28)
Shear stress:
3
r= —E%nucsine (13.29)

These become important when we are attempting to calculate the total force of the
fluid on the sphere, which, in this case, is the drag force. In order to do so, we must
add all of the surface stresses and integrate over the area of the region. Therefore,
we add the normal stress (pressure) and tangential stress (shear stress) together and
integrate over the area of the sphere. Doing so results in the Stokes drag equation
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where u, is velocity of the cell, # is dynamic viscosity of the medium, and a is the
radius of the cell:

Firg = 6znau, (1330)

If the cell happens to be rotating in the fluid due to the application of external forces,
the drag due to the torque on the cell associated with its angular rotation, , is
defined as

T = 8zna’w (13.31)

13.2.4.2 Cell in Moving Fluid

Microfluidic devices used to separate rare cell types use continuous flow to their
advantage, capitalizing on the balance of forces that occur and manipulating them
until separation is achieved. Since we now know Stokes drag, we can use it to
determine the force balance on a cell as it is flowing in a microfluidic device,
whether the fluid is transporting it alone, as shown in Fig. 13.2, or under the
influence of an external force. Since the velocity of the fluid is carrying the cell
down the channel, the drag force the cell experiences will increase if cell acceler-
ation increases due to the application of an external force. Mechanical and electrical
forces such as inertial lift and dielectrophoresis (DEP) that cause this acceleration
to occur are discussed in depth in Sect. 13.4.

Uy ————»
c—)
a
Fq
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u—» Fo

Fig. 13.2 Balance of forces on a cell in viscous flow
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For now, we start with deriving the velocity of a cell under the influence of some
arbitrary external force using Newton’s second law as the foundation shown below:

d i

F:
mdt

(13.32)

Knowing that the cell will experience some drag as it is being carried with the fluid,
we need to define a suitable equation to describe the force. We can use the
following relation where ii. is the velocity of the cell and f is the friction factor
which is dependent on the shape of the cell under investigation. Taking into account
the fact that the cell will be moving at a different velocity () than the fluid (i),
our drag force is defined in terms of the relative velocity of the particle:

Fa = —f(iic — i) (13.33)

For the sake of simplification, we will assume that the cell is spherical and therefore
using Stokes law, we are able to define the friction factor as

f =6mna (13.34)

where again 7 is dynamic viscosity. Using these equations, we can expand New-
ton’s second law:

Fext_f(ﬁc_ ﬁf) =m (1335)

Dividing by mass and rearranging the equation yields a linear, first-order differen-
tial equation that can be easily solved by multiplying by an appropriate integrating
factor and integrating the equation. This gives us the velocity of the cell in terms of
the external force, drag force, and velocity of the fluid:

F
i, = ft + ﬁf(l - e—%’) (13.36)

With the equation above, we can see that the exponential term is due to the
acceleration of the cell under the applied external force and the time constant for
acceleration is defined as follows:

_m_pina

B 2pa*
f  6mpa 9y

(13.37)

For a typical cell, that has a diameter of 10 pm and the same density (p) and fluid
viscosity (1) as water, we can calculate the time constant for acceleration to be
0.02 ps. Therefore, for times that are much larger than the characteristic time for
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acceleration (7), we can take the limit of the velocity equation asz — 0 and find that
we are left with the terminal velocity of the cell, which is independent of time:

(13.38)

This means that the cell is no longer accelerating and has reached a constant
velocity. From Eq. (13.38), we see that this velocity is a combination of the fluid’s
velocity and the velocity caused by the external force. Therefore, since the charac-
teristic time constant for acceleration of a cell with a diameter of 10 pm
(r ~ 1078 s) is usually much smaller than what can be observed experimentally
(t ~ 0.03s) [36], the cell can be assumed to have reached its terminal velocity,
which may be approximated by Eq. (13.38) in any further modeling.

13.2.4.3 Gravity

The main external force that a cell experiences while suspended in a fluid is gravity.
It is possible to perform a force balance on the cell using Stokes’ law.

Figure 13.3 shows that gravity is pulling the cell down in the channel causing
sedimentation while the drag force is acting upwards against gravity. The force due
to gravity is described with the equation below:

Fg =Velp. — pr)g (13.39)

where the volume of the cell is denoted as V., g is the gravitational constant, p. is
the density of the cell, and py is the density of the fluid. When gravity is balanced
with drag force, the equation becomes

Fq
P+ A

Pc

<€

Fig. 13.3 Sedimentation of a cell in viscous flow
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[Hug = Velpe = pr)g (13.40)

where u, is the velocity of the cell due to gravity and f'is Stokes drag on the cell.
Substituting both the equation for volume of a sphere and Stokes drag (Eq. 13.30)
results in the final equation for velocity of a cell in a gravitational field:

2 a(p, -
ugzga(pcnpf)g (13.41)

13.2.4.4 Magnus Effect

In the analysis of the above situation, it was assumed that the cell in question was
simply translating in the flow and not rotating due to viscous effects. This is an ideal
case where Reynolds number is assumed zero and Stokes flow is applied, but this is
not always what occurs in actual flow. In microfluidic devices used to separate rare
cells, it is possible for these cells to experience rotation Re ~ 1 in the fluid flow as
shown in Fig. 13.4 [37].

This may drastically affect flow streamlines around the cell and as a result affect
the influence that drag force, pressure, and viscous shear stress have on cell motion.
During rotation, the no-slip condition still applies and causes the fluid on the surface
of the cell to move along with it, where instead of simply translating the fluid also
begins to rotate [38, 39]. On the top side of the cell, the fluid follows the rotation of
the cell because of the no-slip boundary condition, and begins to flow in the same
direction that the cell is rotating. On the bottom side of the cell, fluid continues to
flow downstream opposing the rotating flow at the top of the cell. This causes an

Uy ————p
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a
Fq
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Y
Uy —— Fq

Fig. 13.4 Rotation of a cell in viscous flow
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imbalance of pressures at the surface, therefore causing the flow of fluid on the
bottom of the cell to stagnate and the flow on top to curve downward along with the
cell. Due to Newton’s third law, a force equal and opposite is created in a direction
normal to the cell’s axis of rotation, therefore creating a lift force that pushes the
cell upward. This is known as the Magnus effect or Magnus force [40]:

Fag = dna’p[ @ x (iie — iif)] (13.42)

where w is the angular velocity of the cell, p; is the density of the fluid and other
constants are defined in Sect. 13.2.4.2.

13.2.4.5 Buoyancy Due to Thermal Effects

When applying an electric field to drive flow or separate cells from a heterogeneous
population using dielectrophoresis (DEP), thermal gradients may develop because
of joule heating in the channel, causing the density of the fluid to change as well.
This gradient in density results in a buoyant force on the cell causing lift:

o

Fo=ApiV.g = aT

V.ATg (13.43)

where T is temperature and g is the gravitational acceleration on the particle.
Buoyancy can usually be neglected in many mechanical separation techniques
due to the fact that heating is not generated in the device. In electrical separation
techniques, buoyancy is also usually neglected since DEP force dominates the
system, therefore minimizing the effect buoyancy has on the cell.

13.3 Mechanical Methods of Rare Cell Isolation

If we revisit the basic force balance on a cell found in Sect. 13.2, we can see that
there may be an external force acting on the cell as described in Sect. 13.2.4.2. In
terms of rare cell isolation, these forces may be passive or active. Passive forces are
inherent in the fluid flow as a consequence of channel geometry or cell behavior,
whereas active forces require the application of an external force such as an electric
field. Here, we present several examples of passive separation techniques that
involve mechanical forces acting on the particle. Specifically, inertia and secondary
Dean flow will be discussed.
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13.3.1 Inertial Forces

As discussed in Sect. 13.2.3.3, most devices have a Reynolds number much less
than one, but in the case of a channel with a width of 100 pm and fluid velocity of
1 cm/s, it is possible to have a Reynolds number of one. If channel dimensions or
fluid velocity happen to be larger, the Reynolds number can be greater than one,
allowing inertial effects to enter the equation. Inertial effects were first documented
and studied by Segré and Silberberg in 1961 [41]. In their investigation of laminar
flow in a cylindrical pipe, they found that spherical particles initially in a uniform
distribution, position themselves in an annulus ~0.6 times the radius of the pipe.
This phenomenon was coined the tubular pinch effect and the points where
particles migrated became known as the equilibrium positions. This was also
studied and characterized for channels with rectangular cross sections and it was
found that four equilibrium positions exist and are symmetric along the cross
section of the channel [42]. In order to explain this phenomenon, several studies
[30, 43—46] determined that this lateral migration of particles occurs due to inertial
lift forces acting on the particles in conjunction with Stokes drag. These inertial
forces are shown in Fig. 13.5. The wall repulsion force (F) is caused by the fact
that movement of the particle creates an axisymmetric vorticity wake distribution
which is disrupted by the presence of the nearby wall [39]. This induces a velocity,
which acts to push the particle away from the wall. The shear gradient lift force
(Fsp), due to the parabolic velocity profile, acts to push particles away from the
centerline.

These forces balance one another at certain locations in the channel, therefore
establishing an equilibrium. Channel geometry, particle size, and particle Reynolds
number can have a significant effect on how these inertial lift forces influence
the motion of the particle. Initially, studies indicated that as long as the blockage

Uy ————>»
Y

Fig. 13.5 Inertial lift forces on a cell
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ratio (x) and particle Reynolds number (Re,) were much less than one, the particle
will not influence flow conditions and lift force will be uniformly distributed along

the channel [30]. The lift force can then be described by F, = (pU]%a4 ) /H? where p

is the density of the fluid, U is the velocity of the fluid, a is the radius of the particle,
and H is the characteristic length of the channel. Di Carlo et al. [31, 47] further
investigated the lift force in confined flows and determined that depending on the
aspect ratio of the channel, particle position, and Reynolds number, the lift force
can vary. If the blockage ratio approaches one, the lift force may act on the particle
differently depending on its position in the channel. Near the wall, it can be
described as the following:

U 2.6
Fu =1L (13.44)
whereas at the centerline, it is described by
U 2.3
Fus :L)Hf = (13.45)

where f, is the dimensionless lift coefficient, which is dependent on distance from
the channel wall and channel Reynolds number [48]. A higher channel Reynolds
number, Re., was found to decrease lift force near the wall (Fr,, |) and increase lift
force near the centerline (Frs 7). Therefore, as Reynolds number increases, the
particles in the channel are pushed toward the walls even more.

Since aspect ratio of the channel, particle size, and the Reynolds number of the
channel can influence the lift forces that the particle experience, these parameters
can be varied in order to isolate and capture cells of interest [31, 48, 49]. Several
devices that apply inertial separation techniques are discussed in the following
sections.

13.3.1.1 Straight Microchannels

As aspect ratio (AR) becomes larger (f ~72 ), the number of equilibrium points
along the channel cross section will decrease due to the fact that the shear gradient
lift force is weakened. In a straight, rectangular cross section, particles will focus at
the center of the longer, side channels. Many researchers have taken advantage of
this phenomenon and used it to focus and subsequently separate cells of interest.
Since inertial lift force scales with particle radius, larger particles will migrate
faster than smaller particles to their respective equilibrium positions. Therefore,
larger cells will separate from smaller cells and can be collected using bifurcating
outlets. Bhagat et al. [50, 51] used this technique to design a microfluidic device
capable of continuously filtering 1.9 pm polystyrene beads from a mixture
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containing 590 nm polystyrene beads [50, 51]. Hur et al. [52] also successfully
filtered adrenal cortical progenitor cells from heterogeneous tissue samples using a
similar design.

Recently, Wang et al. [53] focused particles of different sizes into a single
stream and were able to perform on-chip flow cytometry at a throughput of
850 cells/s. The device consists of a low AR channel, which causes particles to
migrate to equilibrium positions at the center of the top and bottom channel walls.
This single channel is then bifurcated into two high AR channels with different
hydrodynamic resistances (Fig. 13.6a). This difference in channel resistance causes
the flow to separate asymmetrically in accordance with the resistance values and all
particles begin to trace the inner wall of channel one. Due to the high AR, after a
certain length, the particles no longer form two equilibrium positions, but migrate
to a single focal position at the center of the channel. Using numerical and
experimental techniques, the optimal resistance ratio (R;/R,) between the two
bifurcating channels and channel Reynolds number (Re. =40) were found.
A Reynolds number any lower than 40 would have resulted in a decrease of inertial
lift forces and any higher would result in more equilibrium positions, therefore
lowering efficiency of the device. Efficiency of separation with these optimized
parameters was ~99 %. Initially, fluorescent beads 15 pm in diameter were tested,
but the device proved to be effective on different sized beads and cells. Microbeads
with a > 15pm diameter obtained an efficiency >99 %, microbeads with a <10 pm
diameter obtained an efficiency of 55 %, and mouse fibroblasts (a~17 pm)
obtained an efficiency near 100 %. Incorporating flow cytometry into the device
using a laser to count cells downstream led to a relatively high throughput for both
beads (2200 beads/s) and fibroblasts (850 cells/s) at a flow rate of 0.15 mL/min.
Recovery rate was ~99 % although no post-separation analysis was performed to
confirm this. Although throughput for this device is higher than many microfluidic
separation techniques, it is still not comparable to gold standards such as
fluorescence-activated cell sorting (FACS). Inertial forces can also cause cell
lysis, potentially affecting the phenotype and gene expression of cells; yet this
was not investigated. Despite the high separation efficiency and relatively high
throughput, straight channels operate at a low flow rate and Reynolds number,
therefore limiting the amount of cells they can process at one time. The devices also
do not offer multiple stages of separation that may lead to a higher outlet purity than
is achieved in a single channel. These limitations have been resolved by combining
inertial focusing with microscale vortices, which is discussed in the next section.

13.3.1.2 Microscale Vortices

Designing symmetric side reservoirs along a straight, high AR channel induces the
formation of vortices and sheath flow (Fig. 13.6b). Due to the sharp expansion of
the channel width at each reservoir, the wall-induced lift force becomes small and
shear gradient dominates, pushing particles into the vortex. The lift velocity, Uy,
scales as the fluid velocity squared multiplied by the particle radius (Uga).
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Fig. 13.6 Inertial microfluidic devices for cell separation. (a) A single low-aspect-ratio channel is
bifurcated into two, high-aspect-ratio channels with different hydrodynamic resistances causing
cells to become focused along the inner wall (adapted from Ref. 53 with permission of The Royal
Society of Chemistry). (b) A continuous, multimodal separation device that uses microscale
vortices to trap cells of different sizes (adapted from Ref. 59 with permission of The Royal Society

of Chemistry)
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Therefore, larger particles migrate across streamlines faster and quickly become
entrained in the vortex and sheath flow, while small cells remain in the center
channel flow. Several researchers have used this technique to separate polystyrene
beads with diameters ranging from 6 to 20 pm [54], cancer cells from blood
[55, 56], and pleural effusions [57]. Despite successful separation at a relatively
high throughput, these devices had an average efficiency ~60 %, which is much
lower than conventional techniques. This may be because the trapping mechanism
is not continuous, therefore leading to a threshold number of cells and particles that
are allowed to stay entrained in the vortex. If this threshold number is exceeded,
cells may circulate out of the vortex and back into the main flow. Moreover, once
the entire sample is processed, and the important cells captured, the extraneous cells
need to be washed from the main channel before isolated cells are released. During
this process, isolated cells may leave the vortex and become washed out with the
main flow. As a result, continuous separation methods were developed to minimize
this loss of efficiency experienced during the washing step [58].

Recently Wang et al. [59] developed a microfluidic device which uses a
two-stage, continuous vortex design to enhance purity, resolution, and efficiency
of separation using only one inlet. The device consists of a straight, high AR
channel with symmetric reservoirs on each side of the channel (Fig. 13.6b). First,
polymer microspheres were used as a proof of concept to test the device at a
concentration of 4 x 10*per mL. These microspheres ranged in size from 10 to
27 um. Flow rate and resistance ratio between the side reservoirs and main channel
(r/R) were optimized using numerical and experimental techniques. The authors
found the optimal resistance ratio and flow rate to be /R =5.4 and 500 pL/min,
corresponding to a channel Reynolds number of 110. This led to a cutoff separation
diameter, a., for the particles of 14 pm. It was found that the cutoff diameter

has a sensitive relationship to both resistance ratio (ac ~ (r/R)z) and fluid

velocity (a. ~ Uy). Multimodal cascading is therefore more complicated than it
seems because resistance of the channels as well as inlet velocity must be
precisely balanced in order to optimize cutoff diameter. The authors investigated
how resistance ratios of different branches of the device affect particle separa-
tion. The upstream chamber (O1) has a resistance ratio (R;/R.) of 4 that is
capable of isolating particles with a diameter of 21 pm. The downstream
chamber has a resistance ratio (Rs3/R;) of 4.9 and separated particles with a
diameter of 11 pm. The second branch (O2) was then able to separate particles
in between the two ranges at 18.5 and 15 pm. The two-stage design allows for
higher separation efficiency. Not only does it prevent loss of cells during a
washing step, but also further refines the heterogeneous sample that is injected
into the device. Separation efficiency was found to be >90 % for particles with
a size difference of ~3 pm and >70 % for particles with a size difference of
1 pm.

Many of the devices mentioned above that are used to separate cells require long
channel lengths in order to see inertial forces have an effect on the cells in the fluid.
This is because both designs depend heavily on the resistance ratio of two channels,
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which is mainly controlled by their lengths. Therefore, in order to increase through-
put and efficiency, it is necessary to connect devices in series or parallel leading to
increased channel length and longer processing times.

In order to shorten this length and focus cells more quickly, researchers began to
curve their microchannels and capitalize on a secondary flow that resulted, known
as Dean flow, which is discussed in the next section.

13.3.1.3 Curved Microchannels

As mentioned briefly in Sect. 13.2.3.4, Dean flow occurs when a microchannel is
not straight, but instead has a curved geometry. Due to this curve in the geometry,
the flow experiences centrifugal effects causing fluid at the midline of the channel
cross section to travel outwards, while stagnant fluid at the top and bottom of the
channel travels inward, satisfying conservation of mass [32, 48, 60]. As a result,
counter-rotating vortices form in the fluid that act in conjunction with inertial lift
forces, changing the equilibrium positions of particles. The two dimensionless
numbers that characterize this secondary flow are the Dean number and curvature
ratio. In Sect. 13.2.3.4 the Dean number is defined as

12
De = Re, (%) (13.46)
r

where r is the radius of curvature, Dy, is the hydraulic diameter and the channel
Reynolds number (Re.) and curvature ratio (5 = %) affect how the secondary flow
will influence particle dynamics. Since Dean flow affects inertial forces that the
particles experience in the channel, it causes a drag force that is in the same
direction of the secondary flow. The Dean drag force can be defined as

2 2

pU2aDy,
Fp, ~ L= 13.47
D 2 ( )

where p is the density, u; is the flow velocity, a is the particle radius, Dy, is the
hydraulic diameter, and r is the radius of curvature. Particle position in the channel
is dependent upon the balance of inertial and Dean drag forces, which act in
superposition. If Dean drag (Fp,) is comparable to inertial lift (F7), these forces
have the ability to reduce the number of equilibrium position channel, therefore
ordering particles in the channel. If F'j,, is much larger than F , particles will simply
mix due to the dominant centrifugal motion. On the other hand, if F, is less than
Fy, only inertial forces will act on the particle. Therefore, in order to determine
which forces will affect the fluid and influence particle dynamics, it is important to
calculate the ratio of Dean drag and lift forces as defined by Matas et al. and later Di
Carlo et al. [48, 61]:
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Many research groups have capitalized on this phenomena using expansion/con-
traction designs [62—64] and spiral microchannels [65-70].

Reese et al. [71] recently demonstrated that combining straight and asymmetri-
cally curved microchannels in series provides quicker focusing and higher effi-
ciency. Single- and multi-stage device configurations were tested as a means to
increase sample purity and efficiency. The authors tested several device configura-
tions. The first to be tested was a straight, low AR channel with an expansion near
the outlet (a), second was a high AR asymmetrically curved channel followed by a
straight channel expansion (b), and third was a high AR straight channel followed
by a channel expansion (c) (Fig. 13.7a). Polystyrene beads with a diameter of
9.9 pm were injected into the devices at a concentration of 2 x 10° beads per
mL and velocity of 0.5 m/s (Rep = 1.5). As expected, in devices (a) and (c),
particles were focused at their equilibrium positions along the centers of the top
and side walls, respectively. At the channel expansion, particles in device
(a) became unfocused and occupied 20 % of the channel area. Device (b) performed
better with particles occupying about 5 % of the channel and device (c) performed
the best with particles only occupying 2 % of the channel area. This is because Dean
flow focuses the particles into a single stream that traces the inside wall of the
curvature. When particles exit into the expansion, the average fluid velocity
decreases, in turn also decreasing interparticle spacing. The fact that the asymmet-
rically curved channel reduced the number of equilibrium positions to one therefore
leads to better focusing in the expansion. Next, a four-stage device was tested to
determine if combining more focusing techniques in series would lead to an
increase in efficiency. As seen in Fig. 13.7b, a wide straight channel was followed
by a wide asymmetrically curved section, a straight high AR section, and finally a
channel expansion with three outlets for collection. Section 1 was used to focus
particles into two vertical equilibrium positions centered along the channel width.
Section 2 caused migration of the particles to one side of the microchannel and
section 3 functioned to space the particles and laterally align them before entering
the expansion. Outlets 1 and 2 served to collect the concentrated solution while the
remaining outlet collected any of the remaining bulk sample. Solutions from outlets
1 and 2 were re-injected into the device and processed three more times. By pass
number four, a 25-fold increase in the concentration of particles was reached and a
total of ~ 50 x 10° beads were collected.

While the device was successful in increasing concentration of particles with
each pass through the four stages, separation of different sized particles was not
investigated. This is a significant limitation in terms of rare cell isolation, but may
serve beneficial in other sample-handling processes such as washing steps that
require centrifugation for complete removal of reagents.
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Fig. 13.7 Four-stage curved device for cell focusing. (a) Three channel designs used to optimize
cell focusing (adapted from Ref. 71 with permission of The Royal Society of Chemistry). (b)
Schematic of entire device showing the optimized design (adapted from Ref. 71 with permission of
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13.4 Electrical Methods of Rare Cell Isolation

Dielectrophoresis (DEP) is the motion of a particle due to its polarization in a
nonuniform electric field. Using this technique, particles can be separated in
solution. Different types of cells in particular, but also DNA, and proteins, have
been separated via dielectrophoresis based on their intrinsic polarizability [72—
75]. The application of microfluidic chips has been useful in, as they have been
utilized to design systems with low Reynolds number regimes and high electric
field gradients. The high electric field gradients induce a dipole in the cell,
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dependent on its properties, and can be used to manipulate the cell through a
specific balance of fluidic and electric forces [76]. The DEP force that is exerted
on a cell depends on certain properties of that cell in an electric field, and can permit
users to sort cells and small particles by features such as malignancys, size, viability,
cell type, and other factors [77-81]. The application of microfluidic devices for
dielectrophoresis allows this technology to be easily and efficiently transferred into
low-cost medical devices [80].

13.4.1 Electrochemical Properties of Cells

The cellular environment has many different properties that can affect the polariz-
ability of a cell, thus leading to a unique electromechanical behavior that can act as
that cell’s signature. Cellular properties create an intrinsic polarizability of the cell
[73]. When the cell is placed under an electric field, free charges align to create a
dipole within the cell. Some properties of the cells that can influence this cellular
polarizability are amino acid content, interaction between charged areas of amino
acids and the water molecules around the cells, structure and rigidity of the lipid
bilayer membrane, as well as other factors [73, 82—84]. For more information on the
biophysics of cells, please see the review by Pethig and Kell, “The passive electrical
properties of biological systems: their significance in physiology, biophysics and
biotechnology” [82].

13.4.2 DEP Theory

DEP relies on an important property of cells—their intrinsic polarizability, which
allows them to induce an electric dipole in the presence of an electric field. When
this dipole is induced within the cell, a force of attraction or repulsion can form
between the cell and another cell, or between the cell and objects in the microfluidic
channel. These forces induced by dielectrophoresis have been derived in other
publications, such as in the review of dielectrophoretic theory by Pethig [73]. The
dielectrophoretic force is usually written as

Foep = 2nemr3Re[K(w)]V(|E|2) (13.49)

In this equation, &, is the permittivity of the medium, r is the radius of the particle
of interest, and K(w) is the Clausius-Mossotti factor as a function of ®, the angular
frequency of the electric field. The root mean square of the electric field is
represented by E. The Clausius-Mossotti factor is a constant throughout the electric
field, and is dependent on cell polarizability, medium polarizability, conductivity of
the medium, and frequency of the electric field. The gradient of the electric field is
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spatially dependent, and can be determined computationally for complex geome-
tries. The real part of the Clausius-Mossotti factor reduces to [73]

& —c
Re|lK = Re| *— 2 13.
e[K(w)] e L: ¥ 2621:| (13.50)

In this equation, € is the complex permittivity of the cell and €, is the complex
permittivity of the medium. In both cases, the complex permittivity is described by
€= e+ Z, with @ being the angular frequency of the applied electric field, and ¢
the conductivity of the medium [73].

Cells with different permittivities will have distinct values for Clausius-Mossotti
factor, leading to a difference in the force each cell feels within the chip at a given
frequency and local field gradient. This difference in forces is what permits
separation. In a microfluidic chip with laminar flow, the trapping force can either
act to attract or repel a cell or have very little influence on it. If the force on the cell
is not great, the cell will not deviate much from its streamline and will continue to
flow as if no electric field were applied. In the presence of a dielectric force, the cell
may stick to a part of the device or deviate from its normal streamline.

Frequency-dependent curves for the Clausius-Mossotti factor can have a shape
such as what is shown in Fig. 13.8. The differences between these curves allow for
differences in DEP forces felt by cells and variation of the cell pathway in a device.

13.4.2.1 Negative vs. Positive Dielectrophoresis

Depending on the applied frequency and the electrical properties of the cell and the
suspending medium, the DEP force can be either negative or positive. Negative
dielectrophoresis (nDEP) is when the cell experiences a repelling force from
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regions of higher electric field gradient. The electrodes within the channel push
away any cell with the appropriate polarizability given the frequency and voltage of
current applied in the channel. Conversely, positive dielectrophoresis (pDEP) is a
system in which the cells are attracted to regions with higher field gradients. While
negative dielectrophoresis is good for redirecting flow of cells based on their
polarizability, positive dielectrophoresis is good for cell trapping. However, cells
can be trapped or redirected with either method, depending on the force balance
between the drag on the particle and the dielectrophoresis forces.

In a proof of concept, researchers have designed negative dielectrophoresis traps
to immobilize cells on a chip [85]. Another group reported using negative dielectro-
phoretic design to pattern liver cells on a chip, by repelling cells from certain areas
of the chip and causing them to land in designated patterns [86]. Using a quadrupole
device, another group was able to determine blood type by localizing the crossover
frequency (where negative dielectrophoresis switches from positive dielectro-
phoresis) for a set of blood cells [87].

The magnitude of the dielectric force is a function of the medium permittivity,
cell permittivity, magnitude of the applied electric field, and cell radius. The
direction of the force exhibited on the cell, however, is a function only of the
electric field in the chip and whether positive or negative DEP is being exerted, and
thus can be determined independently of cellular properties, creating an effective
field of possible cell-chip interactions. An effective magnitude of force can be
developed by normalizing the cell-specific properties, such as the Clausius-
Mossotti factor, to the cell-dependent properties. While the magnitude of the
force depends on the properties of each individual cell type, the relative magnitude
of force in one region vs. another is independent of cellular properties. This
effective field of DEP forces is useful in determining chip design and predicting
trapping regions. The effective field is

F:V(E-E) (13.51)

For a derivation of this field, please see the paper by Sano et al. Multilayer
contactless dielectrophoresis: theoretical considerations [88].

13.4.2.2 Multi-Shell Model and Single-Shell Model for Measuring Cell
Permittivity

For theoretical calculations of cell polarizability, the cell can be approximated as a
set of concentric spherical shells as is shown in Fig. 13.9. These shells define the
properties of each layer of the cell and the topology of the related regions. For a
typical cell, one could estimate the outer membrane as one shell, the cytoplasm as
another, and the nucleus/nuclear envelope as a third. By reducing shells of similar
properties into effective shells, it is possible to condense the complex dielectric
factor describing the set of concentric rings into its simplified form. Usually the cell
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Fig. 13.9 Depiction of the multi-shell model

can be condensed to a single-shell model, taking an effective permittivity inside of
the cell. For more information, see Pethig’s review, Dielectrophoresis: An assess-
ment of its potential to aid the research and practice of drug discovery and
delivery [72].

13.4.2.3 Derivation of DEP Force

The DEP force is derived from the intrinsic polarizability of a cell, which can lead
to an induced dipole when it flows through a chip. To derive this DEP force from
the properties of a cell, we will first start with a dipole in an electric field as is shown
in Fig. 13.10. For more detail and mathematical guidance, please see Chap. 2 of
Electromechanics of Particles by Jones, Cambridge University Press [89].

The cell is not a perfect dipole, but the induced cellular dipole that forms in the
presence of the electric field can be estimated as a dipole with a small distance
between the two poles d. Because the electric field is nonuniform in the chip, due to
the presence of obstacles and other cells, we must consider the electric field at each
point independently, rather than making an assumption about the form of the field.
The force on a dipole is then

ﬁqu(7+ Ei) — gE(7) (13.52)

We will assume that we are measuring from a point 7, far away from the dipole.
This allows us to say that the distance between the two points in the dipole, d, is
very small in comparison to the distance from which we are measuring. This
assumption should be considered valid in a dielectrophoretic chip, as the internal
cellular dipole is smaller than the relation between that dipole and other features of
the chip. This assumption is made in order to simplify the nonuniform electric field.

Otherwise, the electric field would need to be considered separately at 7 and d+ 7.

We can make a Taylor expansion for E (F + 3) This becomes
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Fig. 13.10 Dipole in an

N
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E(7+ 3) = E(F)+ dVEF) + - (13.53)

Because we assumed that d < 7, we can neglect higher terms than VE (r) as they
will be very small. The force on the dipole then can be approximated as

Fom :qé(ﬂ 3) — gE(7P) = qdV E(7) (13.54)

This is known as the dielectrophoretic approximation. By definition, the dipole
moment, p, is p = qc?. Therefore,

Foee = pVE(F) (13.55)

gives the dielectrophoretic force in a chip [89].

13.4.2.4 Derivation of the Clausius-Mossotti Factor

This derivation also comes from Electromechanics of Particles by Jones
[89]. Please refer to the book for further information. For a small dipole, the
potential of the dipole is given by @:

q 7 _ 49 (i—i> (13.56)

dreiry  Amer—  4mep \ry r—

This considers that the point charges are separated by a distance 2r. In this case, the
permittivity constant, ¢y, is the permittivity of the medium, as we are considering
these point charges to be in the medium of the device. See Electromechanics of
Particles for more details. This equation for electric potential can be rewritten as a
Maclaurin expansion:
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In this expansion, Pi(cosf) is the first-order Legendre polynomial, which is
Pi(cos0) = cos@. Taking the first term of the Maclaurin expansion gives the
first-order approximation for the potential between two point charges (in this
case, the cellular dipole):

qd cosf
o~ — — 13.58
4reqr? ( )
As before, we know the dipole moment to be p = gd, which gives
pcos®
D~ 13.59
4re r? ( )

Again, here ¢; would be the permittivity of the medium around the two point
charges. We will keep this equation until a bit later. Now, we consider an insulating
sphere of radius R in a uniform electric field as is shown in Fig. 13.11. Assuming a
first order approximation, this can also be used to describe a lossless particle in a
medium, as the cell is not particularly conductive. Because the cell is much smaller
than the chip, we make the assumption that the electric field will be mostly uniform
when passing through the cell. The permittivity of the medium is taken to be ¢;, and
the permittivity of the cytoplasm is €.

Using Gauss’s law, we find the potential inside and outside the sphere. This gives

A 0
@ = —Eyr cos 6 + C(;S outside the sphere (13.60)

,
@, = —Brcos @ inside the sphere (13.61)
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The electric field is continuous at the boundary. The norm of the displacement flux
is also continuous at the boundary. Therefore, we must consider the boundary
conditions (at » = R) to be

@) = b, (13.62)

A

R

Solving for these two equations given the boundary conditions leaves us with a
system of equations that can be solved to get A and B. In this case, we find

€ — €

A=R*E)—B) =RE 13.64
(Eo — B) °6 126 (13.64)
361E0
= 13.65
€ + 2¢ ( )
If we plug these back into the equations for @, d,, we get
by = —Eorcosf+ X By 2= o0 outside the sph (13.66)
= —Eoprcos+— cos @ outside the sphere .
! 0 r2 0 € + 26] p
-3
D, = = +62161 Eorcos @ inside the sphere (13.67)

Outside the sphere, we have @1, but we also have the equation for two point charges
that we derived earlier, @ ~ ’;;:ff )
the linear term is referring to the uniform electric field rather than the induced

dipole. Doing so, we have

We can set the 1/r% terms equal to each other, as

pcosd R o —¢q
=—E
4reqr? 2 6+ 2¢

cos 6 (13.68)

We know that for a homogeneous dielectric sphere, p = 47e;KR*E; (see
Electromechanics of Particles, Chap. 2 for details) [84]. Plugging this in gives
€@ — €

K= 13.69
6 +2¢ ( )

This K is the Clausius-Mossotti factor for a lossless dielectric sphere in a medium.

13.4.3 Design of Cell Separation Devices

There have been many studies to show the use of dielectrophoresis to separate
P
cells in microfluidic channels. Remembering the DEP force, Fpgp =

2renr*Re[K ()] V (|E \2> , we see that in order to have any force between the cell
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and an object in the channel it is necessary to have a gradient of the electric field.
Cell separation can be done based on differences in cell radius and differences in
Clausius-Mossotti  factor between cells. The Clausius-Mossotti factor,

K(w) = :Ciz‘("r‘n, withe® = ¢ + 6/iw, is dependent on the permittivity of the medium,
conductivity of the medium, and angular frequency of the electric field, which is the
same for all cells in a device, and the permittivity of the cell, which can vary from
one cell type to another. For this reason, factors such as the strength of the electric
field, frequency of applied voltage, permittivity of the medium, and conductivity of
the medium can all be modified to amplify the ratio of forces between two types of
cells in suspension. However, as can be seen in Fig. 13.8, whether or not these two
particles can be separated is dependent on the permittivity, conductivity, and radius
of each cell type as well as the sensitivity of the device design.

Normally, a channel containing a design of electrodes and objects is fabricated,
and cells are streamed through the channel at a constant rate. Objects in the
channels create inhomogeneities in the electric field, which provide regions that
can interact with the cells and elicit a force that will cause them to move according
to their dielectric properties. Several of these types of dielectrophoretic mecha-
nisms are discussed here, including contactless dielectrophoresis, insulator-based
dielectrophoresis, and variations on these. Many different methods have been used
to harness the polarizability of cells and other small molecules for separation, and
this list is a small set of what has been done in this field.

13.4.3.1 Classical vs. Insulator-based Dielectrophoresis

Another method of defining dielectrophoresis is by contactless dielectrophoresis
(cDEP). Classical dielectrophoresis requires an interdigitated electrode array to be
in direct contact with the medium where the cells are, in order to affect the electric
field and create a gradient/inhomogeneity for the dielectrophoresis force to be felt.
In contrast, insulator-based dielectrophoresis (iDEP) uses insulating structures
within the chip to create inhomogeneities in the electric field needed to drive
DEP. iDEP has been widely used in a number of applications for cell separation.
In addition, the technique has been employed as a method of trapping protein as
well as DNA [90], as well as a method of separating membrane protein nanocrystals
from solution [79].

13.4.3.2 Contactless Dielectrophoresis

As opposed to classical DEP or iDEP, contactless dielectrophoresis (cDEP) uses an
insulating membrane to separate the cells/sample from the electrodes and deleteri-
ous electrochemical effects. Similar to iDEP, it utilizes inert insulating structures
within the chip to create inhomogeneities in the electric field. This method improves
cell viability by preventing direct contact with high-voltage sources [77, 88].
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13.5 Conclusion

This chapter outlined the theory and practical implementation of methods of rare
cell isolation using microfluidic and bioelectrical methodologies. The ability to
capture and isolate rare cells is an important step in the process of being able to
diagnose and treat cancer based on the presence of circulating tumor cells and other
rare cells of interest to provide early and personalized diagnosis. The development
of microfluidics and bioelectrical mechanics in recent years has provided a novel
toolbox that can be utilized to improve our ability to obtain study and utilize these
cells to improve patient outcomes.
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Chapter 14
Microfluidics for High-Throughput Cellular
Isolation and Analysis in Biomedicine

Caroline N. Jones and Joseph M. Martel-Foley

Abstract Rare or low-abundance cells in a much larger population of background
cells require extremely accurate as well as high-throughput selection and enumer-
ation for a variety of biomedical applications. Conventional bench-top techniques
have limited capabilities to isolate and analyze these rare cells because of their
generally low selectivity, significant sample loss, and limited ability for bulk
measurements in heterogeneous cell populations. Microfluidics has enabled facile
handling of minute sample volumes and massively parallel multiplexing capabili-
ties for high-throughput processing, making this platform excellent to deal with the
transport, isolation, and analysis of rare cells. We classify the microfluidic rare cell
isolation techniques based on the manner in which they achieve isolation through
taking advantage of differences in cell properties such as size, surface marker
expression, and behavior. In this chapter, we focus on recently published work
utilizing microfluidic isolation techniques for circulating tumor cells (CTCs),
immune cells, pathogens, and stem cells. We also cover methodologies for analyz-
ing rare cell phenotypes, including migration patterns, using microfluidic platforms
with integrated biosensors. Finally, we discuss future applications for microfluidic
technology in advancing human health and basic biological understanding of rare
cell types, such as CTCs.
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14.1 Introduction

Cell types with an abundance of less than 1000 in a milliliter sample are considered
as rare [1]. The importance of these rare cells has been shown for the diagnosis and
prognosis of many cancers, prenatal diagnosis, and diagnosis of viral infections as
well as other various applications [2]. Typical rare cells in blood samples are
circulating tumor cells (CTCs), subpopulations of immune cells, circulating fetal
cells, stem cells [3], cells infected by a virus or parasite [4], or blood-borne
pathogens [5]. Recent rapid advances in microfluidics provide robust solutions to
the challenges associated with the isolation, enrichment, and analysis of these
important clinical targets.

Rare cells can be isolated from a large background population of other cell types
based on one or several unique properties including size, surface marker expression,
and/or behavior. A typical microfluidic device consists of a microchannel network
integrated with various sensors and actuators with typical channel dimensions on
the order of hundreds of micrometers, while the size of cells ranges from several
to tens of micrometers. This similar size scale allows for precise control of
the interactions between cells, the fluid flow, and the microchannel geometry.
The small size of microfluidic devices also allows for the implementation of new
protocols such as single-cell analyses, which were not possible previously with
macroscale techniques, shedding light on the importance of sample heterogeneity
and rare cells. Another advantage of microfluidic devices is that they can provide
highly precise processing of complex cellular fluids, with minimal damage to
sensitive cell populations due to shear forces [6], and do not require cell fixation
[7]. This allows for culture and analysis of live rare cells after isolation, which will
be discussed in the second portion of this chapter.

Microfluidics for rare cell isolation is becoming more common in the clinic,
including the enrichment of CTCs [8], hematopoietic stem cells (HSCs), and
circulating fetal cells (CFCs) from blood [9]. Meanwhile, the growing interest in
personalized medicine [10], in which treatments are tailored to the prognoses of
patients, is further driving the demand for rapid and high-performance microfluidic
platforms [11]. In the future, CTCs from a patient could be cultured and expanded
for chemotherapy drug screening efficacy purposes. The up-front cost of such
individualized methods utilizing microfluidics would be offset by elimination of
months of costly, ineffective treatments.

Several parameters can be used to evaluate the performance of a microfluidic
device for rare cell isolation, namely efficiency, purity, and viability. The efficiency
is typically presented either as the recovery rate or yield, which is the ratio between
the number of isolated cells at the exit of the device over the number of known
targeted cells introduced at the inlet or enrichment, which is the ratio of the
volumetric concentration of the isolated cells in the device with respect to the
original supplied sample. Thus, the efficiency can only be determined in experi-
ments with spiked cell samples where the input numbers are known quantities. The
purity is defined as the ratio of isolated target cells with respect to the total number
of collected cells in the output. Finally, viability is the percentage of cells surviving
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Fig. 14.1 Circulating tumor cells contribute to metastasis. Tumor cells that acquire invasive
abilities may shed from the primary tumor. Some of them undergo an epithelial-to-mesenchymal
transition (EMT), while others stay in an epithelial state. When they enter blood vessels and
circulate with normal blood cells, they are considered circulating tumor cells (CTCs). CTCs can
escape blood vessels through a process called extravasation and proliferate within distant tissues
(like bone marrow) forming dormant microtumors or metastases. Cells in these dormant
microtumors or metastases can also shed cancerous cells into blood vessels to form further
metastases, and some cells in dormant microtumors may break away from dormancy and escape
from immunosurveillance to form distant metastases. All these metastases may eventually grow
into overt metastases and harm patient health. Reproduced with permission from [13]

(cell membrane intact or metabolically functioning) the isolation process with
respect to the total number of target cells.

In this chapter, we first focus on current literature describing microfluidics
engineered for the isolation of CTCs, as this has been a core motivation for much
of the technology development for rare cell isolation. CTCs are shed by metastatic
tumors into the blood and have generated much recent interest as the occurrence of
metastasis is strongly associated with adverse patient outcomes. However, CTCs
are extremely rare, intermixed with blood cells at concentrations of approximately
one per billion in clinical samples [12] (Fig. 14.1). The ultimate goal is to efficiently
isolate this rare population of cells in a viable and intact state and with high purity
from the vast number of surrounding blood cells, a formidable technological
challenge. This “liquid biopsy” will allow physicians to diagnose and monitor a
patient’s disease state without invasive surgery and enable personalized cancer
treatments [12].

We describe several rare cell isolation microfluidic techniques based on cell
properties—size, surface marker expression, and phenotype (Table 14.1). We then
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provide examples of microfluidic devices for isolating other rare cell types such as

subpopulations of immune cells, pathogens, and stem cells from a variety of bodily

samples. Finally, we discuss how single-cell measurements of rare cell phenotypes

post-isolation can enable better understanding of cancer metastases or dysregulation

of immune cell function leading to sepsis or susceptibility to infectious diseases.
Microfluidic Isolation Techniques Based on Cell Properties

14.2 Immunochemical Signature: Specific
Antibodies or Aptamers

One of the most popular means of differentiating CTCs from normal blood cells is
through unique surface markers. These unique markers are used in three main
modalities for isolating cells in microfluidic devices: fluorescence-activated cell
sorting (FACS), magnetic activated cell sorting (MACS), and surface capture.
FACS is similar to the well-known field of flow cytometry where microfluidics
provides an improved sensitivity with fluorescence surface marker staining. MACS
has also seen improvements with sensitivity as compared to bulk separations when
translated to microfluidics. In MACS, magnetic beads are targeted to the cancer
cells and then passed through a magnetic field where labeled and unlabeled cells
can be separated. Surface capture technologies take advantage of well-controlled
microflows (Fig. 14.2) in which cells interact with surfaces coated with a comple-
mentary antibody or aptamer that will cause targeted cells to arrest on a surface
while nontarget cells continue to flow without sticking.

For tumors of epithelial origin, EpCAM is used as a targeting moiety. While this
is useful, it has been shown that there are cases where EpCAM expression of CTCs
can be low and even change dynamically. Other surface targets for isolation are
epidermal growth factor receptor (EGFR) [42—44], human epidermal growth factor
receptor 2 (HER?2) [43], prostate-specific membrane antigen (PSMA) [16], and cell
surface vimentin (CSV) [45, 46].

The adhesion force between a cell and a surface labeled with antibodies is
proportional to the capturing surface area and the contact area with the cell. The
proportionality factor is the bond strength between a single antigen—antibody
complex [47]. The adhesion force needs to balance the drag force of the flow.
Thus, an upper limit for the flow rate and the throughput can be estimated for
isolation based on this affinity. The shear stress needed to overcome this cell
adhesion is on the order of few millipascals. Microfluidic isolation methods based
on the immunochemical signature are further subcategorized as either positive or
negative isolation. In positive isolation, the target cells are captured and remain
inside the microfluidic device. In negative isolation, all the other cell types are
captured or filtered inside the device allowing only the intact target cells to proceed
to the exit. The most widely used CTC isolation techniques rely on antibody-based
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Fig. 14.2 Separation by deterministic lateral displacement. An array of microposts with a row
shift fraction of one-third is used to sort small particles (green dotted line) from large ones (red
dotted line). Depending on particle’s size, it will follow either one of the three streamlines (purple,
blue, or green). Dashed lines represent the critical streamline delimiting the particles’ paths. The
posts can be coated with capture moieties (e.g., antibodies, aptamers) specific to the rare cell type

of interest. Reproduced with permission from Davis et al. [41]. Copyright © (2006) National
Academy of Sciences, USA
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capture of CTCs, which express epithelial cell surface markers that are absent from
normal leukocytes. An established biomarker for CTCs is EpCAM, which is
expressed by cells of epithelial origin but lacking in blood cells.

Mehmet Toner’s group at the BioMEMS Resource Center at Massachusetts
General Hospital developed several generations of microfluidic platforms for
single-step 1isolation of CTCs from unprocessed blood specimens [14, 48,
49]. The first-generation CTC-chip is a silicon chamber etched with 78,000
microposts that are coated with an anti-EpCAM antibody. As 2—4 mL of whole
blood flows through the chip, flow kinetics have been optimized for minimal shear
stress on cells while enhancing contacts with the antibody-coated microposts.
Captured CTCs attached to microposts are visualized by staining with antibodies
against cytokeratin or tissue-specific markers. For CTC enumeration, the entire
device is imaged at multiple planes using a semiautomated imaging system while
on-chip lysis allows for DNA and RNA extraction and molecular analyses. The
CTC-chip enables a high yield of capture (median, 50 CTCs per milliliter) and
purity (ranging from 0.1 to 50 %). This microfluidic platform enables gentle
one-step microfluidic processing, which is critical when purifying rare delicate
cell populations [14]. Several other micropost-based capture chips have been
developed including the geometrically enhanced differential immunocapture
(GEDI) device developed at Cornell University (Fig. 14.3) [17] and a radially
based flow design for improved throughput [15].
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Fig. 14.3 GEDI microfluidic device—results in cell lines recapitulate simulations.
(a) Microfluidic obstacle array with array geometric parameters. A = obstacle offset. Pathlines
(various colors) denote trajectories of cells of different diameters. Obstacle array spacing and
orientation parameters are also defined. Right: The rate of cell-wall collisions for cells traveling
through the array is a strong function of the offset parameter of the array; the GEDI design
methodology implies use of an offset parameter that leads to size-dependent collision rates.
The results predicted for the flow through of the geometry at /eft are shown at right by the solid
line; the four specific cell sizes lead to results denoted by the four colored dots on this graph.
Other geometric arrangements lead to different results, shown at right in the dotted and dashed
lines. (b) Straight arrays or arrays with small offsets (gold boxes) lead to lower capture efficiency
(left) and size independence (right). Carefully chosen offsets (magenta boxes) lead to high capture
rates (left) and size dependence (right). Capture rates at left compare GEDI (7 pm offset) and
straight (no offset) geometry performance as measured by LNCaP capture efficiency on J591-
functionalized devices. Rates at right describe simulated collision rates in these geometries. Both
experimental results have the same surface-area-to-volume ratio. (¢) Devices with the same
surface area-to-volume ratio give vastly different results: straight arrays lead to collisions that
decrease as the blood travels through the device; GEDI arrays lead to collisions that increase with
travel through the device. Figure reproduced with permission from Kirby et al. [17]

A second-generation CTC-chip, the “herringbone chip,” was engineered to
further increase the number of cell-surface interactions by producing micro-
vortices in the anti-EpCAM antibody-coated channel. The herringbone chip is
fabricated by two-layer photolithography so that a herringbone pattern is present
on the upper surface of the chip. In comparison with a conventional flat-walled
microfluidic device, the herringbone-induced micro-vortices disrupt the laminar
flow streamline in which cells travel, causing them to shift. The herringbone mixer
generates transverse flows by a steady axial pressure gradient induced by diagonal
ridges along one of the channel walls. This results in a steady chaotic flow where
stretching and folding proceed exponentially with travelled distance; hence effec-
tive mixing is achieved. Using this device, prostate cancer cells were isolated with
the high recovery rate of 91.8 £5.2 %, and 386 4+ 238 CTCs/mL were separated
from 93 % of metastatic prostate cancer patients (Fig. 14.4).
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Fig. 14.4 The herringbone chip. (a) The HB-chip consists of a microfluidic array of channels with
a single inlet and exit. /nset illustrates the uniform blood flow through the device. (b) A
micrograph of the grooved surface illustrates the asymmetry and periodicity of the herringbone
grooves. Cartoon illustrating the cell-surface interactions in (c¢) the HB-chip, and (d) a traditional
flat-walled microfluidic device. Flow visualization studies using two paired streams of the same
viscosity (one stream is green, the other clear) demonstrate (e) the chaotic micro-vortices gener-
ated by the herringbone grooves, and the lack of mixing in (f) traditional flat-walled devices.
Figure reproduced with permission from Stott et al. [18]

Another advantage of the herringbone chip is that it preserves multicellular
aggregates unlike the micropost chip, in which tight distances between the
microposts presumably prevent the passage of large cellular clusters. Interestingly,
when stained with hematoxylin and eosin, most CTC clusters have an increased
staining intensity relative to individual CTCs, suggesting less autolysis and protec-
tion from the environment within the CTC clusters (Fig. 14.5).

The clinical relevance of CTC clusters versus single CTCs within the circulation
and their potential implications for metastatic spread warrant further investigation
and will be discussed in future sections of this chapter.

Releasing captured tumor cells from the device surface for subsequent molecular
analysis or cell culture is also an important and challenging step. The strong adhesion
forces between cells and antibody-functionalized surfaces need to be overcome to
detach cells. Methods like thermodynamic release, electrochemical desorption, and
proteolytic enzyme degradation have been used to achieve this. However, these
require either elaborate design of sensors or specific enzymes that target cell
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Upper focus Lower focus

Fig. 14.5 CTC clusters captured from lung cancer patients’ blood using an anti-EpCAM-coated
HB-chip. (a, b) Fluorescent micrographs of cytokeratin 7/8 (CK; green)-, CD45 (red)-, and DAPI
(blue)-stained CTC clusters taken at different focal planes and corresponding hematoxylin and
eosin (H&E) stains are shown. Bars, 10 pm. Figure reproduced with permission from Stott et al. [18]

receptors and/or antibodies [50]. In addition, the spreading and flatness of captured
cells on the surface lead to an extremely high threshold to detachment force, which
must be exceeded in order to completely elute captured cells from the surfaces.

Wan et al. have shown that anti-EGFR aptamer-grafted glass bead arrays can
recognize and capture hGBM cells that overexpress EGFR, which is an important
biomarker. The device flow through velocity of 1 mL/h gives a single-pass capture
of tumor cells. The cells are detached from the glass beads for further analysis using
an antisense release oligonucleotide which increases the recovery of tumor cells to
92 % [51]. Microfluidic FACS is another more traditional manner in which to take
advantage of unique surface markers on CTCs and tagging them with fluorescent
probes in order to distinguish CTCs from normal cells.

CellSearch, the only US Food and Drug Administration (FDA)-cleared CTC
isolation method for prognostic use to date, uses an epithelial cell adhesion mole-
cule (EpCAM)-dependent immunomagnetic enrichment method commercialized
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by Veridex [52, 53]. This successful bulk method relies on the attachment of
magnetic microbeads to the target cells and then using an external magnetic field
to wash away nontarget cells. Using microfluidics can assist in the more uniform
treatment of individual cells as well as improved sensitivity for cells with fewer
attached magnetic beads.

14.3 Isolation Based on Hydrodynamic Signatures

Isolation of rare cells can take advantage of the difference in their physical
properties (size, deformability, density, etc.), which are independent of their bio-
chemical surface markers. Cell separation techniques based on physical properties
share some common advantages. First of all, the approach is label free; these
separation methods only rely on the physical properties of the cells, requiring no
immunostaining or antibody labeling. Expensive chemical reagents are not needed,
decreasing the sample preparation time as well as the risk of cell damage. Second, a
high sorting throughput is possible for cell separation based on physical character-
istics. With a proper design, this separation method is able to handle a large amount
of cellular samples in a short time. Although not absolute, several physical prop-
erties distinguish CTCs from most normal blood cells. These include the larger size
of most epithelial cells and differences in density, charge, and migratory
properties [12].

One of the older techniques used for CTC isolation uses microporous filters to
trap larger cells. This procedure known as isolation by size of epithelial tumor cells
or ISET is widely used for the isolation of CTCs with 8§ pm pores. Several other
groups of researchers have used more engineered systems of micropores as well
[54, 55].

Inertial forces can result in the induced migration of cells or particles across
streamlines in laminar flow streams. Typically, inertial forces emanate from bound-
ary effects of fluid flow adjacent to the walls of a microfluidic channel, causing lift.
Inertial focusing in curved channels refers to a subset of distinct phenomenological
techniques for cell fractionation, which includes the use of serpentine or Archime-
dean spiral patterns for cell ordering and sorting [56] (Fig. 14.6). Di Carlo
et al. demonstrated that cells could be differentially focused and sorted based on
size under laminar flow using a serpentine pattern [57]. A major benefit of this
system is its high throughput (e.g., 1.5 mL/min) without sheath flow or sequential
cell manipulation, which is useful for processing native biological fluids and flow
cytometry [58, 59].

The Toner research group has also developed a new technology called “cluster-
chip” to analyze CTC clusters of 2—19 cells in a group of patients with metastatic
breast, prostate, and melanoma cancers (Fig. 14.7). The cluster-chip captures CTC
clusters by relying on the strength of cell-cell junctions as clusters flow at physi-
ological speed through a set of triangular pillars without relying on labeling or
surface markers of the cells. Three pillars make up the basic unit of the chip; two
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Fig. 14.6 Device characterization using hematological cells and cancer cell lines at Dean
cycle 1 (DC 1). (a) Averaged composite images and intensity plot illustrate broadening
RBC-occupied regions (red dashed line) for increasing hematocrit prior to outlet bifurcation.
Yellow dotted lines indicate position of channel walls. (b) Line scan indicating lateral positions of
leukocytes near the outlet at DC 1. The larger leukocytes behaved similar to RBCs and were
transposed to outer half of the channel under the influence of Dean drag forces, resulting in
minimal leukocytes entering the CTC outlet (150 pm width). (¢) Average composite images
representing the focusing position of MCF-7 cells at corresponding locations of the spiral channel.
Scale bar is 1 cm. (d) Histogram plot indicating a high separation efficiency of >85 % for different
cancer cell lines tested. (e) Images of sorted MCF-7 clusters stained with anti-EpCAM antibodies
(red) and Hoechst dye (blue) to identify the cell membrane and nucleus, respectively. Scale bar is
100 pm. Reproduced with permission from Hou et al. [31]

form a narrowing channel that funnels the cells into an opening, where the edge of
the third pillar is positioned to bifurcate the laminar flow. As blood flows, single
blood and tumor cells divert to one of the two streamlines at the bifurcation and pass
through the 12 pm x 100 pm opening. In contrast, CTC clusters are held at the edge
of the bifurcating pillar, even if they are deformable enough to squeeze through either
one of the openings. This is because the bifurcating edge retains the captured cluster
in both streamlines simultaneously under a dynamic force balance—cell-cell junc-
tions support a stable equilibrium (not possible for a single cell) across the bifurcating
pillar, which serves as a fulcrum. The three-pillar unit is repeated in multiple rows for
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Fig. 14.7 Capture of CTC clusters from blood samples of patients with metastatic cancer. (a)
Image of a working cluster-chip. Blood from a single inlet is uniformly distributed over 4096
parallel trapping paths and then collected at a single outlet. Close up (inset) shows a CTC cluster-
trapping region with part of the microfluidic distribution and collection networks. The size of the
glass slide is 3 in. x 1.5 in. (b) Representative images of three CTC clusters isolated from patients
with metastatic breast cancer. Left, bright-field and fluorescence images of a live CTC cluster
stained for common breast cancer surface markers. Center, SEM micrograph of a fixed CTC
cluster. Inset is ~2.1 x magnified. Right, fluorescence image of a highly deformable CTC cluster
stained for cytokeratin. Note that this CTC cluster is not split but is highly strained even under slow
flow in the cluster-chip [35]

redundancy (Fig. 14.7b and c). To ensure that CTC clusters do not dissociate, the chip
is optimized to handle cellular aggregates with flow speeds (and therefore shear
forces) well below those found in human capillaries. The peak flow speed of ~70 pm/
s at the bifurcation is much lower than that of existing microfluidic and filter-based
CTC isolation technologies. Yet the chip can interrogate clinical blood specimens at
arate of 2.5 mL/h owing to its highly parallel architecture.

In addition to cell size and clustering, it is also possible to isolate cancer cells
based upon their mechanical properties, exploiting a difference in stiffness between
cancer and blood cells. Using inertial focusing, researchers were able to classify and
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separate several cell lines from RBC lysed blood based upon a difference in
equilibrium position caused by the different stiffnesses of cells. This label-free
technique achieved a 96-97 % yield for modMCF7s and SAOS-2 from RBC lysed
blood samples but had a purity of about 4 %. The researchers also noted a difference
in equilibrium position between benign MCF7s and malignant modMCF7s [36].

14.4 Multi-Method Integration for Enrichment
of Rare Cells

Both immunochemical and physical property techniques have been proven to
accomplish rare cell isolation, however, it is important to note that each makes
assumptions about the target population. In the case of immunochemical isolation
the assumption is that we know a priori what targets are on CTCs and that all CTCs
express a similar level of that surface marker. Due to the rareness, heterogeneity,
and vulnerability of CTCs, it is still challenging for any of these methods alone to
achieve all the goals at the same time with satisfactory results. For example, the
EpCAM antibody-based methods may miss EpCAM-negative CTCs due to the
varied expression levels of ligands on CTCs [42]. For physical properties we
assume that all CTCs are larger or more deformable than other cells. As such,
combinations of technologies both for positive selection and negative selection
have been developed.

One means of circumventing the low yield of either a surface marker-based or
size-based selection method is to use both sequentially on the same sample. This
addition of technologies (EpCAM-based positive selection, then size-based positive
selection microfilter) has been shown to mitigate some of the losses associated with
variable size and EpCAM expression. So while for high-expressing cells the
increase in overall yield of spiked cell lines was minimal (from 87 to 89 %),
the increase in yield for a low-expressing cell line T24 was greater (2 to 61 %)
[40]. A similar approach was taken using magnetic particles coated with anti-CD45
for depleting leukocyte prior to size-based filtration. This part negative, part
positive depletion technique yielded ~91 % of spiked MCF7s and H1975 cells
with an average white blood cell depletion of 2.3 log at a rate of 60 mL of whole
blood per hour [39].

The CTC-iChip uses an integrated set of devices including deterministic lateral
displacement, inertial focusing, and magnetophoresis to sort up to 107 cells/s. The
CTC-iChip is able to operate in both positive and negative selection modalities as a
function of the antibodies used on the magnetic beads (positive: anti-EpCAM,
negative: anti-CD45). In positive selection mode the yield is dependent upon the
EpCAM expression levels of the individual cancer cells leading to a yield of 97 %
for highly EpCAM-expressing SKBR3 cells and a depletion of white blood cells of
3.8-log [37]. By using two-stage magnetophoresis and depletion antibodies against
leukocytes, the same performance was achieved (3.8-log depletion of white blood
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Fig. 14.8 The CTC-iChip: The CTC-iChip is composed of two separate microfluidic devices that
house three different microfluidic components engineered for inline operation: DLD to remove
nucleated cells from whole blood by size-based deflection by using a specially designed array of
posts performed in CTC-iChipl, inertial focusing to line up cells to prepare for precise magnetic
separation and magnetophoresis for sensitive separation of bead-labeled WBCs and unlabeled
CTCs, which are performed in CTC-iChip2. PLTs platelets. Reproduced with permission from
Karabacak et al. [38]

cells and a 97 % yield of rare cells) in negative selection mode with a sample
processing rate of 8 mL of whole blood/h (Fig. 14.8) [38].

EpCAM-expressing circulating tumor cells, detected by CellSearch, are predic-
tive of short survival in several cancers and may serve as a liquid biopsy to guide
therapy. De Witt et al. have also investigated the presence of EpCAM+ CTC
detected by CellSearch and EpCAM— CTC discarded by CellSearch, after
EpCAM-based enrichment. EpCAM— CTCs were identified by filtration and fluo-
rescent labeling. The majority of spiked EpCAM+ cells could be detected with
CellSearch, whereas most spiked cells with EpCAMlow or EpCAM— expression
were detected using filtration. Five or more CTCs were detected in 15 % of the
patient samples; this increased to 41 % when adding the CTC detected in the
discarded blood. In that pilot study, the presence of EpCAM+ CTC was associated
with poor outcome, whereas the EpCAM— CTCs were not [60].

Other Applications of Rare Cell Isolation and Analysis
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14.5 Immune Cells or Infected Cells

In clinical diagnostics, analysis of blood cellular components can yield information
about disease state and progression, as well as patient response to treatment
[61]. Microfluidic platforms have been developed for the isolation of platelets,
erythrocytes, leukocytes [62, 63], lymphocytes [64], and B-cells [65]. Leukocytes
make up 0.1-0.2 % of all blood cells (4.1-10.9 x 10° cells/mL) and therefore
rapidly isolating these cells from erythrocytes (93-96 % of blood cells) and
platelets (4—7 % of blood cells) presents a challenge. Neutrophils are the most
abundant leukocyte cell type (30-80 %) and have key roles in modulating the
immune response. In a clinical setting, the peripheral blood is an easily accessible
tissue, and there is great interest in using leukocyte transcript profiling to under-
stand disease processes [66]. Kotz et al. designed a microfluidic device to capture
neutrophils directly from 150 pl of whole blood using a CD66b-specific antibody
(Fig. 14.9). This capture antibody is specific to all polymorphonuclear leukocytes
bearing carcinoembryonic antigen-related cell adhesion molecule-8, an adhesion
molecule expressed on neutrophils and eosinophils. With this robust methodology,
they were able to discriminate temporal transcriptional events of neutrophils within
a clinical setting.

F - a A -

Fig. 14.9 Rapid purification microfluidic systems to isolate neutrophils from whole blood.
Microfluidic device to purify neutrophils within minutes using antibody-based capture for subse-
quent diagnostic or research analysis. The microfluidic device is shown at the upper left with
stained neutrophils that have been sorted from whole blood below (scale bar 520 mm); an
illustration of the neutrophils captured within the microchannels by antibodies (zoomed view in
inset) is also shown [67]
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Although bulk populations of immune cells are not considered “rare” there is an
increased interest in the ability to isolate and profile phenotypes of rare subpopu-
lations of immune cells from whole blood to reveal the hidden variation in these
cells. Individual cells behave differently from the average of many cells types, so
the isolation and profiling of individual cells using microfluidics is advantageous in
clinical and basic scientific research [68]. Research utilizing isolated single cells in
sealed microfluidic chambers shows that less than 1 % of the population of cells,
termed precocious cells, initiated the entire population response of the immune
system. In the future, microfluidics can be used to isolate and detect this rare
population of cells.

14.6 Pathogens

Standard diagnostic methods for typical bacterial infections involve several sequen-
tial growth steps followed by biochemical assays to identify the species and
antibiotic susceptibility patterns [69], requiring 48—72 h. This lag time leads to
excessive up-front use of broad-spectrum antibiotics or incorrect antibiotic admin-
istration due to resistant bacteria. Microfluidics has the advantages of reduced
sample consumption, high analysis speed, and improved sensitivity compared
with conventional analytical techniques, so this technology was suitable for rapid
detection of pathogens.

Rapid sepsis diagnosis requires development of methods to identify rare patho-
gen cells in small samples of human blood. Magnetic beads functionalized with
pathogen-binding ligands have been used to rapidly isolate microbes from blood;
however, it is commonly difficult to optically detect the captured species because
the excess numbers of beads required for pathogen binding physically interfere with
light transmission after they have been concentrated. Inger’s group has recently
published on a microfluidic device to carry out magnetic isolation and optical
detection of rare blood pathogens is to add ligand-coated magnetic beads to blood
that bind specifically to pathogens, and to isolate the bound beads from the blood
when flowing through a microfluidic channel using an external magnet to pull the
beads up to the ceiling of the channel (Fig. 14.10).

Hou et al. utilize inertial microfluidics to directly determine pathogen identity
and antibiotic susceptibility with hybridization-based RNA detection [71]. Using
the same principle of Dean flow fractionation that was previously used to isolate
CTCs, bacteria are separated from host blood cells. This label-free separation
method has an efficient recovery of even low-abundance bacteria (<1 pm), which
are significantly smaller than CTCs (~10-20 pm). A sheath flow at the inlet to
“pinch” the bacteria-containing sample demonstrated well-controlled Dean migra-
tion of bacteria towards the outer wall to achieve efficient bacteria recovery, even
over a large background of other cells. This enabled continuous, species-
independent isolation of bacteria from whole blood without laborious affinity-
based target labeling. Ribosomal RNA detection can then be applied for direct
identification of low-abundance pathogens (~100 per mL) from blood without
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Fig. 14.10 Design of the magnetic capture microfluidic device. (a) Cross section of the entire
device, showing orientation of the magnet, magnetic flux concentrator (MFC), and microfluidic
channel (not to scale). (b) MFC made out of permalloy (red), neodymium magnet (grey), and
plastic casing (yellow), forming a single, simple-to-use unit for capturing and displaying magnetic
beads and tagged pathogens. (¢) Photograph of beads captured in the device and spread into a thin
layer by the presence of the MFC. (d) Higher magnification view of the microfluidic channel
showing aligned chains of magnetic beads that were magnetically captured in the microwells
molded into the ceiling of the PDMS microchannel. Figure reproduced with permission from
Cooper et al. [70]

culturing or enzymatic amplification. Messenger RNA detection of antibiotic-
responsive transcripts after brief drug exposure permits rapid susceptibility deter-
mination from bacteria with minimal culturing (~105 per mL). This unique cou-
pling of microfluidic cell separation with RNA-based molecular detection
techniques represents significant progress towards faster diagnostics (~8 h) to
guide antibiotic therapy. By coupling microfluidic cell separation techniques with
validated RNA detection methods to improve the interface between clinical sam-
ples and downstream molecular diagnostics, the potential exists for further
improvements to increase the sensitivity and decrease the time required for diag-
nosing bacteremias in patients.

Microfluidics have recently been applied to isolate rare bacterium from air
samples [72]. A staggered herringbone microfluidic mixer ensures cell contact
with the protein A-coated microspheres for immunodetection (Fig. 14.11).
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Fig. 14.11 Microfluidic platform for direct capture and analysis of airborne Mycobacterium
tuberculosis. (A) Image of the system for airborne bacteria rapid enrichment and bacteriological
diagnosis: (a) airborne bacteria enrichment microfluidic chip, (b) immunoassay microfluidic chip.
(B) Schematic illustration and detailed structure of enrichment microfluidic chip. (C) Image of the
microfluidic immunoassay chip. The various channels had been loaded with food dyes to visualize
the structure of the microfluidic chip. (D, E) Schematic illustrations of designed immunoassay
microfluidic chip. Valves and columns were illustrated by different colors: (i) fluidic layer, (if)
control layer. (F) Enlarged diagram showing detailed structure of microfluidic immunoassay chip.
Figure reproduced with permission from Jing et al. [73]

Compared with the conventional analysis method, the whole analysis time is
about 50 min including bacteria capture and enrichment, bacteria lysis,
immunoreaction, and result readout, suggesting that this integrated system is
suitable for rapid detection of airborne bacteria. Above all, this direct analysis
system has advantages including simple operation, short test time, and accurate and
reliable analysis, showing the potential applications in rapid detection of airborne
infectious disease.

14.7 Stem Cells

Endothelial colony-forming cells (ECFCs) are endothelial progenitors that circulate
in peripheral blood and are currently the subject of intensive investigation due to
their therapeutic potential. The identification of ECFCs in human blood created a
promising opportunity to noninvasively derive large quantities of autologous
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endothelial cells for therapeutic use. Besides their therapeutic potential, mounting
evidence indicates that variations of ECFC levels are likely associated with various
pathologies and thus there is also increasing interest in accounting levels of ECFCs
for diagnostic purposes [74]. However, in adults, ECFCs comprise a very small
subset among circulating cells, which makes their isolation a challenge. Currently,
the standard method for ECFC isolation relies on the separation of mononuclear
cells and erythrocyte lysis, steps that are time consuming and known to increase cell
loss. Lin et al. have utilized microfluidics with antibody posts to capture these cells
efficiently from whole blood samples. Whole blood (6 mL) was directly flowed
through 20 parallel microfluidic devices with anti-human CD34 antibody-
functionalized posts at 5 mL/min [75]. Microfluidic devices have also been
engineered to capture and enrich hematopoietic stem cells from bone marrow
samples up to 98 % [76].

14.8 Analysis of Rare Cell Phenotype Using Microfluidics:
New Tools for Studying Cancer and Cancer Stem
Cell Migration

Downstream of rare cell capture, microfluidics offers the unique capability to
precisely quantify cell phenotype, including cell migration patterns. Microfluidic
devices allow for a lab-on-a-chip array to simplify single-cell analysis by providing
a microenvironment that is of micrometer dimension and containing nanomoles of
reagent/media. Furthermore, microfluidic devices allow for controlled placement of
cells and precise delivery of factors. Therefore, microfluidic technology has fea-
tures of reliable, efficient, and cost-effective single-cell selection and navigation
[77]. Precisely defined geometries have also been shown to influence cell migration
patterns. Studies utilizing microfluidics have also provided a framework on the
impact of external constraints on collective cell migration [78]. During cancer
progression, malignant cells in the tumor invade surrounding tissues. This trans-
formation of adherent cells to a motile phenotype has been associated with the
epithelial-mesenchymal transition (EMT). One advantage of in vitro microfluidic
assays such as this one is the capability for sampling rare events while interrogating
an extraordinary range of experimental conditions, including combinatorial screen-
ing of cancer cell lines and patient samples against potential therapeutic compounds
(Fig. 14.12).

Microfluidic devices provide both mechanical and 3D environments, as well as
complicated chemical environment where chemotaxis is guided by concentration
gradients of growth factors, chemokines, and surface ligands. These studies have
enhanced our understanding of cell deformation and focal adhesion dynamics as
well as their responses to subtle variations in their microenvironment [77].
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Fig. 14.12 Collective and individual migration following the epithelial-mesenchymal transition.
(a) Cells invaded an enclosed array of fibronectin-coated PDMS micropillars with height, diam-
eter, and spacing of 10 pm. (b) Cell migration was automatically tracked from time-lapse
microscopy by segmenting fluorescently labeled nuclei. (¢) A representative metric for collective
or individual migration is based on the lifetime-average number of nearest neighbors within one
pillar spacing. Immunofluorescent staining reveals biomarker expression associated with (d)
epithelial phenotype (E-cadherin, green) in MCF-10A, (e) mesenchymal phenotype (vimentin,
red) in MDA-MB-231, (f) both epithelial (E-cadherin, green) and mesenchymal phenotypes
(vimentin, red) in MCF-10A Snail. Histograms of the number of lifetime-averaged nearest
neighbors per cell indicate (g) collective migration in MCF-10A, (h) individual migration in
MDA-MB-231, and (i) collective and individual migration in MCF-10A Snail [79]

14.9 Measuring Immune Cell Trafficking and Phenotype

Microfluidics has offered many solutions for next-generation chemotaxis assays
[80, 81]; however, none of these methods have seen widespread adoption at the
level of traditional assays, such as the Boyden chamber. A wide variety of analyt-
ical measurements can be used to characterize the state and capability of the
immune system. The resulting data help reveal the fundamental biology of immu-
nity, provide insight into the evolution of disease, aid the design of clinical
diagnostics or interventions, and establish distinct signatures for effective immune
responses. Improving the resolution of our measurements to capture the full com-
plexity encompassing time-varying states and interconnectedness of cell subsets
presents a substantial challenge [82].
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Fig. 14.13 Overall design of the microfluidic devices for neutrophil separation from whole blood
and chemotaxis assay. (a) Microfluidic device with six parallel channels for neutrophil capture
characterization. (b) Magnified image of the cell capture chamber with ruler markers on the top
and bottom. Dimensions for each section between the two marks are 750 pm x 450 pm.
(C) Microfluidic device for combined cell capture and chemotaxis assay. Two gradient generators
are connected to the cell capture and migration chamber through microfluidic valves. Inset figures
present details of the microstructured membrane valves employed in the device. (d) Close-up
picture of the gradient flow chamber. The valve connecting the top gradient network is open
allowing fluids to flow through the cell capture and migration chamber while the bottom valve is
closed diverting fluids from the second gradient network to the waste reservoir. Dimensions of the
separation and chemotaxis chamber are 450 pm wide x 80 pm tall [83]

With recent developments in microfluidic technologies, cell migration research
has gained significant attention in recent years and a variety of in vitro migration
assays have been developed. Agrawal et al. designed a microfluidic chip for
chemotaxis studies which can use neutrophils isolated on the chip, directly from
whole blood (Fig. 14.13). Subsequent analysis of neutrophil migration in
chemoattractant gradients of N-formyl-methyl-leucyl-phenylalanine (fMLP) or
interleukin-8 (IL-8) shows higher average velocities over E-selectin as compared
to the P-selectin. These assays took less than 10 min and neutrophil chemotaxis at
individual cell level was observed in the early cell migration events following
exposure to different chemoattractant gradients.

Microfluidic devices can also be used to measure immune cell phenotypes as a
biomarker for diseases, such as sepsis [84, 85]. Immune cell chemotaxis chambers
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Fig. 14.14 Characterization of microfluidic postdiapedesis inflammation model. (a) Chemo-
attractant (green) is primed into the device and a gradient is formed along the migration channel
towards the FCC. (b) Profilometer image of two adjacent FCCs illustrates distinct heights of FCCs
and migration channels. (c) Large-scale model of device (magnification, 5x). Sixteen FCCs (red)
surround each CLC. After washing, the chemoattractant only remains in the FCC, and a linear
gradient is formed along the migration channel. (d) Double-stained (blue, nucleus; red, membrane)
neutrophils begin migrating along the LTB4 gradient after 20 min and fill the chamber by 5 h [86]

can also be used to monitor leukocyte migration patterns and phenotype after
treatment with inflammatory mediators. The microfluidic chambers for neutrophil
and monocyte trafficking that we describe can be used to study the phlogistic and
nonphlogistic recruitment and interactions between the two cell populations
responding to various chemoattractants and modulators of inflammation. A key
feature of the assay is the ability to probe the pro- or anti-inflammatory status of the
cells trafficking towards the FCCs in the presence of lipid mediators and NPRMs
(Fig. 14.14).

Finally, microfluidic devices have the potential to facilitate quantification of host
immune cell-pathogen interactions at a single-cell level [87]. The microfluidic
platform developed in this study may eventually become a useful tool for measuring
the ability of neutrophils from patients to mount effective immune responses
against fungi in vitro. This tool may help better estimate the risk for fungal
infections for each patient and have implications for the faster diagnosis and earlier
start of antifungal treatment during infections.

14.10 Conclusions

Microfluidic technologies have demonstrated great promise for the capture of rare
cells with high throughput, yield, purity, specificity, and viability for clinical
applications. Advances in cell biology, cell-based diagnostics, and cellular
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therapies, along with the promise of point-of-care and personalized medicine, have
increased the need for rare cell isolation devices in both basic research and clinical
applications. Most of the microfluidic technologies described in this review are still
in the prototype or proof-of-concept stage and have yet to become integrated into
standard clinical practice. However, currently there are more than 30 companies
working on commercializing novel microfluidic platforms for the isolation of
CTCs. Therefore it is likely that a fully integrated and validated system will be
commonplace in the clinical setting in the near future. The substantial commercial
investment for standardization, manufacturability, and repeatable performance will
likely position microfluidic technologies at the forefront of rare cell isolation. The
current market for CTC diagnostics is approximately $250 million annually, with
most of the testing being performed in the USA. The next challenge is to go to the
next level—capture the cells and then be able to understand their capacity to
metastasize as well as to understand the most efficient drug regimens for a specific
cancer in an individual patient. Microfluidics will likely also enable these high-
level, post-sorting analyses such as biochemical, secretion, and cell culture assays
for true lab-on-a-chip devices. Microfluidics will also enable us to get higher
quality information from blood and other bodily fluids for other diseases, such as
sepsis. Due to the superior benefits of microfluidics, this promising technology will
be critical in advancing applications in biology, medicine, and industry.
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Chapter 15
Microfluidics for Cell Culture

Deepika Devadas and Edmond W.K. Young

Abstract Recent developments in biomicrofluidics research have led to myriad
device technologies that enable cell culture in miniaturized geometries, often with
additional functionalities that allow biological analyses at the molecular and cellu-
lar levels. This chapter describes key aspects of microscale cell culture enabled by
microfluidics, includes illustrative examples from some of the latest advances in the
field, and discusses important molecular biology techniques that can be performed
on cells cultured in microscale environments, both in on-chip and off-chip formats.
The aim of this chapter is to provide a basic guide and a list of key examples of
reliable and robust microfluidic systems that can be used as reference for designing
other systems.

Keywords Biomicrofluidics ¢ Cell culture ¢« Organ-on-a-chip ¢ Cell-based assay ¢
Microscopy ¢ Cell function

15.1 Introduction

Laboratory cell culture has been around for more than 100 years, dating back to
Ross Harrison’s first-ever culture of nerve fibers from a frog embryo [1]. In the past
50 years, it has enabled significant advances in our understanding of the biology of
living cells, the basic building blocks of life. While existing cell culture techniques
have served the community with incredible reliability and facilitated tremendous
research advancements, they also have various limitations that temper their utility,
especially for more advanced and complex research problems.
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Recent advances in biomicrofluidics have led to a major shift in our ability to
carry out laboratory experimentation on cells in culture. Biomicrofluidics, which is
the study and integration of biology, microscale engineering, and fluid flow, offers
several advantages to the conventional cell culture done on plastic dishes, flasks,
and well plates. This includes reduced consumption of expensive reagents,
increased throughput and parallelization, enhanced spatiotemporal control, and
improved physiologic and pathophysiologic relevance of cultured cells in micro-
environments. More recently, microfluidic cell cultures have led a major revolution
toward highly complex models with organ-level function, i.e., “organs-on-chips”
[2, 3]. Thus, the area is rapidly expanding, and technical knowledge on the methods
and approaches for creating these advanced systems is desirable.

The focus of this chapter is on the basic principles and key considerations for
culturing living cells in microfluidic devices. The aim is to provide guidelines for
practitioners interested in pursuing microfluidic cell culture, and to use illustrative
examples of state-of-the-art technology to offer the most reliable and robust
techniques available for applying microfluidics to the biological question of inter-
est. Since the focus of this chapter is on cell culture, other cell-based microfluidic
applications such as cell handling, cell manipulation, counting, sorting, and encap-
sulation are beyond the scope of this discussion. First, general cell culture principles
are discussed both in terms of macroscale and microscale factors. Examples of
microfluidic cell culture systems are then examined in sequence, from 2D to 3D and
from one cell type to multiple cell types, to illustrate key aspects of designing and
developing the proper culture conditions. Biological assays incorporated with cell
culture (either on-chip or off-chip) are described and discussed. Finally, technical
challenges and future directions of the field are presented, with a focus on single-
cell analyses and clinical applications.

15.2 Key Factors of Cell Culture

Living cells extracted from their native “in vivo” environments can be adapted to
grow on laboratory substrates such as glass or plastic by providing the cells with
liquid medium rich in nutrients and growth factors. This culturing of living cells
“in vitro” enables controlled experimentation and examination of cellular responses
and functions to assist our advancement of biology and medicine. In this section,
key factors of cell culture that are critical to proper cell maintenance and viability at
both macro- and microscales are introduced, including cell type, cell culture
confluence, media volume, and nutrient and waste balance. Factors that are specific
to microscale cultures are further examined, with the aim of providing procedural
guidance to assist in achieving advanced microfluidic cell cultures, such as those
described in subsequent sections.
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15.2.1 Cell Type

The choice of cell type is clearly dictated by the biological question at hand, but is
also influenced by the availability of sample material, and whether a model cell type
can provide sufficient biological relevance to be useful in the proposed experiment.
There are two main categories of cell sources: (1) cell lines, and (2) primary cells.
Cell lines, or continuous cell lines, are often the first cells tested in a specific line of
inquiry. Cell lines are derived from a single historic clone that has the ability to
divide and be subcultured in vitro indefinitely, if handled properly. They are widely
available, either commercially or from neighboring laboratories, and numerous
established protocols exist to ensure high cell viability when regular maintenance
is performed. The large majority of microfluidic cell-based systems have been
characterized with cell line experiments as proof of concept (see Sect. 15.3).
However, because cell lines have been “immortalized,” they possess mutated
DNA that often impacts their true biological behavior, which can in turn mask
the underlying mechanisms that are to be investigated.

In contrast, primary cells are freshly derived from humans or other animals
without immortalization, and therefore better mimic the true physiology of cells.
However, primary cells cannot be propagated indefinitely like cell lines, and must
be derived from raw samples for every experiment. They have a limited (and
typically small) number of cell divisions (i.e., population doublings) before enter-
ing cell senescence, and have more fastidious culture requirements than cell lines.
Thus, they are much more challenging to maintain and study in vitro. The challenge
of managing primary cells extends to the microscale, and this has partially hindered
progress in the field. Recent developments, however, show that the use of primary
cells in microfluidic devices is on the rise.

15.2.2 Confluence

Once seeded onto a 2D substrate, cells rapidly attach and proliferate to cover the
available surface. Some cell types (e.g., HS-5 human bone marrow stromal cell;
L929 mouse fibroblast) can grow to confluence (100 % area coverage) or become
over-confluent, i.e., overlapping each other in multiple layers when the substrate is
already fully covered. Other cell types such as endothelial cells or epithelial cells
establish cell-cell contacts with adjacent cells via cell surface proteins such as
cadherins and cell-adhesion molecules (CAMs), and stop growing further due to
contact inhibition. The result is a 2D confluent “monolayer” of cells with a
thickness of one cell layer. This is often a sufficient model for simulating certain
cellular behaviors, such as the endothelial barrier function of the inner lining of
blood vessels [4, 5]. Confluence is typically reached after several days of growth,
depending on the initial cell seeding density and volume of media (see Sect. 15.2.3).
While reaching a desired confluence at the macroscale may be routine based on
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well-established protocols, reaching confluence at the microscale requires more
experimentation, and consideration of other key factors such as device geometry
and critical perfusion rates [6].

15.2.3 Media Volume

Cells cultured in conventional labware (e.g., Petri dishes, wells, and flasks) are
supplied with enough media volume—and thus nutrients—to support multiple
population doublings, and to maintain a manageable number of media exchanges
before expansion (or subculturing) is needed. Selecting the proper media volume
supplied in macroscale culture is also based on the need to maintain a proper fluid
depth such that a controlled distance between cells and the gas-liquid interface is
provided for gas exchange. Importantly, the volume of media also serves to control
the concentration of cellular waste products. Metabolism of sugars in the medium
results in acidic by-products that can significantly alter the pH of the medium. Low
pH levels can irreversibly inhibit enzyme activities, and the synthesis of DNA,
RNA, and protein, thus decreasing cell viability. Therefore, careful control of
media pH is crucial to cell culture. This can often be addressed by adding chemical
buffers to media that can control pH changes (e.g., HEPES). This method, com-
bined with frequent media changes, can help extend culture times without loss in
viability or quality.

Choosing the proper media volume becomes especially important at the micro-
scale. Previous work has shown that pH and osmolality changes can become
significant in microfluidic devices [7] and frequency of media changes increases
due to rapid waste accumulation. These issues can often be addressed by incorpo-
rating perfusion, or by designing devices to account for their effective culture
volumes (ECVs) [8] and effective culture times (ECTs) [6]. The key factor at the
microscale is the significantly higher surface area-to-volume (SAV) ratio, which
dictates that cultures have much less volume of media available per cell. While
managing media volumes in microdevices can be challenging, especially when
dealing with other factors such as evaporation, microscale culture also has its
benefits in cases where signaling mechanisms are dictated by concentrated soluble
factors that would otherwise be diluted in bulk volumes at the macroscale [9].

15.2.4 Specific Considerations for Microfluidic Cell Culture

While macro- and microscale cell cultures share certain similarities in several key
factors, microscale cell culture also involves unique aspects that distinguishes it
from traditional macroscale cultures, including the choice of device material and
the geometric complexity of the design. These aspects have previously been
discussed [6], and a brief overview is presented for convenience.
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1. Device material. While the vast majority of traditional culture labware is made
of either glass or polystyrene (PS), microfluidic devices have been fabricated
with a wider range of materials, most notably poly(dimethylsiloxane) (PDMS), a
soft elastomeric material that can be bonded to glass, plastic, and other layers of
PDMS to create multilayer devices. Owing to a plethora of microfabrication
methods and growing interest in the field, more options for device material are
becoming available for fabricating microfluidic cell culture platforms. A com-
parison between PDMS and PS has been discussed in detail [10]. Furthermore,
cyclo-olefin polymers and copolymers (COP and COC) are increasingly being
studied and applied for microfluidic cell culture because of their lower
autofluorescence properties that help enhance the quality of fluorescence images
[11-13]. The key consideration is that device materials can differ in their
bio-inertness, gas permeability, evaporation rate, autofluorescence and optical
properties, and cell adhesion capability. PDMS and PS are hydrophobic by
nature, and typically require oxygen plasma or UV treatment to facilitate cell
attachment. Additionally, optical features and multiplexing abilities of materials
may have to be considered depending on the experimental objectives. These
considerations are not usually necessary at the macroscale because of the more
limited number of available options, but are critical in the design of microfluidic
devices.

2. Geometries. Lithography techniques offer great flexibility in the design of
potentially complex microfluidic geometries and configurations. Cell culture
microchannels are typically wider (~10°-10° pm) compared to other
microfluidic applications, mostly to allow growth of sufficient cells necessary
for biological assays and for creating specific biological structures. In some
instances, however, such as the culture of neurons, a combination of channel
sizes is required to accommodate both neuron cell bodies (~10°~10° pm wide
channels) and axon processes (~10 pm wide channels) [14]. Depending on the
experimental objectives and the readouts required, design geometries should
account for soluble factor secretion, molecular diffusion, chemokine gradients,
cell migration distances, and other functions that are dependent on the control
and measurement of spatiotemporal factors.

3. Effective culture volumes and times. In contrast to conventional cultures, cells in
microfluidic devices have much smaller volumes of media for the same surface
area (i.e., a higher surface area-to-volume (SAV) ratio). This translates to more
frequent media changes to maintain pH and therefore cell viability, if perfusion
is not used. As discussed above, ECVs and ECTs have been derived to assist in
the design of microfluidic cell culture systems [6, 8]. Briefly, a rough estimate of
media change frequency can be calculated based on comparing the height of the
microchannel to the height of media in a conventional culture system. For a
typical ~1.2 mm height of media (common in macroscale cultures), media
should be changed once every 48 h. If the height is halved (~600 pm), frequency
should be doubled (i.e., once every 24 h). Alternatively, a perfusion setup can be
used to convert a non-static (diffusion-based only) culture into a dynamic
(or convective) culture as a means to replenish consumed nutrients and reduce
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the frequency of media exchanges. In either case, the consideration of culture
volumes and frequency of media changes at the microscale is more prominent
than at the macroscale, as discussed previously in multiple reviews [6, 15].

The key principles of general and microscale cell culture identified above have
become increasingly important for maintaining viability and function of cells
cultured in microfluidic devices, especially as devices have become more biolog-
ically sophisticated. Many of these factors are known not to pose significant
challenges for macroscale cell cultures when they deviate slightly from the norm.
For example, pH fluctuations that lie within the range of pH ~7.440.3 are
commonly observed, and have relatively moderate effects only on cell culture
viability, especially if the normal pH is restored on the order of hours. However,
at the microscale, diffusional processes occur at much faster time scales, and issues
such as pH imbalance become more pronounced, compelling the experimentalist to
monitor them more closely to ensure proper maintenance [16]. Thus, many current
microfluidic cell-based systems are accompanied by specific culture protocols to
ensure that the procedures are aligned specifically for the particular microfluidic
design.

15.3 Microfluidic Cell Culture for Biological Models:
Recent Advances

Integrating microfluidics and biology has led to many innovative technologies, and
in particular a significant advance in the complexity of biological models. Over the
years, as more devices have been developed, and more protocols have become
established using the abovementioned design guidelines, certain methods and
techniques have emerged that have shown good reliability and repeatability. In
this section, we review specific examples and recent advances, classified by model
complexity (i.e., from 2D monocultures and cocultures to 3D monocultures and
cocultures), in order to provide strong supporting evidence of the most reliable
methods developed to date.

15.3.1 2D Monoculture Models

The simplest cell culture system (at both macro- and microscales) is a single cell
type on a basic 2D substrate. There are two key advantages of microscale over
macroscale cultures that are apparent even at this basic 2D level: (1) increased
complexity of the channel geometries, and (2) increased functionality and control
of spatiotemporal factors. Many of the first-generation microfluidic culture systems
began as 2D monocultures, and several interesting advances in this category have
developed in the past few years.
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Neurons are one cell type in particular that has garnered significant interest since
the beginning of microfluidic cell cultures. This is mostly due to the importance of
controllable chemical gradients and the need for physical confinement and direc-
tional guidance of neurons, all of which can be conveniently achieved within
microfluidic channels. Various devices, most often PDMS-based molds bonded to
glass, have been developed to guide axon navigation and neuron development [17—
19]. Typically, microchannel surfaces are first coated with extracellular matrix
(ECM) proteins to facilitate cell adhesion, spreading, and mechanosensitive cell
functions such as migration. In the case of neurons, laminin is most often used due
to its abundance in neural tissues [20]. Other microfluidic devices have also
employed poly-pD-lysine (PDL) [21], a positively charged lysine homopolymer
that facilitates cell attachment onto negatively charged surfaces like plastics.
Both forms of polylysine (p and L forms) function well, but since the naturally
available poly-L-lysine is susceptible to enzymatic degradation, the artificial poly-
D-lysine is often preferred to prevent its digestion. As mentioned, the key to
culturing neurons is the judicious combination of different-sized microchannels to
accommodate the larger neuronal cell bodies while enabling extension of much
narrower axons into microgrooves [14] (Fig. 15.1).

Another popular cell type studied in microfluidic channels is the endothelial cell
(EC). Microfluidic channels are highly appropriate for studies of ECs because they
can serve as microscale versions of traditional parallel plate flow chambers used to
examine the effects of shear stress on endothelial function [22]. Culture devices
have been developed to study EC adhesion [23], endothelial permeability [5],
migration for wound healing, and others [24-27]. Numerous other examples of
2D microfluidic cultures for studying ECs and vascular functions are available in
the literature, and have been critically reviewed [28]. Depending on the specific
type of EC (e.g., aortic EC vs. aortic valve EC), the preferred ECM protein for
coating the microchannels may be different (e.g., fibronectin vs. fibronectin and/or
type I collagen) [23]. Furthermore, while geometries for neurons are dictated by the
need to separate and confine different cell entities like axons and neuron cell bodies,
geometries for EC culture are typically dictated by the desire to control shear stress
to model the mechanobiological forces induced on an endothelium.

The simplicity of 2D microfluidic monocultures, through the examples of neuron
and EC culture above, allows us to examine the most basic components and steps
needed to achieve viable microfluidic cultures. Indeed, the key factors of geometry,
media volume, device material, confluence, and cell type have already been cov-
ered. The one other factor that is clear from this section is the need to choose the
proper ECM protein for cell adhesion. In the case of ECs, varying the ECM protein
type and concentration can have significant effects on cell attachment and cell
spread [23]. Furthermore, as more advanced functions are studied (e.g., stem cell
differentiation), the choice of ECM will also lead to mechanical stiffness effects
that may drive cell fate [29]. These mechanobiological factors should be accounted
for when developing microfluidic cultures, not only in 2D monoculture models but
more advanced cultures as well.
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Fig. 15.1 Microfluidic 2D monoculture of neurons in PDMS-glass device. (a) The commonly
used design involves media reservoirs at the microchannel inlets and outlets that can be easily cut
out. The PDMS mold is then bonded to a glass cover slip (or other substrate), and coated with PLL
(or PDL). (b) Immunostain of cultured neurons (green = Tau; red = MAPS5) showing cell bodies in
left chamber and axons extending along straight microgrooves to the right chamber. (c¢) Phase-
contrast image of axonal processes in right chamber. Scale bars =100 pm. Adapted from Park
et al. [14] with permission

15.3.2 2D Coculture Models

To improve mimicry of in vivo tissue microenvironments, coculture models are
employed that incorporate multiple relevant cell types in the same system. Cells
influence the biological processes of their neighbors through various cell-cell
interactions [30]. These interactions facilitate cell division, growth, movement,
migration, survival, apoptosis, as well as signaling in disease pathways including
cancer and tumor microenvironments. Cell-cell communication is mediated
through various mechanisms, including via autocrine [31, 32], paracrine, and
juxtacrine (or attachment-mediated) signaling [33]. In some instances, cocultures
have merely consisted of mixing two different cell types in a culture, but in an effort
to spatially separate cells without allowing physical contact, biologists have
resorted to Transwell inserts that employ membrane filters, typically made of
polyester or polycarbonate with fixed pore sizes, to support the culture of one cell
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type on the membrane, and segregate it from the culture of a second cell type below
the membrane. Transwell inserts, however, are limited to two compartmentalized
cell types, and tend to have long diffusion times due to the large distance from
Transwell membrane to the base of the well [16].

Microfluidics offer important advantages for cocultures because of the precise
spatial and temporal control it provides [9, 34]. This includes achieving physiolog-
ically relevant distances and concentrations, precise control over dynamic diffusion
rather than uncontrolled convective mixing [35], and spatial arrangement of mul-
tiple cell types [36]. Indeed, many microfluidic systems are currently employed to
study the interactions between different cell types in the same culture environment.
On the topic of angiogenesis and endothelial morphogenesis, ECs have been
cocultured with fibroblasts [37-39], or with both fibroblasts and macrophages
[40]. In the latter case, Theberge and co-workers used a micropipette-based method
to load one microfluidic compartment with macrophages while sequentially loading
a neighboring compartment with fibroblasts (FBs) and ECs. The ECs relied on the
FBs as a “feeder” layer, and enabled the tubule formation in the presence or absence
of macrophages in close proximity (Fig. 15.2). In cancer research, various tumor
cells have been studied in microfluidic coculture with fibroblasts for breast cancer
[41], stromal cells for multiple myeloma [42], and ECs to understand the process of
tumor extravasation [43]. Cells separated by ECM-coated, thin PDMS membranes
have also been used to set up cocultures to mimic the lung microenvironment of a
vascularized pulmonary edema [44]. Neto and co-workers adapted the microfluidic
neuron culture system by Park et al. (see Fig. 15.1) for the coculture of sensory
neurons and osteoblasts to model the in vivo interactions between nerve fibers and
the bone microenvironment [18]. The design had previously demonstrated robust-
ness in achieving axonal and neurite growth within straight microgrooves [14], and
was extended to allow cell-cell communication between neurons and osteoblasts,
with successful demonstration of axons extending from the neuron compartment,
through the microgrooves, and into the osteoblast compartment.

Finally, coculture techniques have also extended to “multi-kingdom™ studies,
with the best example to date involving the coculture of intestinal epithelial cells
with gut bacteria, specifically Lactobacillus rhamnosus [45]. This “gut-on-a-chip”
has been useful for mimicking the interactions in the gut microenvironment during
an infection, and the symbiotic culture of bacteria and mammalian cells under
appropriate mechanobiological conditions revealed that organ-level functions can
be recapitulated in vitro using microfluidics. This, and the other examples discussed
herein, shows that microfluidic coculture techniques have greatly improved the
mimicry of biological tissues, and that the microscale allows physiological con-
centrations of chemokines and appropriate cell compartmentalization that both play
a role in cell growth, proliferation, metabolism, and migration that is better mim-
icked in microfluidic geometries.
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Fig. 15.2 Microfluidic triculture device for studying angiogenesis in the presence of fibroblasts
and macrophages. (a) Two straight microchannels are interconnected by diffusion ports, and share
a large output reservoir. Mac = macrophages, HUVEC = human umbilical vein endothelial cells,
NHDF = neonatal human dermal fibroblasts. (b) The small footprint and open-port design enables
fabrication of arrays of triculture systems on a single plate. (¢) Different cell types are seeded
sequentially via the input ports; HUVECs and NHDFs are seeded as a mixture at the same time,
and lead to self-assembly into feeder layers and endothelial islands or tubules (d—g). Adapted from
Theberge et al. [40] with permission

15.3.3 3D Culture Models

While 2D models are convenient and allow high-quality imaging due to proximity
to the glass coverslip surface, they do not properly represent the three-
dimensionality of cells in their native microenvironments. The need for 3D cultures
to better recapitulate in vivo cellular behavior and function is well established
[46, 47], and serves as strong motivation to pursue 3D cell culture platforms. The
most popular 3D cellular model is the multicellular tumor spheroid (MCTS).
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Fig. 15.3 Two different 3D microfluidic culture devices that culture endothelial cells (ECs) on
three sides to model three-dimensionality of the endothelium. (a) Microdevice for studying shear
force effects on angiogenesis. HUVEC = human umbilical vein endothelial cells. Endothelial
monolayers are cultured on the ceiling, floor, and side wall of the channel. Adapted from Song
et al. [52] with permission. (b) Microdevice used for studying extravasation of tumor cells through
endothelium. Side view schematic shows ECs (red) cultured on the side of a 3D hydrogel layer,
enabling a tumor cell (green) to migrate through the layer. Confocal imaging shows the C-shaped
endothelium. Adapted from Zervantonakis et al. [50] with permission

Spheroids are comprised of large aggregates of cancer cells with a proliferating
outer core and a quiescent, often necrotic inner core devoid of oxygen and nutrients.
This results in a decreased availability of nutrients and oxygen as one moves away
from the core, typical of a tumor microenvironment. 3D spheroid cultures have
become the standard in vitro model in drug discovery and high-throughput screen-
ing applications. It is therefore not surprising that researchers have pursued the
development of spheroids in microfluidic devices [48, 49]. The use of microfluidics,
however, goes well beyond spheroids, and extends to more complicated 3D micro-
environments that have not been achieved before with traditional methods.

To create models of endothelialized vessels, for example, researchers have
fabricated rectangular cross-sectional microchannels, and simply seeded ECs on
three (or four) sides of the microchannel [50, 51] (Fig. 15.3). Such systems have
allowed the study of angiogenic sprouting in the presence of shear, as well as the
dynamic monitoring of extravasation of tumor cells for elucidating mechanisms of
metastasis. In both cases, gravity is initially used to allow the ECs to settle and
attach on one of the surfaces, and the device is rotated to allow settling on all three
(or four) surfaces, thus creating the full rectangular cross-sectional lumen of ECs. In
particular, the presence of the vertical side wall of ECs enables planar visualization
of certain biological processes, such as the sprouting of neovessels or the migration
of other cell types.
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An alternative method of modeling 3D vessels is to create cylindrical
(as opposed to rectangular) lumens that more closely represent the tubular mor-
phology of vessels. Several methods have been employed to create hollow circular
lumens for tube-shaped tissues, including a method for embedding ECs in fibrin
gels [53], using alginate [54], or using cellulose-based tubes [55] as a sacrificial
template for the culture of ECs in a circular microchannel. Bischel and colleagues
used a technique called viscous finger patterning (VFP) where they introduced
liquid media into square microchannels containing pre-polymerized hydrogel. Flow
of the media through the hydrogel left behind a circular lumen surrounded by a thin
layer of hydrogel attached to the microchannel walls, representing a vessel wall or
mammary duct [56, 57]. This technique allows additional stromal cell types to be
incorporated into the gel layer during the gel-loading step, enabling multi-cell-type
cocultures for additional physiological complexity.

Recently, Mannino and co-workers extended cylindrical lumen fabrication to
include geometries for studying stenosis, aneurysms, and bifurcations by polymer-
izing gels around thin circular optical fibers, and then removing the fibers to create
hollow structures for EC culture [58] (Fig. 15.4). Similar to the method by Bischel,
Mannino et al. also coated the inner surface by steady mechanical rotation, creating
what they referred to as “do-it-yourself” vasculature. Yeon et al. [59] developed a
PDMS-glass microfluidic device that comprised a narrow ladder structure filled

A 1.PourPDMSand 2. Remove from dish, 3.Perfuse endothelial cells 4. Incubateat 37°C 5. Conduct experiment.
cure at 60°C 1 hr. cutinto prism, and  and rotate for 24 hours under
Pull out optical fiber. flow.

b Straight Channel Stenosis

Fig. 15.4 Low-cost “do-it-yourself” vascular models created by (a) casting PDMS molds over
cylindrical optical fibers, removing the fiber to create an empty core, and then perfusing and
rotating the core with endothelial cells (ECs) so that the ECs coat the inner surface. (b) The shape
of the optical fiber determines the shape of the vessel, and is sufficiently flexible to enable models
for normal physiology, stenosis, aneurysm, and regions with bifurcations. Scale bar =500 pm.
Adapted from Mannino et al. [58] with permission
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with polymerized fibrin. HUVECs were grown on the gel surfaces on both sides of
the ladder structure, and in the presence of lung fibroblasts sprouted toward each
other until they fused into a single, perfusable capillary tube.

Cells can often be incorporated within the bulk of a hydrogel layer that when
polymerized creates a 3D scaffold that surrounds the cells and mediates 3D cell
attachment [60]. This technique significantly improves the physiologic relevance of
3D cell-matrix interactions, and supports better growth and maturation of cells
in vitro to develop relevant 3D tissues, like blood vessels [61]. Additionally, cells
that do not naturally form a 2D monolayer are not forced to conform to a 2D
surface. Such studies have contributed to our understanding of the influence of
ECM stress forces on the direction of tumor cell migration [62]. The key design
feature in these cases, where cells are embedded in hydrogels, is to account for cell
contractility that leads to gel contraction, and to ensure that sufficient media is
supplied, especially since these cell constructs tend to have significantly lower
media volume available than their 2D counterparts.

One particularly unique method was developed by Zheng and colleagues, who
cultured ECs with neighboring smooth muscle cells and pericytes, which are the
cells that wrap around the outer adventitial layer of blood vessels and are known to
be implicated in angiogenic processes [63]. The design consisted of a collagen bed
with microchannels cast into the gel, and accommodated physiologic geometries
including bifurcations and junctions, allowing studies of both angiogenesis and
thrombosis. The most unique result from this study was that after long-term culture,
the ECs that were originally cultured into a rectangular cross section remodeled into
cylindrical vessels.

Indeed, there are numerous 3D coculture systems currently under development,
and the ones described represent only the tip of the iceberg. Some other notable
systems include: (1) a 3D breast cancer metastasis model to study tumor cell
extravasation into a fibrin gel containing ECs, mesenchymal stem cells, and
osteoblast-differentiated cells [64]; (2) a PDMS-based microfluidic device devel-
oped to mimic brain vasculature-ECM microenvironment of the neural stem cell
niche of mice [65]; and (3) “organ-on-chip” models that recreate organ-level
function with 3D microfluidic technology, reviewed elsewhere [3]. Between these
highly complex models and low-cost “do-it-yourself” methods, the examples and
options for achieving successful culture of cells in microfluidic systems are
extensive.

15.4 Controlling the Microenvironment In Vitro: Revisited

The plethora of microfluidic cell culture systems developed thus far serves as an
indication of the significant advancement of microfluidics for culturing cells. The
ability to achieve such rapid development in the field has been aided by improved
techniques that have circumvented various challenges associated with controlling
the microenvironment, as previously reviewed [6]. In the early years of microfluidic
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cell culture, issues revolved around mitigating bubbles, dealing with evaporation,
devising a cell seeding approach, and choosing the appropriate device material (see
Sect. 15.2.4). These challenges have largely been met by technical solutions, but
have also been addressed by increasing awareness and bringing the issue to the
forefront [10].

Aside from these previously examined practical considerations, two recent
challenges associated with controlling the microenvironment have emerged as
systems have become increasingly complex: (1) control of conditions during
long-term live-cell microscopy, and (2) control and reproducibility of hydrogels
within microchannels. These issues are borne out of the desire to extract increas-
ingly more spatial and temporal information from living cells, and doing so within
microenvironments that better mimic the in vivo condition.

In terms of live-cell microscopy, the issue is associated with maintaining control
of the temperature, humidity, and CO, concentration while the microfluidic culture
is atop the microscope stage. The two most common apparatuses used with com-
mon microscopes to control environmental conditions are the on-stage incubation
chamber and the large environmental enclosure or “cage” that envelops the stage,
the optical components, and parts of the microscope frame. In either case, control-
ling environmental conditions are different in this setting compared to the normal
cell culture incubator, where temperature fluctuations are minimal and methods to
manage evaporation are already established [66]. One exception is the work by
Chen et al. [67] who were able to perform long-term continuous imaging (every
10 min, for 9 days) by perfusing culture media containing 30 % FBS at a flow rate of
0.4 pl/min through microwells containing single cells until they clonally expand in
9-14 days. A second example is the work by Lecault [68], where they created a
separate PDMS layer for the device intended to provide a media bath that can help
temper temperature fluctuations and bubble nucleation. Nevertheless, integrating
live-cell microscopy with microfluidic cell culture will likely be a major ongoing
development in the field, and careful attention to account for this is highly
recommended.

In terms of managing gel polymerization to create 3D scaffolds for cell culture,
hydrogels are clearly gaining prominence in microfluidic cell culture, especially in
enabling the development of more realistic 3D cell-matrix interactions. Commonly
used hydrogels, in particular Matrigel, are naturally derived and provide cells with a
suitable physiological environment for attachment due to the availability of binding
sites. However, naturally derived hydrogels have some limitations that affect
reproducibility and experimental control. These materials are derived from live
tissue and can contain up to ~1800 proteins that include various growth factors with
cell signaling capacity. Growth factor-reduced versions of these materials have
largely overcome this particular obstacle, but the material remains poorly defined
and suffers from high batch-to-batch variation. These limitations have led to the
increased use of synthetic gels like polyacrylamide, whose composition is known
and well characterized, and its stiffness can be tuned to mimic different tissues of
interest. Polyacrylamide may suffer from a lack of biocompatibility that can be
exacerbated in 3D culture [69], but this can often be circumvented. Alternate
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synthetic materials that hold promise for 3D-based hydrogel culture include
hyaluronic acid, polyethylene glycol, synthetic peptides, and polyesters like
polylactic acid [69, 70]. These materials offer defined compositions, controlled
mechanical properties, and better stability. Effective control on microenvironmen-
tal conditions could thus result in high cell viability and increased reproducibility of
these hydrogels in microfluidic cell culture.

15.5 Integrating Bioassays with Microfluidic Cell Culture

A major objective of preparing cell culture to model various healthy and diseased
microenvironments is to enable cellular analysis that can reveal changes in the
measurable quantities of biomolecules like enzymes, proteins, and nucleic acids.
The detection of these changes may be crucial in improving our understanding of
disease, studying the efficacy and toxicity of a drug, or advancing our basic
knowledge of cells and tissues within those environments. There are a wide variety
of conventional bioassays to detect and measure these biomolecules, and the field of
microfluidics has already adapted many of them for the microscale, including
immunostaining, polymerase chain reaction (PCR), fluorescent in situ hybridization
(FISH), enzymatic-linked immunosorbent assays (ELISA), Western blotting, and
many others. While an in-depth discussion of these assays is beyond the scope of
this specific chapter, we briefly summarize some examples of the application of
these assays to cells that have been cultured in microfluidic systems. The main
distinction in these examples is whether the analysis was performed *“on-chip” or
“off-chip.”

One of the most commonly used biological assays for characterizing culture
cells is immunostaining because it helps identify and confirm the presence
(or absence) of cellular proteins and their localizations within cells.
Immunostaining has been the most widely adopted “on-chip” biological assay for
microfluidic cell cultures to date because of its inherent simplicity and natural
integration with common microfluidic steps: immunostaining procedures rely
heavily on the ability to sequentially introduce and remove liquid reagents, and
this is aligned with basic microfluidic control. Once stained, microscopy and image
analysis can be performed, and because microfluidic devices can be constructed
with PDMS and coverslip glass, the quality and resolution of images can be
comparable to traditional immunostained cultures [37, 53, 71]. Furthermore, by
incorporating image analysis software, immunostaining can provide valuable quan-
titative information, such as the level of nuclear translocation of transcription
factors as an alternative to electrophoretic mobility shift assays (EMSAs)
[42]. Besides glass, an increasing number of microfluidic systems are being fabri-
cated in thermoplastics as a bridge toward commercialization [10]. These devices
have also been used in conjunction with immunostaining applications. For example,
Mottet et al. developed a cyclo-olefin copolymer (COC)-based chip to culture
cancer cells within a 3D chamber and analyzed the cells by immunofluorescence
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[72]. COC is preferred over polystyrene (PS) for immunostaining applications
given its lower autofluorescence [13].

The integration of imaging with microfluidic cell culture systems goes well
beyond basic immunofluorescence, and has excellent utility in biomedical research
from the lab bench to the field [73]. Other imaging methods employed with
microfluidic cell culture systems include the use of plate readers [74], and infrared
imaging for protein quantification [11]. In addition, the applications have extended
beyond mammalian cells toward other biological entities such as viruses for
infection assays. Viral plaque assays for vesicular stomatitis virus were performed
on cells cultured on microfluidic devices saving valuable reagents as well as flow-
enhanced assay sensitivity [75]. These applications can greatly improve the avail-
ability and functionality of point-of-care diagnostics in biomedical research.

Aside from fluorescence and imaging-based assays, many other biological
assays have been conducted on microfluidic cell cultures, ranging from “off-chip”
to “on-chip” methods. This compromise between off-chip and on-chip strategies
depends mostly on the researchers’ needs to balance convenience and availability
of infrastructure with the importance of full system integration. For example, Nevill
et al. [76] established an integrated microfluidic platform to perform not only
successful cell culture of a variety of cell types but also electrochemical cell lysis
to generate lysate samples for off-chip analysis like ELISA or PCR. One particular
“hybrid” microfluidic device allowed on-chip extraction of mRNA from cocultured
cells, followed by subsequent off-chip RT (reverse transcriptase)-PCR to detect
RNA expression [77]. The chip itself used magnetic capture beads within a lysis
buffer to capture the mRNA and performed this on the different cell types within the
coculture with minimal cross contamination.

Another key biological assay is the ELISA, which allows antibody-based detec-
tion of proteins in solution. As an example of an on-chip demonstration, Huang and
colleagues combined the steps of cell loading, stimulation, and chemokine detec-
tion within a single microfluidic device using a fully customized chemiluminescent
signal detection setup [78]. As an extension of traditional ELISA techniques that
detect only a single biomarker, multiplex assays have been developed that can
simultaneously detect a panel of biomolecules, allowing for increased data output
while reducing sample and reagent consumption. The Luminex® platform is one
such example, and has already been used “off-chip” to detect angiogenesis markers
from media collected from the outlet of the device [40].

Western blotting, which separates proteins based on structure and polypeptide
length via gel electrophoresis, has been used to analyze protein expression of cells
cultured in microfluidic systems. For example, in a study that employed a
microfluidic system for testing cancer cell adhesion on endothelium [79], Western
blots were performed on microfluidic cultures to reveal levels of expression of cell
surface adhesion molecules. Another microfluidic system studying coculture of
neurons and Schwann cells and their sensitivity to botulinum neurotoxin used
off-chip Western blots to characterize and compare sensitivity between macroscale
and microscale techniques [80].
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FISH, which is a quantitative method for gene expression within cells as well as
a detection method for chromosomal abnormalities, was successfully miniaturized
on a COC-based chip to enable all steps including cell adhesion, washing steps,
enzymatic digestions, drying, probe injection, hybridization, and staining
[81]. Researchers demonstrated HER-2 expression, a breast cancer marker, in cell
lines as well as in patient samples.

These recent developments in integrating conventional bioassays with
microfluidic cell cultures have great potential for advancing biology research,
especially since microfluidic devices are increasingly demonstrating greater sensi-
tivity and lower costs than conventional assays. However, the field continues to
tackle challenges of balancing off-chip and on-chip analyses, as technical hurdles
for full on-chip integration remain and the availability of current infrastructure
supports the use of off-chip alternatives.

15.6 Recent Developments and Future Outlook

With rapid technical advances in microfluidic culture, the field is progressing
toward increasingly complex applications. Organ-on-a-chip technologies have
developed rapidly in the past few years, and there is growing interest in achieving
the vision of human-on-chip technologies [82]. Amidst this interest in pushing the
boundaries of microfluidic cell culture toward tissue- and organ-level models,
technical challenges remain in realizing the often promised but unfulfilled goal of
widespread adoption, automation, and massive throughput capabilities of
microfluidic devices. The issue of automation and throughput has been discussed
at length in other reviews [6], and there is little debate that there has been incredible
progress on these fronts in the last few years. Researchers have developed high-
throughput automated systems for the multistep process of staining various samples
cultured within PDMS microchannels [83]. Acquired confocal images of cells
grown on PDMS in this device were comparable to those on conventional glass
slides. Several high-throughput microfluidic systems have also been developed for
the growth of tumor spheroids [84]. The hanging drop technique for spheroid
culture has also been automated using digital microfluidics [85]. Others have
generated 3D masses of bone marrow-derived mesenchymal stem cells in a high-
throughput system that interrogates the type, concentration, and temporal
sequences of regulatory factors that drive tissue regeneration [86]. Advances in
3D culture have also led to automation in these systems, including 3D culture of
mammary fibroblasts within collagen-containing hydrogels integrated to subse-
quent staining steps in an effort to automate the entire process [87]. Apart from
these demonstrations, however, it is becoming evident that automation and through-
put are merely a means to an end in achieving new insight into biological research.
The most recent developments have appeared to tackle two other major directions
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in research that has potential for significant impact, of which microfluidic cell
culture will likely have a major role: (1) single-cell analysis, and (2) clinical
applications.

15.6.1 Single-Cell Analysis

Conventional biological assays provide readouts from a cell population that pro-
duces total or averaged values across the entire population. With an increasing
appreciation for the heterogeneity within a population and its effect on understand-
ing variability and functionality [88, 89] there is now significant demand for single-
cell data and analyses. Microfluidics applied within complex microscale geometries
is well suited for capturing and probing single cells, as has been demonstrated in
applications toward microfluidic flow cytometry [90, 91], cell fusion studies [92],
and single-cell real-time PCR [93]. Thus, the ability to handle and manipulate
individual cells in microfluidic channels has advanced rapidly and proven to be
quite powerful, particularly when the cells are probed without culture.

Recent advances, however, have also enabled single-cell analyses of cultured
cells in microfluidic systems, which allows monitoring and analyses of cell behav-
ior and function in controlled microenvironments. Microfluidic devices have
recently been combined with effective image analyses to generate data for single
cells from high-quality immunofluorescence images, and then recombined to study
population distributions of cell function. Cao et al. coupled a microfluidic platform
with quantum dot-based immunofluorescence to measure glycan expression on the
cell surface of single cells [94], while Young et al. studied the single-cell nuclear
translocation of the NF-kB transcription factor in multiple myeloma cells with and
without drug treatment to understand the effects of stromal cells on drug resistance
[42]. Such quantitative data not only reflects single-cell heterogeneity, but also
sheds light on population dynamics when entire population distributions are
reconstructed from the data.

The above examples demonstrated single-cell data acquired via imaging of
cultured populations, but did not require a priori capture of cells in separate
chambers or compartments. Kobel et al. have recently reported using hydrodynamic
trapping methods in microfluidics, followed by perfusion, to capture and culture
single cells [95]. Another approach developed by Lin et al. involved capturing
single cells in small “capture” microwells with a high rate of efficiency (80-99 %),
and then flipping the chip over so the captured cells fell into wider “culture” wells
that supported cell culture for up to 1 week without the need for perfusion
[96]. Hughes and colleagues also employed a massive array of microwells together
with a 30 pm thick polyacrylamide gel to develop a novel single-cell Western blot
[97]. Finally, one of the most elaborate microfluidic systems was developed by
Lecault et al., which consisted of a massive array of thousands of nanoliter-scale
cell culture chambers, assisted by microfluidic valving technology, that could
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image and track the clonal proliferation of a single captured hematopoietic stem
cell [68].

Overall, these examples indicate a growing trend (and need) toward microfluidic
systems that can capture, culture, and study (via imaging or other means) the
cellular behavior and function with single-cell resolution. This data can then be
reconstructed into population-based information, with significantly more detail and
potential for insight.

15.6.2 Clinical Applications

Aside from pushing the technical boundaries of microfluidic cell culture systems,
recent advances have also pushed the applications toward more clinical relevance
[98]. Increasingly, microfluidic systems are being employed to study and examine
primary clinical samples acquired directly from patients “at the bedside” (or in the
field).

For example, the microfluidic chip designed by Young et al. [42] for multiple
myeloma (MM) was originally characterized with MM and stromal cell lines, but
was recently applied to clinical samples extracted from raw bone marrow to
identify patient-specific therapy effectiveness [99]. The patient’s own malignant
bone marrow plasma cells were cocultured with the patient’s mononuclear cells, a
significant part of the bone marrow microenvironment, and tested for responsive-
ness to bortezomib-containing therapeutics. The results correlated with clinical
outcomes for all 17 patient samples tested, demonstrating its potential for
predicting clinical outcomes in response to drugs.

Another major clinical application of microfluidics for cancer research has been
the capture, enumeration, and analysis of circulating tumor cells (CTCs). The
ability to detect and culture CTCs in cancer patients can greatly improve disease
outcome by providing disease status and drug sensitivity information, since these
cells serve as indicators for metastasis [100]. Various microfluidic devices have
reported the successful micromagnetic or antibody-based capture of CTCs and their
subsequent culture [101-103]. The latest advance in this area involves the capture
and characterization of CTC clusters, or aggregates of multiple CTCs with occa-
sional macrophages attached [104].

Microfluidics research is poised for major developments in preclinical and
clinical applications in the near future, from diagnostics to therapeutics, and from
point-of-care instruments to implantable systems [105]. A unique example of how
far technology has reached involves a microfluidic device used as an effective
blood-cleansing device for sepsis [106]. The device, which was effectively a
microfluidic “spleen,” was tested with rats and shown to clear the blood of bacteria,
fungi, endotoxins at a flow rate of 1.25 L/h, and then deliver clean blood back to the
animal, improving their survival rates. While this example does not involve the
culture of cells, it provides a glimpse of the potential for microfluidics in the clinic.
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The future will likely involve advancing capture and manipulation to the culture
and functional analyses of clinical samples, building more and more toward per-
sonalized medicine.

15.6.2.1 Outlook

The significant role of microfluidics in biomedical research has been established
and well documented [107]. The latest advances point toward increased attention to
adding further functionality (throughput and automation), extracting more sample
information (single-cell analyses), and applying microfluidic cultures to more
clinical applications. While progress is evident by the rising applications of
microfluidic devices to cell culture, this may not be as advanced as initially
promised, although this is not uncommon during technological development and
adoption. Technical challenges remain, including the ability to expand our
microfabrication toolkit, improving control for long-term live-cell imaging, and
adding more on-chip functionality toward effective biomolecule detection that is
integrated with the cell culture system. These anticipated developments will have
potential to significantly increase the applicability of microfluidic devices in biol-
ogy labs, both for cell culture and beyond.

15.7 Summary

In summary, key principles of cell culture at both the macro- and microscales were
discussed and examined with the aim of providing guidelines for culturing cells in
microfluidic devices. Specific examples of successful cultures leading to advanced
biological models were used to illustrate some of the most reliable methods and
techniques for incorporating multiple cell types, 3D scaffolds and gels, and on-chip
functionality onto the microfluidic cell-based systems. The rapidly growing field
has moved from cell- to tissue- to organ-level functionality, and while technical
challenges remain, there is potential growth in the areas of increasing throughput,
automation, single-cell analysis, and clinical applications to further advance the
technical capabilities of microfluidic cell culture.
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Chapter 16

Microfluidic Chromatin
Immunoprecipitation for Analysis
of Epigenomic Regulations

Yan Zhu and Chang Lu

Abstract Epigenetic modifications, such as DNA methylation and histone modi-
fications, play important roles in gene expression and regulation, and are highly
involved in cellular processes such as stem cell pluripotency/differentiation and
tumorigenesis. Chromatin immunoprecipitation (ChIP) is the technique of choice
for examining in vivo DNA-protein interactions and has been a great tool for
studying epigenetic mechanisms. However, conventional ChIP assays require mil-
lions of cells for tests and are not practical for examination of samples from lab
animals and patients. Automated microfluidic chips offer the advantage to handle
small sample sizes and facilitate rapid reaction. They also eliminate cumbersome
manual handling. In this chapter, we review recent works on microfluidic ChIP
development and discuss the design criteria for these microfluidic assays.

Keywords Microfluidics ¢ Chromatin immunoprecipitation ¢ Next-generation
sequencing ¢ Epigenetics * Epigenomics ¢ PCR « Histone

The human genome has been sequenced and completed over a decade ago. The
information provided by the genomic map inspired numerous studies on genetic
variations and their roles in diseases. However, genomic information alone is not
always sufficient to explain important biological processes. Gene activation and
expression are not only associated with alteration in the DNA sequence, but also
affected by other changes to DNA and supporting proteins (i.e., histones). Epige-
netics refers to the molecular mechanisms that affect gene expression and pheno-
types without involving changes in the DNA sequence. Epigenetic changes occur
throughout all stages of cell development or in response to environmental cues.
They affect gene accessibility of regulatory proteins such as methyl-CpG-binding
proteins, transcription factors, RNA polymerase II, and other components of the
transcriptional machinery, eventually changing transcription patterns in a tissue/
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cell-specific fashion [1-6]. Epigenetics is the field to examine the environmental
factors and determine how they alter gene regulations and what roles they play in
disease development. The study of epigenetics at the genome scale is referred to as
epigenomics [7].

With a large epigenomic database, one can formulate hypotheses about the
causalities between epigenomic changes and phenotypical changes, link chromatin
modifications with aberrant gene expressions in diseases, and define core regulatory
mechanisms that occur in different tissues and in different developmental stages
[8, 9].

16.1 Epigenetic Changes

There are a number of processes that affect gene expressions without changing
DNA sequence. First, transcription factor binding is an important mechanism that
affects gene activity. It is widely accepted that the molecular requirements for
human cancer include loss of growth inhibition by ligands, self-sufficiency in
growth stimulation, limitless replicative potential, and avoidance of apoptosis
[10]. All of these characteristics have close ties to dysregulated transcription. A
significant fraction of transcription factors have functions related to cell prolifera-
tion and differentiation. It is also well established that the differential gene expres-
sion patterns in cancer cells correlate with the recruitment of specific and general
transcription factors on relevant promoters. Intracellular cell signaling pathways
typically rely on activated transcription factors or proteins that activate transcrip-
tion factors for relaying the signal into the nucleus. These signaling proteins may
experience mutation or overexpression and these changes alter spatiotemporal
transcription patterns. As a result, a number of transcription factors (e.g., STATs,
NF-kB, p-catenin, and NICD) are well known to have increased activity in most
human cancers and prevent apoptosis of tumor cells in these cases [11-13]. In
tumor cells, for example, transcription factor NF-«B is normally sequestered in the
cytoplasm through the association with an I-xB protein. When the cell is exposed to
activation signals such as tumor necrosis factor-o (TNF-a) binding to cell surface
receptors, the I-xB protein is phosphorylated on serine 32 and 36, then
ubiquitinated, and broken down in proteasomes. After being freed from its associ-
ation with I-xB, the NF- kB complex moves to the nucleus where it binds to specific
sequences in the promoter/enhancer regions of genes to regulate transcription
[14, 15].

In mammals, DNA methylation is the best studied epigenetic modification. DNA
methylation typically refers to the addition of a methyl group at the carbon-5
position of cytosine residues within CpG dinucleotides, forming 5-methylcytosine
(5mC). This process is catalyzed by enzymes called DNA methyltransferases.
Human genome contains 0.7 % clusters of CpG sites (“CpG islands” or CGls)
and those CpG sites contain 7 % of all CpG dinucleotides. CpG islands are mostly
enriched at gene promoters. There about 60 % of all mammalian gene promoters are



16 Microfluidic Chromatin Immunoprecipitation for Analysis of Epigenomic. . . 351

CpG rich [16]. CpG islands typically stay unmethylated. This opens up space on
nucleosome for DNA to be easily transcribed. On the other hand, methylated CGIs
are associated with gene repression [17, 18]. DNA hypermethylation or
hypomethylation compared to normal tissues have been associated with a large
number of human diseases. For example, transcriptional silencing of tumor-
suppressor genes by CGI-promoter hypermethylation plays an important role in
cancer development [19-21]. Genes that were critically involved in cancer biology,
including the cell-cycle inhibitor p16-INK4a and the DNA-repair genes MLH1 and
BRCAL, have been shown to undergo methylation-associated silencing in tumor
cells [22, 23]. Typically, hypermethylation of tumor-suppressor genes and
hypomethylation of oncogenes occur during cancer development [24].

Histones are proteins found in eukaryotic cell nuclei that are wrapped around by
147 bp DNA. The histone-DNA complex is called chromatin. Chromatin exists in
two forms. One form, called euchromatin, is less condensed and can be transcribed.
The second form, called heterochromatin, is highly condensed and typically not
transcribed. The core histones (H2A, H2B, H3, and H4) are in globular shape,
consisting of two H2A-H2B dimmers and an H3-H4 tetramer [25]. The histone tails
are subjected to various posttranslational modifications including acetylation,
methylation, phosphorylation, and ubiquitination. Of these modifications, histone
acetylation and methylation are the best understood. In general, acetylation on
lysine residues provides relaxed chromatin structure that allows binding of tran-
scription factor and therefore increases gene expression. However histone methyl-
ation affects nucleosomal interactions and can either repress or activate
transcription [26]. For example, trimethylation of histone 3 lysine 4 (H3K4me3)
is associated with transcriptionally active chromatin, whereas trimethylation of
histone 3 lysine 27 (H3K27me3) leads to compact chromatin and gene repression.

16.2 Chromatin Immunoprecipitation

Epigenetic regulations of gene expressions play pivotal roles in normal and disease
development. Understanding of epigenetic regulations will improve various aspects
of biomedicine, including strategies for manipulating cell fate for regenerative
medicine, novel epigenetics-based disease markers and biomarkers, and novel
therapeutics.

To date, chromatin immunoprecipitation (ChIP) assay is the gold standard for
investigating in vivo epigenetic modifications and transcription factor binding at the
genome scale. ChIP assays involve a number of steps. First, DNA is cross-linked
with protein by cross-linking agents (e.g., formaldehyde), in order to freeze
protein—-DNA and protein—protein interactions. Subsequently, cells are lysed in
order to release chromatin. Then, chromatin is sonicated to yield fragments of
protein-bound DNA that are typically 200-600 base pair long. These fragments
are then immunoprecipitated onto the surface of antibody-coated beads. The anti-
body here specifically targets a transcription factor, a specific modified form of
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histone, or a cytosine methyl group. Finally, the immunoprecipitated fraction is
isolated. The cross-linking is reversed and the released DNA is assayed to deter-
mine the sequences [27]. The identification of the DNA sequences can be done by
gPCR if there are known candidates. Alternatively, these binding sites can be
mapped at the genome scale by sequencing (ChIP-seq) using high-throughput
sequencing technology (e.g., [llumina HiSeq 2500 System) [28, 29].

Although ChIP-qPCR/seq has been tremendously useful for epigenetic/
epigenomic studies, the technology suffers from serious limitations. First, the key
limitation is that it requires a large number of cells (>10° cells per IP) [30~32]. This
is feasible when using cell lines. However, such requirement has become a major
challenge when primary cells are used because very limited amounts of samples can
be generated from lab animals or patients. For example, there are around 10,000
naturally occurring T regulatory cells per murine spleen, and ~5000 per ml periph-
eral blood. For metastatic cancer patients, there are only about 1-10 circulating
tumor cells per ml of whole blood. Furthermore, primary samples are typically
mixture of different cell types. Isolating single cell type from a mixture brings
further loss in the sample amount. Second, the outcome of a ChIP assay can be
affected when a large cell number is used. Population heterogeneity may contribute
to the large standard deviations among trials. Finally, most ChIP assays involve
lengthy manual handling and they normally take 3—4 days or longer to finish. These
cumbersome procedures not only create loss of materials but also introduce human/
technical errors that lead to large variations between replicates [33, 34]. In general,
ChIP assays with ultrahigh sensitivity and high degree of automation and integra-
tion are highly desirable.

16.3 Microfluidic ChIP Assays

Microfluidics enables controlling and transferring tiny quantities of liquids to allow
biological assays to be integrated on a small chip. Microfluidic chips can be made
from polydimethylsiloxane (PDMS) by soft lithography at low cost
[35, 36]. Microfluidic chips offer reduction in sample amounts, high level of
integration and automation, and high throughput. Microfluidics provides an auto-
mated platform for performing ChIP assays based on a low number of cells with a
short assay time. Automation not only helps to standardize and simplify the ChIP
process, but also eliminates errors from pipetting. Moreover, a tiny volume inside a
microfluidic device tends to create a high concentration that benefits processes such
as immunoprecipitation.

Although a significant amount of effort has been directed toward DNA/RNA
analysis using microfluidics [37-42], the reports on microfluidics-based ChIP
assays (or epigenetic/epigenomic studies) have been scarce until only recently.

Wu et al. developed an automated microfluidic ChIP (“AutoChIP”) that used
2000 cells per reaction [43]. Figure 16.1 shows a labeled schematic of the device
where different stages of ChIP are performed. In Ring 1, fixed cells were trapped
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and lysed and the DNA was fragmented with micrococcal nuclease (MNase)
digestion. Antibody-bead preparation was loaded into Rings A to D and mixed
with fragmented DNA using valve-actuated mixing in order to facilitate IP. After
IP, the samples were washed in the columns stacked behind sieve valves SV6, SV7,
and SV8 by passing washing buffer through beads, and collected from the device.
Purification of DNA was conducted off-chip. The major improvement of AutoChIP
when compared to conventional protocols was its short assay time. AutoChIP only
took 2 h for IP instead of overnight in conventional assays. Fast mixing of the
reagents and beads in ring mixers from A to D accelerated antibody-antigen
binding. 400 nl microfluidic reaction chamber (compared with 1 ml in the conven-
tional assays) created high bead density to effectively speed up ChIP. The device
shown in Fig. 16.1 was also designed with four rings to accommodate four ChIP
reactions at one time. As Wu et al. demonstrated in their later work, scaling up was
easily accomplished by fabricating a chip with more mixing rings, resulting in even
more parallel reactions. Figure 16.2 shows an upgraded device that has 16 rings to
accommodate 16 ChIP reactions at one time [44]. Shen et al. also used very similar
design for their ChIP-seq study on H3K4me3 epigenomic landscape using 1000
mouse early embryonic cells [45].

Our group (Geng et al.) designed a microfluidic device for ChIP-qPCR assay
with the ultrahigh sensitivity [46]. Optimized microfluidic and ChIP conditions
permitted the analysis of histone modifications from as few as ~50 cells without
losing specificity. The whole ChIP-qPCR could be finished within ~8.5 h. As shown
in Fig. 16.3, cells were first stacked against magnetic beads that were functionalized

inlet _outlet
4 4

outlet
B Flow channels ]

B Control channels
@ Valves

Fig. 16.1 The design of AutoChIP for four reactions. Reagent-containing flow channels are
shown in blue shades, and valve-actuating control channels in red. Reproduced with permission
from Ref. [43]
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Fig. 16.2 Schematic of the microfluidic AutoChIP for 16 reactions. Reagent-containing flow
channels are shown in blue shades, and valve-actuating control channels in red. Reproduced with
permission from Ref. [44]

with anti-histone antibody. They were lysed to release chromatin and chromatin
was then sheared by MNase digestion. The fragmented chromatin was then incu-
bated with the antibody-coated magnetic beads with mixing of the beads by a
moving magnet and a periodically actuated valve (“flapping valve”). Once the
bead surface captured profiled histone (together with the DNA that it interacts
with), the beads were washed to remove nonspecifically bound chromatin/DNA,
while the magnet retained the beads and washing buffer passed through beads. The
beads were then collected from an outlet of the device and taken off the chip for
remaining purification and qPCR procedure.

Compared to AutoChIP, several measures were taken to improve the sensitivity.
First, we reduced the reaction chamber for IP down to ~50 nl and ensured IP beads
to occupy a large fraction of the reaction chamber. The close proximity among
beads greatly increased the efficiency and rate for chromatin adsorption on the bead
surface due to the short diffusion lengths involved. The adsorption of a chromatin
molecule among beads was rapid given that travel time 7p ~ w?/D, where w is
diffusion distance between two beads, and D is diffusivity. Second, the magnetic
beads were utilized to capture cells and perform immunoprecipitation and this may
minimize nonspecific adsorption by the beads. Finally, the chamber for cell lysis
and that for immunoprecipitation were adjacent and only separated by a valve with
minimal material loss during transport.

We examined two loci (FR and bA-globin genes) for enrichment of acetylated
histone H3. Previous studies had shown that in 6C2 cells the FR promoter was
acetylated at histone H3 and the bA-globin promoter was unacetylated. Our result
indicated that the percentage of DNA precipitation relative to input (i.e., percent
input) increased at FR gene when the cell number decreased. We reasoned that
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Fig. 16.3 The procedures involved in the microfluidic ChIP device from Geng et al. Reproduced
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antibody-antigen binding was more complete when there were less cells. The
positive association of FR gene with acetylated H3 was confirmed with 100 cells.
This result was consistent with the FR gene promoter being acetylated. In compar-
ison, no significant difference between the sample signal and the control (with no
antibody coated on the IP bead surface) at the bA-globin gene promoter was
observed. This suggested that acetylated H3 was absent at the bA-globin promoter.
These results demonstrated that the assay could effectively distinguish different
acetylation profiles at different genes. This ultrahigh-sensitivity ChIP device has
the potential to yield new insights into the heterogeneity of histone modifications
and protein—-DNA interactions within cell populations (<50 cells) that is often
obscured in the results of bulk assays.

Genome-wide studies of histone modifications require ChIP-Seq. The state-of-
the-art ChIP-seq protocols require at least 10,000 cells, and an additional whole-
genome pre-amplification of immunoprecipitated DNA is typically needed before
sequencing library construction. We recently developed microfluidic oscillatory
washing-based ChIP-seq (MOWChIP-seq), which allowed genome-wide analysis
of histone modifications using as few as 100 cells [47]. Two features of the
technology permitted highly efficient ChIP DNA collection: (1) The use of a packed
bed of beads for highly efficient adsorption and (2) microfluidic oscillatory washing
(MOW) for effective removal of nonspecifically adsorbed DNA.

As shown in Fig. 16.4a, a suspension of antibody-coated magnetic beads
(IP beads) was flowed into the microfluidic chamber (~800 nl) and packed against
a partially closed valve to form a packed bed. It is worth noting that the packed bed
took up to 30 % of the total chamber volume, whereas in conventional assays beads
only take about 1 % of the total reaction volume. Sonicated chromatin was then
flowed through bead-packed bed, taking advantage of drastically improved adsorp-
tion and capture of chromatin molecules by the bead surface, due to the small
diffusion lengths. However, the high-efficiency adsorption likely also increased
nonspecific DNA collection. Thus an effective washing was required for generating
high-quality ChIP DNA. We applied alternating pressure pulses at two ends of the
microfluidic chamber (regulated by a LabVIEW program) to create oscillatory
washing. The oscillatory movement of the magnetic IP beads effectively removed
nonspecific binding from the bead surface. Compared to Geng et al., the pure
mechanical nature of MOW ensured that no IP bead aggregation occurred during
washing. IP bead aggregation tends to occur when a magnetic field is used to move
the beads and such aggregation leads to physical trapping. After MOW, the beads
were retained by a magnet while neat buffer was flowed to wash removed DNA out
of the chamber. Finally, the IP beads were collected into a vial and ready for
downstream DNA purification and analysis.

The quality and amount of ChIP DNA were critically affected by several
parameters including amount of beads, antibody concentration (used during coating
of IP beads), and washing duration (Fig. 16.4b—d). We optimized these parameters
by using qPCR to examine fold enrichment at known positive (UNKL and C9orf3)
and negative (N1 and N2) loci. The relative fold enrichment was defined as the
percent input at a locus divided by the percent input at the lowest negative locus.
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Fig. 16.4 MOWCHIP and the optimization of conditions. (a) Illustration for the five major steps
for MOWCHIP. The relative fold enrichment (for H3K4me3) optimized on several parameters
including the amount of beads in device chamber (b); concentration of antibody used for
pre-coating IP beads (c); and washing duration with each of the two washing buffers (d).
Reproduced with permission from Ref. [47]

Under optimized conditions, we obtained ~1.3 ng ChIP DNA from 10,000 cells and
~180 pg from 1000 cells for H3K4me3. This yield (5-6 % of the total chromatin)
was within the range of the theoretical limit (2-8 % of the genome is marked by
H3K4me3). We examined two histone marks (H3K4me3 and H3K27Ac) in a cell
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Fig. 16.5 Data from MOWChIP-seq and their comparison to nano-ChIP-seq and iChIP. (a) ROC
curves for H3K4me3 data. (b) ROC curves for H3K27ac data generated by MOWChIP-seq. (c)
Normalized H3K4me3 MOWChIP-seq signals at the SPI1 gene locus using data generated with
various sample sizes. (d) Normalized H3K27ac MOWChIP-seq signals at the immunoglobulin
heavy-chain locus. Reproduced with permission from Ref. [47]

Fig. 16.6 Device and operation for Drop-ChIP. (a) Micrograph of the formation of cell-bearing
drops. (b) Micrograph of three-point merging device with an induced electric field. Reproduced
with permission from Ref. [48]

line and hematopoietic stem and progenitor cells (HSPCs) isolated from mouse
fetal liver (FL). Our data reveal new enhancers and superenhancers that were
critically involved in early hematopoiesis (Fig. 16.5).

Recently, Rotem et al. combined droplet microfluidics, DNA barcoding, and
sequencing to process thousands of individual cells and use data to generate
chromatin state maps for embryonic stem cells, fibroblasts, and hematopoietic
progenitors with single-cell resolution [48]. As shown in Fig. 16.6a, they
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co-flowed cell suspension together with lysis buffer and MNase to form droplets in
oil. In parallel, another droplet-maker encapsulated designed oligonucleotides
(more than 1000 barcodes to ensure that more than 95 % barcodes are statistically
unique to single cell) into droplets with each droplet containing multiple copies of
the same barcode. They then merged a stream of nucleosome-containing droplets
and a stream of barcode-containing droplets with an enzymatic buffer stream
containing DNA ligase through a three-point merging device. Dielectrophoresis
was used to trigger fusion of all three types of droplets/solution (Fig. 16.6b).
Indexed chromatins from 100 cells were immunoprecipitated with carrier chroma-
tin from a different organism. Enriched ChIP DNA was used to prepare sequencing
library.

It is worth noting that their typical yield from a pool of 100 cells was seven
million aligned reads. To avoid situations that one barcode ligated with two cells, or
two barcodes ligated with two cells, they filtered the sequencing data to include
only reads that represent one barcode with one cell and two barcodes with one cell.
As the result, they obtained 500—10,000 reads per single cell.

As a validation, the aggregated chromatin profiles from 200 single-cell assays
were comparable to bulk ChIP-seq assays (Fig. 16.7a). However the detail of the
single-cell profiles was compromised by the low sequencing coverage (only ~800
peaks were detected per cell). The data still allowed them to distinguish single-cell
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Fig. 16.7 Drop-ChIP data differentiate cell types (ESCs and MEFs). (a) Drop-ChIP data is shown
for 50 ES cells and 50 MEFs across representative gene loci. (b) Scatterplot depicts normalized
detection of ES cell-specific intervals versus MEF-specific intervals for 400 single-cell H3K4me3
profiles. (¢) DIANA is used to discriminate between different cell types. Reproduced with
permission from Ref. [48]
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MEF profiles from single-cell ES cell profiles with nearly 100 % accuracy
(Fig. 16.7b). Moreover, they separately barcoded ES cells, MEFs, and EML cells
but mixed cells to acquire their profiles. They were able to discriminate between
cell types with >95 % accuracy using an unsupervised divisive hierarchical clus-
tering algorithm (Fig. 16.7¢). In order to detect subsets within the same cell type
(ES cells) with distinct regulatory patterns, they developed a signature-based
clustering method to examine signal-to-noise ratio of these subsets or their “signa-
tures.” They identified 91 representative signatures from 314 clustered public ChIP-
seq profiles based on the overlaps between enriched regions for histone modifica-
tions, transcription factors, and chromatin regulators. Figure 16.8a shows that ES
cell subpopulations with correlated chromatin landscapes were distinguished by
clustering of the signature matrix. They used multidimensional scaling (MDS) plot

a ‘.‘ ' b . -\ .

4,607 ES cells 735 MEFs
27 MEFs 36 ES cells

ES1 ES2 ES3

ES cells
euchromatin

ES cells distal

H3K27me3

MEFs
euchromatin

I

Low Medium High
Chromatin signature

Fig. 16.8 Drop-ChIP shows a spectrum of ES cell subpopulations with variable chromatin
signatures for pluripotency and priming. (a) Several prominent groups of cells with correlated
chromatin landscapes were distinguished by clustering of the signature matrix. (b) MDS plot
compares the chromatin landscapes of single ES cells and MEFs. Reproduced with permission
from Ref. [48]
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to compare the chromatin landscapes of single ES cells and MEFs. Figure 16.8b
shows that the cell states were fairly dense for MEF cluster and ES1 cluster and this
suggested homogeneity in the chromatin landscapes. In contrast, the scattered dots
in ES2 and ES3 clusters reflected a strong gradient in the single-cell state. Their
single-cell epigenomic profiles (although sparse in the number of reads obtained for
each cell) revealed some aspects of epigenetic heterogeneity in a cell population.

16.4 Summary

Epigenetic regulations including histone modification, DNA methylation, and
transcription factor binding affect how genes are turned on or off within a cell
and serve as an integral part of regulatory systems that determine the phenotypes. In
contrast to relatively constant genomic information, epigenetic/epigenomic regu-
lations are highly specific to cell types and states. Thus studies of epigenomics
using samples from patients and lab animals often require isolation of a specific
population of cells. Such isolation process typically generates only cell samples
with a low number of cells. Increased sensitivity for epigenetic/epigenomic assays
is in high demand for these reasons. Microfluidics provides a powerful platform and
potential solution for highly sensitive epigenetic analysis. Microfluidic epigenetic/
epigenomic assays will open door to studies on scarce cell samples with direct
biomedical relevance. Furthermore, these devices/assays will generate unprece-
dented insights into population heterogeneity that were not accessible previously
with bench-scale devices.
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