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27.1

Introduction

Drug discovery is the process of identifying drugs for human diseases. Typically, this involves
screening for a large number of chemical compounds against certain targets in cells using in vitro
and in vivo disease models [1]. In general, the process includes five stages: target identification and
validation, lead screening, optimization, preclinical development, and clinical trials. A protein or
biochemical pathway that plays a key role in the origin or progression of the disease is identified in
the target identification and validation stage. The lead screening stage involves screening of a large
number of chemical compounds against the biomolecular target protein or gene in order to identify
candidates with potential therapeutic effect. This is followed by an optimization stage in which small
chemical modifications of the initial lead compounds are made and screened to produce an optimal
chemical species. The preclinical stage involves testing the candidates in various other animal models for efficacy as well as toxicity, and finally, in the clinical stage, testing is carried out in humans
on a smaller scale. If successful, the drug is made commercially available in the market.
The lead screening and optimization in the drug discovery process are frequently carried out by
high-throughput screening (HTS) of chemical compounds using in vitro assays (e.g., against a
protein target present either in solution or in cultured cells). As these approaches ignore the complexity of biological processes in the context of multicellular organisms that involve interactions
between different types of cells and tissues, they often fail to produce desired results in subsequent
animal and human trials. This results in poor efficacy, nonspecific effects, delay in clinical trials,
and a significant increase in the cost of developing new drugs. A better approach would be to use
a whole animal model that allows monitoring of various steps in drug screening, such as administration, distribution, metabolism, and toxicity, during the screening phase. Although human subjects are ideal, they cannot be tested due to the enormous complexity of the cellular and molecular
processes, as well as the ethical issues associated with subjecting them to experimentation.
Therefore, alternative eukaryotic systems (e.g., Caenorhabditis elegans) are desired, which are
simpler and easier to manipulate yet complex enough to address many of the questions relevant to
human biology.
Traditional methods of drug screening and studies of its mode of action in animal models have
involved feeding the subjects with chemicals present in food (e.g., on a Petri dish or in a 96-well
microtiter plate) while monitoring the effects on various biological processes, and parameters
such as growth and fertility, by visual inspection [2]. These methods are time consuming, expensive, tedious, prone to human flaws, and frequently result in failure. It is a significant bottleneck
that has forced the use of animal model approaches to later stages of lead optimization. Using
them at earlier stages of screening will increase the physiological relevance of drug candidates
during the lead identification process as well as reveal potential toxic effects, thereby helping to
accelerate the process of drug discovery. This could be achieved by automation and parallelization of screening that will enable low-cost high-throughput analysis in a rapid, sensitive, and
accurate manner.
This chapter provides a comprehensive review of HTS and drug discovery-related research in
C. elegans. It begins with a brief description of leading animal models with an emphasis on C.
elegans. This is followed by a survey of currently available microfluidic and other robotic systems
for various worm applications. The chapter ends with a discussion on tools and approaches needed
to facilitate high-throughput microfluidic screens in C. elegans for the study of movement behavior
and related disorders.
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27.2 Animal Models to Study Human Diseases
The ultimate target of most of the ongoing biomedical research is to understand human diseases and
develop effective therapeutic treatments. As humans cannot be manipulated in a laboratory due to
ethical reasons and are too complex and slow growing, researchers have established alternative
models to study disease mechanisms and search for potential drug targets [2–6]. This has involved
conducting experiments in unicellular and multicellular animals (the in vivo approach) as well as
cultured cells (the in vitro approach). In addition, computer software is also used to study biological
processes by developing mathematical models (the in silico approach) and to analyze large experimental datasets.
The in vivo approach, involving animals, has traditionally focused on a relatively small set of
living entities known as model organisms. Much of our understanding of human biology and diseases has come from studies carried out in these systems. Such models have been immensely useful
for the understanding of fundamental biological processes such as cell division and differentiation
that occur in all eukaryotes. They provide powerful tools to accelerate studies on diseases without
dealing with actual human subjects and free from ethical considerations. By reducing the time
needed to study diseases and find cures, they help improve our lives.

27.2.1 Cultured Cells and Eukaryotes
In vitro cultures of animal cells offer several advantages in biological studies. These cultures mimic
many of the cellular and molecular processes observed in live animals, increase the throughput of
the experiment, and reduce the space and infrastructure compared to that needed to house animals.
A large number of cell cultures, derived from humans and other animals, are currently available for
investigation. Many of these are well characterized in terms of growth and differentiation properties. This, together with the relative ease in culturing and obtaining large quantities of pure cell
populations, has been valuable for investigating processes in normal and disease conditions [7,8].
Two eukaryotic model organisms that resemble cultured cells in many ways are the baker’s yeast
Saccharomyces cerevisiae (S. cerevisiae) and the fission yeast S. pombe. Both are rapidly growing
micron-size organisms that can be cultured fairly easily and inexpensively in the laboratory.
Normally they reproduce asexually (S. cerevisiae by budding and S. pombe by fission); however, in
certain conditions they can also mate and reproduce sexually. The ability to switch between asexual
and sexual lifestyles provides many advantages in genetic experiments. Both organisms have been
at the forefront of many biological discoveries for decades. They offer a number of powerful genetic,
biochemical, and molecular biological tools to accelerate the study of conserved processes (e.g., cell
cycle control) [9,10] and human diseases [11,12].
While the cell cultures and unicellular organisms are useful in biological studies, they poorly
mimic the three-dimensional environment and complexity observed in multicellular animals. Since
live cells communicate with their neighbors as well as the environment, diseases affecting one tissue or cell population often indirectly impact other parts of the body. In this respect whole animal
models provide advantages to study the broad range of phenotypes, disease mechanisms, and complex cellular interactions. A number of animal models are available today for experimentation that
include vertebrates, such as mouse (Mus musculus) and zebrafish (Danio rerio), and invertebrates,
such as worm (C. elegans) and fruitfly (Drosophila melanogaster). The main advantages of vertebrates are their higher degree of genetic and physiological similarities to humans. Due to their large
size, these animals can be surgically operated to isolate tissues and cells for various experiments.
They also offer rich morphological and behavioral features that make them suitable models for
many human diseases. However, vertebrates also have several drawbacks that limit their use in the
laboratory. These include slow growth, long life span, and high cost of maintenance. Additionally,
the large size and slow growth of vertebrates are not suitable for HTS-based studies. In these respects
the invertebrate models, C. elegans and D. melanogaster, possess many features that are particularly
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appealing. For example, they have a short generation time (few days) and are relatively cheap to
maintain and perform experiments on. A number of pioneering discoveries in these organisms have
helped improve our understanding of human biology and diseases. Both of these boast a rich history,
powerful cellular, molecular, and genomic tools, and extensive literature to undertake detailed
investigations of biological problems. However, due to their small size (1–2 mm), one needs microscopes and special tools for handling them. This poses difficulties in studies requiring the examination of a large number of such animals.

27.2.2 The Nematode C. elegans
C. elegans is an established model organism to investigate the molecular mechanisms of conserved
biological phenomena that occur in all organisms including humans [13]. It is one of the most thoroughly studied multicellular organisms in terms of genetics, development, behavior, and physiology.
It offers many experimental advantages including small size (~1 mm), rapid life cycle (Figure 27.1),
and the ease of culture conditions. The adult worm has roughly 1000 somatic cells and a transparent
body that allows visualization of cellular and molecular events in live animals using fluorescent
proteins, such as green fluorescent protein (GFP), without the need for sacrificing the animal. The
worm genome is compact (~20 times smaller than the human genome) and is fully sequenced, which
greatly facilitates experimental manipulations and the study of gene function.
27.2.2.1 Development and Behavior
The worm contains two sexes, self-fertilizing hermaphrodites and rare males. The hermaphrodites
are essentially females except that they initially produce sperm for a few hours before switching to
make oocytes. While males are not necessary for reproduction, mating provides opportunities for
new genetic material to be introduced. The fertilized embryo goes through four larval stages
(L1–L4) to generate an adult animal (Figure 27.1). An adult hermaphrodite contains 959 somatic
nuclei that are organized into specialized cell types such as neurons, muscles, and intestine.
Due to its small size and transparent body, C. elegans allows the study of biological processes at
a single-cell resolution. Through a laser-assisted cell ablation technique researchers have determined
the lineage history and function of every cell in the animal. The electron microscope was used in
ultrastructural studies, which among other things has revealed interconnections of all neurons (302

(a)

(b)
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Figure 27.1 C. elegans and its life cycle. (a) A typical culture on an agar plate. Different stages of animals
are visible. (b) Life cycle of C. elegans at 20°C. A fertilized embryo goes through four larval stages to give
rise to an adult in roughly two-and-a-half days. Dauer is a reversible alternative developmental program that
is induced by unfavorable growth conditions.
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in total). This serves as an invaluable resource in the study of the development and function of the
nervous system.
C. elegans has a well-developed chemosensory system to detect a wide variety of volatile and
water-soluble chemicals in the environment. This allows the animal to find food, avoid harmful
substances, and modulate physiological conditions such as diapause. All these responses are mediated by certain neurons located primarily in the head and tail regions. Additionally, C. elegans
contains thermosensory and mechanosensory neurons to sense temperature and external substances
(e.g., soil particles) that make physical contacts with the animal in its habitat. While these behaviors
have been studied in significant detail and genes and mechanisms are identified, a few others such
as responses to light (phototaxis) and electric field (electrotaxis) are poorly characterized.
27.2.2.2 Conservation of Biological Processes
The amenability of C. elegans to genetic manipulations has led researchers to study biological processes by means of isolating mutations and characterizing phenotypes. This “forward genetics”
approach has been very successful in understanding the development and behavior of the worm and
the extent to which molecular mechanisms are conserved in eukaryotes. The availability of the
genome sequence of C. elegans has further strengthened its utility by enabling large-scale functional
genomic approaches to identify genes and understand their in vivo function. The findings have
revealed that C. elegans shares more than half of its genes with humans and utilizes many of the
same processes [14]. For example, genetic and molecular studies have identified conserved cellular
machinery that control processes such as cell proliferation, cell differentiation, and cell death. It has
been demonstrated that these processes utilize similar mechanisms in almost all eukaryotes,
supporting the conclusion that results obtained in worms can be successfully translated to other
organisms including humans.
In addition to its value in addressing basic questions about animal development and behavior,
C. elegans has also proven to be an excellent system for studying the biology of human diseases.
The worm genome contains many human disease gene orthologs [14,15] that makes it possible to
establish worm disease models, study cellular and molecular changes, and develop potential drug
targets. This is evident from research on diseases such as cancers, bacterial and fungal infections,
obesity, hypertension, and neuronal disorders [3,16–19].

27.3 C. elegans as a Model for Studying Neurodegenerative and
Movement Disorders and Screen for Drug Candidates
Because of its simpler anatomy and comparatively fewer neuronal and muscle cells, C. elegans is
an ideal system for studying disorders affecting these cell types. The worm contains just 302
neurons, as compared to over 100 billion in the human brain, thus conferring unparalleled precision and control in the identification and manipulation of neuronal cells. In the case of muscles
the most abundant class (somatic, striated type) consists of 95 body wall muscles that are used for
locomotion. They are arranged in a stereotypic manner and can be readily visualized under a
microscope. Studies in C. elegans have revealed that neuronal and muscle cells share many similarities with humans in terms of structure, composition, and function. Furthermore, mutations in
human disease gene orthologs that affect these cells can be readily analyzed in worms due to its
amenability to genetic analysis and the power to probe gene function at a single-cell level. These
and other features described earlier make C. elegans a valuable model for gaining insights into
movement-related disorders, such as Duchenne’s muscular dystrophy (DMD), Alzheimer’s disease (AD), Huntington’s disease (HD), and Parkinson’s disease (PD) [2,20,21]. In addition to
learning the basis of these diseases, C. elegans is also promising in accelerating the process of
drug discovery by helping us to perform high-throughput genetic and chemical screens [22,23]
(Table 27.1).

K11637_C027.indd 585

4/9/2011 5:34:06 PM

586

Integrated Microsystems

Table 27.1
C. elegans Disease Models, Candidate Targets, and Potential Drugs that Confer Protection
Disease Model
DMD
AD

Mode of Induction
dys-1/dystrophin;
hlh-1/MyoD mutants
Ectopic Aβ (1–42)
expression

HD

Ectopic Poly-Q
expression

PD

6-OHDA exposure

Genetic and Cellular Target(s)

Insulin signaling pathway
αB-cystallin
Tumor necrosis factor-induced
protein 1
Arsenite-inducibel protein (AIP-1)

MPTP exposure

dat-1/dat1
Mitochondrial enzyme complex I
and IV
egl-1/puma
cep-1/p53
Mitochondrial enzyme complex I

Rotenone exposure

Mitochondrial enzyme complex I

Ectopic α-syn
expression

ER-to-Golgi trafficking,
mitochondria
Aging-associated genes, such as
sir-2.1/SIRT1 and lagr-1/LASS2
Endocytic pathway genes
Cellular trafficking genes

TH overexpression

Protecting Chemicals/Drugs
Serotonin
Prednisone
Ginkgo biloba extract
EGb 761

Lithium chloride
Mitramycin
Trichostatin A
GABA
NMDA
Bromocriptine
Quinpirol
Acetaminophen
Rofecoxib
Modafinil
D-α-Hydroxybutyrate in
combination with
Tauroursodeoxycholic acid
1,2,3,4-Tetrahy
droquinolinones

Acetaminophen

27.3.1 Muscle Disorders
C. elegans possesses many conserved genes that are involved in muscular dystrophies. One of these,
dystrophin, is linked to DMD [24]. DMD is an X-linked recessive disorder that is characterized by
progressive degeneration of skeletal and cardiac muscles [25]. The presence of dystrophin-like gene
dys-1 in C. elegans has been useful for studying the mechanism of muscle degeneration [26–28]. In
addition, researchers have carried out pilot screens for candidate drugs that suppress the disease
phenotype [29,30] (Table 27.1). These studies illustrate the use of the worm DMD model in understanding the disease mechanism and identifying potential treatments.

27.3.2 Neurodegenerative Diseases
C. elegans neurodegenerative disease models include three major disorders (AD, HD, and PD), all
of which cause age-dependent progressive loss of neurons or neural activity. A common feature of
these disorders is the accumulation of misfolded protein aggregates. Because of its short life span
and other experimental advantages (see Section 27.2.2), C. elegans can be used to accelerate the
research on disease mechanisms. Researchers have created transgenic worm strains that are
valuable in understanding the basis of protein aggregation and neuronal defects, and search for
therapeutic targets.
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27.3.2.1 Alzheimer’s Disease
AD is the most common cause of dementia primarily affecting people over 60 years of age. Its
symptoms include memory loss and cognitive decline that become severe with age as neuronal
degeneration increases and affects larger areas of the brain. The cellular hallmarks of AD are senile
plaques and neurofibrillary tangles consisting mainly of β-amyloid (Aβ) peptide and the microtubule-associated protein tau, respectively [31,32]. In spite of the extensive work from several laboratories, little is understood about factors that trigger the accumulation of misfolded tau and Aβ and
the resulting neuronal toxicity. Researchers have generated transgenic C. elegans AD models by
expressing the toxic human Aβ peptide (Aβ1–42) in body wall muscles [33–35]. The accumulation
of the protein interferes with normal muscle function thereby causing paralysis. These models provide a means to identify molecular pathways that induce protein misfolding and facilitate the identification of potential targets to understand the cause of AD [34,36–38] (Table 27.1). When combined
with findings in other animal models, the knowledge could prove valuable to understand the disease
mechanism in humans, ultimately helping to develop effective treatments.
27.3.2.2 Huntington’s Disease
HD is another age-dependent neurodegenerative disorder caused by abnormal expansion of glutamine repeats (polyglutamines or polyQ) in huntingtin (htn) [39]. Although C. elegans does not
carry an htn counterpart, it has been shown that forced expression of human htn-polyQ in worms
causes neurodegeneration similar to that seen in HD patients [40–43]. This suggests that htn-polyQmediated neuronal toxicity occurs through the disruption of certain cellular processes that are conserved between worms and humans. Therefore, advanced genetics and genomics technologies in C.
elegans can be harnessed to understand disease mechanisms and discover candidate drugs. This is
demonstrated by screens to identify candidate genes and biological processes that are involved in
polyQ-mediated neuronal toxicity in a worm HD model [44,45]. In addition, researchers have also
used the worm system to find drugs such as resveratrol, mithramycin (MTR), and trichostatin A
(TSA) that reduce polyQ toxicity and promote neuronal survival [46,47] (Table 27.1). These studies
demonstrate the power of C. elegans in understanding the disease mechanism and drug discovery.
27.3.2.3 Parkinson’s Disease
PD is one of the common neurodegenerative diseases of elderly people above the age of 65. One of
the major causes of PD is the marked loss of dopaminergic (DA) neurons in substantia niagra, a
region of the brain that controls balance and movement of the body. Its major symptoms are tremor,
bradykinesis (slow movement), stiffness of the limbs and trunks or akinesia (inability to move), and
postural instability (impaired balance and coordination).
The pathological hallmark of PD is the presence of intracellular inclusions termed Lewy bodies (LBs) in patient brains. The most abundant protein in LBs is α-synuclein (α-syn) that appears
to be responsible for DA degeneration. In order to understand the basis of α-syn accumulation and
toxicity, researchers have generated transgenic C. elegans strains overexpressing human α-syn
that show protein accumulation similar to LBs in PD patients [21]. These animals serve as suitable
models for molecular dissection of PD and screening of drug candidates. Thus, chemical and
genetic screens have been carried out using α-syn-induced neuronal toxicity as an assay [48–52].
These screens have identified components of endocytosis, vesicular trafficking, and lipid metabolism (Table 27.1).
Besides mutations and other genetic modifications, several chemical compounds (e.g., 6-OHDA,
MPTP, and pesticides such as rotenone and paraquat) (Table 27.1) have been found to induce PD-like
symptoms in humans and other animal models [53–58]. These chemicals cause degeneration of DA
neurons by oxidative stress and/or inactivation of mitochondrial complex I [59]. The DA neurons in
C. elegans are also susceptible to these neurotoxins and give rise to movement defects [60]. Such PD
worm models have been valuable in exploring the mechanism of neuronal degeneration and identification of potential neuroprotective compounds [61–64] (Table 27.1).
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Table 27.2
PD-Related Genes in C. elegans
C. elegans Ortholog

Protein Family

Details

PARK1
PARK2
PARK3
PARK5
PARK6
PARK7

None
pdr-1
na
ubh-1
pink-1
djr-1.1 and djr-1.2

α-Synuclein
Parkin
na
UCHL-1
PINK1
DJ-1

PARK8
PARK9
PARK10
PARK11

lrk-1
catp-6
na
na

LRRK2
ATP13A2
na
na

PARK12
PARK13

na
None

na
HtrA2

Possible role in synaptic transmission
RING-type E3 ubiquitin ligase
Specific gene is yet to be identified
Ubiquitin carboxy-terminal hydrolase L1
PTEN-induced kinase 1 (serine/threonine kinase family)
Atypical peroxiredoxin-like peroxidase; acts as a
chaperone and a sensor for oxidative stress
Leucine-rich repeat kinase 2
P5-type ATPase
Specific gene is yet to be identified
The evidence of PARK11 encoding GIGYF2
(Grb10-interacting GYF protein-2) is contradictory
Specific gene is yet to be identified
Mitochondrial, antiapoptotic serine protease

PD Gene

Note: na, not applicable; None, ortholog unknown.

27.4 High-Throughput and Automated Techniques
to Manipulate C. elegans
Among the various features of C. elegans, its small size, rapid growth, and simple food requirements have made it a valuable model organism for high-throughput-based studies to address questions related to basic and applied biology. These include fundamental processes such as cell growth
and differentiation and treatment of human diseases by identifying drug candidates [3,60,65–67].
Over the years, several HTS methods have been developed to manipulate worms in a rapid and
efficient manner. Typically, these involve cultivating animals in multiwell format plates (either agar
or liquid media-based) and screening for morphological and behavioral changes under a microscope. These methods could be semiautomated by the use of robotic and sorting devices. Methods
have also been developed to rapidly screen for the viability of animals using fluorescent dyes. In
some cases, computer softwares have also been used to accelerate the analysis. In the following, we
provide an overview of these technologies and summarize their progress.

27.4.1

Classical Approaches

Being a genetic model system, C. elegans is frequently used to screen for mutations that affect
development and behavior. The characterization of such mutations has been valuable in understanding how genes function and interact to control cellular activities. Typically, the mutant screening
protocols involve growing worms on Petri dishes for about a week and observing animals under a
microscope for desired phenotypes. Putative lines are grown and retested to confirm the presence
of a mutation before initiating genetic experiments. Such an approach mostly involves working with
a very small set of genes and often takes many years of hard work to obtain a reasonable understanding of biological processes.
The discovery of RNA interference (RNAi) phenomenon has accelerated the pace of genetic
analysis [68]. Depending on convenience, researchers can carry out RNAi experiments on traditional agar-based culture plates or in liquid media-containing microwell plates. The liquid medium
has the advantage of scaling up the volume with less effort compared to the plate culture and is
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therefore a method of choice for large-scale RNAi studies involving a large number of genes [69].
Several chemical screens have also successfully utilized the liquid media protocol to identify beneficial compounds and to assess the effect of toxic substances on animal health and viability [70,71].
For example, as mentioned in Section 27.3, chemical screens in C. elegans disease models have
identified several candidates that inhibit neuronal toxicity (Table 27.1).
While the above plate and liquid culture-based protocols are well established, the process is slow,
labor intensive, and does not readily scale up. Furthermore, the phenotypic assays (such as movement and growth) are largely manual and therefore prone to error and subjectivity. This limits the
use of C. elegans in large-scale studies that require rapid, sensitive, and quantitative assessment of
phenotypes with very little or no variation in measurements. In order to overcome some of these
limitations, a few high-throughput methods have been developed that utilize cutting edge engineering and computer technologies.

27.4.2 Engineering Approach
As mentioned earlier worms are highly suitable for HTS-based studies due to their small size and
rapid growth. This, together with other advantages, makes them an excellent model to screen for
potential drug candidates and gene targets for human diseases. Drug discovery is a long and
multistep process. Typical phases involve initial screening of tens of thousands of chemical compounds by in vitro (using mammalian cell cultures) approaches, selected in vivo testing in other
animal models (e.g., mouse) to identify potential candidates, clinical testing in humans to determine
beneficial and side effects, registration of a successful drug, and production for public use. This
entire process usually takes more than a decade, of which most of the time is spent in the initial
chemical screening phase. Therefore, reducing the time for screening, by using the C. elegans
model, will greatly accelerate drug discovery, create more opportunities for clinical trials, and ultimately more drugs to treat patients. Additionally, worms could also accelerate the understanding of
molecular mechanisms underlying a disease, leading to the development of improved drugs and
other therapeutic interventions [2]. Over the years, many protocols and tools have been developed to
handle worms in a high-throughput fashion. All of them have shown promise and continue to evolve
to meet new challenges and overcome shortcomings. In the remainder of this section we discuss
major techniques available today and highlight their uniqueness, advantages, and limitations.
27.4.2.1 Conventional Robotics
The conventional liquid handling robotic systems used in molecular biology experiments have been
successfully adopted in worm screening protocols. These systems typically consist of a pipetter, a
culture plate-handling unit, a microscope, and a computer. The computer controls various operations
such as pipetter movement, volume adjustment, and plate handling. The pipetter can dispense defined
volumes of liquid media (containing bacteria and/or chemicals) into microwells of a culture plate
(e.g., 96-well or 384-well plate). Worms are grown inside microwells for a desired period of time and
their phenotypes are monitored by a microscope on a regular basis. In certain kinds of screens, such
as those involving thermal avoidance behavior [72], data collection, and analysis, could be automated
by using a computer [73]. The speed, accuracy, and automation afforded by robotic equipment have
been valuable in carrying out many high-throughput screens in C. elegans (e.g., see [69,74]).
Although useful, a major drawback of conventional robotic systems is their high cost that
limits their widespread use. Additionally, the instrumentation cannot be used for certain kinds of
HTS-based C. elegans studies. For example, one of the key operations in screening worms is to
obtain fluorescent and visual images of individual worms that have been fed with RNAi bacteria or
treated with chemicals. This operation is difficult to perform in the microwell plate format due to
the inherent motion of animals and fluorescent signal distraction. Although it is possible to analyze
the speed and shape of moving worms using specialized software [75], the technology is not
advanced enough and therefore has not been widely adopted. The robotic systems are also not
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s uitable for screens that require precise measurement of movement-related parameters (e.g., angle of
body bends and frequency and amplitudes of sine waves), time course of phenotypic changes, and
single-cell observations.
27.4.2.2 Biosorter
Two of the few automated HTS and sorting devices for C. elegans research available today are
BioSorter and COPAS (Complex Object Parametric Analyzer and Sorter), both made by Union
Biometrica (Figure 27.2). These are large particle flow cytometers capable of analyzing, sorting, and
dispensing worms, cells, and other micron-sized objects (up to 1500 μm). As the object passes
through the flow cell, its optical density, length, and fluorescence are measured with the help of
lasers. This information is analyzed by computer software that in turn controls a pneumatic sorting
mechanism to dispense the object in a predefined manner. Compared to COPAS, BioSorter is more
flexible and has a few additional features that make it suitable for a larger range of applications. Both
systems can sort worms into multiwell microtiter plates in a rapid (more than 100 worms per second) and efficient manner. This has facilitated several high-throughput screens using phenotypes
such as size, viability, and GFP fluorescence as screening criteria [69,76–79]. These equipment have
made significant contributions to C. elegans research by making large-scale animal sorting and
aliquoting a routine job that was earlier not possible. However, similar to the robotic systems,
COPAS and BioSorter have limited applications and cannot be used in screens requiring high-
resolution single worm and movement-related analyses.
27.4.2.3 Microfluidic Devices
As reviewed earlier, many protocols are available to manipulate worms on agar plates and in liquid
media, but there is virtually none that can efficiently analyze individual animals at high resolution

Worm
culture

Flow cell
Laser
beams
Detectors

Sorted worms
for downstream
application

Figure 27.2 Principle of BioSorter and COPAS systems. As worms pass through the flow cell, various
parameters, such as size and GFP fluorescence, are recorded. Depending on the experiment, animals can be
sorted into different categories.
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in a rapid, high-throughput, automated, and cost-effective manner. This has been a major impediment
in the widespread use of C. elegans in drug discovery. Recently, microfluidic techniques have been
developed to overcome some of these limitations.
Microfluidics is the science of understanding and controlling fluid flow at a microscale level. It
offers numerous advantages over manual and robotic methods such as rapid analysis, reduced chemical consumption, lower cost, and automation. Due to their miniature size, microfluidic structures
confer great precision in visualizing and quantifying biological processes in living systems. For
example, microfluidics has been used in genetic and proteomic analyses [80,81], cell cytometry [82],
cellular biosensors [83], cell chemotaxis [84], and cell culture [85]. Drug discovery is one of the
areas where microfluidics is expected to have enormous impact [86–90].

27.5 Microfluidic and Miniaturized Approaches Applied
to C. elegans
As discussed above, the microfluidic approach offers several advantages over traditional plate-based
and macrorobotic methods in C. elegans HTS applications. As a result, several worm-specific
devices have been developed in recent years for more precise and quantitative analysis of biological
processes [91–93]. Due to their tiny size, low cost, and design flexibility, these devices have facilitated a number of experiments related to behavior, in vivo imaging of neuronal activity, culturing,
sorting and screening, and in vivo studies of neuronal regeneration. This section summarizes the
current status of microdevices and their applications.

27.5.1 Miniaturized Force-Sensing Devices
Microdevices have been used recently to study physical parameters in live worms as they interact
with the environment. One of the setups incorporated a two-axis microstrain gauge-force sensor to
measure mechanical interaction forces generated by moving worms [94] (Figure 27.3a and b). The
device consisted of an active force-sensing SU8 pillar, located on cantilevers junction center, surrounded by four passive pillars. Using a Wheatstone bridge configuration, four strain sensors at the
base of the cantilevers measured the forces generated by a worm, which was found to be in a microNewton range (2.5 ± 2.5 µN). In most cases, the contact time between the worm and the pillar was
less than 500 ms. Although brief, this interaction was sufficient to evoke a behavioral response
demonstrating the efficiency of the neuronal circuit.

(a)

(b)

(c)

Microscope

Piezo
actuator
PR cantilever
C. elegans
xy-stage
200 μm

100 μm

Figure 27.3 Force-sensing microdevices for C. elegans. (a, b) A MEMS device for measuring locomotiongenerated force [94]. (a) A cross-shaped bridge with a fabricated force sensing SU8 pillar at the center (shown by
white arrows in (b) and four surrounding passive pillars. Each bridge is connected to a strain gauge at the other
end forming a Wheatstone bridge configuration. (c) A piezoresistive cantilever-based sensor [95]. An actual
image of a worm under compression beneath the cantilever actuator is shown on the bottom. (Copyright ©,
The Royal Society of Chemistry 2009 (a and b) and National Academy of Sciences USA 2007 (c).)
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In another study, the mechanical property of the C. elegans cuticle was measured by a piezore
sistive cantilever (Si) force–displacement sensor [95] (Figure 27.3c). A piezoresistive material
exhibits electrical resistance change in response to mechanical stress. The worms were glued at the
head and tail just beneath the cantilever tip. Forces were applied through the cantilever tip on the
worm cuticle and the stiffness was measured through the electrical resistance change in the piezoresistive material at the root of the cantilever. It was found that the force–displacement curve of the
C. elegans body is linear that can be modeled as a cylindrical shell with an internal hydrostatic pressure. Using this model, it was estimated that the C. elegans cuticle has an effective elastic modulus
on the order of 380 MPa. Reducing the internal hydrostatic pressure (by cuticle puncturing using a
sharp tip or by hyperosmotic shock) had only a modest influence (~20% reduction) on animals’ stiffness, suggesting that the cuticle proteins may also contribute to stiffness of the body. Consistent
with this, mutants with altered body shape and cuticle structure had significant effect on stiffness.
It was therefore concluded that the overall body stiffness is contributed by both cuticle stiffness and
the internal hydrostatic pressure.

27.5.2 Devices Consisting of Microstructured Environments
Unlike in the laboratory where C. elegans is grown on a simple agar-based media, the natural habitat
of the animal is far more complex that consists of soil, compost, and numerous microorganisms.
Therefore, it has evolved a highly sophisticated nervous system to recognize external stimuli and
generate an appropriate (attraction and repulsion) response. In order to study such behaviors,
researchers have fabricated microdevices that mimic soil-like environments. One of these consisted
of agar-based microstructures in the form of an array of squared centered posts or grids [96]. The
device was filled with a buffer solution and worms were allowed to swim and crawl in this microenvironment. It was observed that the wild-type worms moved faster in the grid whereas mutants such
as unc-29, which exhibit abnormal sinusoidal movement, were severely compromised. Additional
testing of two mechanosensory mutants, mec-4 and mec-10, revealed defects in movement, thus
revealing the role of the mechanosensory neurons in sensing obstacles in the environment and
directing the movement of the animal. It is therefore possible to use this device in a genetic screen
to identify genes involved in mechanosensation.
Two other microstructured devices were also described that consisted of cylindrical posts and a
sinusoidal channel [97]. The cylindrical posts-containing device, called “artificial dirt,” had variable
post diameters (100–500 µm) and interspacing (60–100 µm). This device was used to study the
crawling behavior of the worm. The movement of animals in the device was undulatory with
dorsoventral bends, similar to the control model trajectory pattern on the agar surface, although the
frequency of sinusoidal body posture was reduced compared to the agar gel. Topographic changes
in the artificial dirt device were reported to have minimal effect on animals’ crawling behavior
(0.14 ± 0.017 mm/s speed in the case of 0.1 mm post diameter and 0.1 mm interspacing compared to
0.2 ± 0.25 mm/s speed on the agar surface). The sinusoidal channel device was used to study the
waveform and trajectory of crawling worms, and the amplitude and wavelength of motion were
quantified.

27.5.3 Growth-Chamber-Based Devices
Another type of microfluidic design incorporates growth chambers to culture and monitor worms
for a longer duration. One such system that was developed earlier had the shape of a compact disc
(CD) with enclosed chambers in which worms could be kept alive for more than a week [98]. Since
this time period is enough to support growth for 2–3 generations, the device is useful to carry out a
broad range of genetic, biochemical, and pharmacological experiments in a precise and controlled
manner. The platform contains interconnected cultivation, nutrient, and waste chambers that are
arranged in a row in an axial direction of a CD (Figure 27.4a). Upon rotation of the CD, nutrients
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Figure 27.4 Microfluidic devices consisting of growth chambers. (a) A CD format device that has three
interconnected chambers (1: nutrient, 2: cultivation, and 3: waste). (b, c1–c3) An array format device [99]. (b)
The left and right circles represent valves (to control liquid flow from the inlet to the outlets) and microchambers, respectively. (c1) The right end of the channel is just wide enough to allow entry of an early L4 stage
animal. (c2) As the worm grows it is unable to escape the chamber. (c3) For observation purposes the worm
can be immobilized into the narrow region of the middle channel. The arrows in B2 and B3 mark the direction
of the liquid flow. (Copyright ©, The Royal Society of Chemistry 2010 (b, c1–c3).)

are pumped into the cultivation chamber while the waste is ejected to the outer chamber via
centrifugal force-driven fluid mechanics. A single hermaphrodite placed in the cultivation chamber
was able to reproduce after 3 days. The animals continued to reproduce till day 9 (1100 worms per
chamber) indicating that the population was viable and fertile. After day 9, the chambers were saturated and many worms entered into the dauer stage due to the lack of nutrients and overcrowding.
The effect of cultivation conditions on worms’ health was determined by measuring the body bending frequency. The compact and fully automated design of the device is highly suitable for studies
requiring long-term observations of behavior and reproduction.
Hulme et al. [99] recently reported a microfluidic device containing an array of tapered channels
for long-term culturing and phenotypic analysis of worms (Figures 27.4b, c1–c3). In this device
channels are connected to microchambers at one end to allow individual worms to be cultured over
an extended period of time. By directing the worm into the tapered channel (via liquid flow), it could
be immobilized for visualization. Reversing the liquid flow forces the animal to return to the growth
chamber. The survival and growth of the animal are ensured by a continuous supply of bacterial
solution and removal of the waste. In this process, the embryos and newborn worms are also
removed, thereby avoiding overcrowding and ensuring that growth chambers contain only adult
animals. The parallel design of channels is suitable for HTS of chemicals to study changes in the
growth and life span of animals.
In addition to fabricating microdevices of polydimethylsiloxane (PDMS) material as described
above, researchers have also used liquid microdroplets as isolated chambers for worms. Due to their
tiny size, the droplets provide unparalleled control and sensitivity in biochemical and molecular
biological assays while reducing the cost of reagents. In a study focused on the viability and growth,
C. elegans eggs were compartmentalized in small aqueous culture vessels (plugs) of 660 nL volume
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within a piece of tubing using perfluorocarbon oil as a carrier [100]. The eggs hatched into larvae in
2 days and within 4 days adults were able to reproduce and survive inside plugs for up to 6 days.
An application of droplet-based growth of worms could be to study the effect of chemicals on
neuronal development and behavior. This was demonstrated by the use of MPP+ (an active metabolite
of neurotoxin MPTP) in droplets (16–20 nL volume) that were generated by n-hexadecane oil as a
shearing agent [101]. The effect of MPP+ in humans and other animal models, including C. elegans,
has been described in detail [59,60,102]. It causes degeneration of dopamine neurons leading to
PD-like symptoms (see Section 27.3.2.3). The introduction of MPP+ in droplets affected the activity
of animals as measured by stroke frequency (2.6 Hz compared to 3.1 Hz in control animals).
Additionally, exposed animals were frequently frozen in omega shape and exhibited reduced movement. Thus, the microdroplet system could be used for chemical screening in worms.

27.5.4 Microfluidic Devices for Immobilization
One of the main challenges in observing worms in liquid environment is their continuous motion.
This severely limits high-resolution imaging to analyze cellular processes, perform microsurgery,
and characterize certain behavioral processes. The traditional methods of immobilization such as
those involving chemicals to paralyze animals or glue to irreversibly bond them to a surface are
slow and harmful, and hence not suitable in high-throughput experiments. In contrast, microfluidic
systems employ several methods to immobilize worms in a rapid, efficient, and reversible manner
to facilitate such experiments. Two of these, vacuum suction channels and the inflatable PDMS
membrane layer inside the channel, can physically hold the worms. The other methods include
temperature-based control to reduce swimming and body motion, and anesthetic such as carbon
dioxide (CO2). In the following sections we briefly discuss various applications of the immobilization-based approach in carrying out genetic and cell biological studies.
27.5.4.1 Behavioral Studies
The optical transparency of C. elegans and its relatively simple nervous system have greatly aided
the analysis of neuronal function in mediating behavior. While the traditional plate-based approach
is quite successful [103,104], it is not suited for single worm and single neuron-based studies due to
the small size of the animals and a lack of spatial and temporal control over stimulus delivery. The
microfluidic approach can overcome these limitations. Recently, two microfluidic devices, olfactory
and behavior chips [105], were developed to examine the activity of certain neurons that mediate
movement and odor sensing (olfaction). The behavior chip, consisting of a simple PDMS microchannel, has wide ends to allow worms to freely enter into the channel. The middle region is only
slightly wider than young adults allowing them to squeeze inside but narrow down at one end to
prevent them from escaping (Figure 27.5a). Thus, a trapped worm has little room to wiggle its body
sideways but the head can move freely. Because of this design, the sinusoidal waves generated by
the worm can propagate along its body. This setup was used to measure the activity of a pair of
neurons known as AVA that are major command neurons mediating backward locomotion. The
findings not only confirmed the role of AVA neurons in reversal behavior but also revealed the precise duration of their activity.
The olfactory chip, also made of PDMS, consisted of a tapered microchannel (wedge shaped) to
trap the worm. One end of this trap is just wide enough to allow the worm’s head to protrude out of
the channel. This configuration allows the nose of a worm to be exposed to chemicals that are supplied through a set of four channels (Figure 27.5b and c). This setup provides spatial and temporal
control over chemical exposure that is not possible in a standard plate-based experiment. Additionally,
the system allows rapid and efficient recovery of animals. The analysis of ASH neurons (that respond
to various stimuli such as mechanical, osmotic, and chemical) in such a setup revealed new roles
when exposed to an osmotic stimulus. These results demonstrate the power of microfluidic chips to
understand the precise roles of neurons and how neuronal activity modulates behavior.
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Figure 27.5 Microfluidic chips for analyzing behavioral and olfactory responses in C. elegans, modified
from [105]. (a) The “behavior” chip for studying neuronal activity in locomotion. The worm is trapped in the
narrow region in the middle. (b) The “olfactory” chip design. (c) A close-up view of the olfactory chip showing
the head region of an immobilized worm. The dotted lines mark the interfaces between the fluids. (Copyright ©,
Nature Publishing Group 2007.)

27.5.4.2 Screening and Sorting Worms
Over the years, the methods of phenotyping and mutant screening in C. elegans have matured from
exclusively using morphological and behavioral criteria to combining them with fluorescent markers, such as GFP, to obtain detailed information on morphologies of cells and subcellular structures.
While these approaches provide valuable information, the entire process of screening animals is
manual and therefore slow, serial, and subjective. Robotic systems such as Biosorter (see Section
27.4.2.2) provide a good alternative but a number of factors limit their usage. In order to address
this, several laboratories are developing microfluidic systems with varying degree of automation
and throughput.
A majority of the microfluidic devices that have been described use a pressure-based immobilization approach. One of these consists of suction ports (narrow channels with diameter less than an
adult worm) located perpendicular to the main channel that carries worms [106] (Figure 27.6). The
application of suction through these ports physically immobilizes an animal. The medium inside the
main channel can be exchanged allowing new worms to be introduced into the channel. An advanced
version of this setup consists of multiple parallel microchambers each of which is capable of

Suction

Inlet
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B

Collection

A

D
Circulator

Wash

Suction

Waste/circulator

Figure 27.6 A microfluidic device to immobilize worms using side suction channels [106]. Worms enter
the main channel from the left inlet. A–F mark different valves to direct the flow of worms. For high-resolution
imaging, animals are briefly captured in the middle region by pneumatic valves applied suction pressure. The
dotted blue line shows the direction through which worms are flushed during channel washing. (Copyright ©,
Q2
National Academy of Sciences USA 2007.)
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i mmobilizing worms by suction to facilitate subcellular imaging and sorting. In order to enable
screening of chemicals and RNAi libraries, the microchamber device could be connected to an
interface chip consisting of an array of aspiration tips. When lowered in a microwell plate, the
aspiration tips draw minute quantity of media from individual wells and deliver to worms in microchambers. This integrated system promises to accelerate the screening of a large number of animals
and chemicals in a high-throughput manner.
Chung et al. [107] reported a modified version of the above-mentioned suction-based immobilization approach by incorporating a temperature control mechanism to allow high-resolution imaging and screening. The worms were first positioned in the detection zone by suction and then rapidly
cooled to 4°C (within ~2 s). The two levels of control proved to be highly effective in complete
immobilization of animals, thus allowing detailed examination of neuronal processes. The entire
procedure of worm handling and imaging was automated and shown to have a much higher resolution compared to other microfluidic-based screening devices.
The flexibility of the PDMS polymer offers possibilities to immobilize worms in different ways.
One such approach involves the use of compressible microchambers in which worms are held in
place by physical trapping. Such a microfluidic system typically consists of a bilayered channel that
contains pressurized air in the top layer and worms in liquid in the bottom layer. The layers are
separated by a thin flexible PDMS membrane that deflects downward as the pressure in the top layer
is increased, thus confining the worm to a very small region and effectively trapping it (Figure 27.7).
A microfluidic chip consisting of this control mechanism was recently used to screen for mutants in
a high-throughput manner [108]. The device had three arms, one of which (main arm) was used to
load, immobilize, and image worms. The other two arms were used to collect nonmutant (wild type)
and mutant animals. The screening and sorting were aided by a computer to facilitate opening and
closing of channel valves to direct worm flow. It was demonstrated that the device could screen
worms at a sustained rate of 1500 h.
Another type of pressure-based device, developed by Hulme et al. [109], consisted of a tapered
(wedge-shaped) channel that acts as a clamp. The flow of the liquid through the channel (toward the
narrow end) forces a worm to move down the channel until it gets physically confined in the narrow
region. A device consisting of 128 such parallel channels was shown to distribute and immobilize
worms in less than 15 min [109]. The device allows high-resolution imaging of cell morphology
using GFP markers and is suitable for HTS of a large number of animals.

Air channel
Worm channel

Worm

Figure 27.7 Schematic drawings of a two-layered microfluidic device for immobilization of C. elegans.
The middle layer consists of a deflectable PDMS membrane that, in the presence of compressed air in the top
channel, bends downward and physically wraps the worm in the bottom channel.
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Finally, a different kind of immobilization approach involves the use of an anesthetic CO2. Unlike
the pressure-based approach, which is appropriate for only a short period (few minutes), CO2 has the
advantage of keeping animals immobile for a much longer duration (up to 2.5 h) without any
apparent defect in their behavior [110]. Furthermore, it is relatively easy to introduce CO2 in the
PDMS-based channel as it diffuses within 1–2 min and almost completely immobilizes the animals.
This makes it an attractive method that could facilitate high-throughput worm screening.
27.5.4.3 Laser-Assisted Microsurgery
Immobilization of C. elegans in a microfluidic channel provides a powerful means to perform surgical operations without the need of chemicals and agar gel pad mounting. Because it is possible to
recover operated animals and image them in the channel over extended periods of time, the microfluidic approach offers unparalleled flexibility and control to explore subcellular structures and
nerve regeneration processes in vivo [111].
Nearly all immobilization approaches discussed above (Section 27.5.4.2) have been used to
perform laser-assisted ablations of neuronal processes. The suction pressure-based device developed by Rohde et al. [106] was successfully used to sever the axon of a touch neuron and the
process of regeneration was monitored subsequently. Guo et al. [112] and Zeng et al. [113] performed similar operations using a bilayered microchannel design consisting of a flexible PDMS
middle layer (Figure 27.7). While both approaches appear to work efficiently, the bilayered system
may offer a better control as animals are completely surrounded by the membrane and have no
room to wiggle.
The tapered channel design, which was earlier developed by Hulme et al. [109] for phenotyping
and screening, has also been adopted in surgical experiments. Allen et al. [114] used a variation of
this design in a microfluidic chip consisting of several parallel two-stage taper channels, each having
a wide region to load worms and a shallow taper to immobilize animals. The worms were recovered
after surgery and the process of nerve development was examined by time-lapse imaging.
While the above-mentioned pressure-based devices are quite successful, they can cause physical
damage to worms due to excessive compression resulting in death of some of the animals. In order
to overcome this limitation, Chung and Lu [115] developed a temperature-based microfluidic
system. Their device consisted of two parallel channels that function independently to allow simultaneous worm-loading and exiting. The diameter and length of channels were comparable to the L1
worm (~14 μm and ~190 μm, respectively) to allow precise fit into the channel. A wide temperature
control channel located perpendicular to worm channels rapidly cooled the animals such that they
were completely immobilized. Specific neurons were ablated using a computer-based automated
imaging and laser guiding system. Because of the automation, the setup can perform ablations in a
high-throughput manner, something that is not possible with the traditional manual method.

27.5.5 Stimulus-Based Devices
The flexibility of the design, operation, and integration of microfluidic devices has led to new applications in C. elegans-related research. One of these deals with the use of stimuli to manipulate the
movement of animals for behavioral and physiological studies. In spite of having a relatively simple
nervous system [117], C. elegans responds to a diverse range of stimuli and exhibits both attractive
and repulsive responses. The stimuli are detected by amphid sensory neurons in the head region that
are exposed to the outside at the base of the lips [103]. Although how environmental cues are
processed by these neurons leading to altered movement is not fully understood, movement serves
as an important readout to dissect the neuronal network and signaling. Hence, a stimulus-based
microfluidic system could serve as a powerful tool to study movement-related neuronal disorders in
C. elegans disease models.
Chemotaxis studies in worms have identified certain chemicals that elicit robust movement
(attractive and repulsive) response. A few other nonchemical agents such as light, temperature, and
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electric field induce a similar behavior. Thus, one or more of these stimuli may be used to manipulate
the movement of worms. In the following, we first summarize the utility of these agents in a microfluidic environment and then discuss one of these, that is, electric field, in detail.
27.5.5.1 Types of Stimuli
Chemicals: C. elegans can detect several types of volatile (e.g., alcohols, esters, and aldehydes) and
water-soluble (e.g., cations, anions, cyclic nucleotides, and amino acids) chemicals that are associated with food and other sources [103]. Compared to water-soluble chemicals that do not diffuse
easily and therefore are likely to be used for short-range chemotaxis, volatile odors rapidly diffuse
through air due to their small size and can be detected at a very low concentration range (picomolar)
making them suitable for long-range chemotaxis.
In spite of the diversity of chemical compounds detected by C. elegans, several factors limit the
application of the chemotaxis-based approach to manipulate worm movement in a microfluidic
setup. These include a lack of control over chemical gradient, variability in chemosensory response
of the animals, and sensory adaptation.
Oxygen: Oxygen is necessary for the development and survival of C. elegans [118]. Under aerobic conditions, it is typically required in mitochondria to carry out metabolic function. In the absence
of oxygen (anoxia), worms cease movement and any development. This arrested state can last for
several hours without any significant damage to tissues and physiological processes and, when supplied with oxygen, the animals resume normal function.
The microfluidics approach has been used to study oxygen sensation and behavioral changes in
worms. It has been found that animals strongly avoid lower (<2%) and higher (>12%) oxygen levels
and prefer to live within a range of 5–12% concentration [119]. Although potentially useful, oxygen
is not suitable as a stimulus to control movement of animals in a microfluidic setup because the
response is variable and not fully penetrant.
Light: The response of C. elegans to light, known as phototaxis, has been studied in some
detail [120,121]. It was found that although C. elegans does not possess eyes, it senses light stimulus via ciliated amphid neurons and demonstrates repulsive reactions to it in a dose-dependent
manner. Although ultraviolet-A, violet, and blue lights appeared to be most sensitive and induced
reversals within few seconds, prolonged exposures (15 min) were detrimental, causing paralysis
and death. In comparison, the repulsive response to green light was mild, low penetrant, and no
paralysis was observed in 20 min exposure. Thus, while the phototactic response is rapid,
because of its lethal effect (in the case of UV-A, violet, and blue lights) and low response (in the
case of green light) it does not appear to be suitable to manipulate worm movement in a micro
fludic setup.
Magnetic field: Magnetic field is another nonchemical agent whose effect has been studied in
C. elegans. Exposure to both static magnetic fields (SMFs) and alternating current magnetic fields
(ACMFs) induces a range of phenotypes. Bessho et al. [122] used ACMFs up to 1.7 Teslas (T) to
intermittently expose growing worms and found that it caused a small but significant decrease in the
growth and reproduction. The animals also showed reduced pharyngeal pumping and abnormal
locomotion but these changes were transient and reversible. Similar to ACMFs, SMFs also have a
range of effects on worms. Exposure of worms to 200 mT reduces their life-span and fertility [123].
SMFs have also been shown to affect gene expression as determined by real-time PCR and microarray experiments [123,124], thus linking developmental defects to molecular changes. While these
studies highlight the effect of magnetic field on worms, there is no indication that it could serve as
a stimulus to guide worms in a microfluidic channel.
Electric field: Electrical potential has long been reported to influence the movement of nematodes [125,126]. In 1978, Sukul and Croll [127] showed for the first time that C. elegans exhibits
electrotaxis behavior. Subsequent studies showed that worms exposed to a direct current (DC) electric field on the open agar gel surface swam toward the cathode electrode (negative pole) at an angle
that was proportional to the field strength (15°–60° range) [128]. Genetic experiments have revealed
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that electrotaxis is mediated by certain amphid neurons (mainly ASJ and ASH, and to a lesser extent
AWB, AWC, and ASK) since their removal abolishes this behavior [128]. Although the mechanism
of electric field response is unknown, the signal may mimic external stimuli that excite sensory
neurons. This could lead to the generation of an electrical signal that propagates to other neurons
and muscles, ultimately affecting movement of the animal. However, why such a response causes
cathode-driven movement is unclear. Recently, a DC electric field was tested as a stimulus in a
microchannel setup (Figure 27.8a) and was found to be highly effective in inducing movement in
worms [129]. In spite of the long exposure of the field (10 min. or more) the animals continued to
swim and appeared normal, suggesting that this approach could be useful in movement-based HTS
in a microfluidic setup.
27.5.5.2 Electric Field as a Stimulus in a Microfluidic System
Among the stimuli described above, the electric field is the only signal that appears to be harmless to worms at a low voltage yet generates a directional movement response in a microfluidic
system. A low-voltage electric field (2–13 V/cm) in the axial direction of the buffer-filled channel
(Figure 27.8a) has been shown to stimulate animals to move toward the negative pole (cathode)
[129]. This behavior appears to be primarily mediated by neurons, and to some extent muscles,
since mutations affecting these cell types failed to show a normal response. Most importantly, the
effect is fully penetrant, immediate, and benign.
Further analysis of the electrotactic response in channels revealed that it is exhibited by worms
that are L3 stage and older. While the speed of movement increases, as animals grow older, for a
given stage it is independent of the electric field strength (Figure 27.8b). Changing the direction of
the electric field causes the animals to immediately turn back and resume motion in the reverse
orientation. These findings suggest that the electric field could be used as a stimulus in HTS of
chemicals and gene targets in C. elegans neuronal disease models.
In addition to the DC field, the response of worms to an alternating current (AC) electric field has
also been characterized. Interestingly, symmetric square wave AC fields of 1 Hz frequency and
higher were found to effectively localize worms in the channel (Figure 27.8c) [130]. Such a property
of the AC field offers several attractive possibilities. For example, new kinds of microfluidic
devices could be fabricated that combine both DC and AC fields to manipulate the movement of
worms as desired.

27.6 Microfluidic HTS of Chemicals and Gene Targets in C. elegans
As discussed above, the ease and low cost of culturing make C. elegans an ideal whole animal
model for drug discovery but its widespread use is hampered by a lack of robust automated highthroughput methods to quantify behavioral and cellular changes. Microfluidics offers advantages in
overcoming these limitations but more work is needed to develop and test new systems and make
them commercially available to end users for routine applications. Because microfluidic devices
will be primarily used in HTSs, they need to be robust and working efficiently over hundreds of
thousands of cycles without breaking down. Furthermore, in cases where live worms are to be
handled, it is necessary that the device must not cause any harm while the worms are being treated
and examined (such as microsurgery and genetic screens). In addition, certain types of experiments
require following worms over a period of time (e.g., after feeding a chemical), and therefore the
device must be capable of keeping them alive, capture images at defined time points, and transfer
data to a computer for analysis. This will require development of integrated microfluidic devices
that consist of various components to automate culturing of worms, arraying them in a desired
manner, dispensing chemicals and other materials at precise concentrations, incubating them in
microchambers, and capturing and analyzing data, all in a seamless manner. Some of the automated
methods such as those used for accurately dispensing small quantities of chemicals, proteins, and
genetic materials could be adopted more or less directly from the existing HTS platform. Additionally,
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Figure 27.8 Electrotactic response of C. elegans in a microfluidic channel setup. (a) The device consisting
of a function generator connected to an amplifier to set desired output electric fields (DC or AC), a PDMSembedded microchannel with electrodes, and fluidic access tubes at channel reservoirs. (b) The relationship
between the speed of worms and the electric field strength, at different development stage [129]. (c) The
response of worms in the presence of AC electric fields, modified from [130]. Different stages of wild-type
animals are shown. Three regions of response on increase in the frequency are: (1) DC-like responses toward
the cathode due to the long duration of each cycle. (2) Unidirectional movement toward the initial direction
of swimming. (III) Localization. (Copyrights ©, The Royal Society of Chemistry 2010 (b) and The American
Institute of Physics 2010 (c).)
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recently developed microfluidic methods to incorporate hundreds of valves and pumps and their
individual control could be used to lower the cost of fluid handling automation [131]. The control,
transport, immobilization, and dispensing of worms could involve implementation of many of the
existing microfluidic techniques [132].
In recent years, several new applications of microfluidics in C. elegans have emerged that
include phenotypic sorting, cell ablations, drug exposure, and behavioral studies [105–107,109,112].
Because of their focus on imaging cells and/or certain regions of the worm, they rely on pneumatics to immobilize animals. These devices have been successful in automating some steps and
providing an increased throughput that is not possible with traditional manual approaches. While
advantageous in many applications, they are not suitable to study movement behaviors of worms
in the absence of an external force. In this respect, an electric field-based microfluidic approach
promises to be useful as it offers a convenient method to control movement [129,130]. Furthermore,
since the movement relies on coordinated activities of neurons and muscles, it provides strong support to the idea that a microfluidic device incorporating electric field control mechanism may
accelerate the study of movement-related disorders (e.g., HD, PD, and DMD) in worm models. This
stimulus-based approach will benefit from a number of factors that favor the use of the electric field
in a microfluidic environment. These include easy and inexpensive setup, instantaneous on/off
control, no gradient or decay over time, compatibility with liquid culture media, scalability, and
the ability to induce movement in a desired direction without sensory adaptation. The ongoing
work in our laboratories has shown that the electrotaxis behavior is a highly sensitive measure of
the function of neurons and muscles since any defect can be quickly revealed in a microfluidic
assay in the form of reduced speed, altered body bends, and sporadic pauses. Therefore, we
believe that the m icrofluidic electrotaxis approach could serve as a powerful tool to facilitate
high-throughput study of C. elegans disease models, identify molecular changes and genetic pathways, and screen for chemicals/drugs as candidates for potential treatment options.
In order for the electric field-based microfluidic device to facilitate HTS, it will be necessary to
automate the analysis of C. elegans movement. Currently, this is done by manual examination of
captured images. Although some software automation is possible, this process is data intensive,
time consuming, and a key bottleneck in increasing the throughput of the experiment. Electrical
sensors to quantify position and speed of the worm needs to be developed so that multiplexing technology that is already in existence could be used to parallelize the measurement process. One
approach is to implement electrical impedance sensors [133,134] to detect the position of the worm
and calculate its velocity. Another method is to use optical wave guiding technology to microfabricate optical sensors [135–137]. Having two sets of position detectors, at the beginning and end of the
microchannel, will reveal the presence of the worm at detector locations as it moves in response to
an electric field. This information, when fed to a computer, could easily allow determination of the
speed of the worm.
Any plan involving development of HTS microfluidic systems cannot afford to ignore the importance of imaging and data processing components. Automated high-resolution image capture and
robust analysis is crucial for the success of high-throughput experiments. Although in some cases
visual analysis could be done, the power of the system will only be fully utilized if most decisions
were performed in an automated manner. This means that the imaging software must be highly
trainable to distinguish between broad ranges of phenotypes to be screened and should be capable
of performing such operations in real time, mostly in a user-independent manner. Depending on the
type of experiments, both bright-field and fluorescent images will require processing. Typically,
such images are acquired by a differential interference contrast (DIC) fluorescence microscope connected to a digital or video camera. While currently there is no real substitute of it, CMOS lensless
imaging technology may hold promise in some future microfluidic systems. The main advantages
of CMOS sensors are high-speed image acquisition (that lowers the effect of inherent motion in
worms), small size, and low cost of design and operation compared to standard microscopes. This
has led to the development of a few prototypes in recent years. For example, a miniaturized CMOS
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video camera device was earlier shown to be capable of acquiring shadow images of worms grown
in a liquid media inside polycarbonate microchambers [138]. Another lensless device, termed as
optofluidic microscopy (OFM), was also developed for high-resolution on-chip imaging [139,140].
The OFMs incorporated a microflow to deliver worms over a series of microapertures fabricated on
a metal-coated CMOS sensor to generate direct projection images. Yet another device was described
earlier this year that captures both monochrome and colored images of worms over a field-of-view
of more than 24 mm2 [141]. This was done by recording animals using incoherent in-line holography and digitally reconstructing diffraction holograms to create the entire image. In summary, the
CMOS sensor approach appears to work for C. elegans, raising the possibility that it could become
a viable imaging option in future microfluidic applications.

27.7

Concluding Remarks

Microfluidic technology offers many advantages to address problems in basic and applied biology.
While the field is still evolving, a number of successful applications have emerged that involve cells,
microorganisms, and tiny animals such as C. elegans. In this review we have highlighted discoveries and novel microfluidic approaches for C. elegans. These studies have revealed that one of the key
areas where C. elegans could make a significant contribution is drug discovery and drug target
analysis. As a whole animal model that is amenable to manipulations in a microfluidic setup, C.
elegans allows HTS of chemicals in a physiologically relevant manner. Given that the worm has
many human counterparts, and several of these mediate conserved biological processes, it could
accelerate identification of potential drug targets, thereby facilitating testing in higher animal models, and eventually in humans. Furthermore, C. elegans offers advanced genetic and genomic tools
to identify drug action and potential side effects that could be utilized to accelerate the process of
drug discovery.
In recent years, several microfluidic and miniaturized devices have been designed to handle C.
elegans. All of these have demonstrated the potential to probe worms in a manner that is not feasible
by traditional manual protocols. Using these devices the phenotypes of animals could be precisely
and quantitatively characterized. Additionally, they provide a suitable format to handle a large number of animals individually and in parallel, thus accelerating the study of biological processes.
These advantages make microfluidic devices ideal for high-throughput applications to identify
drugs and gene targets in C. elegans disease models. The work in our own laboratories has shown
that the electric field-based microfluidic system could serve as a powerful tool to manipulate the
movement of worms and facilitate the study of movement-related disorders. While this is promising,
there are certain challenges that need to be addressed. In this respect it is satisfying to note that
several laboratories are making an effort to overcome some of these limitations, and if the progress
in the past one decade is any indication, then there is every hope that microfluidic devices will soon
be used in C. elegans-based drug discovery.
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