
CHAPTER

11Caenorhabditis elegans-on-
a-chip: microfluidic platforms
for high-resolution imaging
and phenotyping

Sudip Mondal and Adela Ben-Yakar
Department of Mechanical Engineering, The University of Texas at Austin, Austin, TX,

United States

Introduction
Major market segments, including the pharmaceutical, manufacturing, cosmetics,

agrochemistry, petroleum, food, and apparel industries, seek methods to assess

the toxicity of their products and raw materials (NC3R, 2007; Crawford et al.,

2017; Maertens et al., 2014; Maertens and Hartung, 2018; Collins et al., 2008;

Hartung, 2010). Exposure to toxicants in the environment and consumer products

can be life-threatening and lead to adverse health effects, and many industries are

moving to characterize their raw materials with complete toxicity profiles (e.g.,

developmental and reproductive toxicity, genotoxicity, irritation, inflammatory

response, neuronal toxicity) (Crawford et al., 2017). The new mandates and regu-

lations on animal use have led government agencies and industry partners to

implement initiatives such as ToxCast, Tox21, Registration, Evaluation,

Authorisation and Restriction of Chemicals (REACH), Institute for Health and

Consumer Protection guidelines, and green chemistry (Crawford et al., 2017;

Boyd et al., 2016; Dix et al., 2007). One of the main goals of these initiatives is

to fully characterize all chemicals on the market.

Thousands of chemicals have been listed and await toxicity profiling as rele-

vant models and new technologies are becoming available. US government agen-

cies have recommended the testing of all compounds in as many as 15

concentrations, generally ranging from approximately 5 nM�100 μM, to generate

a dose�response curve that would significantly reduce the false-positive and

false-negative rates observed in traditional screening methods (Collins et al.,

2008; Inglese et al., 2006). To protect individuals and the environment, many

industries follow strict standards in profiling chemicals for informed decision-

making regarding their continued use. In drug discovery, abandonment of a candi-

date compound at the preclinical stage is mainly attributed to specific organ
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toxicities, with the most common causes being cardiovascular toxicity and adverse

effects on the central nervous system (Cook et al., 2014; Guengerich, 2011).

Limitations of current toxicity screening models

Compound attrition rate in the pharmaceutical industry during the early clinical

phase has been estimated at 40% and is commonly attributed to organ-specific

toxicity (Guengerich, 2011). This is likely because the reliable identification of

organ-specific toxicity in nonclinical models during the earlier stages of the

drug-development process has been challenging. Cellular models are inexpensive,

efficient, and ethically compatible preliminary screening alternatives to using

large-animal models (Pridgeon et al., 2018; Almeida et al., 2017). However,

there is a notable translational gap between these cellular models and animal

models (Clark et al., 1999; Roberts et al., 2015). To bridge this gap, researchers

are turning to advanced three-dimensional (3D) in vitro models such as organ-

on-a-chip devices, spheroids, and organoids, as well as humanized small-animal

models, such as the nematode Caenorhabditis elegans, Drosophila, and zebra-

fish, to elucidate toxicity mechanisms more effectively than in vitro two-

dimensional (2D) cultures (Moser, 2007; Chen et al., 2015; Meyer and Williams,

2014; De Simone et al., 2018; Hartley and Brennand, 2017; Noyes et al., 2016).

Incorporation of humanized models and multiorgan platforms (Cho and

Yoon, 2017; Kimura et al., 2018; Alepee et al., 2014; Ishida, 2018; Selimovic

et al., 2013; Bovard et al., 2018; Forsythe et al., 2018) into the early drug dis-

covery pipeline can improve the attrition rate and provide safer drug candidates

for clinical trials.

Neurotoxicology is one of the most challenging organ-specific toxicity forms

because it requires system-level studies to capture complex interneuronal interac-

tions in an age-dependent manner (Harry et al., 1998; Dorea, 2011; Coecke et al.,

2006). Current screening methods for neurotoxicity involve in vitro culture mod-

els of neurons, neuro-spheres, and brain organoids (Miranda et al., 2018; Jensen

and Parmar, 2006; Dekkers et al., 2019; Pasca et al., 2015; Birey et al., 2017).

While using human-induced pluripotent stem cells for organoids and organ-on-a-

chip models provides distinct advantages, these cellular platforms cannot replicate

the full complexity of the nervous system, and no current in vitro model provides

a system-level neurotoxicity profile similar to those measured in animal models

(Boyd et al., 2016; Noyes et al., 2016; Boyd et al., 2010).

Small animal models: Caenorhabditis elegans

To study toxicity in vivo without ethical concerns while enabling system-level

testing, researchers have turned to small-animal models such as C. elegans,

Drosophila, and zebrafish. C. elegans is the only small-animal model that can be

grown in large quantities over a few days for large-scale screens and uniquely

suited for high-throughput studies thanks to its short lifespan, transparent body,
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small size, and facile genetic manipulations. It is a simple yet complex model

with differentiated cells and organs, well-defined lifespan, and a completely

mapped nervous system. The conserved cellular pathways, 60% gene homology

with humans, and established gene-editing tools make C. elegans an ideal model

for system-level toxicity studies. With C. elegans, researchers can characterize

toxicity mechanisms across multiple levels of biological organization, from gen-

e�receptor interactions to cellular processes to phenotypic alterations such as

developmental, reproductive, and neuronal defects (Meyer and Williams, 2014;

Kaletta and Hengartner, 2006; Avila et al., 2012; Ruszkiewicz et al., 2018; Leung

et al., 2008; Hunt, 2017; Giacomotto and Segalat, 2010). Various mutant and

transgenic C. elegans strains have been developed by toxicologists to model the

effects of toxicity and delineate the underlying mechanistic pathways (Boyd

et al., 2016; Li et al., 2019; Ju et al., 2014; Koch et al., 2014; Caito et al., 2013;

McVey et al., 2016; Harlow et al., 2016, 2018; Meyer et al., 2016; Negga et al.,

2011, 2012).

While C. elegans has been used for in vivo toxicity profiling, the lack of high-

content screening technologies and automated phenotyping precluded the use of

C. elegans in high-throughput screening. One of the major obstacles to adapting

this model into high-throughput screening is the requirement to immobilize a

large number of the animals in a rapid manner and image them at high resolutions

for high-content phenotyping. In current high-throughput studies, C. elegans are

commonly immobilized using anesthetics, and their gross phenotypes are ana-

lyzed in conventional multiwell plates using low-resolution imaging methods

(Xiong et al., 2017; Wahlby et al., 2012; Leung et al., 2011, 2013; Gosai et al.,

2010; Allard et al., 2013; Dupuy et al., 2007). While these early large-scale

screens are encouraging, there is an urgent need for new methods with higher res-

olution imaging capabilities to capture the cellular and subcellular phenotypes

necessary for multiparametric toxicology profiling (Alexander et al., 2014;

Mondal et al., 2018; Caceres Ide et al., 2012; Keil et al., 2017; Ben-Yakar, 2019).

Conception of Caenorhabditis elegans-on-a-chip

Microfluidics, the science of fluid flow to manipulate objects in micron-sized

devices using the forces generated by the flow, is well-positioned to enable

anesthetic-free immobilization of C. elegans for high-resolution, high-throughput

imaging. C. elegans (approximately 1 mm in length and 50 μm in diameter) fit

within the microfluidic devices and can be manipulated by the fluid principles. A

suitable microenvironment for the nematode can be created on the chips with

standard animal culture conditions (Ben-Yakar, 2019; Ben-Yakar et al., 2009;

Cornaglia et al., 2017; Bakhtina and Korvink, 2014). Moreover, microfluidics can

provide optical access for high-resolution imaging of the immobilized animals

and is compatible with automation for rapid high-content phenotyping.

Implementation of microfluidic technologies in C. elegans studies has pro-

duced novel devices with precise immobilization capabilities for high-resolution
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imaging (Mondal et al., 2011, 2012, 2016, 2018; Caceres Ide et al., 2012; Keil

et al., 2017; Bakhtina and Korvink, 2014; Chokshi et al., 2009; Chronis et al.,

2007; Guo et al., 2008; Hulme et al., 2007; Krajniak et al., 2013; Krajniak and

Lu, 2010), laser axotomy (Guo et al., 2008; Chung and Lu, 2009; Gökçe et al.,

2014; Gokce et al., 2017), phenotyping (Mondal et al., 2016, 2018; Chung et al.,

2008; Letizia et al., 2018; San-Miguel et al., 2016), sorting (Chung et al., 2008),

mutant screening (Lee et al., 2013; Crane et al., 2012), electrophysiology record-

ings (Lockery et al., 2012), and behavioral studies (Churgin et al., 2017; Hulme

et al., 2010). Microfluidics has enabled several key discoveries and revolutionized

the field of C. elegans genetics and disease modeling through high-throughput

and high-content screening (Mondal et al., 2018; Cornaglia et al., 2017; Mondal

et al., 2016), large-scale mutant screening (Crane et al., 2012), automated aging

studies (Cornaglia et al., 2015; Xian et al., 2013), and long-term developmental

studies (Keil et al., 2017).

This chapter describes microfluidics-based platforms for screening C. elegans

to address questions in fundamental biology and to study the efficacy of chemical

compounds in human diseases models.

Caenorhabditis elegans as a whole-animal model in
scientific research
This soil-dwelling nematode was first described in 1900 and was proposed as a

model organism by Sydney Brenner in 1965 (Brenner, 1974). It has since been

widely adopted as a model system in genetics, reproductive, and neurobiology. In

laboratories, the nematode is fed Escherichia coli bacteria on solid nematode

growth medium or in liquid (Stiernagle, 2006). The Caenorhabditis Genetics

Center at the University of Minnesota (https://cgc.umn.edu/) curates, maintains,

and distributes C. elegans strains for research and development. Strains are grown

following standardized culture conditions to achieve consistent phenotypes at

20 �C. The short lifecycle (approximately 21 days in total) includes four larval

stages, and the nematodes become young adults in 3 days, at which time they

begin to lay eggs. A nematode can produce approximately 300 eggs within its

gravid period (approximately three further days), then continue to grow and, from

around day 8 onward, exhibit signs of aging such as reduced motility, neuronal

degeneration, and increased rates of bacterial infection (Pincus and Slack, 2010;

Son et al., 2019; Chow et al., 2006).

C. elegans was the first animal to have its genome sequenced in full (C. ele-

gans Sequencing Consortium, 1998). Fluorescent probes enable the monitoring of

cells and proteins of interest in vivo without the need to dissect the animals. C.

elegans has six chromosomes and approximately 20,000 protein-coding genes that

are expressed over 959 cells in an adult hermaphrodite. The nematode has been

used in biology to study development, growth, maturation, regeneration,
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degeneration, aging, and disease pathologies. While many human disease�related

genes are present in the nematode’s genome, disease-associated human genes of

interest can easily be expressed in the nematode by the insertion of the wild-type

copy or mutant genes. In animals with larger genomes and multiple copies, eluci-

dating gene function can be challenging, but a single copy in the nematode is sim-

ple to modify in loss-of-function or gain-of-function mutants. Nematodes have

been instrumental in identifying genetic mechanisms of diseases (Baskoylu et al.,

2018; Sahn et al., 2017).

Advantages of Caenorhabditis elegans as a model for
neuroscience and neurotoxicity

An adult hermaphrodite C. elegans has 302 neurons and 56 glial cells (Hobert,

2010). All 118 morphologically distinct neuron classes and 7,000 connections have

been identified and mapped (Richmond, 2005). C. elegans shares neurotransmitters

such as acetylcholine, dopamine, serotonin, γ-aminobutyric acid, and glutamate

with humans. The nervous system possesses sensory neurons, interneurons, poly-

modal neurons, and motor neurons (Bargmann, 2012). Researchers can study neu-

ronal circuits using chemical, thermal, food, and olfactory stimuli and can visualize

individual cells or subcellular components in intact animals. High-resolution imag-

ing tools enable the tracking of morphological changes of the nervous system at

various developmental stages, advancing our understanding of maturation, aging,

and age-related conditions (Keil et al., 2017; Melentijevic et al., 2017).

C. elegans uses sensillal and nonsensillal receptors to sense, process, and navi-

gate thermal, chemical, and oxygen gradients. Microfluidic platforms have been

developed that can control surrounding environmental cues and stimuli to study

nematode neuromuscular mechanics. The approaches to studying neuronal circuit

behavior have included chemical olfactory exposure, optogenetic stimulation,

chemical or thermal gradient changes, mechanical stimulation, and pressure deliv-

ery (Sengupta and Samuel, 2009; Fang-Yen et al., 2015). The forces delivered by

individual animals can be quantified using a piezoelectric pillar or deflected canti-

lever measurements from nematode locomotion (Doll et al., 2009). Deviations

from the measured values owing to a mutation or disease protein can thus be

attributed to motor defects (Rahman et al., 2018). Neuropathologies similar to

those in humans can develop in C. elegans when the nematodes are exposed to

environmental toxicants and agrochemical products (Meyer and Williams, 2014;

Avila et al., 2012; Leung et al., 2008; Harlow et al., 2016). Significant overlap in

the activity of chemicals has also been found between C. elegans and zebrafish

(Boyd et al., 2010, 2016).

C. elegans disease models can be developed by exposure to environmental

neurotoxicants or by overexpressing toxic proteins (Braungart et al., 2004; Nass

et al., 2002; Zhou et al., 2013). Dopaminergic and serotonergic neurons are of

specific interest because they are involved in a broad range of physiological
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functions, including egg-laying, pharyngeal pumping, defecation, and locomotion.

When exposed to 1-methyl-4-phenylpyridinium, for example, dopaminergic neu-

rons degenerate in a concentration-dependent manner with age (Pu and Le, 2008).

This degeneration and the subsequent induced mobility defects are dependent on

the dopamine transporter gene and occur through mitochondrial transport chain I

pathways, similar to the mechanisms reported for human Parkinson’s disease�
like symptoms (Pu and Le, 2008; Wang et al., 2007). Neurotoxicants such as 6-

hydroxy dopamine and rotenone have been shown to cause a significant reduction

in speed (Nass et al., 2002; Zhou et al., 2013; Offenburger et al., 2018; Chikka

et al., 2016). However, neurotoxic effects may be suppressed by pretreating

nematodes with acetaminophen, which is known to be neuroprotective (Dexter

et al., 2012; Salam et al., 2013). Proteins such as α-synuclein or multiple repeats

of glutamate are toxic to C. elegans cells and cause cellular degeneration over

time (Bodhicharla et al., 2012; Morley et al., 2002; Faber et al., 1999; Brignull

et al., 2006). The protein aggregation and cellular degeneration phenotypes

(Fig. 11.1) have been used to identify genetic interactors in the search for thera-

peutic targets and disease mechanisms in Huntington’s disease and Parkinson’s

disease (van Ham et al., 2008; Nollen et al., 2004).

Challenges in using Caenorhabditis elegans for large-scale studies

Large-scale culture and maintenance protocols have been developed for growing

the animals in both solid media and liquid culture. The liquid culture is preferable

FIGURE 11.1 Caenorhabditis elegans neurodegeneration models.

(A) Morphological changes in C. elegans dopaminergic neurons expressing green

fluorescent protein in healthy (top) and degenerated (bottom) states. The degeneration

was induced by the chemical treatment with a neurotoxin. (B) Length-dependent

polyglutamine aggregation models in C. elegans. Scale bar: 25 μm (A) and 100 μm (B).

Adapted from (A) Nass, R., et al., 2002. Neurotoxin-induced degeneration of dopamine neurons in

Caenorhabditis elegans. Proc. Natl. Acad. Sci. U.S.A. 99 (5), 3264�3269; (B) Morley, J.F., et al., 2002. The

threshold for polyglutamine-expansion protein aggregation and cellular toxicity is dynamic and influenced by

aging in Caenorhabditis elegans. Proc. Natl. Acad. Sci. U.S.A. 99 (16), 10417�10422.
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for easy exposure, transfer, distribution, and sorting of the nematodes. Chemical

treatment of C. elegans on solid media is uneven, and the stability of the chemical

cannot be controlled over time. In liquid culture on multiwell plates the nema-

todes remain in a 3D environment and are exposed to a constant chemical concen-

tration. Liquid culture methodologies have been leveraged to screen C. elegans

using fluorometric measurements (Leung et al., 2011; Rodriguez-Palero et al.,

2018) and fluorescence imaging (Wahlby et al., 2012; Gosai et al., 2010), as well

as in food-clearing (Gomez-Amaro et al., 2015), mortality (Lucanic et al., 2018;

Solis and Petrascheck, 2011), and swimming (Hunt, 2017) assays.

Advancements in automation and integration with robotic liquid handling sys-

tems have enabled large-scale C. elegans screens in standard multiwell plates

(Gosai et al., 2010). Biological processes such as growth, tissue development, cell

viability, and autophagy can be assessed using transgenic C. elegans in multiwell

plates with fluorescence microscopy and image acquisition and data analysis

modules (Gosai et al., 2010). Although current technologies provide insights into

disease mechanisms and chemical modulators, their optical interrogation plat-

forms have low resolution and can identify only gross phenotypes and from a few

animals per population. High-resolution imaging and fully automated image anal-

ysis would be required to score cellular and subcellular phenotypes and enable

ultrafast screening of C. elegans strains with subtle phenotypes. As such, the

development of new tools to unlock the full potential of nematode-based models,

such as C. elegans-on-a-chip, is the focus of extensive current investigation.

Recent advances in the development of Caenorhabditis elegans-on-
a-chip

Microfluidics is the science of using the forces generated by fluid flow to manipu-

late objects in micron-sized devices; it has been applied in the areas of life

sciences, physics, electronics, sensors, aerospace, and mechanics. New

microfluidics-based devices may achieve higher speeds and improved functional-

ity compared with current technology, and combining these platforms with

improved imaging modalities will enable greater specificity and could revolution-

ize high-throughput and high-content screening of C. elegans. There is consider-

able interest in this field of research, and the number of publications in the field

of C. elegans biology and microfluidic technologies has greatly increased over

the past two decades (Fig. 11.2). C. elegans-based research outcomes have also

been reported in major international journals and conferences.

Microfluidic platforms are commercially available for single-cell sequencing

(Gong et al., 2018; Xin et al., 2016), cell counting (Dekker et al., 2018), electro-

poration (Geng and Lu, 2013), and electric measurements (Ionescu-Zanetti et al.,

2005; Lau et al., 2006). With advancements in more complex cellular and 3D

models, device architecture must be upgraded with compatible electrical, optical,

or genetic tools to enable the use of microfluidic platforms with higher order

369Caenorhabditis elegans as a whole-animal model in scientific research



model systems. Research groups in academia and industry have already adopted

micron-sized platforms that provide a suitable microenvironment for cellular and

tissue samples (Kim et al., 2012, 2015; Sontheimer-Phelps et al., 2019; Gupta

et al., 2016), but there are limited resources for platforms that are suitable for

whole organisms. Electrical signals from cellular samples or C. elegans neurons

can provide information on resistance, capacitance, and inductance, which can

then be used to identify the health of the samples. Although various large-scale

chips have been fabricated for large 3D cellular models, such as spheroids, no

such technology exists to date for fabricating chips with only a few tens of micron

size channels that can house small model organisms.

Microfluidic systems have been shown to have unprecedented precision and

sensitivity for a diverse array of biological applications, including single-cell

analysis (Reece et al., 2016), enzymatic assays (Hadd et al., 1997; Lagally et al.,

2001), polymerase chain reaction (Lagally et al., 2001; Khandurina et al., 2000),

and circulating tumor detection (Cho et al., 2018; Khamenehfar and Li, 2016).

Microfluidic technologies also use more complex structures such as multilayer

cellular architecture, multicellular networks, organoids, multiorgan platforms, and

organism-on-a-chip systems. Miniaturization reduces sample volume while adding

additional functionality; robotic fluidic workstations are integrated with biological

workflows to address research needs while reducing labor and consumable

expenses, optimizing space, and scaling up data-rich approaches to quantitative

analysis. These automated platforms meet the current industry standards for

in vitro research while providing greater value with in vivo biology.

The use of microfluidic platforms for
Caenorhabditis elegans research
One of the major challenges of high-throughput assays is to integrate a workflow

that relies on multiwell formats. This can be accomplished with automated liquid

FIGURE 11.2 PubMed Central (PMC) publication list with “C. elegans,” “microfluidics,” and

“C. elegans AND microfluidics” keywords.

The search was conducted for publications indexed between January 2000 and

December 2018. The number of publications displayed is per calendar year.
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handling systems; however, although microfluidic technology enables fast and

automated control of chemical and biological samples, simple interfaces between

the microfluidic platforms and standard laboratory equipment are lacking.

Multiple interfaces are required to establish highly cumbersome connections of

thin tubes to the chip for buffer flow and connections of pneumatic pumps for the

operation of on-chip valves using individually addressable syringe or pressure

reservoirs. Because of these limitations, research laboratories are directing their

focus instead on constructing tools in multiwell formats (Mondal et al., 2016;

Churgin et al., 2017; Ghorashian et al., 2013).

C. elegans research in particular has benefited greatly by the development of

microfluidic technologies that allow precise flow control in delivering chemical

stimuli and simple animal manipulation, which are otherwise labor-intensive and

time-consuming. Microfluidic devices also ameliorate the effects of anesthetics

and glues in developmental and long-term studies that require the nematodes to

be immobilized (Chokshi et al., 2009; Guo et al., 2008; Mondal et al., 2011).

Anesthetic agents may exert adverse effects on in vivo neuronal transport by halt-

ing transport in the early larval stages and reducing the flux of vesicles in older

animals (Mondal et al., 2011). Microfluidic immobilization is a more physiologi-

cally relevant assay for in vivo measurements; nematodes immobilized under

flexible membranes are kept stationary without affecting cellular functionality.

Similar techniques were used to demonstrate transport parameters in Drosophila

and zebrafish larvae (Mondal et al., 2011, 2012; Mondal and Koushika, 2014).

The next sections discuss microfluidic technologies that have been developed

and used specifically for C. elegans studies.

Serial versus parallel platforms

There are multiple microfluidic platforms for C. elegans research, which vary

widely by features and capabilities. These can be classified into two major cate-

gories: serial and parallel platforms. In a serial microfluidic platform (Fig. 11.3) a

single population of C. elegans is loaded at the entrance of the microfluidic chip

with up to a few hundred animals at a time. After the initial loading, a single ani-

mal is pushed through the chip by buffer flow to be positioned inside the micro-

fluidic chip. Positive pressure at the chip entrance drives the flow of the buffer

toward the exit that guides the animals into the imaging region for high-resolution

optical interrogation. Alternately, vacuum suction is applied at the chip exit while

connecting a buffer reservoir at the entrance and pulling buffer, which in turn

pulls the animals through the micron-sized channels. The flow of the animals

through a narrow channel is monitored by a high-speed camera or geometrical

structures where the animals are held for high-resolution imaging. The process is

repeated serially to capture, image, analyze, and sort multiple animals for

phenotyping.

In parallel microfluidic devices (Fig. 11.4), C. elegans from multiple popula-

tions are loaded onto a single chip simultaneously, and multiple animals from
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each population are analyzed simultaneously or serially. However, few platforms

exist to handle multiple nematodes in parallel. The majority of microfluidic

devices implement complex on-chip valves, multiple input ports, complex micro-

fluidic channel geometries, and large chip dimensions that are impossible to scale

up and develop into a multiwell device. To develop a high-throughput platform

and meet industry standards, the side-by-side format must be achieved with a

defined well-to-well spacing, specific plate footprint, simple operation, and the

option to integrate with existing automated liquid handling systems. Our labora-

tory previously developed a multiwell platform designed in a 96-well format and

demonstrated the platform’s applicability for high-throughput C. elegans screen-

ing (Mondal et al., 2016).

FIGURE 11.3 Schematic showing approaches for immobilizing Caenorhabditis elegans

nematodes serially in microfluidic devices.

Four major classes of serial microfluidic chips have been used for studying regeneration

(Guo et al., 2008), sorting (Chung et al., 2008), phenotyping (Crane et al., 2012), and

stimulation and calcium imaging (Chalasani et al., 2007). The microfluidic chips are

shown on the left; results are shown on the right.
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First-generation serial microfluidic platforms

Most of the first-generation microfluidic devices developed for C. elegans studies

were serial platforms. In these devices, one or more nematodes were flowed seri-

ally into the interrogation area for optical, electrical, mechanical, and chemical

analysis. These devices have contributed to our knowledge in areas such as long-

term disease progression, in vivo nerve regeneration, and aging research in live

animals. The assays typically require manipulation of the animals without affect-

ing their physiology. In such platforms, animals are analyzed one at a time and

oriented specifically at one location for optical interrogation in a repeatable

FIGURE 11.4 Schematic showing approaches for immobilizing Caenorhabditis elegans

nematodes in parallel in microfluidic devices.

Four major classes of the serial chips are presented. Parallel chips have been used for

studying aging (Hulme et al., 2010), developmental biology (Keil et al., 2017),

regeneration (Gokce et al., 2017), and phenotypic screening (Mondal et al., 2016). The

microfluidic chips are shown on the left; results are shown on the right.
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manner. One of the advantages of microfluidic platforms is the use of a thin glass

substrate at the bottom of the chip, enabling high-numerical-aperture objectives

for good optical access and high-efficiency data collection.

One of the early microfluidic devices used tapered channels to immobilize

C. elegans and squeeze the animals inside a narrow channel (Chronis et al.,

2007). This device included a tapered channel to hold a single animal with the tip

of its head protruding out of the channel into a flow channel to sense the chemical

flowing through the flow channel. Multiple inputs were connected to the flow

channel, and the flow was switched in a synchronized manner to expose the nem-

atode nose to various chemicals. The chemicals were switched rapidly, and the

nematode’s response could be monitored optically as output from fluorescence-

tagged sensory neurons (Fig. 11.3). The platform, termed “olfactory chip,” deliv-

ered and altered specific stimuli and recorded the sensory neuron, interneuron,

and behavioral response using an engineered microenvironment.

Second-generation serial microfluidic platforms

The second generation of microfluidic devices used methods such as a flexible

membrane to mechanically trap and manipulate single nematodes (Guo et al.,

2008; Wang and Jin, 2011; Rohde et al., 2007; Zeng et al., 2008), small suction

channels to capture single animals from a population (Zeng et al., 2008), the

application of carbon dioxide (Chokshi et al., 2009), electrical fields to induce

electrotaxis (Chuang et al., 2011; Rezai et al., 2012; Tong et al., 2013), cold fluid

to induce temporary paralysis (Chung et al., 2008; Crane et al., 2012), and surface

acoustic wave perturbation (Ding et al., 2012). C. elegans have been immobilized

by a flexible membrane for axotomy using femtosecond laser ablation of individ-

ual mechanosensory neurons (Guo et al., 2008) (Fig. 11.3). The work demon-

strated a fast recovery of injured axons in the absence of anesthetics; axonal

regrowth occurred within 60�90 minutes, unlike the 6�9 hours required by con-

ventional anesthetic assays. Regeneration was confirmed through gain of behav-

ioral responses postaxotomy. Another research group developed a similar

microfluidic device for laser axotomy in C. elegans and imaged axonal regenera-

tion using two-photon microscopy (Rohde et al., 2007; Zeng et al., 2008; Samara

et al., 2010). They later used this platform to screen chemicals as potential modu-

lators of regeneration (Samara et al., 2010), incorporating micromanipulators to

deliver animals from a standard multiwell plate into the microfluidic chip.

The serial microfluidic chips require only one imaging location, into which

the animals are brought serially. After imaging, the animals can then be discarded

or transported to another chip region for sorting or storage. These platforms

enable the serial processing of hundreds of C. elegans nematodes for phenotyping.

Chung et al. (2008) developed an automated platform to load, image, analyze,

and sort individual C. elegans using fluorescence-based morphology and intensity

readouts. The platform used a low-temperature stage to immobilize the animals

during imaging and identify cellular and subcellular features, screening
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approximately 400 nematodes per hour (Fig. 11.3). Unlike manual phenotyping

and screening experiments that require several months to complete, these micro-

fluidic platforms achieve the screens within a few days and with minimal human

intervention. However, challenges associated with delivering multiple populations

serially into the chip have precluded the use of serial devices in large-scale, high-

throughput studies.

Parallel microfluidic platforms

Parallelization of trapping channels is another route to high-throughput studies of

C. elegans nematodes on-chip. Tens to hundreds of channels for immobilization

can be arranged in a parallel fluidic circuit, to load and house multiple nematodes

from a single population in individual trapping channels/chambers in a single

device. This approach allows for simultaneous imaging of multiple animals with

lower magnification objectives. Being primarily single-layer devices, which are

fabricated using a single mold, they are simple to fabricate and operate (Hulme

et al., 2007; Chronis, 2010). The addition of on-chip valves can further improve

chip performance by enabling more precise sample manipulation and positioning

for automated imaging (Guo et al., 2008; Chung and Lu, 2009; Gökçe et al.,

2014; Chung et al., 2008; Samara et al., 2010).

A few devices with a parallel configuration have been developed to image a

large number of animals and detect small changes in cellular processes. Hulme

et al. (2007) pioneered a device consisting of straight channels with tapered

geometry to immobilize C. elegans delivered from a common input port. The

single-layer device was designed as a branched network with up to seven branch-

ings to create 128 traps and hold C. elegans using channel widths from 100 μm
down to 10 μm (Fig. 11.5). A similar design was adopted to immobilize and

house several nematodes for developmental analysis during the entire lifespan

(Hulme et al., 2010). As an individual animal is immobilized in the trap, it blocks

the flow of buffer through that particular channel, pushing other nematodes into

other channels. However, this platform required 15�20 minutes of loading time,

and the tapering channel design resulted in a large variation in the aspect ratio

(width to height) along the length of the channel. In such configurations, we

found that the animals tend to rotate themselves along their sides as the aspect

ratio becomes smaller than one (Ghorashian, 2010). Further innovations included

the development of a similar tapered chip to immobilize nematodes for long-term

imaging and single-synapse ablation (Allen et al., 2008) and incorporation of

electrodes to the underside of the device to measure pharyngeal pumping rates in

several nematodes simultaneously following exposure to antiparasitic compounds

(Lockery et al., 2012; Weeks et al., 2016).

Gokce et al. (2017) subsequently developed a multifunction device for nerve

regeneration studies, with functionalities such as axotomy, postsurgery housing

for recovery, and postrecovery imaging on one microfluidic chip. The chip fea-

tures 20 immobilization channels with gradually reduced heights in addition to
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the tapering channel widths to preserve the aspect ratio around 1.0; this geometry

maintains the animals in lateral orientation and enables precise focusing of a fem-

tosecond laser beam for on-chip laser axotomy and optical measurement of neuro-

nal regeneration of up to 20 animals simultaneously.

Research into the biology of aging, for example, requires low-resolution time-

lapse imaging of multiple C. elegans nematodes from a single population to quan-

tify lifespan. Platforms with isolated chambers have been fabricated to house and

track multiple animals over time (Letizia et al., 2018; Churgin et al., 2017; Xian

et al., 2013). Parallel devices are useful for rapid, high-volume imaging of hun-

dreds of animals within individual channels.

Disadvantages of current platforms

Although most serial and parallel devices are efficient in providing phenotypic

information from a large number of animals from a single population, these

devices cannot be scaled up for large-scale platforms. While single-layer devices

are simple to fabricate, they lack the ability to control animal orientation and

have relatively slow loading configurations. In contrast the fabrication of devices

with two-layer geometry and pressurized on-chip valves is complex, preventing

their use in large-scale applications. Currently, with single-copy nematode strains

that exhibit subtle fluorescence signal changes, researchers require a large number

of animals from each population for analysis. In the following section, we

describe a novel microfluidic platform that enables high-throughput and

FIGURE 11.5 Parallel microfluidic chips for parallel or serial processing of Caenorhabditis

elegans nematodes.

(A) A single-layer device with tapered channel geometry. The traps are arranged in parallel

to immobilize several nematodes for imaging studies. (B) Image of a dye-filled

multifunction chip with 20 immobilization channels. The inset on the right shows a close-

up image of all immobilization channels filled with nematodes at an applied pressure of

approximately 65 kPa.

Adapted from (A) Hulme, S.E., et al., 2007. A microfabricated array of clamps for immobilizing and imaging

C. elegans. Lab Chip 7 (11), 1515�1523; (B) Gokce, S.K., et al., 2017. A multi-trap microfluidic chip

enabling longitudinal studies of nerve regeneration in Caenorhabditis elegans. Sci. Rep. 7 (1), 9837.
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high-content imaging of several thousands of C. elegans nematodes from 96

populations at high resolution to identify alterations in the fluorescence signal.

Large-scale microfluidics for phenotyping multiple
populations of Caenorhabditis elegans nematodes
The need to phenotype nematodes following chemical exposures relative to con-

trol populations requires the development of large-scale microfluidic devices that

can process multiple populations and large numbers of animals. Such large-scale

devices must be easy to operate (without cumbersome interfaces such as multiple

inputs and complex tubing manifolds), compatible with automated platforms such

as liquid handling and robotics systems with a standard side-by-side footprint,

provide a sufficient number of samples per test in a limited space, and compatible

with high-resolution imaging (proximity to the imaging optics and optically favor-

able orientation).

Development of the vivoChip

To develop the first large-scale microfluidic platform that overcomes the chal-

lenges mentioned before, our laboratory at the University of Texas at Austin

designed a hybrid device whose exterior has a standard multiwell format for inter-

facing with commercial automated liquid handling platforms and whose interior

consists of microfabricated channels that connect directly to the wells to handle a

large number of animals (Fig. 11.6). The vivoChip was specifically designed with

96 on-chip wells and 40 parallel trapping channels per well (Fig. 11.6A and B)

(Mondal et al., 2016). The microfluidic immobilization channels have a tapered

geometry and multiple heights to keep an aspect ratio of approximately 1.0 and

maintain the animals in their natural lateral orientation when pushed inside the

channel by pressure. The animals’ lateral orientation is best suited for optical

imaging of cellular processes along the ventral cord. The vivoChip has single-

input and single-output fluid interfaces for simple connectivity and flow control.

A gasket system applies pressure through a single common input. By applying a

specific pressure sequence, 40 immobilization channels across 96 wells can trap

approximately 4,000 animals across the entire chip simultaneously within less than

3 minutes in an optically favorable orientation and at predetermined locations.

After immobilization a constant pressure keeps the animals trapped for imaging.

The chip with the gasket is mounted onto a microscope stage to image all chan-

nels using automated image-acquisition software that controls stage movement,

focuses on the sample, and records 3D images within 15 minutes. The images can

then be analyzed using custom-written analysis software to identify fluorescence-

tagged phenotypes from each animal. Degeneration and aggregation phenotypes

are scored within 15 minutes from 5,760 images (96 wells 3 4 fields of view per
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FIGURE 11.6 The first large-scale microfluidics platform (vivoChip) for high-throughput and high-resolution fluorescence imaging of

Caenorhabditis elegans nematodes for high-content phenotypic screening.

(A) Schematic of the automated vivoChip setup for high-content screening of C. elegans nematodes. (B) The gasket system holding a 96-

well vivoChip. (C) The vivoChip was used to screen a large number of SCAPP animals to identify norbenzomorphans with neuroprotective

roles. The panel below shows the neurodegeneration percentages for all 10 compounds tested on a single chip at four concentrations (20, 2,

0.2, and 0.02 μM). The green and orange lines represent mean6 standard deviation of degeneration in the healthy and vehicle-treated,

unhealthy SCAPP populations, respectively. (D) Phenotypic screen of approximately 1000 US Food and Drug Administration�approved

drugs using a polyglutamine aggregation model. The panel below shows the aggregation number per unit length of the animal. The solid and

dashed lines represent the average6 three standard deviations of the aggregate numbers. SCAPP, Single-copy APP.

Adapted from Ben-Yakar, A., 2019. High-content and high-throughput in vivo drug screening platforms using microfluidics. Assay Drug Dev. Technol. 17 (1), 8�13.



well 3 15 stacks per field of view). Data extracted from the images are saved

into multidimensional arrays for statistical analysis.

Practical applications of the vivoChip

We used the 96-well vivoChip platform to investigate structure�activity relation-

ships of various compounds in a C. elegans disease model of the human amyloid

precursor protein (Fig. 11.6C) (Mondal et al., 2018). Another high-content screen-

ing of approximately 1,000 FDA-approved compounds identified four that

reduced aggregation of polyglutamine (Fig. 11.6D) in a nematode strain relevant

for studying Huntington’s disease (Mondal et al., 2016).

Phenotypic screening images the entire body in 3D to capture the off-target

effects of the exposure of interest. To image the entire animal, which is 1 mm in

length, a large field of view camera and a 0.3 numerical aperture were used at

103 magnification. One-micron resolutions obtained using these settings are suf-

ficient for definitive readouts. At 103 magnification, the camera captures 10 par-

allel immobilization channels (1.53 1.5 mm2). On a single 96-well chip,

approximately 3,650 animals (at 90% trapping efficiency) can be imaged within

15 minutes or 14,600 animals per hour from multiple populations. A fully auto-

mated software can capture 15 z-stacks fluorescence images of 10 channels simul-

taneously. A graphical user interface includes an image analysis algorithm to

phenotype each animal and display multiparameter scores such as the size of the

fluorescence blobs, the length of the animals, the intensity of the fluorescence,

and the number of fluorescence blobs per unit body length of each animal.

One of the most important features of vivoChip is its unique design that can

orient animals in an optically favorable position during immobilization. The chal-

lenge in imaging subtle changes in C. elegans is related to the need for immobili-

zation in a lateral orientation (Mondal et al., 2018). Most animals commonly

rotate themselves to a nonlateral position when immobilized in tapering channels,

as the width of the channels decreases relative to their height. To overcome this

challenge, chip designs incorporating valves, suction, sieves, and curved channel

geometries have been suggested (Caceres Ide et al., 2012; Gökçe et al., 2014;

Chung et al., 2008; Lee et al., 2013; Zeng et al., 2008). While providing the

required orientation conditions for high-resolution imaging, these sophisticated

chip geometries cannot be scaled up to achieve high throughput. The unique trap

geometry of the vivoChip design includes reducing both height and width concur-

rently to maintain their aspect ratio, preventing the animals from rotating. Under

controlled pressure the animals orient themselves rapidly in a lateral position with

a 90%�95% success rate during trapping, depending on the strain. The vivoChip

platform is well positioned to fulfill the need for alternative animal testing at high

throughput and high content during the early phases of drug discovery. A 384-

well vivoChip has also been developed, and it can immobilize 30 animals per

population and image all 11,520 animals (303 384) within 35 minutes in 3D for

fluorescence-based phenotypic analysis.
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Future directions
Microfluidic devices enable high-resolution imaging of fluorescently tagged

C. elegans nematodes in systemic biological studies. New automation tools, pre-

cise optomechanics, small-volume liquid manipulators, and automated analysis

facilitate the adoption of microfluidic technologies in various life-science markets

that require large-scale automated screens. An alternative to the multitrap

approach would be to perform imaging without immobilization. However, there

are two major challenges to immobilization-free screening, which requires serial

analysis. First, the animals must be delivered to the imaging location. Second, as

camera-based, high-resolution imaging is conventionally used for high-content

phenotyping of C. elegans, immobilization is required; it may take up to a few

seconds to image z-stacks of a single animal even under full automation (Ben-

Yakar et al., 2009; Mondal et al., 2016; Crane et al., 2012).

To address these challenges, our laboratory has designed a population-delivery

chip with on-chip wells and multiplexing on-chip valves system that can deliver

multiple populations and up to 200 nematodes per population serially to another

platform for optical interrogation (Ghorashian et al., 2013). The multiplexer chip

is designed in a multiwell format and has been validated for a 16-well plate

(Ghorashian et al., 2013) and a 64-well plate (Ben-Yakar et al., 2013;

Ghorashian, 2013) (Fig. 11.7A and C). The 64-well delivery chip incorporates

automated control of the on-chip pneumatic valves to operate delivery within

2.5 seconds per well (Ghorashian, 2013). A buffer plug between two successive

populations eliminates cross-mixing and prevents air bubbles, two factors in the

stability of fluid flow profiles and error-free chip operations.

Our laboratory also developed an ultrafast 3D flow-cytometry method for 3D

imaging of C. elegans nematodes. As the population delivery time is 2.5 seconds,

the 3D analysis of 50�200 animals should be performed within 2 seconds. The

samples should thus flow at a speed of 1 m/s, similar to the speeds achieved by

the COPAS Biosort large-particle flow cytometer from Union Biometrica (Pulak,

2006). The COPAS instrument, however, has poor resolution and cannot distin-

guish subtle phenotypic changes. Current literature for large-particle flow cyt-

ometers has only demonstrated speeds of up to 1 mm/s because of the low frame

rates of current imaging methods (McGorty et al., 2015; Wu et al., 2013). To our

knowledge, imaging at 1 m/s has only been achieved so far in 2D bright-field

cytometry (Goda et al., 2009).

Capturing blur-free images of C. elegans nematodes moving at 1 m/s through

a flow cytometer requires an imaging method of 1 million frames per second

(fps). Our laboratory developed line excitation array detection (LEAD) fluores-

cence microscopy (Fig. 11.7B), an imaging technique capable of 0.8 million

fps (Martin et al., 2018). This technology incorporates ultrafast line scanning and

sensitive array detection, enabling frame rates that are higher by two orders of

magnitude than other fluorescence imaging systems while maintaining high sensi-

tivity and pixel rate. The LEAD flow cytometry platform does not require animal
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immobilization and can image hundreds of animals within 1 second. A 3.5-μm
average resolution in all three dimensions and speeds over 1 m/s did not produce

motion blur, and imaging was 1000 times faster than the speed reported for 3D

cytometers (Fig. 11.7D and E) (McGorty et al., 2015; Wu et al., 2013). The

LEAD microscope successfully identified a concentration-dependent reduction in

the number of polyglutamine aggregates in the nematodes following exposure to

the antiarrhythmic drug dronedarone. The LEAD 3D flow cytometer for whole-

animal screening makes it possible to screen up to 10,000 compounds in under a day.

FIGURE 11.7 Increasing throughput and content in screening Caenorhabditis elegans

phenotypes.

(A) Schematic of an integrated multiplexer chip for pushing nematodes through the

channel at approximately 1 m/s for fast serial imaging. (B) The image of a 64-well

multiplexer chip. The on-chip valves control the population delivery from a specific well

through the exit. (C) Line excitation array detection fluorescence microscope,

implemented as a three-dimensional whole-animal flow cytometer capturing 0.8 million

frames per second. A longitudinal tellurium dioxide AOD driven by a chirped frequency

scans the laser excitation beam across an angled plane on the sample. The excited plane

is imaged onto 14 channels of a 16-channel PMT array, capturing a full frame each scan

cycle. The microscope is combined with a microfluidic device that delivers hundreds of C.

elegans nematodes at 1 m/s through the excitation region (inset). The image represents a

three-dimensional reconstruction of a C. elegans nematode (with polyglutamine tagged

with yellow fluorescent protein) imaged over 0.79 ms using line excitation array detection

fluorescence microscopy. Scale bar: 50 μm. AOD, acousto-optic deflector; PMT,

photomultiplier tube.
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Integrating this system with the population-delivery chip (Ghorashian et al., 2013,

2016) will yield the fastest C. elegans screening modality for ultrahigh throughput

at the same cost and speed of in vitro screening.

Screening technologies rely heavily on rapid, efficient, and automated data acquisi-

tion and analysis software packages. Machine-learning and artificial intelligence�
based algorithms are being incorporated into screening platforms to fully

automate the assays at increasing speeds. The vivoChip platform could be modi-

fied in the future to house and feed C. elegans nematodes, expose them to chemi-

cal compounds, and image their physical traits (e.g., size, number of eggs) and

behavioral output on-chip before performing phenotypic analyses using high-

resolution imaging that requires immobilization. The development of new genetic

models and imaging platforms will facilitate the adoption of C. elegans into main-

stream phenotypic screening in drug discovery, mode-of-action studies, in vivo

toxicology assays, and investigations of structure�activity relationships. The ben-

efits for the pharmaceutical industry, of high-throughput, rapid and accurate

screening tools to eliminate potentially toxic compounds at the preclinical stage

and reduce the number of expensive drug failures during clinical development,

are clear. The benefits for consumers, of safer, and potentially cheaper drug thera-

pies are also appealing. While significant progress has been made to date

toward development of the large-scale platforms of C. elegans-on-a-chip, their

wide-adoption requires additional research to enable rapid analysis of a large

number of images, and development and validation of C. elegans models to

ensure assays can recapitulate existing in vivo data before this novel technology

and C. elegans models can become a keystone of toxicologic analysis.
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